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Abstract

Genome engineering relies on DNA modifying enzymes that are able to locate a DNA sequence of
interest and initiate a desired genome rearrangement. Currently, the field predominantly utilizes
site-specific DNA nucleases that depend on the host DNA repair machinery to complete a genome
modification task. We show here that genome engineering approaches that employ target-specific
variants of self-sufficient, versatile site-specific DNA recombinase Flp can be developed into
promising alternatives. We demonstrate that the Flp variant evolved to recombine an FRT-like
sequence FL-IL10A, which is located upstream of the human interleukin-10 gene, can target this
sequence in the model setting of hamster CHO and human HEK?293 cells. This target-specific Flp
variant is able to perform the integration reaction and, when paired with another recombinase, the
dual RMCE reaction. The efficiency of the integration reaction in human cells can be enhanced by
‘humanizing’ the Flp variant gene and by adding the NLS sequence to the recombinase.
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Introduction

The ability to manipulate genomes at a desired location opens an opportunity to develop
model cells or even model organisms or to correct genetic disorders. Recent advances in the
developing field of genome engineering are primarily attributed to site-specific DNA
nucleases: mainly zinc finger nucleases (ZFNSs), transcription activator-like effector
nucleases (TALENS), and nucleases that are based on the clustered regularly interspaced
short palindromic repeats/Cas9 systems (CRISPR/Cas9) [1-9]. The burst of the nuclease-
based genome engineering applications is triggered by two main factors: the efficiency of
cleavage of genomic targets by these composite nucleases and the relative ease with which
their target recognition units can be assembled, especially for the CRISPR/Cas9-based
systems. Although site-specific nucleases can locate and cleave their targets, these enzymes
are not able to complete the genome modification task: the host DNA repair machinery is
required to seal the introduced DNA breaks either by the non-homologous end joining
(NHEJ) or by the homologous DNA repair mechanisms [2].

The alternative, ‘old-fashioned’ genome engineering systems are based on the versatile, self-
sufficient site-specific DNA recombinases. These enzymes do not generate double strand
breaks in DNA and can accomplish the genome modification task without any assistance
from the host DNA repair machineries. Popular site-specific recombination systems
employed for genome engineering applications include Cre/lox from coliphage P1, FIp/FRT
from 2 micron plasmid of S cerevisiae, ¢C31/att from Sreptomyces phage ¢C31, as well as
others [10-20]. Depending on the location and relative orientation of their targets, these
systems can mediate insertions, deletions, replacements and translocations of DNA
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fragments. Moreover, site-specific recombinases are able to perform genetic rearrangements
in all cell types tested: from bacteria to plant to human.

To be useful in advanced genome engineering applications, these handy recombinases have
to be modified to recognize target-like sequences in the genome locale of interest. The quest
to generate variants of tyrosine recombinases with desired target specificity began when
several mutant and chimeric \ integrase variants were shown to recombine target sites for
HKO022 integrase [21, 22]. The research was boosted by the advances in two molecular
evolution techniques: error-prone PCR and DNA shuffling which allow for the fast
generation of recombinase variant libraries [23-25]. The solved structures of the Cre/loxP
and Flp/FRT complexes [26, 27] provided another boost: they helped utilize another
molecular evolution technique: site-directed mutagenesis of amino acids that can affect
DNA binding.

The first success in applying directed protein evolution approaches to change the target
specificity of the tyrosine recombinases was achieved when variants of Cre were evolved to
recombine a loxP-like sequence [28]. Later, two other groups also showed that target
specificity of Cre can be indeed intentionally modified [29, 30]. The major success was
achieved when Cre variants were evolved to delete, in the model setting, a proviral DNA of
HIV-1 pseudotype utilizing loxP-like sequences located in the long terminal repeats (LTRS)
as targets [31].

Another popular tyrosine recombinase, Flp, has also been shown to be amenable to the
modification of its target specificity: a number of Flp variants that can recombine FRT
derivatives with point mutations and a combination of point mutations were evolved [32-
34]. The technology developed in these experiments was applied to evolve Flp variants to be
specific for an FRT-like sequence located upstream of the human interleukin-10 gene,
dubbed FL-IL10A [35]. Then, a set of Flp variants, each specific for a unique FRT-like
sequence located in the human beta-globin and interleukin-10 genes and in the human and
mouse ROSA26 loci, was generated [36]. The knowledge acquired from these experiments
was applied to develop algorithms to identify and rank genomic FRT-like sequences [35,
36].

