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ABSTRACT

Tyrosine site-specific recombinases (SSRs) repre-
sent a versatile genome editing tool with consider-
able therapeutic potential. Recent developments to
engineer and evolve SSRs into heterotetramers to
improve target site flexibility signified a critical step
towards their broad utility in genome editing. How-
ever, SSR monomers can form combinations of dif-
ferent homo- and heterotetramers in cells, increas-
ing their off-target potential. Here, we discover that
two paired mutations targeting residues implicated
in catalysis lead to simple obligate tyrosine SSR sys-
tems, where the presence of all distinct subunits
to bind as a heterotetramer is obligatory for cataly-
sis. Therefore, only when the paired mutations are
applied as single mutations on each recombinase
subunit, the engineered SSRs can efficiently recom-
bine the intended target sequence, while the subunits
carrying the point mutations expressed in isolation
are inactive. We demonstrate the utility of the ob-
ligate SSR system to improve recombination speci-
ficity of a designer-recombinase for a therapeutic tar-
get in human cells. Furthermore, we show that the
mutations render the naturally occurring SSRs, Cre
and Vika, obligately heteromeric for catalytic profi-
ciency, providing a straight-forward approach to im-
prove their applied properties. These results facili-
tate the development of safe and effective therapeu-
tic designer-recombinases and advance our mecha-
nistic understanding of SSR catalysis.

INTRODUCTION

Cre is a tyrosine site-specific recombinase (SSR), which
forms a homotetramer that stringently catalyzes recombi-
nation of DNA between loxP target sites (1). The loxP se-
quence is composed of two 13 bp palindromic half-sites

flanking an 8 bp spacer region where recombination occurs
(Figure 1A). The Cre/loxP system is commonly used for
genomic modifications because of its precision and robust-
ness within a variety of organisms (2). However, application
of Cre/loxP across organisms requires pre-introduction of
loxP target sequences into the host genome, which can
be time-consuming and cumbersome (3,4). To overcome
this limitation and to broaden the use of SSRs, directed
molecular evolution has been utilized to produce Cre vari-
ants with altered DNA specificities for predefined (pseudo)-
symmetric DNA target sites naturally occurring within host
genomes (5-10). The practicality of this approach was first
demonstrated where Tre, an evolved Cre-type enzyme, was
generated to specifically recognize and excise HIV-1 provi-
ral DNA from the human genome (6). Tre and other evolved
SSRs represent the potential for site-specific recombinases
to be adapted for therapeutic applications (7,11,12).
Significant progress has been made to engineer novel ty-
rosine SSRs capable of recombination on a range of DNA
substrates (13-15), including non-symmetric sites (8,9,16).
Approaches focusing on the modular nature of the recom-
binases have been effectively employed to alter specificity in
both serine and tyrosine recombinases. With the use of pro-
tein fusions to zinc-finger or TAL-effector domains, fused
serine recombinases demonstrated an altered specificity to
target novel sequences (17-19). For tyrosine SSRs, the re-
combination of non-symmetric target sites was first demon-
strated by co-expression of wild-type Cre and a Cre vari-
ant that together catalyzed recombination between artifi-
cial asymmetric loxP-loxM7 sites, demonstrating proof of
concept that engineered heterospecific SSRs can be gen-
erated (16). This general principle has recently been ex-
tended to achieve recombination between asymmetric tar-
get sequences naturally occurring in the human genome
by combining two evolved Cre variants (8). The Cre-type
molecules, each with unique half-site specificities, were first
generated through directed evolution on their respective
symmetric sites. The distinct variants were then expressed
together forming a functional heterotetramer capable of
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Figure 1. D7 target site substrates and recombination activity. (A) Full tar-
get sequences of loxP, 1oxF8, loxF8L (blue) and loxF8R (orange) sepa-
rated into the two half-sites flanking the spacer sequence. The asymmet-
ric loxFS8 site is displayed with the left half-site as blue and the right half
site as orange correlating to the full symmetric sites loxF8L and loxF8R,
respectively. Underlined nucleotides in the sequence represent asymmet-
ric positions and the bold nucleotides represent positions differing from
the loxP sequence. (B) Complex formation and resulting activity of the
D7L and D7R monomers. Upper panel: D7L (blue recombinase) and D7R
(orange recombinase) heterocomplex formation with the loxF8 asymmet-
ric site (blue and orange rectangles) and the homocomplex of D7L and
D7R with the symmetric sites of loxF8L (blue rectangles) and loxF8R
(orange rectangles), respectively. Lower panel: Bacterial assay of recom-
bination activity of co-expressed D7L and D7R (Enzyme) on target sites
loxF8, loxF8L and loxF8R (indicated with Substrate F8, F8L and F8R,
respectively) all induced with a concentration of 100 pwg/ml L-Arabinose
(listed along the bottom of the gel image). Recombination is signified by
the band aligned with the single triangle and non-recombined events are in-
dicated by two triangles. M = 10 kb ladder (GeneRuler DNA Ladder Mix
10 kb). (C) Upper panel: Schematic of the desired recombination events
when mutations (indicated in red) are applied to the molecules. Mutations
from the group A3 are applied to D7L and B2 is applied to D7R indicated
by the superscript (20). Desired recombination is depicted as such: when
both mutated monomers are present, they are able to form an active hete-
rocomplex (green check) with the asymmetric loxF8 site (blue and orange
rectangles); in isolation they cannot form functional homotetrameric com-
plexes (red X) with symmetric sites. Lower panel: recombination activity
of D7LA3 and D7RB? on the three substrates. Concentration (wg/ml) of
L-Arabinose used for induction is indicated along the bottom. M = 10 kb
ladder (GeneRuler DNA Ladder Mix 10kb).
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specifically excising a DNA fragment flanked by the desired
asymmetric human target sites (8). More recently, this ap-
proach was used to correct a chromosomal inversion caus-
ing a genetic human disorder (Preprint) (9). By combining
two designer-recombinases targeting the asymmetric loxF8
sequence located on the human X-chromosome, Lansing
et al. showed that the heterotetramer (D7) could efficiently
correct the genomic intlh inversion to reestablish factor
VIII expression in patient-derived cells (Preprint) (9). The
D7 SSR is composed of two unique Cre-type subunits, D71
and D7R, each evolved to bind to their corresponding half
site, loxF8L and loxF8R, respectively (Figure 1A).

