
JOURNAL OF BACTERIOLOGY, July 2002, p. 3657–3663 Vol. 184, No. 13
0021-9193/02/$04.00�0 DOI: 10.1128/JB.184.13.3657–3663.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Phage TP901-1 Site-Specific Integrase Functions in Human Cells
Stephanie M. Stoll, Daniel S. Ginsburg, and Michele P. Calos*

Department of Genetics, Stanford University School of Medicine, Stanford, California 94305-5120

Received 12 November 2001/Accepted 31 March 2002

We demonstrate that the site-specific integrase encoded by phage TP901-1 of Lactococcus lactis subsp.
cremoris has potential as a tool for engineering mammalian genomes. We constructed vectors that express this
integrase in Escherichia coli and in mammalian cells and developed a simple plasmid assay to measure the
frequency of intramolecular integration mediated by the integrase. We used the assay to document that the
integrase functions efficiently in E. coli and determined that for complete reaction in E. coli, the minimal sizes
of attB and attP are 31 and 50 bp, respectively. We carried out partial purification of TP901-1 integrase protein
and demonstrated its functional activity in vitro in the absence of added cofactors, characterizing the time
course and temperature optimum of the reaction. Finally, we showed that when expressed in human cells, the
TP901-1 integrase carries out efficient intramolecular integration on a transfected plasmid substrate in the
human cell environment. The TP901-1 phage integrase thus represents a new reagent for manipulating DNA
in living mammalian cells.

Prokaryotic enzymes have supplied us with abundant tools
for engineering DNA. For example, restriction enzymes and
ligases, largely derived from bacterial and phage genomes,
provided the tools for recombinant DNA. This technology has
allowed construction of molecules at will in vitro, causing a
wholesale transformation of biomedical science over the past
25 years. More recently, in vivo engineering of the genomes of
living higher eukaryotic cells is becoming possible, often
through the agency of prokaryotic enzymes such as Cre, an
autonomous, site-specific, tyrosine-catalyzed recombinase
from phage P1 (1). Recombinases such as Cre and FLP require
no host-specific cofactors and perform well in higher eukary-
otic cells, carrying out efficient site-specific recombination be-
tween two identical recognition sites (18, 22). These enzymes
are useful for carrying out deletion and translocation-type re-
combination reactions in living cells (21).

Another useful reaction is integration for the purpose of
creating knockin and knockout alterations of the genome, such
as those desirable in gene therapy, creation of transgenic or-
ganisms, and modification of cells in culture. For integration, a
unidirectional recombinase such as a phage integrase is ideal,
because there is no reverse reaction that could depress net
integration frequency (9). Phage integrases mediate recombi-
nation between nonidentical phage attP and bacterial attB rec-
ognition sites (13). The well-studied lambda integrase is, like
Cre and FLP, a member of the tyrosine-catalyzed recombinase
family (17). However, the integrases from lambda phage and
the closely related phage HK022 have cofactor requirements
that hamper their use in eukaryotic cells (11, 15).

Some phage integrases are members of the unrelated serine-
catalyzed family of recombinases (24) and are autonomous
with no cofactor requirements, which makes them potentially
ideal for use in foreign host environments, such as mammalian
cells. The integrase encoded by phage �C31 of Streptomyces

spp. (12, 20) requires no cofactors (27). We have shown that
the �C31 integrase works well in human and mouse cells (9,
30), mediating efficient intramolecular integration in trans-
fected plasmid DNA and intermolecular integration into the
chromosomes. Based on these results, we examined the related
integrase from Streptomyces phage R4 (16) and found that it,
too, works in human cells (19).

Although not highly similar to each other, the �C31 and R4
integrases are members of an identifiable subgroup of partic-
ularly long serine recombinases (16, 27) that contains another
distantly related integrase, that of phage TP901-1 (6). We
carried out this study to test the hypothesis that this integrase
might also possess properties useful in engineering higher eu-
karyotic genomes. TP901-1 is a temperate bacteriophage that
infects Lactococcus lactis subsp. cremoris and can be induced
by UV light (2). After infection, the bacteriophage is able to
lysogenize by integrating its 38.4-kb genome site specifically
into the bacterial chromosome (7). It has been shown that the
phage integrase encoded by the orf1 gene, a 425-bp region
immediately upstream of orf1, and the attP sequence just
downstream of orf1 are sufficient to catalyze integration into
the chromosomal attB site in L. lactis (6). The goal of this
investigation was to test whether the TP901-1 integrase could
function outside its native host, in Escherichia coli and in hu-
man cells. We also defined minimal attP and attB sites recog-
nized by the integrase and performed in vitro studies with the
enzyme. This work introduces the TP901-1 integrase as a valu-
able tool for engineering DNA in the context of living mam-
malian cells.

