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Abstract 

Translational research on the Cre / loxP recombination system focuses on enhancing its specificity by modifying Cre / DNA interactions. Despite 
e xtensiv e eff orts, the e xact mechanisms go v erning Cre discrimination betw een substrates remains elusiv e. Cre recogniz es 13 bp in v erted re- 
peats, initiating recombination in the 8 bp spacer region. While literature suggests that efficient recombination proceeds betw een lo x sites with 
non- loxP spacer sequences when both lox sites have matching spacers, experimental validation for this assumption is lacking. To fill this gap, we 
in v estigated target site variations of identical pairs of the loxP 8 bp spacer region, screening 60 0 0 unique lo xP -lik e sequences. Appro ximately 
84% of these sites exhibited ef ficient recombination, af firming the plasticity of spacer sequences for cat alysis. However, cert ain spacers neg- 
atively impacted recombination, emphasizing sequence dependence. Directed evolution of Cre on inefficiently recombined spacers not only 
yielded recombinases with enhanced activity but also mutants with reprogrammed selective activit y. Mut ations altering spacer specificit y were 
identified, and molecular modelling and dynamics simulations were used to investigate the possible mechanisms behind the specificity switch. 
Our findings highlight the potential to fine-tune site-specific recombinases for spacer sequence specificity, offering a no v el concept to enhance 
the applied properties of designer-recombinases for genome engineering applications. 
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ite-specific recombinases (SSRs) are specialized enzymes that
romote site-specific DNA rearrangements between defined
arget regions ( 1 ). Engineering and directed evolution strate-
ies have been successfully used to alter the site-specificity
f recombinases, allowing SSRs to be an adaptable tool for
recise genome engineering ( 2 ). Of particular interest are the
ailor-made recombinase systems derived from the Cre / loxP
ystem, where the native DNA specificity is altered to en-
ble the recombination of therapeutically relevant sequences
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( 3–9 ). In order to accelerate the reprogramming of novel re-
combinases, it is vital to understand the characteristics that
contribute to protein DNA recognition, cleavage, and recom-
bination. Gaining a comprehensive understanding of the fac-
tors that govern these mechanisms offers the opportunity to
manipulate these features for reprogramming and fine-tuning
specificity. 

Cre is a member of the tyrosine SSR family and is naturally
encoded by bacteriophage P1. Cre recombinase is responsible
for excising, exchanging or inverting DNA between a pair of
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34 bp loxP target sites. Each loxP site consists of a core 8bp
spacer sequence flanked by two 13 bp inverted symmetry re-
gions (half-sites; Figure 1 A). Cre / loxP complex formation be-
gins with site-specific binding of a single Cre molecule to each
half-site. Once four Cre molecules bound to two loxP sites
come together, the tetrameric synaptic complex is formed and
poised for catalysis ( 10 ). DNA recombination takes place at
the spacer region in a stepwise manner, involving cleavage and
strand exchange, with the ultimate outcome of the recombi-
nation reaction determined by the orientation of the spacer
sequence ( 11–14 ). Because of the spacer’s critical role in site-
specific recombination, understanding the spacer character-
istics necessary for efficient recombination and contribution
to specificity are valuable in studies developing recombinases
systems for targeting alternative sequences. 

Initial investigations in the 1980s regarding the role of the
spacer sequence introduced the concept that sequence identity
between spacers in each of the target substrates is crucial for
recombination ( 15 ). These studies were corroborated when ef-
ficient recombination was shown to occur between a variety
of noncanonical spacers providing the spacer sequences are
matching ( 16 ). The requirement for identical spacer sequences
was further explained as a necessity during strand exchange
to facilitate effective ligation of the cleaved strand to its com-
plementary strand ( 17 ). Much of our current understanding
of lox site preference have been inferred through a series of
crystal structures of Cre bound to loxP ( 2 ,17–20 ). Protein–
DNA interfaces reveal specific residues crucial for half-site
recognition, although, direct base contacts between the pro-
tein’s amino acid side chains and the substrate spacer region
are minimal. Nevertheless, the spacer region plays a pivotal
role during recombination catalysis, as it directs the order of
strand exchange ( 2 ,17–20 ). 

Investigation of the spacer through experimental methods
can be challenging due to the repetitive nature of the target se-
quences. In order to test mutations for matching target sites,
each unique sequence must be individually cloned to main-
tain the repeated targets, which can be time consuming. Al-
ternatively, existing experimental methods using randomized
libraries for high-throughput quantification of recombination
have been successful in determining half-site recombination
requirements and mapping half-site specificity profiles, but
are limited to heterologous sites due to the randomization
( 16 ,21 ). Therefore, to study the role of spacer sequences dur-
ing Cre-mediated recombination, we developed a method to
comprehensively quantify recombination efficiencies across a
large number of predefined target sequences. We then applied
this method with a library of 6000 different loxP -like sites
where identity was maintained between the two spacers. Cre
demonstrated efficient recombination with 84% of the spacer
sequences within the target site library. To assess the feasibility
of reprogramming recombinase spacer specificity, we selected
three targets with spacer sequences inefficiently recombined
by Cre to evolve three Cre-derived recombinase libraries for
increased activity. Analysis of recombinase variants from these
libraries showed that selectivity of the spacer sequence can
indeed be altered. Through comparative screens and molec-
ular dynamics (MD) simulations, we evaluate spacer pref-
erences and structural differences of Cre and an evolved
spacer-specific recombinase, denoted RecS3. Our work high-
lights the ability to leverage spacer specificity to enhance
the recombination properties of tailor-made recombinase
systems. 
Materials and methods 

Plasmid construction 

The target site library plasmid backbone (pGG) was engi- 
neered from the previously described pEVO plasmid modi- 
fied to replace the pEVO BglII sites with two BbsI restriction 

sites facing outward ( Supplementary Figure S1 A). BbsI restric- 
tion site (downstream ‘left’ site) designed with the following 
sequence: 5 

′ -A CA CCGGGTCTTC-3 

′ leaving a GTGG over- 
hang. The BbsI restriction site (upstream ‘right’ site) designed 

with the following sequence: 5 

′ -GAA GA CCTGTTTA-3 

′ leav- 
ing a GTTT overhang. The recombinase to be assayed was 
cloned into the pGG vector using BsrGI-HF and SbfI (NEB) re- 
striction enzymes. Expression of the recombinase is controlled 

by an l -arabinose inducible promoter system (araBAD). The 
target site library was assembled to pGG-recombinase desti- 
nation vector ( Supplementary Figure S1 A) following manu- 
facture recommended protocol for setup of type IIs restriction 

digestion and ligation reaction ( 22 ) using T4 DNA Ligase and 

Type IIS restriction enzyme BbsI (Thermo Scientific). 
The evolution plasmids pEV O- loxSE1 , pEV O- loxSE2 and 

pEVO- loxSE3 were generated from the previously described 

pEV O- loxP plasmid ( 7 , 23 ) ( Supplementary Figure S1 A) mod- 
ified to replace the loxP target site with the evolution tar- 
get sites inserted at the restriction sites PciI and BglII (NEB; 
Supplementary Figure S1 A). 

Plasmid-based recombinase activity assay 

Successful recombination events result in excision of the DNA 

flanked by the lox sites. Therefore, to assay the recombination 

efficiency of either individual recombinase variants or recom- 
binase libraries a simple restriction digest is used to compare 
plasmid sizes in the sample ( 3–7 ) ( Supplementary Figure S1 B).
The recombinase or recombinase library is assembled to either 
the pEVO or pGG vector containing the target site or library 
of target sites to be tested. The recombinase or recombinase 
library is cloned into the vector between the restriction sites 
BsrGI (NEB) and XbaI (NEB), downstream of the arabinose- 
inducible araBAD promoter (pBAD) ( Supplementary Figure 
S1 A). The assembled plasmids are transformed via electro- 
poration into electrocompetent E. coli X-L1 Blue strain, re- 
covered in SOC medium at 37 

