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Comparison of efficiency between FLPe and Cre for
recombinase-mediated cassette exchange in vitro and
in adenovirus vector production

Yuki Takata®', Saki Kondo"', Naoki Goda, Yumi Kanegae and Izumu Saito*

Laboratory of Molecular Genetics, Institute of Medical Science, University of Tokyo, 4-6-1 Shirokanedai, Minato-ku, Tokyo 108-8639,
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Cre and FLP recombinases mediate not only specific deletions and insertions, but also the
recombinase-mediated cassette exchange (RMCE) reaction, which is used in cell biotechnology
including ES cells and mouse genetics. However, comparison of efficiencies for Cre and FLP
in RMCE has not been made. We here examined the detailed process of RMCE with Cre and
FLP in vitro using mutant loxP 2272 and three mutant FRTs (FRT G, FRT H, and FRT F3)
and then quantitatively compared the RMCE reactions in vitro. Interestingly, in the in vitro
reactions, the RMCE efficiency of Cre reached a plateau level of approximately 5% and did
not proceed further, whereas that of FLPe reached approximately 12-13%, showing that FLPe
reached a higher level of efficiency than Cre possibly when they were supplied at a very high
concentration. Moreover, we quantitatively compared the production efficiency of El-deleted
adenovirus vector using the RMCE method with Cre or FLP. The results showed that FLPe
was again found more efficient than Cre in RMCE reaction. Thus, although Cre is considered
more active than, or similar to, FLPe, it may not be necessarily true for RMCE reaction.

Possible reasons explaining these results are discussed.

Introduction

Site-specific recombinases for the analysis of gene
function are an important tool for both cultured cells
and in vivo studies (for a review, see Akopian &
Marshall Stark 2005; Grindley et al. 2006; Bischof &
Basler 2008; Bucholtz 2008; Birling ef al. 2009).
Recombinases can induce the deletion, insertion, or
inversion of DNA sequences by connecting two
sequences without requiring any other factor; these
DNA rearrangements can mediate gene activation
and inactivation. FLP derived from Saccharomyces cere-
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visiee. and Cre derived from bacteriophage P1 are
well-characterized recombinases. They recognize a
target sequence of 34-base pair (bp), and recombina-
tion occurs between two targets. Whereas Cre activ-
ity is stable at 37 °C, the optimum temperature of
wild-type FLP (wtFLP) is approximately 30 °C
because of its poor thermostability. This drawback
has been largely overcome by the development of a
thermostable mutant of FLP (FLPe) containing four
amino acid substitutions (Buchholz et al. 1998). FLPe
has been reported to work as eftectively as Cre in
somatic cell lines and mice (Farley efal. 2000,
Rodriguez et al. 2000; Beard et al. 2006), but one
report has shown that FLPe activity on chromosomal
targets was only 10% of that of Cre (Andreas et al.
2002), and that in embryonic stem cells FLPe was
less efficient than Cre (Schaft et al. 2001). Thus,
FLPe activity is considered to be similar to or lower
than that of Cre. Cre has been reported to be toxic
to cells (Loonstra et al. 2001; Pfeifer et al. 2001; Baba
et al. 2005), whereas FLP has never been reported to
be toxic.
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Recombinases can mediate another recombination
activity: recombinase-mediated cassette exchange
(RMCE) (for a review, see Oumard et al. 2006;
Wirth ef al. 2007), in which two DNA regions on
different molecules are flanked by a wild-type
(wt) and a mutant target sequence. Recombinase
exchanges the two DNA regions flanked by the wt
and mutant targets while maintaining the orientation
of the regions. The RMCE method has been used in
cells including ES cells and in mouse biotechnology.
For an ideal RMCE reaction, the mutant target
would not recombine with the wt target, but only
with the identical mutant target. Such ‘exclusive’
mutant targets have been reported for FLPs, such as
FRT F3 and FRT F5 (Schlake & Bode 1994), as well
as for Cre, such as loxP 2272 (Lee & Saito 1998),
which contains two transversion mutations and is
identical to loxP V (Kondo et al. 2003; Nakano et al.
2005). In addition, FRT {2161 (denoted as FRT G
in this paper) and FRT 2262 (denoted as FRT H)
are newly identified and described ‘exclusive’ mutant
FRTs possessing two nucleotide substitutions in the
central spacer region (Nakano et al. 2001b). Although
FLPe and Cre were used in RMCE, direct compari-
son of their efficiency has not yet been reported and
the detailed in vitro process of RMCE has not been
quantitatively studied. Other than FLP- and Cre-
mediated RMCE, resolvase ®C31 can also mediate
the RMCE reaction (Belteki ef al. 2003), although
it has been reported to show a high background
(Thyagarajan ef al. 2001) and cell toxicity similar to
Cre (Andreas et al. 2002).

We have established a quantitative in vitro assay
system using lysates containing a high concentration of
recombinase produced using adenovirus vector (AdV)
in infected 293 cells, and the assay has successtully been
used (Lee & Saito 1998; Nakano ef al. 2001a,b; Kondo
et al. 2009). The AdV-production system is very
efficient, and the lysate contains a very high level of
the recombinase because it was produced under the
control of a very potent CAG promoter (Niwa et al.
1991), and the AdV vector replicates 100 000 copies
per 293 cell. Another reason for using lysates is
that they seem partly to reflect circumstances within
mammalian cells.

Recently, we developed a method for the produc-
tion of El-deleted AdV using Cre-mediated RMCE
(Nakano et al. 2005). The AdV possesses a very large
genome of more than 30 kilobases (kb), and hence,
all other production methods currently available must
handle a very large plasmid or cosmid containing
most of the AdV genome. In this method, an expres-
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sion unit in a small donor plasmid is transferred onto
a recipient AdV genome in Cre-expressing 293 cells
using RMCE, and the desired AdV containing the
DNA region selectively proliferates, because the AdV
specifically acquires the lost packaging sequence (see
Fig. 4A). However, the Cre-expressing 293 cells are
very difficult to handle probably because of Cre tox-
icity, and the RMCE efficiency using FLPe has not
yet been examined.