MATERIALS AND METHODS

Intramolecular assay plasmids. The assay plasmids used for intramolecular
integration were generated as follows. A 304-bp fragment containing the
TP901-1 bacterial attachment site, attB, was PCR amplified from L. lactis (Amer-
ican Type Culture Collection) genomic DNA by using the primers 5�CTCAAG
CTCGAGGGGATATCTCGTTACCCATTTATTCTAATATGG3� and 5�GCT
CAACGGATCCTCATGATCCAACTCATAAAGTTG3�. This fragment was
ligated into pCR2.1 (Invitrogen, Carlsbad, Calif.) to create pTA-attB304, from
which the 304-bp attB was subcloned as a BamHI-XhoI fragment into BamHI-
and SalI-digested pBC�Gal (9), generating pBB-attB304. The 333-bp attP frag-
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ment was obtained by PCR amplification from L. lactis subsp. cremoris strain
901-1, which is lysogenic for phage TP901-1 (a gift from Horst Neve, Bundesan-
stalt fur Milchforschung, Kiel, Germany). The 109-bp P-arm was generated by
using the primers 5�GCGAGTTTTTATTTCGTTTATTTCAATTAAGGTAAC
TAAAAAACTCCTTTTAAGG3� (fwd1A) and 5�GCAGGTCCCGGGCCTTC
TATGCATGAGATAACTG3� (rev1B). The 237-bp P�-arm was generated by
using the primers 5�GCGATCCCGCGGGCTGCTTAAAGCTAAGATTAGC
G3� (fwd2A) and 5�GTTACCTTAATTGAAATAAACGAAATAAAAACTC
G3� (rev2B). These two PCR products were then combined, subjected to seven
rounds of PCR amplification, and then further amplified with primers fwd2A and
rev1B in order to reconstruct the 333-bp attP fragment, which was ligated into
pCR2.1 to create plasmid pTA-attP333. The attP was liberated as an XmaI-SacII
fragment and cloned into the XmaI and SacII sites of pBB-attB304 to create
pBB-B304-P333. In this assay plasmid, the two att site cores are in the same
orientation, flanking the lacZ gene (Fig. 1A).

A 53-bp attB was constructed by treating with kinase and annealing the oli-
gonucleotides 5�TCGACGGGATATCGCAAAAAAAGCAAAAAGCATTTA
CCTTGATTGAGATGTTAATTGTGTTGGCATGAA3� and 5�AGCTTTCAT
GCCAACACAATTAACATCTCAATCAAGGTAAATGCTTTTTGCTTTTT
TTGCGATATCCCG3�, which were then ligated into SalI-HindIII-digested
pBC�Gal, generating plasmid pBB-B53. A 56-bp attP was constructed by treat-
ing with kinase and annealing the oligonucleotides 5�GGCCAAGCTTTCCAA
CTCGCTTAATTGCGAGTTTTTATTTCGTTTATTTCAATTAAGGTAACT
AAAAAA3� and 5�CTAGTTTTTTAGTTACCTTAATTGAAATAAACGAA
ATAAAAACTCGCAATTAAGCGAGTTGGAAAGCTTGGCCGC3�, which
was followed by ligation into the SacII and SpeI sites of pBB-attB53 in order to
create the assay plasmid pBB-B53-P56. For each additional att site reduction
plasmid (Fig. 2), kinase-treated and annealed oligonucleotides of the reduced
attB and attP sites were ligated into this vector, replacing attB53 and attP56,
respectively.

