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Recombination systems based on � and Cre/loxP have been described to facilitate gene transfer from one vector to
another in a high-throughput fashion, avoiding the bottlenecks associated with traditional cloning. However, no
system described to date is suitable for the cloning of affinity reagents selected from display libraries, which requires
that the recombination signals flanking the affinity reagent are translated with a minimum impact on functionality.
As affinity reagents will be essential tools in the functional characterization of proteomes, and display technologies
represent the most effective means to generate such affinity reagents on a genomic scale, we developed a
Cre/loxP-based system, using mutually exclusive heterologous loxP sites placed 5� (Lox 2372) and 3� (Lox WT) of an
affinity reagent (scFv). The translated lox sites have minimal impact on scFv expression or functionality, and, in
association with a conditionally lethal gene (SacB) permit efficient, high-fidelity transfer to destination vectors. This
approach will considerably facilitate the high-throughput downstream use of affinity reagents selected by display
technologies, as well as being widely applicable to general recombinatorial cloning for genomic purposes.
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Biological processes are increasingly being investigated at the or-
ganismal level. Whereas genomic sequences are an all important
first step in this endeavor, ultimately, a detailed mechanistic un-
derstanding requires information acquired at the protein level.
The most extensive functional genomic studies have been carried
out in yeast, with individual gene knock outs (Ross-Macdonald et
al. 1999), overexpression and proteome chips (Zhu et al. 2001),
intracellular localization by tagging (Kumar et al. 2002), protein–
protein interaction studies by phage display (Tong et al. 2002),
yeast two-hybrid (Schwikowski et al. 2000; Uetz et al. 2000), and
widespread mass spectrometric (MS) analysis of purified com-
plexes (Gavin et al. 2002; Ho et al. 2002) having provided large
amounts of information. One reason yeast has been used so ex-
tensively is the availability of homologous recombination, per-
mitting the replacement of endogenous genes by modified cop-
ies. In fact, most of the studies cited above would not have been
possible without exploiting this technique, which often involves
the genetic fusion of a tag—either a detection peptide recognized
by a monoclonal antibody (e.g., myc; Evan et al. 1985), or a
“tandem affinity purification tag” (Rigaut et al. 1999), which can
be used for purification and subsequent mass spectrometry (MS)
of complexes. Homologous recombination has also been used to
transfer selected antibodies from yeast display vectors to secre-
tion vectors (Feldhaus et al. 2003). As homologous recombina-
tion is not available for most genomes, the only alternative to the
fusion of a general tag (using a single detection reagent) is the
derivation of specific antibodies, or binding ligands, for all gene
products that can be used in standard immunological techniques
(Western blotting, immunoprecipitation, immunofluorescence,

immunohistochemistry, and purification), as well as new pro-
teomic techniques still under development (antibody chips, MS),
and potentially in applications such as biosensors. However, re-
search at a genomic scale requires both a high-throughput capac-
ity, and an ability to derive antibodies against well-conserved
proteins, neither of which traditional immunization is capable of
achieving. In particular, the generation of antibodies against
conserved proteins is difficult, due to clonal deletion of B (Burnet
1959; Talmage 1959) or T (Werlen et al. 2003) cells, as well as
receptor selection (Nemazee 2000) at the B cell level. Although
antibodies against conserved antigens can be generated, and tol-
erance overcome by chemical coupling to adjuvants, genetic fu-
sion of T cell epitopes (Dalum et al. 1996, 1997) or prolonged
immunization strategies (Cattaneo et al. 1988), these procedures
are not suitable for high-throughput antibody generation.

Antibody fragments, such as Fabs or single-chain Fvs (scFv),
in which the antigen-specific immunoglobulin variable domains
from both the heavy (VH) and light (VL) chains are linked into a
single DNA-coding sequence (Bird et al. 1988; Huston et al.
1988), have been proposed as alternate recognition ligands with
high affinity and specificity for use in the previously mentioned
functional genomic applications. Functional scFvs, displayed on
the surface of bacteriophage particles (McCafferty et al. 1990),
can be rapidly isolated against any target from libraries typically
>109 in complexity (Vaughan et al. 1996; Sheets et al. 1998; de
Haard et al. 1999; Sblattero and Bradbury 2000), without the
need for complex antigenic preparations to overcome tolerance
problems related to immunological tolerance or toxicity, and
with the benefit that the gene encoding the selected antibody is
simultaneously cloned for downstream genetic manipulations.
This latter point has allowed scFvs originally selected by phage
display to be easily recloned for expression in different cellular
compartments (Persic et al. 1997a), as full-length immunoglobu-
lins (Persic et al. 1997b) or as fusion proteins containing different
functional domains (Griep et al. 1999; Muller et al. 1999; Hink et
al. 2000). The ability to manipulate selected scFv antibody genes
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in a potentially high-throughput format greatly enhances the
impact of this technology in functional genomic applications.

The need to transfer scFvs from a selection vector to a down-
stream vector has been traditionally carried out by ensuring that
downstream vectors have restriction sites that are compatible
with those found in the selection vector (e.g., Krebber et al. 1997;
Persic et al. 1997a). However, this procedure is time consuming,
requiring DNA production, cleavage, purification, ligation, trans-
formation, and screening. Recombination, which avoids the
need for such manipulation, has been proposed as an alternative
to rapidly transfer genes from source vectors to destination vec-
tors, with the commercially available Gateway kit (Invitrogen;
Hartley et al. 2000) based on � bacteriophage being most widely
used to create large libraries of individual gene-specific ORFs
(e.g., Caenorhabditis elegans; Reboul et al. 2001). Unfortunately,
this system (see Discussion) is not appropriate for selection from
phage display libraries, as the length of some of the recombina-
tion signals, resulting from the asymmetric nature of the recom-
bination process, would prevent the functional expression of
scFvs in all vectors, requiring multiple recombination rounds for
transfer.