Here, we compared the RMCE
between FLPs and Cre in a quantitative in vitro assay
and in AdV production. Interestingly, in the in vitro
assay, the RMCE efficiency of FLPe was much
higher than that of Cre, because that of Cre reached
a plateau level and did not proceed further. More-
over, for AdV production, FLPe was again found
more efficient than Cre. Thus, using RMCE, FLPe
was more efficient than Cre in these cases.

efficiencies

Results

In vitro recombination of mutant FRTs using
wtFLP and FLPe

In this study, three mutant FRTs were examined
(Fig. 1): FRT G, FRT H (Nakano et al. 2001b), and
FRT F3 (Schlake & Bode 1994) contain double and
quadruple mutations and have been reported to show
a high recombination efficiency with strict fidelity.

(A) wt FRT (F)

— » 12345678 *————

5'-GAAGTTCCTATAC TTTCTAGA GAATAGGAACTTC
CTTCAAGGATATG AAAGATCT CTTATCCTTGAAG-5'

FRT G (f2161)
FRT H (f2262)
FRT F3

TCTCTGGA
TATCTTGA

TATTTGAA

(B) wt loxP

—» 12345678 *———

5'-ATAACTTCGTATA GCATACAT TATACGAAGTTAT
TATTGAAGCATAT CGTATGTA ATATGCTTCAATA-5'

loxP 2272 (V)

GGATACTT

Figure 1 Nucleotide sequences of the recombinase targets
used in this study. Arrows show the 13-nucleotide inverted
repeats. Underlines show nucleotide differences from wt target
sequence. (A) Sequences of wt FRT and mutant FRTs. The
mutant FRTs, 2161 and 2262 (Nakano et al. 2001b), are
named as FRT G and FRT H, respectively. The mutant FRT
F3 has been previously reported (Schlake & Bode 1994). (B)
Sequences of wt loxP and mutant loxP 2272 (Lee & Saito
1998; Kondo et al. 2003; Nakano et al. 2005). The loxP 2272
is called as V in the names of plasmids and adenovirus vectors.
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To examine the efficiency of mutant-vs.-mutant
recombination for each mutant FRT and wt FRT
(denoted F), four plasmid substrates were newly con-
structed, each of which contained two identical wt
or mutant FRTs (F and muF, Fig. 2A). A quantitative
in vitro assay was carried out as described (Lee & Saito
1998; Nakano ef al. 2001a,b) using lysate containing
wt FLP enzyme expressed by AdV in 293 cells. The
cell lysate was mixed with HindIll-linearized
pCAENEG substrate and reacted for 30 min at 30 °C
for recombination; then, the DNA was extracted and
digested with Fspl (Fig. 2B); the substrate (S)
produced bands of 2.3 and 2.8 kb, whereas 1.2- and
3.9-kb bands were vyielded as Products (P) after
recombination. The recombination efficiency after
the addition of serial amounts of the wt FLP lysate
was quantified by comparing the intensity of the
bands of the copy-marker DNAs (an example is
shown in Fig. 2C).

To evaluate the efficiency of mutant-vs.-mutant
recombination, the results when using wtFLP lysate
at 30 °C were shown in Fig. 2D, left panel. The
order of efficiencies of the three mutant FRTs was
FRT G > FRT F3 > FRT H, agreeing with the
results of Nakano et al. (2001a). However, when
FLPe lysate prepared using the FLPe-expressing AdV,
AxCAFLPe, was used at 37 °C with the same sub-
strates (Fig. 2D, right panel), the recombination effi-
ciencies of the three mutant FRTs were FRT
F3 > FRT H > FRT G, i.e. the order differed from
that of wt FLP at 30 °C, with FRT G having the
lowest efficiency. These results showed that the
mutated FRT with the highest recombination effi-
ciency when using wtFLP was not necessarily the
highest mutated FRT when using FLPe.

To examine the efficiency of wt FRT-vs.-mutant
recombination of FRT G, FRT H or FRT F3, plas-
mids of pCAENGG, pCAENHG, and pCAENE3G
were constructed and assayed for wt FLP and FLPe.
No recombination product was detected, showing
that all of these mutant FRTs were ‘exclusive’ both
in wt FLP (Nakano ef al. 2001a) and in FLPe (data
not shown), within the limit of the detection level.

In vitro RMCE of Cre/loxP 2272 and FLP/mutant
FRT

To examine the process of RMCE reactions using
Cre and FLP in vitro, linear and circular Substrates (S)
were prepared (Fig. 3A, top), each of which con-
tained one wt target (denoted T) and one mutant tar-
get (denoted mT): for Cre, the former was wt loxP

© 2011 The Authors

RMCE efficiency of FLPe and Cre
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Figure 2 In vitro recombination assay using DNA substrates
between identical mutant FRTs. (A) Structure of pCAENFG-
based substrate plasmids (F, FRT; muF, mutant FRT; triangle,
FRT sequence; CAG, CAG promoter; stuffer, neo gene plus
SV40 polyadenylation sequence; pA, rabbit -globin polyadeny-
lation sequence). (B) Recombination process using pPCAFNEG-
based, Hindlll-linearized (Open FRT
sequence; S, substrate-derived band; P, product-derived band).
(C) Quantification of recombined products using FLPe [M (lane

substrate triangle,

1), 1-kb ladder marker; PC (lane 6), positive control, i.e. recom-
bination between wt FRTs; P, recombined product; S, unre-
combined substrate]. One example of the experiments is shown.
(D) Recombination efficiency between identical mutant FRTs.
The ratios of efficiency between wt FRTs using wt FLP lysate at
30 °C or FLPe lysate at 37 °C are shown. The measured recom-
bination efficiencies of positive control (recombination between
two wt FRTs) were 46.6% for wt FLP at 30 °C and 82.1% for
FLPe at 37 °C; the bar chart showed the ratios of efficiency
when these recombination efficiencies of positive control were
regarded as 100. Experiments in each condition were carried out
twice.