In this report we show that Flp variants evolved to recombine genomic FRT-like sequence
FL-1L10A can utilize this sequence as a target in the model setting of hamster CHO and
human HEK293 cells to perform the integration and dual recombinase-mediated cassette
exchange reactions. We also show that the efficiency of the integration reaction in the
hamster cells is higher than in the human cells and that the efficiency in the human cells can
be increased by ‘humanizing’ the codons of the Flp variant gene and by the addition of the
NLS sequence to the N- or C-terminal ends of the variant. Under optimal conditions, the
efficiency of the integration reaction in the model human cells can reach about 0.3% of the
transfected cells.
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Target-Specific FIp Variant Recombines FRT-like Sequence Pre-integrated into CHO

Genome

To test whether target-specific Flp variants can recombine their cognate DNA sequences in
mammalian genome, we chose well-characterized Flp variant FV/7 [35] that recognizes FRT-
like sequence FL-IL10A (Fig. 1) located upstream of the human interleukin-10 gene. For
these experiments, we generated a CHO cell line with FL-IL10A singly integrated into
genome.

A schematic of the assay to test the integration activity of FVV7 is shown in Fig. 2A. The FL-
IL10A site in the pre-integrated platform reporter pPCMV-IL10A-DsRed is located between
the CMV promoter and the DsRed gene. The incoming reporter pIL10A-EGFP bears the
hybrid FRT/FL-IL10A site (Fig. 1C) followed by the promoterless EGFP gene. Upon
integration of the incoming reporter into the FL-IL10A site, the EGFP gene is transferred
under the control of the CMV promoter thus preventing the DsRed gene from being
expressed. This integration event can be detected by the appearance of green, non-red cells.

The integration activity of FVV7 was tested by transfecting the reporter cells with the
incoming reporter and the FV7 expression vector. The experiments were performed in 6-
well plates. 48 hours after transfection, the cells were expanded and screened for the groups
of green cells (Fig. 2B). Only these groups and not individual green cells were counted as
productive integration events. Based on the number of groups of green cells and the
efficiency of the control transfection of an EGFP-expressing reporter similar in size to
pIL10A-EGFP, we estimated the efficiency of the FV7-mediated integration into FL-IL10A
as a fraction of the transfected cells. On average, in the one-sixth of the expanded
transfected cells we observed 17 integration-positive green, non-red colonies (Fig. 2C). This
number corresponded to about 0.1% of the transfected cells (Fig. 2C). In the expanded cells,
in addition to the green, non-red cells, we also noticed rare green/red colonies: on average, 1
colony per plate of the expanded cells; these colonies were not analyzed. In the control
experiments performed with the incoming reporter alone, no green or green/red colonies
were observed.

We expanded and analyzed 10 green, non-red colonies obtained as described above. The
integration events in all these colonies were confirmed by PCR (Fig. 2D) and sequencing of
the integration-specific PCR products (Fig. 2E).

FV7 Supports Dual RMCE in CHO Cells

Recombinase-mediated cassette exchange, or RMCE, is a powerful method of unidirectional
delivery of DNA fragments into genome using site-specific recombinases [37, 38]. In its
original form, the cassette exchange is performed by one recombinase that acts on a pair of
recombination targets that cannot cross-react. In the variation of RMCE, dubbed dual
RMCE, the cassette exchange is performed by two recombinases that act on their respective
cognate targets [16, 39]. Dual RMCE can be quite efficient: the FIp/Cre pair can perform
cassette exchange in about 45% of the transfected cells, while the FIp/HK022 Int pair can
replace the cassettes in 12% of the transfected cells [40, 41].
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To test if a target-specific Flp variant can be combined with another site-specific
recombinase to perform dual RMCE in mammalian cells, we paired FV7 with Cre in a
model setting similar to that we used to analyze the replacement activity of the Flp/HK022
Int recombinase pair [41]. For this, we introduced the respective cognate targets for FV7 and
Cre in the incoming and platform reporters of the replacement system (Fig. 3) and the
platform reporter was then integrated into the genome of CHO cells.