Another bacteriophage, P1, also uses a site-specific recombi-
nation system that is responsible for partitioning newly synthe-
sized genomic copies during replication (Abremski and Hoess
1984; Hoess and Abremski 1984). This system is composed of a
38-kD phage-encoded Cre recombinase that mediates symmetri-
cal recombination between two 34-bp loxP sites (Abremski and
Hoess 1984), which are recreated after recombination. Recombi-
nation between two compatible loxP sites will excise or invert the
intervening DNA in the case of an intramolecular reaction or
transfer suitably flanked loxP DNA in an intermolecular double
cross-over recombination event. The Cre/loxP system does not
require accessory factors to carry out recombination in vivo or in
vitro, and studies have identified several hetero-specific loxP se-
quences that exclusively recombine with themselves, but not
with wild-type lox (Hoess et al. 1986; Sauer 1992; Lee and Saito
1998; Siegel et al. 2001). The combination of WT loxP and 511
loxP has been successfully used for a double reciprocal cross-over
reaction to transfer a DNA segment or gene to a predetermined
target site (Bethke and Sauer 1997; Feng et al. 1999; Trinh and
Morrison 2000), and this has proved to be an important tool for
the in vivo manipulation of eukaryotic genomes, including gene
activation and deactivation studies in both mammalian cells and
transgenic mice. Recent reports, however, have suggested recom-
bination can occur between wild-type and 511 loxP sequences
(Lee and Saito 1998; Feng et al. 1999), the levels depending upon
the orientation of the sites with respect to one another (Siegel et
al. 2001). A translated loxP recombination site has also been used
as a peptide spacer between VH and VL chains in order to create
large phagemid antibody libraries (Griffiths et al. 1994; Sblattero
and Bradbury 2000), suggesting that the amino acid sequence
derived can be relatively innocuous.

We recently published work describing the use of an in vivo
system to identify noncompatible heterologous loxP sequences
(Siegel et al. 2001). On the basis of that study, we have examined
the possibility of using the Cre/lox system for transferring genes
of interest from one vector to another. We modified our standard
filamentous phagemid display vector flanking the scFv gene by
2372 and wild-type loxP sequences. The extraneous amino acids
encoded by each loxP site did not substantially lower the ability
of the antibody to be functionally incorporated into the phage
particle for display or alter the ability to recognize its target an-
tigen. A model destination vector was constructed containing the
appropriate loxP sequences flanking a negative selection marker
and accurate and efficient transfer of an scFv gene from the dis-
play to the destination vector was demonstrated, with the scFv

maintaining functionality in the new vector. This will consider-
ably facilitate the implementation of affinity reagents selected
using phage display in functional genomics and proteomics.

RESULTS

Functionality of scFv-lox (pDAN11) Vectors
To use a recombinatorial method to transfer selected scFv genes
from one vector to another in an expedient manner, a display
vector containing an scFv gene flanked by mutually exclusive
loxP recombination sites was constructed. Our standard
phagemid display vector (pDAN5; Sblattero and Bradbury 2000)
was modified to include at the amino terminus of the scFv the
FLAG epitope tag and the Lox 2372 recombination sequence; and
between the carboxyl terminus of the scFv and gene 3, the Lox
WT recombination sequence and the SV5 epitope tag (Fig. 1A).
The lox sites are DNA recombination signals that are translated as
fusion tags appended to each end of the scFv, in the same frame
previously shown to be functional in an scFv linker (Sblattero
and Bradbury 2000). Although the lox site was effective in this
context, we wanted to ensure that the addition of the loxP sites
had no deleterious effect on the ability of scFv antibodies to be
displayed on the phage particle or interfered with their ability to
recognize a target antigen. Equivalent numbers of phagemid par-
ticles from the pDAN11 vector containing the D1.3 scFv gene
(pDAN11-D1.3) flanked by translated lox sites, or a control vector
that does not (pDAN5-D1.3) were subjected to Western blot
analysis using an anti-gene 3 antibody (Fig. 2A). The level of scFv
display obtained with the the pDAN11-D1.3 vector (Fig. 2A, lane
1) was comparable to that observed from the control vector (Fig.
2A, lane 2). Similar display levels were also observed using an
antibody to the SV5 epitope located between the carboxy-
terminal portion of the scFv antibody and the gene 3 coat protein
in both pDAN5 and pDAN11 constructs (data not shown). Two
gene 3 fusion proteins appear to be present in the pDAN11-D1.3
phagemid particles, and this may represent a certain level of pro-
teolytic cleavage, probably within either the FLAG epitope or the
Lox 2372 sequence located at the amino terminus. The control
lane (Fig. 2A, lane 3) consists of a phagemid containing only the
SV5 tag and no antibody, rescued with helper phage. The two
bands observed correspond to (bottom) helper phage p3 and
(top) p3 fused to the SV5 tag, which is slightly bigger.

These phage were also tested for their ability to bind SV5
mAb (which recognizes both pDAN11 and pDAN5), anti-FLAG
mAb (which only recognizes pDAN11 and lysozyme [the antigen
recognized by D1.3, the scFv cloned]). As seen in Figure 2B, both
vectors give comparable display levels, with only pDAN11 being
recognized (as expected) by FLAG. Phage from both vectors dis-
playing the D1.3 scFv also bind lysozyme at similar levels (Fig.
2B), indicating that the presence of 5� and 3� lox sites in pDAN11
do not appear to interfere with scFv function when displayed on
phage.

