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A simple analysis system for the estimation of recombination
efficiency using fluorescence-activated cell sorting
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bstract

A simple and accurate analysis system for the estimation of recombination efficiency in vivo using fluorescence-activated cell
orting (FACS) was designed and was subsequently used to compare the efficiency of recombination related to different spacer
utants. F3 and F5 mutant sequences were used for Flpe-mediated cassette exchange, and m2 and lox2272 mutant sequences
ere used for Cre-mediated cassette exchange due to their high incompatibility with wild-type sequences. The incompatibilities
ith wild-type were almost the same between mutant sequences. However, the recombination efficiencies were different. F3 and
2 could mediate more efficient recombination than F5 and lox2272, respectively. These results are consistent with the fact that

he sequence of spacer region affects not only the reactivity upon wild-type sequence but also the recombination efficiency. It
as also confirmed that the recombination process was mediated in a site-specific manner through PCR analysis using different
izes of exchange cassettes. In this experiment, the feasibility of the FACS analysis system for the estimation of recombination
fficiency was verified. This system should be readily applicable for estimating recombination efficiency of other various mutant
andidates, which will contribute to more precise and efficient site-specific recombination.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The random integration of foreign genes into

chromosome during typical transfection leads

o unpredictable gene expression. Actually, most
ransgenes are repressed in the chromosome in a
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osition-dependent manner (Festenstein et al., 1996).
he importance of the chromosomal site of integration

s more prominent during long term culture. Transgene
xpression can be silenced if the gene is integrated
ear the heterochromatic part of the chromosome
Bell and Felsenfeld, 1999).
To circumvent this position effect, the use of
ite-specific recombinases has been applied. Cre
rom bacteriophage P1 (Hoess et al., 1982), Flp from
accharomyces cerevisiae (McLeod et al., 1986), and
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ts thermostable variant, Flpe (Buchholz et al., 1998)
re widely used recombinases. Targeted integration of
ransgenes into predefined chromosomal loci by these
ite-specific recombinases can lead to more predictable
nd elevated transgene expression. For example, a
ot-spot on a chromosome, which allows for high-level
xpression from a single or only a few gene copies, can
e targeted reproducibly for high-level expression of
ny transgene by site-specific recombination. With this
pproach, the tedious and time-consuming cell line
evelopment process, which occurs with traditional
andom integration, can be improved.

Among various recombination strategies, it is
elieved that recombinase-mediated cassette exchange
RMCE) is one of the most promising strategies for the
argeted integration of transgenes. RMCE guarantees
ffective recombination and excludes unnecessary vec-
or sequences of prokaryotic origin which can inhibit
ransgene expression by methylation-dependent inac-
ivation (Baer and Bode, 2001).

For stable integration of a transgene by the RMCE
trategy, mutant recognition sequences, which are
ncompatible with wild-type sequence, are indispens-
ble, as in general recombination strategies. For the past
ecade, much work concerning mutant sequence has
een performed. The induction of mutation in inverted
epeat regions of a wild-type recognition sequence
ncreased the recombination efficiency by decreasing
reverse reaction or an excision (Albert et al., 1995).
owever, the binding affinity of DNA against recom-
inase can be impaired in this system. Knowledge
oncerning the role of nucleotide sequences within the
RT spacer region and the loxP spacer region led to

he use of a mutant with a mutation in its spacer region
Umlauf and Cox, 1988; Lee and Jayaram, 1995; Lee
nd Saito, 1998). This promoted the recombination pro-
ess by decreased reactivity upon wild-type recognition
equence and intact binding affinity against recombi-
ase. Among various mutant sequences, it seems that
ox2272 (Lee and Saito, 1998) and m2 (Langer et al.,
002) in the Cre/loxP system, F3 and F5 (Schlake and
ode, 1994) in the Flpe/FRT system have the low-
st reactivity upon a wild-type sequence (Branda and
ymecki, 2004).

Despite much work for the identification of novel

utants, studies on the efficiency of recombination
elated to these mutants in vivo were insufficient.
herefore, it will be meaningful to investigate whether
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hese mutant sequences can contribute to effective site-
pecific recombination and to compare the efficiency
f the recombination related to different mutants. A
imilar approach was performed by Kolot et al. on the
oliphage HK022 integrase system (Kolot et al., 2003).
owever, we have focused on the recombination events
ediated by the RMCE strategy, which is one of the
ost powerful tools for gene targeting, and applied the
ost widely used recombinases (Cre and Flpe). Here,
e present a simple and accurate analysis system for

he estimation of recombination efficiency in vivo using
ACS.

