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bstract

It has been previously demonstrated that the wild type integrase (Int) protein of coliphage HK022 can catalyze site-specific recombination in
uman cells between attachment (att) sites that were placed on extrachromosomal plasmids. In the present report it is shown that Int can catalyze the
ite-specific recombination reactions in a human cell culture on the chromosomal level. These include integrative (attP × attB) as well as excisive
attL × attR) reactions each in two configurations. In the cis configuration both sites are on the same chromosome, in the trans configuration one
ite is on a chromosome and the other on an episome. The reactions in cis were observed without any selection force, using the green fluorescent
rotein (GFP) as a reporter. The reactions in trans could be detected only when a selection force was applied, using the hygromycin-resistant

HygR) phenotype as a selective marker. All reactions were catalyzed without the need to supply any of the accessory proteins that are required
y Int in its Escherichia coli host. The versatility of the att sites may be an advantage in the utilization of Int to integrate plasmid DNA into the
enome, followed by a partial exclusion of the integrated plasmid.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Site-specific recombinases have become an important tool in
ukaryotic gene manipulations. To date Cre of coliphage P1, Flp
f yeast and the integrase of the Streptomyces phage �C31 (Int-
C31) are the leading ones (Sorrell and Kolb, 2005). Cre and Flp
re the simpler ones because they recombine between small and
dentical pairs of DNA targets (loxP and FRT, respectively), each
4 base pairs (bp) long. Chromosomal integration of plasmid
Please cite this article in press as: Harel-Levi, G., et al., Human genomic s
J. Biotechnol. (2008), doi:10.1016/j.jbiotec.2008.01.002

NA catalyzed by Cre or Flp is unstable because it is flanked by
wo identical target sites that are substrate of the more favourable
everse excision reaction (Glaser et al., 2005; Nagy, 2000). The

Abbreviations: Amp, ampicillin; bp, base pairs; Ganc, Ganciclovir; GFP,
reen fluorescent protein; HygR, hygromycin resistant; IHF, integration host fac-
or; Int, integrase; NeoR, neomycin resistant; CMV, cytomegalovirus promoter;
MCE, recombination mediated cassette exchange; TK, thymidine kinase; Xis,
xcisionase.
∗ Corresponding author. Tel.: +972 3 6409823; fax: +972 3 6406834.

E-mail address: kolott@post.tau.ac.il (M. Kolot).
1 These authors contributed equally to this paper.
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ntegrative target sites of Int-�C31 (attP and attB) that are 39 bp
nd 34 bp long, respectively, show considerable diversity. An
ttP × attB integrative reaction of Int-�C31 leads to the recom-
inant attL and attR sites that flank the integrated DNA. The
everse excision reaction (attR × attL), possibly requiring an
nknown accessory factor, does not occur and hence integrated
NA remains stable (Calos, 2006; Groth and Calos, 2004).
The integrase protein of coliphage HK022 (Int-HK022)

ecognizes four different sites of recombination, which makes
t another potential tool for site-specific gene manipulations
n the eukarya. Similar to its well-studied relative coliphage �,
he phage attP target site of Int-HK022 is 225 bp long and the
ttB site on its host DNA (Escherichia coli) is only 21 bp long.
he integration reaction (attP × attB) leads to the recombinant
ttL and attR sites that flank the integrated prophage. In E. coli
s well as in vitro Int catalysis of the integrative recombination
eaction requires the host-encoded integration host factor (IHF)
ite-specific recombination catalyzed by coliphage HK022 integrase,

s an accessory DNA-binding protein. In addition to IHF, the
everse excision reaction (attL × attR) also requires Excisionase
Xis), a phage-encoded binding protein (Azaro and Landy,
001; Weisberg et al., 1999). However, when the wild type

dx.doi.org/10.1016/j.jbiotec.2008.01.002
mailto:kolott@post.tau.ac.il
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nt-HK022 is expressed in mammalian cells it can catalyze both
ntegrative and excisive reactions without the need to supply
ny of the prokaryotic accessory proteins. In the case of �, only
HF-independent mutants of Int can catalyze the recombination
eactions in mammalian cells (Christ et al., 2002). Thus far, the
elatively efficient Int-HK022 catalyzed reactions in mammalian
ell cultures were only demonstrated using extrachromosomal
lasmids (Kolot et al., 2003). In order for Int to be useful for gene
anipulations in the mammals it is essential that it catalyzes