As a further test of functionality, two scFvs (3A, F4) selected
against the Sin Nombre Virus Nucleocapsid protein (SNV-N) were
also cloned into pDAN11. The anti SNV-N scFv were analyzed for
their ability to recognize antigen in both phage-displayed and
soluble scFv formats. Both gave similar signals by phage and scFv
ELISAs (Fig. 2C,D) when compared with versions that lacked the
translated lox sites (pDAN5). These results showed that the lox-
scFv-lox format does not appear to interfere with the function-
ality of the single chains when used as soluble proteins or dis-
played on phage.

Functionality of Tetr/SacB Lox-Destination Vectors
Having shown that the incorporation of translated heterologous
loxP sites flanking the scFv antibody gene does not significantly
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perturb functionality of the phagemid display vector, we con-
structed a vector capable of receiving an scFv gene from the dis-
play vector in a Cre-mediated double cross-over recombination
event (lox-destination vector, Fig. 1B). To facilitate the propaga-
tion of only desired clones (destination vectors containing the
scFv gene) after transduction of the recombination products into
Escherichia coli cells, we incorporated two selection gates. First,
the pDAN11 phagemid display vector (ampicillin) and the lox-
destination vector (chloramphenicol) contain different antibi-
otic resistance genes. Second, the lox-destination vector contains
a negative selection marker that is toxic under appropriate in-

duction conditions. Previous studies have used the ccdB gene in
this capacity (Bernard 1996); however, cells carrying the F pilus
(required for phagemid infection) are not adversely affected by
the ccdB gene product, as the antidote gene (ccdA) is encoded on
the F plasmid. Furthermore, this system is not inducible, and
requires different bacteria for selection and propagation, neces-
sitating the search for an alternative marker.

Both the tetracycline resistance gene (Tetr) and the Bacillus
subtilis levansucrase-encoding gene (sacB) have been shown to
inhibit E. coli growth in the presence of either NiCl2 or sucrose,
respectively (Gay et al. 1985; Podolsky et al. 1996). Therefore, we
constructed two different lox-destination vectors containing ei-
ther the Tetr or sacB genes flanked by the Lox 2372 and Lox WT
recombination sequences (Fig. 1B). E. coli cells were separately
transduced with either of these vectors and tested for the ability
to grow on chloramphenicol plates with increasing amounts of
NiCl2 or sucrose as compared with a control vector that did not
contain a negative selection marker. Cells containing the Tet
destination vector were able to grow on plates that contained 1
or 2 mM NiCl2, but no growth was observed on plates with a
NiCl2 concentration of 3 mM or above. Control cells lacking the
Tetr negative selection marker were selectively enriched greater
than two logs at 3 mM NiCl2, but, like the cells containing the
Tet vector, were unable to grow in the presence of 4 mM NiCl2
(Fig. 3A), leading to a relatively narrow selection window. Results
with the SacB destination vector (Fig. 3B) were more permissive.
Cells containing the sacB gene were unable to survive on CAP
plates containing 2.5% sucrose or higher. However, unlike NiCl2,
the control cells were unaffected at all sucrose concentrations
tested, resulting in a rigorous six-log enrichment without any
apparent toxicity.

Recombinatorial Cloning and Efficiency
A scheme of the Cre-mediated double cross-over transfer of an
scFv gene from the pDAN11 phagemid display vector to the lox-
destination vector with all possible recombination products is
shown in Figure 4A. From the previous experiment, we antici-
pated that the incorporation of a negative selection marker
would ensure that only those destination vectors that have re-
placed this negative selection marker with the desired scFv gene
during recombination would lead to colony formation under ap-
propriate conditions. As an initial test, we cotransduced the
pDAN11 phagemid display vector containing the D1.3 scFv gene
with either the Tetr or the SacB lox-destination vector into
BS1365 cells that constitutively express Cre recombinase. Phage
particles containing the recombination products were isolated
and transduced into DH5�F’ cells. Infected cells were plated on
chloramphenicol plates containing either 3 mM NiCl2 for the Tet
destination vector or 8% sucrose for the SacB destination vector.

As expected, only those colonies that had been infected
with phage containing the D1.3 scFv in the destination vector
backbone were able to survive the double selection gate. Random
colonies able to survive the double selection were analyzed by
PCR to confirm the presence of the D1.3 scFv gene in the desti-
nation vector following recombination. The primers used hybrid-
ized to the D1.3 light-chain CDR3 and a region of the destination
vector external to the Lox WT recombination sequence, and so
were only able to produce an amplification product when these
two sequences were brought together on the same plasmid (see
Fig. 4A). This product (708 bp) was consistently generated in
eight of eight colonies analyzed from chloramphenicol/8% su-
crose plates, and on many (but not all) occasions on colonies on
the chloramphenicol/3 mM NiCl2 plates. Examples of a represen-
tative experiment are shown in Figure 4B. On the basis of the
increased robustness of the sacB selection, this was chosen as the