A schematic of the assay to test the replacement activity of the F\V7/Cre recombinase pair is
shown in Fig. 3A. In the integrated platform reporter, FL-IL10A is located between the
EF1a promoter and the neoR gene while loxP is located upstream of the promoterless DsRed
gene. The incoming reporter bears the hybrid FRT/FL-IL10A site upstream of the
promoterless EGFP gene whereas |oxP is positioned downstream of the CMV promoter. If
the FV7/Cre recombinase pair is active in the dual RMCE reaction, the neoR-STOP cassette
of the platform reporter gets replaced with the EGFP-CMV cassette of the incoming
reporter; this recombination event can be detected by the activation of the expression of both
EGFP and DsRed genes in the same cell. The expression of just DsRed will indicate the Cre-
dependent integration of the incoming reporter into the platform reporter at the 1oxP site
while the expression of just EGFP will signify the FVV7-dependent integration of the
incoming reporter into the platform reporter at the FL-IL10A site.

To perform the replacement, we co-transfected the platform reporter cells with the incoming
reporter and the vectors that express FV7 and Cre. The experiments were performed in 6-
well plates. 48 hours post-transfection, the cells were expanded and examined for cell
groups that express either EGFP or DsRed, or both (Fig. 3A). These cell groups and not
individual cells that express EGFP and/or DsRed were considered true indicators of
recombination events. The efficiency of the respective recombination events was assessed as
a fraction of the transfected cells. On average, in the one-sixth of the expanded transfected
cells we observed 19 just green colonies, 133 just red colonies and 46 green/red colonies. In
the control experiments performed with the incoming reporter alone, no green, red or
green/red colonies were observed. Based on the number of the cell groups that expressed
both EGFP and DsRed and the efficiency of the control transfection of an EGFP-expressing
plasmid similar in size to the incoming reporter, we estimated that the F\V7/Cre-dependent
cassette replacement occurred in about 0.3% of the transfected cells (Fig. 3B). The number
of the cell groups that expressed just EGFP or just DsRed revealed that the reporter
integration occurred in ~0.1% and ~0.8% of the transfected cells, respectively (Fig. 3B).

To analyze the recombination events in the colonies that express just EGFP, just DsRed, or
both, we expanded 4 colonies each of the first two types and 10 colonies of the third type
and subjected them to the PCR analyses and sequencing of the resultant PCR products. The
analyses confirmed the expected recombination events in all expanded colonies. The
representative data of the analyses of an expanded green/red colony are shown in Fig. 3C, D.

FV7 is Active in Human Cells

Having established that FV/7 is active in the integration and replacement reactions in CHO
cells, we next tested the ability of FV7 to utilize the FL-IL10A sequence as a substrate in
human cells in model setting. For this, we integrated an FL-IL10A bearing platform reporter
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into human embryonic kidney 293 cells, HEK293. In the integrated platform reporter, FL-
IL10A is located between the CMV promoter and the DsRed gene (Fig. 4A). In the incoming
reporter, the hybrid FRT/FL-IL10A sequence is located upstream of the promoterless
puro-2A-EGFP gene. Upon integration of the incoming reporter into the platform reporter,
the expression of the puro-2A-EGFP gene is activated so the cells become green and
resistant to puromycin.

The pilot integration experiments in model platform HEK293 cells were performed in 6-well
plates by co-transfecting the cells with the incoming reporter and the FVV7 expression
plasmid. When the one-sixth of the expanded transfected cells was expanded, we observed,
on average, 1 green colony. This integration efficiency corresponded to ~0.01% of the
transfected cells, which was about 10 fold lower than that in CHO cells (Fig. 2C). When the
transfected cells were expanded in the media supplemented with puromycin, approximately
90% of the puromycin-resistant colonies that formed were green.

To test what fraction of the green colonies represents the correct integration of the incoming
reporter into the platform reporter, we subjected 10 green colonies to the PCR and Southern
blot analyses. All 10 colonies were positive for the integration specific PCR bands (Fig. 4D),
the identity of which was confirmed by sequencing (Fig. 4E). The Southern blot analysis
showed that in all but one colony the incoming reporter was singly integrated into the
platform reporter (Fig. 4C).