he recombination reactions when at least one site is located on
chromosome. Here we present experiments showing that the
ild type Int-HK022 can catalyze in human cells all possible

ombinations of the site-specific recombination reactions either
hen both att sites are on the same chromosome, or when one
tt is on a chromosome and the other on an episomal plasmid.
y the use of a combined set of wild type att sites Int can also
atalyze partial removal of an integrated plasmid.

. Materials and methods

.1. Cells, growth conditions, transfection, selection

Cells (∼4 × 105) of the human embryonic kidney cell lines
93 or 293T were grown and 24 h later transfected with 1–5 �g
NA of each circular plasmid using the calcium phosphate
ethod in a 6-wells culture plate as described before (Kolot et

l., 1999). For stable integrations neomycin was added at a final
oncentration of 1 mg/ml, hygromycin at 150 �g/ml or Ganci-
lovir at 3 �M, all were added 72 h post-transfection. E. coli
ells transformed with plasmids were grown in Luria-Bertani
edium with the appropriate antibiotics.

.2. Plasmids and oligomers

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

.3. DNA techniques

.3.1. DNA extraction
Plasmid DNA from E. coli cultures was prepared using a

iYieldTM plasmid mini kit (RBC) or a GenEluteTM HP plas-
id Maxiprep kit (Sigma). Plasmid DNA from human cells was

xtracted by the method of Hirt (Hirt, 1967). Genomic DNA was
xtracted from the human cells using an AccuPrepTM genomic
NA extraction kit (BIONEER).

.3.2. Plasmid constructions
To construct plasmid pGH786 the attL fragment of plasmid

MK25 (Gottfried et al., 2000) was cloned between the BamHI
nd EcoRI sites of pcDNA3 (Invitrogen). To construct plasmid
GH790 a PCR-generated attB fragment was cloned into the
amHI and XhoI sites of plasmid pcDNA3. To construct plas-
Please cite this article in press as: Harel-Levi, G., et al., Human genomic s
J. Biotechnol. (2008), doi:10.1016/j.jbiotec.2008.01.002

id pCT909 a PCR-generated CMV-GFP fragment was cloned
nto the EcoRI and XhoI sites of plasmid pcDNA3.1+. Next, a
CR-generated fragment of attP was cloned between the BamHI
nd EcoRI sites, a PCR-generated attR fragment was cloned

w
F

 PRESS
echnology xxx (2008) xxx–xxx

etween the MluI and HindIII sites, a HindIII-BamHI fragment
hat carries the herpes simplex virus thymidine kinase (TK) gene
as extracted from plasmid XpPNT (Tybulewicz et al., 1991)

nd cloned into the same sites and finally, a PCR-generated frag-
ent that carries the CMV promoter was cloned into the KpnI

nd BamHI sites.
To construct the plasmid pNS490 the SmaI-BamHI blunted

ygR fragment from plasmid p3’SS (Accession number
42371) was cloned into the SmaI site of plasmid Bluescript

SK) obtaining plasmid pNS425. Subsequently the AvaI-NotI
ygR fragment of pNS425 was cloned between the AgeI-NotI

ites of pMK223 (Kolot et al., 2003) replacing the GFP gene.
o construct plasmid pGH625 the HygR fragment from plasmid
NS425 was cloned between the AgeI and NotI sites of pMK242
Kolot et al., 2003). In plasmids pGH784, pGH785 the attP-Stop
ragment and the attR-Stop fragment extracted from plasmids
MK210 and pMK185 (Kolot et al., 2003), respectively, were
loned between the KpnI and XhoI sites of pGH625.

.3.3. In vitro site-specific recombination
Reactions were as previously described (Gottfried et al.,

005).

.3.4. Southern blots
Five to ten micrograms of human cells DNA were cut with

he appropriate enzyme(s) and separated on 1–2% agarose gel.
lkaline transfer and hybridization were done according to the

GeneScreen” manual (DuPont). The probes were PCR frag-
ents that were 32P-labeled by the random primer method.

