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ABSTRACT

The integrase of the phage ®C31 recombines an attP
site in the phage genome with a chromosomal attB
site of its Streptomyces host. We have utilized the
integrase-mediated reaction to achieve episomal and
genomic deletion of a reporter gene in mammalian
cells, and provide the first comparison of its
efficiency with other recombinases in a new assay
system. This assay demonstrated that the efficiency
of ®C31-integrase is significantly enhanced by the
C-terminal, but not the N-terminal, addition of a
nuclear localization signal and becomes comparable
with that of the widely used Cre/loxP system. Further-
more, we found that the improved FLP recombinase,
FLPe, exhibits only 10% recombination activity on
chromosomal targets as compared with Cre,
whereas the Anabaena derived XisA recombinase is
essentially inactive in mammalian cells. These results
provide the first demonstration that a nuclear local-
isation signal and its position within a recombinase
can be important for its efficiency in mammalian cells
and establish the improved ®C31-integrase as a new
tool for genome engineering.

INTRODUCTION

During the last few years, site-specific recombinases (SSRs)
have become an increasingly used powerful tool to analyze
gene function in genetically modified cell lines and mice. This
approach depends on the insertion of recognition sites of a SSR
into intronic sequences of the target gene, leaving the gene
functionally unaffected (1,2). Gene inactivation can then be
achieved in a spatially and/or temporally controlled manner
through tissue-specific and/or inducible expression of the
corresponding SSR. The bacteriophage-derived Cre/loxP
system has turned out to be very efficient in transgenic mice
and has become the most commonly used SSR system for
conditional gene targeting (3). LoxP flanked (floxed) alleles of
around 30 genes and more than 50 tissue-specific or inducible
Cre mice have been generated (for review see 1,2). However,
recently it has been shown that high-level expression of Cre
during mouse spermatogenesis or in embryonic fibroblasts
can lead to severe chromosomal damage (4,5; N.Faust,

unpublished observations). Thus, Cre might not be the optimal
site-specific recombinase for certain applications.

A second recombinase system, which has been used to intro-
duce genetic modifications into mice, is the yeast derived FLP/
FRT system (6,7). An improved, temperature stable version of
the FLP recombinase, FLPe (8), has been successfully
employed to generate efficient deleter mice, removing an FRT-
flanked DNA segment from all cells during embryogenesis
(9,10). No deleterious effects of FLP on the mouse genome
have been reported so far. On the other hand, the efficiency of
FLPe in comparison with Cre in a mammalian system has not
yet been exactly determined.

More sophisticated conditional targeting strategies involve
the use of recognition sites for two different SSRs: one pair to
flank the exons to be deleted from the target gene; the other
pair to flank the selection marker (11). It would therefore be
desirable to have another SSR working with high efficiency in
mammalian cells. This third recombinase could be used for
experiments in which two different tissue-specific KOs are to
be combined and could replace Cre in experiments requiring
expression during spermatogenesis, such as the protamine-Cre
approach (4,12).

The bacteriophage-derived ¢C31-integrase (¢C31-Int) (13)
has recently been shown to be capable of mediating site-
specific recombination in human cells (14). However, the
efficiency of this recombinase as compared with other SSRs
has not been determined. To assess the potential of ¢C31-Int
for conditional gene targeting experiments and to further
examine the efficiency of the FLPe/FRT system, we developed
an assay that allows us to measure the efficacy of a SSR in
mammalian cells in relation to Cre.

