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Abstract

It has been previously demonstrated that the wild type integrase (Int) protein of coliphage HK022 can catalyze site-specific recombination in
human cells between attachment (att) sites that were placed on extrachromosomal plasmids. In the present report it is shown that Int can catalyze the
site-specific recombination reactions in a human cell culture on the chromosomal level. These include integrative (attP x attB) as well as excisive
(attL x attR) reactions each in two configurations. In the cis configuration both sites are on the same chromosome, in the frans configuration one
site is on a chromosome and the other on an episome. The reactions in cis were observed without any selection force, using the green fluorescent
protein (GFP) as a reporter. The reactions in trans could be detected only when a selection force was applied, using the hygromycin-resistant
(Hyg®) phenotype as a selective marker. All reactions were catalyzed without the need to supply any of the accessory proteins that are required
by Int in its Escherichia coli host. The versatility of the atf sites may be an advantage in the utilization of Int to integrate plasmid DNA into the

genome, followed by a partial exclusion of the integrated plasmid.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Site-specific recombinases have become an important tool in
eukaryotic gene manipulations. To date Cre of coliphage P1, Flp
of yeast and the integrase of the Strepromyces phage $C31 (Int-
$C31) are the leading ones (Sorrell and Kolb, 2005). Cre and Flp
are the simpler ones because they recombine between small and
identical pairs of DNA targets (loxP and FRT, respectively), each
34 base pairs (bp) long. Chromosomal integration of plasmid
DNA catalyzed by Cre or Flp is unstable because it is flanked by
two identical target sites that are substrate of the more favourable
reverse excision reaction (Glaser et al., 2005; Nagy, 2000). The
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integrative target sites of Int-pC31 (a#tP and a#tB) that are 39 bp
and 34 bp long, respectively, show considerable diversity. An
attP x attB integrative reaction of Int-bC31 leads to the recom-
binant aftL and attR sites that flank the integrated DNA. The
reverse excision reaction (affR x attL), possibly requiring an
unknown accessory factor, does not occur and hence integrated
DNA remains stable (Calos, 2006; Groth and Calos, 2004).
The integrase protein of coliphage HK022 (Int-HK022)
recognizes four different sites of recombination, which makes
it another potential tool for site-specific gene manipulations
in the eukarya. Similar to its well-studied relative coliphage A,
the phage attP target site of Int-HKO022 is 225 bp long and the
attB site on its host DNA (Escherichia coli) is only 21 bp long.
The integration reaction (attP x attB) leads to the recombinant
attL and attR sites that flank the integrated prophage. In E. coli
as well as in vitro Int catalysis of the integrative recombination
reaction requires the host-encoded integration host factor (IHF)
as an accessory DNA-binding protein. In addition to IHF, the
reverse excision reaction (attL x attR) also requires Excisionase
(Xis), a phage-encoded binding protein (Azaro and Landy,
2001; Weisberg et al., 1999). However, when the wild type
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Int-HKO022 is expressed in mammalian cells it can catalyze both
integrative and excisive reactions without the need to supply
any of the prokaryotic accessory proteins. In the case of \, only
IHF-independent mutants of Int can catalyze the recombination
reactions in mammalian cells (Christ et al., 2002). Thus far, the
relatively efficient Int-HK022 catalyzed reactions in mammalian
cell cultures were only demonstrated using extrachromosomal
plasmids (Kolot et al., 2003). In order for Int to be useful for gene
manipulations in the mammals it is essential that it catalyzes
the recombination reactions when at least one site is located on
a chromosome. Here we present experiments showing that the
wild type Int-HKO022 can catalyze in human cells all possible
combinations of the site-specific recombination reactions either
when both att sites are on the same chromosome, or when one
att is on a chromosome and the other on an episomal plasmid.
By the use of a combined set of wild type att sites Int can also
catalyze partial removal of an integrated plasmid.

2. Materials and methods
2.1. Cells, growth conditions, transfection, selection

Cells (~4 x 10°) of the human embryonic kidney cell lines
293 or 293T were grown and 24 h later transfected with 1-5 g
DNA of each circular plasmid using the calcium phosphate
method in a 6-wells culture plate as described before (Kolot et
al., 1999). For stable integrations neomycin was added at a final
concentration of 1 mg/ml, hygromycin at 150 pg/ml or Ganci-
clovir at 3 uM, all were added 72h post-transfection. E. coli
cells transformed with plasmids were grown in Luria-Bertani
medium with the appropriate antibiotics.