and the latter was loxP 2272, whereas for wt FLP and
FLPe, the former was wt FRT and the latter was
mutant FRT G, FRT H, or FRT F3. After the linear
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Figure 3 Quantitative recombination assay of in vitro RMCE. (A) Recombination process of in vitro RMCE [T (target, open tri-
angle), wt loxP or wt FRT; mT (mutant target, diagonal triangle), loxP 2272, FRT G, FRT H or FRT F3; open rectangle,
exchanging range in the circular substrate; A, Apal site; wl, intermediate generated by insertion at wt target; ml, intermediate gen-
erated by insertion at mutant target]. (B1) Quantification of recombined products using Cre and loxP. Dral-linearized pVCAG-
FP15L and circular pVEFZL were reacted (underline shows wt and mutant loxPs) and then digested with Apal [M (lane 1), 1-kb
ladder marker; S, substrate; P, product; wl and ml, intermediate generated by recombination between wt loxPs or mutant loxPs,
respectively; C, constantly present regardless of recombination|. Parentheses with + such as S(+wl), the bands derived from Sub-
strate or Product (top or bottom of A) but also containing the identical DNA derived from the Intermediate generated by the
insertion at T and mT (middle left and light of A). (B2) Recombination efficiency of RMCE product using Cre. The ratio of the
intensity of the bands P6.0 in B1 to the total intensity of the Substrate in the negative control (B1, lane 14) is shown. These inten-
sities were judged using copy markers of lanes 2—7. The bars were calculated from the results of three independent experiments.
(C1) Quantification of recombined products using FLPe and mutant FRT G. One result for mutant FRT G is presented as a rep-
resentative example of the three mutant FRTs. The size of the bands of P+wlI4.0 and S(+ml)2.6 differed from the corresponding
bands in B1 because of the 0.5-kb insertion (see Experimental procedures). All other representations are the same as in B1. (C2)
Recombination efficiencies of RMCE products using FLPe. The bands of P6.0 in C1, lanes 7-12, are shown together with those
of the Substrate in the negative control in C1, lane 13, for example, are shown. Three independent experiments were carried out
for each mutant recombinase.
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or circular substrates were mixed and reacted with
the recombinase in vitro (Lee & Saito 1998; Nakano
et al. 2001b), two Substrates were produced before
recombination (Fig. 3A, top) in addition to two
recombined Products (P) (bottom) and two Interme-
diates (middle) (wl for ‘wt-target intermediate’ gener-
ated by the insertion of a circular substrate into a
linear substrate at the target and ml for ‘mutant-target
intermediate’ generated by insertion into a linear sub-
strate at the mutant target). The Intermediate wl
(middle left) was produced when the insertion (first
recombination) occurred at the wt loxP site before
the deletion (second recombination). Similarly, an
Intermediate mI (middle right) was also produced.

The resulting DNAs were digested with Apal (as
shown in Fig. 3A), and the expected bands were
shown as the original position and size, such as S6.8,
meaning a Substrate-derived 6.8-kb Apal fragment.
Among the Substrates, the circular substrate (top,
lower) produced a band of S6.8 and a constant band
of 1.6 kb (C1.6) from the unchanged part of the cir-
cular substrate after recombination. The linear sub-
strate (top, higher) yielded two thick bands: the right
band S(+wl)3.6 corresponded to the Substrate-
derived 3.6-kb band overlapping a wt-target interme-
diate (wl)-derived band of the same size. The right
band S(+ml)3.1/2.6 corresponded to a Substrate-
derived and partly overlapping ml-derived band as
described earlier, with a size of 3.1 kb for the Cre
experiments and 2.6 kb for the FLP experiments.
This difference in size was caused by the pUC
backbone with or without the M13 sequence (see
Experimental procedures). The wI5.4 and ml7.5
(middle left and right) were intermediate-specific,
wl-and ml-derived Apal bands of 5.4 and 7.3 kb,
respectively. P(+wl)4.5/4.0 and P(+ml)2.9 (bottom
left) were Product-derived bands overlapping
intermediates with the same size; P6.0 (bottom right)
was a product-specific 6.0-kb band.

An RMCE reaction using Cre with target wt loxP
and mutant target loxP 2272 was performed; the
result (Fig. 3B1) produced all the expected Substrates,
Intermediates, and Products after Apal digestion, as
shown in Fig. 3A (compare all the expected Apal
fragments in Fig. 3A with the detected bands in
Fig. 3B1; the intensity of the bands is discussed later).
Similarly, after the reaction using wt FLP and target
FRT G at 30 °C, all the expected bands in Fig. 3A
were also detected (Fig. 3C1). These results showed
that the scheme for the recombination process
involved in RMCE in vitro and shown in Fig. 3A was
correct.

© 2011 The Authors

RMCE efficiency of FLPe and Cre

In the in vitro RMCE using Cre (Fig. 3B1), the
Substrate-derived bands of 6.8 kb (S56.8) and the
overlapped bands of Substrate and Intermediates were
all very intense (lanes 8-13; S6.8, S(+wlI)3.6 and
S(+ml)3.1), whereas the bands of Intermediates,
Product, and Product-overlaps were all weak [lanes
8-13; ml7.5, P6.0, wi5.4, P(+wl)4.5 and P(+ml)2.9],
indicating that RMCE using Cre was not very effec-
tive even when 25 pL of lysate was used (lane 8).
Interestingly, the amount of RMCE product using
Cre clearly reached a maximum with the addition of
6.3 pL of lysate and then maintained a plateau level
(Fig. 3B1, lanes 8-10, P6.0). In contrast, in the in vitro
RMCE using wt FLP with wt FRT and FRT G at
30 °C (Fig. 3C1), amounts of Intermediates, Product,
and Product-overlaps rapidly increased and remark-
ably reached much higher level than Cre [Fig. 3C1,
lanes 9 and 10; ml7.5, P6.0, wi5.4, P(+wI)4.0 and
P(+ml)2.9: compare with the corresponding bands of
Cre in Fig. 3B1, lanes 9 and 10], indicating that
RMCE using wt FLP was much more efficient than
RMCE using Cre. Because the product band P6.0
continued to increase in Fig. 3C1, from lanes 8 to
10, showing that the RMCE level using wt FLP did
not reach a plateau within this experimental range.
Then, experiments using wt FLP at 30 °C with wt
FRT and FRT H/FRT F3 were carried out, and the
results were very similar to those shown in Fig. 3C1
(photograph data are not shown, bar charts were
shown in Fig. S1 in Supporting Information). We
carried out identical experiments using FLPe at 37 °C
with wt FRT and each of the three FRT
mutants and the results were again very similar to
those shown in Fig. 3C1 (photos not shown but bar
charts were shown later). Thus, when using wt FLP
and FLPe with wt FRT and each of these three
mutant FRTs, the RMCE efficiency was always
much higher than that using Cre with wt loxP and
loxP 2272.

