
Nucleic Acids Research , 2026, 54 , gkag750 
https://doi.org/10.1093/nar/gkag750 
Synthetic Biology and Bioengineering 

In vitro properties of large serine integrase hybrids derived 

from φC31 and TG1 integrases 

Makeba Lawson-Williams1 , Alexandria Holland1 , Adebayo J Bello1 , Phoebe A Rice 

2 , 

Femi J Olorunniji 1 ,* 

1 School of Pharmacy and Biomolecular Sciences, Faculty of Science, Liverpool John Moores University, James Parsons Building, Byrom 

Street, Liverpool L3 3AF, United Kingdom 

2 Department of Biochemistry & Molecular Biology, The University of Chicago, Chicago IL 60637, United States 
∗To whom correspondence should be addressed. Email: F.J.Olorunniji@ljmu.ac.uk 

Abstract 

Phage-derived serine integrases are site-specific recombinases from the large serine recombinase (LSR) family that catalyse precise DNA rear- 
rangements. Their high specificity and unidirectional activity make them attractive tools for genome engineering and synthetic biology. However, 
their strict sequence requirements limit application to predefined target sites. Here, we report in vitro activities of hybrid integrases derived 
from φC31 and TG1 integrases that efficiently recombine hybrid attP × attB substrates while preserving interaction with the cognate recombi- 
nation directionality factor (RDF) via the TG1-derived coiled-coil domain. These hybrid recombinases retain site discrimination and catalyse attL 
× attR recombination exclusively in the presence of the appropriate RDF, indicating preserved directionality control. Analysis of the activities of 
hybrid integrases across a panel of hybrid substrates highlight the importance of DNA-binding domains- att site recognition motifs in governing 
specificity. This study presents a modular framework for engineering programmable serine integrases with t ailored specificit y. Combined with 
structural prediction tools and expanded LSR discovery and characterization, this strategy holds promise for rational design of recombinases 
targeting custom genomic sites. 
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and re-ligation of DNA ends to yield precise recombination 

products [ 1 ]. 
Site-specific recombination reactions catalysed by LSRs 

have the unique properties of unidirectionality with the ex- 
cision reaction requiring the presence of a second protein, 
the recombination directionality factor (RDF) [ 2 ]. This uni- 
directional nature allows most LSR-catalysed reactions to go 

to near completion both in vivo and in vitro [ 3 ]. In ad- 
dition, LSRs like other members of the serine recombinase 
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ntroduction 

arge serine recombinases (LSRs), also known as serine in-
egrases, catalyse site-specific recombination through a co-
rdinated, multistep mechanism. Following binding to re-
ombination attachment (att) sites, integrase dimers form a
etrameric synaptic complex. Within this synapse, the att
ites are aligned and cleaved by active-site serine residues
ia nucleophilic attack on the scissile phosphates. Subse-
uent strand exchange is achieved through subunit rotation
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family catalyse complete breaking and ligation of all four
DNA strands in the recombining duplex DNA partners. The
domain architecture of LSRs and their interactions with their
recombination sites are illustrated in Fig. 1 . Attachment site
recognition and binding are mediated primarily by the two
DNA-binding domains (DBD1 and DBD2; also called the re-
combinase domain and the zinc-binding domain, respectively)
while the catalytic domain, the E helix and the coiled-coil
(CC) inserted within DBD2 mediate interactions necessary for
synapsis (pairing two recombining sites) and catalysis [ 1 , 4 ]. 

Recent cryo-EM structures of SPβ integrase [ 5 ] and φC31
integrase [ 6 ] reveal LSR binding and synapsis to their att sites
in both pre- and post-cleavage recombination states, largely
agreeing with the model proposed by Rutherford et al . [ 7 ]
and based on a half-site structure of LI integrase–attP com-
plex. Several biochemical studies showed that RDFs bind to
the CC and/or DBD2 of their cognate LSRs [ 8–11 ]. In addi-
tion, the cryo-EM structures of SPβ integrase fused with its
cognate RDF in integrative and excisive complexes [ 5 ] sup-
port the AlphaFold multimer-based model that RDFs bind to
their LSR at the junction of the DBD2 and the base of the CC
motif (Fig. 1 B; [ 12 , 13 ]). 

Compared to other serine recombinase subfamilies (e.g. re-
solvases and invertases), LSRs exhibit exceptional sequence
specificity and inherently unidirectional activity. They must
discriminate among four att sites, attP , attB , attL , and attR ,
and selectively bring together compatible pairs of att sites.
This is particularly challenging for discriminating between
attL and attR , which each contain half-sites derived from both
attP and attB . Although synapsis and recognition mechanisms
have been partly characterized [ 14 ], the full rules governing
site selectivity remain unresolved (Fig. 1 D). Minor deviations
from att consensus sequences can stall recombination or result
in generation of incomplete products, underscoring the strin-
gency of sequence requirements [ 14 ]. A deeper understanding
of these constraints is essential for expanding the utility of
LSRs in genome engineering [ 15 , 16 ]. 

LSRs confer several advantages for genome editing: Like
other members of the serine recombinase family, they catal-
yse complete breaking and ligation of all four DNA strands
in the recombining duplex DNA partners. This is a unique
advantage over the CRISPR–Cas system since there is no de-
pendence on host’s systems for repairing double strand breaks.
They also function in diverse cell types and require short tar-
get sites ( ∼40–55 bp). 