Integrase expression plasmids. The TP901-1 integrase gene orf1 was PCR
amplified from DNA extracted from L. lactis subsp. cremoris strain 901-1 by using
the primers 5�GCCATTAGACTAGTGGTACAAAAACAATGACTAAG3�

FIG. 1. Plasmids for analyzing TP901-1 integrase-mediated recom-
bination. (A) pBB-B304-P333 carries attB and attP recognition sites for
the integrase in a direct orientation, flanking the lacZ gene, such that
intramolecular integration mediated by the enzyme brings about exci-
sion of lacZ, which is detectable on X-Gal indicator plates as a change
from blue colonies to white colonies. att sites of different sizes were
cloned into pBB-B304-P333 in place of the full-length att sites to
determine the minimal lengths of the recognition sites. (B) pTPInt
expresses the TP901-1 integrase in E. coli by using the lac promoter.
(C) pCMV-TPInt expresses the integrase in mammalian cells from the
cytomegalovirus immediate early promoter. AmpR, ampicillin resis-
tance; ChlorR, chloramphenicol resistance; KanR, kanamycin resis-
tance; SV40 polyA, poly(A) addition site from simian virus 40.

FIG. 2. Efficiency of integrative recombination mediated by TP901-1 integrase between att sites of various sizes in E. coli. For each sequence
shown, the uppercase letters represent att DNA sequences, while the lowercase letters represent flanking vector sequences. Boldface type indicates
the 5-bp common core, and the underlined sequence is the 7-bp identical region shared by attB and attP. Previously identified repeats are indicated
by lines above the attB31 and attP50 sequences, as discussed in the text. The asterisks next to these two att sites indicate that they are the smallest
sites that were still fully active in this assay. The recombination frequency is the intramolecular integration frequency, calculated by determining
the ratio of white colonies to total colonies and multiplying by 100. Each att site is followed by a number indicating the length of the att DNA
sequence. In attB30A and attB30B there were deletions from the left and right sides of the sequence, respectively. attP56ctr is an attP sequence in
which the att base pairs are centered precisely around the 5-bp core. Each attB was tested by integrative recombination against a 333-bp attP, while
each attP was tested against a 53-bp attB. Frequency calculations were made by using bacterial strain DH-TPInt and are based on total numbers
of bacterial colonies ranging from 500 to 8,800.
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and 5�CGAGTTGGGATCCCTCGCAATTAAGCGAGTTGG3�. The PCR
product was ligated into vector pCR2.1, generating plasmid pTA-TPInt. Plasmid
pInt (9) contains the �C31 integrase gene under the control of the bacterial lacZ
promoter. The �C31 integrase gene was removed by digestion with BamHI and
SpeI and was replaced by a BamHI-SpeI fragment from pTA-TPInt containing
the TP901-1 integrase, generating the bacterial expression plasmid pTPInt (Fig.
1B). Plasmid pCMVInt (9) expresses the �C31 integrase in mammalian cells.
The �C31 integrase gene was removed by digestion with BamHI and SpeI and
replaced with a BamHI-SpeI fragment containing the TP901-1 integrase gene.
This ligation generated the mammalian expression plasmid pCMV-TPInt, in
which the cytomegalovirus immediate early promoter drives expression of the
TP901-1 integrase (Fig. 1C). The TP901-1 integrase gene plus 422 bp of up-
stream sequence, including orfA, was amplified from L. lactis subsp. cremoris
strain 901-1 by using the primers 5�GCCATTAGACTAGTGATATTCGGCAA
AAAGTTTACCG3� and 5�CGAGTTGGGATCCCTCGCAATTAAGCGAGT
TGG3�. The PCR product was ligated into vector pCR2.1, generating plasmid
pTA-TPInt�orfA. The TPInt�orfA BamHI-SpeI fragment was then ligated into
pInt as described above for pTPInt to generate the bacterial expression plasmid
pTPInt�orfA.

Plasmids for production of TP901-1 integrase. The TP901-1 integrase gene
was PCR amplified from pCMV-TPInt with the primers 5�GTCTAGAAATTA
AGAAGGAGATAATGACTAAGAAAGTAGCAATCTAT3� and 5�TGGAT
CCCAATTAAGCGAGTTGGAATTT3�. The PCR product was ligated into
pCR2.1 (Invitrogen) to create plasmid pTA-TP901. The integrase gene was
removed from pTA-TP901 by XbaI and BamHI digestion and ligated into XbaI-
and BamHI-digested pET-11a (Novagen, Madison, Wis.), generating plasmid
pET11-TP901. This plasmid contains the TP901-1 integrase gene located 24 bp
downstream of the T7 promoter.