◦C shaking (700 rpm) for 1 

h. Cells are plated onto LB-Cm (30 μg / ml chlorampheni- 
col) agar to verify that the ligation was successful and also 

inoculated in 6ml LB-Cm (15 μg / ml chloramphenicol) con- 
taining the desired dose of l -arabinose to induce the expres- 
sion of the recombinase overnight. The l -arabinose concentra- 
tions of 1, 10 and 100 μg / ml were used for the recombinase 
activity screens. Plasmids were purified from the overnight 
cultures following the protocol of the Qiagen spin isolation 

kit (Qiagen Inc.). To visually compare the recombined and 

non-recombined plasmids in the sample, the purified plasmid 

DNA is digested using BsrGI-HF and XbaI (NEB; for assay- 
ing pEVO) or using BsrGI-HF and PacI (NEB; for assaying 
pGG) ( Supplementary Figure S1 B). The digest linearizes the 
DNA to easily compare the smaller recombined plasmids to 

the non-recombined plasmids in the sample with gel elec- 
trophoresis. Recombination efficiencies were calculated by 
the ratio of band intensities for each well using GelAnalyzer 
v23.1 for image processing (GelAnalyzer 23.1, available at 
www.gelanalyzer.com , by Istvan Lazar Jr., PhD and Istvan 

Lazar Sr., PhD, CSc). Recombination was calculated by di- 
viding the recombined band intensity by the recombined and 
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Figure 1. L o xP spacer library activity screen. ( A ) L o xP sequence with top (TS) and bottom strand (BS). B ases in the spacer region are labelled and 
highlighted in teal. The respective at tac k points of the catalytic tyrosine (Y324) to the DNA strands are indicated by triangles. ( B ) Schematic of the target 
site screen. i) Construction of target library around the spacer sequence of the loxP site. Examples of the matching spacers are shown, with alterations 
to the canonical loxP spacer sequence highlighted in yellow. ii) Library cloning into an E. coli recombinase expression vector. iii) Assembled library vector 
transformation to E. coli and induced to express Cre. The editing outcomes are indicated by the teal target sites where an active event is recombined 
and an inactive event is non-recombined. iv) Purification of vectors and subsequent amplification over the target sites with primers containing Illumina 
indexing sequence. v) Quantification of the recombination rate for each target site calculated from deep sequencing reads (%) displayed in yellow. ( C ) 
Target site screen results plotted as activity ratio of Cre recombination (fraction of recombination) for each target site. Activity ratio is calculated for each 
target site by dividing the activity by the highest activity in the screen. Each dot (teal) represents a unique spacer sequence within the library with 
wild-type loxP highlighted in yellow. Dotted vertical lines outline the range where the targets are efficiently recombined by Cre, defined by recombination 
rate ±25% loxP . Plot zoom showing targets with lowest activity. Targets selected for evolution are labeled, loxSE1 , loxSE2 and loxSE3 . ( D ) Impact of 
number of mismatches in the spacer to Cre recombination efficiency. Cre recombination is represented as activity ratio and effects for one ( n = 36), two 
( n = 238), three ( n = 831), four ( n = 1712), five ( n = 1999), six ( n = 988), se v en ( n = 128) and eight ( n = 12) mismatches. The wild-type loxP is plotted as 
a line at 0 mismatches. ( E, F ) The sequence logos represent spacer preference of Cre. The base height in each logo is calculated by relative frequency in 
the given subpopulation. The base frequency is normalized to library representation. The logo in E is calculated from a subpopulation of spacer 
sequences with the highest recombination efficiency or top 10% recombined spacers ( n = 595 targets). The logo in F is calculated from a subpopulation 
of spacer sequences with the lo w est recombination efficiency or bottom 10% recombined spacers ( n = 595 targets). The loxP bases are colored in teal. 
( G ) Spacer specificity profile of Cre generated from the recombination rates of all target library variants. The heatmap color, and corresponding fold 
change in each tile, represent the effect of the base change at each position on Cre recombination relative to Cre / loxP recombination. The fold change is 
calculated from the binomial GLM coefficients. The canonical loxP bases are outlined in black for each base position in the spacer. 
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the non-recombined band intensity. The calculated recombi-
nation was plotted in R 4.0.3 (R Core Team, 2018) with
dplyr v1.0.7 ( https:// dplyr.tidyverse.org/ ) and visualized with
ggplot2 v3.3.5 ( https:// ggplot2.tidyverse.org/ ). Bacterial test
digests were done in triplicates ( n = 3). 

Library construction 

The library was generated using silicon-based DNA synthe-
sis from Twist Bioscience, providing full control over the se-
quence design for each oligo in the library. Each oligo was pre-
defined, allowing the unique target site to be encoded twice on
the same oligo. To reduce costs, synthesis time, and potential
PCR bias during downstream library preparation, we opted to
keep the oligo length short. Consequently, each oligo encoded
a short distance between the two target sequences. 

Previous studies have shown that the efficiency of Cre-
mediated intramolecular recombination between two directly
repeated loxP sites, depends on the distance between the
sites, with a minimum distance of 82 bp required for effi-
cient recombination ( 24 ). We considered this when optimiz-
ing the screen, comparing recombination of Cre / loxP for
different distances between the lox sites: 24 and 700 bp.
We also assessed how the recombination rate at these dis-
tances changed with increasing concentrations of Cre by us-
ing L-arabinose concentrations of 0, 1, 10 and 100 μg / ml
in the E. coli plasmid-based excision assay ( Supplementary 
Figure S2 A). In agreement with previous findings, our re-
sults show that a length of 700 bp between the two lox sites
was more efficient than the shorter length of 24 bp. How-
ever, the trends of increasing recombination with increasing
concentrations of Cre are similar for both lengths. Addition-
ally, sequencing of plasmid DNA from both recombined and
non-recombined colonies confirmed that recombination oc-
curred as predicted, with only one loxP site and the full
stuffer sequence precisely excised from the DNA of recom-
bined colonies ( Supplementary Figure S2 B). Excision of DNA
between lox sites located a short distance from one another
likely occurs in two steps: first, intermolecular integration fol-
lowed by intramolecular excision. 

The target site library for the activity screen comprised
6000 oligonucleotides ordered as oligo pools from Twist Bio-
science ( Supplementary Table S1 ). Each oligo sequence is a
predefined length of 120nt encoding two copies of the unique
34nt lox -like target sequence ( Supplementary Figure S2 C).
Between the two targets was a 24nt region containing two
restriction sites (NdeI and PacI; NEB) used for quality con-
trol. Flanking the target sites were 14nt primer binding sites
( Supplementary Table S2 , primers P1, P2) to amplify the syn-
thesized ssDNA pool for dsDNA. The design of the libraries
excluded all restriction enzymes used during the assay and
downstream analysis. 

Rational design of loxP-like spacer library: In order to un-
derstand how changes in the spacer region impact Cre re-
combination, the library was built on the core 8bp spacer re-
gion while the flanking loxP half-sites were kept consistent
(Figure 1 B, Supplementary Table S1 ). Because we wanted to
fully examine the spacer characteristics contributing to speci-
ficity, we designed the libraries to contain target sites with
homologous spacers; i.e. each target site variant contains the
unique mutation in both spacers of the complex. Another
design feature to consider was the size of the library. A li-
brary containing all spacer base combinations would consist
of 65536 (4 

8 ) different targets. Instead of having all spacer 
possibilities, we took a more rational approach to minimize 
the size of the library, allowing for more reads per target to 

achieve a higher confidence interval per screen. Because the 
first and last bases have been reported to influence strand ex- 
change ( 14 , 25 , 26 ), we mainly designed the spacers with the 6
core nucleotides altered, which we annotate as ANNNNNNC 

where N refers to the altered position. Additionally, eight dif- 
ferent combinations of the four core sequences with the last 
two and first two spacer nucleotides altered were included 

in the library (NNGT A TNN, NNA T ACNN, NNCT AANN,
NNCT AGNN, NNAA TTNN, NNTT AANN, NNGGCCNN,
NNCCGGNN). From these combinations, all fully symmetric 
spacers (e.g. AAAATTTT) were excluded from the library. 