The Activity of FV7 in Human Cells Can be Enhanced by ‘Humanizing’ the FV7 Gene and
by Adding NLS to its Termini

Since the activity of FV7 in human cells was low, we explored two approaches to increase
it: (1) codon optimization of the FVV7 gene to maximize its expression in human cells and (2)
addition of the SV40 nuclear localization sequence, NLS, to its N- or C-termini to facilitate
the crossing of FV7 into the nucleus. These modifications were successfully applied to
increase the activity of Cre and Flp in mammalian cells [42, 43]. In the optimization
experiments, in addition to FVV7, we used a de novo evolved Flp variant, FVV9, which
recombines FL-IL10A in the bacterial deletion assay slightly better than FV7. FV9 differs
from FV7 at position 166: FV9 has wild-type Lys at this position while FV7 has Glu.

We tested the integration activity of the original and the modified recombinases at the
different inputs of the respective expression plasmids. FV7 was able to generate green
colonies only at the higher inputs: 4 g and 0.4 pg of the expression plasmids per
transfection (Fig. 4F, top panel). FV9 was more active than FV7 but it was not able to
generate green colonies at the lowest input of the expression plasmids tested: 0.013 g (Fig.
4F, top panel). The “humanized’ versions of FV7 and FV9 — FVV70 and FVV90 — had higher
integration activity than FV7 and FV9 and were able to generate green colonies even at the
lowest input of the expression plasmids (Fig. 4F, bottom panel). Unlike FV7 and FV9 that
had essentially the same activity at the higher inputs of the expression plasmids (4 pg and
0.4 ug), FV70 and FV90 had a pronounced peak of activity at 0.4 ug.

Although the addition of NLS to the N- or C-termini of both non-optimized and optimized
recombinase variants increased their integration activity, this modification was not powerful
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enough to allow the not-optimized FV7 and FV9 to generate green colonies at the lowest
input of the expression plasmids (Fig. 4F, top panel). The variants with added NLS followed
the FVV70 and FVV90 pattern and had a pronounced peak of activity at 0.4 pg of the respective
expression plasmids added at transfection (Fig. 4F). For FV7 and FV9, it was the N-
terminally placed NLS that helped them to achieve their highest integration activity. In
contrast, the *humanized’ FV70 and FV9o benefited more from the C-terminal NLS. It was
FV90 with this modification, FV90-C-NLS, which showed the highest integration activity of
all recombinase variants tested: on average, this variant was able to generate around 35
green colonies in the one-sixth of the expanded transfected cells; this integration efficiency
corresponded to ~0.35% of the transfected cells (Fig. 4F).

Discussion

The power of the tyrosine site-specific recombinases to engineer genomes is widely realized
but only in the approaches that employ the pre-introduced cognate wild-type (or essentially
wild-type) recombination targets. The approaches that would utilize genomic target-like
sequences in their native chromosomal environment could add a valuable tool to the genome
engineering toolbox but are yet to be developed. Our present work shows that the field can
be advanced if the genome manipulation methods are developed around target-specific
recombinase variants that are evolved to be active in bacteria and further modified to
optimize their expression level and their delivery into the nucleus in the cells of interest.

We found hamster CHO cells to be convenient and reliable in modeling genome engineering
approaches that utilize target-specific Flp variants. Using these cells we were able to
establish and optimize the parameters of the integration and dual RMCE reactions mediated
by Flp variant FV7 evolved to recognize human genomic FRT-like sequence FL-1L10A
(Figs. 2, 3).

The performance of FV7 in human HEK293 cells did not mirror its performance in hamster
CHO cells: the integration efficiency of FV7 in CHO was ~0.1% of the transfected cells
whereas only ~0.01 % in HEK293. To improve the integration activity of FV7 in human
cells, we optimized the codons of the FVV7 gene to maximize its expression in human cells
and/or added the nuclear localization sequence to the variant to enhance its ability to get into
nucleus. The use of the de novo evolved Flp variant, FV9, which recombines FL-IL10A in E.
coli slightly better than FVV7, was also helpful in increasing the efficiency of FL-IL10A
targeting.