. Materials and methods

.1. Plasmid construction

.1.1. pbleo family vectors
pIRESbleo-MCS was obtained by slight modi-

cation of pIRESbleo (BD Biosciences, Franklin
akes, NJ). EGFP coding region was obtained from
IRES2-EGFP (BD Biosciences) by PCR amplifica-
ion. The primers used for this PCR reaction were
′-GAATTCATGGTGAGCAAGGGCGAGGA-3′ and
′-GAATTCGATCTAGAGTCGCGGCCGCT-3′. The
GFP coding region was cloned into the EcoRI site of

he pIRESbleo-MCS vector, resulting in pbleo-EGFP.
he EGFP gene can then be expressed by the CMV
romoter which pre-exists in pIRESbleo-MCS.

pbleo-EGFP-loxP and pbleo-EGFP-FRT were pre-
ared by inserting synthesized loxP and FRT frag-
ents between NotI and SacII sites of pbleo-
GFP. Subsequent ligation of HindIII–BamHI frag-
ents of various mutants and wild-type sequences

esulted in pbleo-loxP-EGFP-loxP, pbleo-m2-EGFP-
oxP, pbleo-lox2272-EGFP-loxP, pbleo-FRT-EGFP-
RT, pbleo-F3-EGFP-FRT, and pbleo-F5-EGFP-FRT,

espectively. These re-iterated constructs were referred
o as pbleo family vectors (Fig. 1), which were used
o investigate the incompatibilities of various spacer

utants. Incompatibility is defined as the ability of a
ecognition sequence to discriminate against recombi-
ation with another recognition sequence (Langer et al.,

002). A high level of incompatibility with wild-type
equence is an important factor to consider when identi-
ying mutants for efficient recombination. Each vector
as an EGFP gene for monitoring the level of green
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Fig. 1. Schematic map of the pbleo family vector used for the incom-
patibility test. hCMV, human cytomegalovirus promoter; BGH pA,
bovine growth hormone poly A addition signal; EGFP CDS, coding
r r

p
s
s

fl
t
s
t
b
s
i

2

t
i
r

F
i
c
e
(
u
t
e
t

v
r

b
b

l
d
m
p
F
E
w
t

2

s
s
t
j
a
f
s

a
S
v

egion of EGFP gene; Amp , ampicillin-resistant gene; pBR322 Ori,
BR322 replication origin. The EGFP CDS is flanked by wild-type
equence or mutant sequences and their corresponding wild-type
equence.

uorescence which disappears when an excision reac-
ion occurs due to the reactivity between recognition
equences. The pbleo family vector can be divided into
wo DNA constructs under the expression of recom-
inase if reactivity exists between the two recognition
equences. With this design, higher reactivity resulted
n decreased fluorescence (Fig. 2).

.1.2. pIC family vectors

pIRESbleo was digested by AatII, and self-ligated

o remove the CMV promoter completely. The result-
ng vector was designated as pIC. The EGFP coding
egion, which was also used to construct pbleo family

ig. 2. Possible reaction in the incompatibility test. The EGFP CDS
s flanked by wild-type sequence or mutant sequences ( ) and their
orresponding wild-type sequence ( ). The EGFP CDS can be
xpressed by the CMV promoter ( ) and the polyadenylation signal
♦). The pbleo family vector can be divided into two DNA constructs
nder the expression of recombinase if reactivity exists between
wo recognition sequences. The EGFP CDS can then no longer be
xpressed. Therefore, the decrease of green fluorescence represents
he extent of reactivity between two recognition sequences.
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ector, was cloned into the EcoRI site of the pIC vector,
esulting in pIC-EGFP.

pIC-EGFP-loxP and pIC-EGFP-FRT were prepared
y inserting synthesized loxP and FRT fragments
etween NotI and SacII sites of pIC-EGFP.