Bacterial intramolecular integration assay. E. coli DH10B was transformed
with pTPInt, grown under kanamycin selection conditions, and made electro-
competent by standard protocols. The resulting strain DH-TPInt cells were then
used for the intramolecular integration bacterial assay. Twenty nanograms of
assay plasmid DNA was electroporated into DH-TPInt cells, allowed to recover,
and then plated on Luria-Bertani (LB) broth plates containing 25 �g of chlor-
amphenicol per ml, 60 �g of kanamycin per ml, and 50 �g of 5-bromo-4-chloro-
3-indolyl-�-D-galactopyranoside (X-Gal) per ml and grown at 37°C. Intramolec-
ular integration resulted in excision of lacZ from the plasmid, producing a white
colony. The frequency of intramolecular integration was calculated by dividing
the number of white colonies by the total number of colonies and multiplying the
quotient by 100.

Mammalian intramolecular integration assay. Human 293 cells (8) were
grown in Dulbecco’s modified Eagle medium supplemented with 9% fetal bovine
serum and 1% penicillin/streptomycin to 60 to 80% confluence on 60-mm-
diameter dishes. The cells were then transfected with 250 �g of pBB-B304-P333
assay plasmid or its reduced-size derivatives, 4 �g of pCMV-TPInt or salmon
sperm DNA, and 12.75 �l of Lipofectamine (Gibco BRL). At 24 h after trans-
fection, DNase I was added to the medium at a concentration of 50 U/ml in order
to reduce the background of untransfected DNA. Plasmid DNA was isolated by
the Hirt method (10) 72 h after transfection. A fraction of this DNA was then
transformed into electrocompetent E. coli DH10B and plated on LB medium
plates containing X-Gal and chloramphenicol, which selected for the assay plas-
mid but not the integrase plasmid. The intramolecular integration frequency was
calculated by dividing the number of white colonies by the total number of
colonies and multiplying the quotient by 100.

TP901-1 integrase production. E. coli strain BL21-SI (Invitrogen) containing
plasmid pET11-TP901 was grown at 30°C (to promote solubility) in 100 ml of LB
broth without NaCl but with 100 �g of ampicillin per ml to an optical density at
600 nm of 0.727. The culture was induced with 0.3 M NaCl and 1 mM isopropyl
�-D-thiogalactopyranoside (IPTG) and grown for another 5 h. In this strain, salt
and IPTG induce expression of the T7 polymerase, which in turn transcribes the
TP901-1 integrase gene. The cells were resuspended in phosphate-buffered sa-
line (pH 7.4) containing 10% glycerol and sonicated for 45 s on ice. The protein
concentration was measured by using the Bio-Rad protein assay (Bio-Rad, Her-
cules, Calif.). The protein extract was tested for TP901-1 integrase function in
vitro with the lacZ intramolecular integration assay.

In vitro assays with TP901-1 integrase protein extract. To test the integrase
function of the protein extract, various amounts of the extract were incubated
with 500 ng of pBB-B304-P333 in binding buffer (2 mM Tris-HCl [pH 7.5], 10
mM NaCl, 0.1% glycerol, 10 �M EDTA) (27) in 20-�l reaction mixtures at 30°C
for 16 h. The reaction mixtures were heat killed at 65°C for 20 min, and the DNA
was purified by using a QIAquick PCR purification kit (Qiagen, Valencia, Calif.).
Each reaction mixture was transformed into E. coli DH10B, and each transfor-
mation mixture was plated on LB medium with 100 �g of chloramphenicol per

ml. The plates were incubated overnight at 37°C, and 24 h later the colonies were
counted and the recombination frequency was calculated by dividing the number
of white colonies by the total number of colonies and multiplying the quotient by
100. In both the time course and temperature optimization experiments we used
20-�l reaction mixtures containing 500 ng of pBB-B304-P333 in binding buffer
with 29.6 �g of TP901-1 integrase protein extract. The reaction mixtures were
incubated at 37°C, and the cells were heat killed by incubation at 65°C for 20 min
at zero time and after 1, 2, 4, 8, and 15 h for the time course studies. Reaction
mixtures were incubated at various temperatures for 16 h before the cells were
heat killed in order to obtain a temperature curve.

