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ABSTRACT

Tyrosine-type site-specific recombinases (Y-SSRs)
are versatile tools for genome engineering due to
their ability to mediate excision, integration, inver-
sion and exchange of genomic DNA with single nu-
cleotide precision. The ever-increasing need for so-
phisticated genome engineering is driving efforts to
identify novel SSR systems with intrinsic properties
more suitable for particular applications. In this work,
we develop a systematic computational workflow for
annotation of putative Y-SSR systems and apply this
pipeline to identify and characterize eight new natu-
rally occurring Cre-type SSR systems. We test their
activity in bacterial and mammalian cells and estab-
lish selectivity profiles for the new and already es-
tablished Cre-type SSRs with regard to their ability
to mutually recombine their target sites. These data
form the basis for sophisticated genome engineer-
ing experiments using combinations of Y-SSRs in re-
search fields including advanced genomics and syn-
thetic biology. Finally, we identify putative pseudo-
sites and potential off-targets for Y-SSRs in the hu-
man and mouse genome. Together with established
methods for altering the DNA-binding specificity of
this class of enzymes, this work should facilitate the
use of Y-SSRs for future genome surgery applica-
tions.

GRAPHICAL ABSTRACT

INTRODUCTION

Site-specific recombinases (SSRs) are reliable tools for tar-
geted modification of genomes, with a variety of applica-
tions in research, medicine, and biotechnology. SSRs are
divided into two evolutionarily and mechanistically distinct
families of enzymes: the tyrosine and the serine recombi-
nases (1). Nevertheless, SSRs can catalyze both cleavage
and immediate resealing of DNA strands without the help
of additional proteins, unlike DNA-altering systems such
as CRISPR-Cas and other nuclease-based technologies (1).
Although nuclease-based approaches are being intensively
developed to expand their utility (i.e. base editors and prime
editors (2–5)), these systems still typically introduce DNA-
nicks and rely on cell intrinsic repair mechanisms (1). In
contrast, SSRs can operate autonomously and the outcome
of recombination is very predictable. Furthermore, most
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SSRs are relatively small in size, rendering them more con-
venient for different delivery vectors (1).

Tyrosine recombinases such as Cre and Flp are used ex-
tensively for genome engineering due to their simplicity and
their ability to conduct efficient genome modifications in
heterologous hosts (6). Hence, these SSRs were extensively
used to model and understand how these types of enzymes
work. The Cre/loxP system is derived from bacteriophage
P1 and consists of the recombinase Cre and the 34-bp target
sites loxP (7). loxP sites are palindromic sequences with two
13-bp inverted repeats separated by an 8-bp spacer. Each
half-site is bound by one recombinase monomer forming
a tetrameric complex on two loxP sites, which together cat-
alyze strand exchange within the spacer region (8). Depend-
ing on the relative orientation of the spacers, Cre is able to
perform a variety of reactions such as excision, integration,
inversion and translocations (1). Furthermore, when pre-
sented with two heterospecific target sites in the genome,
Cre alone, or in combination with other SSRs, can perform
recombinase-mediated cassette exchange (RMCE) for pre-
cise replacement of a DNA fragment (1,9,10).

The functionality of Y-SSRs is particularly evident in the
fact that they can be used in animal models of various hu-
man diseases (11,12). In addition, several elegant strategies
for temporal, spatial and cell type-specific control of recom-
bination in animals and plants have been developed, allow-
ing SSRs to contribute to the study of embryonic devel-
opment and lineage tracing (13–17). The combination of
different SSRs in the same cell or organism have made it
possible to establish ever increasing sophisticated systems
(14,16–20), and several different enzymes have recently been
utilized in synthetic biology to build complex genetic cir-
cuits (21–24).

Although all these features make SSRs very attractive
genome editing tools, their application is limited due to sev-
eral factors. First and foremost, SSRs are highly dependent
on a specific target sequence that is typically not present
in foreign genomes, and depending on the position even
a single base change in their target site can eliminate effi-
cient function of the system. To overcome this limitation, ef-
forts have been made to alter recombinase target site speci-
ficity by means of directed molecular evolution (25–27).
Several designer recombinases have indeed been developed
to perform genomic surgery with high promise for thera-
peutic applications (28–31). However, their development is
still laborious and time-consuming, especially if the new tar-
get site differs substantially from the original sequence. In
this case many cycles of directed evolution are required to
obtain a functional recombinase with activity on the new
site. Naturally occurring SSR variants, each with their own
unique substrate specificity, provide a more rational start-
ing point to facilitate the process of altering the recombi-
nase sequence specificity. The SSR system with the highest
native target similarity to the novel chosen target can be se-
lected. As we characterize more Cre-type SSRs, options for
targetable substrates increase substantially. Moreover, we
predict that the collection of natural Y-SSRs with defined
specificities could ultimately help researchers to improve the
rational design of Y-SSRs with tailored specificities.

Here, we expand the Y-SSR toolbox by computationally
identifying and experimentally characterizing Y-SSRs and

their target sites, thus broadening the sequence space that
one can target with these tools. In total, we describe eight
new Y-SSR systems, explore their specificity and finally val-
idate their activity and utility in mammalian cells.

MATERIALS AND METHODS

Identification of putative recombinases and their target sites

Potential new Y-SSRs were identified by using tblastn from
BLAST + 2.10.1 (https://www.ncbi.nlm.nih.gov/books/
NBK131777/) with the protein sequences of Cre, Vika (32),
Nigri, and Panto (33) as references to search the NCBI nu-
cleotide collection database (v5). The results were filtered
for below 90% identity and a sequence length of 300 to
400 amino acids with GNU awk. Protein sequences were
acquired with efetch (https://dataguide.nlm.nih.gov/edirect/
efetch.html). Full genome sequences of the potential SSRs
were gathered using bastdbcmd (part of BLAST+). Poten-
tial target sites were identified by searching the genome
sequences 1000 bp upstream and downstream of the po-
tential Y-SSRs for palindromes. Palindrome search was
performed with EMBOSS palindrome (v6.6.0.0) (34) with
a minimum palindromic length of 13–15 bp and a gap
limit of 8 with one mismatch allowed. The program out-
put was then converted to a tabular format with GNU
awk and combined with the protein data in R with the
dplyr package. Potential SSRs with a Levenshtein distance
(stringdist R package, https://journal.r-project.org/archive/
2014/RJ-2014-011/index.html) below 10 to the references
were removed. Potential SSRs were clustered with complete
hierarchical clustering (base R) based on Levenshtein dis-
tances and cluster groups were formed with a cut-off dis-
tance of 11. The same clustering method was also used on
the potential half-sites of the palindromic sequences, here
the cluster cut-off was a distance of 2. The top candidates
for testing were chosen considering the clustering, their or-
ganism they were found in and their distance to the refer-
ence recombinases (Supplementary Table S3, Supplemen-
tary Figure S1B).