Using more than one recombinase with different tar-
get specificities inherently carries risks. By using several
Cre-derived recombinases with different specificities, there
is an increased possibility of subunit assembly into un-
desired functional complexes, including homotetramers,
and heterotetramers of unequal monomer combinations,
that could cause recombination events at non-target sites.
To mitigate these potential off-target effects, approaches
to assure that only SSR heterotetramers with the desired
monomer combination have catalytic activity are critical for
increasing their safety in therapeutic applications (Preprint)
(9). To improve the applied properties of the heterospecific
D7/1oxF8 recombinase system, we set out to identify mu-
tations that render the monomers functionally inactive in
isolation, while they can form active heterotetramers when
co-expressed in cells.

MATERIALS AND METHODS
Plasmid construction

Previously described plasmids containing the target sites
of 1oxF8, loxF8L and loxF8R were used for evolution
(pEVO-loxF8, pEVO-loxF8L and pEVO-loxF8R, respec-
tively) (Supplementary Figure S1A) (Preprint) (9). To ver-
ify the presence of the vector within the bacteria, the vec-
tor contains a chloramphenicol resistance gene driven by
the CAT promoter. The mutations published by Zhang et
al. (20) were introduced into the sequence of both D7 sub-
units through DNA fragments synthesis (Twist Bioscience)
with mutations A3 (K25R, D29R, R32E, D33L, Q35R,
R337E, E123L) applied to D7L and mutations B2 (E69D,
R72E, L76E, E308R) applied to D7R (Preprint) (9). The
synthesized fragments were inserted into the pEVO vec-
tors in two cloning steps using standard restriction en-
zyme digest and ligation (enzymes purchased from NEB).
D7LA? was cloned with the restriction sites Sacl and Xhol.
D7RB? was subsequently cloned to pEVO-D7LA? with re-
strictions sites BsrGI and Xbal (Sacl-HF, Xhol, BsrGI-HF
and Xbal restriction enzymes purchased from NEB). Once
the correct sequences were confirmed by Sanger sequenc-
ing with primers p1l and p2 (Supplementary Table S1), both
molecules were subcloned into the three different pEVO
vectors containing the target sites of loxFS8, loxF8L and
loxF8R with the restriction enzymes Sacl-HF and Sbfl-HF
(NEB) (Supplementary Figure S1A).

The vector used for library analysis, pEVO-lacZ, was
adapted from a previously described plasmid (7) (Sup-
plementary Figure S2A). Symmetric target sites loxF8L
(top strand 5'-3' ATAAATCTGTGGAGCATACATTCC
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ACAGATTTAT) and loxF8R (top strand 5-3' CTAA
GATTGTGTGGCATACATCACACAATCTTAG) were
added with the spacer sequence of loxP to prevent the re-
combination of the symmetric sites with the loxF8 site. The
symmetric target sites flank two strong transcriptional ter-
minators (21). Upon recombination, the removal of the
terminator sequences allows for the transcription of the
lacZa fragment, which is driven by the constitutive- poly-
cistronic CAT promoter and translation is initiated by an
additional ribosomal binding site (RBS) (Supplementary
Figure S2). Cells expressing the lacZa fragment were identi-
fied on plates containing 20 mg/ml X-Gal (Sigma-Aldrich).

Library design

The starting library was constructed by targeting the A3
and B2 positions with an adapted method of incorporat-
ing synthetic oligonucleotides via gene reassembly (ISOR)
(22). To reduce library complexity, we limited diversity to
a subset of positions located along the largest monomer-
monomer interface: from A3, positions 25, 29, 32 and 33;
from B2, positions 69, 72 and 76 (Supplementary Figure
S3A), while the remaining positions were unchanged to en-
code for the original D7 amino acid sequence. At each of the
diversified positions, mutations were limited to a subset of
amino acids previously predicted for the interface redesign
(D,E,H,, K, M,N, Q, S, A, G, L, P, T, V, R) (20). The
mutations were incorporated via oligonucleotides designed
with a combination of degenerate codons (VNS, GHW and
MDG) to encode for a more even distribution of amino
acids in the library compared to the standard NNN or NNS
degenerate codons (primers 5-20 Supplementary Table S1).
VNS encodes 16 possible amino acids (D, E, H, I, K, M,
N, Q,S, A, G, L,P T YV,R), GHW encodes four possible
amino acid variants (D, E, A, V) and MDG encodes five
amino acid variants (K, L, M, Q, R). This results in an ex-
pression library of 60 000 possible residue combinations for
D7L and 4000 residue combinations for D7R.

Substrate-linked directed evolution

Positive selection pressure for variants active on the asym-
metric site (loxF8) and negative selection pressure for
the variants inactive on the symmetric sites (loxF8L and
loxF8R) were achieved through a modified method of
substrate-linked directed evolution (5) (Supplementary Fig-
ure S3A-D). Each cycle of evolution involves the diversifi-
cation of the two libraries through error prone PCR (My-
Taq DNA Polymerase, Bioline) and selection of the mutant
D7L and D7R pairs with the desired activity on the pre-
sented target site.

To begin the evolution cycles, the diversified libraries are
first cloned together into the pEVO containing the target
site with the restriction sites of Sacl (located directly up-
stream of the D7L recombinase sequence) and Sbfl (located
downstream of the D7R recombinase sequence) (Sacl-HF
and Sbfl-HF were purchased from NEB) (Supplementary
Figure S3A, B). The vector is then transformed into electro-
competent XL1-Blue Escherichia coli and grown overnight
in LB/arabinose to induce recombinase expression. The

vectors are subsequently purified from the over-night cul-
ture (GeneJET Plasmid-Miniprep-Kit, Thermo Scientific)
where the sample now contains a mixture of recombined
and non-recombined vectors.