Plasmids containing loxP mutants (m2 and
ox2272), loxP, FRT mutants (F3 and F5), and FRT were
erived by ligating synthesized HindIII–BamHI frag-
ents, which were designated as pIC-m2-EGFP-loxP,

IC-lox2272-EGFP-loxP, pIC-loxP-EGFP-loxP, pIC-
3-EGFP-FRT, pIC-F5-EGFP-FRT, and pIC-FRT-
GFP-FRT, respectively. These re-iterated constructs
ere designated as pIC family vectors. Fig. 4 presents

he schematic map of the pIC family vector.

.1.3. pDC family vectors
The overall processes of pDC family vector con-

truction were similar to those of pIC family vector con-
truction. pDC was obtained by slight modification of
he multicloning site of pCVM-dhfr2 (Aprogen, Dae-
on, Korea). HSV-TK gene, which functions merely as
spacer in this experiment, was isolated as the EcoRI

ragment from pPNT and cloned into the corresponding
ite (EcoRI) of pDC, resulting in pDC-TK.

Ligation of loxP and FRT fragments flanked by NotI
nd SacII produced pDC-TK-loxP and pDC-TK-FRT.
ubsequent ligation of HindIII–BamHI fragments of
arious mutants and wild-type recognition sequences
esulted in pDC-m2-TK-loxP, pDC-lox2272-TK-loxP,
DC-loxP-TK-loxP, pDC-F3-TK-FRT, pDC-F5-TK-
RT, and pDC-FRT-TK-FRT, respectively. These re-

terated constructs were referred to as pDC family vec-
ors. The schematic map of the pDC family vector is
hown in Fig. 4. The forward and reverse PCR primers
or the PCR experiment performed later have an exact
omology only with the pDC family vector sequences.

pIC family vectors and pDC family vectors were
sed for the estimation of recombination efficiency.
he level of green fluorescence, which increases when

he EGFP coding region is properly located behind
he pre-existing CMV promoter after precise cassette
xchange, represents the efficiency of the recombina-
ion mediated in a site-specific manner (Fig. 5).
.1.4. Recombinase expression vectors
The Cre and Flpe genes were kindly provided by Dr.

.C. Kim, KAIST and Dr. F. Stewart, EMBL, respec-
ively (Yoon et al., 1998; Buchholz et al., 1998). A
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ammalian expression vector, pEGFP-C1 (BD Bio-
ciences) was used for the construction of Cre and Flpe
xpression vectors. pEGFP-C1 contains a CMV pro-
oter for driving Cre and Flpe expression. pEGFP-C1
as digested by AgeI and XmaI to remove the EGFP
ene. After digestion, the linearized DNA was self-
igated, resulting in p�EGFP-C1. p�EGFP-C1 was
igested by NheI and MluI. Then, Cre and Flpe gene
ere cloned into the corresponding sites (NheI and
luI) of p�EGFP-C1, resulting in p�EGFP-Cre and

�EGFP-Flpe, respectively.

.1.5. Positive control vector
pIC-F3-EGFP-FRT was digested by HindIII and

acII. A fragment of about 0.9 kb which includes EGFP
DS, F3, and FRT was cloned into the corresponding

ites (HindIII and SacII) of pDC-F3-TK-FRT, resulting
n pDC-F3-EGFP-FRT. pDC-F3-EGFP-FRT can func-
ion as a positive control because its structure is an exact

atch with one of the plasmids after precise RMCE.
he EGFP gene can then be expressed well under the
ontrol of a CMV promoter.

The nucleotide sequences at the sites of insertion
ere verified by DNA sequencing. All plasmids were

onstructed using standard techniques, and details of
heir construction are available upon request.

.2. Cell culture

293T cells (human embryonic kidney cell, ATCC
RL-11268) were used for transfection. The culture
edium used was Dulbecco’s modified Eagle medium

DMEM; Invitrogen, Grand Island, NY) supplemented
ith 10% (v/v) fetal bovine serum (FBS, JRH Bio-

ciences, Lenexa, KS). Cells were maintained as mono-
ayer cultures in 25-cm2 T-flasks in a 5% CO2/air

ixture, humidified at 37 ◦C. Upon reaching conflu-
ncy, they were diluted 1:10 with fresh medium every
days.