The phylogeny tree of known and putative recombinases
was generated by performing an all-against-all pairwise se-
quence alignment of the protein sequences using EMBOSS
needle (35), followed by complete hierarchical clustering of
the sequence dissimilarities. Visualization of the tree was
done with R packages tidygraph and ggraph. For brevity,
the tree was cut at the 98% sequence similarity, to represent
almost identical proteins as a single node.

Human and mouse genomic sequences with high similar-
ity to potential target sites were identified using PatMaN
(36). The search was performed on half-sites only, allowing
for up to 2 mismatches. If two genomic sequences match-
ing the same half-site were found to be located on opposite
strands, with a distance of 8 bp between them, they were
called a potential target site of the respective recombinase.
Genomic coordinates manipulation and sequence extrac-
tion steps were performed with the BEDTools suite (37).

Plasmid construction

For expression in Escherichia coli, codon-optimized DNA
sequences of 17 predicted candidates were synthetized by
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Twist Biosciences and cloned into pEVO vector via BsrGI
and XbaI restriction sites (Supplementary Figure S3A) (25).
Target sites were introduced via primers that were designed
to carry the desired target sites and an overlap with the
pEVO vector (Supplementary Table S1). The PCR frag-
ment, that was generated when using the pEVO vector as
template, was then cloned via Cold Fusion into a BglII di-
gested pEVO backbone (System Biosciences).

For expression of recombinases in mammalian cells, a
lentiviral PGK-NLS-BFP plasmid was used (Supplemen-
tary Figure S7A). Recombinase sequences were amplified
from pEVO vectors and cloned via BsrGI and XbaI re-
striction sites (Supplementary Table S1). The before men-
tioned lentiviral vector, harboring recombinases was either
transfected into HEK293T cells for transient expression,
or used for virus production and infection for continuous
expression.

For the construction of the recombination reporters,
pCAG-loxP-mCherry-loxP-GFP ‘traffic light’ vector was
used (Supplementary Figure S7A) (28). Oligonucleotides
containing respective target sites were used to amplify
mCherry cassette and the fragment was later ligated to the
pCAG plasmid via NheI and HindIII restriction sites (Sup-
plementary Table S1).

Recombination reporter assays

To visualize the recombination activity of recombinases on
their predicted target sites, a plasmid-based assay was used
as previously described (32,33) (Figure 1C). In short, ex-
pression of the recombinases from the pBAD promoter was
induced with L-arabinose (Sigma-Aldrich Chemie GmbH).
Single clones containing the pEVO plasmid with the re-
combinase and recombination target sites were cultured
overnight in 6 ml LB medium with 25 �g/ml Cm and either
0 or 100 �g/ml L-arabinose at 37◦C and 200 rpm. The re-
combinase mediated excision event was detected by agarose
gel electrophoresis after digestion with BsrGI and SbfI re-
striction enzymes. The recombined plasmid is smaller in size
compared to the non-recombined plasmid. Therefore, af-
ter gel electrophoresis a slower migrating non-recombined
band (∼5.0 kb), and a faster migrating (∼4.3 kb) band for
recombined plasmids can be seen (Figure 1C).

To compare the recombination efficiency of the active
recombinases on their native target sites, recombinase ex-
pression was induced with increasing concentrations of L-
arabinose (0, 1, 10 or 100 �g/ml medium) overnight in 6
ml culture volume. The test digest was done for each in-
duction level and recombination efficiency was estimated
by agarose gel electrophoresis. To quantify the recombinase
activity, the ratio of band intensities was determined using
Fiji-ImageJ for image processing. The quantified recombi-
nation was plotted in R 4.0.3 with dplyr v1.0.7 and visual-
ized with ggplot2 v3.3.5. All test digests were done in trip-
licates (n = 3).

For the mammalian recombination reporter assay,
HEK293T cells were plated at a density of 2 × 105 cells
per well in 24-well dishes and cultured in glucose Dul-
becco’s Modified Eagle’s Medium (DMEM, Gibco®), sup-
plemented with 10% fetal bovine serum (Invitrogen), 1%
Penicillin-Streptomycin (10000 U/ml, Thermo Fisher). At

a confluency of 70–80%, cells were co-transfected with
pPGK-NLS-Recombinase-P2A-BFP plasmids expressing
a recombinase and pCAG-lox-mCherry-lox-GFP traffic
light reporters using Lipofectamine® 2000 Transfection
Reagent (Invitrogen) according to manufacturer´s instruc-
tions. Per well 0.5 �g of DNA (0.25 �g of each plasmid)
and 2.5 �l of Lipofectamine® 2000 reagent diluted in 100
�l Opti-MEM® Reduced Serum Media each were used.
On the next day, the media was changed and the cells were
further cultured at 37◦C and 5% CO2. Upon recombination
between the target sites, the mCherry cassette is excised and
CAG promotor starts driving the expression of downstream
green fluorescent protein (GFP). The cells were analyzed 2
days after transfection with fluorescent activated cell anal-
ysis and were then imaged with a fluorescent microscope
(EVOS FL imaging system; Thermo Fisher Scientific).