2.2. Plasmids and oligomers

Plasmids, and oligomers that were used as primers in PCR
reactions, are described in Table 1A and B, respectively.

2.3. DNA techniques

2.3.1. DNA extraction

Plasmid DNA from E. coli cultures was prepared using a
HiYield™ plasmid mini kit (RBC) or a GenElute™ HP plas-
mid Maxiprep kit (Sigma). Plasmid DNA from human cells was
extracted by the method of Hirt (Hirt, 1967). Genomic DNA was
extracted from the human cells using an AccuPrep™ genomic
DNA extraction kit (BIONEER).

2.3.2. Plasmid constructions

To construct plasmid pGH786 the aftL fragment of plasmid
pMK?25 (Gottfried et al., 2000) was cloned between the BamHI
and EcoRI sites of pcDNA3 (Invitrogen). To construct plasmid
pGH790 a PCR-generated attB fragment was cloned into the
BamHI and Xhol sites of plasmid pcDNA3. To construct plas-
mid pCT909 a PCR-generated CM V-GFP fragment was cloned
into the EcoRI and Xhol sites of plasmid pcDNA3.1+. Next, a
PCR-generated fragment of artP was cloned between the BamHI
and EcoRI sites, a PCR-generated affR fragment was cloned

between the MIul and HindIII sites, a HindIII-BamHI fragment
that carries the herpes simplex virus thymidine kinase (TK) gene
was extracted from plasmid XpPNT (Tybulewicz et al., 1991)
and cloned into the same sites and finally, a PCR-generated frag-
ment that carries the CMV promoter was cloned into the Kpnl
and BamHI sites.

To construct the plasmid pNS490 the Smal-BamHI blunted
HygR fragment from plasmid p3’SS (Accession number
U42371) was cloned into the Smal site of plasmid Bluescript
(SK) obtaining plasmid pNS425. Subsequently the Aval-Notl
HygR fragment of pNS425 was cloned between the Agel-Notl
sites of pMK223 (Kolot et al., 2003) replacing the GFP gene.
To construct plasmid pGH625 the HygR fragment from plasmid
pNS425 was cloned between the Agel and Notl sites of pMK242
(Kolot et al., 2003). In plasmids pGH784, pGH785 the attP-Stop
fragment and the attR-Stop fragment extracted from plasmids
pMK210 and pMK185 (Kolot et al., 2003), respectively, were
cloned between the Kpnl and Xhol sites of pGH625.

2.3.3. Invitro site-specific recombination
Reactions were as previously described (Gottfried et al.,
2005).

2.3.4. Southern blots

Five to ten micrograms of human cells DNA were cut with
the appropriate enzyme(s) and separated on 1-2% agarose gel.
Alkaline transfer and hybridization were done according to the
“GeneScreen” manual (DuPont). The probes were PCR frag-
ments that were 32P-labeled by the random primer method.

2.3.5. DNA sequencing
DNA sequences were obtained using an ABI PRISM® 3100
Genetic Analyzer (Applied Biosystems and Hitachi).

2.3.6. Fluorescent-activated cell sorting (FACS) analysis

~2 x 106 cells from 1 well of a 6-well plate were collected
following trypsin treatment of which 10* cells were selected
by the FACS sorter (Becton Dickinson Instrument) for fluo-
rescent measurements. Data analysis was performed using the
WinMDI2.8 program.

3. Results

Int-HKO022 catalysis of integrative (attP x attB) and the exci-
sive (attL x attR) recombination, each in two configurations,
was tested on the chromosomal level in human cell culture. In
the cis configurations both recombining sites were located in a
tandem orientation on a chromosomally integrated plasmid. In
the trans configurations one site was located on a chromosome
and the other was on a plasmid (episome).