Figure 1 (A) Map of the lox phagemid display vector pDAN11. The
Flag affinity tag and Lox 2372 site (ATAACTTCGTATAGGATACCTTATAC
GAAGTTAT; 13-bp inverted repeats are underlined) are located upstream
of the scFv antibody gene, whereas the Lox WT (ATAACTTCGTATAG
CATACATTATACGAAGTTAT) and SV5 affinity tags are located down-
stream of the scFv gene and upstream of the bacteriophage gene 3-cod-
ing sequence, resulting in display of the fusion protein. (B) Generic Lox
Destination Vector. A negative selection marker (either Tetr or sacB) is
flanked by Lox 2372 and Lox WT, which, after exchange with the scFv
gene, creates an in-frame fusion with the periplasmic leader sequence
and the SV5 epitope and 6x His tags.
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Figure 2 (A) scFv phage display levels. (Lane 1) pDAN11-D1.3; (lane 2) pDAN5-D1.3; (lane 3) a control vector containing only the SV5 tag fused to
gene 3 to mark the size of unfused gene 3 protein. Lower arrows denote native gene 3, and upper arrow shows the scFv-gene3 fusion protein. The
2 � 109 phage particles were loaded in lanes 1 and 2, and both the native and fusion forms of gene 3 were visualized using anti-gene3 mAb (1:2000).
(B) Phage ELISA signals observed for either pDAN5 D1.3 or pDAN11 D1.3 against anti-SV5 and anti-Flag mAbs, and lysozyme adsorbed to a 96-well
plate. Bound phage were determined using anti-M13 HRP (1:5000) conjugate with the background subtracted from the reported values. (C) Phage
ELISA. (D) scFv ELISA signals observed for either pDAN5 or pDAN11 3A and F4 scFv against SNV-N adsorbed to a 96-well plate. The bound phage were
detected by anti-M13 horseradish peroxidase conjugate (Pharmacia), and the bound scFvs by SV5 anti-tag antibody (Hanke et al. 1992) followed by
anti-mouse antibody conjugated to horseradish peroxidase.
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negative selectable marker. The appearance of undesired plas-
mids after transduction of the recombination products obtained
with the Tet destination vector is probably explained by the nar-
row selection window observed in Figure 3A.

Functionality of scFvs Recombined Into Lox-Destination
(pDes) Vector

Effects on scFv Expression
Although we have demonstrated that the addition of lox sites
does not affect scFv functionality or display, this was within the
context of an scFv cloned by traditional means into a phage dis-
play vector, and not one that had been transferred to a destina-
tion vector by recombination. Therefore, the level of scFv expres-
sion after recombination into the SacB-destination (expression)
vector was compared with a control vector that was identical,
except that it did not contain the loxP sequences. DH5�F’ cells
were induced for soluble scFv expression (no longer fused to the
bacteriophage coat protein), and the resulting culture superna-
tants subjected to SDS-PAGE and analyzed by Western analysis
using SV5, a monoclonal antibody recognizing a carboxy-
terminal tag present in both scFv antibody constructs. Figure 5A
demonstrates that scFvs are expressed at comparable levels in the

two vectors, with the scFv flanked by lox sites being expressed
only slightly less than the corresponding control. The figure also
shows the relatively modest increase in size imparted by the two
lox sequences and the FLAG epitope tag.

Functional Analyses of scFvs Transferred by Recombination
On the basis of the demonstration that Cre-mediated recombi-
nation efficiently transfers selected scFvs from the phage display
vector, we constructed destination vectors (pDES) that fuse func-
tional domains to the expressed scFv. One such pDES vector adds
an E coil to the carboxyl terminus of the scFv, which is able to
form a coiled-coil with its partner K coil with an affinity of 60 pM
(De Crescenzo et al. 2003). As a result, after recombination, each
scFv should be covalently linked to an E coil that is able to bind
both to its specific antigen and a K coil. These analyses were
performed with the anti-SNV-N scFvs (3A and F4). The ability of
the scFvs to bind their antigen was tested by ELISA with SNV-N
coated on the ELISA plate (Fig. 5B). The presence of the E coil
fused to these scFvs was tested by ELISA using GFP-K coil fusion
as the antigen. The specificity of the E–K coil interaction was
tested using GFP–E coil fusion as a negative control (Fig 5B). The
results show that the scFvs are still able to bind to their antigens
and are now also recognized by the K coil. Although this dem-
onstrates function of both scFv and E coil, it does not formally
show that functional scFvs are necessarily connected to func-
tional E coils. To demonstrate this point, an ELISA was performed
with E coil–scFvs bound to K coil–alkaline phosphatase. In these
experiments, only scFvs with both antigen and K coil-binding
ability were able to produce a positive signal. Our results showed
that scFv 3A-E coil produced positive signal with its specific an-
tigen SNV-N, and not with an irrelevent antigen (lysozyme; Fig.
5C).

DISCUSSION
We have developed a symmetrical recombination system that is
capable of transferring an isolated scFv antibody gene from a
selection vector into any number of designated downstream vec-
tors using site-specific recombination. Mutually exclusive heter-
ologous loxP sites were placed immediately upstream (Lox 2372)
and downstream (Lox WT) of the DNA encoding the scFv anti-
body (Fig. 1A). Incorporation of these sequences did not alter the
degree of scFv display on the phagemid particle (Fig. 2A,B), nor
the ability to recognize the target antigen (Fig. 2B,C,D). A recom-
bination protocol was devised to expedite the transfer of the scFv
gene contained within the phagemid display vector to another
destination vector devoid of the bacteriophage coat protein-
coding sequence (Fig. 1A). The correct recombinant was obtained
by imposing antibiotic resistance selection for the desired con-
struct and a secondary negative selection against the starting
molecules, and the individual components (antibody, E coil, and
detection tags) of the destination vector were all shown to be
functional. Two different negative selection markers were exam-
ined. The efflux pump responsible for tetracycline resistance also
allows Ni2+ to permeate the cell wall at lower concentrations
than cells lacking this protein, thereby decreasing a bacterial
cell’s susceptibility to Ni2+ toxicity (Podolsky et al. 1996; Fig. 3A).
The levansucrase protein encoded by the Bacillus subtilis sacB
gene synthesizes a substrate, in response to sucrose, that is toxic
to gram-negative bacteria when uncoupled from the remaining
regulatory enzymes (Gay et al. 1985; Fig. 3B). Unlike NiCl2,
which tended to kill cells lacking the tetracycline resistance gene
relatively easily, the elevated concentrations of sucrose used to
select against sacB containing bacteria had no effect, making it
the more robust negative selectable marker. When used in model
experiments, it was able to allow the growth of only those clones