.3.5. DNA sequencing
DNA sequences were obtained using an ABI PRISM® 3100

enetic Analyzer (Applied Biosystems and Hitachi).

.3.6. Fluorescent-activated cell sorting (FACS) analysis
∼2 × 106 cells from 1 well of a 6-well plate were collected

ollowing trypsin treatment of which 104 cells were selected
y the FACS sorter (Becton Dickinson Instrument) for fluo-
escent measurements. Data analysis was performed using the

inMDI2.8 program.

. Results

Int-HK022 catalysis of integrative (attP × attB) and the exci-
ive (attL × attR) recombination, each in two configurations,
as tested on the chromosomal level in human cell culture. In

he cis configurations both recombining sites were located in a
andem orientation on a chromosomally integrated plasmid. In
he trans configurations one site was located on a chromosome
nd the other was on a plasmid (episome).

.1. Recombination reactions in cis
ite-specific recombination catalyzed by coliphage HK022 integrase,

The gene encoding the green fluorescent protein (GFP)
as used as the reporter for the cis-recombination reactions.
or the attP × attB reaction in cis the neomycin-resistant

dx.doi.org/10.1016/j.jbiotec.2008.01.002
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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
pMK52 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 pCMV-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 pCMV-attL on pCDNA3 Episome in trans reaction This work
pNS490 Stop-attB-Hyg NeoR on pEGFP-N1 Chromosomal trans reaction This work
pGH784 Stop-attP-Hyg NeoR on pEGFP-N1 Chromosomal trans reaction This work
pGH625 Stop-attL-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 attP
oEY134 GAAATGATTTTATTTGACCTAATAATGACCT P′ arm of attP
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
o GCG
o AAT

(
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EY389 CGTCATTATTGACGTCAATGG
EY398 GGGAATAAGGGCGACACGGA

NeoR) plasmid pMK218 that carries the CMV-attP-Stop-attB-
FP sequence (Kolot et al., 2003) was randomly inserted by
eomycin selection into the genome of the human cell line 293
Fig. 1A(a), bold att sites]. CMV is the promoter of the human
ytomegalovirus and “Stop” is a transcription terminator that
revents the expression of GFP (Sauer, 1993). For the attR × attL
eaction in cis a similar plasmid (pMK189) that carries the CMV-
ttR-Stop-attL-GFP sequence (Kolot et al., 2003) was likewise
andomly inserted into the human genome [Fig. 1A(a), plain att
ites]. In both cases, Int-catalyzed recombination is expected to
vict the att-Stop-att fragment [Fig. 1A(c)] leaving a recombined
tt site between the CMV promoter and the GFP open reading
rame thereby allowing the expression of GFP [Fig. 1A(b)].

Cells of each transgenic line were transfected with an Int-
xpressing plasmid (pMK52) and, as control, cells were also
ransfected with the vector (pcDNA3). Two days later the cells
ere collected and underwent a FACS analysis. Visually, of

our tested attP-Stop-attB lines two showed fluorescence in the
resence of Int. Of three tested attR-Stop-attL lines all showed
uorescence in the presence of Int. Quantitative FACS results of
ne line of each reaction (Fig. 1B) show that in the presence of
Please cite this article in press as: Harel-Levi, G., et al., Human genomic s
J. Biotechnol. (2008), doi:10.1016/j.jbiotec.2008.01.002

nt, the integrative reaction (attP × attB) yielded 5.3% fluores-
ent cells and the excisive reaction (attR × attL) yielded 11.4%
f fluorescent cells. In the absence of Int the fluorescence was
egligible. Positive control cells with a GFP-expressing plas-

s
t
n
A

GGGG CMV-GFP
GTTG Amp

id were always included and showed 80–90% fluorescence
not shown). Fig. 1C shows results of PCRs using genomic
NA of the parental cells and of fluorescent cells as templates,

he primers are depicted as bent arrows in Fig. 1A. The PCR
roducts agreed with the expected sizes of the substrates in the
arental cells (S in Fig. 1C lanes 1) and appeared also in the
uorescent cells along with the expected products (P) (Fig. 1C,