Selection iterated between positive and negative selec-
tion. Positive selection selects for variants active on loxF8
(Supplementary Figure S3 B (5a. Selection for active vari-
ants)) and negative selection selects variants displaying no
activity on loxF8L or loxF8R (Supplementary Figure S3 B
(5b. Selection for inactive variants)). To perform positive se-
lection for loxF8 recombination, the purified plasmid was
digested with enzymes Ndel and Avrll (NEB) to linearize
all non-recombined variants (Supplementary Figure S3C).
A PCR was then performed with primers pl and p3 to am-
plify only the clones that performed recombination (Sup-
plementary Figure S3C). Negative selection was achieved
by having a primer that could bind between the symmetric
target sites (primer p4) amplifying only those recombinases
that have not carried out recombination (Supplementary
Figure S3D). The selected variants (either active variants
resulting from the positive selection, or inactive variants re-
sulting from the negative selection) were then carried on to
the next cycle by cloning into a fresh pEVO vector with the
desired target sequences.

To evolve variants active on the asymmetric loxF§ site
and inactive on the symmetric loxF8L and loxF8&R sites, se-
lection was cycled between the three target sequences after
each evolution iteration. i.e. round one of evolution would
select for the variants active on loxF8. Round two of evolu-
tion would select for variants inactive on the loxF8L site and
round three of evolution would select for variants inactive
on the loxF8R site (Figure 2A and Supplementary Figure
S3B). Recombination efficiency was monitored through the
plasmid-based activity assay (Supplementary Figure SI1B).

Recombinase activity assay: plasmid-based and blue-white
screen

To visualize the recombination activity of recombinase
clones or recombinase libraries on the target site of in-
terest, a plasmid-based assay was used as previously de-
scribed (5,8,9) (Supplementary Figure S1B). To quantify
the recombinase activity, the band intensities were deter-
mined with GelAnalyzer 19.1 (GelAnalyzer 19.1 (www.
gelanalyzer.com)) using the ladder bands as a point of refer-
ence. Experimental variation between lanes was normalized
by measuring band percentage where the value of each band
is expressed as a percentage of the sum of all the bands in
that lane. The quantified recombination 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:
/lggplot2.tidyverse.org/). Bacterial test digests were done in
triplicates (n = 3) and statistical relevance of the triplicates
was assessed using an unpaired t-test, non-corrected for
multiple comparisons.

For activity analysis and selection of active variants of
the final library, a blue-white activity screen was used (Sup-
plementary Figure S2A—C). The library was ligated to the
pEVO-LacZ plasmid with Sacl and Sbfl restriction sites
(Sacl-HF and SbfI-HF restriction enzymes purchased from
NEB). The plasmid pEVO-LacZ contains restriction en-
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Figure 2. Directed evolution and analyses of obligate D7 SSRs. (A) Selection scheme to evolve D7L (blue) and D7R (orange) paired variants that are active
on the asymmetric loxF8 target site (blue and orange rectangles), but inactive on the symmetric loxF8L (blue rectangles) or loxF8R (orange rectangles)
target sites. The circular arrow indicates the 26 iterative selection cycles that were employed. (B) Comparison of recombination activity of the start library
and the end library after 26 cycles of directed evolution and selection. Employed vectors with the target sites loxF8 (F8), loxF8L (F8L, blue) and loxF8R
(F8R, orange) are shown. Bands of non-recombined plasmids are indicated by a line with two triangles, while recombined bands are marked by a line with
one triangle. Concentration (pg/ml) of L-Arabinose used for recombinase induction is indicated along the bottom. M = 10 kb ladder (GeneRuler DNA
Ladder Mix 10 kb). (C) Mutation analysis of candidate obligate D7 SSRs. The frequency of altered residues at a given position is shown in percent for the
D7L (blue) and D7R (orange) clones. Positions with a mutation frequency over 20% are highlighted and labelled (blue for residue positions in D7L and
orange for residue positions in D7R). The amino acid most commonly occurring in the highlighted positions are listed to the side of the bar. The height
represents the occurrence of the amino acid compared to other variants in that position. (D) Activity of D7L and D7R recombinases expressed in isolation
compared to activity of D7LK20IR and D7R@1IR respectively, on target sites loxF8, loxFSL and loxF8R. Bands of non-recombined plasmids are indicated
by a line with two triangles, while recombined bands are marked by a line with one triangle. Concentration (pg/ml) of L-Arabinose used for recombinase
induction is indicated along the bottom. M = 10 kb ladder. (E) Activity of D7L + D7R compared to D7LK20IR + D7R3!R o the asymmetric site
loxF8 and symmetric sites loxF8L and loxF8R. Bands of non-recombined plasmids are indicated by a line with two triangles, while recombined bands
are marked by a line with one triangle. Concentration (.g/ml) of L-Arabinose used for recombinase induction is indicated along the bottom. M = 10 kb
ladder. (F) Quantification and reproducibility of recombination in E. coli. Recombination (in %) calculated from measuring band intensities as shown in
D/E on indicated target sites are shown for D7L + D7R (light gray) and D7LK20IR + D7RQIIR (dark gray). Recombination as percentage along the
y-axis. Bacterial assays were done in triplicates (n = 3) plotted as points on the bar graphs, the error bars indicate the standard deviation from the mean
and statistical relevance of the triplicates was assessed using an unpaired t-test, non-corrected for multiple comparisons. (ns): P > 0.5, (*): P < 0.05, (¥*):
P <0.01, (***): P <0.001, (****): P < 0.0001.
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zyme sites Ndel and Avrll flanked by the on-target asym-
metric loxF8 site (Ndel and AvrlI restriction enzymes pur-
chased from NEB). Upon on-target recombination, the re-
striction sites are excised. To select for recombinase vari-
ants that are active on the loxF8 site, the purified plasmids
are digested with Ndel and Avrll (NEB), linearizing the
plasmids containing inactive recombinase pairs. The result-
ing digest is either transformed or amplified with primers
outside of the restriction sites (primers pl and p3), remov-
ing the variants inactive on loxF8. Additionally, located up-
stream of the LacZa fragment, the pEVO-LacZ plasmid has
two transcriptional terminators that are flanked by the sym-
metric off-target loxSYM sites (either loxF8L or loxF8R).
Upon off-target recombination the transcriptional termina-
tors are excised, permitting transcription of the LacZa frag-
ment, turning the colony blue indicated on X-Gal plates.
Therefore, the remaining white colonies either represent an
inactive recombinase pair or a pair that is highly specific for
loxF8.