Figure 3 (A) NiCl2 titration for Tetr negative selection marker. Bacterial
cells with vectors that either contained the CAP resistance gene (control
vector) or both the CAPr and Tetr (Tet lox-destination vector) were plated
on CAP containing the indicated concentration of NiCl2. The log units of
surviving cells are shown on the y-axis. (B) Sucrose titration for sacB
negative selection marker. Bacterial cells with vectors that contained ei-
ther the SacB lox-destination vector (CAPr and sacB) or a control vector
(CAPr only) were plated on CAP containing the indicated percentage of
sucrose. The log units of surviving cells are shown on the y-axis.
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in which the destination vector contained scFvs transferred by
recombination (Fig. 3A,B).

To fully exploit scFvs selected using in vitro methods often
requires moving the scFv gene from the phagemid display vector
into a variety of more specialized vectors, creating fusion pro-
teins better suited for a particular functional use of the isolated
scFv antibody. Site-specific recombination offers many advan-
tages over traditional cloning approaches. The elimination of the
need to use restriction endonucleases allows any scFv gene to be
cloned into any vector of choice (both containing appropriate
recombination signals) without having to address problems re-
lated to the presence of compatible or cryptic restriction enzyme
sites contained within the gene to be subcloned. This issue is
particularly troublesome when the exact sequence of the scFv
gene has not yet been determined, even when restriction en-
zymes that are rare in V genes are used (Persic et al. 1997a;
Sblattero and Bradbury 1998). In addition, because transfer by
site-specific recombination does not rely on PCR-based amplifi-
cation, sequence mutations to the subcloned gene are not ex-
pected, minimizing the need for sequence validation of each
destination clone created. Furthermore, the site-specific nature of
this subcloning prevents reading frame changes, allowing the
faithful transfer of scFv genes into destination vectors providing

amino-terminal and/or carboxy-terminal fusions. The speed and
ability to subclone scFv genes into any number of destination
vectors in a parallel fashion further enhance the potential for the
use of scFv antibodies in functional genomic applications.

We have chosen to use the Cre/loxP recombination system
using mutually exclusive heterologous loxP sequences flanking
the scFv gene to mediate transfer from the phagemid display
vector rather than a Cre/loxP system using only one loxP site (Liu
et al. 1998) or the � bacteriophage site-specific recombination
system (Hartley et al. 2000). The univector plasmid-fusion system
(Liu et al. 1998) uses Cre/loxP recombination to mediate fusion
between the plasmid containing the gene of interest (donor vec-
tor) with a host vector containing regulatory information. This
system utilizes a single loxP WT sequence on each plasmid, and
recombination events fusing the donor and acceptor plasmids
are genetically selected by antibiotic resistance conferred by a
combination of the host-strain genotype and the origin of repli-
cation present in the fused recombinant expression construct.
Another available Cre/loxP system (Creator System, Clontech)
places the gene of interest along with an antibiotic resistance
marker between two identical loxP WT sequences. This defined
segment of the donor plasmid is then recombined into an acceptor
vector containing a single copy of the same loxP WT sequence.

Figure 4 (A) scFv recombinatorial subcloning scheme. Recombination between the loxP sites (hatched boxes) mediates exchange of the scFv gene
(black box) and the negative selection marker (white box) between the ampicillin (AMP) and chloramphenicol (CAP) resistant vectors. Arrows indicate
diagnostic PCR primer binding sites. (B) PCR confirmation of scFv recombination into destination vector. Colonies from the double-selection plate after
recombination were analyzed by PCR using a set of diagnostic primers. One primer is internally located in the D1.3 scFv gene with the other external
to the Lox WT site (SacB vector; bottom). Negative control lanes are marked.
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Recombined clones are positively selected using the antibiotic
marker contained within the loxP sites on the donor plasmid in
conjunction with a negative selection marker on the donor vec-

tor backbone. However, neither of these
systems is feasible for an scFv antibody
system that requires the ability to trans-
fer the gene of interest in a directional
manner from one plasmid to another
without the presence of additional
(regulatory) sequences flanking the scFv.

Site-specific recombination based
on the � phage recombination system is
available in a commercial format (Hart-
ley et al. 2000; Gateway Technology, In-
vitrogen) and allows user-defined DNA
to be transferred between plasmids di-
rectionally. This requires the phage-
encoded integrase (Int) and host-derived
integration host factor (IHF) to catalyze
recombination between a 24-bp attB site
(originally in the bacterial genome) and
a 243-bp attP site (originally in the
phage genome) to generate the 100-bp
attL and 168-bp attR sites (that originally
flank the newly integrated � DNA), and
Int, IHF, and exisionase (Xis) to carry out
the reverse reaction (for review, see
Landy 1989). Whereas this system has
been extensively and successfully used
in cloning collections of individual
genes into a nonfunctional source vector
followed by recombination into func-
tional destination vectors (Walhout et
al. 2000; Reboul et al. 2001), it is not
feasible for systems that require expres-
sion of the scFv gene, and therefore
translation of each recombination site,
with each vector used. For � recombina-
tion to be used, either the display vector
or the destination expression vector
would (at some stage) have to contain
the attL sites that contain stop codons in
all three frames. Futhermore, the pres-
ence of different flanking sequences
(based on attB or attL) in different vec-
tors complicate the system. The � system
could be used if antibodies in the origi-
nal phage display library were flanked by
attB sites and recombined first into an
attR-containing vector, and subse-
quently into attL-destination final vec-
tors. Although this would maintain the
24-bp attB sites in initial and final vec-
tors, it would involve a complex double-
recombination procedure of unknown
efficiency. The � recombination system
also requires a number of different en-
zymes to be present (Int, IHF, and Xis)
for recombination to occur, whereas the
Cre system requires a single recombinase
easing in vivo manipulations as shown
in the protocol we have used in this
work.