To quantify the RMCE efficiency using Cre, wt
FLP and FLPe, the intensities of the product bands of
P6.0 were measured based on those of the bands in
agarose gels electrophoresed in parallel (Fig. 3B1, C1,
lanes 2—7). For Cre, the RMCE efficiency reached a
plateau of 4.6% (Fig. 3B2). For FLPe, the maximum
efficiency observed was 12-13%, and no significant
difference was observed between the three FRT
mutants (Fig. 3C2). The results were very similar to
those for wt FLP with wt FRT and the three
mutants, and the efficiency was approximately 13—
14% (data not shown, but a photograph showing the
data for wt FLP with wt FRT and FRT G is shown
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as Fig. 3C1). When using a linear substrate or a cir-
cular substrate alone, no bands except for the sub-
strate-derived band were observed (data not shown).

Cre and FLPe enzymes in the lysates were pro-
duced by infection of AdVs expressing the recombin-
ases under the control of CAG promoter to 293 cells
in the same manner. To compare levels of expressed
Cre and FLPe RNAs in the lysates, total RNA was
extracted from the lysates used in the aforementioned
experiments, and the specific RNA of these recom-
binases was quantified using real-time PCR  with
probes detecting the common 3’-noncoding poly-
adenylation sequence. The results showed that the
ratio of RNA levels in the lysates of Cre to FLPe
used in these experiments was 1:1.15 £ 0.05, show-
ing that the amounts of these RNAs were similar.
Because FLPe is thermostable, the amounts of recom-
binases present in the lysates were expected also simi-
lar. Thus, the reason why RMCE efficiencies were
different was not because of the difference of their
amounts in the lysates but probably attributed to that
of the nature between Cre and FLPe.

Efficient AdV production using hFLPe RMCE

The result that the RMCE efficiency of FLPe was
higher than that of Cre prompted us to examine the
efficiencies of AdV production using RMCE, a
method we previously developed using Cre (Nakano
et al. 2005), and to examine which recombinase is
more efticient in RMCE. To develop a method for
AdV production using FLP RMCE, the generation
of a 293 cell line highly expressing FLPe was neces-
sary. Thus, we used genes of not only FLPe but also
the hFLPe (Kondo ef al. 2009), an improved version
of the FLPe gene in which the codon usage has been
changed to that used in humans and that produces
more FLPe enzyme. The 293 cells were transfected
with plasmids producing FLPe under the control of
the CAG promoter (Niwa ef al. 1991) and the neo
gene under control of the EFla promoter. After drug
selection, 293 cell clones expressing high-level of
FLPe RNA were identified (data not shown) and
listed in Table 1. The cell line 293hde12 was identi-
fied expressing the highest amount of FLPe protein.
To compare the RMCE efficiency of AdV produc-
tion using FLP with that using Cre, the donor plas-
mid and the recipient virus in this study were
constructed identically to those used by Nakano et al.
(2005), except for the use of FLPe, wt FRT (F),
mutant FRT G, and FRT H in Fig. 1A, instead of
Cre, wt loxP (L), and mutant loxP (V), so that the
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Table 1 Recombinase-mediated cassette exchange efficiency
of adenovirus vector (AdV) production for FLP-expressing 293
cell lines using the first stock

AdV production

Cell line FLP efficiency (%)
293hde12* hFLPe 52
hde24 hFLPe 41
E18 FLPe 38
E11 FLPe 30

*The same cell line used for the experiment of Fig. 4C, G 1st.
The amount of AdV-transduced gene of interest was obtained
by subtracting that of ApR (carryover donor plasmid) from
that of GFP.

recipient virus AxGEFLacZF19F with the donor plas-
mid pUGCAGFP19F and AxHEFLacZF19F with
pUHCAGFP19F exactly corresponded to AxVE-
FLacZL19L and pUVCAGFPI9L reported by Nak-
ano et al. (2005), respectively.

The production of purpose vector receiving the
gene of interest (gray box in Fig. 4A, bottom), the
GFP gene under the control of the CAG promoter,
initially presents in the donor plasmid (top right), was
carried out as follows. In the donor plasmid (top
right), the gene of interest plus the adenoviral packag-
ing sequence (V) was located between FRT G or
FRT H and wt FRT (F). Meanwhile, in the recipient
virus (top left), a replaced gene (white box; lacZ gene
under the control of EFla promoter) was located
between the FRT G or FRT H and wt FRT and ¥
were located between the left and right wt FRTs
(Fig. 4A, top left). Then, the plasmid and virus were
transfected and infected to FLPe-expressing 293 cells.
First, the excision of W was occurred from the viral
genome; a recipient-virus genome lacking W cannot
be packaged into the viral shell (middle left). Second,
an RMCE reaction between the W-less recipient
virus genome and the donor plasmid (middle left)
produced a viral genome containing both ¥ and the
gene of interest, being able to be packaged into a
viral shell. In this manner, a purpose vector contain-
ing the gene of interest was produced (Fig. 4A, bot-
tom). The 293hdel2 cells were transfected with
pUGCAGFP19F and infected with AxGEFLacZ
F19F at an MOI of 1. The first viral stock was pre-
pared and then used to infect 293hdel12 cells to pre-
pare a second viral stock to obtain the purpose vector
of AXGCAGFP19E. The first and second stocks of
AxHCAGFP19F were prepared in a similar manner.
All the conditions for preparing the viral stocks were
identical to those used by Nakano et al. (2005).