Recent work has explored the engineering of LSRs to en-
hance their efficiency in vivo for genome editing applications
through codon optimization and the incorporation of nuclear
localzation signals and has demonstrated improved efficiency
of transgene integration into human pluripotent stem cells
[ 17 ]. Bxb1 integrase has been successfully adapted for targeted
integration in both mouse and human stem cells, with signif-
icant improvements in recombination efficiency observed at
safe harbour loci [ 18 ]. Additionally, engineered variants of
Bxb1 integrase have demonstrated improved specificity and
reduced off-target effects [ 19 ]. The development of bridge
recombinases and their applications in mammalian systems
have also highlighted the capability of using LSRs as tools for
genome editing [ 20 , 21 ]. Better understanding of such systems
will enhance our ability to design more bespoke genome edit-
ing tools [ 22 ]. 

Despite the high specificity of LSRs, recent studies have
highlighted the potential for off-target recombination at cryp-
tic genomic sites. Advanced sequencing approaches, such as 
HIDE-Seq and Cryptic-Seq, have been used to comprehen- 
sively map and validate off-target events [ 23 ]. In addition to 

this, IntQuery, a deep learning model, has been developed to 

predict the genome-wide off-target recombination potential 
of LSRs [ 24 ]. These findings highlight the importance of con- 
tinued effort to optimize the specificity of LSRs for use in 

genome engineering. Fauser et al. [ 25 ] developed a Modular 
Integrase (MINT) platform that allows for the reprogramming 
of Bxb1 to target specific genomic loci, such as the AAVS1 and 

TRAC sites, where wild-type Bxb1 shows no activity. Using 
directed evolution and structural modelling to identify critical 
protein–DNA interactions, the authors designed Bxb1 inte- 
grase variants with improved specificity and activity achieving 
targeted integration efficiencies of up to 35% in human cells. 

A key challenge to the use of LSRs in genome editing is 
that their strict sequence specificity limits their direct use at 
endogenous genomic loci. Although hybrid systems combin- 
ing LSRs with CRISPR–Cas technologies such as prime edit- 
ing [ 26 ], STRAIGHT-IN [ 27 ], and SYMBIOSIS [ 28 ] have been 

developed to enable targeted integration, they still rely on en- 
gineered ‘landing pads’ pre-inserted into the genome. A more 
flexible solution would be the development of programmable 
LSRs capable of recognizing arbitrary sequences without aux- 
iliary targeting systems. Despite sharing a conserved catalytic 
mechanism, LSRs are functionally orthogonal: each integrase 
recognizes unique att P/attB sites. This specificity has been crit- 
ical for synthetic biology applications that exploit orthogo- 
nal recombination circuits [ 3 ]. However, current structural 
and biochemical data are insufficient for designing fully cus- 
tomized integrases with novel sequence recognition proper- 
ties. 

To address this, we explored a rational design approach to 

engineer hybrid integrases that recombine synthetic att sites.
Chimeric integrases were generated by domain-swapping be- 
tween related LSRs, φC31 and TG1, and their activities were 
tested on corresponding hybrid att substrates. This modular 
strategy seeks to uncouple and reassign site recognition prop- 
erties by reassembling functional domains. Hybrid recombi- 
nases have previously been used to alter specificity or intro- 
duce regulatory control into serine recombinases. For exam- 
ple, Zif268–resolvase fusions retarget recombination to zinc 
finger binding motifs [ 29–31 ], and φC31-intein constructs 
enabled post-translational control of integrase reconstitution 

[ 32 ]. Farruggio and Calos [ 33 ] reported that domain-swapped 

LSRs derived from φC31, φBT1, and TG1 integrases could 

catalyse in vivo recombination at native and hybrid att sites,
maintaining partial specificity in Escherichia coli and HeLa 
cells. 

In this study, as a starting point for designing hybrid in- 
tegrases and characterizing their activities both in vivo and 

in vitro , we chose a φC31–TG1 hybrid integrase (CT8,8) de- 
scribed by Farruggio and Calos [ 33 ]. In this construct, the cat- 
alytic domain and the E-helix of φC31 integrase were swapped 

into the same position in TG1 integrase to give a hybrid that 
recognizes hybrid sites made from the attP and attB sites of 
the two parent integrases. We reengineered this construct to 

examine its activity in vitro and designed complementary hy- 
brid att sites containing hybrid sequence features from both 

parent integrases. 
The choice of φC31 and TG1 reflects their high se- 

quence similarity ( ∼50% identity, Fig. 2 ) and their well- 
characterized functional crosstalk showing evidence of partial 
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Figure 1. Domain architecture of LSRs and interaction with recombination sites attP and attB . ( A ) Domain architecture of LSRs. The catalytic domain, cat 
(blue) and the αE helix (blue), mediate catalysis and provide the subunit rotation interface. The two DNA-binding domains (DBD1 and DBD2) mediate 
DNA binding and sequence specificity. DBD1, also known as ‘recombinase domain’ or RD is shown in pink. DBD2, also known as the zinc-binding 
domain or ZD is shown in yellow. The CC domain (teal) is embedded within DBD2 and mediate directionality control. ( B ) Schematic illustration of LSR 

domain interactions with the recombination site ( att P) and the RDF based on structure of LI integrase–att P complex [ 13 , 34 ] and AlphaFold 
multimer-predicted interaction of the RDF with DBD2-proximal region of the CC domain [ 7 ]. ( C ) Structure of LI integrase–att P complex [ 1 ]. ( D ) Annotation 
of binding motifs on att P and att B recognized by DBD1 and DBD2 of φC31 and TG1 integrases [ 1 ]. The appropriate motifs bound by DBD1 and DBD2 are 
indicated and the central dinucleotides in att P and att B are shown in red font. The 5 Ns are inserted in attB to align the sequence motifs for DBD2 
binding with the same region in attP [ 47 ]. The three base pairs closest to the central dinucleotide are highlighted in yellow, and the next three are 
highlighted in orange, to match the corresponding bases in the DNA structure shown in panel (C). The sequence logos for these alignments are shown 
below to highlight patterns of base conservation at each position across attP and attB [ 48 ]. 
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rthogonality: TG1 is activated exclusively by its cognate
DF (gp25), while φC31 can be activated by either φC31 RDF

gp3) or gp25 [ 34 ]. In addition, the two integrases are specific
o their cognate attP and attB sites. 

