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Abstract: The activity of the Integrase (Int) protein en-
coded by coliphage HK022 was tested in a human cell
culture. Plasmids were constructed as substrates that
carry the sites of the integration reaction (attP and attB)
or the sites of excision (attL and attR). The site-specific
recombination reactions were monitored in cis and in
trans configurations by the expression of the green fluo-
rescent protein (GFP) as a reporter. Cells cotransfected
with the substrate plasmid(s) and with a plasmid that
expresses the wild-type Int show efficient integration as
well as excision in both configurations. The wild-type Int
was active in the human cells without the need to supply
the accessory proteins integration host factor (IHF) and
excisionase (Xis) that are indispensable for the reaction
in the bacterial host. © 2003 Wiley Periodicals, Inc. Biotechnol
Bioeng 84: 56–60, 2003.
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INTRODUCTION

In its lysogenic cycle the mechanism of site-specific recom-
bination of the coliphage HK022 is very similar to that of
phage �. The integration of the phage into the chromosome
of its host (Escherichia coli) results from a site-specific
recombination reaction between the attP site on the phage
DNA and an attB site on the host DNA. The integrated
prophage is flanked by the recombinant attL and attR sites,
which are the sites for phage excision. Both integration and
excision are catalyzed by the phage-encoded integrase (Int)
protein and both reactions require the presence of the host-
encoded accessory protein integration host factor (IHF). In
addition, excision requires the phage-encoded accessory
protein excisionase (Xis), whose activity can be partially
replaced by the host-encoded FIS (factor for inversion
stimulation) protein. The central 7 basepairs (bp) of the 21
bp-long attB (BOB�) are the site of DNA exchange and are
known as the overlap (O). O is flanked by two 7 bp inverted

repeats (B and B�) that serve as weak binding sites for Int.
attP is composed of a similar core (COC�) flanked by two
longer arms (P and P�) that carry tight binding sites for Int
and for the accessory proteins (IHF, Xis, FIS). As a bivalent
protein Int monomers bind tightly via the amino-terminal
arm binding domain to the arms of attP, the bound acces-
sory proteins bend the arms and thereby facilitate the bind-
ing of a carboxyl terminal domain of Int to the core, the site
of the reaction. The resulting protein-DNA complex, known
as the intasome, captures the attB site to execute the recom-
bination. The recombinant attL (BOP�) and attR (POB�)
sites of the integrated phage are each composed of a recom-
bined core and one of the arms. The � and HK022 systems
are unidirectional; their integration and excision are not
completely reversible reactions because their recombining
att sites are not identical and because excision requires Xis
as an additional accessory protein (reviewed by Azaro and
Landy, 2001; Nash, 1996). Int of � and HK022 are 70%
identical, and each recognizes a different set of att sites. Xis
is functionally identical in both phage (Weisberg et al.,
1999).

Int-family site-specific recombinases of lower organisms
have been recruited to operate in mammalian cells and in
plants in order to facilitate the integration and excision of
genes at specific sites. Among the best-developed systems
are Cre-lox of bacteriophage P1 and FLP-frt of yeast. How-
ever, in these systems the recombination target sites (lox and
frt) are identical, favoring excision over stable integration
(Baer and Bode, 2001; Ow, 2002; Nagy, 2000; Farley et al.,
2000; Sauer, 1998). Recently, the site-specific recombina-
tion system of the Streptomyces phage �C31 has been suc-
cessfully developed to stably insert DNA at specific mam-
malian chromosomal sites. This system, which belongs to
the resolvase family, is unidirectional because it requires its
Xis for excision (Thyagarajan et al., 2001; Belteki et al.,
2003).

Wild-type Int of � expressed in mammalian cells is in-
active. In contrast, IHF-independent mutants of Int-� can
promote site-specific integration and excision in mamma-
lian cells (Christ et al., 2002; Christ and Dröge, 2002). We
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have previously cloned and expressed the wild-type Int of
HK022 and have shown, mainly by qualitative PCR reac-
tions, that in the presence of plasmids that carry the proper
att sites, integration and excision products can be detected
(Kolot et al., 1999). In the present work, we developed the
system for a quantitative assay for integration and for ex-
cision and show that, in contrast to the wild-type Int-�, that
of Int-HK022 is strongly active in mammalian cells.

MATERIALS AND METHODS

Cell Line, Culture Conditions, Transfection,
and Immunoblot

Cells (∼105) of the human embryonic kidney cell line 293T
were transfected with 10 �g DNA of each plasmid using the
calcium phosphate method as described previously (Kolot et
al., 1999) in a 6-well culture plate. Immunoblots were per-
formed using polyclonal Int antiserum as described (Kolot
and Yagil, 2003).