The effect of the codon optimization on the integration activity of FV7 and FV9 was quite
positive allowing the optimized variants, FVV70 and FV90, to have the integration activity
over almost three orders of magnitude versus one order of magnitude for FV7 and two
orders of magnitude for FV9 (Fig. 4F). The activity increase was not uniform over the range
of the expression plasmid inputs: the peaks of the integration activity were detected at the
moderate input of the recombinase expression vectors. The codon optimization effect was
more pronounced for F\VV7: under optimal conditions, FVV70 and FVV90 were about 10 fold
and 5 fold more active than FV7 and FV9, respectively (Fig. 4F).
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The addition of NLS to the original and to the codon-optimized recombinase variants
increased their integration activity: FV7 and FV9 showed a higher relative increase than
their “humanized’ versions while F\V70 and FVV90 showed higher absolute integration
activity (Fig. 4F). The integration activity of the NLS modified recombinase variants, as
well as the unmodified FVV70 and FV90, exhibited sharp dependence on the input of the
respective recombinase expression vectors. The sharp peaks of the integration activity that
depend on the recombinase input are not unusual for the tyrosine recombinases and were
noted before in the targeting experiments with the purified Cre recombinase [44]. Such
sharp peaks may reflect a narrow window of the optimal combination of the efficiency of the
reversible integration-excision reactions and the input of a recombinase.

The original and the ‘humanized’ NLS-modified Flp variants had different activity patterns
at the moderate input of the recombinase expression vectors (the one that permits the highest
integration activity of the recombinase variants, Fig. 4F). At this input, FV7 and FV9 with
N-terminal NLS showed higher integration activity than their C-terminal versions. In
contrast, FV70 and FV9o variants showed the inverse activity pattern; the variants with C-
terminal NLS were more active than their N-terminal counterparts (Fig. 4F). Since the
integration activity of a recombinase in a cell was found to depend not only on the actual
ability of this enzyme to recombine a particular DNA sequence but also on the concentration
of the recombinase [44] and the timing of its expression [45], the observed differences in the
activity of the NLS-modified variants may be explained by the differences in the expression
of the variants and the timing of their appearance in the nucleus. Indeed, the codon
optimization and the addition of NLS can affect these parameters. Another factor to consider
is a potential effect of NLS and its location on the actual enzymatic activity of a
recombinase variant.

Taken together, the codon optimization of a recombinase gene, the addition of NLS, and the
use of a more active Flp variant resulted in about 35-fold increase in the targeting efficiency
of FL-IL10A in human cells in the model setting: FVV7 was able to integrate a reporter in
~0.01% of the transfected cells while the *humanized’ version of FV9 with C-terminally
placed NLS performed the task in ~0.35% of the transfected cells.

In the model setting of human cells FV7 is capable of targeting FL-IL10A accurately: out of
ten randomly expanded integration-positive clones, only one clone had vector integrated
somewhere else in the genome, in addition to the correctly integrated vector (Fig. 4C).

The results of our previous work indicate that in E. coli FV7 is not as efficient as Flp [32,
35]: Flp is able to delete a reporter DNA fragment in almost 100% of the bacterial cells
within about an hour while FVV7 generates the deletion phenotype in ~80% of the cells in 2.5
hours. In the present work we did not compare the recombination activity of F\V7 and Flp
directly but indirect evidence suggests that F\V/7 is not as active as Flp also in mammalian
cells. Indeed, when Flp is paired with Cre, the pair is able to mediate very efficient dual
RMCE reaction: the replacement can be seen in ~45% of the transfected cells [40]. Flp is
also quite efficient when paired with HK022 Int: this recombinase pair is able to exchange
the reporter cassettes in about 12% of the transfected cells [41]. In contrast, in a similar
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reporter setting, the F\V7/Cre pair is able to perform replacement in only 0.3% of the
transfected cells (Fig. 3B).

We cannot reliably compare the integration activity of FV7 and Flp in mammalian cells. In
model CHO cells, FV7 integrates the incoming reporter in ~0.1% of the transfected cells
(Fig. 2C). We often use Flp as an integration control in similar model settings and note
about the same integration efficiency. On the other hand, we did not extensively analyze the
integration activity of Flp so it is possible that Flp can mediate integration more efficiently.