© 2011 The Authors
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Figure 4 Production of first-generation adenovirus vector
(AdV) by FLPe-mediated RMCE. (A) Strategy for the genera-
tion of adenoviral vectors using the RMCE reaction. Structure
of recipient virus AxGEFLacZF19F or AxHEFLacZF19F,
donor plasmid pUGCAGFP19F or pUHCAGFP19F, and
purpose vector AXGCAGFP19F or AXHCAGFP19F is shown
[F, wt FRT; G, FRT G; H, FRT H; ¥, adenovirus packaging
sequence; replaced gene, lacZ gene under control of EFla
promoter; gene of interest, GFP gene under the control of
CAG promoter as an example; S, Sad site; R2.0, D6.2, and
P4.4, recipient virus-, donor plasmid-, and purpose vector-
derived bands of 2.0, 6.2, and 4.4 kb, respectively|. (B) South-
ern analysis of total DNA extracted from infected CV-1 cells.
C, control uninfected cells. The probe is ‘¥ + gene of inter-
est’ shown in the bottom of (A). The other presentations are
the same as above. (C) Production efficiency of AdV. Ratio of
the purpose vector to the total virus (purpose vector + recipi-
ent virus) transduced to the CV-1 cells was shown. The data
of Cre in this figure were those of Nakano ef al. (2005).
Experiments including data using other cells expressing high-
level of FLP were carried out six times. Representative results
are shown.

To examine the ratio between the donor plasmid
and the purpose vector, CV-1 cells were infected
with the first and second viral stocks. The cell DNA
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was extracted, digested with Sacl, and used in South-
ern analyses. Fig. 4B showed that even in the first
stock of both RMCEs using wt FRT and FRT
G/FRT H, much purpose virus was detected
together with carryover donor plasmid (lanes 2 and 3,
P4.4 and D6.2). The band of the recipient virus
(R2.0) was not seen in this gel, probably because the
region of homology with the probe (¥ only) was rel-
atively short (Fig. 4A).

To estimate the percentage of the purpose vector
per total vector, CV-1 cells were infected with aliqu-
ots of the first and second stocks and infected total
cell DNA was extracted. The GFP probes detect both
AdV-transduced gene of interest and the carryover
donor DNA present when infected using the first
stock. Densitometry of the bands of D6.2 and P4.4 in
Fig. 4B showed that the latter accounted for approxi-
mately 10% when using the first stock and was back-
ground level using the second stock. Then, the
amounts of AdV-transduced gene of interest (approxi-
mately 90% using the first stock) and the total adeno-
virus genome were measured using real-time PCR
(Fig. 4C). The percentages in RMCE when using
FLPe with wt FRT and FRT G/FRT H were appar-
ently identical and approximately 45% in the first
stock; interestingly, these percentages were clearly
higher than 25% when using Cre with wt loxP and
loxP 2272 reported by Nakano et al. (2005). How-
ever, in the second stock, the percentage reached
approximately 98% using FLPe with wt FRT and
FRT G/FRT H, which were similar to the reported
percentage of 85% using Cre (Nakano et al. 2005).
The CV-1 cells infected with AdV of the second
stocks using FRT G and FRT H showed expected
GFP fluorescence observed by microscopy and FACS
(data not shown), which cannot distinguish with
results using the authentic AdV-expressing GFP.
These results suggested that, when 293hde12 cells and
293FNCre cells were used, FLPe with wt FRT and
FRT G/FRT H was more efficient than Cre with wt
loxP and loxP 2272 at the first passage of AdV pro-
duction using RMCE.

To examine the efficiency of AdV production in
the FLPe-expressing cells listed in Table 1, cells were
both infected with AxGEFZF19F and transfected
with pUGCAGFP19E, and total cell DNA was
prepared as above and used for real-time PCR. The
amounts of not only GFP and lacZ genes but also
ampicillin-resistance (ApR) gene in the carryover
donor plasmid were measured instead of performing
Southern analysis, and the amounts of AdV-transduced
gene of interest and the total adenovirus genome were
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calculated. As shown in Table 1, besides 293hdel2,
three cell lines also showed efficiencies of 41-30%,
which were higher than those of 25% using Cre in
the study by Nakano et al. Although these results
were not a direct comparison, they suggested that
FLPe was possibly more efficient than Cre to obtain
the cell lines that supported more efficient AdV pro-
duction using RMCE.

Discussion

In this paper, we reported that (i) mutant FRTs, i.e.
FRT G, FRT H, and FRT F3, exhibited an effi-
ciency of 50-70% in conjunction with wt FRT in
mutant-vs.-mutant recombination using wt FLP and
FLPe; (11) in an in vitro RMCE assay, Cre reached a
plateau of approximately 5%, whereas FLP reached
12-13%; and (iii) in an AdV production system using
RMCE, FLPe appeared to be more effective than
Cre. The results of (i) and (ili) were interesting
because Cre is generally considered to be more efti-
cient than or equal to FLPe. Further studies are
needed to determine whether the observation
described here can be generalized or not. However, it
should be noted that extremely high level of Cre and
FLPe was supplied in the in vitro experiments using
AdV vector production system; when lower levels of
the recombinases are used, such as 3.1 and 6.3 puL of
Cre lysate and 7.4 and 11 pL FLPe (Fig. 3B2,C2),
the RMCE efficiency of Cre was high whereas that
of FLPe was still undetectable. Thus, one possibility is
that only in a very high concentration, FLPe may be
more efficient than Cre in RMCE reaction. Buch-
holz et al. (1996) showed that at each optimal tem-
perature, wt FLP is more efficient than Cre in in vitro
assay using the system of reticulocyte lysate. Although
the in vitro system is different, their result may be
consistent with our observation in in vitro RMCE
assay at high concentration of the recombinases. No
significant  difference of RMCE efficiency was
observed among three FRT mutants of FRT G, FRT
H, and FRT F3 in in vitro (Fig. 3C2), suggesting that
these FRT mutants are equally useful for RMCE.
However, the recombination efficiency of mutant-
vs.-mutant seemed significantly difterent (Fig. 2D,
right). The reason of this apparent disagreement is
unclear but may be related that, whereas the latter is
an intramolecular reaction, the former is intermole-
cular reactions involving two molecules of a linear
and a circle. We want to point out that we choose
FRT G and FRT H because these two mutant FRTs
may possibly be used simultaneously as the central
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nucleotides differ from each other by two nucleotides
at the same positions (see Fig. 1A), based on the
experiences identifying mutant loxPs 2272 and 5171
(Lee & Saito 1998). The loxP 2272 has been used in
many studies; however, note that it was incorrectly
described in the study by Siegel ef al. (2001), FEBS
Letters. Our previous work (Lee & Saito 1998) indi-
cated that the incorrect mutant loxP showed only a
low recombination efficiency. The correct central
eight bases of loxP 2272 are GGATACTT, i.e. com-
plementary to AAGTATCC (underlines show the
mutated nucleotides) (Fig. 1B).