The use of SSRs of prokaryotic origin to recombine chromo-
somal targets in mammalian cells raises the question of whether
their efficiency may be limited by the lack of nuclear import
signals. This question has been studied in detail for Cre recom-
binase showing that its recombination efficiency in mamma-
lian cells is not enhanced upon the addition of an N-terminal
nuclear localization sequence (NLS) (15). In this study it was
found that Cre contains an intrinsic, bipartite basic determinant
which functions as a NLS, possibly an incidential property of
the very basic Cre protein. Thus, Cre may be an exception
rather than the rule for the action of prokaryotic recombinases
in eukaryotic cells. We were therefore interested to study the
effect of a NLS on the performance of other recombinases,
specifically $C31-Int and XisA, derived from the cyanobacterium
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Anabaena sp. (16). A NLS may be of particular relevance for
the efficacy of the 67 kDa ¢C31-Int which belongs to a
subgroup of the resolvase/invertase family with molecular
masses that do not allow passive entry through nuclear pores.
In our quantitative comparison of recombinase efficiencies,
FLPe, including an N-terminal NLS, showed 25% of Cre
activity on transiently transfected reporter plasmids, whereas
the wild-type ¢C31-Int exhibited 50% of Cre activity. The
activity of C31 was improved to nearly 100% of Cre activity
through the addition of a C-terminal NLS to the protein while
the NLS had no effect at the N-terminal position. On targets
stably integrated into the chromatin, the efficiency of FLPe and
0C31-Int were reduced to 10% of Cre activity while the
C-terminal C31-NLS fusion retained 50% of Cre activity.
XisA recombinase was found to be very inefficient and could
not be improved by the addition of a NLS to the protein. Our
results show that a NLS can be an important determinant for
the efficiency of a prokaryotic recombinase in mammalian
cells, and that its position within the protein can also be of
critical importance.

MATERIALS AND METHODS

Expression vectors

For the construction of the mammalian expression vectors, we
first generated plasmid pIpA. pIpA was built by insertion into
pNEB193 (New England Biolabs Inc., Beverly, MA) of a
700 bp Cytomegalovirus immediate early gene (CMV-IE)
promoter from plasmid pIREShyg (Clontech, CA), a synthetic
270 bp hybrid intron, consisting of an adenovirus derived
splice donor and an IgG derived splice acceptor sequence (17),
and a 189 bp synthetic polyadenylation sequence built from the
polyadenylation consensus sequence and 4 MAZ polymerase
pause sites (18,19).

The cyanobacterium Anabaena strain PCC7120 (CNCM-
Collection Nationale de Cultures de Microorganismes, Institut
Pasteur, Paris, France) was cultured in BG11 medium according
to the supplier’s recommendations at room temperature. Cells
were harvested by centrifugation and resuspended in a buffer
containing 50 mM glucose, 25 mM Tris—HCI pH 7.6, 10 mM
EDTA and 1 mg/ml lysozyme. After incubation for 15 min at
room temperature an equal amount of lysis buffer (50 mM
Tris—HCI pH 8.0, 100 mM EDTA, 100 mM NaCl and 1% SDS,
800 pg/ml proteinase K) was added. Lysis was performed at
55°C overnight. After phenol-chloroform extraction, genomic
DNA was precipitated with isopropanol. This DNA was used
for the cloning of the XisA recombinase gene as follows. First
the XisA gene was amplified by PCR using primers XisA1l (5’-
ATAAGAATGCGGCCGCCCGATATGCAAAATCAGGGT-
CAAGACAAATATCAA-3’) and XisA3 (5-ATAAGAATG-
CGGCCGCTCAACTATTCTTATAAGCTATTTCCATC-3).
The PCR product was digested with Norl and ligated into
the Notl site of pIpA, giving rise to the XisA expression
vector pPCMV-XisA.

The XisA gene with the N-terminal addition of the SV40
T-antigen NLS (20) was PCR-amplified by exchanging the
primer XisA1 for primer XisA2 (5-ATAAGAATGCGGCCG-
CACCATGCCCAAGAAGAAGAGGAAGGTGCAAAATCA-
GGGTCAAGACAAATATCAACAAGCC-3") containing the
NLS sequence. After Norl restriction digest, the PCR product

was ligated into the Nofl site of pIpA, giving rise to the plasmid
pCMV-NLS-XisA.

The enhanced FLP (FLPe) gene with an N-terminal NLS
fusion was recovered from the plasmid pCAGGS-FLPe (a kind
gift of F. Stewart, EMBL, Heidelberg) as a 1.4 kb Xbal-Pacl
fragment and inserted into the Nofl site of pIpA, creating
pCMV-NLS-FLPe.