Target site library preparation for deep-sequencing 

Experiments were conducted in E. coli with Cre under the ex- 
pression of an inducible promoter for a tighter control of the 
recombinase / target site exposure ( Supplementary Figure S1 A 

and S2 D). This gives us the option to adjust the expression 

of Cre to better distinguish functional diversity due to varia- 
tion in spacer sequences. The assembled pGG-Recombinase- 
Library was transformed to E. coli XL1-Blue (Agilent) and 

the expression of the recombinase was induced with differ- 
ent concentrations of L-arabinose (0, 1, 10 and100 μg / ml 
l -arabinose; Sigma Aldrich). After growing the cells for 14–
16 h in 50 ml LB and in the presence of chloramphenicol 
(30 mg / ml), plasmid DNA was extracted using the GeneJET 

Plasmid Miniprep Kit (ThermoFisher). The extracted plasmid 

DNA was used as a template to amplify over the target sites 
using primers P3 and P4 ( Supplementary Table S2 ) adding the 
P5 and P7 indexes for Illumina paired-end sequencing. The 
PCR was performed using a high-fidelity polymerase (Hercu- 
lase II Fusion DNA Polymerase, Agilent) carried out with ten 

PCR cycles. The kit manufacturer protocol was followed us- 
ing an initial denaturing temperature of 95 

◦C for 3 min and 40 

s per cycle, an annealing temperature of 55 

◦C, and an exten- 
sion temperature of 72 

◦C for 1 minute per cycle. The resulting 
amplicon length is 220 bp for the non-recombined targets and 

162 bp for the recombined targets. The amplicons were puri- 
fied on a column using the Isolate II PCR and Gel Kit (Bioline) 
and quantified using the Qubit dsDNA HS Kit (ThermoFisher) 
according to the manufacturer’s instructions. The sequencing 
of samples was performed using paired-end reads of 150 bases 
on the Illumina NovaSeq 6000. 

Validation and quality control of screen 

Before analysis of the results, we confirmed the quality of the 
screen. Both the Cre and RecS3 activity screen recombina- 
tion outcomes were quantified with high throughput sequenc- 
ing of the targets at an average sequencing depth of > 1000 ×
per target ( Supplementary Figures S3 A, S6 A). The screen was 
done in triplicates to determine the consistency of the results.
Pearson’s correlation coefficient ( R ) was measured for each 

replicate and all target sites in the library were plotted to 

show relationship between the replicate and the pooled repli- 
cates recombination rates. For both the Cre and RecS3 activity 
screens, the value of R ranges between 0.87 and 0.99 indicat- 
ing a positive linear relationship, and consistent recombina- 
tion levels among the triplicates ( Supplementary Figures S3 B,
S6 B). 

https://dplyr.tidyverse.org/
https://ggplot2.tidyverse.org/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
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Additionally, the activities calculated from the target site
creen were validated for a selection of spacers ranging from
ow to high Cre activity. We compared activities from the
creen to activities quantified in triplicates from plasmid-based
ecombination activity assay. The mean screen activity and
ean plasmid-based recombination activity were calculated

or the triplicates and plotted to show the relationship be-
ween activities. A Pearson’s correlation coefficient was com-
uted ( R = 0.97; Supplementary Figure S3 C) carried out in
 (version 4.3.2) showing high correlation between the two
ssays. 

ata analysis 

llumina sequencing data is processed using Cutadapt ( 27 ) and
 version 4.3.2 ( 28 ) to convert to count matrices. Targets with

ewer than 100 reads were discarded. Because of symmetry
f the recombination reaction, alignment of the spacer either
rom the top or bottom strand of DNA is arbitrary, therefore,
he strand with the highest identity to the wild-type loxP or
n-target sequence was considered. To facilitate a comparative
nalysis between distinct screens, we computed the activity ra-
io for each dataset by dividing the recombination rate of in-
ividual target sites by the highest recombination rate within
ach dataset. 

equence logos 
ogos were generated for subgroups of target sequences to
ompare conserved bases associated with the subgroup. Al-
hough the generated sequence logos were normalized to the
umber of sequences, the subgroups that were compared al-
ays consisted of the same number of sequences (e.g. sub-

roup A has n = 10 sequences and subgroup B has n = 10
equences) in order to avoid effects from sample size. 

At each position in the alignment of spacer sequences, the
ogo plot represents the relative frequency of each base, with
he height of each base proportional to its relative frequency
Figures 1 E, F and 3 B, C). The plots highlight bases that have
n observed frequency higher than their expected frequency
frequency in library). Standard logo base height represents
bserved frequencies p = (pA,pC,pG,pT) compared with a uni-
orm background, q = (0.25,0.25,0.25,0.25). Logos calculated
rom library subgroups (i.e. top 10% recombined or bottom
0% recombined) were normalized to the library frequency.
his normalization is referred to as relative frequency. The rel-
tive frequencies were calculated by first calculating the base
requencies for each position in the subgroup (freq. subgroup)
nd in the library (freq. library). 

f req. sub group = 

numb er o f o ccurences o f b ase at p o sitio n 

numb er of sequences in sub group 

f req.lib rary = 

numb er o f o ccurences o f b ase at p o sitio n 

numb er of sequences in l ibrary 

The calculated frequencies were then used for relative fre-
uency. 

Normal ized rel ative f requency = 

(
f req. subgroup 

)
x 

(
1 − (

f req. library 
))

The logos were plotted with R package ggseqlogo ( 29 ). 
Generalized linear model 
Effects of individual base changes on recombination levels of
different target site sequences were estimated using a logis-
tic regression model, employing the glm function with bino-
mial distribution, both implemented in the stats package for
R ( 28 ). Bases at each position of spacer sequences, as well as
arabinose concentration, were used as independent variables,
and log odds of recombination were used as the dependent
variable. Visual representation of the model was performed
by generating a heatmap of its coefficients for different base-
position combinations (Figure 1 G and Figure 3 D). For ease
of interpretation, the coefficients were transformed to fold-
change scale relative to on-target ( loxP or loxSE3 ) recombi-
nation. Fold change was calculated by exponentiating positive
coefficients and taking the negative reciprocal of the exponen-
tiated coefficients for negative coefficients. When referencing
the coefficients in the results section, the term ‘odds of recom-
bination’ or ‘chance of recombination’ is used to describe the
probability of a recombination event happening divided by
the probability of the recombination event not happening. 

Substrate-linked directed evolution 

New recombinases were evolved using the experimental prin-
ciples as described previously ( 3–6 ) (Figure 2 B). To begin the
evolution for increased activity on the target sites, a library of
Cre mutants was generated by an error-prone PCR. Evolution
for each site was done in parallel where the library was sub-
jected to seven rounds of directed evolution and selected for
improved activity on the given site. Positive selection pressure
for activity on the novel spacer sequences loxSE1 , loxSE2 or
loxSE3 was achieved through a modified method of substrate-
linked directed evolution (Figure 2 B). Each cycle of evolution
involves the diversification of the libraries through error prone
PCR (MyTaq DNA Polymerase, Bioline) and selection of the
variants for the desired activity on the presented target site. 

The diversified libraries were first cloned into the pEVO
containing the target site with the restriction sites of BsrGI
and XbaI (purchased from NEB). The vector was then trans-
formed into electrocompetent XL1-Blue E. coli and grown
overnight in LB / arabinose to induce recombinase expression.
To perform selection for recombination of the novel spacer se-
quence, the purified plasmid was digested with enzymes NdeI
and AvrII (NEB) to linearize all non-recombined variants. A
PCR was then performed with primers P5 and P6 to amplify
only the clones that performed recombination (Figure 2 B). Re-
combination efficiency was monitored through the plasmid-
based recombination assay ( Supplementary Figure S1 B). 

Once activity on the given site was achieved, the libraries
were enriched for active variants with three rounds of low
induction and high-fidelity amplification (Herculase II Fusion
DNA Polymerase, Agilent) resulting in increased activity of all
libraries compared to Cre wt (Figure 2 C). The DEQseq method
( 30 ) was then used for high-throughput evolution of the activ-
ity of individual recombinase variants from each library. The
three libraries of active variants were barcoded via amplifi-
cation, pooled together and then cloned into vectors for the
DEQseq protocol. From the pool, around 5000 variants were
randomly selected and individual activity was quantified for
all four target sites. Although only a portion of variants from
each library were assayed, this method provides sequencing
and activity of individual variants at multiple target sites, pro-
viding us with information, not only on common mutational