As described previously, in our in vitro assay, the
amount of RMCE product (P) using Cre reached a
maximum level and did not increase with the addi-
tion of more enzyme in contrast to the case of FLPs.
One possible explanation for the plateau using Cre
was that a reverse RMCE reaction occurred with Cre
but not with the FLPs in a high concentration. That
is, the processed products and intermediates in the
Cre reaction may still be able to attach together and
function as a reverse reaction, whereas in the FLP
reaction, they may come apart from each other, pre-
venting their involvement in reverse reactions. Con-
sistent with this hypothesis, under the conditions used
here and in our previous work, the Cre recombina-
tion efficiency in vitro between the two wt loxPs
reached a plateau level of approximately 60%
(Abremski et al. 1983; Lee & Saito 1998), whereas
the FLPe efficiency in vitro between the two wt
FRTs reached approximately 80% and then showed a
plateau (Kondo et al. 2009). The former level was
nearer to 50% than the latter, consistent with the
notion that Cre recombination may be reversible. In
addition, because the RMCE reaction in vitro is not a
single step but a double, small differences in the
reverse reaction may have a large effect. The differ-
ence might be related to the fact that the roles of Cre
and FLP completely differ in the organism where
they belong; FLP inverts a DNA sequence in
2-micron plasmid, and hence, the recombinated
products are still connected with in a plasmid in vivo
and never become apart; in contrast, in the bacterio-
phage P1, Cre resolves a dimer of two monomers of
the circular genome of its plasmid form. However,
the present study described here in a very high con-
centration of enzymes seems not sufficient to interpret
this enzymatic difterence.

We also observed that in the production of AdV
using RMCE, the FLPs once again appeared to be
more efficient than Cre; thus, an identical or similar
mechanism  to that observed in the in vitro
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experiments might also occur during AdV produc-
tion. If some reverse reaction of Cre occurs, it is per-
haps one reason of low efficiency of Cre reaction; in
in vitro RMCE, double steps of reactions are neces-
sary, and in AdV production, one step of excision
plus double step of reactions is serially needed
(Figs 3A and 4A). We also observed that recombina-
tion efficiency of Cre in the recipient virus using the
cell line 293FNCre remained at approximately 80%
(Nakano et al. 2005), whereas that of hFLPe using
the cell line 293hdel2 was approximately 95% (S.
Kondo, unpublished data). However, as for the cell
lines, another essential reason for the low activity of
Cre should be considered: high levels of Cre expres-
sion can cause cytotoxicity (Loonstra efal. 2001,
Pfeifer et al. 2001; Baba et al. 2005); hence, a cell line
expressing a high level of Cre would be selected out
by a screening procedure. In fact, 293hdel2 grows
much better to culture than 293FNCre (Y. Kanegae,
unpublished data). However, a 293 cell line has been
reported that expresses very high levels of Cre yet
can achieve nearly 100% recombination (Palmer &
Ng 2003). We observed that a small amount of carry-
over donor plasmid was detected in the first passage,
whereas more carryover plasmid was observed in the
study by Nakano ef al. (2005). The amount of carry-
over DNA varied from experiment to experiment
and may be attributed to the difference of cell nature
or to that of washing conditions.

The methods of AdV production using FLPe
described here and that using Cre (Nakano ef al.
2005) difter from all other methods producing AdV
currently available. They must deal with a very large
plasmid or cosmid because they contain most of
adenoviral genome, which amounts to more than
30 kb. In contrast, the method described here and in
the study by Nakano et al. (2005) uses only a small
donor plasmid containing a DNA fragment, such as
an expression unit to be transferred into an AdV. As
shown in Fig. 4D, after two passages in 293hdel2
cells, an almost pure viral stock was obtained when
using FLPe. However, AdV production efficiency of
FLPe with wt FRT and FRT G/FRT H was approx-
imately double than that of Cre with wt loxP and
loxP 2272 at the first passage. This feature is impor-
tant when the production method is applied for high-
throughput production and for AdV c¢DNA library
followed by subsequent screening of cDNA-express-
ing AdVs, because higher production efficiency is
crucial at the step of first passage. Another important
difference between the AdV production systems of
Cre and FLPe is that, as stated previously, the FLPe-
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expressing 293 cells, 293hde12, are much easier to
culture than Cre-expressing 293 cells, 293FNCre
(Nakano et al. 2005).

In conclusion, we observed that, when sufficient
amount of FLPe was supplied, the RMCE efficiency of
FLPe was higher than that of Cre in vitro, because the
RMCE reaction of Cre reached a plateau level. More-
over, FLPe was again more efficient in AdV produc-
tion. Thus, as for the RMCE reaction, Cre was not
necessarily more efficient than FLPe. The study
described here offers valuable information when choos-
ing a recombinase for a particular purpose using
RMCE. The donor plasmid cassette pUGp19F or its
improved version pUGan19F and PUGnal9F, recipi-
ent virus AxGEFLacZF19F, and the cell line 293hde12
are available on a collaborative basis and will be from
RIKEN Bioresources Bank (http://dna.bre.riken.jp/
index.html).