Western blotting

Sample preparation for western blot analysis was per-
formed by trichloroacetic acid (TCA) precipitation. pEVO-
N-FLAG plasmids carrying 8 newly described recombi-
nases and Vika and Cre as controls were transformed in
E. coli and grown ON with 10 �g/ml L-arabinose to in-
duce recombinase expression. Next day, the cultures were
diluted and grown until OD600 = 0.5. The cultures were
then incubated with ice-cold TCA for 30 min and then the
pellets were centrifugated and washed with cold acetone.
Remaining pellets were resuspended in 2× Laemmli buffer
and incubated at 95◦C for 5 min. 20 �l of each sample
were separated by electrophoresis on NuPAGE™ Novex 4–
12% Bis–Tris Gel (Invitrogen) with 1× NuPAGE™ MOPS
SDS Running Buffer (20×) (Invitrogen) in an Invitrogen™
XCell SureLock™ Mini-Cell and XCell II™ Blot Modul (In-
vitrogen) at 120 V for 80 min. Western blotting was per-
formed using standard procedures. The Nitrocellulose Blot-
ting Membrane was stained using 1× Amido black solution
to visualize total protein fraction and then photographed as
to use it for loading control. For the detection of recombi-
nase expression monoclonal ANTI-FLAG® M2 mouse an-
tibody (1:5000, Sigma-Aldrich) was used. The membranes
were then incubated with IRDye® 800CW Donkey anti-
Mouse IgG Secondary Antibody (1:10 000, LI-COR Bio-
sciences) and protein signal was then detected using the
Odyssey® Classic Imaging System (LI-COR) and Image
Studio™ Software (LI-COR). The band intensities were
quantified by using Fiji-ImageJ and visualized with Graph-
Pad Prism. The quantification was done from three inde-
pendent biological replicates.

Fluorescent activated cell analysis

HEK293T were washed once with PBS and then detached
using Trypsin (Gibco). The cells were then resuspended in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco®)
and analyzed with the MACSQuant® VYB Flow Cytome-
ter (Miltenyi). Analysis of the data was performed using
FlowJo™ 10 (BD). All gating strategies are displayed in Sup-
plementary Figure S7.
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Figure 1. Discovery and experimental validation of recombinases and their target sites. (A) Schematic of computational workflow for prediction of novel
Y-SSR candidates and their putative target sites in bacterial genomes. Dashed boxes present the palindrome search region while the triangles represent
putative target site candidates. Zoom in depicts the criteria used for target site search: 11–15 bp palindromic half sites separated by 8 bp spacer with up
to 2 asymmetries. (B) Phylogenetic tree of discovered Y-SSR candidates, with branches color coded based on the class of the source organism. Candidates
chosen for experimental validation are labeled as well as previously known recombinases (in red). New Y-SSRs active on their predicted target sites are
depicted in bold. (C) Overview of plasmid recombination assay. Important features, such as restriction sites, recombinase coding sequence and target sites
(triangles) are shown. A schematic representation of expected recombination products on an agarose gel is shown below. Marker and expected sizes of
recombined and unrecombined plasmids are indicated separately or together as usually seen on the gels. (D) Recombination activity of seventeen tested
putative Y-SSR/target site pairs. Each sample was tested with or without L-arabinose (100 �g/ml) added to the growth medium for recombinase expression,
indicated with ‘0’ or ‘100’. Recombination is indicated by the band aligned with the single triangle and non-recombined plasmids are indicated by two
triangles. Active recombinases are highlighted in a red box. M = GeneRuler™ DNA Ladder Mix (Thermo Fisher). (E) Nucleotide sequence alignment
of the target sites that were recombined by respective putative recombinases. Full target sequences are separated into two half sites flanking the spacer
sequence with a dashed line. Underlined nucleotides in the sequence represent asymmetric positions and the nucleotides in red depict differences to the
loxP sequence. (F) Quantification and reproducibility of recombination activity of new SSRs in E. coli. Recombinase expression was induced with rising
concentrations (�g/ml) of L-arabinose indicated along the x-axis. Vika and Cre were included as positive controls. Recombination was calculated from
measuring the band intensities from agarose gels shown in Supplementary Figure S4A. Bacterial assays were done in triplicates (n = 3).
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Overexpression studies in mammalian cells

For the viral delivery, pPGK-Recombinase-P2A-BFP vec-
tors were used to produce lentiviral particles as described
previously (38). NIH/3T3 mouse fibroblasts were seeded
at a density of 4 × 104 cells per well in 24-well plates and
grown at 37◦C and 5% CO2. The next day, fibroblasts were
transduced with the different lentiviruses with a MOI of
0.5 in order to achieve about 50% of infection rate. The
percentage of BFP expressing cells from at least 2 × 104

cells was tracked over the course of 15 days using MAC-
SQuant® VYB Flow Cytometer (Miltenyi). The difference
in the percentage of BFP cells at the last time point (day
15) and first time point was calculated and visualized with
GraphPad Prism and statistical significance relative to BFP
control was calculated by doing one-way ANOVA test with
95% CI.

Cross-recombination assay: nanopore sequencing

Eight new recombinases and Cre, Vika, Panto, Dre (39),
VCre (40) were amplified from pEVO vectors, cleaned us-
ing the Isolate II PCR and Gel Cleanup Kit (Bioline)
and mixed together in a 1:1 ratio. All respective target
sites were cloned into the pEVO vectors with Cold Fu-
sion Cloning kit as previously described and the result-
ing vectors were also mixed with equal molar ratio. Both,
the mix of recombinases and pEVO backbones were di-
gested with BsrGI and SbfI and ligated in a single reac-
tion, thus creating a library of different recombinase/ tar-
get site pairs. Plasmids were transformed in XL1-Blue elec-
trocompetent E. coli cells and grown overnight with 100
�g/ml L-arabinose to induce recombinase expression. On
the next day, plasmids were linearized with BsrGI and ScaI
and fragments carrying the recombinase sequence and tar-
get sites were isolated by agarose gel excision using the Iso-
late II PCR and Gel Cleanup Kit (Bioline). These DNA
fragments were then prepared for nanopore sequencing
with the SQK-LSK110 Kit according to the ‘Amplicons by
Ligation’ protocol on a MinION R9.4.1 Flow Cell (Ox-
ford Nanopore Technologies). Base calling of the sequence
data was performed with guppy v5.0.7 on the high ac-
curacy model (Oxford Nanopore Technologies). The se-
quence reads were then filtered for a read length of at least
1800 bp and a minimum mean phred score of 10 with filt-
long (https://github.com/rrwick/Filtlong). To identify the
recombinases, the reads were aligned to the reference re-
combinase sequences with minimap2 v2.17 (41). The tar-
get sites were identified using exonerate v2.2.0 using the
affine:local model (https://www.ebi.ac.uk/about/vertebrate-
genomics/software/exonerate). The read ID and the match-
ing references were then extracted from both alignments
and combined in R with the dplyr package. Visualization
of the data was performed with the R package ggplot2.