anes 2). The sequence of the PCR recombination products (P)
n each of the two reactions (not shown) has confirmed the
xpected recombinant att site [attL in the attP × attB reaction
nd attB in the attR × attL reaction [Fig. 1A(b)], indicating that
ach has resulted from a site-specific recombination reaction. To
emonstrate that the reaction was on the chromosomal level we
erformed Southern blot analyses. Fluorescent cells from each
eaction were enriched by FACS sorting and their DNA as well as
NA from the original unrecombined parental cells was cut with
coRI in the attP × attB integrative reaction and with EcoRI and
otI in the attR × attL excisive reaction (Fig. 1A, black trian-
les). The probe for the integration reaction was a 230 bp PCR
roduct of attP and for the excision reaction a 250 bp PCR prod-
ct that represents an N-terminal sequence of the GFP gene (thin
ite-specific recombination catalyzed by coliphage HK022 integrase,

olid lines in Fig. 1A). Fig. 1D, lanes 4 and 5 show the results of
he blots of the unrecombined cells and the fluorescent recombi-
ants, respectively, in the attP × attB and attR × attL reactions.
s positive controls we included in the blots the original plas-

dx.doi.org/10.1016/j.jbiotec.2008.01.002
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Fig. 1. Recombination reactions in cis. (A) Schematic presentation of the recombination reactions. (a) Chromosomal loci of the attP × attB reaction (in bold) and
the attR × 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 (E = EcoRI, N = NotI) 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 × attB reaction and of the attR × attL reaction. Lanes 1 are DNA of the original unrecombined att lines and lanes 2 of the
fluorescent recombinants. S: substrate, P: product. Primers used were oEY204 + oEY206. (D) Results of Southern blots. (a) attP × attB reaction, the probe (attP)
was generated with primers oEY133 + oEY135. (b) attR × attL reaction. The probe (GFP) was generated with primers oEY256 + oEY257. Lanes 1 are plasmids that
w 9, res
g d type
fl .

m
p
b
e

ere used to create the chromosomal att sites (plasmids pMK218 and pMK18
enerated by in vitro site-specific recombination reactions. Lanes 3 are the wil
uorescent recombinant lines. Arrows indicate molecular weight markers in kb
Please cite this article in press as: Harel-Levi, G., et al., Human genomic s
J. Biotechnol. (2008), doi:10.1016/j.jbiotec.2008.01.002

ids that were used to create the transgenic lines (lanes 1) and
lasmids that carried their recombination products generated
y in vitro reactions (lanes 2), all cut with the same restriction
nzymes. As negative control we used cut genomic DNA of wild

t
n
p
i

pectively). Lanes 2 are the relevant recombination products of these plasmids
control cells. Lanes 4 are the relevant chromosomal att lines. Lanes 5 are the
ite-specific recombination catalyzed by coliphage HK022 integrase,

ype cells (lanes 3). The size of the substrates (S) in the origi-
al unrecombined att cells (lanes 4) and in the relevant original
lasmids (lanes 1) was identical, and so were the products (P)
n lanes 5 and 2. Though there are some unexplained additional

dx.doi.org/10.1016/j.jbiotec.2008.01.002
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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 att sites in each cross is depicted in
Fig. 3 (A–D). Bent arrows depict the primers used in the PCR reactions which
were oEY253 + oEY204. (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
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ands in these blots, the emergence of the expected recombi-
ation products in the fluorescent cells along with PCR results
onfirms that Int has catalyzed both site-specific recombination
eactions on both chromosomally located pairs of the att sites.
he FACS sorting has resulted in about 50% fluorescent cells,
evertheless the signal of the recombination products in lanes
was rather weak. We assume that the reason is because the

riginal transgenic lines, that were transformed by the calcium
hosphate method, carried more than one copy of the substrate
Wurtele et al., 2003).