3.1. Recombination reactions in cis

The gene encoding the green fluorescent protein (GFP)
was used as the reporter for the cis-recombination reactions.
For the a#tP x attB reaction in cis the neomycin-resistant
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Table 1
List of plasmids and oligomers that were used as primers for the PCR reactions
A. Plasmid Relevant genotype Use Source
pcDNA3 NeoR oriSV40 vector Cloning vector Invitrogen
pcDNA3.1(+) NeoR oriSV40 vector Cloning vector Invitrogen
pEGFPN1 NeoR EGFP-N1 Cloning vector Clontech
pMKS52 Int-HK022 Int expression Kolot et al. (1999)
pMK218 pCMV-attP-Stop-attB-GFP NeoR on pEGFP-N1 Chromosomal cis reaction Kolot et al. (2003)
pMK189 pCM V-attR-Stop-attL-GFP NeoR on pEGFP-N1 Chromosomal cis reaction Kolot et al. (2003)
pMK221 pCMV-attP on pCDNA3 Episome in trans reaction Kolot et al. (2003)
pGH790 pCMV-attB on pCDNA3 Episome in trans reaction This work
pAM243 pCMV-attR on pCDNA3 Episome in trans reaction Kolot et al. (2003)
pGH786 pCM V-attL on pCDNA3 Episome in trans reaction This work
pNS490 Stop-artB-Hyg Neo® on pEGFP-N1 Chromosomal trans reaction This work
pGH784 Stop-attP-Hyg NeoR on pEGFP-N1 Chromosomal trans reaction This work
pGH625 Stop-artL-Hyg NeoR on pEGFP-N1 Chromosomal trans reaction This work
pGH785 Stop-attR-Hyg NeoR on pEGFP-N1 Chromosomal trans reaction This work
pCT909 attR-TK-pCMV-attP-pCMV-GFP on pcDNA3.1+ Chromosomal trans reaction This work
B. Primers Sequence Location
f (forward) GCCAGGGTTTTCCCAGTCACGA Bluescript
r (reverse) GAGCGGATAACAATTTCACACAGG Bluescript
oEY133 CAAATGATTTTATTTTGACTAATAAGACCCT P’ arm of arntP
oEY134 GAAATGATTTTATTTGACCTAATAATGACCT P’ arm of arntP
oEY135 AGGTCACTAATACTATCTAAGTAGTTGATTCATAGGACCTGG P arm of attP
oEY204 ATTGACGTCAATGGGAGTTTGTTTTGGC CMV
oEY206 CGTCGCCGTCCAGCTCGACCAG GFP
oEY253 GCACGAGATTCTTCGCCCTCCG HygR
oEY256 TATCCATGGTGAGCAAGGGCGAGG GFP
oEY257 ATCCATGGTCGTGCTGCTTCATGTGG GFP
oEY302 CCCAATGTCAAGCACTTCCGGAATC HygR
oEY331 AATCCGCTTTGTCGACTCAACC attB
oEY389 CGTCATTATTGACGTCAATGGGCGGGGG CMV-GFP
oEY398 GGGAATAAGGGCGACACGGAAATGTTG Amp

(Neo®) plasmid pMK218 that carries the CMV-attP-Stop-attB-
GFP sequence (Kolot et al., 2003) was randomly inserted by
neomycin selection into the genome of the human cell line 293
[Fig. 1A(a), bold att sites]. CMV is the promoter of the human
cytomegalovirus and “Stop” is a transcription terminator that
prevents the expression of GFP (Sauer, 1993). For the a#tR x attL
reaction in cis a similar plasmid (pMK189) that carries the CM V-
attR-Stop-attL-GFP sequence (Kolot et al., 2003) was likewise
randomly inserted into the human genome [Fig. 1A(a), plain att
sites]. In both cases, Int-catalyzed recombination is expected to
evict the aft-Stop-att fragment [Fig. 1 A(c)] leaving arecombined
att site between the CMV promoter and the GFP open reading
frame thereby allowing the expression of GFP [Fig. 1A(b)].
Cells of each transgenic line were transfected with an Int-
expressing plasmid (pMKS52) and, as control, cells were also
transfected with the vector (pcDNA3). Two days later the cells
were collected and underwent a FACS analysis. Visually, of
four tested attP-Stop-attB lines two showed fluorescence in the
presence of Int. Of three tested attR-Stop-attL lines all showed
fluorescence in the presence of Int. Quantitative FACS results of
one line of each reaction (Fig. 1B) show that in the presence of
Int, the integrative reaction (attP x attB) yielded 5.3% fluores-
cent cells and the excisive reaction (a#fR x attL) yielded 11.4%
of fluorescent cells. In the absence of Int the fluorescence was
negligible. Positive control cells with a GFP-expressing plas-