RESULTS

In silico prediction of putative recombinases and their target
sites

In order to identify novel Y-SSRs, we searched the NCBI
nucleotide collection for sequences resembling already char-

acterized SSRs. To avoid identifying too similar recombi-
nases with potentially same target sites, we filtered the re-
sults of this search for a sequence identity of less than 90%
to the references (Cre, Vika, Panto and Nigri) and for a
protein sequence length of 300–400 amino acids typical for
Cre-type SSRs (Figure 1A) (42). To select top candidates
for testing, we considered the sequence similarity to the ref-
erence sequences (Supplementary Figure S1B), the compo-
sition of the potential target site, and the conservation of
catalytical residues (corresponding to R173, H289, R292,
K201, W315 and Y324 in Cre) (Supplementary Figure S2).

More challenging than identifying new SSRs is finding
their native target site. Previous comparative genomic stud-
ies of phages suggest that target sites are typically found
directly upstream or downstream of the recombinase cod-
ing sequence (43,44). We therefore set the search criteria
for target sites in close proximity of recombinase genes, 1
kb upstream and downstream of the coding sequence of
the enzyme (Figure 1A). Since Y-SSR target sites are fre-
quently palindromic, we used the EMBOSS palindrome
search tool to identify potential target sites. We focused on
palindromic sequences that contain 13–15 bp inverted com-
plementary repeats allowing up to two asymmetrical mis-
matches, that are separated by an 8 bp spacer. (Figure 1A).
Furthermore, all the hits were filtered to have at least 3
mismatches (spacer included) from previously known tar-
get sites. With these measures, we generated a data set
of approximately 500 putative recombinase/ target site
pairs providing a rich resource for experimental validation
(Figure 1B, Supplementary Figure S1A, Supplementary
Table S2).

8 new recombinases recombine their predicted target sites in
bacteria

In order to experimentally test the activity of the candidate
recombinase on the predicted target sequence, we randomly
selected 17 candidates that best fit our criteria and indi-
vidually cloned their coding sequence into the L-arabinose
inducible pEVO recombination reporter vector (25) har-
boring two copies of the respective predicted target sites
(Supplementary Table S3, Supplementary Figure S3A). The
plasmids were then transformed into E. coli and cultured
overnight in medium containing L-arabinose to induce re-
combinase expression. Upon expression, successful recom-
bination leads to excision of a ∼700 bp DNA fragment
from the plasmid. This size difference can be visualized by
agarose electrophoresis of linearized plasmids (Figure 1C).
Eight out of seventeen candidates showed activity on their
predicted target site, evident by the appearance of ∼4 kb
recombination bands (Figure 1D, Supplementary Figure
S3B). Five of the candidates already showed efficient recom-
bination in the samples without addition of L-arabinose to
the medium (YR1, YR2, YR4, YR6 and YR12), indicating
that these enzymes are active even when expressed at very
low levels. Other recombinases (YR8, YR9 and YR11) re-
combined the plasmid only when L-arabinose was present
in the growth medium, suggesting that they require a higher
induction to become active in this assay. Interestingly, target
sites of active recombinases shared two prominent features:

https://github.com/rrwick/Filtlong
https://www.ebi.ac.uk/about/vertebrate-genomics/software/exonerate
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a G(T)-A-T(G)-A motif close to spacer sequence and a con-
served T at position 7 (Supplementary Figure S3C). These
results demonstrate that the established pipeline is able to
identify novel Y-SSRs and their respective target sites at a
success rate of approximately 50%.

To characterize the active Y-SSRs in more detail, we
quantified their recombination efficiencies at different ex-
pression levels in order to investigate dose response and to
obtain a better side-by-side comparison of their efficien-
cies compared to the well-established recombinases Cre and
Vika (32). pEVO plasmids with desired recombinase/target
site pairs were transformed into E. coli and were grown
over night at different concentrations of L-arabinose to in-
duce expression of the recombinase (45). Extracted plas-
mid DNA was then assayed for recombination on agarose
gels (Supplementary Figure S4A). Quantification of band
intensities revealed that the new recombinases have differ-
ent activity profiles on their respective target sites (Figure
1F). Although, most of the recombinases were highly ac-
tive when grown at high L-arabinose concentrations, show-
ing recombination rate between 87 and 100% (YR1, YR2,
YR4, YR6 and YR11), they behaved quite differently when
expressed with low L-arabinose concentrations. While YR1,
YR2, YR4 and YR11 showed low recombination rates
when induced at 1 or 10 �g/ml of L-arabinose, YR6 was
highly active even at these low induction levels, with its
activity profile resembling Cre and Vika (Figure 1F). In-
terestingly, the YR12 recombinase showed a mostly con-
stant recombination rate raging from ∼50% at 0 �g/ml
L-arabinose and peaking at 70% when induced with 100
�g/ml of L-arabinose. YR8 and YR9, on the other hand,
showed the weakest activity and only recombined their
target sites to 25% and 16%, respectively, at the highest
L-arabinose concentration. Nevertheless, with just a few
rounds of substrate-linked directed evolution (25), we man-
aged to increase the activity of YR9 recombinase signifi-
cantly (Supplementary Figure S5), indicating that the ac-
tivity of weaker enzymes can be increased with standard
directed molecular evolution methods. The best perform-
ing clones showed about seven-fold improvement in ac-
tivity in bacteria (Supplementary Figure S5C), and eight-
fold improvement in mammalian cells (Supplementary
Figure S5E).

One possible explanation for different activities of the ex-
amined enzymes could be different protein levels, due to
varying production- and degradation-rates of the enzymes
in the cells. To investigate this possibility, we measured pro-
tein concentrations in E. coli for each recombinase by West-
ern blotting (Supplementary Figure S4B). We cloned all
the recombinases in a modified pEVO vector harboring an
N-Flag tag, and transformed and expressed the recombi-
nases at 10 �g/ml of L-arabinose overnight. Using a Flag-
antibody, we observed differential protein levels of the re-
combinases (Supplementary Figure S4C). Cre showed the
highest levels, followed by YR4 and YR8 recombinases that
showed just slightly lower values (Supplementary Figure
S4C). YR9 and YR11 showed the weakest expression lev-
els compared to the other recombinases. Interestingly, the
expression levels do not correlate too well with the enzyme
activities, suggesting that other factors such as catalytic ac-
tivity, DNA binding affinity, dimerization or speed of iso-

merization also contribute to the difference in recombina-
tion efficiencies.