.2. Recombination reactions in trans

For the recombination reactions in trans we have tried a sim-
lar non-selective approach using the GFP as a reporter. With
his reporter, we have earlier demonstrated extrachromosomal
nt-promoted integrative and excisive recombination between
pisomal plasmids (Kolot et al., 2003). However, when one
tt site was first inserted into a chromosome and the other
emained as an episome we could not detect any significant Int-
romoted fluorescence (not shown). This lead us to conclude
hat the chromosomal reactions in trans, should they occur,
re not sufficiently frequent to be detected without a selec-
ion force. Therefore, we have constructed a selective system
n which only cells that underwent the sought recombination
eaction would acquire resistance to hygromycin (HygR). For
ach reaction (attP × attB and attR × attL in trans) there are
wo reciprocal possibilities, one site on the chromosome, the
ther on the episome and vice versa, all together four reactions
s depicted in Table 2 lines (a) and (b). The att sites of the four
pisomal plasmids were placed downstream to the CMV pro-
oter [Fig. 2A(a)]. The four chromosomal plasmids that were

nserted into the genome carried each the compatible att site
anked upstream with the transcription terminator (Stop) and
ownstream with the promoter-less open reading frame of the
ygR gene [Fig. 2A(b)]. Recombination between the two att

ites is expected to result in the integration of the episomal plas-
id into the chromosome, placing the CMV promoter upstream

o the HygR gene [Fig. 2A(c)], thereby facilitating the expression
f the HygR gene.

Human 293 cells were stably transfected by neomycin selec-
ion with each of the plasmids assigned for the chromosomal
nsertion [Table 2, line (b)]. Several independent isolates of
ach of the four types of stable NeoR att cell lines [Table 2,
ine (c)] were each co-transfected with the Int-expressing plas-

id and the episomal plasmid that carried the compatible att
ite [Table 2, line (a)]. Three days later the cultures were
upplied with hygromycin. As shown in line (d) of Table 2,
nly 1–2 out of the 11–16 NeoR clones of each type of cross
enerated HygR colonies. One of each of the parental cells
hat yielded HygR recombinant was cotransfected again with
ts relevant compatible att plasmid and as controls, each line
as also transfected with the relevant att plasmid without the
Please cite this article in press as: Harel-Levi, G., et al., Human genomic s
J. Biotechnol. (2008), doi:10.1016/j.jbiotec.2008.01.002

nt plasmid. No colonies appeared without Int and the num-
er of HygR recombinants obtained in the presence of Int is
epicted in Table 2, line (e). Chromosomal DNA extracted
rom 7 to 10 of these HygR isolates from each of the four

c
r
s
r

egative controls (lanes 2) and of cells transiently transformed with both att
lasmids as positive controls (lanes 1). *Indicates chromosomal att site and the
rrows show the position of size markers in kb.

rosses served as template for PCR reactions, the primer used
Fig. 2A) are excepted to yield PCR products only if these
ygR isolates have resulted from a site-specific recombination

eaction. Line (f) of Table 2 shows that some of the HygR

ecombinants yielded positive PCR results. Fig. 2B, lanes 3
how the expected PCR products in each of the four types of
ygR recombinants. As negative controls the same PCR reac-

ions were performed (Fig. 2B, lanes 2) using as templates
hromosomal DNA from the original chromosomal att parents
epicted in Fig. 2A(b). As positive controls (Fig. 2B, lanes
) the DNA templates were extrachromosomal DNA of cells
ransiently co-transformed with the Int-expressing and both att
lasmids as previously reported (Kolot et al., 1999). The bottom
ines in the PCRs in Fig. 2B were residual free primers. The
ositive PCR products that were obtained from the four HygR
ite-specific recombination catalyzed by coliphage HK022 integrase,

lones (lanes 3) were sequenced and each showed the expected
ecombinant att sites flanked by CMV and Hyg sequences (not
hown). This suggests that the PCR-positive HygR clones have
esulted from the Int-promoted site-specific recombination reac-

dx.doi.org/10.1016/j.jbiotec.2008.01.002
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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
( R R

(
( 0

t
s

n
w
o
e
t
u

a
r
s
s
T

F
s
w
S
a
m

d) Number of Neo lines that generated Hyg recombinants 2/14
e) Number of Int-dependent HygR colonies in 2nd transformation 16
f) Number of PCR positive HygR isolates/number tested 10/1

ions in trans, between the episomal and the chromosomal att
ites.