By engineering both the LSR and substrate, we aimed to
issect the modular determinants of att site recognition and
irectionality. These findings offer a generalisable strategy for
rogrammable recombination and provide structural insights

nto domain-specific contributions to LSR–att site interactions
nd help lay a foundation for modular genome engineering
latforms. 

aterials and methods 

lphaFold protein structure prediction 

hree-dimensional structures were predicted using Al-
hafold3 [ 35 ]. Wild-type amino acid sequences were retrieved
rom the NCBI database (Accession numbers: TG1 integrase,
ZP69254.1; φC31, BAM36534.1) and hybrid constructs
ere generated by in silico splicing of parental sequences at
defined junctions. Each sequence was submitted individually
using default parameters. Predicted structures were visual-
ized and edited using PyMOL ( https://pymol.org ). Structure-
based alignments were performed using PyMOL’s super com-
mand, which applies sequence-independent structural fitting
with iterative refinement. Where necessary, domain compo-
nents were aligned independently and manually adjusted for
optimal overlay. 

In vitro plasmid substrates for intramolecular 
recombination 

Recombination substrates were prepared by cloning syn-
thetic double-stranded att site oligonucleotides into the pC31-
delPBX plasmid backbone [ 36 ]. Each att site was flanked by
unique restriction enzyme sites to facilitate directional inser-
tion via ligation. Substrate plasmids contain a ColE1 origin
of replication, an ampicillin resistance cassette, and two att
sites in direct (‘head-to-tail’) orientation, allowing recombi-
nation to resolve the parent plasmid into two smaller prod-
uct plasmids (Fig. 5 ). Supercoiled plasmids were purified from

https://pymol.org
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Figure 2. Sequence alignments of TG1 and φC31 integrases. Secondary structures are annotated as shown. Key amino acid residues in the active site 
including the nucleophilic serine are highlighted in bold. Multiple sequence alignment was generated using Clustal Omega [ 7 ] and adjusted based on 
predicted structures. Arrows, bet a strands; rect angles, helices. The CC rect angles are shaded grey and labelled as shown. 
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E. coli DS941 using standard alkaline lysis protocols and
validated by agarose gel electrophoresis (1.0%). DNA con-
centration was quantified by measuring absorbance at
260 nm. 

Expression constructs for protein production 

Coding sequences for wild-type and hybrid integrases were
codon-optimized and inserted into the T7-based pET-28a( + )
expression vector (Novagen) using restriction enzyme cloning
between NdeI and XhoI sites. All constructs included N-
terminal His-tags present in the cloning vector for the purpose
of purification via affinity chromatography. Recombinant pro-
teins were overexpressed in E. coli BL21(DE3)pLysS strain
and purified using nickel–NTA chromatography as previously
described [ 36 , 37 ]. 

In vitro recombination reactions and product 
analysis 

Purified integrases were diluted in storage buffer (25 mM
Tris–HCl, pH 7.5, 1 mM dithiothreitol, 1 M NaCl, 50% glyc-
erol). Substrate plasmids were diluted in Qiagen EB buffer to
working concentrations. Reactions (35 μl total) contained 0.5
μM of protein (integrase ± RDF), 25 μg/ml plasmid substrate,
100 μg/ml bovine serum albumin, 50 mM Tris–HCl (pH 7.5),
5 mM spermidine, and 0.1 mM ethylenediaminetetraacetic 
acid (pH 8.0). Incubation was performed at 30◦C for 2 or 
8 h and terminated by heating at 80◦C for 10 min to dena- 
ture the integrase. Post-reaction, samples were digested with 

40 units of NruI (New England Biolabs) in 26 μl of buffer 
B103 (90 mM Tris–HCl, pH 7.5, 20 mM MgCl2 ) at 37◦C for 
2 h. Digestion was quenched by adding 20 μl of loading buffer 
(25 mM Tris–HCl, pH 8.2, 25% Ficoll, 6% sodium dodecyl 
sulfate, 1 mg/ml proteinase K, 0.23 mg/ml bromophenol blue).
Reaction products were analysed by electrophoresis on 1.25% 

agarose gels. 
The intensities of DNA bands on the agarose gel corre- 

sponding to substrate and products were quantitated with 

the volume analysis tool of Image Lab software (BioRad) us- 
ing automatic band detection. These were manually corrected 

to exclude artifact bands. The molar proportions of recom- 
binant products were determined by factoring in the molec- 
ular weight of the DNA in each band [ 34 , 37 ]. The mean 

extent of recombination and standard deviation (%) from 

quantitation of triplicate experiments are given below each 
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esults 

tructural comparison of φC31 and TG1 integrases 

y AlphaFold3 prediction 

o explore the structural determinants of sequence specificity,
lphaFold3 [ 35 ] was used to model φC31 and TG1 inte-
rases docked onto DNA (Fig. 3 A). Both predictions reca-
itulated domain architectures typical of serine recombinases:
he catalytic domain and E-helix resembled those of resolvases
 38–41 ], while DBD1 and DBD2 have folds similar those seen
n the A118 integrase structure [ 7 ] and the recent cryo-EM
tructures of SPβ integrase [ 5 ] and φC31 integrase [ 6 ]. In all
odels, the C-terminal portion of helix E and the loop that

ollows it bind in the minor groove at the centre of the att site
similar to γδ resolvase [ 7 ]). 