mid were always included and showed 80-90% fluorescence
(not shown). Fig. 1C shows results of PCRs using genomic
DNA of the parental cells and of fluorescent cells as templates,
the primers are depicted as bent arrows in Fig. 1A. The PCR
products agreed with the expected sizes of the substrates in the
parental cells (S in Fig. 1C lanes 1) and appeared also in the
fluorescent cells along with the expected products (P) (Fig. 1C,
lanes 2). The sequence of the PCR recombination products (P)
in each of the two reactions (not shown) has confirmed the
expected recombinant att site [attL in the attP X attB reaction
and attB in the attR x attL reaction [Fig. 1A(b)], indicating that
each has resulted from a site-specific recombination reaction. To
demonstrate that the reaction was on the chromosomal level we
performed Southern blot analyses. Fluorescent cells from each
reaction were enriched by FACS sorting and their DNA as well as
DNA from the original unrecombined parental cells was cut with
EcoRlIinthe artP x attB integrative reaction and with EcoRI and
Notl in the attR x attL excisive reaction (Fig. 1A, black trian-
gles). The probe for the integration reaction was a 230 bp PCR
product of atP and for the excision reaction a 250 bp PCR prod-
uct that represents an N-terminal sequence of the GFP gene (thin
solid lines in Fig. 1A). Fig. 1D, lanes 4 and 5 show the results of
the blots of the unrecombined cells and the fluorescent recombi-
nants, respectively, in the attP x attB and attR x attL reactions.
As positive controls we included in the blots the original plas-
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Fig. 1. Recombination reactions in cis. (A) Schematic presentation of the recombination reactions. (a) Chromosomal loci of the a#tP x attB reaction (in bold) and
the attR x attL reaction. (b) and (c) Expected recombination products. Bent arrows depict the primers used in the PCR reactions. Triangles show the location of the
restriction sites (£ =EcoRI, N=Notl) that were used in the Southern blots. Solid thin lines depict the labeled probes and their dotted extensions depict the expected
sizes (in kb) of the visible fragments in the Southern blots. (B) FACS analyses, mean of three experiments of the integrative reaction (a) and of the excisive reaction
(b). (C) Gels of PCR products of the attP x attB reaction and of the atfR x attL reaction. Lanes 1 are DNA of the original unrecombined art lines and lanes 2 of the
fluorescent recombinants. S: substrate, P: product. Primers used were o0EY204 + oEY206. (D) Results of Southern blots. (a) attP x attB reaction, the probe (attP)
was generated with primers oEY 133 + oEY 135. (b) a#tR x attL reaction. The probe (GFP) was generated with primers oEY256 + oEY257. Lanes 1 are plasmids that
were used to create the chromosomal att sites (plasmids pMK218 and pMK189, respectively). Lanes 2 are the relevant recombination products of these plasmids
generated by in vitro site-specific recombination reactions. Lanes 3 are the wild type control cells. Lanes 4 are the relevant chromosomal a#f lines. Lanes 5 are the
fluorescent recombinant lines. Arrows indicate molecular weight markers in kb.

mids that were used to create the transgenic lines (lanes 1) and type cells (lanes 3). The size of the substrates (S) in the origi-
plasmids that carried their recombination products generated  nal unrecombined atf cells (lanes 4) and in the relevant original
by in vitro reactions (lanes 2), all cut with the same restriction plasmids (lanes 1) was identical, and so were the products (P)
enzymes. As negative control we used cut genomic DNA of wild in lanes 5 and 2. Though there are some unexplained additional
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bands in these blots, the emergence of the expected recombi-
nation products in the fluorescent cells along with PCR results
confirms that Int has catalyzed both site-specific recombination
reactions on both chromosomally located pairs of the att sites.
The FACS sorting has resulted in about 50% fluorescent cells,
nevertheless the signal of the recombination products in lanes
5 was rather weak. We assume that the reason is because the
original transgenic lines, that were transformed by the calcium
phosphate method, carried more than one copy of the substrate
(Waurtele et al., 2003).