To confirm that all four types of these site-specific recombi-
ation reactions in trans took place on the chromosomal level,
e conducted Southern blot analyses using template DNA from
ne of each type of the PCR-positive HygR recombinants. Pan-
Please cite this article in press as: Harel-Levi, G., et al., Human genomic s
J. Biotechnol. (2008), doi:10.1016/j.jbiotec.2008.01.002

ls A-D in Fig. 3 explain schematically the expected results of
he blots. The upper lines (S) represent the relevant loci of the
nrecombined parental HygS att lines prior to recombination

i
a
a
1

ig. 3. Southern blots of the four trans reactions. (Panels A–D) Loci of the parental a
how the restriction sites (E = EcoRI, H = HindIII) used to cut the DNA for the blo
as generated with primers oEY133 + oEY253. Dotted lines show the expected size
outhern blots. Lanes 1 are DNA of the cut att plasmids that were inserted into the ge
tt lines and lanes 4 show the HygR recombinant lines. *Indicates chromosomal att s
olecular weight markers in kb.
1/11 1/16 1/13
7 12 10
5/7 7/10 2/10

nd the lower lines (P) depict the same for the expected HygR

ecombinants. The diagrams also show the relevant restriction
ites (triangles and letters) that were used to cut the DNA and the
izes (in kb) of the fragments expected to be seen in the blots.
he solid line in panel A shows the ∼300 bp long probe used
ite-specific recombination catalyzed by coliphage HK022 integrase,

n all blots, which was a PCR product that covered the attL site
nd 85 bp of the N-terminal region of the HygR gene. Panels
–d in Fig. 3 depict, respectively, the results of the blots. Lanes
in panels (a)–(d) represent the blots of the cut plasmids that

tt sites before recombination (S) and of the HygR recombinants (P). Triangles
ts. Solid thin line (in panel A) shows the probe used in all Southern blots, it
s (in kb) of the visible fragments in the blots. Panels (a)–(d) are the respective
nome. Lanes 2 are the non-transformed control cells. Lanes 3 show the parental
ite. Numbers with arrows show the fragment sizes in kb. Arrowheads indicate

dx.doi.org/10.1016/j.jbiotec.2008.01.002
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ere used to construct the relevant parental HygS att lines as
ositive controls. Lanes 2 are the blots of the wild type negative
ontrols. Lanes 3 show the cut DNA extracted from each rele-
ant unrecombined parental HygS att line, and lanes 4 show the
lots of the HygR recombinants. As expected, the chromosomal
tt lines (lanes 3) show the expected fragments of the unrecom-
ined substrates (S) that are identical to the ones seen from their
riginal plasmid DNA (lanes 1). The HygR lines (lanes 4) show
he expected recombination product (P) as well as the substrate
except for panel (a)]. The fact that in three blots of the HygR

ines the substrate (S) fragment was evident in addition to the
roduct (P) indicates again that these lines carry more than one
opy of the substrate. In panel (a), the HygR line shows the prod-
ct only and is likely to carry only one copy of the attB site. In
he blot of the attL × attR* cross [panels C and (c)] we used
he single EcoRI site to cut the DNA such that the other site

ust have resided outside of the recombined cassette. However,
ince the plasmid (lane 1), the unrecombined attR parent (lane 3)
nd the HygR recombinant (lane 4) all show the same fragment
S) it is likely that the unrecombined attR parent carries more
han one substrate in tandem which is a known phenomenon in
alcium-phosphate transformants (Wurtele et al., 2003). In any
ase, the appearance of the expected recombinant fragments in
ll four HygR lines as well as the PCR results, confirms that
ll of them are the consequence of an Int-catalyzed site-specific
ecombination between the episomal att site and at least one of
ts chromosomal att sites.