Profiling target-site selectivity of Cre-type recombinases

SSRs with different sequence specificity are frequently used
in combination to allow sophisticated genomic or synthetic
biology experiments (11,46–49) For these experiments it is
important to know the specificity of the enzymes and to
consider possible cross reactivity (50,51). This information
may also help to provide more insight on how these enzymes
recombine specific nucleotide sequences. In order to test
all possible combinations, we developed a high-throughput
sequencing approach where the activity of known (Panto,
Dre, Cre, Vika and VCre) and new Y-SSRs (YR1, YR2,
YR4, etc.) can be quantified on all target sites in a single
experiment. To accomplish this, we started with a two-step
cloning scheme to produce all combinations of 13 recombi-
nases and their respective 13 target sites on 169 (13 × 13)
individual vectors. The 13 target sequences were cloned in-
dividually into the pEVO vector. The resulting constructs
were then pooled and linearized to clone in a pool of the
13 recombinase coding sequences in one ligation reaction
(Figure 2A). After an overnight culture and induction of re-
combinase expression, we retrieved the plasmid DNA and
cut out the fragments carrying the recombinase sequence
on the 3’-end and target site(s) on the 5’-end. Using the
Oxford Nanopore Technologies’ long read sequencing plat-
form, we obtained a total of 417 769 reads containing both
the specified recombinases and target sites. All possible 169
combinations of Y-SSRs and target sites were identified
with a minimum coverage of 224 reads (Supplementary Fig-
ure S6A). Using this data, we calculated the recombina-
tion rates for the individual recombinases on all the tar-
get sites, providing a specificity profile for each recombinase
(Figure 2B).

Interestingly, we found a wide spectrum of specificities
for the different recombinases (Figure 2B). First, we iden-
tified that YR2, YR8, YR9, YR11 and Vika are highly
specific recombinases, recombining only their own target
sites. The other recombinases showed activity on their own,
but also on varying numbers of other target sites. Ana-
lyzing this data in detail, we made several interesting ob-
servations from the recorded cross-recombination events:
(i) Three-way cross-recombination between YR1, YR6 and
VCre, can be explained by the high similarity of their target
sites (Figure 2C, Supplementary Figure S6B) as well as rel-
atively high protein homology (Supplementary Figure S1).
(ii) Two-way cross-recombination between Cre and YR4
can be explained by the similarity of their target sites, since
the half-sites of loxP and lox4 differ only at one nucleotide
position but, interestingly, the recombinases share only 58%
similarity (42% identity, Supplementary Figure S1); (iii) Dre
recombinase seems to recombine a variety of target sites
ranging from ones very similar to its cognate target site rox
(pox, lox8 – 2 mismatches) to lox11 with four mismatches
to the rox half site (Figure 2C, Supplementary Figure S6B);
(iv) three SSRs (YR4, Panto and Dre) cross-recombine tar-
gets, which are quite different to their bone-fide target sites.
For example, YR4 is able to recombine lox11 even though,
its half-site differs in seven positions from lox4 (Figure 2C,
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Supplementary Figure S6B). Interestingly, the reverse is not
true and YR11 does not show any activity on lox4 (Fig-
ure 2B); (v) recombinases that recombine similar target
sites have different cross-recombination profiles (e.g. Dre
recombines lox11 and lox2, whereas Panto does not, but
recombines instead lox12, where Dre and Panto both re-
combine their respective target sites, rox and pox, respec-
tively). Altogether, these results document the complex re-
lation of recombinase sequences and their activity on tar-
get sites, but also serve as guidelines for simultaneous use
of these recombinases in complex setups where fine spatial
and temporal control of multiple target recombination is
needed.

Activity of novel recombinases in human cells

For potential applications in mammalian cells, we tested
the activity of the eight new Y-SSRs in a human cell line.
For this purpose, we co-transfected HEK293T cells with
recombinase expression plasmids alongside recombination
reporter plasmids harboring the corresponding target sites
(Figure 3A, Supplementary Figure S7A). In the reporter
plasmids, the mCherry cassette, driven by a CAG promoter,
is flanked by the target (lox) sites. Upon recombination,
the mCherry cassette is deleted from the plasmid and the
CAG promoter then drives the expression of a GFP cas-
sette (Figure 3A, Supplementary Figure S7A). Hence, the
activity of the recombinases on their predicted target sites
can be visualized by fluorescent microscopy and quantified
by flow cytometry. When co-transfection experiments were
analyzed, all of the recombinases tested displayed GFP pos-
itive cells (Figure 3B, Supplementary Figure S5E), demon-
strating that these recombinases are active in HEK293T
cells, whereas no GFP-positive cells were observed when co-
transfections were done with an ‘empty’ expression vector,
lacking recombinase coding sequences (Figure 3B). Flow
cytometry analyses revealed that in almost all samples more
than 90% of the cells that were co-transfected with the re-
combinase expression plasmid and the reporter (cells that
were double, BFP and mCherry positive) were also GFP
positive, indicating that these recombinases are highly ac-
tive in this setting (Figure 3C, Supplementary Figure S7C).

Influence of recombinase expression on cell proliferation

Investigations of SSRs in heterologous hosts are important
to define their applied properties. Recombinases could rec-
ognize cryptic (pseudo) recombination sites in a genome
that might be recombined and lead to off-target effects, po-
tentially resulting in growth arrest or apoptosis. Indeed, ac-
tive pseudo-loxP sites have been described in the human and
mouse genome (52). Consequently, impairment of cell pro-
liferation may occur when Cre is overexpressed in human
or mouse cells (53–55). Furthermore, overexpression of any
DNA binding protein could lead to impaired regulation of
gene expression, which could affect cell growth.