3.2. Recombination reactions in trans

For the recombination reactions in trans we have tried a sim-
ilar non-selective approach using the GFP as a reporter. With
this reporter, we have earlier demonstrated extrachromosomal
Int-promoted integrative and excisive recombination between
episomal plasmids (Kolot et al., 2003). However, when one
art site was first inserted into a chromosome and the other
remained as an episome we could not detect any significant Int-
promoted fluorescence (not shown). This lead us to conclude
that the chromosomal reactions in trans, should they occur,
are not sufficiently frequent to be detected without a selec-
tion force. Therefore, we have constructed a selective system
in which only cells that underwent the sought recombination
reaction would acquire resistance to hygromycin (HygR). For
each reaction (artP x attB and attR x attL in trans) there are
two reciprocal possibilities, one site on the chromosome, the
other on the episome and vice versa, all together four reactions
as depicted in Table 2 lines (a) and (b). The at sites of the four
episomal plasmids were placed downstream to the CMV pro-
moter [Fig. 2A(a)]. The four chromosomal plasmids that were
inserted into the genome carried each the compatible art site
flanked upstream with the transcription terminator (Stop) and
downstream with the promoter-less open reading frame of the
HygR gene [Fig. 2A(b)]. Recombination between the two art
sites is expected to result in the integration of the episomal plas-
mid into the chromosome, placing the CMV promoter upstream
to the HygR gene [Fig. 2A(c)], thereby facilitating the expression
of the HygR gene.

Human 293 cells were stably transfected by neomycin selec-
tion with each of the plasmids assigned for the chromosomal
insertion [Table 2, line (b)]. Several independent isolates of
each of the four types of stable NeoR arr cell lines [Table 2,
line (c)] were each co-transfected with the Int-expressing plas-
mid and the episomal plasmid that carried the compatible att
site [Table 2, line (a)]. Three days later the cultures were
supplied with hygromycin. As shown in line (d) of Table 2,
only 1-2 out of the 11-16 NeoR clones of each type of cross
generated HygR colonies. One of each of the parental cells
that yielded HygR recombinant was cotransfected again with
its relevant compatible att plasmid and as controls, each line
was also transfected with the relevant atr plasmid without the
Int plasmid. No colonies appeared without Int and the num-
ber of HygR recombinants obtained in the presence of Int is
depicted in Table 2, line (e). Chromosomal DNA extracted
from 7 to 10 of these HygR isolates from each of the four

(A)

N (W)

(b) __Stop | aft | Hyg’ |

d
Int¢
M| aif | Hygk |
25- 5

©_[Stop |[aff]

(B) 1 2 3

e

B CTR

attR x attL*

Fig. 2. PCRs of the four trans reactions. (A) General schematic presentation
of the four trans reaction. (a) Loci on plasmid. (b) Loci on chromosome. (c)
Expected product. The orientation of the atf sites in each cross is depicted in
Fig. 3 (A-D). Bent arrows depict the primers used in the PCR reactions which
were 0EY253 + 0EY204. (B) Gels showing the PCR products of the four types
of HygR recombinants (lanes 3), of the four types of the parental att sites as
negative controls (lanes 2) and of cells transiently transformed with both art
plasmids as positive controls (lanes 1). *Indicates chromosomal att site and the
arrows show the position of size markers in kb.

crosses served as template for PCR reactions, the primer used
(Fig. 2A) are excepted to yield PCR products only if these
HygR isolates have resulted from a site-specific recombination
reaction. Line (f) of Table 2 shows that some of the HygR
recombinants yielded positive PCR results. Fig. 2B, lanes 3
show the expected PCR products in each of the four types of
HygR recombinants. As negative controls the same PCR reac-
tions were performed (Fig. 2B, lanes 2) using as templates
chromosomal DNA from the original chromosomal atf parents
depicted in Fig. 2A(b). As positive controls (Fig. 2B, lanes
1) the DNA templates were extrachromosomal DNA of cells
transiently co-transformed with the Int-expressing and both att
plasmids as previously reported (Kolot et al., 1999). The bottom
lines in the PCRs in Fig. 2B were residual free primers. The
positive PCR products that were obtained from the four Hyg®
clones (lanes 3) were sequenced and each showed the expected
recombinant att sites flanked by CMV and Hyg sequences (not
shown). This suggests that the PCR-positive HygR clones have
resulted from the Int-promoted site-specific recombination reac-
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Table 2
Number of clones analyzed or obtained in different stages of the reactions in trans
1 2 3 4
(a) Site on episomal plasmid (and plasmid number) attP (pMK221) attB (pGH790) attR (pAM243) attL (pGH786)
(b) Site on chromosome (and plasmid number) attB (pNS490) attP (pGH784) attL (pGH625) attR (pGH785)
(c) Number of NeoR PCR positive lines tested 14 11 16 13
(d) Number of NeoR lines that generated HygR recombinants 2/14 1/11 1/16 1/13
(e) Number of Int-dependent HygR colonies in 2" transformation 16 7 12 10
(f) Number of PCR positive HygR isolates/number tested 10/10 51 7/10 2/10

tions in trans, between the episomal and the chromosomal att
sites.