DNA from phage ¢C31 was isolated from the lysate
(DSM-49156) received from DSMZ-Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (Braunschweig,
Germany) as follows: lysis of phage was performed by incubation
of 1 vol of phage lysate and 1 vol of lysis buffer (50 mM Tris—HCI
pH 8.0, 100 mM EDTA, 100 mM NaCl and 1% SDS, 800 pg/ml
proteinase K) at 55°C overnight. After phenol-chloroform
extraction, genomic DNA was precipitated with isopropanol.
From this DNA the ¢C31-Int gene was PCR amplified with
primers C31-1 (5-ATAAGAATGCGGCCGCCCGATATG-
ACACAAGGGGTTGTGACCGGG-3’) and C31-3 (5’-ATA-
AGAATGCGGCCGCATCCGCCGTACGTCTTCCGTGCC-
3’), ligated into the Nofl site of pBluescript II KS, resulting in
plasmid pbs-C31-Int. A sequence error in the stop codon was
corrected by PCR amplification of a 300 bp fragment from
pbs-C31-Int using primers C31-8 (5’-CCCGTTGGCAGGAA-
GCACTTCCGG-3’) and C31-9 (5-GGATCCTCGAGCCGC-
GGGCGGCCGCCTACGCCGCTACGTCTTCCGTGCCGT-
CCTG-3"), the latter providing a corrected stop codon. The
ends of this PCR fragment were digested with Eco47III and
Xhol and the fragment was ligated into pbs-C31-Int, linearized
with Eco47III and Xhol to release the mutant fragment. The
resulting plasmid, pbs-C31-Int(wt), contains the correct $C31-Int
gene as confirmed by DNA sequence analysis. The $C31-Int gene
was subsequently excised from pbs-C31-Int(wt) with
Notl-Xhol and ligated into pIpA giving rise to the ¢C31-Int
expression vector pPCMV-¢C31.

For the construction of the ¢C31 expression vector with
N-terminal NLS, pCMV-NLS-¢C31, a 1.1 kb Ncol-No+l frag-
ment was amplified by PCR with primers C31-2 (5’-ATAA-
GAATGCGGCCGACCATGCCCAAGAAGAAGAGGGTG
ACACAAGGGGTTGTGACCGGG-3’) and C31-3 and used to
exchange the N-terminal part of the C31 gene in the expres-
sion vector.

For the construction of the ¢C31 expression vector with
C-terminal NLS, pCMV-¢C31-NLS, the 300 bp 3’ end of the
0C31-Int gene was amplified from the C31(wt) expression
vector with primers C31-8 and C31-2-2 (5-TAGAATTCCG-
CTCGAGAGTCTAAACCTTCCTCTTCTTCTTAGGCGC-
CGCTACGTCTTCCGTGCCGTCC-3").  Primer C31-2-2
modifies the 3" end of the wild-type ¢C31-Int gene such that
the stop codon is replaced by a sequence of 21 bp coding for
the SV40 T-antigen NLS (Proline-Lysine-Lysine-Lysine-Ar-
ginine-Lysine-Valine) (20), followed by a new stop codon.
This 300 bp PCR fragment was digested with Eco47111 and
Xhol and the fragment was used to replace the 3" end of the wild-
type 0C31-Int gene, resulting in the expression vector pPCMV-
OC31-NLS containing the C-terminal NLS. The identity of
the new gene segment was verified by DNA sequence analysis.

To generate the Cre expression plasmid pCMV-NLS-Cre,
the coding sequence of Cre recombinase (21) with an N-terminal
fusion of the seven amino acid SV40 T-antigen NLS (see
above) was recovered from plasmid pgk-Cre (kind gift of



K. Rajewsky, University of Cologne) and cloned into the Nofl
and Xhol sites of plasmid pIpA.

Reporter plasmids

The Cre/¢pC31 reporter vector was constructed as follows.
First an attB site (13), generated by the annealing of the
two complementary synthetic oligonucleotides C31-4attB
(5’-CGTGACGGTCTCGAAGCCGCGGTGCGGGTGCCAG-
GGCGTGCCCTTGGGCTCCCCGGGCGCGTACTCCACC-
TCACCCATCTGGTCCA-3") and C31-5attB (3’-ACTGCCA-
GAGCTTCGGCGCCACGCCCACGGTCCCGCACGGGA-
ACCCGAGGGGCCCGCGCATGAGGTGGAGTGGGTAG-
ACCAGGTGC-5’), was ligated into the BstBI restriction site
of the vector pSV-PaX1 (22). Next, an attP site (13), generated
by the annealing of oligonucleotides C31-6 (5'-GATCAGAA-
GCGGTTTTCGGGAGTAGTGCCCCAACTGGGGTAACCT-
TTGAGTTCTCTCAGTTGGGGGCGTAGGGTCGCCGAC-
ATGACAC-3’) and C31-7 (3’-TCTTCGCCAAAAGCCCT-
CATCACGGGGTTGACCCCATTGGAAACTCAAGAGA-
GTCAACCCCCGCATCCCAGCGGCTGTACTGTGCTAG-5),
was ligated into the BamHI restriction site of this plasmid, giving
rise to the dual Cre/¢C31 reporter plasmid containing the attB
and attP sites in the same orientation.