To test for potential effects on cell proliferation of the
newly identified Y-SSRs when they are overexpressed, we
constructed lentiviral vectors, which allow co-expression of
the recombinases and tagBFP (Figure 4A). As controls, we
also produced viral particles for overexpression of either

Cre, an inactive Cre variant (CreY324F), Vika and tag-
BFP alone. NIH3T3 cells were then infected and the change
in percentage of BFP-positive cells was monitored for 15
days. A reduction in BFP-positive cells over time would in-
dicate a negative effect on cell proliferation due to recom-
binase overexpression (54,55). Indeed, the number of BFP-
positive cells progressively dropped when Cre recombinase
was tested in this assay, while the catalytically inactive ver-
sion of Cre had no effect (Figure 4B). In comparison to
Cre, YR4 and YR8 showed a less pronounced decrease in
the percentage of BFP positive cells (∼15%; P < 0.0001,
and ∼17%; P < 0.0001, respectively), suggesting that over-
expression of these recombinases slightly inhibits cell pro-
liferation (Figure 4B). In contrast, the percentage of BFP-
positive cells did not significantly change in cells expressing
the other recombinases (Figure 4B), indicating that overex-
pression of these recombinases is well tolerated in the cells.
We conclude that six out of the eight newly identified Y-
SSRs can be expressed at high levels without compromis-
ing cell proliferation, supporting their utility in mammalian
cells.

Prediction of possible recombination target sites in human
and mouse genomes

We sought to identify pseudo-lox sites of the investigated
SSRs in human and mouse genomes, as these could serve
as potential endogenous targets for a variety of genome
engineering experiments, but also could lead to unwanted
genome rearrangements (52,54). Hence, we searched for
highly homologous target sites with unique or same putative
spacers to address both possibilities (Figure 5, Supplemen-
tary Figure S8 and S9). Criteria that we used were based on
sequence homology against putative target sites identified
together with the recombinases, filtering for sequences car-
rying no more than two mismatches per half-site and leav-
ing the spacer region entirely flexible. With the presumption
that two target sites could be recombined by a single re-
combinase only if they possess matching spacer sequences,
we searched for target sites with unique spacer to serve as
landing pads for integration, while also screening for sites
that share identical spacer sequence with at least one other
target site to account for potential undesired inter- or intra-
chromosomal rearrangements.

Our search showed that the pseudo-sites with unique
spacers were distributed to all the chromosomes of both
genomes (Figure 5A, Supplementary Figure S8, Supple-
mentary Figure S9A). We found pseudo-rox sites of Dre
recombinase to be the most common in both of the
genomes with 217 in human and 123 target sites in mouse
genome (Figure 5B, Supplementary Figure S9B). Out of
these, 49 and 22 genomic sequences, respectively, repre-
sent the subsets where at least two share the same spacer,
whose recombination could lead to potential inter- or intra-
chromosomal rearrangements. Pseudo-sites with identical
spacers, possibly recombined by all other recombinases,
were drastically less represented in our search making them
more suitable for precise genomic manipulations (Figure
5B, Supplementary Figure S8, Supplementary Figure S9B).

Y-SSRs have the ability to perform recombination bidi-
rectionally, with excision being more thermodynamically
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Figure 3. Activity of newly discovered SSRs in mammalian cells. (A) Graphical representation of the mammalian recombination reporter and expression
constructs. Important features are marked in the reporter and expression vectors. Upon recombination of the reporter vector the mCherry cassette will be
excised allowing for the expression of GFP (green) from the pCAG promotor (arrow). Black triangles represent different lox sites for each corresponding
recombinase. NLS, nuclear localization signal. (B) Fluorescence microscopy analysis in Hek293T cells. Transfected cells with the empty expression plasmids
and non-recombined reporter plasmids harboring eight new target sites (top panel), or co-transfection of the reporter with the expression plasmids carrying
respective recombinases (lower panel) are shown. Vika/vox and Cre/loxP were included as positive controls. Ctrl, negative controls; Rec, recombinase. (C)
FACS analysis of the samples shown in (B). Grey histograms depict control samples where non-recombined reporter plasmids were co-transfected with
‘empty’ expression plasmids, while the green histograms show samples transfected with corresponding recombinases.
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favored. Hence, their target sites have to be specifically
engineered to increase the efficiency of the integration
events (56,57). One of the most efficient ways to shift the
equilibrium of the reaction towards integration has been
shown to be using the RE/LE (RE – right element, LE –
left element) strategy (58). Single mutant loxP sites can be
modified in opposite half sites to ensure that upon recom-
bination double mutants would be generated that inhibit
reverse excision reaction and thereby stabilize the integra-
tion product. In order to show the potential utilization of
new Y-SSRs for this purpose we also screened the human
and mouse genomes for genomic sequences having only one
half-site highly similar to the sequence of putative target
sites, with only one mismatch allowed (Figure 5C, Supple-
mentary Figure S9C). We found numerous possible entry
points with our search, with the pseudo-lox6 site possibly
recombined by YR6 being most represented with 19 possi-
ble genomic sequences (Figure 5C, Supplementary Figure

S9C). By designing the compatible donor target sites multi-
ple specifically targeted transgene insertions could possibly
be realized by these Y-SSRs.

DISCUSSION

Diverse microbial organisms and their gene pool represent
an almost inexhaustible source for the identification of new
DNA editing enzymes (59–62). The discovery and charac-
terization of some of these enzymes has enabled the de-
velopment of molecular biology techniques for advanced
genome engineering. Nevertheless, the multitude of publi-
cations in recent years shows that there is a growing need
for new and better genome engineering tools. In this study,
we performed a bioinformatic-guided genome-wide search
to identify novel Cre-type recombinases and their associ-
ated target sequences. Based on our bioinformatic search,
we identified over 500 putative Y-SSRs candidates of which
a selection of 17 candidates were experimentally tested and
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8 novel Y-SSRs systems were molecularly characterized in
depth. The results show that the pipeline is able to pre-
dict new Y-SSRs and their target sites at a success rate
of about 50%, indicating that many more active Y-SSR
systems should be retrievable from the list. The success of
prediction still proves to be largely limited by the nomi-
nation of the appropriate target site. Our search was fo-
cused on scanning regions 1kb upstream and downstream
of the putative recombinase gene as this genomic organiza-
tion was reported for previously described phage-related Y-
SSRs (7,32,43,63). Nevertheless, some of these SSRs come
from temperate phages that integrated their genomes into
bacterial chromosomes and commonly undergo a complex
decay process consisting of inactivating point mutations,
genome rearrangements, modular exchanges, invasion by
further mobile DNA elements, and DNA deletions. These
events could cause the disturbance of the expected organi-
zation and lead to misplacement of the native target sites.
Given the various mechanisms involved and the diversity
within the Y-SSR family, our search criteria were designed
to increase the likelihood of successful identification, but
also limited the number of putative recombinases that we
characterized. Several recently reported methods for iden-
tification of prophage elements in bacterial genomes may
improve the annotation of new Y-SSRs and their target sites
in the future (42,62,64).