esign of φC31/TG1 hybrid integrases 

o dissect the contribution of specific domain–DNA contacts,
wo hybrid integrases were generated by domain swapping
etween the catalytic domain of φC31 and the DNA binding
egions of TG1. Junctions were placed at motifs conserved
n sequence and predicted structure to minimize disruption.
he hybrids differ in whether the C-terminus of helix E and

he loop that follows it derive from TG1 (hCT1) or from
C31 (hCT2). The latter is based Farruggio and Calos [ 33 ].
he hCT1 junction was made in the conserved ‘ES’ motif
ithin helix E and the hCT2 junction just before the conserved

PYGF’ motif, which is common to both LSRs and marks the
eginning of DBD1. 

esign of hybrid att sites 

ybrid att sites were constructed by substituting φC31-
pecific bases into the TG1 att site in 3-bp increments (Fig. 4 ),
ollowing a strategy similar to that adopted by Farruggio and
alos [ 33 ]. The central dinucleotide (TT) was left unmodi-
ed, as it is conserved across both LSRs. Base numbering was
entred around this dinucleotide (position 0). These hybrid
tt sites were designed to match the architecture of the hy-
rid integrases, with TG1-derived DBD1 and DBD2 motifs
ecognizing TG1-like flanking regions, and the φC31-derived
atalytic domain engaging φC31-like core motifs. This ratio-
al design allowed targeted probing of domain-specific DNA
nteractions and facilitated analysis of junction-specific recog-
ition events (Fig. 3 ). 

n vitro activities of hybrid integrases on wild-type 

nd hybrid sites 

he catalytic activities of hCT1 and hCT2 were evaluated
longside the parent LSRs using standard recombination as-
ays [ 34 ] (Fig. 5 ). As expected, φC31 and TG1 integrases re-
ombined their respective wild-type attP × attB substrates
ith no cross-reactivity. Neither hybrid integrase was active
n wild-type φC31 or TG1 sites (Fig. 5 ), confirming functional
rthogonality and the specificity of the parental LSRs. When
ested on hybrid att sites (Fig. 6 A), both hCT1 and hCT2
ecombined the substrates with 3 base substitutions around
he central dinucleotide of attB , att P3 × att B3 and attP6 ×
ttB3 . However, they failed to recombine attP3 × attB6 and
ttP6 × attB6 , substrates containing 6-bp substitutions in attB
Fig. 6 B). TG1 integrase, by contrast, successfully recombined
ll four hybrid substrates, while φC31 integrase showed no
activity on any hybrid site. These results indicate that the hy-
brid LSRs retain sequence specificity and recognize hybrid att
sites in a manner consistent with their domain composition—
that is, DBD1 and DBD2 of TG1, included in the hybrids, are
primarily responsible for DNA sequence recognition, but he-
lix E and the loop that follows it, which derive from φC31
sites in the hybrids, is primarily responsible for recognizing
the innermost 3 bp of each half-site. Importantly, no recom-
bination was observed at wild-type TG1 and φC31 sites, sup-
porting the fidelity of the hybrid recombinases—that is, WT
φC31 integrase was inactive on all combinations of hybrid
sites, which were expected to be incompatible with φC31 in-
tegrase’s DBD1 and DBD2. 

A distinct difference between the hybrids was the accumula-
tion of cleaved, unligated reaction intermediates in hCT2 reac-
tions (Fig. 6 ). These linear products suggest that DNA cleav-
age occurred, but religation failed, possibly due to instabil-
ity in the post-cleavage synaptic complex or reduced domain
compatibility during strand rotation [ 42 ]. This contrasts with
hCT1, which produced fewer incomplete products, and with
TG1 integrase, which efficiently completed recombination on
all substrates. 

Excisive recombination of hybrid attL × attR sites 

requires TG1 RDF 

Recombination between attL and attR sites by LSRs re-
quires activation by an RDF, which reconfigures the in-
tegrase to favour excision over integration. To determine
whether φC31/TG1 hybrid LSRs retain directionality control,
we tested attL × attR activity of hCT1 and hCT2 in vitro . Be-
cause RDF interacts with the CC motif embedded in DBD2,
and this domain in both hybrids is TG1-derived, we predicted
that TG1 RDF (gp25), but not φC31 RDF (gp3), would ac-
tivate the hybrids (Fig. 7 A). This is consistent with prior ob-
servations that TG1 integrase is not significantly activated by
φC31 RDF [ 34 ]. To test this, we engineered hybrid attR and
attL sites using attP3 and attB3 , substrates previously shown
to be efficiently recombined by both hybrids. The hybrid att R
substrate ( P3/B3attR ) was made using the left half site of attP3
and the right half site of attB3 . Conversely, the hybrid attL
substrate ( P3/B3attL ) was made using the left half site of attB3
and the right half site of attP3 . The sequences of the two hy-
brid attR and attL sites are shown in Fig. 7 B. 

As shown in Fig. 8 , both hCT1 and hCT2 catalysed recom-
bination of attR3 × attL3 only in the presence of TG1 RDF,
giving activities of 18% and 50%, respectively. Neither hybrid
showed activity in reactions containing φC31 RDF, confirm-
ing the specificity of LSR–RDF interactions and the retention
of regulated directionality in both constructs. 