To eliminate the inactive recombinases, the library was
induced overnight with low levels of arabinose (10 ug/ml L-
Arabinose, Sigma-Aldrich) prior to the blue-white screen-
ing. The purified plasmids were digested with Ndel and
Avrll (NEB), both unique restriction sites flanked by the
loxF8 target sites (Supplementary Figure S2 A), to lin-
earize plasmids with recombinase pairs that are inactive on
loxF8. Remaining undigested plasmids were then retrans-
formed and induced with a higher (100 ug/ml L-Arabinose,
Sigma-Aldrich) level of arabinose to allow for sensitive de-
tection of low-level symmetric site activity. Once plated on
X-Gal and IPTG (Sigma-Aldrich) indicator plates contain-
ing chloramphenicol and arabinose (Sigma-Aldrich), the
activity of the recombinase variant was read as blue or
white. White colonies were then selected, where white indi-
cates that the colony carries a mutant displaying activity on
the 1oxF8 site and no activity on the symmetric site (Sup-
plementary Figure S2B). Subsequently a colony PCR was
performed with primers binding upstream of the symmet-
ric site (p23) and downstream of the asymmetric site (p24)
to amplify over the target sites to confirm the proper activ-
ity on both sites. A band of size 1.7 kb indicated the desired
activity profile (Supplementary Figure S2C).

Sequencing analysis

Clones selected from the blue/ white screen were further an-
alyzed to determine the mutational changes in the monomer
subunits that had evolved in selected recombinase pairs of
D7L and D7R. To determine which mutations were occur-
ring at the highest frequency for each mutated recombinase,
the sequences of the D7L mutants and the D7R mutants
were compared to the respective D7L and D7R sequences.
The sequencing data was handled in R 4.0.3 (R Core Team,
2018) with dplyr v1.0.7 (https://dplyr.tidyverse.org/) and vi-
sualized with ggplot2 v3.3.5 (https://ggplot2.tidyverse.org/).

Expression in mammalian cells and recombination efficiency
in mammalian cells

A fluorescence-based reporter assay was used to determine
the recombination properties of the obligate monomers

as described elsewhere (Preprint) (9). 350.000 HEK293T
cells were seeded per well on a 12-well plate the day be-
fore transfection. Combinations of mRNA, each encod-
ing for one recombinase variant (i.e. D7L, D7R, D7LK20IR
or D7R?!'R) along with mRNA encoding a blue fluores-
cent protein (BFP) were co-transfected into a HEK293T
reporter cell line containing integrated lox sites flanking
a puromycin resistance cassette (Supplementary Figure
S4A). Upon recombination of these sites a downstream
monomeric red fluorescent protein (mCherry) is expressed.
48 h after transfection the recombinase activity was quanti-
fied via FACS using the MACSQuant VYB flow cytometer
(Miltenyi Biotec). Recombination was quantified by deter-
mining the percentage of cells displaying red fluorescence
within the blue fluorescence population. Cell populations
were grouped with forward scatter (FSC) and side scatter
(SSC) to group the total cell population and then the sin-
gle cells. Cells expressing BFP were grouped with forward
scatter and BFP (Supplementary Figure S4B). From the
BFP population, cells expressing mCherry were grouped
with forward scatter and mCherry expression (Supplemen-
tary Figure S4C). The recombination efficiency was plotted
with GraphPad Prism version 8 (GraphPad Software, La
Jolla California USA, www.graphpad.com) and statistical
relevance of the biological triplicates was assessed using an
unpaired t-test, non-corrected for multiple comparisons.

HEK?293T cell culture

HEK293T cells were cultured using DMEM (Gibco) sup-
plemented with 10% FBS (Capricorn Scientific) and 1%
Penicillin—-Streptomycin (ThermoFisher) in a 12-well for-
mat. When reaching a confluency of 90% the cells were
split. Each well was washed once with PBS and 100 pl
of Trypsin (Gibco) was added. After incubation for 3 min
at 37°C the detached cells were collected in a 15 ml tube.
Cells were counted with the Countess 3 FL Automated Cell
Counter (ThermoFisher) and seeded at a density of 75.000
cells/well in 1 ml medium for maintenance. For transfection
the cells were seeded at a density of 350.000 cells/well in 1
ml medium.

mRNA transfection

HEK?293T cells were transfected 24 h after seeding. For
each transfection reaction a 1.5 ml tube was prepared with
a total of 300 ng of mRNA (100 ng tagBFP mRNA and
200 ng recombinase mRNA) (Supplemental Figure S4 A).
100 1 Opti-MEM I Reduced Serum Media was mixed with
1.5 pl Lipofectamine MessengerMax (ThermoFisher) and
added to the mRNA sample. The mixture was briefly vor-
texed at maximum speed and incubated for 15 min at RT.
In the meantime, the medium of the cells was replaced with
fresh medium. The transfection mixture was then added to
the cells. The next day the medium was changed and the
cells were analyzed 2 days post transfection.

PCR-based genomic inversion detection

The inversion of the loxF8 locus after treating HEK293T
cells with the D7 recombinase dimer was detected as de-
scribed previously (Preprint) (9).
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In vitro transcription (IVT)

mRNA was produced using the HiScribe™ T7 ARCA
mRNA Kit (NEB) and purified with the Monarch RNA
Cleanup Kit (NEB) following the manufacture’s manual.
The D7 recombinase dimer and tagBFP templates for the
IVT were generated as previously described (Preprint) (9).
The templates for the different Cre variants were generated
using primer p21 and primer p22 (Supplementary Table S1).
mRNA aliquots of 4 g were stored at -80°C for up to 6
months.