For the construction of the dual Cre/XisA reporter plasmid, a
nifD site (23) was generated by the annealing of two pairs of
synthetic oligonucleotides nifD3 (5-GATCAGCTGTTGAA-
AGCTATTAAACCACAAAAAGGATTACTCCGGCCCT-
TATCACGGTTACGACGGATTTGCTA-3")/nifD4 (5’-GAT-
CTAGCAAATCCGTCGTAACCGTGATAAGGGCCGGAG-
TAATCCTTTTTGTGGTTTAATAGCTTTCAACAGCT-3")
and nifD1 (5-CGATGGCTCTTCCCTTCCGTCAAATGCA-
CTCTTGGGATTACTCCGAACCTAGCGATGGGGTGCA-
AATGTCAGATCAGATAAG-3")MmifD2 (5-CGCTTATCT-
GATCTGACATTTGCACCCCATCGCTAGGTTCGGAGT-
AATCCCAAGAGTGCATTTGACGGAAGGGAAGAGCC-
AT-3’) creating BamHI- and BstBI-compatible DNA ends. The
BamHI-compatible fragment was ligated into the BamHI site of
the vector pPGK-paX1, subsequently the BstBI-compatible frag-
ment into the BsrBI site of this plasmid giving rise to the Cre/
XisA reporter vector with two nifD sites in the same orientation.

For the construction of the dual Cre/FLP reporter, a 54 bp
fragment containing the FRT site (24,25) was ligated into both
the BamHI and BstBI restriction sites of pPGKpaX1.

Plasmid DNA concentrations were determined by absorption
at 260 and 280 nm and the plasmids were diluted to the same
concentration; finally the concentrations were confirmed on an
ethidium bromide-stained agarose gel.

Cell culture and transfections

Chinese hamster ovary (CHO) cells adapted to growth in
DMEM were used for the transfections. The cells were grown in
DMEM/Glutamax medium (Life Technologies) supplemented
with 10% fetal calf serum at 37°C, 10% CO, in a humid atmos-
phere. One day before transfection, 10° cells were plated into a
48-well plate (Falcon). For the transient transfection of cells with
plasmids each well received into 250 ul of medium, a total
amount of 300 ng supercoiled plasmid DNA pre-complexed
with the FuGene6 transfection reagent (Roche Diagnostics
GmbH, Mannheim, Germany) according to the manufacturer’s
protocol. Each 300 ng DNA preparation contained 50 ng of the
Luciferase expression vector pUHC13-1 (26), 50 ng of the
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respective dual reporter vector, different amounts of the
recombinase expression vectors pCMV-FLPe, pCMV-XisA,
pCMV-NLS-XisA, pCMV-0C31, pCMV-0C31-NLS, pCMV-
NLS-¢C31 or pCMV-NLS-Cre and pUC19 plasmid to a total
amount of 300 ng DNA, except for the controls which received
50 ng of pUHCI13-1 together with 50 ng of reporter vector
only. For each sample to be tested, four individual wells were
transfected. One day after the addition of the DNA preparations,
each well received an additional 250 pl of growth medium.
The cells were lysed 48 h after transfection with 100 pl/well
of lysate reagent supplemented with protease inhibitors
[B-galactosidase (3-gal) reporter gene assay kit; Roche Diag-
nostics]. The lysates were centrifuged and 20 pl was used to
determine the P-gal activities using the B-gal reporter gene
assay (Roche Diagnostics) according to the manufacturer’s
protocol in a Lumat LB 9507 luminometer (Berthold). To
measure Luciferase activity, 20 ul of lysate was diluted into
250 pl assay buffer (50 mM glycylglycin, 5 mM MgCl,, 5 mM
ATP) and the relative light units were counted in a Lumat LB
9507 luminometer after addition of 100 ul of a 1 mM Luciferin
(Roche Diagnostics) solution.