In principle, Flp variants that can target the pre-integrated FL-1L10A site in HEK293 cells
could target the endogenous FL-IL10A site in these cells. The later targeting events,
however, are expected to be less frequent than the former events since the IL10 gene is not
active in HEK293 cells and is likely located in the tightly packed chromatin. Consequently,
endogenous FL-IL10A may not be as easily accessible as FL-IL10A located in the integrated
platform reporter. The incoming reporter that we used in the experiments described in Fig. 4
is not suited for the detection of the integration events into endogenous FL-IL10A and
cannot be used to enrich the cells, in which this integration occurred. Future research will
focus on developing incoming reporters that are able to enrich the cells in which the reporter
integrates into endogenous FRT-like sequences. Future research will also focus on
establishing and optimizing parameters that improve targeting of the endogenous FRT-like
sequences.

Materials and Methods

Cell lines and transfection

Vectors

Hamster CHO TD-In cells [40] and human embryonic kidney HEK 293 cells (ATCC,
CRL-1573) were used as model mammalian cells. The cells were propagated in F-12K and
DMEM, respectively. Cell transfections were performed using Polyfect (Qiagen).

The reporter vectors for the integration and the replacement experiments were based on the
pcTD vector described before [40]. The platform reporter pCMV-IL10A-DsRed and the
incoming reporter pIL10A-EGFP, which were used in the integration experiments in CHO
TD-In cells, were generated by subcloning the DsRed and EGFP genes from pIRES2-
DsRed-Express and pIRES2-EGFP (Clontech), respectively, into pcTD downstream from
the CMV promoter to obtain the platform reporter pPCMV-IL10A-DsRed and pCMV-IL10A-
EGFP. FL-IL10A and FRT/FL-IL10A were introduced upstream of the DsRed and EGFP
genes, respectively, when the genes were PCR amplified. The CMV promoter in pCMV-
IL10A-EGFP was deleted to obtain the incoming reporter pIL10A-EGFP.

The platform reporter pIL10A-loxP/plt and the incoming reporter pIL10A-loxP/inc were
constructed by modifying the replacement reporters described earlier [41]. For this, the
neoR-STOP cassette of the platform reporter was flanked by the FL-IL10A/IoxP sites and the
EGFP-CMV cassette of the incoming reporter was flanked by the FRT-FL-IL10A/IoxP sites.
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The platform reporter pPCMV-1L10A-DsRed-neo and the incoming reporter pIL10A-
puro-2A-EGFP were generated as follows. The DsRed-neoR cassette from pIRES2-DsRed-
Express (Clontech) was PCR amplified and subcloned into pcTD downstream from the
CMV promoter to obtain pCMV-IL10A-DsRed-neo. FL-IL10A upstream of the DsRed-neoR
cassette was introduced during the amplification of the cassette. The puroR gene from
pCAGGS-FIpe-puro (Addgene plasmid 20733) and the EGFP gene from pIRES2-EGFP
(Clontech) were PCR-assembled into one gene through the connecting 2A peptide and
cloned into pcTD downstream from the CMV promoter to obtain pCMV-IL10A-puro-2A-
EGFP. FRT/FL-IL10A upstream of the puro-2A-EGFP gene was introduced during its
amplification. The CMV promoter in this plasmid was then deleted to obtain pIL10A-
puro-2A-EGFP.

To express Flp variants in mammalian cells, the respective genes were subcloned into
pOG44 (Invitrogen) in place of the FIp-F70L variant gene as described before [40]

Construction of platform reporter cell lines

To construct CHO TD-IL10A-DsRed cell line, CHO TD-In cells [40] were co-transfected,
in 6-well plates, with 0.2 pg of the pCMV-IL10A-DsRed reporter and 2 g of the pOG-
TD1-40 vector [40], which expresses TD1-40 variant of TD recombinase [46]. 48 hours
post-transfection, 1/6 of the cells were transferred into a 100 mm plate containing F-12K
medium supplemented with hygromycin (550 mg/l). About 10 days later, several
hygromycin resistant, red colonies were transferred into 96-well plate and their sensitivity to
zeocin was tested; zeocin sensitive colonies were expanded and used in the integration
experiments.

CHO TD-IL10A-loxP/plt cell line was constructed similarly, by co-transfecting CHO TD-In
cells with pPCMV-IL10A-loxP/plt and pOG-TD1-40 and selecting for the colonies that are
sensitive to zeocin and resistant to hygromycin and neomycin.