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
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Figure 2. Evolution of Cre for improved activity on unfavorable spacer sequences. ( A ) Target site sequences used for evolution aligned to loxP . The 
spacer base sequence of loxP is colored in teal. Base mismatches from loxP are colored in yellow for the loxSE1 , loxSE2 and loxSE3 spacer sequences 
(written in 5 ′ → 3 ′ direction). ( B ) Evolution schematic. i) Recombinase library assembly to evolution vector. ii) Transformation of assembled vectors to E. 
coli for induction of recombinase expression. iii) Vector purification and selection for active recombinase variants by linearization of non-recombined 
vectors carrying the inactive recombinase variant. iv) Error-prone amplification with primers p5 and p6 to insert new mutations to the active recombinase 
library. Only the non-linearized recombined vectors result in an amplification product and are carried on to the next cycle of evolution. ( C ) The 
plasmid-based restriction assa y s sho w the activities of Cre, LSE1, LSE2 and LSE3 starting libraries (cycle 1) and ending libraries (cycle 11) on target sites 
lo xP , lo xSE1 , lo xSE2 and lo xSE3 . Tw o triangles indicate the non-recombined substrate (5kb) and one triangle indicates the recombined substrate 
(4.2 kb). ( D ) Violin plots showing the distribution of recombination (%) (y-axis) for each recombinase variant in the final evolved libraries (after 11 rounds 
of e v olution) and Cre activit y on t arget sites lo xP , lo xSE1 , lo xSE2 and lo xSE3 (x-axis). T he width of each curv e in the violin plot corresponds to the 
approximate frequency of recombinase variants with the equivalent recombination (%). Cre replicates are shown in dark blue ( n = 25), the library 
e v olv ed f or lo xSE1 (LSE1, n = 1782) is sho wn in y ello w, the library e v olv ed f or lo xSE2 (LSE2, n = 202) is sho wn in red and the library e v olv ed f or lo xSE3 
(LSE3, n = 2303) is shown in teal. ( E ) Scatterplots showing the recombination (%) of each library of their e v olv ed target site along the y-axis compared to 
recombination (%) of loxP along the x-axis. Each dot represents a unique recombinase and the color indicates the library of the recombinase. The upper 
left gray square in each plot highlights recombinases specific for the evolved site. The recombinases that were further analyzed are labeled: RecS1, 
RecS2 and RecS3. ( F ) Plasmid-based restriction assays showing Cre, RecS1, RecS2 and RecS3 activity for loxP and the evolved target sites loxSE1 , 
loxSE2 and loxSE3 . M = GeneRuler DNA Ladder Mix 10kb. The bar plots show the mean recombination (%) of the activities quantified from the band 
intensities of the plasmid-based restriction assay. The restriction assays were done in triplicates (n = 3). The points represent each individual replicate 
recombination (%). 
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Figure 3. Target site library activity screen of RecS3. ( A ) Comparison of Cre spacer library activity (x-axis) and RecS3 spacer library activity (y-axis). Each 
dot represents a unique spacer in the library. The activity ratio for each recombinase was calculated by dividing the activity by the highest activity in the 
respective screen. Activity ratio is plotted on a square root scale for both the x- and y-axis. ( B, C ) Sequence logos depicting spacer preference of RecS3. 
The base height in each logo is calculated by relative frequency in the given subpopulation. The base frequency is normalized to library representation. 
The logo in B is calculated from a subpopulation of spacer sequences with the highest recombination efficiency or top 10% recombined spacers 
( n = 595 targets). The logo in C is calculated from a subpopulation of spacer sequences with the lowest recombination efficiency or bottom 10% 

recombined spacers ( n = 595 targets). The loxSE3 bases are colored in teal. ( D ) Spacer specificity profile of RecS3 generated from the recombination 
rates of all spacer library variants. The heatmap color, and corresponding fold change in each tile, represent the effect of the base change at each 
position on RecS3 recombination relative to RecS3 / loxSE3 recombination. The fold change is calculated from the binomial GLM coefficients. The loxSE3 
bases are outlined in black for each base position in the spacer. 
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atterns and epistatic interactions but also a ranking system
or activity-determining residue positions. 

Further analysis of evolved recombinase variants was done
ith recombinases selected based on their activity across all

our target sites and number of mismatches to Cre. Specific
ecombinases were defined as those with high on-target ac-
ivity (the target site where the recombinase was selected for
ctivity during evolution), low activity of the other three tar-
ets and high sequence identity to Cre wt (amino acid sequence
dentity greater than 95% to Cre wt ). 

olecular modelling and dynamics simulations 

he three-dimensional (3D) structure of the synaptic
re / loxP tetrameric complex (PDB ID 3C29, 2.2 Å, ( 31 ))
as chosen for modeling based on its high resolution in

omparison to other Cre / loxP structures available in the
rotein Data Bank. The loxP structure was prepared for sim-
lation purposes (i.e. A1P5’ to A5’) as previously described
 32 ). The structure of loxSE3 was modelled by introducing
ase-pair mutations on loxP A5’(TS)A1P using the Molecular
perating Environment (MOE, 2023, Chemical Computing
roup, Canada) and its DNA builder module operating on
ouble-stranded B-helix with a repack clustering cutoff of
 Å. PyMOL (Version 2.4, Schrödinger, LLC) was used to
ntroduce the corresponding mutations on Cre wt to obtain
he mutants RecS3, RecS3 

S320I and Cre I320S as previously
escribed ( 32 ). The structure of the complexes of the Cre
utants with loxP and with loxSE3 , and the complex of
re wt with loxSE3 were refined by molecular dynamics

MD) simulations in AMBER20 (Case, D. A. et al. (2020)
AMBER 2020, University of California, San Francisco). The
ff14SB and bsc1 force fields were used for protein and DNA,
respectively, as previously described ( 32 ). MD trajectories
were visualized with VMD ( 33 ) and evaluated in terms
of B-factors, angles and intermolecular H-bonds by using
the CPPTRAJ module implemented in AMBER. A H-bond
occupancy of > 10% with a distance acceptor-donor cutoff
of 3.5 Å and a 120 

◦ angle were taken as criterion for dynamic
H-bond formation in the last 100 ns of each MD simulation.
The intrinsic flexibility of loxP and loxSE3 as free B-DNA
was determined using the TRX scale ( 34 ). The DNA struc-
tures and their helicoidal parameters were analyzed with the
Curves + algorithm and Canal program ( 35 ). Origin2023
(OriginPro, Version 2023 (2023) OriginLab, Northampton,
MA; http://www.originlab.com ) was used for MD-based
statistical analysis and the preparation of MD- and DNA-
analysis based figures. RMSD C α between MD-based average
structures were calculated in PyMOL. All structural figures
were created with PyMOL 2.4. 

Results 

High-throughput analysis of Cre activity on 

loxP -spacer library 

To develop a comprehensive, high-throughput approach for
profiling activity of Cre on loxP sites with matching mu-
tant spacers, we designed libraries of oligonucleotides, each
120nt long, encoding two identical mutant lox sites (Fig-
ure 1 B, Supplementary Figure S2 C). Each oligonucleotide in
the library was designed with the flanking 13bp half-sites

http://www.originlab.com
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
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held constant as found in the wild-type loxP sequence while
mutations were systematically introduced to the core 8bp
spacer region resulting in a target site library of 6000 dis-
tinct yet matching spacers ( Supplementary Table S1 ). The
library was then cloned to an expression vector encoding
for Cre ( Supplementary Figure S1 A) and subsequently trans-
formed to E. coli for recombinase expression (Figure 1 B,
Supplementary Figure S2 D). To achieve precise quantification
of recombination events with high sensitivity, we conducted
high-throughput sequencing of the targets after PCR amplifi-
cation, ensuring an average sequencing depth > 900x cover-
age per target ( Supplementary Figure S3 A). Between biologi-
cal replicates, the quantified recombination of library targets
was consistent (median Pearson’s R = 0.98, Supplementary 
Figure S3 B), demonstrating the reliability of the approach.
These results suggest the data are reproducible, thorough
and at a comprehensive scale not previously assessed for
recombinase / target activity. Quantification of Cre recombina-
tion at each target provided the means to investigate potential
sequence preferences. 

Systematic characterization of Cre recombinase 

sequence requirements for functional lox spacers 

Consistent with the current literature ( 15 , 16 , 36 ), we observed
that 84% of the matching mutant spacers were efficiently re-
combined by Cre (Figure 1 C). In order to compare the screen
results to Cre wt / loxP efficiency, we defined efficient recombi-
nation as recombination within a range of ±25% wild-type
loxP recombination of 87%. With this threshold, 16% of the
target sites with mutant spacers were not efficiently recom-
bined by Cre, with some sites showing < 5% recombination.
These findings underscore that efficient recombination is not
guaranteed by spacer identity, in line with previous observa-
tions ( 37 ,38 ). 