.3. Transient transfection

One day prior to transfection, 293T cells were
eeded at a density of 105 cells/ml. Cells were trans-

ected with two combinations of plasmids simultane-
usly for the incompatibility test. One combination of
lasmids consisted of only pbleo family vectors. The
ther was a mixture of pbleo family vectors with a cor-
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ology 127 (2007) 373–384

esponding recombinase expression vector. The molar
atio of pbleo family vectors and recombinase expres-
ion vectors was 1:2. The amount of pbleo family vector
as 2 �g.
In the case of the recombination efficiency test, cells

ere transfected with four combinations of plasmids
t the same time using LipofectamineTM 2000 (Invit-
ogen) following the manufacturer’s recommendation.
he four combinations of plasmids consisted of a nega-

ive control (only Lipofectamine was added), a positive
ontrol (pDC-F3-EGFP-FRT), a mixture of pIC family
ectors and pDC family vectors, and a mixture of pIC
amily vectors, pDC family vectors, and recombinase
xpression vectors. To minimize fluorescence disap-
earance caused by a reverse reaction, and at the same
ime, to minimize an interaction between pIC family
ectors, the molar concentration (M) of pDC family
ector was adjusted to be much higher than that of pIC
amily vector. The molar ratio of pIC family vectors,
DC family vectors, and recombinase expression vec-
ors was 1:5:3. The amount of pIC family vector was
.5 �g.

In both experiments, the total amount of DNA was
djusted to the same concentration with that of the reac-
ion, which has the maximum amount of DNA due to
he fact that the total amount of DNA can affect trans-
ection efficiency of individual reactions. p�EGFP-C1
as used for the adjustment of DNA.

.4. Fluorescence-activated cell sorting (FACS)
nalysis

Half of the cells from each flask were harvested
nd washed with PBS 48 h after transfection. The
ACSCaliburTM system (Becton Dickinson, San Jose,
A) was used for analyzing the samples prepared. The

nstrumental settings are summarized previously (Park
nd Lee, 2000). Ten thousand cells were analyzed for
ach sample. Data analysis was performed using the
inMDI 2.8 program.

.5. PCR analysis

For PCR analysis, extrachromosomal DNA from the

emaining half of the transfected cells was extracted
sing a modified version of the Hirt procedure
Arad, 1998). The primers used for the PCR reac-
ion were 5′-CGACTCACTATAGGGAGACC-3′ and
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′-ATAGAATAGGGCCCTCTAGC-3′. These primers
ere annealed at 56 ◦C and elongated for 2 or 5 min.

. Results and discussion

.1. Validation of constructed vectors

Many kinds of vectors were constructed in this
tudy. Among them, pIC family vectors, which have
promoterless EGFP gene, were designed to have no
reen fluorescence. pDC family vectors and recom-
inase expression vectors also must not expose any
reen fluorescence. We validated that these vectors
ave approximately the same fluorescence level with
he negative control by FACS analysis (data not shown).
herefore, it was confirmed that there were no factors
resent that might distort the result of FACS analysis.

.2. Incompatibility test of various spacer mutants

F3 and F5 mutant sequences for Flpe-mediated cas-
ette exchange were selected, and m2 and lox2272
utant sequences for Cre-mediated cassette exchange
ere selected as candidate sequences for evaluating
ur FACS analysis system due to their high levels
f incompatibility with wild-type sequences. To con-
rm incompatibilities of these mutant sequences, pbleo
amily vectors were constructed (Fig. 1). As described
n Section 2, the incompatibility test was performed
sing the strategy in which higher reactivity between
ecognition sequences resulted in decreased fluores-
ence (Fig. 2).

As shown in Fig. 3, reactions transfected with only
bleo family vectors had similar levels of fluorescence
n each recombinase system due to the same trans-
ection efficiency. However, the changing patterns of
uorescence level were different among recognition
equences when recombinase expression vectors were
lso applied. Under the expression of Flpe recombi-
ase, many pbleo-FRT-EGFP-FRT plasmids lost their
uorescence due to an excision reaction between two

dentical recognition targets. To estimate the extent of

ncompatibility, the total amount of fluorescence in the
elected region where cells have a positive green flu-
rescence was calculated after taking into account the
umber of cells and the mean fluorescence value of

r
b
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ology 127 (2007) 373–384 377