Site-specific DNA recognition is determined mainly 

by the two DNA-binding domains 

Finally, we sought to establish the priority of DBD1 and
DBD2 over the catalytic domain in att site recognition. Re-
sults presented in Figs 5 and 6 show that TG1 integrase
displayed higher activity at hybrid sites than the two hy-
brid LSRs in all reactions studied. In contrast, φC31 inte-
grase showed no activity towards the hybrid sites. While this
could be a unique property of TG1 integrase resulting from
its intrinsic high activity [ 34 , 37 ], an alternative explanation
is that the DBD1 and DBD2 motifs of the hybrid sites are
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Figure 3. Design of φC31/TG1 hybrid integrases. ( A ) AlphaFold3-predicted 3D structures of wild-type TG1 and φC31 integrases, shown in blue and 
green, respectively. The structures show the LSRs bound to attP based on the structure of LI- attP integrase [ 47 ] ( B ) The hybrid integrases (hCT1 and 
hCT2) are coloured by parental origin. The N-terminal end of both hCT1 and hCT2 integrases contain φC31 integrase N-terminal catalytic domain. TG1 
integrase sequence is introduced at position K144 for hCT1, and P168 for hCT2. In both instances, the junction in the hybrids where TG1 integrase 
sequence is introduced is within helix E. The subsequent protein sequence consists solely of TG1 integrase. ( C ) Protein sequence alignment of the 
junction regions in hCT1 and hCT2 integrases and the corresponding regions within the parent sequences. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Summary of the extent of recombination activities of wild-type 
and hybrid integrases on att sites. The values shown are obtained from 

Figs 5 , 6 , 8 , and 9 

Integrases 

att sites WT φC31 WT TG1 hCT1 hCT2 

φC31 attP × attB 76 0 0 0 
TG1 attP × attB 0 89 0 0 
TcT attP3 × attB3 0 88 22 41 
TcT attP6 × attB3 0 82 18 32 
TcT attP3 × attB6 0 82 8 9 
TcT attP6 × attB6 0 80 4 0 
CtC attP3 × attB3 19 0 ND ND 

TcT attR3 × attL3 ND ND 18 50 

All values are expressed as percentage of starting substrate converted to 
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recognized by TG1 integrase. To clarify this, we designed hy-
brid att sites with TG1 att site sequence in the central part,
and the flanking sequences recognized by DBD1 and DBD2
of φC31 integrase (Fig. 9 ) and tested the recombination ac-
tivities of TG1 and φC31 integrases on these substrates. As
shown in Fig. 9 C, φC31 integrase recognized and catalyse a
limited recombination (19%) of CtC ( att P3 × att B3), but not
CtC ( attP6 × attB6 ). In contrast, TG1 integrase had no ac-
tivity on either hybrid sequences. This allows unambiguous
conclusion about the higher priority of the DNA-binding do-
mains (DBD1 and DBD2) over the catalytic domain and helix
E in recognizing att sites. 

Table 1 shows a summary of the extent of recombination
activities of the wild-type and hybrid integrases on all the att
sites tested. 
product. 
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Figure 4. Architecture of wild-type and hybrid integrase and att sites. ( A ) Schematic illustration of integrase bound to attP site using TG1 integrase as 
example ( B ) Schematic illustration of hybrid integrase (hCT) bound to hybrid TcT- attP site. ( C ) Sequences of recombination att sites. φC31 integrase and 
TG1 integrase sequences are shown in green and blue, respectively. Hybrid attachment sites contain φC31 att site sequence at the central dinucleotides 
extending outwards in both directions. The hybrid site nomenclature describes the number of substitutions made to each site; attP3 being TG1 attP 
sequence with 3 nucleotides either side of the central dinucleotides substituted for φC31 attP sequence. ( D ) Sequence logos for the central sequences 
of the parent and hybrid sites are shown to highlight patterns of base conservation across attP and attB [ 7 ]. 
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iscussion 

his study demonstrates that engineered hybrid φC31/TG1
ntegrases retain sequence-specific recombination activity in
itro and can discriminate between compatible att site pairs.
he hybrids catalysed site-specific recombination only when
ubstrate sequences met their specificity constraints (Table 1 ),
nd their activity on attL × attR sites required the TG1-
pecific RDF an indication that any interactions made between
he regulatory CC domain from TG1 and the catalytic do-
ain and/or helix E of φC31 remained functionally intact.
These findings provide direct in vitro validation that LSRs can
be rationally engineered to recognize novel DNA sequences
through modular domain exchange and structure-guided de-
sign. These findings align with recent advances in LSR engi-
neering, where modifications to catalytic and DNA-binding
domains have been shown to enhance specificity and reduce
off-target effects [ 19 ]. 

In this work, we used in vitro characterization to delve
deeper into the properties of hybrid LSRs. Our findings show
that hybrid integrases retain features associated with wild-
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Figure 5. In vitro recombination of TG1 and φC31 wild-type att sites. ( A ) Schematic illustration of the recombination assay. The substrate plasmid 
shown, pTG1PBX (4191 bp), is a deletion substrate for attP × attB recombination by TG1 integrase. Other substrates have the same overall architecture. 
The site orientation promotes the deletion of smaller fragment (1781 bp). Recombination by wild-type integrases, TG1 and φC31, or hybrid integrases 
hCT1 and hCT2, results in two recombination products (rec); the larger 2680 bp attR containing plasmid and the deleted 1511 bp attL containing plasmid. 
Non-recombined DNA (nr) are the 3702 bp and 489 bp fragments. ( B ) Recombination activities of integrases on TG1 and φC31 wild-type att sites. 
Reactions were incubated for 2 h in the reaction buffer described in the ‘Materials and methods’ section. Reaction products were digested with the 
restriction endonuclease NruI prior to visualization on 1.2% agarose gel electrophoresis. Left panel, TG1 attP × attB ; right panel φC31 attP × attB . The 
mean extent of recombination and standard deviation (%) from quantitation of triplicate experiments are given below each lane. 
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type parental integrases, and that they are subject to the same
rules governing directionality and sequence specificity [ 34 ].
We showed that specificity of hybrid integrases is largely de-
termined by the DNA-binding domains of the parental inte-
grases, providing a framework for future development of be-
spoke integrases that can recognize and recombine novel sites.
We also demonstrated that the interaction of hybrid integrases
with the RDF can be modularly engineered since RDF speci-
ficity is determined by the parental integrase that donates the
DBD2/CC interface. 