RESULTS

Intramolecular integration is catalyzed by TP901-1 inte-
grase in E. coli. In order to assess the ability of the phage
TP901-1 integrase to function outside the environment of its
native gram-positive L. lactis host bacteria, we chose first to
determine its functionality in the convenient laboratory gram-
negative species E. coli. The attB and attP sites recognized by
the TP901-1 integrase and the attL and attR sites that result
after recombination contain a 5-bp TCAAT common core
separated by a 1-bp mismatch from a 7-bp identical region (7)
(Fig. 2). The sites are AT rich and contain several direct and
inverted repeats that may be involved in integrase binding (4,
7). We constructed an assay plasmid, pBB-B304-P333, that
carries the 304-bp TP901-1 bacterial attachment site attB and
the 333-bp phage attachment site attP (5), in the same orien-
tation, flanking the lacZ gene (Fig. 1A). Without integrative
recombination, the pBB-B304-P333 plasmid gives rise to bac-
terial colonies that are blue on X-Gal indicator plates due to
expression of lacZ. Intramolecular integration results in dele-
tion of the lacZ gene, which is manifested by white colonies on
X-Gal plates.

The only TP901-1 phage sequences required for integration
into the L. lactis genome are attP, the orf1 gene, and 425 bp of
sequence upstream of orf1 (6). orf1 encodes the 485-amino-
acid TP901-1 integrase and is located just upstream of attP.
The amino-terminal 150 to 180 amino acids of the integrase
show �40% similarity to the amino-terminal catalytic domain
of recombinases of the serine-catalyzed family and include the
catalytic serine 12 residue (6). The extended carboxy-terminal
region exhibits little identity with known proteins and presum-
ably includes the DNA recognition domain. The 425 bp up-
stream of orf1 probably contains the native promoter for the
gene but also encodes a 60-amino-acid orfA reading frame that
is not likely to be expressed (6).

To test the ability of orf1 and orf1 plus orfA to mediate
intramolecular integration in E. coli, we constructed pTPInt
and pTPInt�orfA, bacterial expression plasmids in which the
TP901-1 integrase gene is under control of the E. coli lacZ
promoter. These expression plasmids are compatible with the
pBB-B304-P333 assay plasmid. We established these integrase
expression plasmids in E. coli DH10B, generating the TP901-1
integrase expression strains DH-TPInt and DH-TPInt�orfA,
respectively. We assayed the frequency of intramolecular inte-
gration of the assay plasmid pBB-B304-P333 in the DH-
TPInt�orfA and DH-TPInt bacterial strains, calculating the
frequency of intramolecular integration by counting white bac-
terial colonies on X-Gal plates. In both strains, the integrative
recombination frequency was �99% (Fig. 2). Restriction anal-
ysis of DNA purified from white bacterial colonies showed a
digestion pattern consistent with a precise integration reaction
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between attB and attP, resulting in excision of the lacZ gene.
This result indicated that the TP901-1 integrase was capable of
functioning efficiently in E. coli and that the integrase protein
was sufficient to carry out the integrative recombination reac-
tion without Lactococcus-specific cofactors. The 425-bp up-
stream region was unnecessary, presumably because in our E.
coli expression plasmid the lacZ promoter drove expression of
the integrase and eliminated any dependence on the native
promoter. Based on this result, the rest of our experiments
were carried out with the TP901-1 integrase orf1 gene only,
without the upstream sequences.

Minimal attB and attP sites required for efficient TP901-1
integrase activity. After demonstrating that the TP901-1 inte-
grase functioned efficiently in E. coli, we wanted to determine
the minimal att sites recognized by the enzyme. We first ana-
lyzed the ability of the TP901-1 integrase to catalyze integra-
tive recombination between symmetrically shortened attB sites
and a 333-bp attP. As shown in Fig. 2, TP901-1 integrase
efficiently recombined shortened attB sites ranging in length
from 53 bp down to just 31 bp. The 31-bp attB still resulted in
an integrative recombination frequency of �99% when it was
paired with the full-length 333-bp attP (Fig. 2), as well as with
a 56-bp attP (data not shown). However, reduction of the
length of attB to 30 bp resulted in some loss of activity, and
further shortening of attB to 29 bp resulted in reduction of the
integrative recombination frequency to 82.7%.