To generate a stably transfected Cre/¢pC31 reporter cell line,
2.5 X 106 NIH 3T3 cells were electroporated with 5 pg of Scal-
linearized Cre/¢C31 reporter plasmid and plated into 10-cm
Petri dishes. The cells were grown in DMEM/Glutamax
medium (Life Technologies) supplemented with 10% fetal calf
serum at 37°C, 10% CO, in a humid atmosphere. Two days
after transfection the medium was supplemented with 1.5 pg/ml
of puromycin (Calbiochem) for the selection of stable
integrants. Puromycin-resistant colonies were isolated and
individually expanded in the absence of puromycin. To
analyze for stable integration of the reporter vector, genomic
DNA was prepared according to standard methods and 5-10 ug
was digested with EcoRV and analyzed by Southern blot using
a 1.25 kb Nofl-EcoRV fragment of the LacZ gene as probe.

To generate a stably transfected FLP reporter cell line,
2.5 x10% NIH 3T3 cells were electroporated with 5 pg of
Notl-linearized FLP reporter plasmid and plated into 10-cm
Petri dishes. Growth and selection conditions were the same as
described above. To select for clones expressing -gal, cells
were transiently transfected with 50 ng Cre- and FLP-expression
vector and stained with X-Gal 48 h later. Blue staining of cells
showed expression of B-gal due to deletion of the stop cassette.
Subsequently, only the positive clones were analyzed for stable
integration of the reporter vector by Southern analysis which
was performed as described above. For the following transfections
and measurements of [3-gal activities in lysates we chose one
clone with a single integration of the reporter vector.

Transfections of the selected reporter clones with plasmid
DNAs and the measurement of [3-gal activities in lysates were
essentially performed as described before for CHO cells,
except that the reporter vector was omitted from all samples.

Histochemical detection of 3-galactosidase activity

For histochemical detection of B-gal activity, the culture
medium was removed, the cells were washed once with phos-
phate buffered saline (PBS), and fixed for 5 min at room
temperature in a solution of 2% formaldehyde and 1% glutar-
aldehyde in PBS. Next, the cells were washed twice with PBS
and finally incubated in X-Gal staining solution {5 mM
K;[Fe(CN)gl, 5 mM K, [Fe(CN)¢], 2 mM MgCl,, 1 mg/ml
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X-Gal [BioMol] in PBS} for 24 h at 37°C until images were
taken using an Hitachi HVC20M camera and the Diskus
imaging program (C. Hilgers, Konigswinter, Germany).

RESULTS

Cloning of the SSRs

To test the performance of ¢C31-Int in eukaryotic cells, we
amplified the coding sequence of the $C31-Int from purified
0C31 phage DNA by PCR, using sequence-specific primers.
The amplified sequence was identical to the published
sequence (27).

Since recombinases have to enter the nucleus in order to
perform DNA recombination in eukaryotic cells, it has been
attempted to increase their efficiency through the addition of a
NLS to the protein. In the cases of Cre or the Y0 resolvase this
had no significant effect on recombination activity (15,28).
However, given the relatively large size of the ¢C31-Int
(69 kDa) we suspected that, in this case, a NLS might be bene-
ficial. We therefore constructed a modified version of the
0C31-Int gene resulting in a protein with a NLS. As the
catalytic center of the ¢C31-Int is very close to the N-terminus
of the protein (Serine at position 20) (13), we generated two
different NLS fusions: one version with an N-terminal NLS
(NLS-¢C31) and another version with a C-terminal NLS
(6C31-NLS) in order to examine whether the position of the
NLS would influence the activity of the recombinase.

The XisA coding sequence was amplified from Anabaena
sp. DNA. The sequence of the amplified fragment was iden-
tical to the published sequence (29) apart from four silent point
mutations. Additionally, a XisA-recombinase with an
N-terminal NLS was generated. All four open reading frames
as well as the coding sequences for NLS-FLPe and NLS-Cre
(30) were inserted downstream of the CMV promoter of a
eukaryotic expression plasmid to generate the recombinase
expression plasmids.

Analysis of recombinase efficiency in transient
transfections

For direct comparison of SSR activities, a set of dual reporter
vectors, shown in Figure 1, was constructed. In these vectors
the lacZ gene is under the control of a eukaryotic promoter but
its expression is inhibited by an intervening stop cassette,
consisting of a selectable marker followed by a polyadenyla-
tion signal. The selection marker is flanked by loxP sites and,
adjacent to each loxP site, the recognition motifs for the
recombinase to be tested. Recombination through either Cre or
the respective recombinase will remove the stop cassette
allowing expression of the LacZ-encoded B-gal.