To investigate the results in more detail, we first compared
how number of mismatches from the loxP spacer sequence
impacted the overall recombination (Figure 1 D). The screen
results revealed a correlation between an increase in the num-
ber of mismatches from the canonical loxP sequence and a
subsequent reduction in the potential for Cre recombinase ac-
tivity . Specifically , target sites where both spacers had 7 or 8
mismatches from loxP exhibited a pronounced decrease in re-
combination efficiency. Of the targets with 7 or 8 mismatches,
86.7% and 100%, respectively, were inefficiently recombined
by Cre (indicated by the shaded region, Figure 1 D). Of the
spacers with 6, 5, 4 and 3 mismatches, only 30%, 15.8%,
9.4% and 7.6%, respectively, were inefficiently recombined.
Nevertheless, the number of mismatches was not the only de-
terminant of recombination efficiency. For instance, the tar-
get site with both spacers of sequence 5 

′ - CA GT A T T C-3 

′ (bold
font indicating mismatches from loxP ), contains only 3 mis-
matches from the loxP spacer sequence (5 

′ -A TGT A TGC-3 

′ )
and showed a recombination efficiency below 10%. On the
other hand, spacer sequences containing 6–7 mutations from
loxP (i.e. 5 

′ -A ATGTGT C-3 

′ and 5 

′ - TGAAT T CG -3 

′ ), were ef-
ficiently recombined by Cre (88% and 78% recombined, re-
spectively). These results suggest that, indeed, Cre reactions
accommodate a wide range of spacer sequences for successful
recombination. However, there is considerable variation in re-
combination efficiency across these sequences. This should be
taken into consideration when selecting optimal target sites
for reprogramming SSRs where, typically, parameters for tar-
get site selection focus predominantly on the half-sites, over- 
looking the specific DNA sequence of the spacer ( 39 ). 

Cre recombination mismatch sensitivity highlights the se- 
quence dependence of recombination, but it does not detail 
specific requirements for a functional spacer sequence. There- 
fore, we further analyzed the relationship between recombina- 
tion and target sequence composition, as well as the context 
of base changes. To achieve this, we generated sequence logos 
for the top 10% recombined spacer sequences ( n = 595) and 

the bottom 10% recombined sequences ( n = 595) to visual- 
ize conserved patterns in each group (Figure 1 E, F). The logo 

of the top 10% of recombined spacer sequences demonstrates 
an enrichment of canonical bases A4’, G3 and C4, indicating 
a preference for the canonical loxP sequence in the flanking 
regions of the spacers for efficient recombination. Conversely,
the logo of the bottom 10% of recombined spacer sequences 
shows an enrichment of base T3, suggesting that this base 
change negatively impacts efficient Cre recombination. Col- 
lectively, these findings reveal that base identity is an impor- 
tant determinant of efficient Cre-mediated recombination. 

To classify the relationship between base substitutions at 
each position and recombination, we employed a binomial 
generalized linear model (GLM) using recombination data 
from the comprehensive loxP spacer mutant library (Figure 
1 G). We modeled the fold change in recombination rates re- 
sulting from single base changes to construct an activity pro- 
file for Cre. Analysis of the profile showed a preference for 
canonical loxP bases at positions A4’, G3 and C4 as illustrated 

in the logos (Figure 1 E, F). However, not all base changes at 
these positions have the same impact on recombination. For 
example, a base change from A–G at position 4 

′ or C-T at po- 
sition 4 demonstrate a higher chance of recombination com- 
pared to other base changes at these sites ( 10 , 25 , 36 ). These 
variations can be attributed to the type of mismatch. Gen- 
erally, base transitions are more likely to be recombined by 
Cre than base transversions. Notably, a base transversion of 
G-T at position 3 presents the most significant reduction in 

successful recombination (–3.8; Figure 1 G) compared to any 
other base change. These results underscore the complex in- 
terplay between spacer sequence and efficient recombination.
While sequence-based characteristics such as homology and 

mismatch count to loxP are generally indicative of efficient 
Cre recombination, the position and type of base change are 
also critical factors. These results suggest spacer sequence se- 
lectivity for efficient recombination in Cre. However, the lack 

of defined amino acid contacts to bases in the spacer ( 2 ) (i.e.
indirect readout) makes it necessary to take into account how 

sequence variations may imply other possible contributing 
factors that may help to decipher the molecular mechanisms 
behind spacer selectivity (e.g. influence on the DNA structure; 
vide infra ). 

Directed evolution of Cre for altered spacer 
sequence preference 

To test whether we could overcome the restricted activ- 
ity of Cre, we performed substrate-linked directed evolution 

(SLiDE) ( 4 ) to generated Cre mutants with increased activity 
on spacer sequences inefficiently recombined by Cre (Figure 
1 C). Three unique target sites, loxSE1 , loxSE2 and loxSE3 

(Figure 2 A), were selected from the mutant spacer screen 

based on their low recombination rates compared to wild- 
type loxP . Three libraries were generated (LSE1, LSE2 and 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
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SE3) by an error prone PCR of Cre followed by testing
f the libraries on each of the sites (Figure 2 B, C). 11 cy-
les of SLiDE were performed in parallel for each library on
he respective target sequences for increased activity (Figure
 B). For all three libraries we detected increased band inten-
ities representative of the recombined plasmid product, in-
icating the enrichment of Cre variants with increased activ-
ty (Figure 2 C). To quantitatively investigate a large number
f individual clones in the library, we performed DNA Edit-
ng Quantification Sequencing (DEQSeq), a high-throughput
anopore sequencing method that enables the characteriza-

ion of thousands of DNA editing enzyme variants on mul-
iple target sites ( 30 ). We selected a total of ∼5000 random
ariants from the three libraries and quantified recombina-
ion activity of each of the variants on all four sites ( loxP ,
oxSE1 , loxSE2 and loxSE3 ) at an average sequencing depth
f > 1000 × reads per variant. Experiments using conventional
garose gel quantifications confirmed the validity of the ap-
roach ( Supplementary Figure S4 A, B). 
By comparing Cre and the library variants distribution of

ctivities for loxP , loxSE1 , loxSE2 and loxSE3 , a clear in-
rease in activity of many of the recombinase variants on
heir respective evolved target site was seen across all libraries
hile maintaining high activity on the parental loxP wild-type

pacer (Figure 2 D). Because the selection criteria for evolu-
ion was activity and not specificity, many variants emerged
ith the capacity of efficiently recombining all four spacer se-
uences. Mutational analysis of recombinase variants with in-
reased activity on all sites showed a frequently occurring mu-
ation at position 86 (K86N) compared to the other variants
2.5-fold more frequent; Supplementary Figure S5 A). Across
he spectrum of mutations observed at position 86 within
he libraries, variants featuring an Asparagine demonstrated
igher activity across all four target sites ( Supplementary 
igure S5 B). Furthermore, the K86N mutation has previously
een identified in designer recombinases evolved for target-
ng new substrates (including a new spacer sequence) ( 3 ,8 ).
esidue K86 was further described as a key component for
ovel target recognition and specificity ( 9 ). These results sug-
est that the K86N mutation potentially fosters enhanced re-
ombination efficiency on diverse matching spacer sequences.

Surprisingly, although many recombinase variants evolved
n overall increase of activity on all four target sites, < 1%
f the recombinase variants became unproductive on the
arental wild-type loxP spacer (Figure 2 E). This result sug-
ested that, although the screen was not designed to produce
ariants that selectively prefer to recombine a certain spacer
equence, clones had emerged that had lost their ability to ef-
ciently recombine the wild-type loxP spacer, while gaining
ctivity on the mutant spacer. Of the evolved spacer-specific
ecombinases, we selected three examples (RecS1, RecS2 and
ecS3; Figure 2 E) to further compare their activity across all

argets. Testing the three recombinases in a plasmid-based as-
ay indeed revealed that these enzymes preferentially recom-
ine their selected spacer sequences (Figure 2 F), indicating
hat Cre variants can be generated with spacer sequence se-
ectivity. Of the three variants, RecS3 was the most interesting
ue to the drastic shift in spacer activity to recombine only the
oxSE3 target without prominent activity on any of the other
ites (Figure 2 F). These results establish the programmability
f Cre recombinase to selectively recombine sequences with
ifferent spacers. 
 

High-throughput analysis of RecS3 activity on 

loxP -spacer library 

To comprehensively determine the spacer requirements for
functional RecS3 recombination (selected for target site
loxSE3 ; Figure 2 A) and how those requirements differ from
Cre, we applied the same target recombination assay as used
with Cre by quantifying RecS3 activity on the 6000 loxP -
like spacer variants (Figure 3 A, quality control shown in
Supplementary Figure S6 A, B). Plotting the activities of RecS3
compared to Cre on all target sites in the library (Figure 3 A)
shows that Cre recombines a wider range of spacer sequences
more efficiently than RecS3 (indicated by the density of target
sites in the bottom right of the graph; Figure 3 A). Neverthe-
less, RecS3 efficiently recombines numerous spacer sequences,
including some that are inefficiently recombined by Cre (upper
left quadrant of the graph; Figure 3 A). These results provide a
direct comparison of spacer sequence selectivity of RecS3 and
Cre. 