To confirm that all four types of these site-specific recombi-
nation reactions in trans took place on the chromosomal level,
we conducted Southern blot analyses using template DNA from
one of each type of the PCR-positive HygR recombinants. Pan-
els A-D in Fig. 3 explain schematically the expected results of
the blots. The upper lines (S) represent the relevant loci of the
unrecombined parental HygS att lines prior to recombination

and the lower lines (P) depict the same for the expected HygR
recombinants. The diagrams also show the relevant restriction
sites (triangles and letters) that were used to cut the DNA and the
sizes (in kb) of the fragments expected to be seen in the blots.
The solid line in panel A shows the ~300bp long probe used
in all blots, which was a PCR product that covered the attL site
and 85bp of the N-terminal region of the HygR gene. Panels
a—d in Fig. 3 depict, respectively, the results of the blots. Lanes
1 in panels (a)—(d) represent the blots of the cut plasmids that

(A) (©)
s [Siop [ HFES| S
B E probe E 7.3 E
Stop |<ariR] EMY> il | Hyg®) P [Stop [aP > [EMW[aiB>[Hygk| P
AR i 59 2
(B) (D)
SR o> DI S Stop arl | Hyg? s
3 £ 3
Stop [afiR> CM{anl>[Hygt P Stop (< lauP| _[CM<anB]Hygt P
25 2 i 6.3 E
1 2 3 4 1 2 3 4
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‘ . - <P |2 ‘ < P63
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L aw
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TI>» - - 2>
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8 &S 13 ;
6
: P59 _5,‘ _ W <so
Plasmid Plasmid Cells

Fig. 3. Southern blots of the four frans reactions. (Panels A-D) Loci of the parental atr sites before recombination (S) and of the HygR recombinants (P). Triangles
show the restriction sites (E'=EcoRI, H=HindIII) used to cut the DNA for the blots. Solid thin line (in panel A) shows the probe used in all Southern blots, it
was generated with primers 0EY 133 + 0EY253. Dotted lines show the expected sizes (in kb) of the visible fragments in the blots. Panels (a)—(d) are the respective
Southern blots. Lanes 1 are DNA of the cut atf plasmids that were inserted into the genome. Lanes 2 are the non-transformed control cells. Lanes 3 show the parental
att lines and lanes 4 show the HygR recombinant lines. *Indicates chromosomal at site. Numbers with arrows show the fragment sizes in kb. Arrowheads indicate

molecular weight markers in kb.
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were used to construct the relevant parental HygS art lines as
positive controls. Lanes 2 are the blots of the wild type negative
controls. Lanes 3 show the cut DNA extracted from each rele-
vant unrecombined parental HygS art line, and lanes 4 show the
blots of the HygR recombinants. As expected, the chromosomal
att lines (lanes 3) show the expected fragments of the unrecom-
bined substrates (S) that are identical to the ones seen from their
original plasmid DNA (lanes 1). The HygR lines (lanes 4) show
the expected recombination product (P) as well as the substrate
[except for panel (a)]. The fact that in three blots of the HygR
lines the substrate (S) fragment was evident in addition to the
product (P) indicates again that these lines carry more than one
copy of the substrate. In panel (a), the HygR line shows the prod-
uct only and is likely to carry only one copy of the a#tB site. In
the blot of the attL x attR* cross [panels C and (c)] we used
the single EcoRI site to cut the DNA such that the other site
must have resided outside of the recombined cassette. However,
since the plasmid (lane 1), the unrecombined a#fR parent (lane 3)
and the HygR recombinant (lane 4) all show the same fragment
(S) it is likely that the unrecombined affR parent carries more
than one substrate in tandem which is a known phenomenon in
calcium-phosphate transformants (Wurtele et al., 2003). In any
case, the appearance of the expected recombinant fragments in
all four HygR lines as well as the PCR results, confirms that
all of them are the consequence of an Int-catalyzed site-specific
recombination between the episomal atf site and at least one of
its chromosomal att sites.