.3. Partial excision of an integrated episome by sequential
ecombinations

The difference between the Int system and the conventional
nes (Cre, Flp and �C31) is that Int can utilize two different
ild type pairs of compatible recombination sites (attP + attB

nd attL + attR). Assuming that other pairwise combinations are
ncompatible or much less efficient, this feature may afford the
ystem an advantage in removing undesired sequences of the
ntegrated episome using wild type target (att) sites. As a demon-
tration we have utilized a CMV-attP episomal plasmid, to which
e added an attR site, the gene that encodes the thymidine kinase

TK) of the Herpes simplex virus and the GFP reporter gene
ith its own promoter [plasmid pCT909, Fig. 4A(a)]. The GFP
as used as a reporter for stable transfection and the TK gene
as used as a negative selection marker in the presence of Gan-

iclovir (Chauhan and Gottesman, 1992; Lupton et al., 1991).
sibling of the chromosomal Stop-attB-HygS lines described

bove [Fig. 4A(b)] was co-transfected with plasmid pCT909
long with the Int-expressing plasmid followed by selection
f HygR recombinants as before. The four HygR-GFP positive
lones that were obtained are expected to have emerged from
n attP × attB reaction that lead to the chromosomal structure
hown in Fig. 4A(c). Besides the pre-existing attR site (upstream
Please cite this article in press as: Harel-Levi, G., et al., Human genomic s
J. Biotechnol. (2008), doi:10.1016/j.jbiotec.2008.01.002

o TK), this reaction has produced the novel recombinant sites
ttR (downstream to Stop) and attL (downstream to the CMV
romoter). PCR analyses using DNA of the original attB line
Fig. 4B, lanes 1–4) and of the recombinant line (lanes 5–8),

t
o
t
t
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ach with different pair wise oligomers (numbered in circles in
ig. 4A), has confirmed the presence of the expected attB site
lane 4) in the original attB line and the presence of the expected
tt sites in recombinant left junction (LJ) and right junction (RJ1)
egions in the recombinant line [Fig. 4A(c) and B, lanes 5, 6].
he recombinant also shows a PCR product of attB (lane 8)

ndicating again that more than one copy of the attB fragment
as present in the unrecombined parent. The sequences (not

hown) of the PCR products in lanes 4, 5, 6 have confirmed
he predicted att sites (attB in the unrecombined line, attR at
he LJ region and attL at RJ1). A Southern blot using the same
robe as above (solid line in Fig. 4A) revealed the expected
kb fragment (Fig. 4C, lane 1). These results have confirmed

he predicted structure of the HygR recombinant depicted in
ig. 4A (c). In a second round of Int-promoted recombination
vents there are two options: either the reverse attR × attL reac-
ion that leads back to the original attB line [Fig. 4A(b)], or
he forward attR × attL reaction that deletes the fragment that
ncludes the TK gene and the CMV promoter [Fig. 4A(d)]. In
oth reactions the products are expected to loose the TK gene and
ecome GanciclovirR. In the reverse reaction the cells are also
xpected to loose the GFP activity and in the forward reaction
hey should retain it. The line with the first recombination prod-
ct [Fig. 4A(c)] was transfected with the Int-expressing plasmid,
ollowed by Ganciclovir treatment. It yielded 27 colonies, 4 of
hich retained the GFP activity. PCR analysis of a GFP positive

ine (Fig. 4B, lanes 10–13) has retained the previous LJ region
lane 10), has lost the RJ1 region (lane 11) and has gained the
ew RJ2 region (lane 12). The sequence of the two PCR products
as confirmed both predicted att sites and the Southern blot has
evealed the expected 6.4 kb fragment (Fig. 4C, lane 2). These
esults have verified the second sequential forward site-specific
ecombination reaction in which the GFP positive Ganciclovir
urvivor has deleted a fragment of the previously inserted plas-
id DNA. The PCR analysis of a GFP-negative line among the
anciclovirR colonies has suggested that it has indeed resulted

rom a reverse reaction leading to the original attB line (Fig. 4B,
anes 14–17). This experiment has demonstrated that it is pos-
ible to take advantage of the dual pair wise att sites of Int to
nsert circular DNA into the genome followed by the removal
f a desired fragment of the inserted DNA. The implications of
his advantage are discussed below.