Although prior work by Faruggio and Calos [ 33 ] demon-
strated in vivo activity of similar constructs, this study is the
first to define their catalytic potential and RDF dependence
in a purified, reconstituted system. In that work, the authors 
reported the activities of the hybrid LSRs against native and 

hybrid att sites in vivo . Some of the hybrid LSRs were catalyt- 
ically active and retained a level of site-specificity being able 
to discriminate between att sites. Specifically, hybrid LSRs de- 
rived from φBT1 and φC31 integrases, and those from φC31 

and TG1 integrases catalysed recombination in vivo in E. coli 
and in HeLa cells [ 33 ]. 

The success of hybrid LSR construction was facilitated by 
the structural compatibility between φC31 and TG1 inte- 
grases: both are derived from the same phage family, exhibit 
high sequence conservation (Fig. 2 ), and share similar domain 

organization (Fig. 3 ). Their att sites also display substantial 
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Figure 6. In vitro recombination of hybrid TcT attP × attB sites. ( A ) Left 
panel, TcT ( attP3 × attB3 ); right panel, TcT ( attP6 × attB3 ). ( B ) Left panel, 
TcT ( attP3 × attB6 ); right panel, TcT ( attP6 × attB6 ). Reaction conditions, 
product analysis, and quantitation are as described in Fig. 5 . Recombined 
(rec) and non-recombined (nr) fragments are described in Fig. 5 . The 1095 
bp cleaved unligated fragment (clv) is visible in panel (B). 
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omology, minimizing structural perturbations following do-
ain swapping and enabling productive interactions with par-

ially hybrid substrates. This compatibility reduces the likeli-
ood of steric clashes and supports efficient binding and re-
ombination with minimal sequence redesign. 

In some reactions, unrecombined cleavage intermediates
ccumulated, particularly in hCT2-mediated recombination
Fig. 6 ). These products, arising from successful DNA cleavage
ut failed strand ligation, appeared as discrete bands follow-
ng NruI digestion. Since wild-type TG1 integrase efficiently
ecombined the same substrates without incomplete products,
t is likely that cleavage was intact and the religation defect
temmed from instability during or after synapsis. Structural
ismatches at the φC31/TG1 junction, specifically within the
-helix, may impair rotation or alignment required for liga-

ion. Furthermore, recent structures [ 5 , 6 ] have shown unex-
ected interactions between catalytic domains and CC tips,
hich may stabilize the synaptic complex and would be mis-
atched in our hybrids. Similar phenotypes have been ob-

erved in deregulated resolvase mutants and in chimaeric re-
ombinases [ 29 , 30 ], where activating mutations or domain
mismatches at the E-helix (αE) alter recombination direction-
ality and/or sequence specificity. Future efforts may benefit
from refining the splice junction to better preserve φC31 do-
main architecture. 

Hybrid LSRs successfully recombined attP3 and attP6 but
failed to recombine attB6 , where substitutions may have dis-
rupted key interactions required for synapsis. The additional
3bp segments that were changed in the attP6 and attB 6 sites
are contacted not only by the loop following helix E, but also
by other portions of DBD1 [ 5–7 ]. The observed pattern im-
plies that changes in att B are more disruptive to activity, per-
haps because even the wild-type attB site, which is found in the
bacterial genome, may be suboptimal. Alternatively, the differ-
ences between activity on attP6 vs. attB6 sites may reflect the
fact that only attB6 changed the identity of the central of these
three base pairs, which is conserved in all TG1 sites. 

As demonstrated here, functional hybrid integrases are
more likely to be formed when the parental integrases are
from the same clade. Hybrids made from φC31 family includ-
ing φC31, TG1, and BT1 integrases showed varying degrees
of recombination activities in an in vivo assay [ 33 ]. In a differ-
ent study, it was shown that wild-type Bxz2 and Peaches inte-
grases, which also share a clade, can recombine the same attB
site, despite sharing just 59% amino acid sequence identity
and ∼50% sequence similarity in their attP sites [ 43 ]. In these
two examples, most of the similarities between the two attP s
are found in the central 6 bp and the DBD2 motif suggesting
that these two regions are key determinants of specificity and
may indicate which integrase pairs that could be used as start-
ing materials for building functional hybrids. Based on these
two published examples, we expect that hybrids made from
integrases that belong to the same clade (e.g. φC31 family or
Bxb1 family) are more likely to show recombination activi-
ties especially if there are conserved sequences across DBD2
motifs in their attP sites. 

Our findings provide some insights into design principles
for generating functional hybrids with other integrases. Accu-
rate mapping of sequences contributing to the DNA-binding
domains and the junction of the catalytic domain and the E
helix is essential in determining the most appropriate splice
points. The limited available structural data shows that he-
lix E in particular recognizes DNA sequences through indi-
rect readout, with rules that are difficult to decipher. While
structure prediction tools may make this easier, experimental
testing of the activities of hybrids on several hybrid sites will
be required to refine the process. 