To optimally use different Y-SSR systems, it is essential to
characterize their applied properties. The determination of
the in vivo recombinase activity may be crucial for planning
an experiment. In this study, the eight newly characterized
YRs showed varying activity on their predicted target sites
in bacteria, from over 90% in the case of YR1, YR4, YR6
to as low as around 15% in the case of YR8 and YR9. The
observed low activity of the latter is possibly due to sub-
optimal expression of the protein (Supplementary Figure
S4B, C), but the need for additional cofactors or optimal
temperature for more efficient recombination of the target
sites could also play a role. Furthermore, the annotated se-
quencing sample may contain errors for the target site or
for the recombinase, or the recombinase originated from a
prophage that accumulated mutations over time, influenc-
ing the activity of the enzyme. Because we could quickly
improve the activity of YR9 recombinase by directed molec-
ular evolution, the later explanation is the most likely rea-
son for the weak activity we originally observed. Neverthe-
less, Y-SSRs that have lower activity could be beneficial in a
setting where multiple sequential DNA rearrangements are
needed.

We profiled the specificity of Cre-type recombinases pro-
viding a valuable overview of possible cross recombina-
tion events on all target sites. We found that five recom-
binases showed high specificity on the tested target sites.
Hence, these recombinases likely represent good candidates
for experiments where high specificity of recombination is
desired. On the other hand, different cross recombination
properties described in this work could have important im-
plications for the design of various complex experiments re-
quiring the use of multiple Y-SSRs. Interestingly, our results
reveal that the correlation between amino acid sequence ho-
mology of the Y-SSRs and nucleotide sequence homology
of their target sites that they recombine is not straightfor-

ward. In addition, cross recombination is not always recip-
rocal (e.g. YR4 and YR11 as well as YR11, YR2, YR8 and
Dre, Figure 2B), suggesting that there are yet unknown de-
terminants that render these recombinases more or less tol-
erant to sequence variations of the target sites. This data
should be useful to investigate key specificity determinants
of these enzymes. Indeed, in previous work, detailed com-
parative analyses of Y-SSRs have identified several amino
acids as key players in target site distinction. For example,
it was shown that K43, R259, and G263 of Cre are crit-
ical residues for the discrimination between the loxP and
rox sites (33), and that nearest-neighbor amino acids of
these residues influence the activity of Cre-type recombi-
nases (65). Our collection of Cre-like Y-SSRs with charac-
terized specificities, coupled with additional structural data,
has the potential to serve as a valuable resource for better
understanding of the target site recognition of Y-SSRs. This
knowledge could, in turn, accelerate the engineering of new
designer recombinases with desired specificities and func-
tionalities.

For their applied use in higher organisms, we tested the
new Y-SSRs for their activity and compatibility in mam-
malian cells. All the recombinases except for YR9 recom-
binase showed high activity in a plasmid-based assay in
HEK293T cells. Interestingly, YR8 showed high recombi-
nation rates in mammalian cells, whereas this recombinase
had only weak activity in bacteria, suggesting that activ-
ity profiles of recombinases can vary in heterologous hosts.
For the applied use in heterologous cells, it is also impor-
tant to consider potential adverse effects they could cause
in cells not just by off-target recombination on pseudo-sites
that may exist in the host genome, but also by other mech-
anisms such as a potential impact on DNA replication or
gene expression. This could lead to impaired growth of the
cells. We did not observe this effect for most recombinases
upon overexpression, but some illegitimate recombination
events could also lead to ‘silent’ effects that do not affect
cell growth. We therefore bioinformatically screened the hu-
man and mouse genome for lox-like sites for all known Cre-
type recombinases. This information is useful in two ways:
i) It provides an estimation on potential off-target sites that
could potentially compromise an experiment. ii) it delivers
potential endogenous target sites that might be usefully em-
ployed for genome engineering exercises (for instance for
targeted delivery of DNA cargo into a safe harbor locus). It
would be interesting to address the activity of these recom-
binases on these sites, which could then potentially serve as
entry point for multiple genome manipulation strategies.

Finally, the discovery and characterization of different
naturally occurring recombinases should be useful to accel-
erate the development of novel enzymes via directed evo-
lution. It has been demonstrated that shuffling of related
genes can speed up the evolution process (66). Hence, new
recombinases with desired properties might become avail-
able in shorter time through family shuffling. In addition,
by using the wide variety of new naturally occurring re-
combinases with activity on various target sites, one could
start different evolution campaigns depending on similar-
ity to the desired target site. While the present work aims to
provide a more diverse collection of starting points for re-
combinase optimization, the lack of molecular mechanisms
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underlying their specificities and target site recognition lim-
its rational design approaches. It would therefore be helpful
to obtain additional structural data for these new Y-SSR-
systems to gain insights into key structural features and
amino acid residues that contribute to target site recogni-
tion and specificity.

Furthermore, this data could also improve machine
learning algorithms developed to predict recombinase ac-
tivity on desired target sites (67). By using data from evolved
Y-SSRs, in combination with data from naturally occurring
SSR systems, we expect that a smarter design of synthetic
SSRs can be generated to rapidly target novel loci in desired
genomes.

DATA AVAILABILITY

The data underlying this article will be shared on reasonable
request to the corresponding author.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

The authors would like to thank the members of Buch-
holz group for fruitful discussions and valuable advice they
provided.

FUNDING

European Union [ERC 742133, H2020 UP-
GRADE825825]; German Research Council [DFG
BU 1400/7-1 and PI 600/4-1]; Bundesministerium für Bil-
dung und Forschung GO-Bio (BMBFGO-Bio) [031B0633].
Funding for open access charge: TU Dresden.
Conflict of interest statement. Technical University (Tech-
nische Univeristät) Dresden has filed a patent application
based on this work, in which M.J., L.T.S. and F.B. are listed
as inventors.

REFERENCES
1. Meinke,G., Bohm,A., Hauber,J., Pisabarro,M.T. and Buchholz,F.

(2016) Cre recombinase and other tyrosine recombinases. Chem. Rev.,
116, 12785–12820.

2. Komor,A.C., Kim,Y.B., Packer,M.S., Zuris,J.A. and Liu,D.R. (2016)
Programmable editing of a target base in genomic DNA without
double-stranded DNA cleavage. Nature, 533, 420–424.