Molecular modeling and dynamics simulation

The synaptic three-dimensional (3D) structure of the
Cre/loxPas(ts)aip complex used for the modelling was
taken from the Brookhaven protein data bank (PDB ID
3C29,2.2 A, DOI: 10.2210/pdb3C29/pdb). Given the sym-
metry of thlS homotetrameric complex, and for simpli-
fication of the in-silico studies, only two Cre monomers
(chains A and B) and one loxP molecule (chains C and
D) were considered. Missing side chain atoms of residue
K201 not resolved in the crystal structure were modeled
as follows: first, a lysine side chain was modeled in Py-
MOL v2.2.0 (Schrodinger, LLC), and a rotamer search
was applied in order to find an energetically favorable con-
former (later on further refined by molecular dynamics
(MD); see below). Rotamer selection was guided by the 3D
disposition of the K201 residue in another crystal struc-
ture available in the PDB that includes density for this
side chain (i.e. the pre-cleavage Cre/loxP complex struc-
ture PDB ID 1Q3U (2.9 A)) PyMOL was used to model
the corresponding mutations on Cre/loxPa(rs)aip to ob-
tain the structure of the wild-type (wt) system (Figure
5A, B) and the following Cre mutants: CreX201R(A)-K20IRM)
CreQSllR AVQIIR() | CreK20IR(A)Q3IR®D | CreQ3IIR(A) K201R(I)
denoting by (A) and (I) the active and inactive monomer
respectively (Figure 5C, Supplementary Figure S5C-F).
The structures of Cre™ and mutants in complex with loxP
were energy refined by MD simulations in AMBER20 (23)
(https://ambermd.org/) using ff14SB and bscl force fields
for protein and DNA, respectively. Details of the MD pro-
tocol applied are given in Supplementary Materials (MD
Section). MD trajectories were recorded every 10 ps, visu-
alized with VMD (24) and evaluated in terms of intermolec-
ular H-bonds by using the CPPTRAJ module implemented
in AMBER. A hydrogen bond occupancy >10% with a dis-
tance acceptor-donor cutoff of 3.5 A and a 120° angle were
taken as criteria for dynamic hydrogen bond formation in
the last 100 ns of each MD simulation. Data analysis was
performed with Origin2019b (Origin 2019b (2019) Origin-
Lab, Northampton, MA, available: http://www.originlab.
com). Figures were created in PyMOL v2.2.0 (Schrédinger,
LLC).

RESULTS

Monomer-monomer interface mutations reduce recombina-
tion activity

To form obligate Cre-type SSR heterotetrameric com-
plexes for asymmetric substrates, previous work has fo-
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cused on redesigning the protein-protein interface of the
interacting monomers (16,25). In particular, Zhang et al
have engineered an obligate Cre heterotetramer to recom-
bine the artificial asymmetric loxM7/loxP target sequence
(20). Key positions for the interface redesign were selected
from predicted mutations that would form an alternative
interaction surface between the mutated Cre molecules.
To investigate whether the same interface mutations can
be adopted for other heterospecific Cre-type SSRs, we
tested the effect of the mutations on the D7 designer-
recombinase that is composed of two unique Cre-type sub-
units, D7L and D7R, capable of targeting the asymmetric
sequence of loxF8 (Preprint) (9). We generated D7-variants
by mutating the two subunits to potentially form an obli-
gate heterotetrameric D7 recombinase. Therefore, the D7L
variant (D7LA%) was generated by introducing the pub-
lished obligate interface mutations K25R, D29R, R32E,
D33L, Q35R, E123L and R337E, whereas the D7R vari-
ant (D7RB?) harbored the mutations E69D, R72K, L76E
and E308R (20).

To assess the effects of the obligate mutations, it is nec-
essary for the mutants to form catalytically incompatible
homotetramers. This can be observed by the loss of recom-
bination on the symmetric sites loxF8L and loxF8R that
require the formation of D7L and D7R homotetramers, re-
spectively. Additionally, the desired obligate activity would
result in recombination of the asymmetric loxF8 site com-
parable to that of the original D7 recombinase. In order
to compare the recombination efficiency before and after
the applied mutations, first, non-mutated D7L and D7R
were inserted together to a DNA plasmid harboring tar-
get substrates (either the loxF8, loxF8L or loxF8R tar-
get site) and expressed in bacteria (Figure 1B and Supple-
mentary Figure S1B). As expected, co-expression of both
monomers, D7L and D7R, resulted in efficient recombi-
nation on the asymmetric loxF8 target site (Figure 1B).
Recombination was also observed for both the symmetric
loxF8L and loxF8R target sites (Figure 1B), presumably
due to functional homotetramer formation of their corre-
sponding evolved recombinase (Figure 1B). Introduction of
the interface mutations (D7LA3 and D7R®?) should prevent
the homotetramer assembly and, thereby, block recombi-
nation on the symmetric loxFS8L and loxF8R sites, while
the different subunits should still be able to form active
heterotetramers on the asymmetric loxF8 sequence (Fig-
ure 1C). Indeed, co-expression of D7LA3 and D7R®? did
not lead to detectable recombination from vectors carry-
ing the symmetric loxF8L or loxF8R sequences (Figure
1C), indicating that these mutations prevented the forma-
tion of active homotetramers. Unfortunately, recombina-
tion on the asymmetric loxF8 site also had no detectable re-
combination events at a recombinase induction level of 100
pg/ml L-Arabinose, with low (~9%) recombination activity
detectable at substantially increased SSR expression level
(1000 pg/ml L-Arabinose, Figure 1C). Hence, the applied
mutations worked in principle, but also led to reduction in
recombination activity of the D7 heterotetramer. Therefore,
we sought to recover the activity by searching for combina-
tions of amino acid changes more suitable for an obligate
D7 system.
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Substrate-linked directed evolution to evolve obligate D7 re-
combinases with high activity

To search for beneficial residue changes we began by build-
ing two targeted libraries for the D7L and D7R recom-
binase variants around the previously described (20) mu-
tated interface positions (A3 — K25R, D29R, R32E, D33L,
Q35R, E123L and R337E, and B2 — E69D, R72K, L76E
and E308R) involved in the protein-protein interface where
the remaining non targeted amino acid positions were kept
as the original D7 sequence. The libraries where then ap-
plied to the well-established substrate-linked directed evo-
lution (SLiDE) procedure (5,22). The two D7L and D7R
starting libraries were cloned together into the evolution
vector (pEVO) to begin iterative positive selection for activ-
ity on the asymmetric site (loxF8) and negative selection on
the symmetric sites (loxF8L and loxF8R) through a modi-
fied version of SLiDE (Figure 2A and Supplementary Fig-
ure S3A-D). By evolving the two libraries together instead
of in parallel, we were able to select for functional pairs with
the desired activity profile. After 26 cycles of SLiDE, we de-
tected a marked increase in recombination activity for the
asymmetric site and negligible recombination on the sym-
metric sites (Figure 2B), indicating that heterodimeric pairs
of recombinases with desirable features had evolved.