Experimental procedures
Cells and viruses

The human embryonic kidney cell line 293 (Graham ef al.
1977) and the monkey kidney cell line CV-1 were cultured in
DMEM supplemented with 10% fetal calf serum (FCS).
The 293 cells constitutively express adenoviral E1 genes and
support the replication of El-substituted AdVs. 293FNCre
(Nakano et al. 2005) and 293hde12 are 293 cells constitutively
expressing Cre and FLPe, respectively, and these cells were
cultured in DMEM supplemented with 10% FCS plus geneti-
cin (0.75 mg/mL). After infection with recombinase-express-
ing AdVs, the cells were maintained in DMEM supplemented
with 5% FCS without geneticin. The detailed characterization
of 293hde12 cells will be presented elsewhere. For AdV pro-
duction using RMCE method of Cre with loxP 2272, the
donor plasmid pUVCAGFP19L and recipient virus AxXVEFZL19L
were described previously (Nakano et al. 2005). For AdV pro-
duction using RMCE and mutant FRT, the donor plasmids
pUGCAGFP19F and pUHCAGFP19E and the recipient virus
AxGEFZF19F and AXHEFZF19F are identical to pUVCAG-
FP19L and AXVEFZL19L (Nakano et al. 2005), except that wt
loxP and loxP 2272 were replaced by wt FRT and FRT G or
FRT H, respectively (in this paper, wt FRT, FRT G, FRT
H, FRT F3, wt loxP, and loxP 2272 are used to describe the

respectively).

Preparation of recombinase lysates for in vitro
reaction

The wt FLP and FLPe were prepared as a lysate of 293 cells
infected with AdV expressing the recombinase under the
control of CAG promoter (Nakano ef al. 2001a,b; Kondo
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et al. 2009). The FLPe gene used for AdV expression was
the original FLPe gene (Genebridges), but an artificially
attached nuclear localization sequence (NLS) was removed
for accurate comparison with wt FLP. Briefly, 2 x 10’ of
293 cells were infected with AXCAFLP and AxCAFLPe at a
multiplicity of infection (MOI) of 75 and 5, respectively.
Twenty-two hours later, the cells were corrected by centrifu-
gation at 185 ¢ for 5 min at 4 °C. The cell pellet was
washed twice with PBS(=) and suspended in 1 mL of FLP
storage buffer (Meyer-Leon efal. 1984) [10% glycerol,
20 mm Tris=HCI (pH 7.5), 300 mm NaCl, 1 mm EDTA, and
0.02 mm PMSEF]|. The cell suspension was then sonicated for
3 min (six cycles, 30 s each), using Biorupter II (CosmoBio,
Tokyo, Japan) at maximum power (200 W), and was then
immediately centrifuged at 12 096 ¢ for 20 min at 4 °C. The
supernatant was stored at —80 °C. The Cre used in this
paper was NCre, which was tagged with NLS (Lee & Saito
1998). The Cre lysate was prepared using a previously
described method (Lee & Saito 1998; Kondo et al. 2003),
which was identical to the above for FLPe except for the
virus (AXCANCre), MOI of 5 and the composition of the
storage buffer (Cre storage buffer (Anton & Graham 1995):
50% glycerol, 20 mm Tris—-HCI (pH7.5), 300 mm NaCl, and
1 mm EDTA without PMSF).

Substrate plasmids in the in vitro reaction

pCAENEG (Fig. 2A), the substrate used to examine mutant-
vs.-mutant recombination and wt FRT-vs.-mutant recom-
bination to detect leakage, has been described previously
(Nakano et al.  2001b). pCAGNGG, pCAHNHG, and
pCAE3NE3G were identical to pCAENEG except that two
wt FRTs were replaced by two FRTs G, FRTs H, and
FRTs F3, respectively. Similarly, pCAENGG, pCAFNHG,
and pCAENEF3G were identical to pCAENFG except that the
second wt FRT was replaced by FRT G, FRT H, and FRT
F3, respectively. For the in vitro RMCE reaction using Cre,
the linear substrate was Dralll-linearized pUVCAGFP15L,
which is identical to pUVCAGFP19L (Nakano et al. 2005)
except that the position of one wt loxP is not at 191 nt from
the left end of the adenovirus 5 genome but at 143 nt; the
backbone of this plasmid is pUC119, which contains a 0.5-kb
M13 sequence. The circular substrate was pVEFZL, which
contains loxP 2272, the EFla promoter, the LacZ gene, and
wt loxP, in this order. For the in vitro RMCE reaction using
FLP, the linear substrate was Sac-digested pUFCAGFP15G,
pUFCAGFP15H, or pUFCAGFP15E3; the backbones of
these plasmids are derived from pUC19, which is identical to
the above corresponding linear substrate for Cre, except that
it lacks the M13 origin sequence, whereas the structure of
the insert flanked with recombinase-targets was identical
between these three FLP target plasmids and pUVCAG-
FP15L. The circular substrate was pGEFZF, pHEFZF,
or pE3EFZF, and the structures were identical to those of
the above-described pVEFZL, except for the corresponding
recombinase targets.
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In vitro reaction for mutant-vs.-mutant and RMCE
recombination

The in vitro recombination assay for the mutant-vs.-mutant
recombination of each FRT was carried out as described pre-
viously (Nakano ef al. 2001b). Briefly, for wt FLP and FLPe,
the reaction was started by mixing 1 pg of HindIII-linearized
substrate with a lysate volume of 4.9-25 pL and was then
incubated for 30 min at 30 or 37 °C in a 50-pL volume of
the FLP reaction buffer [25 mm Tris-HCIl (pH7.5), 10 mm
MgCl,, and 5 mm DTT]. The reaction was terminated by the
addition of 100 pL of 7 M urea mixture [7 M urea, 350 mm
NaCl, 10 mm Tris—HCI (pH7.5), 10 mm EDTA, and 1% SDS]
with 50 pL of distilled water. The mixture was extracted twice
with phenol/chloroform, followed by two cycles of chloro-
form extraction and ethanol precipitation. The recovered
DNA was then digested with Fspl, and the DNA digests were
detected using ethidium bromide staining after agarose gel
electrophoresis. The recombination efticiency was calculated
by quantifying the density of the product bands of 1.2 kb and
the constant bands of 1.8 kb on the photograph based on the
densities of the copy-marker DNA digests run on the same
gel, as described previously (Nakano ef al. 2001b). The copy-
marker DNA is pCALNLZ plasmid of 9.22kb (Kanegae ef al.
1996). The EcoRI-linearized pCALNLZ was digested with
Neol produced bands of 3.67, 2.62, 2.01 and 0.92 kb, which
correspond to 39.9%, 28.4%, 21.8%, and 10.0% of pCALNLZ,
respectively.