Shortened attP sequences were tested in combination with
attB53. attP sites that were 56 bp long, either asymmetrically
disposed around the core (5) or centered on the core, retained
full activity (Fig. 2). attP shortened to 50 bp still showed full
integrative recombination activity, but shortening the attP site
to 42 bp reduced the integrase activity to �85%. We concluded
that at least in the context of intramolecular recombination in
E. coli, an attB that was 31 bp long sufficed, while an attP that
was approximately 50 bp long was needed for full activity.

In vitro studies. A crude protein extract containing TP901-1
integrase was made by lysis of E. coli containing plasmid
pET11-TP901 expressing the integrase from the T7 promoter.
When samples of the culture taken at different times after
induction of integrase gene expression were boiled in loading
buffer and electrophoresed on a denaturing gel, a band at
approximately the correct size, 55 kDa, appeared, and the
intensity increased with time. The same band was also visible in
the crude extract. The measured concentration of the extract
was 7.4 mg/ml. The activity of the extract was tested in vitro by
using the lacZ intramolecular integration assay, with scoring
after transformation of in vitro-reacted DNA into E. coli lack-
ing integrase. As expected, the integrative recombination fre-
quency increased as the amount of protein extract increased. A
maximum recombination frequency of 99% was obtained when
59.2 �g of protein was used. The postrecombination attR sites
of four white colonies were sequenced to ensure that the
TP901-1 integrase was completing the correct site-specific in-
tegration reaction, and all four colonies had the expected DNA
sequence for a precise integrase-mediated event between attB
and attP.

TP901-1 integrase showed good stability in vitro over time,
with the integrative recombination efficiency increasing over
15 h (Fig. 3A). Between 2 and 4 h, the percentage of recom-
bination in vitro increased from 6 to 36%; this was the interval

with the largest recombination increase in the experiment. By
15 h, the percentage of in vitro recombination was 90%. The
control reaction mixtures containing a crude protein extract
made with the pET11 backbone in E. coli BL21-SI showed no
integrative recombination in the in vitro assay.

The TP901-1 integrase was relatively sensitive to tempera-
ture variations in vitro. The maximum integrative recombina-
tion frequency was seen at temperatures between 30 and 37°C.
The average in vitro integrative recombination frequency for
this temperature range was 86%. Outside this range, the inte-
grative recombination frequency decreased sharply. The inte-
grase did not work well at temperatures below 17°C, giving an
average in vitro integrative recombination frequency of 11% at
temperatures less than 17°C. The integrative recombination
frequency fell to �0.1% at 50°C. Protein heated at 65°C for 20
min before incubation with substrate also gave an in vitro
integrative recombination frequency of �0.1%, showing that
the TP901-1 integrase could be heat killed. Control reaction
mixtures with a protein extract lacking the integrase did not
show any integrative recombination in this assay.

FIG. 3. Characteristics of TP901-1 integrase-mediated in vitro re-
actions. (A) Percentages of in vitro recombination over time. (B) Per-
centages of in vitro recombination in 16 h at various temperatures.
Integrative recombination was assayed by transforming a reaction mix-
ture containing pBB-B304-P333 into DH-TPInt and counting white
colonies on X-Gal plates.
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TP901-1 integrase catalyzes intramolecular integration in
human cells. The ability of TP901-1 integrase to function in E.
coli and in vitro in the absence of added cofactors created the
possibility that the enzyme could also function in mammalian
cells. We constructed pCMV-TPInt (Fig. 1C) to place the
integrase gene under expression of a promoter active in mam-
malian cells. To analyze TP901-1 integrase function in mam-
malian cells, the intramolecular integration assay plasmid
pBB-B304-P333 (Fig. 1A) and plasmid pCMV-TPInt were co-
transfected into human 293 cells. Seventy-two hours after
transfection, plasmid DNA was extracted, transformed into E.
coli DH10B lacking integrase activity, and spread on X-Gal
indicator plates to determine whether intramolecular integra-
tion had occurred in the mammalian environment. The fre-
quency of intramolecular integration in the mammalian cells
was determined by counting white bacterial colonies.