In order to quantify the efficacies of FLPe, Xis-A and ¢C31-Int,
all three recombinases were directly compared with Cre thus
allowing an indirect comparison between them.

The results from transient transfections in which a dual
reporter plasmid was co-transfected with either Cre or the
respective SSR into the mammalian CHO cell line are
displayed in Figure 1. We found that FLPe, although five times
more active than wild-type FLP (8), exhibits only ~25% of the
efficiency of Cre. The Xis-A recombinase displayed an effi-
ciency of <1% of Cre activity. RT-PCR analysis demonstrated
that the correct Xis-A transcript is generated (data not shown),
thus confirming that the low recombinase activity observed is
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Figure 1. Comparison of Cre recombination activity with other site-specific
recombinases. (A) Schematic diagram of the dual reporter plasmid facilitating
direct comparison of Cre and RecX activities. ePr, eukaryotic promoter; pac,
puromycin resistance gene; recX, recognition site for second recombinase
(RecX). (B) CHO cells were transiently co-transfected with 50 ng of luciferase
standard, 50 ng of the respective dual reporter plasmid and either between 0.5
and 100 ng of pCMV-NLS-Cre or the corresponding amount of RecX expression
plasmid (pCMV-NLS-FLPe, pCMV-XisA, pCMV-NLS-XisA, pCMV-¢C31,
pCMV-NLS-¢C31 or pCMV-¢C31-NLS). Cells were harvested 48 h after
transfection and B-gal and luciferase activities were measured. For each
recombinase, at least two independent experiments (with quadruplicate values
each) were carried out. After normalization to luciferase activity, the B-gal
activity was calculated as percentage of the Cre activity, whereby only datapoints
that were within the linear range of the assay were taken into account. The average
and the standard deviations (error bars) of these values are displayed.

not caused by aberrant splicing or premature polyadenylation
of the transcript. In contrast, we found that the ¢C31-Int is
about half as efficient as Cre. Moreover, ¢C31-Int efficacy
could be increased to >80% of Cre activity by adding a
C-terminal NLS to the protein. Interestingly, addition of an
N-terminal NLS had no positive effect on recombination
efficiency of the ¢C31-Int. The specificity of the recombination
reaction was confirmed by sequencing the recombined plasmid
upon recovery from the transiently transfected cells (data not
shown). Unlike the ¢C31-Int, the XisA recombinase showed
no improved performance when an NLS was added to the
protein (Fig. 1B).

Analysis of $C31-Int efficiency on chromatin targets

Having found that ¢C31-Int efficiently catalyzes recombina-
tion between its attB and attP target sites located on extrachro-
mosomal DNA in eukaryotic cells, we were interested to
determine its efficiency on targets stably integrated into the
chromatin. To this end, we generated reporter cells by stably
transfecting NIH 3T3 cells with the linearized Cre/C31
reporter plasmid. In Southern blot experiments, 4 out of 20
puromycin-resistant clones were shown to carry the transgene.
In three of these clones LacZ expression could be detected
after Cre mediated excision of the stop cassette. Two of these
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Figure 2. Quantitative analysis of ¢C31-Int activity on stably integrated substrate. (A) An NIH 3T3 cell clone carrying a single copy integration of the Cre/¢C31-Int
reporter (clone 3) was transfected with the indicated amounts of pCMV-NLS-Cre or ¢C31-Int expression vectors (pCMV-¢C31, pCMV-NLS-¢C31 or pCM V-
0C31-NLS). Forty-eight hours after transfection the cells were harvested and -gal activity was measured. Results show the averages from two experiments with
duplicate values. Error bars represent standard deviations. (B) NIH 3T3 clone 3 was transfected with either 50 ng of pCM V-NLS-Cre expression plasmid or 50 ng
of pCMV-¢C31-NLS expression plasmid. Cells were harvested 4, 8, 12, 24, 30, 48 or 72 h after transfection and 3-gal activities were measured. (C) X-Gal staining
of mock-, Cre- or ¢C31-NLS-transfected NIH 3T3 cells. Representative areas are shown.