Importantly, both hybrid LSRs retained directionality con-
trol, catalysing att L × att R recombination only in the pres-
ence of TG1 RDF, consistent with RDF binding via DBD2 and
the CC domain. As shown previously, TG1 integrase discrim-
inates between its own RDF and φC31 RDF showing limited
attR × attL activities in the presence of the latter [ 34 ]. In con-
trast, φC31 integrase is readily activated by non-cognate RDFs
from TG1 and φBT1. Based on predicted protein structures
and protein–protein interaction models, it was speculated that
this stricter specificity shown by TG1 integrase derives from
a unique DPDD residues found at the base of the CC mo-
tif in DBD2, which forms an insertion that interacts with its
RDF [ 34 ]. TG1 RDF is more different from φC31 and BT1
RDFs (61%–63% identity) in contrast to the other two which
share 85% sequence similarity to each other. Mutations or
protein domain swapping can result in loss of recombination
directionality among the serine recombinase family [ 29 , 30 ,
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Figure 7. LSR–RDF interactions in wild-type and hybrid integrases. ( A ) Schematic illustration of LSR domain interactions with the recombination site and 
the RDF based on structure of LI integrase–att P complex [ 13 , 34 ] and AlphaFold multimer-predicted interaction of the RDF with DBD2-proximal region of 
the CC domain [ 13 , 34 ]. The hybrid integrases used in this study (hCT1 and hCT2) are predicted to recognize TG1 RDF as illustrated in the right panel. ( B ) 
attR and attL sites. The nomenclature of the hybrid attR and attL sites follows the pattern in Fig. 4 with a description of the number of substitutions 
made to each site. For example, P3 / B3attL and P3 / B3attR being the attL and attR sequences that results from recombination between attP3 and attB3 . 
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44 , 45 ]. This deregulation usually results from changes on
protein interfaces that mediate protein-protein contacts for
controlling the directionality of reactions and underscores the
importance of the LSR–RDF interface in preserving regulated
excision activity. 

TG1 integrase recombined all the four hybrid att sites
shown in Fig. 5 due to similarity between the hybrid sites and
TG1 natural att sites. Eight of the central 14 base pairs be-
tween TG1 and φC31 attP sites are identical; hence the hy-
brid sites TcT- attP 3 and TcT- attP 6 share sequence similarity
to wild-type TG1 attP . This similarity explains why TG1 inte-
grase recombines the hybrid sites and supports the conclusion
that specificity lies mostly in the DBD motifs of the att sites.
In contrast, TG1 integrase was unable to recombine CtC att
sites (Fig. 9 ), while φC31 showed 19% activity on CtC- attP3 ,
and no activity on CtC- attP 6. As shown in Fig. 5 , φC31 in-
tegrase did not recombine any of the TcT hybrid sites. These
observations show that while wild-type integrases may recom-
bine hybrid or bespoke sites that bear sequence similarities to
their native att sites, carefully engineered hybrid integrases are
required to recombine DNA sequences that differ from canon-
ical att sites of natural integrases. 

A notable and unexpected outcome was the ability of wild-
type TG1 integrase to recombine all hybrid att sites tested.
TG1 integrase catalyses limited recombination of its attB with
φC31 attP but is unable to recombine φC31 attB with its own
attP (F.J. Olorunniji, unpublished). Hence efficient recombi-
nation of hybrid att B sites by TG1 integrase (Fig. 6 ), despite
inability to recombine wild-type φC31 att B, suggests that the
att P-binding event may be the primary determinant of produc-
tive synapsis. High-affinity binding to att P may compensate
for suboptimal att B recognition, enabling recombination de-
spite sequence divergence. This could be a determining factor 
in choosing LSRs for applications requiring integration into 

non-cognate pseudo-attB sites. The broad activity of TG1 in- 
tegrase across diverse hybrid att sites may reflect how the cat- 
alytic domain and helix E interact with DNA and suggests that 
DBD1 and DBD2 are primarily responsible for properly posi- 
tioning the LSR on its target site. In contrast, φC31 integrase 
showed no activity on the hybrid sequences, an expected find- 
ing given the TG1-like composition of the DBD1 and DBD2- 
binding portions of the att sites, but consistent with prior ob- 
servations that φC31 integrase fails to recombine TG1 attP or 
attB sites, even when paired with φC31 attB or attP , respec- 
tively (F.J. Olorunniji, unpublished). In both attP and attB , 5 

out of the 6 bases flanking the central dinucleotides are iden- 
tical between φC31 and TG1 sites. Hence, the hybrid site CtC 

( attP3 × attB3 ) may not be significantly functionally different 
from φC31 attP and attB sites. Yet, φC31 integrase showed a 
limited recombination activity (19%) on CtC ( attP 3 × attB 3).
In contrast, TG1 integrase achieved 88% recombination of 
hybrid TcT ( attP 3 × attB 3) (Fig. 6 ). This may reflect an in- 
herent higher affinity (binding and/or synapsis) for cognate 
attP / attB sites by TG1 integrase than φC31 integrase. 