As shown in Table 1, in the absence of the integrase plasmid,
a background of 1.9% white colonies was obtained for a plas-
mid carrying full-length attB and attP sites. These colonies
harbored plasmids that contained nonspecific deletions and
other mutations engendered by the transfection process (14).
Cotransfection of pBB-B304-P333 and the integrase expres-
sion plasmid yielded white colonies at a frequency of 23.2%
(Table 1). PCR analysis of plasmid DNA extracted from 66
white colonies showed that �95% of the samples represented
correct site-specific integration events, as shown by amplifica-
tion of an expected 623-bp fragment containing attR. DNA
sequencing of four junctions confirmed that the attB-attP re-
combination reaction was site specific and perfect to the base.
Restriction analysis of the 66 plasmid samples showed that the
95% that underwent integrative recombination had no concur-
rent rearrangements. The remaining 5% of the events repre-
sented rearrangements of the assay plasmid, corresponding to
the transfectional mutation rate observed when pBBBP-type
plasmids were transfected without pCMV-TPInt. Controls
were included to provide assurance that the integrative recom-
bination events occurred in the human cells, not in E. coli.
Direct transformation of pBB-B304-P333 into DH10B failed to
produce white colonies. Likewise, transformation of pBB-
B304-P333 plus pCMV-TPInt directly into DH10B produced
negligible white colonies. In addition, a PCR was performed
with the plasmid DNA extracted from the human cells before
transformation into E. coli, and the 623-bp fragment diagnostic
of site-specific integration was readily detected.

The frequency of TP901-1 integrase-mediated intramolecu-

lar recombination between smaller attB and attP sites in mam-
malian cells was also measured. Reduction of the size of attB to
53 bp and the size of attP to 56 bp still resulted in an intramo-
lecular integration frequency of 31.0% (Table 1). Further
shortening of attB to 31 bp also did not affect the ability of the
integrase to recombine in the human cell environment with a
56-bp attP. This integrative recombination reaction occurred
with a frequency of 27.0% (Table 1), which is similar to the
frequency of recombination between two full-length att sites
(Table 1). These recombination values are probably underes-
timates, because it is likely that not all of the plasmid DNA
extracted from the human cells and scored in E. coli was
exposed to the integrase.

DISCUSSION

This study illustrates that the integrase from phage TP901-1
is a robust and autonomous enzyme that can mediate site-
specific integrative recombination between compact attB and
attP sites in environments remote from its native host, includ-
ing human cells.

By using an intramolecular integration assay in E. coli, we
characterized minimal recognition sites for the enzyme that
were 50 bp long for attP and just 31 bp long for attB. These sites
are somewhat smaller than the minimal 56-bp attP site (5) and
43-bp attB site (4) previously reported. In the previous cases,
the minimal att sites were asymmetrically disposed about the
5-bp core, with most of the sequence upstream of the core,
whereas the minimal att sites found in this study are centered
on the 5-bp core. Numerous paired direct and inverted repeats
have been identified within attP (5, 7) and attB (4) that may be
involved in the integrase binding and recombination function.
Our minimal attB sequence includes the B2 and B3 repeats (4),
although only a single copy of each repeat is present (Fig. 2).
Our minimal attP site includes the P1, R4, R5, and R6 repeats
(5) (Fig. 2), although again only one copy of each repeat, not
the pair, is present. These reduced sites function as well as
full-length sites that are over 300 bp long in both E. coli (Fig.
2) and human cells (Table 1). The significance of the repeats is
therefore unclear. The second copy present in the full-size att
sites might provide enhancement of recombination that is un-
detectable with our assay because it is fully saturated.