To visualize the selective recombination preferences of
RecS3, the conserved characteristics leading to efficient re-
combination were plotted as logos of the top 10% sequences
with the highest activity and the bottom 10% sequences with
the lowest activity (Figure 3 B, C). Comparing these logos to
the Cre logos (Figure 1 E, F), a clear difference in spacer se-
quence preference can be deduced for the two recombinases.
In the context of RecS3-mediated recombination, the analysis
of base frequencies among the top recombined sequences re-
vealed a pronounced selectivity, with a base frequency exceed-
ing 40%, for loxSE3 at positions A4’, G2, T3, and C4. Intrigu-
ingly, an additional observation underscores a notable prefer-
ence for a non- loxSE3 base, T2’. Conversely, examination of
base frequencies in the least recombined sequences highlighted
a heightened occurrence of bases G2’, T1’, A1 and T2, all of
which are integral components of the wild-type loxP sequence.
This notable prevalence within the inefficiently recombined se-
quences of specific bases in the wild-type loxP sequence may
potentially explain the observed reduction in RecS3 activity
for loxP . Collectively, these findings emphasize the preference
of RecS3 towards the loxSE3 site, particularly underscoring
the significance of A4’ and G2 as pivotal determinants in fos-
tering efficient recombination. To identify patterns that make
certain sequences more favorable for one recombinase and
not the other, logos were generated from sequences efficiently
recombined by RecS3 and not by Cre ( n = 10, top left), se-
quences recombined efficiently by Cre and not RecS3 ( n = 10,
bottom right), and sequences efficiently recombined by both
recombinases ( n = 10; top right, Supplementary Figure S7 A).
This analysis revealed that spacer position 3 is most promi-
nent, where RecS3 favors base T3 and Cre favors base G3. In
contrast, when analyzing sequences that are efficiently recom-
bined by both Cre and RecS3, base changes to A3 and T3’ are
most tolerated by both enzymes. 

We also evaluated the RecS3 spacer specificity by construct-
ing a profile with recombination rates from all spacer sub-
strates (same application as done with Cre, see GLM model
formulation in Methods for calculation, Figure 3 D). As ob-
served in the spacer profile of Cre, RecS3 was more permis-
sive to base transitions than base transversions, most notably,
the base transversions of C-G2’, decreasing the odds of re-
combination by 3.5-fold, and the base transversion of A-C4’,
decreasing the odds of recombination by 4.4-fold. Addition-
ally, RecS3 displayed a high sensitivity to all base changes

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
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at G2. Comparing the specificity profiles of Cre and RecS3
( Supplementary Figure S7 B), both recombinases were simi-
larly sensitive to base changes in positions 3 

′ and 3. In con-
trast, RecS3 exhibited heightened sensitivity to alterations in
positions 4 

′ and 2, accompanied by a diminished sensitivity
to base changes at position 4. A comparative analysis of the
two profiles underscored the increased specificity of RecS3,
emphasizing the critical roles of bases G2 and T3 in RecS3 re-
combination, observations not evident in Cre. These findings
emphasize the unique and intrinsic specificity shift character-
izing RecS3, setting it apart from Cre. 

Molecular dissection of specificity switch 

RecS3 contains eight mutations compared to Cre wt : L5P,
V7A, K132E, G246D, T316I, N317T, I320S and N323Y
( Supplementary Figure S8 ). To assess the specific impact of in-
dividual mutations on the overall activity of loxP and loxSE3 ,
eight RecS3 mutants were generated, where each contained a
single mutation back to the Cre wt residue. Among the RecS3
mutants examined, half of the single residue reversion mutants
to Cre wt (RecS3: P5L, E132K, D246G and T317N) individu-
ally demonstrated no significant alteration in the overall ac-
tivity concerning loxSE3 and loxP (Figure 4 A). This is most
likely due to the passive nature of these mutations acquired
during evolution or that these residue changes are acting in
concert with the other mutations. Interestingly, the mutants
RecS3 

A7V and RecS3 

S320I showed a significant loss of activity
on loxSE3 (Figure 4 A). Moreover, RecS3 

S320I significantly in-
creased the activity on loxP , implying that S320I plays a key
role in the selectivity for different spacer sequences. In con-
trast, RecS3 

A7V showed diminished activity on both loxP and
loxSE3 , suggesting a role of this mutation for overall recombi-
nation function, possibly related to the stability of the recom-
binase ( 40 ). We also analyzed the individual RecS3 mutations
in Cre. Interestingly, Cre I320S resulted in the strongest decrease
in activity on loxP , while an increased activity on loxSE3 was
observed (Figure 4 B). These results indicate that I320S plays
an important role in spacer selectivity. 

Molecular modelling and dynamics simulations: 
analysis of the molecular basis for activity and 

target selectivity 

In order to shed light on the molecular mechanisms be-
hind recombination activity and target selectivity in Cre
and RecS3 and the most prominent mutation at po-
sition 320 with respect to loxP and loxSE3 , we built
3D molecular models of their respective complexes:
Cre I320S / loxP , RecS3 / loxP , RecS3 

S320I / loxP , Cre wt / loxSE3 ,
Cre I320S / loxSE3 , RecS3 / loxSE3 and RecS3 

S320I / loxSE3 (Fig-
ure 2 A). These models were based on the high resolution
synaptic Cre / loxP complex PDB ID 3C29 (see Methods).
In this structure, the Cre active (A) monomer exhibits the
catalytic residues positioned for top strand (TS) cleavage like
in other crystallographic structures available in the Protein
Data Bank ( 41 ). For the modelling and analysis, only the
dimer unit was considered (i.e. two Cre monomers—one
active and the other inactive- in complex with one molecule
of the corresponding DNA target site (i.e. loxP or loxSE3 )).
This decision was based on recent work reporting on the
Cre / loxP dimeric complex as key functional unit for produc-
tive synapsis ( 10 ) and own previous MD-based studies using
the same constellation ( 32 ). 
MD simulations of the investigated Cre mutants and the 
wild-type system and the subsequent comparative H-bond 

analysis at the catalytic site revealed clear variations in DNA 

recognition by the catalytic residue Y324 (Figure 5 A). In 

the RecS3 / loxP complex, Y324 of the inactive (I) monomer 
(Y324(I)) exhibits a striking shift with respect to the posi- 
tioning observed in Cre wt (Figure 5 A, B) resulting in the loss 
of the interaction with the DNA phosphate backbone (p) at 
base G4 of the bottom strand (G4(BS)). Furthermore, no in- 
teraction is observed between the catalysis-relevant residue 
K201(I) and the sugar backbone of base T5(TS). In the con- 
text of the active (A) monomer, no interactions of RecS3 

with pA5’(TS) and pA4’(TS) are detected. As a consequence,
H289(A) is not optimally positioned to facilitate recombina- 
tion compared to Cre ( Supplementary Figure S9 A, C). The 
observed configurational shift in Y324(I) together with the 
loss of interactions of critical residues for catalysis such as 
K201(I) and H289(A) could explain the diminished activity of 
RecS3 towards loxP . Conversely, in the context of the loxSE3 

target site, residues Y324, K201 and H289 of RecS3 were 
found appropriately positioned in both the active and inac- 
tive monomers (Figure 5 A, Supplementary Figures S10 and 

S11 A). Notably, the recognition of loxSE3 by Cre wt was pre- 
dicted with Y324(I) shifted towards pA3(BS) instead of con- 
tacting pG4(BS). Interestingly, Y283(I) was observed estab- 
lishing contacts with pG4 (BS). Moreover, no interactions with 

pA5’(BS) were observed, and the interactions of K201(A) with 

A4’(TS) as well as I320 and N317 with pC2’(TS) were not de- 
tected ( Supplementary Figure S10 A). These differences in the 
recognition pattern of loxSE3 by Cre wt compared to RecS3 

could explain why Cre wt exhibits inefficiency as recombinase 
for loxSE3 . The observed displacement of Y324(I) suggests its 
positioning for DNA cleavage, also in the inactive monomer.
Recombination occurs through a stepwise cleavage process 
with synapsis formation (i.e. active tetrameric complex) in- 
volving two dimer complexes with cleavage preference for ei- 
ther the BS or TS (i.e. formation of a BS-BS or TS–TS synap- 
sis resulting in a BS or TS first cleavage, respectively). Recent 
work analyzing pre-synaptic Cre / loxP dimers has suggested 

that the formation of a BS–TS complex would not be compat- 
ible with effective recombination activity ( 10 ,42 ). 