hat region. The total amount of fluorescence in a mix-
ure of pbleo-FRT-EGFP-FRT and p�EGFP-Flpe was
3% compared to that of only pbleo-FRT-EGFP-FRT.
he level of incompatibility between two identical FRT
equences was significantly low as was expected. Two
lasmids that result after an excision reaction can also
erve as substrates for Flpe recombinase. However, for
he reason that an intramolecular reaction is more likely
o occur than an intermolecular reaction, the value falls
etween 0% and 50%. In contrast, the fluorescence lev-
ls of pbleo-F3-EGFP-FRT and pbleo-F5-EGFP-FRT
nder the expression of Flpe recombinase were much
igher than that of pbleo-FRT-EGFP-FRT. Those were
0% and 89% compared to their corresponding controls
hich are deficient in the recombinase expression vec-

or. Such a high level of fluorescence indicates that F3
nd F5 mutant sequences have very low reactivity with
he FRT sequence. These results are exactly consistent
ith the previous work by Schlake and Bode (1994),
hich supports the feasibility of our FACS analysis

ystem for further work, the estimation of recombi-
ation efficiency. Consequently, it was clarified that
5 has almost absolute incompatibility with wild-type
RT sequence and F3 also has a high level of incom-
atibility. Therefore, F3 and F5 may be good mutant
andidates for an efficient site-specific recombination.

The result from an incompatibility test in the Cre-
ediated cassette exchange system was quite different

rom that of the Flpe-mediated cassette exchange sys-
em. The total amount of fluorescence in a mixture of
bleo-loxP-EGFP-loxP and p�EGFP-Cre was only 1%
n comparison with a control reaction. It was reported
hat Cre and Flpe recombinases have slight differences
n their kinetic characteristics (Ringrose et al., 1998).
re binds its target site more strongly and with higher
ooperativity than Flpe. Cre also has a highly more sta-
le synaptic complex than Flpe. It is assumed that this
tronger binding with its target site and higher synap-
ic stability of Cre over Flpe enabled almost complete
xcision of DNA substrates and resulted in extreme
eaning of the equilibrium point to the right (Fig. 2).
he fluorescence levels of pbleo-m2-EGFP-loxP and
bleo-lox2272-EGFP-loxP under the expression of Cre
ecombinase were 66% and 60% compared to their cor-

esponding controls, which are deficient in the recom-
inase expression vector. It is assumed that the higher
ynaptic stability of Cre over Flpe provided a higher
hance of unexpected recombination and resulted in a
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Fig. 3. FACS analysis of the incompatibility test. The ratio of fluorescence levels of each pbleo family vector with recombinase compared to
those without recombinase, which served as positive controls, were measured (A–F). Incompatibility of recognition sequence with wild-type
sequence increases as the fluorescence level approaches the control fluorescence level.
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lightly decreased incompatibility between mutant and
ild-type sequence. However, the extents of incompat-

bility of m2 and of lox2272 are still high, even if those
o not satisfy the level proposed as almost absolute
n previously published articles (Lee and Saito, 1998;
anger et al., 2002).

.3. Estimating efficiency of recombination related
o various spacer mutants
Previously, we showed that the incompatibilities
ith the wild-type recognition sequence were almost

he same between spacer mutant sequences, which

ig. 4. Schematic map of the pIC family vector and the pDC fam-
ly vector, which were used for the recombination efficiency test.
SV-TK, herpes simplex virus thymidine kinase; Neor, neomycin-

esistant gene. The forward and reverse PCR primers were designed
o have an exact homology only with the pDC family vector
equences.
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ad high levels of incompatibilities with the wild-type
equence. However, the high level of incompatibility is
ot the only precondition for an efficient site-specific
ecombination by RMCE since the sequence of the
odified spacer itself can affect recombination effi-

iency (Lee and Saito, 1998). Therefore, a simple and
ccurate analysis system was designed to estimate the
pIC family vectors and pDC family vectors were
sed for the estimation of recombination efficiency

ig. 5. Possible reactions in the recombination efficiency test. The
GFP CDS and the HSV-TK are flanked by wild-type sequence or
utant sequences ( ) and their corresponding wild-type sequence
). Two intermediate forms are possible. An additional reciprocal

rossover leads to cassette exchange, which results in two new DNA
onstructs of 7.8 and 3.9 kb, or return to the initial vectors (pDC
amily vector and pIC family vector). The EGFP CDS can not be
xpressed in the pIC family vector. However, it can be expressed
y the CMV promoter of the pDC family vector after complete
xchange. Therefore, the increasing level of green fluorescence rep-
esents the recombination efficiency. Arrows in vector constructs
epresent primers for PCR.
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Fig. 4). The promoter-trap strategy was applied as
escribed in Section 2. With this design, the level
f green fluorescence represents the efficiency of
he recombination mediated in a site-specific manner
Fig. 5).