These findings underscore the functional discrimination re- 
tained by the hybrids and suggest that substrate recognition is 
dominantly governed by att–DBD interactions and domain- 
specific alignments. It is also noteworthy that φC31 inte- 
grase showed limited activity on CtC hybrid substrates while 
TG1 integrase efficiently recombined all TcT hybrid substrates 
tested. This difference might reflect the inherent higher cat- 
alytic efficiency of TG1 integrase in comparison to φC31 in- 
tegrase [ 34 , 37 ]. Another explanation for the low activity of 
φC31 integrase on CtC ( attP 3 × attB 3) could be related to 
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Figure 8. In vitro recombination of hybrid TcT attR × attL sites by hybrid 
integrases. The substrate architecture, reaction conditions, product 
analysis, and quantitation are as described in Fig. 5 . ( A ) Left panel, TG1 
attR × attL ; right panel, φC31 attR × attL . ( B ) Left panel, hCT1 reaction on 
TcT ( attR3 × attL3 ); right panel, hCT2 reaction on TcT ( attR3 × attL3 ). 
Reaction conditions are as described in Fig. 5 . 
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he effect of replacing bases 1–3 with TG1 sequences in both
ttP and attB . The changes resulted in fewer identical bases
t DBD1 positions across P, P’, B, and B’ half sites compared
o wild-type attP and attB (Fig. 9 ). These changes in the se-
uence around the central dinucleotide disrupts the aligned
ymmetry of bases across P, P’, B, and B’ half sites [ 1 ]. Such
hanges could result in reduced binding affinity and hence
ess optimal recombination activity. In contrast, the changes
n TG1 attP and attB made in TcT ( attP 3 × attB3) did not al-
er the overall aligned symmetry in the DBD1 motif of the
tt sites (Fig. 4 ), making it catalytically accessible to TG1
ntegrase. 

The inability of hCT1 and hCT2 to recombine TG1 attP
attB may result from the contributions of Helix E and the

atalytic domain to interactions that determine the recogni-
ion of bases around the central core of attP and attB sites.
ecent cryoEM structures of SPβ integrase [ 5 ] and φC31 in-

egrase [ 6 ] bound to att sites in synaptic tetramer complexes
eveal direct contact between the E Helices and the core cen-
ral 8 bases in both integrases. We speculate that inability of
he φC31 E helix in hCT1 and hCT2 to recognize the central
ore of TG1 attP × attB is the primary reason for the lack of
ctivity as shown in Fig. 5 , despite having the cognate DBD1
and DBD2 for those sites. This might also account for the ob-
served differences in activities between hCT1 and hCT2 (Figs
6 and 8 ). Generally, hCT2 with more φC31 integrase compo-
nent in the E helix showed higher activity than hCT1, pre-
sumably allowing better recognition of TcT sequences with
φC31 sequences around the central core of attP and attB .
These patterns suggest that future design of hybrid integrases
need to include considerations of the contribution of Helix
E to site recognition and specificity. It may also be that, de-
spite engineering the hCT1 splice site within a conserved se-
quence, it disrupted a stabilizing salt bridge between the D on
one side of the splice and a K 3 residues later on the other
side of the splice site. This may also explain the generally
low activity of the hCT1 hybrid and suggests strategies for
improving it. 

Our findings show that the DNA-binding domains (DBD1
and DBD2), and to some degree helix E and the loop that fol-
lows it, but not the catalytic domain, of LSRs are primarily
important for site-specific DNA recognition and recombina-
tion (Fig. 9 ). It follows that to make bespoke recombinases, it
may be possible to select a highly active LSR whose domains
recognize the target DNA sequences, and with some targeted
mutagenesis optimize the activity and specificity of the LSR.
Selection of LSR pairs with highly similar sequences in the
centres of their att sites may also facilitate design of highly ac-
tive hybrids. This approach could be an effective strategy for
targeting and recombining user-defined att sites in DNA using
naturally existing LSRs. 

Recently, McClain et al. [ 46 ] developed integrase on-
demand (IOD), a novel method for systematically identify-
ing native LSRs and their corresponding attB sites within a
target organism’s genome, an approach that can potentially
eliminate the need for synthetic landing pads. The study used
computational predictions and experimental validation to
demonstrate the functionality of predicted integrase- attB pairs
in various bacterial strains, including Pseudomonas putida
and Synechococcus elongatus . Our synthetic hybrid LSR ap-
proach could complement IOD by designing bespoke LSRs
that can integrate payloads into pseudo- attB sites in target
genomes. 

Conclusion 

This study defines a modular strategy for engineering LSRs
capable of catalysing site-specific recombination on synthetic
hybrid substrates. Beyond demonstrating the feasibility of in
vitro hybrid integrase activity, the results highlight the cru-
cial role of attB–RD domain interactions in determining re-
combination specificity. In particular, the findings raise im-
portant questions about the structural constraints that gov-
ern attB recognition and the sequence elements required be-
yond the proximal bases flanking the central dinucleotide. It is
likely that contacts between the catalytic domain and DBD1
may contribute to sequence specificity [ 5 , 6 ], necessitating the
need for careful selection of LSRs for use in domain swapping
strategies. Addressing these questions through further struc-
tural and mutational analysis will refine the rules of att site
targeting and accelerate the development of programmable
recombination tools for synthetic biology and genome engi-
neering. 
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Figure 9. Recombination activities of φC31 integrase on hybrid CtC att site. ( A ) Schematic illustration of φC31 integrase bound to hybrid CtC- attP site. ( B ) 
Sequences of hybrid CtC recombination att sites. φC31 integrase and TG1 integrase sequences are shown in green and blue, respectively. Hybrid 
attachment sites containTG1 att site sequence at the central dinucleotides extending outwards in both directions replacing corresponding φC31 att 
sequences. The hybrid site nomenclature describes the number of substitutions made to each site; CtC attP3 being φC31 attP sequence with 3 
nucleotides either side of the central dinucleotides substituted for TG1 attP sequence. ( C ) Recombination activities of φC31 integrase on hybrid CtC 

sites. Reaction conditions, product analysis, and quantitation are as described in Fig. 5 , except that reactions were carried out for 8 h. 
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