3.3. PFartial excision of an integrated episome by sequential
recombinations

The difference between the Int system and the conventional
ones (Cre, Flp and ¢$C31) is that Int can utilize two different
wild type pairs of compatible recombination sites (a#tP + attB
and attL + attR). Assuming that other pairwise combinations are
incompatible or much less efficient, this feature may afford the
system an advantage in removing undesired sequences of the
integrated episome using wild type target (atf) sites. As ademon-
stration we have utilized a CM V-a#tP episomal plasmid, to which
we added an afzR site, the gene that encodes the thymidine kinase
(TK) of the Herpes simplex virus and the GFP reporter gene
with its own promoter [plasmid pCT909, Fig. 4A(a)]. The GFP
was used as a reporter for stable transfection and the TK gene
was used as a negative selection marker in the presence of Gan-
ciclovir (Chauhan and Gottesman, 1992; Lupton et al., 1991).
A sibling of the chromosomal Stop-artB-Hyg® lines described
above [Fig. 4A(b)] was co-transfected with plasmid pCT909
along with the Int-expressing plasmid followed by selection
of HygR recombinants as before. The four HygR-GFP positive
clones that were obtained are expected to have emerged from
an attP x attB reaction that lead to the chromosomal structure
shown in Fig. 4A(c). Besides the pre-existing a#fR site (upstream
to TK), this reaction has produced the novel recombinant sites
attR (downstream to Stop) and attL (downstream to the CMV
promoter). PCR analyses using DNA of the original a#fB line
(Fig. 4B, lanes 1-4) and of the recombinant line (lanes 5-8),

each with different pair wise oligomers (numbered in circles in
Fig. 4A), has confirmed the presence of the expected artB site
(lane 4) in the original a#tB line and the presence of the expected
att sites in recombinant left junction (LJ) and right junction (RJ;)
regions in the recombinant line [Fig. 4A(c) and B, lanes 5, 6].
The recombinant also shows a PCR product of a#zB (lane 8)
indicating again that more than one copy of the a#tB fragment
was present in the unrecombined parent. The sequences (not
shown) of the PCR products in lanes 4, 5, 6 have confirmed
the predicted att sites (a#tB in the unrecombined line, affR at
the LJ region and attL at RJ;). A Southern blot using the same
probe as above (solid line in Fig. 4A) revealed the expected
1 kb fragment (Fig. 4C, lane 1). These results have confirmed
the predicted structure of the HygR recombinant depicted in
Fig. 4A (c). In a second round of Int-promoted recombination
events there are two options: either the reverse a#fR x attL reac-
tion that leads back to the original attB line [Fig. 4A(b)], or
the forward attR x attL reaction that deletes the fragment that
includes the TK gene and the CMV promoter [Fig. 4A(d)]. In
both reactions the products are expected to loose the TK gene and
become GanciclovirR. In the reverse reaction the cells are also
expected to loose the GFP activity and in the forward reaction
they should retain it. The line with the first recombination prod-
uct [Fig. 4A(c)] was transfected with the Int-expressing plasmid,
followed by Ganciclovir treatment. It yielded 27 colonies, 4 of
which retained the GFP activity. PCR analysis of a GFP positive
line (Fig. 4B, lanes 10—13) has retained the previous LJ region
(lane 10), has lost the RJ; region (lane 11) and has gained the
new RJ; region (lane 12). The sequence of the two PCR products
has confirmed both predicted att sites and the Southern blot has
revealed the expected 6.4 kb fragment (Fig. 4C, lane 2). These
results have verified the second sequential forward site-specific
recombination reaction in which the GFP positive Ganciclovir
survivor has deleted a fragment of the previously inserted plas-
mid DNA. The PCR analysis of a GFP-negative line among the
Ganciclovir® colonies has suggested that it has indeed resulted
from a reverse reaction leading to the original a#tB line (Fig. 4B,
lanes 14—17). This experiment has demonstrated that it is pos-
sible to take advantage of the dual pair wise att sites of Int to
insert circular DNA into the genome followed by the removal
of a desired fragment of the inserted DNA. The implications of
this advantage are discussed below.