Fig. 6 shows the result of FACS analysis concern-
ng Cre-mediated cassette exchange. The fluorescence

evels in the four combinations of plasmids (a negative
ontrol, a positive control vector, a mixture of corre-
ponding pIC family vectors and pDC family vectors,
nd a mixture of corresponding pIC family vectors,

i
w
c
o

ig. 6. FACS analysis of the recombination efficiency test in the Cre-mediated
elated to loxP (B), m2 (C), and lox2272 (D) compared to that of the positiv
ology 127 (2007) 373–384

DC family vectors, and a recombinase expression vec-
or) were analyzed. Thereafter, the ratio of the upper
egion compared to the negative control, which repre-
ents a positive fluorescence, was calculated. The total
mount of DNA in all reactions except the negative
ontrol was adjusted to the same concentration with
hat of the mixture of pIC family vectors, pDC fam-

ly vectors, and a recombinase expression vector. This
as done because the transfection efficiency may be

hanged according to the amount of DNA even if all
ther conditions are the same. The ratio of fluorescent

cassette exchange. The ratio of total fluorescence of recombinations
e control (A) were estimated.
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ells in the positive control reaction was 17%. There
ere no significant appearances of green fluorescence

n the mixtures of pIC and pDC family vectors without
recombinase expression vector (data not shown). This

mplies that there was no unexpected DNA rearrange-
ent in any non-specific manner. The fluorescence

evel of the loxP related recombination reaction was

ery low and was almost the same as that of the neg-
tive control. This low fluorescence level seems to be
aused by the excessive intramolecular excision reac-
ions between two identical recognition sequences. In

r
r
i
t

ig. 7. FACS analysis of the recombination efficiency test in the Flpe-med
ations related to FRT (B), F3 (C), and F5 (D) compared to that of the posit
ology 127 (2007) 373–384 381

ontrast, the increased fluorescence levels were signif-
cantly high in the recombinations related to m2 and
ox2272 spacer mutants. The ratios of total fluorescence
ere 9.8% and 7.7% compared to that of the positive

ontrol in m2 and lox2272 related recombination reac-
ions, respectively. The total amount of fluorescence,
r the recombination efficiency, in the recombination

elated to m2 was 1.3 times higher than that of the
ecombination related to lox2272. Although this data
s consistent with the results of the incompatibility test,
he extent of difference in the recombination efficiency

iated cassette exchange. The ratio of total fluorescence of recombi-
ive control (A) were estimated.
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etween m2 and lox2272 related recombination reac-
ions is higher than that of their incompatibility. From
his result, it can be postulated that the sequence of the
2 spacer region is more susceptible to the recombi-
ation process, such as a DNA strand exchange, than
hat of the lox2272 spacer region.

Fig. 7 shows the levels of recombination efficiency
n Flpe-mediate cassette exchange, which contains dif-
erent aspects compared to that of Cre-mediated cas-
ette exchange. The fluorescence level in the FRT
elated recombination reaction was very low, as was
xpected. In contrast, the increased fluorescence levels
ere significantly high in the recombination related

o the F3 and F5 spacer mutants. The ratios of total
uorescence were 16.9% and 13.9% compared to that
f the positive control in F3 and F5 related recom-
ination reactions, respectively. The total amount of
uorescence in the recombination related to F3 was
.2 times higher than that of the recombination related
o F5. From the repetitive recombination experiments,
t was concluded that the F3 mutant can mediate more
fficient site-specific recombination than the F5 mutant
espite its lower level of incompatibility with the FRT
equence than F5. This result can be explained by the
act that the modified sequence of the spacer region in a
utant affects not only the reactivity upon a wild-type

equence but also the recombination efficiency (Lee

nd Saito, 1998). The relative fluorescence levels com-
ared to that of the positive control in various spacer
utants related recombination reactions are shown in
ig. 8.

ig. 8. Relative fluorescence of recombinations related to mutant
equences compared to the positive control (black bar). F3 and
2 (dashed bar) could mediate slightly more efficient site-specific

ecombination than F5 and lox2272 (gray bar).
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Although absolute incompatibility with wild-type
equence is the most important factor of consideration
o identify mutants for efficient recombination, the effi-
iencies of recombinations related to various mutant
andidates, which have a high level of incompatibility,
ventually have to be estimated in vivo. Considering
his point, our analysis system can be highlighted due to
ts simplicity, accuracy and applicability to any mutant
equence.