3. Gaudelli,N.M., Komor,A.C., Rees,H.A., Packer,M.S., Badran,A.H.,
Bryson,D.I. and Liu,D.R. (2017) Programmable base editing of A•T
to G•C in genomic DNA without DNA cleavage. Nature, 551,
464–471.

4. Anzalone,A.V., Gao,X.D., Podracky,C.J., Nelson,A.T., Koblan,L.W.,
Raguram,A., Levy,J.M., Mercer,J.A.M. and Liu,D.R. (2022)
Programmable deletion, replacement, integration and inversion of
large DNA sequences with twin prime editing. Nat. Biotechnol., 40,
731–740.

5. Anzalone,A.V., Randolph,P.B., Davis,J.R., Sousa,A.A., Koblan,L.W.,
Levy,J.M., Chen,P.J., Wilson,C., Newby,G.A., Raguram,A. et al.
(2019) Search-and-replace genome editing without double-strand
breaks or donor DNA. Nature, 576, 149–157.

6. Sauer,B. and Henderson,N. (1988) Site-specific DNA recombination
in mammalian cells by the Cre recombinase of bacteriophage P1.
Proc. Natl. Acad. Sci., 85, 5166–5170.

7. Sternberg,N. and Hamilton,D. (1981) Bacteriophage P1 site-specific
recombination I. Recombination between loxP sites. J. Mol. Biol.,
150, 467–486.

8. Duyne,G.D.V. (2001) A structural view of Cre- loxP site-specific
recombination. Annu. Rev. Biophys. Biom., 30, 87–104.

9. Anderson,R.P., Voziyanova,E. and Voziyanov,Y. (2012) Flp and Cre
expressed from Flp–2A–Cre and Flp–IRES–Cre transcription units
mediate the highest level of dual recombinase-mediated cassette
exchange. Nucleic Acids Res., 40, e62.

10. Minorikawa,S. and Nakayama,M. (2011) Recombinase-mediated
cassette exchange (RMCE) and BAC engineering via VCre/VloxP
and SCre/SloxP systems. BioTechniques, 50, 235–246.

11. Feil,R. (2007) Conditional mutagenesis: an approach to disease
models. Handb. Exp. Pharmacol., 178, 3–28.

12. Justice,M.J., Siracusa,L.D. and Stewart,A.F. (2011) Technical
approaches for mouse models of human disease. Dis. Model. Mech.,
4, 305–310.

13. Weng,W., Liu,X., Lui,K.O. and Zhou,B. (2021) Harnessing
orthogonal recombinases to decipher cell fate with enhanced
precision. Trends Cell Biol., 32, 324–337.

14. Liu,K., Jin,H. and Zhou,B. (2020) Genetic lineage tracing with
multiple DNA recombinases: a user’s guide for conducting more
precise cell fate mapping studies. J. Biol. Chem., 295, 6413–6424.

15. Jeong,J., Kim,T.H., Kim,M., Jung,Y.K., Kim,K.S., Shim,S., Jang,H.,
Jang,W.I., Lee,S.B. and Choi,D. (2022) Elimination of
reprogramming transgenes facilitates the differentiation of induced
pluripotent stem cells into hepatocyte-like cells and hepatic
organoids. Biology, 11, 493.

16. Jin,H., Liu,K. and Zhou,B. (2021) Dual recombinases-based genetic
lineage tracing for stem cell research with enhanced precision. Sci.
China Life Sci., 64, 2060–2072.

17. Wang,H., He,L., Li,Y., Pu,W., Zhang,S., Han,X., Lui,K.O. and
Zhou,B. (2022) Dual Cre and Dre recombinases mediate
synchronized lineage tracing and cell subset ablation in vivo. J. Biol.
Chem., 298, 101965.

18. Karimova,M., Baker,O., Camgoz,A., Naumann,R., Buchholz,F. and
Anastassiadis,K. (2018) A single reporter mouse line for Vika, Flp,
Dre, and Cre-recombination. Sci. Rep-uk, 8, 14453.

19. Liu,K., Yu,W., Tang,M., Tang,J., Liu,X., Liu,Q., Li,Y., He,L.,
Zhang,L., Evans,S.M. et al. (2018) A dual genetic tracing system
identifies diverse and dynamic origins of cardiac valve mesenchyme.
Development, 145, dev167775.

20. Voziyanova,E., Anderson,R.P., Shah,R., Li,F. and Voziyanov,Y.
(2016) Efficient genome manipulation by variants of site-specific
recombinases R and TD. J. Mol. Biol., 428, 990–1003.

21. Duplus-Bottin,H., Spichty,M., Triqueneaux,G., Place,C.,
Mangeot,P.E., Ohlmann,T., Vittoz,F. and Yvert,G. (2021) A
single-chain and fast-responding light-inducible Cre recombinase as a
novel optogenetic switch. Elife, 10, e61268.

22. Takao,T., Yamada,D. and Takarada,T. (2022) Mouse model for
optogenetic genome engineering. Acta Med. Okayama, 76, 1–5.

23. Siuti,P., Yazbek,J. and Lu,T.K. (2013) Synthetic circuits integrating
logic and memory in living cells. Nat. Biotechnol., 31, 448–452.

24. Ba,F., Liu,Y., Liu,W.-Q., Tian,X. and Li,J. (2022) SYMBIOSIS:
synthetic manipulable biobricks via orthogonal serine integrase
systems. Nucleic Acids Res., 50, 2973–2985.

25. Buchholz,F. and Stewart,A.F. (2001) Alteration of Cre recombinase
site specificity by substrate-linked protein evolution. Nat. Biotechnol.,
19, 1047–1052.

26. Abi-Ghanem,J., Chusainow,J., Karimova,M., Spiegel,C.,
Hofmann-Sieber,H., Hauber,J., Buchholz,F. and Pisabarro,M.T.
(2012) Engineering of a target site-specific recombinase by a
combined evolution- and structure-guided approach. Nucleic Acids
Res., 41, 2394–2403.

27. Santoro,S.W. and Schultz,P.G. (2002) Directed evolution of the site
specificity of Cre recombinase. Proc. Natl. Acad. Sci. U.S.A., 99,
4185–4190.

28. Karpinski,J., Hauber,I., Chemnitz,J., Schäfer,C.,
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