Next, we investigated the molecular basis accounting for 
the experimentally observed DNA target specificity, in par- 
ticular the relevance of the residue at position 320 neigh- 
boring the catalytic Y324. Our theoretical models predicted 

a preference for isoleucine at position 320 when the target 
site is loxP . This preference arises from van der Waals con- 
tacts between the side chain of I320(A) and the sugar back- 
bone and base T3’(TS), as observed in Cre wt and RecS3 

S320I 

(Figure 5 C, Supplementary Figure S9 A, D). These interactions 
diminish when isoleucine is substituted by serine. Neverthe- 
less, the recombination activity of RecS3 

S320I does not reach 

the levels of Cre wt , which may arise from the lack of inter- 
actions of I320 with pG2’(TS) and of K201(A) with A4’(TS) 
( Supplementary Figure S9 D). Of particular interest is the be- 
havior of Y324(I) of Cre I320S , which interacts with pC3(BS) 
and pG4(BS) of loxP (53% and 47% of the MD simula- 
tion time, respectively; Figure 5 A, Supplementary Figures S9 B 

and S11 B) and with pA3(BS) and pG4(BS) of loxSE3 (37% 

and 61% of the MD simulation time, respectively). These in- 
teractions in both target sites might further compromise the 
catalytic activity of these recombinases. Furthermore, residue 
W315(A), which also supports recombination, does not rec- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
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Figure 4. Analysis of mutations in RecS3. ( A ) Restriction assay of RecS3 and indicated RecS3 variants. LoxP and loxSE3 activity of Cre wt , RecS3 and 
eight RecS3 mutants with single residue mutated back to Cre wt are shown. Restriction assay displays amount of non-recombined plasmid (indicated by 
two triangles) and recombined plasmids (indicate by one triangle) in the sample. Bottom graphs plot the correlated mean recombination (%) of the abo v e 
gel image calculated from gel band intensities. RecS3 recombination in teal and Cre recombination in dark gray. Bar represents mean of n = 3 replicates. 
( B ) Mutational analysis of Cre with RecS3 mutations (analogous to panel A). P values are reported from unpaired t wo-t ailed t -test ns: P > 0.05, *: 
P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0 0 01. 
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gnize pT3’(TS) of loxP and pA3’(TS) of loxSE3 . For RecS3,
esidue S320(A) establishes an H-bond with pC2’(TS) in
oxSE3 , as it is observed in Cre I320S . In contrast, such inter-
ctions are not observed in the RecS3 

S320I / loxSE3 complex
 Supplementary Figure S10 ). 

The fact that several catalytic residues (i.e. H289, W315,
324) and some of the mutations introduced in RecS3 with

espect to Cre wt (i.e. I316T, T317N, S320I, Y323N) are con-
ained in the helices K, L and M of the recombinase, and that
he recognition of these regions by the DNA could perhaps
ccount for the predicted displacement of Y324 in the studied
ystems, led us to investigate potential conformational alter-
tions in these regions. Calculated RMSD C α values from aver-
ge MD structures showed negligible conformational changes.
owever, residues Y324(I) and I325(I) of RecS3 exhibited the
ighest RMSD C α values when complexed to loxP , indicating
heir displacement in comparison to Cre / loxP (Figure 5 D and
upplementary Tables S3 and S4 ). 

The analysis of B -factors per residue for the evaluated sys-
ems showed for RecS3 / loxP very high fluctuations on he-
ix M of the inactive monomer (helix M(I)), where Y324(I)
ppeared shifted from its expected position ( Supplementary 
igure S12 A). Intriguingly, RecS3 

S320I , and to a lesser extent,
re I320S , displayed elevated B-factors for residue 317(I). In

ontrast, Cre I320S , where Y324(A) was not positioned towards
pT3’(TS) during the entire MD simulation time, presented
high fluctuations spanning along residues at the end of he-
lix K(A) to helix M(A). Conversely, Cre wt and RecS3 

S320I in
complex with loxSE3 showed the lowest fluctuations in these
regions ( Supplementary Figure S12 B). 

The analysis of the angle formed between helix M(I)
and pG4(BS) indicated a pronounced decrease in the
RecS3 / loxP complex compared to Cre wt / loxP , Cre I320S / loxP
and RecS3 

S320 / loxP (i.e. 55˚ for Cre wt v er sus 32.1˚ for RecS3;
Supplementary Figure S13 A, F). This decrease could also
contribute to the substantial displacement of Y324(I) in
RecS3 / loxP . In the case of the recombinases complexed with
loxSE3 , the value of this angle was higher than in the com-
plexes with loxP , with RecS3 and Cre I320S exhibiting the
highest values ( Supplementary Figure S13 B, F). The com-
parison of the obtained helix M(I)-pG4(BS)-helix L(I) angles
indicated relevant differences ( Supplementary Figure S13 C–
F). RecS3, which exhibits inefficient recombination towards
loxP , displayed a 5˚ increase compared to Cre wt in the angle
formed between V321(I), pG4(BS) and M310(I). Conversely,
Cre I320S and RecS3 

S320I , less efficient than Cre wt , presented
a 4˚ decrease with respect to Cre wt ( Supplementary Figure 
S13 C). These differences were less pronounced in loxSE3
( Supplementary Figure S13 D). Nevertheless, RecS3, which has
high recombination activity towards loxSE3 , displayed the
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Figure 5. MD-based rationale for activity and selectivity. ( A ) Summary of MD-based analysis of loxP and loxSE3 recognition by wild-type Cre and mutant 
v ariants. T he plot sho ws interactions observ ed in the last 10 0 ns of MD simulations bet w een the DNA and Y324 in the activ e (A) and inactiv e (I) 
monomers. DNA numbering according to Figure 2 A. ( B ) Detail of the MD-refined str uct ure of the R ecS3 / lo xP comple x. ( C ) Detail of the MD-refined 
str uct ure of the R ecS3 S320I / lo xP comple x. A ctiv e and inactiv e recombinase monomers are sho wn in pale and blue cartoons, respectiv ely. Side chains of 
residues Y324 and 320 and DNA bases are labeled and shown in atom-colored sticks. The surface mesh denotes van der Waals contacts between 
protein residues at position 320 and DNA bases T3’(TS) and G4(BS). Black dashed indicate H-bonds. ( D ) Cartoon putty representation of RecS3 in 
complex with loxP . RecS3 is colored and rendered in accordance to RMSD C α values relative to Cre (as indicated by the gradient side bar). Helices K, L 
and M are labeled in orange and blue for active (A) and inactive (I) RecS3 monomers, respectively, and helix M(I) is highlighted with a pink square. LoxP 
is shown in gray ladder representation. ( E ) TRX score of selected DNA sequences calculated as a sum of individual dinucleotide TRX values according to 
Heddi et al. ( 34 ) . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

lowest value for the angle formed between Y324(I), pG4(BS)
and M310(I) ( Supplementary Figure S13 E, F). These obser-
vations point towards the relative disposition of helices M(I)
and L(I) with respect to the DNA accounting for the predicted
Y324(I) displacement and recombination efficiency. 

Next, we investigated whether the observed variations in
angles and recognition profiles could also be related to differ-
ences in the intrinsic flexibility of the DNA spacers and flank-
ing regions. Overall, the calculated TRX scores ( 34 ) indicated
a higher flexibility for the loxSE3 spacer compared to loxP ,
with the highest flexibility values concentrated in the spacer’s
core. On the other hand, the sequence asymmetry in the flank-
ing regions of both DNA target sites (i.e. for loxP AATG—
C ATT and AGC A— TGCT; for loxSE3 AAAC—GTTT and
A GA C—GTCT) was reflected in their distinct TRX scores,
indicating higher flexibility in loxP than in loxSE3 . Neverthe-
less, in both, the right flanking regions (i.e. where Y324(I) in-
teracts with the DNA) showed greater flexibility than the left 
ones (i.e. where Y324(A) interacts with the DNA) (Figure 5 E).

Although positions 2 

′ , 1 

′ and 1 of the spacer’s core in 

loxSE3 could include more optimal sequences for RecS3 (see 
spacer preference analysis for the top 10% recombined; Fig- 
ure 3 B), interestingly, in our flexibility analysis, we appreciate 
that those sequences exhibit lower flexibility values (i.e. com- 
pared to a TXR score value of 127 for the sequence CCGG 

in loxSE3 , TTCG and TTGG have TXR values of 70 and 89,
respectively). However, these values still represent much more 
flexibility than the core of loxP (GT A T = 18). Based on these 
observations, it could be hypothesized that perhaps RecS3 has 
certain preference for DNA target sites with particular higher 
flexibility propensities at the spacer core than loxP . 