To eliminate any carry over of inactive recombinase vari-
ants that had leaked through selection, single variant pairs
were assessed by using a blue-white colony screen. The
selection plasmid (pEVO-LacZ) allowed for simultaneous
identification of variants that did not recombine the sym-
metric sites while showing activity on the asymmetric loxF§
site (Supplementary Figure S2). 75 white colonies were se-
lected, and the encoded recombinase pairs were sequenced.
Surprisingly, none of the hypermutated amino acid posi-
tions (69, 72 and 76) were found to be enriched in the
evolved D7R recombinases. In contrast, the glutamine at
position 311 was changed in 41% (31 of 75 variants) of the
sequenced D7R recombinases, where 87% (27 of 31) of the
mutants displayed an arginine at this position (Figure 2C,
Supplementary Tables S2 and S3). These results indicate
that the initial targeted residues did not lead to the desired
outcome and, instead, a single substitution that had oc-
curred randomly during evolution was preferred (Q311R),
presumably preventing recombination on the symmetric
loxF8R site while maintaining activity when co-expressed
with D7L variants on the asymmetric loxF8 sequence.

Sequencing the D7L-derived clones uncovered five posi-
tions that were mutated in more than 20% of the sequenced
clones (positions 25, 29, 201, 282 and 305, Figure 2C, Sup-
plementary Tables S2 and S3). Positions 25 and 29 most
likely derived from the initial targeted residues involved in
protein-protein interactions, while positions 201, 282 and
305 were not targeted in the start library, implying that they
arose through random mutations and selection during di-
rected evolution.

The most surprising result was the frequently mutated
position 201, which was found to be changed in 48% (36
out of 75) of the clones, with all harboring an arginine at
this position rather than a lysine (Figure 2C, Supplementary
Tables S2 and S3). What makes this alteration so interesting
is that lysine 201 is highly conserved throughout the tyro-

sine SSR family (26) and it has been described as essential
for the catalytic activity of Cre (27-29) by facilitating DNA
cleavage during recombination, coordination of activity of
the four monomers in the tetramer, and Holliday junction
formation (27,30). Hence, recombinases with alterations at
position 201 would not be expected to function. On the ba-
sis of these observations, we decided to further explore if
mutating the catalytic K201 residue in D7L would inacti-
vate the SSR when expressed as a monomer and, if that was
the case, recombinase activity could be rescued by the pres-
ence of the paired Q311R mutation on the D7R monomer.

To determine the effects on recombination of the mu-
tations applied to each monomer, we first evaluated their
ability to recombine their original targets when expressed
in isolation as monomers. Sole expression of D7LKXIR or
D7R @R on the symmetric lox FSL or loxF8R sites, respec-
tively, did not lead to detectable recombination, demon-
strating that these mutations inactivate the enzymes when
expressed in isolation (Figure 2D). Furthermore, D7LK20IR
or D7R!R were inactive on the asymmetric 1oxF8 site
when expressed in isolation (Figure 2D). In sharp contrast,
when D7LE20IR and D7R R were co-expressed, efficient
recombination on the asymmetric loxF8 was observed (Fig-
ure 2E, F), whereas no recombination was detectable on
the symmetric loxFSL and loxF8R sites (Figure 2E-F). Im-
portantly, loxF8 sites were recombined at a similar rate
compared to the original D7 clone (Figure 2F), indicat-
ing that the two mutations did not considerably compro-
mise activity of the overall recombinase complex. To test
if D7LK20IR together with D7R!R could form other ac-
tive heterotetramers, we co-expressed the mutants across a
panel of substrates with different half-site arrangements of
loxF8 (Supplementary Figure S6A). None of these com-
binations showed appreciable recombination in compari-
son to the original loxF8 sequence (Supplementary Figure
S6B). Therefore, by pairing one mutation applied to each re-
combinase monomer we obtained an obligate D7 SSR com-
plex with comparable activity to the original D7 SSR.

Combined D7LX?1R apd D7RQ3!R gupport obligate recom-
bination in mammalian cells

Because the D7 recombinase is targeted for applications
within the human genome, our next step was to examine
the activity of the obligate D7LK>'IR + D7R!R complex
in human cells. To allow straight-forward quantification,
we measured recombination efficiency in a HEK293T re-
porter cell line (Preprint) (9). The reporter cell line was co-
transfected with mRNA carrying the recombinases along
with an mRNA coding for tagBFP to monitor transfec-
tion efficiencies (Figure 3A). Transfection of the obligate
D7LK2IR + DTRIIR molecules revealed a recombination
efficiency of 83% compared to 80% of wild-type D7 (Fig-
ure 3B, C), implying that the introduction of the obligate
mutations did not compromise recombinase activity in hu-
man cells. Importantly, transfecting each mutant monomer
subunit in isolation did not yield in loxF8 target site recom-
bination (Figure 3B, C).

The D7 recombinase was generated to correct the ge-
nomic intlh inversion frequently found in hemophilia A
patients (31). The enzyme recognizes two loxF8 sequences
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that are found on the human X-chromosome at a distance
of 140 kb from one another. The first site is present in in-
tron 1 of the factor VIII gene, and the second site is lo-
cated 130 kb upstream of the factor VIII transcription start
site (9,32,33). The D7 SSR has been shown to efficiently
invert the displaced exon 1 sequence flanked by the loxF8
target sites upon expression in human cells (Preprint) (9).
To confirm the ability of the D7LKXIR + D7TRIIR yarj-
ants to act on these sites at the endogenous locus, we ex-
tracted genomic DNA from HEK293T cells transfected
with D7LK?IR and D7RR mRNAs and ran a PCR
based assay designed to detect the inversion of exon 1 (Fig-
ure 3D). Indeed, expression of D7LK2IR + D7RQIIR Jeq
to inversion of the genomic fragment (Figure 3E), demon-
strating that the obligate mutations did not interfere with
the enzyme’s activity to recombine this disease-causing
inversion.