Plasmid Construction

In all plasmids the “stop” site is a fragment that carries a
transcription terminator that has been extracted from plas-
mid pBS302 (Sauer, 1993). attP originated from plasmid
pKY110 (Kolot et al., 1996), attB from plasmid pNR185
(Nagaraja and Weisberg, 1990), attR from plasmid pMK24,
and attL from plasmid pMK25 (Gottfried et al., 2000). In
plasmids pMK218 and pMK189 the relevant fragments
were cloned between the pCMV promoter and the GFP
reading frame of plasmid pEGFP-N1 (ClonTech, Palo Alto,
CA). In pMK218 they were cloned between the EcoRI-
BamHI sites and in pMK189 between the SmaI and EcoRI
sites. In plasmids pMK221 and pAM243 the att sites were
cloned downstream of the pCMV promoter of plasmid
pCDNA3 (Invitrogen, Carlsbad, CA). In pMK221 attP was
cloned between the EcoRI and HindIII sites and in pAM243
between KpnI and EcoRV.

To construct plasmids pMK223 and pAM242, the CMV
promoter was first removed from plasmid pEGFP-N1 by
deleting its small AseI-BglII fragment, obtaining plasmid
pMK219. In pMK223 the “stop” and attB fragments were
cloned between the HindIII and BamHI sites of pMK219
and in pMK242 the “stop” and attL fragments were cloned
between HindIII and SalI of pMK219.

To enable proper cloning, several of the cloned fragments
were first subcloned into plasmids that carried multiple
cloning sites and were cut out with the proper ends.

Fluorescent-Activated Cell Sorting
(FACS) Analysis

Cells from one well were collected for FACS measurements
that were done on a FACSort Becton Dickinson Instrument.
Data analysis was performed using the WinMDI2.8 pro-
gram.

RESULTS

Plasmids that carry the reporter gene encoding the GFP of
the jellyfish Aequorea victoria (Prasher et al., 1992) were
constructed such that the protein can express only as a result
of an Int-catalyzed site-specific recombination reaction.
Different constructs could monitor either the integration re-
action (attP × attB) or the excision reaction (attL × attR).
Each reaction was monitored in one of the following two
configurations: In the cis configuration both recombining
att sites are located on the same vector (Fig. 1A,C), and in
the trans configuration each att site is located on a different
vector (Fig. 1B,D). In the reactions in cis the human cyto-
megalovirus (CMV) promoter and the reading frame of the
GFP were separated by a fragment carrying two att sites that
flank a transcription terminator site. For the integration re-
action in cis the two att sites were attP and attB (plasmid
pMK218, Fig. 1A) and for the excision reaction in cis the
sites were attL and attR (plasmid pMK189, Fig. 1C). Re-
combination between the two att sites evicts the transcrip-
tion terminator and brings the CMV promoter proximal to
the reading frame of the GFP gene allowing its expression.
In the reactions in trans (Fig. 1B,D), one plasmid carried an
att site downstream to the CMV promoter and the other
plasmid carried an att site and the transcription terminator
upstream to the promoterless GFP reading frame. In the
integration reaction in trans, attP is on the first plasmid
(pMK221) and attB is on the second one (pMK223). In the
excision reaction in trans, attR is on the first plasmid
(pAM243) and attL is on the second one (pAM242). Int-
catalysis of these reactions recombines between the two att
sites, resulting in a cointegrate that carries the CMV pro-
moter upstream to the GFP gene, allowing its expression.

Human cells (line 293T) were transfected with the rel-
evant substrate plasmid(s) together or without an Int-
expressing plasmid (pMK52) (Kolot et al., 1999) and 48 h
following the transfection the cells underwent a FACS
analysis. Dot plots that depict the fluorescence of the trans-
fected cells in the presence and the absence of Int are shown
in the inserts in Figure 1 and the quantitative results are
plotted in Figure 2. In the untransformed control cells the
fluorescence above the baseline was negligible (0.1%) and
in cells transfected with a plasmid that expresses GFP
(pEGFP-C3, ClonTech) 84% of them were fluorescent, in-
dicating that this was the efficiency of transfection (not
shown). Cells transfected with the substrate(s) alone, in the
absence of Int, showed a fluorescence of 4.5 and 2.4% in the
cis reactions and 2.1 and 1.2% in the trans reactions (Fig. 1,
gray columns in Fig. 2). In contrast, in the presence of Int
the percent fluorescence in the cis configuration were 30.6
in the integration reaction (Figs. 1A, 2) and 42.2% in the
excision reaction (Figs. 1B, 2). The fluorescence in the trans
configurations in the presence of Int was lower, 13.4% in
the integration reaction (Figs. 1B, 2) and 15.6% in the ex-
cision reaction (Figs. 1D, 2). Because the increase in fluo-
rescence is dependent on the presence of Int, its intensity
reflects the rate of recombination. Thus, the results clearly
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show that the wild-type Int protein of HK022 can catalyze
the site-specific recombination reactions in the human cells.
The basal-level fluorescence observed in the absence of Int
could have resulted from some leakage, despite the presence
of the transcription terminator upstream to the gene encod-
ing the GFP. Substrates that were tested in the absence of
the transcription terminator showed a much stronger fluo-
rescence (data not shown), indicating that the presence of
the terminator in these experiments was essential.