.4. PCR analysis

PCR analysis was performed to confirm that recom-
ination processes were mediated in a site-specific
anner using different sizes of exchange cassettes.
rimers were designed to have an exact homology
ith pDC family vectors. The sizes of the exchange

assettes were also adjusted to be different. The pDC
amily vector has an exchange cassette of about 1.6 kb.
fter precise RMCE, this fragment is replaced by an

xchange cassette of about 0.9 kb which comes from
he pIC family vector (Fig. 5).

Fig. 9 shows the result of PCR analysis on Flpe-
ediated recombination reactions. In the negative con-

rol (lane 1) and the three mixtures of pIC and pDC fam-
ly vectors (lanes 3, 5 and 7), there were no DNA bands
pproaching 0.9 kb. And at the same time, no band
pproaching 0.9 kb was detected in the mixture of pIC-

RT-EGFP-FRT, pDC-FRT-TK-FRT, and p�EGFP-
lpe (lane 4). However, the band was detected in the
ositive control (lane 2) and the two mixtures of pIC
amily vectors, pDC family vectors, and p�EGFP-

ig. 9. PCR analysis of the Flpe-mediated recombination reactions.
ane 1, negative control; lane 2, positive control; mixture of pIC-
RT-EGFP-FRT, pDC-FRT-TK-FRT without p�EGFP-Flpe (lane
) and with p�EGFP-Flpe (lane 4); mixture of pIC-F3-EGFP-
RT, pDC-F3-TK-FRT without p�EGFP-Flpe (lane 5) and with
�EGFP-Flpe (lane 6); mixture of pIC-F5-EGFP-FRT, pDC-F5-TK-
RT without p�EGFP-Flpe (lane 7) and with p�EGFP-Flpe (lane 8).
omplete cassette exchange by site-specific recombination results in

he DNA band approaching 0.9 kb.
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lpe (lanes 6 and 8). In both reactions, the DNA band
as extracted and cloned into a T-vector (RBC, Taipei,
aiwan). Ten colonies, from each reaction, were har-
ested and sequenced by M13 forward and reverse
rimers. In all sequencing data, reunited complete
utant sequences (F3 and F5) and wild-type sequence
ere confirmed. The EGFP coding region was also

dentified. This implies that recombination reactions
ere mediated in a site-specific manner.
The elongation time of PCR was also increased to

min to investigate whether or not intermediates exist.
heoretically, two forms of intermediate are possible
hen only one reciprocal crossover occurs between
utant sequences or wild-type sequences (Fig. 5). The

xpected size of the DNA band is about 5 kb in both
ases if the intermediates serve as templates in PCR.
owever, the band was not detected by PCR analy-

is. It seems that almost all intermediates disappeared
ecause those that contain two sets of recognition tar-
ets are susceptible to further recombination and, also,
n intramolecular reaction is much more likely to occur
han an intermolecular reaction.

In this study, a simple FACS analysis system was
roposed to evaluate the efficiency of recombination
elated to various mutant sequences. We selected
2 and lox2272 mutant sequences for Cre-mediated

assette exchange, and F3 and F5 mutant sequences
or Flpe-mediated cassette exchange and thereafter
stimated the recombination efficiencies. There were
o prominent differences in recombination efficiencies
etween m2 and lox2272, and F3 and F5 mutant
equences, as was expected from their very similar
nd high incompatibilities with wild-type sequences.
owever, slight differences could be detected

epeatedly and accurately using our FACS analysis
ystem.

In conclusion, the feasibility of the FACS analysis
ystem for the estimation of recombination efficiency
as verified. Our system should be readily applicable

or estimating recombination efficiency of any mutant
andidate, which will contribute to more precise and
fficient site-specific recombination.
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