To evaluate if the D7LK20IR + D7RQ3IIR heterodimer
improved target site specificity, we analyzed its activity on
four predicted human off-target sites (Figure 3F) by em-
ploying a plasmid-based activity assay (Supplementary Fig-
ure S1B). Consistent with previous data (10), the wild-
type D7 recombinase displayed no detectible activity on 3
of the 4 sequences, but it showed activity on the HG2L
off-target site (Figure 3G). In comparison, the obligate
D7LE2IR + D7RAIR complex showed no detectable ac-
tivity on all four of the predicted off-target sites (Figure
3@G), demonstrating its improved applied properties. To-
gether, these results show that the D7LK?0IR + D7RQ3IIR
heterodimer promotes target site specificity while maintain-
ing comparable recombination efficiency for the 1oxF8 tar-
get site in mammalian cells.

K201R and Q311R mutations render Cre and Vika recombi-
nases obligate

To explore a more general applicability and obtain insights
into the molecular mechanism of this obligate SSR system,
we investigated the phenotype of the corresponding muta-
tions in two naturally occurring homotetrameric SSR com-
plexes, namely Cre/loxP and Vika/vox (34). To test the sys-
tem, CreX?"'R and Cre@!'R were generated. The obligate
mutations were also incorporated into Vika at positions 219
and 330 according to the conserved sequences seen in its se-
quence alignment with Cre (34), giving rise to two mutant
monomers, namely Vikak?'?R and VikaQ¥3R Their activ-
ity was analyzed on an excision substrate in E. coli. When
CreX?0IR or Cre@!R were expressed in isolation, no recom-
bination was observed on the loxP targets (Figure 4A). In
sharp contrast, co-expression of the two variants rendered
the system recombination competent, suggesting that this
combination of mutations can convert recombinases to cat-
alytically obligate systems. To test whether both mutations
introduced into the same monomer result in recombina-
tion, we generated the double mutant CreX20IR-Q3IIR Ex_
pression of CreK20IR-Q31IR {id not lead to detectable recom-
bination (Figure 4A), indicating that the mutations have to
be present on different monomers to allow for the formation
of active SSR complexes.

Co-expression of Vikak?!°R and VikaQ¥3'R on the vox tar-
get sequence displayed a similar activity profile as seen in

Cre (although with some loss of activity), whereas no re-
combination was observed when the mutated monomers
were expressed in isolation (Figure 4B).

We next evaluated if the obligate Cre system could func-
tion efficiently in mammalian cells and maintain the recom-
bination profile seen in bacteria. A HEK293T red fluores-
cent reporter cell line was transfected with SSR mRNAs
to evaluate recombination activity (Figure 4C). When the
Cre mutants were expressed alone, negligible recombina-
tion activity was detected (Figure 4D, E), signifying that
Cre®?91R and Cre@!'R expressed in isolation are inactive.
In sharp contrast, co-expression of CreX?’'R and Cre@!!R
yielded a recombination efficiency of 80%, only marginally
lower than the 90% recombination efficiency observed with
wild-type Cre on loxP (Figure 4D, E). Together, these re-
sults demonstrate that the targeted mutations are not only
applicable to the heterotetrametric D7/loxF8 complex, but
can also be applied to obtain obligate systems of naturally
occurring SSRs.

Molecular modeling and dynamics simulation reveal underly-
ing mechanism driving obligate heterotetramer activity

In order to obtain insights into the molecular mechanism
rendering the Cre recombinase system obligate, we gener-
ated 3D molecular models of Cre¥?'R and Cre@!'R bound
to loxP based on the synaptic Cre/loxP co-crystal structure
(PDB ID 3C29, Figure 5A). In this particular crystal struc-
ture, the active Cre monomer is poised to cleave the top
strand (TS) of the loxP target site (Figure 5B) as observed
in other crystallographic structures (i.e. PDB ID 1Q3U and
INZB) (35). MD simulations of our models and compar-
ative H-bond analysis at the catalytic site of the wild-type
system and the investigated mutants revealed the molecular
bases for catalysis in the obligate heterodimer and shed light
on why the single mutants, Cre®?’!R and Cre?!'R are inac-
tive (Supplementary Figure S5). For Cre®?"IR the catalytic
R201 was dramatically shifted in the inactive monomer,
which facilitated its interaction with the DNA backbone at
base A2 of the bottom strand (BS) instead of base TS5 on the
top strand (TS) as it is observed in Cre™, which likely com-
promises recombination proficiency. Furthermore, the cat-
alytic Y324 of the active monomer was found partially dis-
placed from phosphate base T3' TS and established van der
Waals contacts with the phosphate base A4’ (Supplemen-
tary Figure S5 C). For the Cre@!'R mutant, in the inactive
monomer we observed that the catalytic Y324 was displaced
(Supplementary Figure SSA), while K201 lost important
interactions with the DNA backbone at the TS. Further-
more, in the active monomer, the catalytic residue H289,
known to play an important role in recombination catal-
ysis (36), lost the H-bond interaction with the phosphate
at base A4’ TS in the catalytic site, compromising the cat-
alytic activity of this mutant (Supplementary Figure S5D).
For the Cre variant containing the K201R and Q311R mu-
tations in the active and inactive monomer, respectively
(CreK20IRA)-Q3IRM)Y) Y324 in the inactive monomer was
found displaced and interacting with the phosphate at base
C3 on the BS, while K201 in the same inactive monomer had
moved dramatically to also interact with the DNA back-
bone at base C3 on the BS, and no recognition of TS5 at the
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Scheme of mRNAs and the employed HEK293T loxP reporter cell line. mRNAs with indicated features (5'cap and polyA tail) expressing a nuclear lo-
calization signal (NLS) fused to the recombinase and the tagBFP mRNA are shown. The stable reporter cell line harbors two loxP sites (gray triangles)
that flank a puromycin selection gene (puro). Once successfully excised by recombination, mCherry is expressed from the SFFV promoter (arrow). (D)
Evaluation of recombination efficiency by microscopy. Bright field and fluorescent mCherry cell images for cells transfected with indicated mRNAs are
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P> 0.5, (*): P <0.05, (**): P <0.01, (***): P < 0.001, (****): P < 0.0001.

TS was observed (Supplementary Figure SSE), indicating
that this mutational configuration does not constitute an
active recombinase.