The Cre/loxP system has been pri-
marily used to facilitate the generation
of transgenic animals expressing novel

gene products or null mutants after precise alteration of endog-
enous genes. A double reciprocal cross-over replacement event
between the targeting vector and the chromosomal target using

Figure 5 (A) Soluble scFv Western. (Lanes 1,2) D1.3 scFv expressed from a control vector that
produces scFv with attached SV5 and 6x His tags at the carboxyl terminus; (lanes 3,4) D1.3 scFv
expressed from the pD1.3 destination vector that produces the D1.3 scFv with FLAG and translated Lox
2372 at the amino terminus and Lox WT, SV5, and 6x His tags at the carboxyl terminus. A total of 10
µL of supernatant was used in lanes 1 and 3, and 2 µL in lanes 2 and 4 (see Methods). Arrows denote
correctly sized scFv visualized with anti-SV5 and goat anti-mouse-AP conjugate antibodies. (B) scFv
ELISA was performed with pDes 3A and F4 against SNV-N, E-coil GFP, and K-coil GFP coated on a
96-well plate. Antigen reactive scFv were detected by anti-SV5 tag antibody followed by anti-mouse
antibody conjugated to horse radish peroxidase. (C) scFv ELISA was performed with pDes 3A E-coil scFv
incubated with K-coil alkaline phosphatase (K-AP) against SNV-N and lysozyme. Control reactions
measured K-coil reactivity toward SNV-N, lysozyme, E-coil GFP, and pDes 3A-E scFv.
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heterospecific loxP sites has been shown to greatly increase the
recovery of integrants, while eliminating the unnecessary incor-
poration of vector DNA into the genome (Bethke and Sauer
1997). Building upon this principle, we have created a recombi-
natorial cloning system using Cre/loxP to transfer scFv antibody
genes between various vectors. In this study, we examined ex-
pression and functionality of the scFv antibody both in the
source vector, which contained gene 3, as well in the destination
vector, in which gene 3 was removed and an additional func-
tionality was introduced (an E coil) (Figs, 4A and 5A). The fact
that the scFvs were functional in both vectors suggests that flank-
ing translated lox sites do not appear to be inhibitory to antibody
function, and will allow us to create a number of different des-
tination vectors fulfilling a variety of applications. For example,
the occasional scFv gene that is not expressed at high yields in
bacteria could be recombined into a shuttle vector allowing ex-
pression in Pichia (Freyre et al. 2000; Powers et al. 2001) or as a
fusion protein to enhance expression, solubility or detection
(Berdichevsky et al. 1999; Bach et al. 2001). Bivalent scFv anti-
bodies can be created by fusion to complimentary amphipathic
coiled coils (Pack and Pluckthun 1992; Pelletier et al. 1999; Arndt
et al. 2000), whereas fusion to fluorescent proteins could create
intrinsically fluorescent primary-binding ligands (Hink et al.
2000; Morino et al. 2001) and fusions to metal-binding domains
allow electron spectroscopic imaging after saturation with nickel
or cobalt (Malecki et al. 2002). The ability to create these various
constructs in such a robust and parallel manner using the Cre/
loxP site-specific recombination system greatly expands the func-
tionality of any given scFv antibody and enhances the applica-
bility to functional genomics. Furthermore, although we have
developed this technology for use with scFvs, it is likely that
libraries of other affinity reagents, on the basis of alternative
scaffolds (for review, see Skerra 2000) could just as easily be cre-
ated within the context of the lox sites described here. The po-
tential applications could also extend beyond affinity reagents to
collections of genes derived either individually or en masse, in a
fashion similar to the � recombination system.

METHODS

Bacterial Strains
DH5�F’: (GIBCO BRL): F’/endA1 hsdR17 (rK� mK+) supE44 thi-1
recA1 gyrA (Nair) relAI � (lacZYA-argF) U169 deoR (ø80dlac�)lacZ)
M15)

BS1365: BS591 F’ kan (Bs591: recA1 endA1 gyrA96 thi-1 �
lacU169 supE44 hsdR17 [� imm434 nin5 X1-cre] (Sauer and
Henderson 1988).

JL-1 expresses cre recombinase constitutively and also ex-
presses LacIQ. It was created (by Jianlong Lou, UCSF) in two
steps. In the first step, TOP10 F’ was mated with Stbl2, to create
ST-1, by selecting for growth on minimal medium without leu-
cine and with proline and tetracycline. In the second step, ST-1
was mated with BS591, to create JL-1 by selecting on minimal
medium and tetracycline. JL-1 was tested by infecting with pWT/
WT-lox-GFP phagemid as previously described (Siegel et al.
2001).

ST-1: F’{lac Iq, Tn 10(TetR)} mcr A �(mcrBC-hsdRMS-mrr)
recA1 endA1 lon gyrA96 thi supE44 relA1 � � � (lac-proAB).

JL-1: F’{lac Iq, Tn 10(TetR)} recA1 endA1 gyrA96 thi-1D
lacU169 supE44 hsdR17[� imm 434 nin5 X1-cre].