clones were used for the quantitative analysis of ¢C31-Int
versus Cre. Figure 2 shows the result of the experiments with
one of the clones. Transfecting increasing amounts of recombi-
nase expression plasmid resulted in a proportional increase in
B-gal activity (Fig. 2A), indicating that recombinase concen-
trations were within the dynamic range of the assay.
Comparing the values for Cre and ¢C31-Int demonstrates
that the ¢ C31-NLS also performs highly efficient recombination
on chromatin targets with at least 50% of Cre’s activity. In this
assay the ¢C31-Int without NLS showed little activity over
background. Only at high plasmid concentrations could signif-
icant recombination be detected reaching 10% of the corres-
ponding Cre value. On the stably integrated target sequence the
NLS-¢C31 was clearly more efficient than the wild-type form,

but still three times less active than the $C31-NLS protein. An
experiment with the second ¢C31 reporter clone showed
similar results (data not shown).

A timecourse experiment (Fig. 2B) shows that 3-gal activity
can be detected for both recombinases after 24 h. In both cases
[-gal activity increases over the next 48 h. Consistent with the
2-fold higher activity of Cre, Cre shows faster reaction kinetics
than ¢C31-NLS during the first 48 h. However, after 72 h the
same proportion of reporter cells have undergone recombination
for both recombinases.

The efficiency of ¢C3-Int-mediated recombination was also
demonstrated by visualizing B-gal activity at the single cell
level. Forty-eight hours after transfection with either Cre- or
0C31-NLS-expression plasmid the reporter cells were stained
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Figure 3. Quantitative analysis of FLPe activity on stably integrated substrate.
An NIH 3T3 cell clone carrying a single copy integration of the Cre/FLP
reporter was transfected with the indicated amounts of pCMV-NLS-Cre or
pCMV-NLS-FLPe. Forty-eight hours after transfection the cells were harvested
and B-gal activity was measured. Results show the averages from two experiments
with duplicate values. Error bars represent standard deviations.

with X-Gal (Fig. 2C). With both recombinases comparable
numbers of blue cells could be detected, whereas no blue cells
could be seen in a mock-transfected population.

Since for ¢C31 and NLS-¢C31 we observed a significant
reduction in activity on chromosomal targets as compared with
transiently transfected plasmids, we were interested to determine
the activity of FLPe on FRT sites that are stably integrated into
the chromatin. We generated stable 3T3 clones carrying the
Cre/FLP reporter construct. The comparison of Cre and FLPe
on one of these clones is shown in Figure 3. The data show
very clearly that the efficiency of FLPe on chromatin targets is
also reduced and reaches maximally 10% of the recombination
activity obtained with Cre.

In summary our results demonstrate that $C3 1-Int, modified
by the addition of a C-terminal NLS, is capable to catalyze site-
specific recombination in eukaryotic cells with an efficacy
significantly higher than that of FLPe and comparable with
that of Cre recombinase.

DISCUSSION

With the growing importance of conditional gene targeting for
functional genetics, an increasing number of mice expressing
SSRs are being generated. Up until now this technology has
been based on two systems: the bacteriophage P1-derived
Cre/loxP system and, to a lesser extent, the yeast FLP/FRT
system. Although initially FLP was found to be relatively
inefficient, we and others have successfully generated consti-
tutively expressing tissue-specific FLP mice (9,10,31,32 and
N.Faust, unpublished data) using either the wild-type FLP
recombinase or the more efficient thermostable FLPe recombi-
nase. However, one important aspect of conditional gene
targeting is inducibility of recombination. From the experience
with Cre it is clear that achieving complete recombination
upon induction is still a challenge in inducible gene targeting
(33-35). A highly efficient recombinase is therefore absolutely
critical to all inducible applications. To assess the capability of
FLPe to perform well in inducible systems we have compared
its activity in mammalian cells directly with Cre. In parallel we
have analyzed for the first time the efficiency of other known
SSRs, ¢C31-Int and XisA side by side to Cre in order to find

another effective system that can be employed in mammalian
genome engineering.