Lastly, the analysis of the Cre@3!RA-K20IRM) pypde] (i.e.
Q311R and K201R mutations introduced in the active and
inactive monomer, respectively) showed that this configura-
tion would be in agreement with an active enzyme, as all cat-

alytic residues were properly positioned to allow recombi-
nation (Figure 5C, Supplementary Figure S5F). Hence, our
theoretical models explained the obligate nature of these
two mutations and their catalytic influence. Furthermore,
they predicted the importance of their respective combina-
tion order (i.e. active versus inactive monomer) for consti-
tuting an active enzyme.
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superimposition of the MD-refined structures (taken from last 50 ns of simulation) of wild-type Cre/loxP and mutant Cre@3HRA)-K20IRM) /joxP. Tn the
wild-type complex, Cre active (A) monomer is shown in orange, inactive (I) in blue and the DNA in dark gray, whereas for the mutant, the active monomer
is shown in ochre, the inactive in gray-blue and the DNA 1in light gray. For clarity, cartoon representations are shown with transparency, and side chains
of relevant residues are in balls and sticks and labelled. Intermolecular H-bonds are depicted with dashed lines (ochre and light gray for the active and
inactive monomers, respectively). The green check mark at the bottom of the panel indicates that the Creqsir(a)-k201r(1) Mmutant is active. (D) Reversing
the mutations yields an inactive D7 recombinase. Recombination activity of D7L + D7R compared to D7LK20IR + D7RQ3IIR 3pd D7LQ3NIR 4 H7RK20IR
on target the site loxF8 is shown. Bands of non-recombined plasmids are indicated by a line with two triangles, while recombined bands are marked by a

line with one triangle. Concentrations of L-Arabinose (p.g/ml) are listed along the bottom. M = GeneRuler DNA Ladder Mix 10kb.

This structure-based prediction prompted us to reevalu-
ate the D7 heterodimer and investigate whether the muta-
tions could be swapped between D7L and D7R. According
to the results obtained from the modelling and MD simu-
lation, reversing the order of the mutations at residues 201
and 311 might not be compatible with recombination ac-
tivity. Indeed, testing the mutant D7LQ3R 4+ D7RK20IR
revealed that this swapped combination is inactive (Fig-
ure 5D). Together, these results provide a molecular ex-
planation for the obligate nature and suggest that engi-
neering of residues implicated in recombination catalysis
is a powerful approach to improve the applied properties
of SSR.

DISCUSSION

By altering the DNA-specificity of Cre through engineering
and directed evolution, distinct SSR variants can be gener-
ated that together recombine asymmetric target sequences
as heterotetramers (5,7-9). The generation of such heterote-
trameric SSR systems substantially broadens the potential
sequences that can be targeted within genomes. However,

possible combinations of different subunits could lead to
active SSR byproducts capable of catalyzing off-target re-
combination. Previously, prevention of homotetramer for-
mation was achieved through structure-guided redesign of
several residues implicated in the protein-protein interface
between the different recombinase monomers (20). Hence,
this approach to generate obligate SSR systems may be dif-
ficult to implement if structural data of the enzyme is not
available, and thus may not be easily adaptable to distantly
related recombinases. Employing directed molecular evolu-
tion, we discovered that obligate SSR systems can be gen-
erated by mutating residues implicated in recombination
catalysis. Importantly, this novel way of generating obli-
gate SSRs only required the alteration of one conserved
residue within each distinct SSR monomer. This simpli-
fied approach could potentially be applied to different en-
gineered or natural SSRs even without prior knowledge
of their 3D structures. The performed MD-based studies
helped us to establish a working hypothesis and gave in-
sights on plausible molecular aspects rendering the recom-
binase system functionally active. Nevertheless, additional
aspects on the molecular mechanism triggering the catalytic



reaction remain open and could be the focus of future inves-
tigations.

The selection and identification of mutations that can
transform naturally occurring SSRs into a functionally ob-
ligate system, as demonstrated for the wild-type Cre and
Vika recombinases, could be applied in more sophisticated
genetic and synthetic biology studies. Numerous condi-
tional knockout mouse models that have been generated
are based on the Cre/loxP system (37,38). Typically, ani-
mals carrying the floxed allele are crossed with mice express-
ing Cre from a tissue specific promoter to achieve inacti-
vation of the gene in a particular organ or cell-type. This
approach could be further refined by expressing Cre®?0IR
and Cre®!'"R from two different promoters. Here, deletion
of the gene would only happen in cells where both promot-
ers are active and therefore improve cell-type resolution. In
a similar fashion, further enhancement of precision for ge-
netic lineage tracing studies (39) could be achieved by em-
ploying the obligate Cre®?*'R and Cre@!'R system. Like-
wise, obligate SSRs might allow for the generation of more
refined circuits for synthetic biology, where SSRs are fre-
quently used to build biosensors and biological machines
(40,41).

In our study, we focused on the characterization of one
mutation pair (an SSR¥?*'R monomer in combination with
an SSRY!R monomer). Yet, our SLiDE screen identified
other combinations that might also constitute simple ob-
ligate SSRs. Future studies will be required to investigate
whether these mutational pairings are equally suitable to
represent efficient and specific obligate SSR systems and
if they also function by influencing recombination cataly-
sis. In particular, the observed changes at residue 282 of
D7L represent an interesting candidate in this regard, be-
cause this residue is located within the J-K loop, which is
known to make several contacts with the DNA (42) and
might therefore impact recombination catalysis.

In summary, this work provides a straightforward ap-
proach to reduce off-target recombination and improved
specificity of engineered and wild-type SSRs. However, fur-
ther studies are required to evaluate the applied advantages
of the obligate SSRX?!R plys SSRAHR monomer combi-
nations. In particular, we demonstrate the enhanced speci-
ficity of the D7LK?YIR and D7TRIR gystem at one off-
target site. Additional efforts utilizing more unbiased assays
(43) would be beneficial to further investigate the improved
properties of these obligate mutations. Furthermore, the ob-
ligate mutations should be tested in additional natural and
engineered SSRs to probe its robustness and general appli-
cability. Finally, the obligate system will have to show its
improvements in animal models before therapeutic imple-
mentation could be considered.
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