4. Discussion

The wild type Int of phage HK022 can promote in the
human cells integrative and excisive recombination in the cis
configurations as well as all four possible combinations in
the trans configuration. Hence, it can become a potential tool
for site-specific gene manipulations in mammalian cells. The
recombination reactions in the cis configurations are sufficiently
frequent such that no selective force is required to detect them.
However, the trans configurations are much less frequent, such
that a selective force was needed to detect them. In the case
of Cre and Flp the frequency of the site-specific trans reac-
tions between a single pair of recombination sites is lower than
the frequency of random insertions such that they also required
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Fig. 4. Sequential site-specific recombinations. (A) Schematic presentation of the episomal plasmid designed for two subsequent recombination reactions (a), of the
chromosomal loci in the a#tB line (b), of the expected structure of the first recombination product (c) and of the expected structure of the second forward recombination
product (d). Bent arrows and circled numbers depict the primers used in the PCR reactions (1. oEY331, 2. oEY302, 3. oEY 134, 4. oEY389, 5. oEY398). Triangles
show the location of the restriction sites (E=EcoRI, H=HindIII) used in the Southern blots. Solid thin lines depict the labeled probes and their dotted extensions
depict the expected sizes (in kb) of the visible fragments in the Southern blots. (B) Results of PCR reactions of respective recombinants using the pair wise oligomers
depicted in panel A. Horizontal arrows indicate molecular weight markers in kb. Lanes 1-4 are the a#tB parental line (b). Lanes 5-8 are the first recombinant (c).
Lane 9 represents a 100 bp ladder. Lanes 1013 are the second round GFP positive recombinant (d). Lanes 14-17 are the second round GFP-negative revertant. (C)
Southern blots. Lane 1: the first round recombinant (c). Lane 2: the second round GFP-positive recombinant (d). Arrows indicate molecular weight markers in kb.

a selection force to be detected (Baer and Bode, 2001; Sauer,
1994). In the mammalian cells as well as in the plants (Gottfried
et al., 2005) the Int-catalyzed recombination reactions were evi-
dent without the need to supply the accessory proteins IHF and
Xis that are required in the bacterial host and the reasons were
previously discussed (Kolot et al., 2003). In phage A only an IHF-
dependent Int can promote site-specific recombination reactions
in mammalian cells and the supply of IHF alleviates the reaction
(Corona et al., 2003). In the experiments where the recombi-
nation reactions could be quantified (Fig. 1B, and others, not
shown) the excisive attR x attL reaction were more efficient than
integrative aftP X attB reactions, confirming previous results on
the episomal level (Kolot et al., 2003). The reason may be that,
as in A, excision is less dependent on IHF than is integration
(Weisberg and Landy, 1983). Moreover, in the excisive reac-
tion both arf sites carry arms with high-affinity binding sites for
Int that are capable to form presynapse complexes (Mumm et
al., 2006), whereas in the integrative reaction only attP carries
high-affinity binding sites for Int.

In both the cis reactions and in particular the frans reactions,
only some of the transgenic cells that carried the a#t sites allowed
recombination in the presence of Int [Table 2, line (d)]. The rea-
sons might be due to the random integration of the substrate
that has either resulted in a position effect that prevented the

access of Int, or that the integrity of sequences that are essential
to monitor the recombination reactions was distorted owing to
the random integration of the substrate. Only about 25% of the
DNA in the att plasmids were available for random chromoso-
mal insertion without interrupting sequences that are essential
to repost the recombination.

In the last experiment reported above we have demonstrated
how, with the use of Int, one can insert a plasmid into a single
site, followed by the removal of a part of the inserted DNA. The
important feature in this approach is our assumption that the a#tR
and attP sites on the episomal plasmid pCT909 are incompatible
thereby avoiding an undesired cis recombination between them.
This approach may prove useful in designing future insertion
of desired genes, followed by the removal of markers that carry
antibiotic resistance genes that are indispensable for the selective
insertion reaction but whose presence in the final transgene is
no more desired. However, compatibility tests between “illegal”
pairs of recombination (e.g. attP x attR, attP x attL, etc.) must
still be determined.

As with Cre and Flp, the reaction of Int in cis was more
favourable. To prevent the reversibility of the frans reaction
and to improve gene integration technology, the recombination-
mediated cassette exchange (RMCE) system was developed. In
this system a DNA segment flanked by two different and incom-
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patible pairs of recombination sites is exchanged by site-specific
recombination with a chromosomal fragment that is flanked
by the same heterologous sites (Baer and Bode, 2001). This
approach has significantly improved the frequency of the desired
gene insertion (Bethke and Sauer, 1997). However, in the case
of the Cre-lox and Flp-FRT systems one of the recombining
pair of sites must be mutated and be incompatible with the wild
type site (Feng et al., 1999; Langer et al., 2002). If recombina-
tion between several “illegal” atf sites will prove incompetent,
it may render the Int-HK022 and the A systems advantageous in
an RMCE reaction avoiding the need to use mutated att sites.
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