The minimal attB31 sequence contains the C17 and A25
bases that have been shown to both reduce in vitro binding of
the integrase and reduce recombination in E. coli (4). The

TABLE 1. Intramolecular integration frequencies in human cells

Vector(s) transfecteda No. of white
colonies

Total no. of
colonies

Intramolecular integration
frequency (%)b

pCMV-TPInt (4) 0 0 NAc

pBB-B304-P333 (5) 197 10,462 1.9 	 1.0
pBB-B304-P333 � pCMV-TPInt (3) 1,420 6,124 23.2 	 5.4
pBB-B53-P56 (2) 94 3,470 2.7 	 0.2
pBB-B53-P56 � pCMV-TPInt (3) 2,845 9,165 31.0 	 1.6
pBB-B31-P56 (3) 68 1,607 4.2 	 1.3
pBB-B31-P56 � pCMV-TPInt (3) 550 2,040 27.0 	 2.3

a The numbers in parentheses indicate the numbers of independent transfections analyzed. The numbers in the plasmid designations for pBBBP derivatives
correspond to the sizes of the attB and attP sites in the plasmids.

b Mean 	 standard deviation.
c NA, not applicable.
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TP901-1 integrase binds with similar affinity in vitro to attB and
attP (4), as is also the case for the �C31 integrase (28), another
member of the extended serine recombinase group. By mutat-
ing each base in the attB 5-bp core, it was revealed that only the
first two bases are important (4). This result suggested that
there is a 2-bp overlap region between attB and attP during
recombination, as has been observed for other members of the
serine recombinase family (24).

Our major interest in the TP901-1 integrase is in its potential
as a tool for making directed genomic rearrangements in eu-
karyotic cells. Our in vitro studies with this enzyme reinforce
the hypothesis that it possesses good reaction kinetics and
stability and works well at 37°C (Fig. 3), making it eligible for
use in mammalian cells. The small size of the att sites is con-
sistent with a lack of cofactor requirements, which is also a
highly desirable feature because it simplifies use of the enzyme
in foreign hosts. The efficient function of the enzyme in vitro
and in E. coli documented here and recently by other workers
(4) and the positive results for human cells reported here
suggest that the TP901-1 integrase should function in most
cellular environments in a wide range of species. The enzyme
joins the other two integrases of the extended serine recombi-
nase family, �C31 (9, 26, 30) and R4 (19), in this respect. The
intramolecular integration activity of the TP901-1 integrase in
human cells is within twofold of the activities measured for the
�C31 (9) and R4 (19) integrases in similar assays.

This study demonstrated efficient function of the enzyme in
an intramolecular integration reaction in human cells (Table
1). This type of reaction is useful for creating chromosome
rearrangements, such as deletions. We are currently investigat-
ing the ability of the enzyme to carry out such reactions in a
mammalian chromosomal context. Another major area of in-
terest is the enzyme’s ability to carry out intermolecular inte-
gration reactions. The enzyme was designed to carry out such
reactions in the normal phage life cycle, mediating integration
between an incoming phage genome and the host bacterial
genome. Plasmid integration vectors carrying attP mediate in-
termolecular integration into the native host attB site at a
frequency of �20% (6). This integration reaction is largely
unidirectional. A second phage protein, an excisionase en-
coded by orf7, is required to bring about an efficient reaction
between attR and attL, which is required for phage excision (3).
To maximize the integration reaction, the excisionase is simply
left out.

It may be possible to use the TP901-1 integrase as an inte-
gration tool targeted to inserted wild-type att sites. We have
obtained evidence for integration of a plasmid containing the
TP901-1 attB site into a TP901-1 attP site that was placed into
the genome of human 293 cells (Stoll and Calos, unpublished
results). The TP901-1 integrase is therefore capable of inter-
molecular integration into chromosomes in the human cell
environment. As well, the short length of the att sites makes
feasible the idea of using native chromosomal sequences re-
sembling the att sites as integration targets. Such pseudo-re-
combination binding sites exist in the case of the Cre recom-
binase (29) and the �C31 and R4 integrases (19, 30). The
sequences of the att sites recognized by the TP901-1 integrase
differ from those recognized by these other two integrases and
offer additional points of entry into the genome, especially in
AT-rich regions. It may be possible to enhance the reactivity of

the enzyme with chromosomal sequences and to improve its
affinity for particular native sequences by DNA shuffling (25)
of the integrase gene, as has been shown for the �C31 inte-
grase (23). If so, the TP901-1 integrase may become an impor-
tant tool for engineering the genomes of higher living cells.
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