. Discussion

The wild type Int of phage HK022 can promote in the
uman cells integrative and excisive recombination in the cis
onfigurations as well as all four possible combinations in
he trans configuration. Hence, it can become a potential tool
or site-specific gene manipulations in mammalian cells. The
ecombination reactions in the cis configurations are sufficiently
requent such that no selective force is required to detect them.
owever, the trans configurations are much less frequent, such
ite-specific recombination catalyzed by coliphage HK022 integrase,

hat a selective force was needed to detect them. In the case
f Cre and Flp the frequency of the site-specific trans reac-
ions between a single pair of recombination sites is lower than
he frequency of random insertions such that they also required

dx.doi.org/10.1016/j.jbiotec.2008.01.002
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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 attB 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. oEY134, 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
d b. La
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epicted in panel A. Horizontal arrows indicate molecular weight markers in k
ane 9 represents a 100 bp ladder. Lanes 10–13 are the second round GFP posi
outhern blots. Lane 1: the first round recombinant (c). Lane 2: the second roun

selection force to be detected (Baer and Bode, 2001; Sauer,
994). In the mammalian cells as well as in the plants (Gottfried
t al., 2005) the Int-catalyzed recombination reactions were evi-
ent without the need to supply the accessory proteins IHF and
is that are required in the bacterial host and the reasons were
reviously discussed (Kolot et al., 2003). In phage � only an IHF-
ependent Int can promote site-specific recombination reactions
n mammalian cells and the supply of IHF alleviates the reaction
Corona et al., 2003). In the experiments where the recombi-
ation reactions could be quantified (Fig. 1B, and others, not
hown) the excisive attR × attL reaction were more efficient than
ntegrative attP × attB reactions, confirming previous results on
he episomal level (Kolot et al., 2003). The reason may be that,
s in �, excision is less dependent on IHF than is integration
Weisberg and Landy, 1983). Moreover, in the excisive reac-
ion both att sites carry arms with high-affinity binding sites for
nt that are capable to form presynapse complexes (Mumm et
l., 2006), whereas in the integrative reaction only attP carries
igh-affinity binding sites for Int.

In both the cis reactions and in particular the trans reactions,
Please cite this article in press as: Harel-Levi, G., et al., Human genomic s
J. Biotechnol. (2008), doi:10.1016/j.jbiotec.2008.01.002

nly some of the transgenic cells that carried the att sites allowed
ecombination in the presence of Int [Table 2, line (d)]. The rea-
ons might be due to the random integration of the substrate
hat has either resulted in a position effect that prevented the

f
a
m
t

nes 1–4 are the attB parental line (b). Lanes 5–8 are the first recombinant (c).
combinant (d). Lanes 14–17 are the second round GFP-negative revertant. (C)
P-positive recombinant (d). Arrows indicate molecular weight markers in kb.

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

o repost the recombination.
In the last experiment reported above we have demonstrated

ow, with the use of Int, one can insert a plasmid into a single
ite, followed by the removal of a part of the inserted DNA. The
mportant feature in this approach is our assumption that the attR
nd attP sites on the episomal plasmid pCT909 are incompatible
hereby avoiding an undesired cis recombination between them.
his approach may prove useful in designing future insertion
f desired genes, followed by the removal of markers that carry
ntibiotic resistance genes that are indispensable for the selective
nsertion reaction but whose presence in the final transgene is
o more desired. However, compatibility tests between “illegal”
airs of recombination (e.g. attP × attR, attP × attL, etc.) must
till be determined.

As with Cre and Flp, the reaction of Int in cis was more
ite-specific recombination catalyzed by coliphage HK022 integrase,

avourable. To prevent the reversibility of the trans reaction
nd to improve gene integration technology, the recombination-
ediated cassette exchange (RMCE) system was developed. In

his system a DNA segment flanked by two different and incom-

dx.doi.org/10.1016/j.jbiotec.2008.01.002
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atible pairs of recombination sites is exchanged by site-specific
ecombination with a chromosomal fragment that is flanked
y the same heterologous sites (Baer and Bode, 2001). This
pproach has significantly improved the frequency of the desired
ene insertion (Bethke and Sauer, 1997). However, in the case
f the Cre-lox and Flp-FRT systems one of the recombining
air of sites must be mutated and be incompatible with the wild
ype site (Feng et al., 1999; Langer et al., 2002). If recombina-
ion between several “illegal” att sites will prove incompetent,
t may render the Int-HK022 and the � systems advantageous in
n RMCE reaction avoiding the need to use mutated att sites.
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