HEK 293-1L10A-DsRed-neo cell line was constructed by transfecting HEK 293 cells with
pCMV-IL10A-DsRed-neo, propagating them in the medium supplemented with neomycin
(800 mg/l) and selecting for the red colonies. Several such colonies were expanded and
tested for the singly integrated platform reporter vector by Southern blotting; the positive
colonies were used in the integration experiments.

Integration experiments

The integration experiments were performed in the same general way for both integration
reporter pairs. The reactions were done in 6-well plates. The incoming reporters (0.5 pg)
were co-transfected into the respective platform reporter cells with the vectors that express
Flp variants analyzed (2 ug in the integration experiments in hamster cells; the amount of the
expression vectors added at transfection in human cells is indicated in Fig. 4). 48 hours post
transfection (72 hours for human cells), 1/6 of the cells were transferred into 200 mm plates,
the cells were allowed to become confluent, and the number of the green colonies was
counted. Several integration positive colonies from these plates were expanded and
analyzed.
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Dual recombinase-mediated cassette exchange experiments

The cassette exchange reaction between the incoming reporter pIL10A-loxP/inc and the
platform reporter pIL10A-loxP/plt integrated into CHO TD-In was performed similar to the
integration experiments. The incoming reporter (0.5 pg) and the expression vectors pOG-
FV7 (2 ug) and pOG-Cre (0.03 pg) were co-transfected into CHO TD-IL10A-loxP/plt. 48
hours post transfection, 1/6 of the cells were transferred into 100 mm plates, the cells were
allowed to become confluent, and the number of the green, red, and green/red colonies was
counted. Several green/red colonies from these plates were expanded and analyzed.

Southern blotting

Approximately 15 pg of genomic DNA were digested overnight followed by incubation with
RNase A for 1 hr. The DNA fragments were separated on 0.7% TAE agarose (molecular
biology grade, BioRad). The gel was then treated with the depurination and the alkaline
denaturing solutions and the DNA fragments were transferred to the positively charged
nylon membrane (Amersham Hybond-N*, GE Healthcare) in the neutral transfer buffer. The
DNA was fixed to the membrane, pre-hybridized in the ULTRAhyb hybridization buffer
(Ambion) and then hybridized with the biotinylated EGFP probe (~1 ug) overnight. The
DNA bands were visualized using the Phototope-Star Detection Kit (New England Biolabs)
according to the manufacturer’s protocol.

Other methods

Plasmid DNA was isolated using GeneJET Plasmid Miniprep Kit (Thermo). Amplification
of the DNA fragments used for cloning was performed using Pfu-Ultra polymerase (Agilent
Technologies). PCR analysis of the mammalian genomic DNA was performed using Taq
polymerase (New England Biolabs). Genomic DNA from cultured mammalian cells was
isolated using GeneJET Genomic DNA Purification Kit (Thermo).
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A FRT
-13 -11 -9 -7 -5 -3 ii L3 5 7 9 u 1
GAAGTTCCTATAC tttctaga GAATAGGAACTTC
CTTCAAGGATATG aaagatctTCTTATCCTTGAAG

B FL-IL10A

=13 =1l =B =] =§ =3 =] 1 3 § T & 1l 13

agtGaT ttgATAE ttacatga EtAaAGGAAtTag
C FRT/FL-IL10A

=13 =11 =8 =1 =§ =3 =l 1 3 5 T B 1l 13

GAAGTTCCTATAC ttacatga (?tAaAGGAAtTag
D loxP

=13 =11 -9 -] =& -8 ii 1<3 5 7 9 11 13
ATAACTTCGTATAA tgtatg CTATACGAAGTTAT
TATTGAAGCATATT acatac TGI-\TATGCTTCAATA

Fig. 1.
Recombination targets used in the study. (A) FRT, shown as a reference, consists of two

inverted 13 bp Flp binding elements flanking the 8-bp strand exchange region (spacer). (B)
FRT-like sequence FL-IL10A. (C) The hybrid FRT/FL-IL10A sequence is composed of the
left recombinase binding element of FRT and right recombinase binding element of FL-
IL10A separated by the spacer from FL-IL10A. The positions within the recombinase
binding elements that differ from the corresponding positions in FRT are indicated by lower
case red letters. (D) loxP consists of two inverted 14 bp Cre binding elements flanking the 6-
bp strand exchange region. Points of single-stranded DNA exchange in FRT and loxP are
indicated by vertical arrows.
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Fig. 2.