Construction of pDAN11 D1.3, 3A, F4
pDAN5 D1.3 (Sblattero and Bradbury 2000) was partially digested
with SphI and to completion with EcoRI, and then filled in and
cut back with T4 DNA polymerase. The full-length vector frag-
ment (5273 bp) was purified and religated. The correct construct
recreated the EcoRI site and resulted in the plasmid pDAN5 D1.3-
SphI. This differed from pDAN5 by removing the SphI and lox

site found at the 3� end of gene 3 in pDAN5. The leader sequence
from pDAN5 was PCR amplified with two primers as follows:
pDAN9.1 for (GAAGTTATGGTCGACCCGCTAGCGGCCATG
GCGGCCGATAACTTCGTATAATGTATGCTATACGAAGTTATAC
CGGTCTCATCTTTATAATCGGCAAGAGCGCTGCTTGCTGC
GAG) and M13 rev (AGCGGATAACAATTTCACACA). The 244-bp
product was cloned into pDAN5 D1.3-SphI using HindIII and SalI
to create pDAN8. This replaced the leader-VL gene with a
polylinker with the following structure: leader in which BssHII
was changed to Eco47III, FLAG tag, AgeI, Lox WT site, SfiI/NcoI,
SalI.

The D1.3 scFv gene was amplified with pDAN11BH5 for
(GATGAGACCGGTATAACTTCGTATAGGATACCTTATACGAA
GTTATCGGGCGCGCATGCCGACATT) and pDAN11Pst1 rev
(ATGGTGAGTACTATCCAGGCCCAGCAGTGGGTTTGGGATTG
GTTTGCCTGCAGATAACTTCGTATAATGTATG) primers. These
primers added an Age1 restriction site, the Lox 2372 recombina-
tion site (ATAACTTCGTATAGGATACCTTATACGAAGTTAT; 13-
bp inverted repeats are underlined) plus BssH2 and Sph1 sites
upstream of the D1.3 scFv gene and the Lox WT recombination
site (ATAACTTCGTATAGCATACATTATACGAAGTTAT) and
Pst1, SV5 epitope tag and Sca1 site downstream of the gene. The
amplified DNA was digested with Age1 and Sca1 and ligated into
similarly digested pDAN8 vector DNA to create pDAN11. This
flanks the scFv with the same restriction sites used in our original
display vector, pDAN5. The final vector structure is illustrated in
Figure 1A.

The D1.3 scFv gene in pDAN11 D1.3 was replaced with 3A or
F4 scFv (recognizing the SNV-N protein from the Sin Nombre
Hanta Virus) genes from pDAN5 vectors using BssHIII and NheI
restriction digestion, to create pDAN11 3A and pDAN11 F4.

Construction of Tetr and SacB Lox-Destination Vectors
The ampicillin resistance gene from pDAN11 was replaced with
the chloramphenicol (CAPR) resistance gene from pBSL121 (Alex-
eyev et al. 1995), to create pDAN11-CAP, by amplifying the CAPR

gene with primers that appended BspH I sites at either end, and
using the two BspHI flanking the � lactamase gene as cloning
sites. This intermediate vector was then digested with Sph1 and
Nhe1 to remove the scFv gene contained between the 5� Lox site
(2372) and 3� Lox site (WT). The gene encoding tetracycline re-
sistance (Tetr) was amplified from pBSL190 (Alexeyev et al. 1995)
with primers that added a Sph1 restriction site at the 5� end (5�
TET Sph1: ACATGCATGCCAATTCTCATGTTTGACAGC) and a
Spe1 site on the 3� end (3� TET Spe1: GGACTAGTAGATCTAGAC
AGCTTGATCAAGGGTTGGTTTGC) of the amplified DNA. The
PCR product was digested with SphI and SpeI (NEB) and ligated
into pDAN11-CAP cleaved with SphI and NheI to create
pDAN11-CAP/Tet, which contains the Tetr gene in place of a scFv
gene between the 2372 and wild-type loxP sites. pDAN11-CAP/
SacB was constructed by recloning the SacB gene from pUCD800
(Gay et al. 1985) into pBluescript SK (Stratagene) using BamHI
and PstI. After testing in pBluescript SK, the tetracycline resis-
tance gene in pDAN11-CAP/Tet was replaced with the SacB gene
using SphI and PstI. The DNA encoding the bacteriophage minor
coat protein gene 3 was removed from pDAN11-CAP/Tet after
digestion with Pst1 and Afl2 restriction enzymes and ligated to
an appropriately digested adapter fragment containing the SV5
epitope tag, 6X His tag, an E coil gene (Chao et al. 1996, 1998)
and NotI, XhoI, BamHI, and NheI (NEB), to create pDES-EC-tet,
the Tet lox-destination vector, (see Fig. 1B for arrangement). The
SacB lox-destination vector (pDES-EC-SacB), was created by re-
combining pDAN11-CAP/SacB with pDES-EC-tet, and testing the
recombination products by PCR, using primers specific for SacB
and the E coil.

Phagemid ELISA
Nunc Maxisorp ELISA plates (Fisher Scientific) were coated with
100 µL of antigen or anti-tag antibody overnight at 4°C (anti-
FLAG 10 µg/mL, anti-SV5 monoclonal antibodies 10 µg/mL, ly-
sozyme 50 µg/mL, and SNV-N 5 µg/mL). Plates were rinsed and
blocked with either 2% BSA or 4% fish gelatin (Sigma) for 1 h.
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Phagemid particles were added to each well and incubated at
room temperature for 1.5 h. Bound phagemid were rinsed three
times with PBST (PBS containing 0.1% Tween 20) and three times
with PBS, and detected using 1:5000 dilution of anti-M13 horse-
radish peroxidase conjugate (Pharmacia).