As a next step in our analysis, and in order to evaluate po- 
tential variations in the DNA groove dimensions that could 

account for DNA-protein recognition and the differences ob- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
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erved in DNA flexibility, we investigated the width and depth
f the minor and major grooves. When recognized by Cre wt ,
 comparable profile was obtained for both loxP structures,
he crystallographic (PDB ID 3C29) and the MD-simulated
 Supplementary Figures S14 and S15 ). We observe that in loxP
nd loxSE3 the minor groove width appears wider in the re-
ion where Y324(A) interacts with the phosphate group of
he base at position 3 

′ of the TS, while it is tighter in the
egion where Y324(I) interacts with the DNA. Interestingly,
hen looking at the width of the minor groove, we observe

hat the region where Y324(A) interacts appears more sharply
efined in loxP than in loxSE3 , which exhibits a shallower
inor groove ( Supplementary Figure S14 A, B). This could be

elated to the higher flexibility observed in the spacer core re-
ion for loxSE3 (see Figure 5 E). Moreover, we observe a dis-
inct pattern in the recognition region of loxP by K201(I) and
324(I) of RecS3 in comparison to Cre wt , marked by a no-

able decrease of the minor groove’s width and depth, accom-
anied by an increase of the major groove’s depth (see posi-
ions C4 and T5 in Supplementary Figures S14 A, C, S15 C).
he observed DNA changes could be considered as addi-

ional factors contributing to the predicted lack of interac-
ions of K201(I) with T5(TS) in the minor groove, as well
s the displacement of Y324(I) in the RecS3 / loxP system. In
ontrast, the recognition of loxSE3 by the properly aligned
324(I) in RecS3 was characterized by a wider minor groove
ompared to Cre wt , Cre I320S and RecS3 

S320I (see position C4
n Supplementary Figure S14 B), for which their respective
324(I) were either not positioned correctly or not fully well
isposed towards pG4(BS) through the complete MD simula-
ion time (Figure 5 A). 

Our findings suggest that the distinct specificity of Cre wt 

nd RecS3 

S320I towards loxP , as well as that of RecS3 and
re I320S towards loxSE3 , can be attributed to a combination
f factors. The specificity for loxP is believed to stem from
an der Waals contacts between the side chain of I320 and
3’(TS), while specificity for loxSE3 appears governed by the

nteraction of S320 with pC2’(TS). The observed positional
hifts of the catalytic Y324(I) at the cleavage site observed in
re I320S / loxP , RecS3 / loxP , Cre / loxSE3 and Cre I320S / loxSE3 ,

he loss of interactions of catalysis-relevant residues such as
201, alongside variations in the DNA spacer sequence influ-
ncing DNA flexibility and conformational profiles, may al-
ogether contribute to the molecular mechanisms underlying
electivity and efficiency, as suggested for Cre / loxP and other
ecombinase systems in previous biophysical studies ( 43 ,44 ). 

iscussion 

o advance the application of SSRs as genome engineering
ools, a comprehensive understanding of the factors dictating
arget site specificity and proficient recombination is crucial.
he spacer region of the target site is of particular interest as

t serves as the primary location for the recombination reac-
ion and determines the editing outcome. Former methods for
nalyzing the spacer region utilized target libraries with ran-
omized spacers, which predominantly test heterologous tar-
ets, preventing the analysis of specificity changes that arise
rom mutant spacers with their native symmetric alignment
 21 ). The high-throughput approach developed in this work
llows for profiling recombinase activity of target libraries
ith matching mutant spacers. Because each target in the li-
rary is predetermined and not randomized, it is possible to
systematically isolate and compare sequence-based features of
the spacer region to the overall effect on recombination, all
while maintaining symmetry of the target sites. Although the
library used only covers a portion of all possible combinations
in the spacer sequence (6000 of the 65536 (4 

8 ) possibilities),
we show that we can build a solid basis to profile the influ-
ence of the spacer sequence on recombination activity. Addi-
tionally, we anticipate that the data generated can be useful to
train deep learning models with the aim of predicting spacer
sequence preferences for SSRs ( 45 ). Screening the activity of
Cre revealed that spacer homology and sequence identity to
loxP generally indicate efficient recombination, although cer-
tain base changes can overcome this rule, suggesting that Cre
recombination is more dependent on spacer sequence than
previously thought ( 14 , 16 , 36 ). 

To explore the dependency of the spacer sequence for effi-
cient recombination, we selected spacers that are inefficiently
recombined by Cre and applied directed evolution to increase
activity on these sites. Surprisingly, through only 11 cycles of
evolution achieved solely via positive selection, we not only
generated recombinase variants with an overall heightened ac-
tivity but also uncovered variants that exhibited a switch in
specificity. Certain recombinase variants demonstrated a gain
of activity on the new spacer sequence, while concurrently los-
ing activity on the parental loxP site, even though no neg-
ative selection against loxP was applied. From the variants
with altered spacer specificity, we further characterized RecS3.
By comprehensively screening the activity of RecS3 using the
spacer library, we find that RecS3 has a different set of spacer
requirements compared to Cre, which might be related to vari-
ations on DNA-protein interactions and differences in the in-
trinsic flexibility provided by the spacer sequence, making it
the first recombinase to be successfully engineered for spacer
specificity. This represents a significant finding by providing
the opportunity to fine tune activity on a target site uniquely
based on the spacer sequence. 

Furthermore, comparative mutational analysis of the
residue changes in RecS3 with respect to Cre highlights the
critical mutation I320S for selective activity between the
loxSE3 and loxP sites. MD-based structural analyses suggest
that this residue change and other factors are possibly rel-
evant for contributing to specificity and recombination effi-
ciency. First of all, the observed interaction of I320(A) with
T3’(TS) of loxP appears responsible for specificity, whereas in
the case of the recognition of loxSE3 it is S320(A) interacting
with pC2’(TS). Therefore, position 320 seems to be key in the
specificity change from Cre / loxP to RecS3 / loxSE3 . Secondly,
the effect of the changes in the spacer sequence on the con-
formational disposition of catalysis-relevant residues such as
K201 and, in particular, Y324 seems to be relevant. We ob-
serve clear variations in the flexibility of the DNA depending
on the spacer sequence. The spacer of loxSE3 is much more
flexible than that of loxP , which could affect its recognition by
catalytic residues and, therefore, recombination activity. Our
MD simulations predict a positional shifting of Y324(I) to-
wards the DNA in the inefficient recombinase systems stud-
ied. This could be attributed to a decrease in the angle formed
between the DNA and the helix M(I), where residue Y324 is
located. DNA conformational analyses performed on the ob-
tained MD structures also suggest changes in the dimensions
of the minor groove as another plausible factor contributing to
recombination efficiency. In particular, in the recombination-
inefficient system RecS3 / loxP , the DNA region that must be

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae481#supplementary-data
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recognized by Y324(I) and K201(I) in order to have a func-
tional recombinase, is characterized by a notable decrease of
the minor groove’s width and depth compared to Cre / loxP .
The observed lack of interactions between K201(I) and loxP ,
as well as the striking predicted shift of Y324(I) could be re-
lated to this DNA conformational change. However, a sce-
nario with a wider minor groove is observed in the case of the
recombination-efficient systems Cre / loxP and RecS3 / loxSE3 .
All these variations observed in the recognition of the DNA in
the studied systems might affect the stepwise cleavage process
of recombination. 

The obtained results provide a rationale to account for
the structure–function relationships and help to interpret the
molecular mechanisms behind the experimentally observed
changes in specificity and recombination efficiency. Further
exploration into key recombinase residue-spacer interactions
by molecular modelling and dynamics simulations could be
advantageous for unraveling the intricate molecular details
that dictate spacer selectivity in Cre-like recombinases and
to ultimately be able to design spacer specificity in silico .
Moreover, analysis into features such as protein–protein in-
teractions, shape complementarity and water-mediated con-
tacts, may reveal further important determinants for target
specificity. 

Altogether, our work provides a platform to explore the
features associated with the complex nature of Cre-type re-
combinase specificity. By classifying and understanding the
specificity characteristics we can optimize these properties to
achieve an additional layer of specificity, increasing the poten-
tial for engineering of Cre-type recombinases for therapeutic
applications. 
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