We were further interested to assess the effect of a nuclear
import signal on the performance of ¢C31-Int since this recom-
binase belongs to an unusual resolvase/invertase subfamily of
high molecular weight (13) which should not be able to trans-
verse nuclear pores by passive diffusion. In our experiments
FLPe shows only 25% of Cre activity on a transiently trans-
fected target. In assays on chromatin targets we found FLPe
10 times less active than Cre. This observation is consistent
with the fact that the deletion of an FRT-flanked neomycin
gene from ES cells requires the transfection of about 10 times
the amount of expression vector that is required for Cre-mediated
neo-deletion (R.Kiihn, unpublished results). We conclude that
FLPe is not well suited for genomic applications involving
inducible recombinase expression since a considerably longer
induction period would be required as compared with Cre. The
reduced efficiency of FLPe, but also $C31-Int on chromatin
targets in comparison with an extrachromosomal substrate also
show that the latter assay type is not fully appropriate to
extrapolate on the utility of SSR for the engineering of
genomic DNA.

In contrast to FLPe or $C31-Int the Anabaena derived XisA
recombinase exhibited, with or without NLS, almost no
activity in our assay system. Presently we cannot distinguish
among the various explanations that could account for this
failure: XisA may require one or more additional prokaryotic
proteins for its action, the XisA protein could be unstable at
37°C, or its enzymatic activity may be intrinsically low.

By demonstrating the high recombination efficiency of
0C31-Int in eukaryotic cells, we have identified a third recom-
binase that can be employed in conditional gene targeting.
Additionally, ¢C3 1-Int introduces a novel aspect to conditional
gene targeting: unlike Cre or FLP it acts unidirectionally on a pair
of different recognition sites (36), making this recombinase
extremely useful for applications like integrations (14) or
irreversible inversions. Our comparative analysis showed that
the wild-type 0C31 integrase is twice as efficient as FLPe in
recombining extrachromosomal target sequences within eukaryotic
cells. A factor of two might not make a significant difference
in applications in which the recombinase is constitutively
expressed. In contrast, for inducible applications, this has a
strong impact and will reduce induction times by half. The
activity of ¢C31-Int was strongly enhanced by adding a NLS to
the C-terminus of the protein rendering it five times as active
as FLPe with an N-terminal NLS. This is the first example in
which the addition of a NLS improved the efficiency of a SSR.
Neither for Cre (15) nor Y0 resolvase (28) could such an effect
be shown. Possibly these proteins are small enough to
passively enter the nucleus or they carry an endogenous NLS
(15), whereas the majority of the large wild-type ¢C31-Int
protein is excluded from the nucleus. The effect of the addition
of a NLS to ¢C31-Int was more pronounced when a stably inte-
grated target was examined. This might be explained by the
possibility that in transient transfections some of the target
DNA molecules can be recombined in the cytoplasm. It is not
quite clear why fusion of the NLS to the N-terminus of the
protein was not effective. Possibly additional amino acids at
this position interfere with the active center of ¢C31-Int,
located close to the N-terminus, or the NLS may not be
exposed at the protein surface so that it cannot be recognized



by nuclear import receptors. It is unlikely that a C-terminal
NLS fusion is generally more effective for recombinases than
an N-terminal one, since in the case of Y0 resolvase, a C-terminal
NLS fusion did not show enhanced recombination as
compared with the wild-type form (28). However, our results
indicate that various positions of a NLS within a recombinase
protein should be tested to enhance its efficacy in mammalian
cells. It therefore remains to be seen if the efficiency of FLPe
can be further enhanced by fusing the NLS to the C-terminus
of the protein. The recombination efficiency measured in our
assay is defined by a combination of protein expression level,
stability and catalytic activity. Since there are no antibodies
available against the ¢C31 integrase protein yet, the contribution
of each of these components cannot currently be determined. It
also remains to be shown whether ¢C31-Int acts with Cre-like
activity in vivo. To address this, we are currently generating
0C31-Int transgenic mice. It will be highly interesting to
analyze recombination efficacy in these mice as well as the effect
of pC31-Int expression during spermatogenesis. Theoretically it
is possible that all SSRs will cause chromosomal aberrations
during mouse spermatogenesis as has been described for Cre
(4). On the other hand, the ¢C31 target sites are substantially
longer than loxP sites (85 versus 35 bp). Thus the risk of
pseudo-att sites in the genome being recombined through
0C31-Int is likely to be smaller than seems to be the case for
Cre.

Taken together, our data show that a nuclear import signal
and its position within a prokaryotic recombinase can be
important determinants of its efficiency in mammalian cells.
Besides the implications for the design of other improved
recombinases, our work establishes the NLS-modified ¢C31-Int
as an efficient tool to assist or replace Cre in mammalian
genome engineering.
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