scFv Expression
Single colonies of scFv expressing plasmids were inoculated into
1 mL of 2xTY/Ampicillin 100 µg/mL, 1% glucose, and grown
overnight at 37°C. A total of 10 µL of this pre-culture was diluted
into 1 mL of the same medium and grown to OD600 0.5 at 37°C.
Cells were harvested and resuspended into 1 mL of 2xTY/Amp/
250 µM IPTG, and grown overnight at 30°C. Cells were har-
vested, and the supernatants were collected. scFvs were also iso-
lated from the periplasm by osmotic shock; the cell pellet was
resuspended in 20% sucrose (1/40 culture volume), centrifuged
for 6 min 6000g, and the supernatant retained and mixed with
the supernatant obtained after resuspending the cell pellet in 5
mM MgSO4 (1/100 culture volume) and recentrifuging. If
needed, scFvs were purified using the His tag and Nickel-NTA
agarose beads (Qiagen) according to manufacturer’s instructions.

scFv ELISA
Nunc Maxisorp ELISA plates (Fisher Scientific) were coated with
100 µL of antigen overnight at 4°C. The antigens used in this
study were SNV-N, 5 µg/mL, E-coil GFP, 10 µg/mL, and K-coil
GFP, 10 µg/mL. E- and K-coil GFP are GFP that have been tagged
with E or K coils (Chao et al. 1996). Plates were rinsed and
blocked with either 2% BSA or 4% fish gelatin (Sigma) for 1 h.
Supernatant containing scFv were added to each well and incu-
bated at room temperature for 1.5 h. Washing was carried out
three times with PBST and three times with PBS, and scFvs were
detected using anti-SV5 tag antibody followed by anti-mouse
horseradish peroxidase conjugate (DAKO Corp.). When coiled
coil ELISAs were carried out (to demonstrate functionality of
both SV5 tag and coiled coil), 100 µL of 10-µg/mL concentration
antigens were coated on Nucn Maxisorp plates for 1 h at 37°C.
The plates were blocked with 200 µL of 4.5% fish gelatin for 1 h.
Meanwhile, an equal amount of K coil-Alkaline phosphatase was
incubated with either E-coil-scFvs or PBS and allowed to form the
E/K coil interaction for 15 min. The mixture was then allowed to
bind to antigens for 1.5 h in the presence of 1% fish gelatin. The
plate was washed three times with PBST, three times with PBS,
and the AP Elisa substrate (phosphatase substrate kit – Pierce) was
added. The ELISA signals were read at 405 nm.

Negative Selection Marker Titration
Cells transformed with either destination vector (Tet or SacB) or
a control vector encoding only resistance to chloramphenicol
(pDAN11-CAP) were grown to OD600 = 1 and 37°C and plated
onto selective medium. The Tet destination vector cells were
plated on chloamphenicol (100 µg/mL) 2XTY plates containing
0.5%, 1%, 2%, 3%, or 4 % NiCl2. The SacB destination vector cells
were plated on chloramphenicol (100 µg/mL) 2XTY plates con-
taining 0%, 2.5%, 5%, 7.5%, or 10% sucrose. After overnight
growth at 37°C, surviving colonies were counted and compared
with the number of colonies obtained on chloramphenicol plates
without the negative selector.

Cre Recombination
BS1365 cells (constitutively expressing Cre recombinase) were
grown to an OD600 of 0.5 at 37°C and cotransduced with
pDAN11-D1.3 and either lox-destination vectors at a multiplicity
of infection (MOI) of 10:1 for each. Infected cells were diluted
fivefold into 2xYT/chloramphenicol 100 µg/mL/Amp 100 µg/
mL/3% glucose, and allowed to recombine at 37°C until an
OD600 of 0.5 was again achieved (typically 2–4 h). Cells were then
infected with M13K07 helper phage for 30 min at 37°C and
grown overnight at 30°C in 2xYT/chloramphenicol 100 µg/mL/
Amp 100 µg/mL/Kanamycin 100 µg/mL to produce phagemid
particles containing the various recombination products. Recom-

bination could also be carried out overnight, and the culture was
diluted 20-fold and grown to an OD600 of 0.5 prior to helper
phage infection. Lox-destination vectors containing the D1.3,
3A, F4 scFv gene were specifically obtained by infecting DH5aF’
cells at an OD600 of 0.5 with the recombined phagemid at an MOI
of 1:1 for 30 min at 37°C and plating on 2xYT agar containing
100 µg/mL chloramphenicol with the appropriate negative selec-
tion reagent (3 mM NiCl2 or 8% sucrose). The accuracy of re-
combination was determined by carrying out PCR using primers
annealing separately in the two vectors prior to recombination,
and together in the correct product of recombination. For trans-
fer of D1.3 from pDAN11 to pDES-EC, VL D1.3 CDR3 5� (TTTGG
AGTACTCCTCGG) and RS 1 rev (CGGAATTCGGATCCTTAGT
GATGGTGATGGTGATGCTTCTCAAGAGCGCTCACTTCCTTT)
were used, for transfer of 3A and F4 from pDAN11 to pDES-EC,
pDpH-5� (GCAGCCGCTGGATTGTTATTA) and RS 1 rev were
used.

scFv Western Analysis
scFv supernatants were denatured in 2-mercapthoethanol con-
taining sample loading buffer for 3 min at 100°C and loaded onto
NuPAGE gradient 4%–12% Bis-Tris SDS gel (Invitrogen). Proteins
were then transferred to nitrocellulose membrane (Schleicher
and Schuell), blocked with 4% fish gelatin (Sigma), incubated
with anti-SV5 mouse monoclonal antibody and goat anti-mouse
IgG-AP conjugate (Dako Corp.), following by incubation in 1
Step NBT/BCIP (Pierce Inc.).
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