FV7-mediated integration of a reporter into FL-IL10A pre-integrated into the CHO genome.
(A) Schematic outline of the integration assay. The horizontal blue and red bars in panels
(A) and (D) schematically represent the PCR products at the left junction [LJ] and the right
junction [RJ] of the integration product and the control PCR product of the platform reporter
[C2]. (B) Green colonies are formed after the transfected cells are split and expanded. (C)
The efficiency of the FVV7-dependent integration is represented by the green bar that shows
the mean value of three experiments; the error bar indicates standard deviation. (D) PCR
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analyses of a typical expanded green colony. LJ and C1 lanes show the results of the PCR
analysis of the green cells and the original platform cells, respectively, using the same
primers that anneal on the CMV promoter and the EGFP gene. RJ and C2, the PCR analysis
of the green cells and the control platform cells using the primers that anneal on the vector
backbone and the DsRed gene. M, DNA marker. (E) Representative sequencing snapshots of
the recombination site regions in the diagnostic PCR products LJ and RJ (panel D). The
schematics of the recombination sites and the surrounding sequences are shown above the
sequencing snapshots.
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Fig. 3.

F\?? partnered with Cre can mediate dual RMCE in CHO cells. (A) Schematic outline of the
replacement assay. An example of a green/red colony generated in the assay is shown below
the scheme. (B) The efficiency of the FV7 catalyzed integration, F\V7/Cre catalyzed cassette
replacement, and the Cre catalyzed integration is represented by the green, yellow, and red
bars, respectively. The bars show the mean value of three experiments; the error bars
indicate standard deviation. (C) PCR analyses of a typical expanded green/red colony. The
green and red bars in panels (A) and (C) represent the PCR products at the left and right
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junctions of the replacement construct that are expected if the replacement reaction is
successful. G and R, PCR analysis of the expanded green/red cells with the primers that
anneal on the EF1a promoter and the EGFP gene and on the CMV promoter and the DsRed
gene, respectively. C1 and C2, control PCR analysis of the replacement platform reporter
cells using the same set of primers as in lanes ‘G’ and ‘R’, respectively. M, DNA marker.
(D) Representative sequencing snapshots of the recombination site regions in the diagnostic
PCR products LJ and RJ (panel C). The schematics of the recombination sites and the
surrounding sequences are shown above the sequencing snapshots.
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Fig. 4.
Flp variants FV7, FV9 and their derivatives can integrate a reporter into the FL-IL10A site

pre-integrated into the human genome. (A) Schematic outline of the integration assay. The
horizontal blue and red bars in panels (A) and (D) schematically represent the PCR products
at the left junction [LJ] and the right junction [RJ] of the integration product and the control
PCR product of the platform reporter [C2]. (B) Expanded green, puromycin-resistant cells
do not express DsRed. (C) Southern blot analysis of the expanded green, puromycin-
resistant colonies. The green bar in panels (A) and (C) shows the location of the integration-
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specific DNA fragment. M, biotinylated DNA marker. (D) PCR analyses of a typical green,
puromycin-resistant colony. LJ and C1 lanes show the results of the PCR analysis of the
green cells and the original platform cells, respectively, using the same primers that anneal
on the CMV promoter and the puroR gene. RJ and C2, the PCR analysis of the green cells
and the control platform cells using the primers that anneal on the vector backbone and the
DsRed gene. M, DNA marker. (E) Representative sequencing snapshots of the
recombination site regions in the diagnostic PCR products LJ and RJ (panel D). The
schematics of the recombination sites and the surrounding sequences are shown above the
sequencing snapshots. (F) The integration activity of the Flp variants FV7, FV9, FV7o, and
FV9o as a function of the location of the NLS sequence and the input of the corresponding
recombinase expression vectors at transfection. The results are represented by the data
points connected by a line of the respective color. The data points show the mean value of
five experiments; the error bars indicate standard deviation.
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