The results show that 48 h following transfection the
recombination reactions in the cis configuration were more
efficient than those in trans. To test the time at which each
type of reaction is at its maximum, we performed a kinetic
analysis of the integration reactions in cis and in trans (Fig.

3). The results confirmed that the reaction in cis was faster
and more efficient, reaching a peak of 34% fluorescence at
about 48 h following transfection. In contrast, the reaction
in trans was slower and reached a peak of over 20% fluo-
rescence only at 72 h after transfection. In parallel, we also
monitored the expression of Int in the transfected cells.
Figure 4 shows that the protein already expressed at 24 h
following transfection (column C) at which time the fluo-
rescence was still negligible. Its expression reached a maxi-
mum at 72 h (column E) and declined thereafter.

DISCUSSION

In a previous study we have shown that Int-HK022 can
perform site-specific recombination in mammalian cells.
However, in these studies we have only demonstrated the

Figure 2. Fractions of fluorescent cells in the integration and excision
reactions, each in the cis and the trans configurations. Gray columns depict
the controls in the absence of Int. The data are an average of three experi-
ments. Figure 3. A kinetic analysis of the integration reaction in cis and in trans.

Figure 1. The structure of the plasmids used as substrates (numbered plasmids) and the expected products in the Int-catalyzed site-specific recombination
reactions. Stop depicts the transcription termination site. The inserts show dot plots of the FACS analyses in each reaction in the absence (top) and presence
(bottom) of the Int-expressing plasmid.
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products by PCR analyses, which did not reveal the extent
of the reactions. The only reaction, which was measured
quantitatively, was an integration reaction in the cis con-
figuration whose products showed only 3.5% recombina-
tion. In this experiment we used �-galactosidase as a re-
porter, which was assayed in a bacterial host (Kolot et al.,
1999). In the experiments reported here we used the GFP
reporter, which could be monitored directly in the mamma-
lian cells. The results show that the wild-type Int of phage
HK022 can promote site-specific recombination in human
cells at least as efficient as the IHF-independent mutants of
Int-� (Christ et al., 2002).

The reactions in trans, which proved to be slower (Fig. 3)
and less efficient (Fig. 2) than those in cis, reached a maxi-
mum at 72 h, at the time when the expression of Int was
maximal (Fig. 4, lane E). In contrast, the cis reaction
reached a maximum prior to the maximal Int expression.
This could be for the following reasons: First, the att prod-
ucts of the trans reactions are arranged in cis (Fig. 1B,D),
thereby enhancing the reverse reaction that seems to be
thermodynamically favored. That is probably because in
trans the recombining sites are distal apart, located on two
different molecules, whereas in cis they reside on the same
molecule. Second, the trans reactions require the presence
of three cotransfected plasmids (two substrates and Int),
whereas the cis reactions require only two plasmids. The
efficiency of transfection of a single plasmid was about
84%, as judged from the transfection of the GFP-expressing
plasmid. It is therefore reasonable to assume that the fre-
quency of cells that absorbed two plasmids (as in the case of
the reaction in cis) is higher than those that absorbed three
plasmids (in the trans reactions).

In the mammalian milieu both the integration and exci-
sion reactions catalyzed by the � and HK022 systems
proved to be efficient without the need to supply the acces-
sory proteins that are required in the bacterial and in the in
vitro reactions. In vitro experiments have demonstrated that
the eukaryotic chromatin-associated high mobility group
DNA-bending proteins HMG1 and HMG2 can replace IHF
in the excisive recombination reactions of � (Segall et al.,
1994). Perhaps the difference between the wild-type sys-
tems of � and HK022 is because HMG or other eukaryal
proteins that replace the bacterial DNA-bending proteins
bind more effectively to the att sites of HK022. The fact that
in both systems integration and excision occur rather fre-
quently diminishes the advantage at that stage of the unidi-

rectional nature of these lambdoid systems for stable gene
integrations. In the phage �C31 system, which is also uni-
directional, stable chromosomal attP × attB insertions have
been accomplished (Thyagarajan et al., 2001; Belteki et al.,
2003). However, to the best of our knowledge the ability of
the �C31 system to perform the excisive attL × attR reac-
tion in the mammalian milieu has not been reported.

Finally, we recently demonstrated that Int-HK022 accu-
mulates in the mammalian nucleus (Kolot and Yagil, 2003).
Work is in progress to test its potential for stable site-
specific chromosomal manipulations, as are the IHF-
independent mutants of int-� (Christ and Dröge, 2002).

Brian Sauer kindly sent us plasmid pBS302, Itzchak Oschri
helped us with the FACS analyses, and Pnina Gottfried and
anonymous reviewers helped improve the manuscript.
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