The in vitro recombination assay of RMCE for Cre
between wt loxP and loxP 2272 was carried out using an iden-
tical protocol to that described previously except that a mix-
ture of 1.2 pg of Dralll-linearized pUVCAGFPI5L and
1.5 ug of circle pVEFZL was reacted with Cre lysate and
digested with Apal. For the wt FLP and the FLPe between wt
FRT and FRT G, FRT H, or FRT F3, an identical protocol
was used except that a mixture of 1.1 pg of Sad-linearized
and 1.5 pg (the same mol) of circle pGEFZF, pHEFZF, or
pE3EFZE substrates, respectively, was reacted with a lysate of
wt FLP or FLPe and digested with Apal. The recombination
efficiency was calculated by quantifying the density of the
product bands of 6.0 kb (P6.0) and of the constant bands of
1.6 kb (C1.6).

Quantitative real-time PCR

To compare the amounts of expressed RNA of Cre and
FLPe, the total RNA was extracted from the lysates used in
in vitro experiments. The 3’-noncoding regions of these
RNAs are common and derived from rabbit—globin poly(A)
sequence. Thus, the specific RNA of the recombinase was
able to be measured and compared using the same set of
primers located within the poly(A) sequence (GpA promers:
forward primer, 5-TCA GGT GCA GGC TGC CTA
T-3'; reverse primer, 5'-GGA AAA AGA TCT CAG TGG
TAT TTG TGA-3’, and TagMan probe, 5-FAM-CTG
GTG TGG CCA ATG CCC TGG -TAMRA-3). From
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the total RNA, the amounts of the recombinase RNA and
18S-rRNA standard)
reverse-transcription and real-time PCR (Applied Biosystems
Prism 7000), and the ratio of the recombinase RNA to
18S-rRINA was obtained. Then, the ratio of the recombin-
ase RNA level between Cre and FLPe lysates was calcu-
lated.

(correction were quantified using

Production of adenovirus vector by RMCE

The method for the production of AdV by RMCE
using FLPe was the same as that described previously for
Cre (Nakano efal. 2005): FRT G or FRT H, the FLPe-
expressing cells, 293hdel12, the recipient virus AxGEFZF19F
or AXHEFZF19F, and the donor plasmid pUGCAGFP19F
or pUHCAGFP19E corresponded to, the wt loxP, 293FNCre
cells, AxVEFZLI9L and pUVCAGFP19L, respectively.
Briefly, the FLPe-expressing 293hdel2 cells were infected
with the recipient virus AxGEFZF19F or AXHEFZFI19F at
about an MOI of 1, when complete cytopathic effect is
observed 4 days after infection, and were cultured in a 6-well
plate for 1 h, followed immediately by the transfection of the
donor plasmid pUGCAGFP19F or pUHCAGFP19F at a den-
sity of 3.0 pg per well using TransFast (Promega). When a
viral cytopathic effect was clearly observed, the cells were har-
vested together with the medium (approximately 1.5 mL per
well). The cell suspension was then sonicated for 3 min (six
cycles, 30 s each) using a Bioruptor II sonicator (CosmoBio)
at maximum power (200 W) and centrifuged at 1900 g for
5 min at 4 °C using a microcentrifuge. The supernatant was
stored at —80 °C as a ‘first virus stock’. To enrich the pur-
pose vector by eliminating the residual recipient virus,
293hde12 cells were infected with 50 pL of the first viral
stock, and the second viral stock was prepared as described
earlier.

Southern blot analysis

To detect the ‘infectious virus© DNA of the purpose vector
and the residual recipient viruses, the CV-1 cells were
infected with the virus stocks at 100 pL per 6-cm dish.
Twenty-four hours later, the total DNA-containing viral gen-
ome was prepared from the dish with the method described
by Saito efal. (1985). After Sad digestion, 20 pg of the
DNA was electrophoresed on a 0.8% agarose gel at 35 V for
17 h. Before alkaline treatment, the gel was exposed to 0.1 N
HCIl for partial depurination (Saito ef al. 1989), and the
DNA was then transferred to a Hybond-N nylon membrane
(Amersham Biosciences) using the capillary-transfer method.
The specific DNA was detected with a DIG DNA Labeling
and Detection Kit (Roche Diagnostics). A 3.4-kb Kpnl-Xhol
fragment of the adenoviral packaging sequence (V) and the
GFP gene was labeled with digoxigenin-UTP as probes
(Fig. 4A), and specific DNAs were detected by autoradiogra-
phy using chemiluminescence of CDP-Star (Roche Diagnos-
tics).
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Measurement of the ratio of the purpose vector to
the recipient viruses

The ratio of the produced purpose vector to the residual reci-
pient viruses was measured as described previously (Nakano
et al. 2005); the total DNA was extracted from CV-1 cells
infected with viruses of each virus stock and was subjected to
quantitative real-time PCR. TagMan primers and probes spe-
cific for the GFP gene in the purpose vector and specific for
the lacZ gene in the recipient virus are described in the study
by Nakano ef al. (2005). The primers and probe for ApR gene
are the following: forward primer, 5'-CGC GGT ATT ATC
CCG TGT TG-3’; reverse primer, 5-CAA CCA AGT CAT
TCT GAG AAT AGT GTA TG-3; and TagMan probe,
5-FAM- CGC CGG GCA AGA GCA ACT CG-TAMRA-
3’. The difference in the detection efficiency between GFP,
lacZ, and ApR genes was corrected using the control plasmid
pEFVGV-CALNLZ (Kondo ef al. 2003), containing GFP,
lacZ, and ApR genes on the same plasmid.
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Figure S1 Recombination efficiencies of RMCE products
using wtFLP. The bands of P6.0 in Fig. C1, lanes 7-12, are
shown together with those of the Substrate in the negative
control in Fig. C1, lane 13, are shown. The result of one
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dose-dependent experiment was shown for wtFLP and was
very similar to that for FLPe shown in Fig. C2.
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