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Large-scale genomic sequencing projects have provided DNA sequence information for many genes, but the
biological functions for most of them will only be known through functional studies. Bacterial artificial
chromosomes (BACs) and P1-derived artificial chromosomes (PACs) are large genomic clones stably maintained
in bacteria and are very important in functional studies through transfection because of their large size and
stability. Because most BAC or PAC vectors do not have a mammalian selection marker, transfecting mammalian
cells with genes cloned in BACs or PACs requires the insertion into the BAC/PAC of a mammalian selectable
marker. However, currently available procedures are not satisfactory in efficiency and fidelity. We describe a
very simple and efficient procedure that allows one to retrofit dozens of BACs in a day with no detectable
deletions or unwanted recombination. We use a BAC/PAC retrofitting vector that, on transformation into
competent BAC or PAC strains, will catalyze the specific insertion of itself into BAC/PAC vectors through in
vivo cre/loxP site-specific recombination.

Bacterial artificial chromosomes (BACs) and P1-derived
artificial chromosomes (PACs), with their capacity for
large inserts, stability, and lack of chimerism, play im-
portant roles in genome mapping and sequencing (Os-
oegawa et al. 2000). For these reasons and the fact that
virtually every gene will have one or more correspond-
ing BAC/PAC clones, they are the first choice for func-
tional complementation or dose-effect studies in dif-
ferentiated or embryonic stem (ES) cells. Mouse ES cells
are of special interest for gene function studies because
of their capacity for in vitro differentiation into differ-
ent lineages (O’Shea 1999) and the ability to generate
transgenic animals through germline transmission.
The lack of a universal selection marker for mamma-
lian cell transfection makes it difficult to include any
particular marker in the BAC/PAC vectors. Therefore,
the vectors for most current BAC or PAC libraries do
not contain any mammalian selection marker for
transfection studies. This necessitates the development
of efficient ways to insert such selection markers into
individual clones chosen from BAC/PAC libraries, a
“retrofitting” operation.

Several strategies have been developed to retrofit
BACs/PACs on the basis of restriction digestion, trans-
position, homologous recombination, or site-specific
recombination. Certain rare-cutter restriction enzymes
have been used to linearize both the BAC clone and a
retrofitting cassette. These sticky ends were then li-
gated to form retrofitted BACs with the selectable

marker inserted (Mejia and Monaco 1997; Hejna et al.
1998). For this strategy to work, it has to be certain that
there is no such restriction site in the genomic insert,
which often is not the case with large inserts. It also
requires subsequent transformation of the retrofitted
BAC/PAC into Escherichia coli, which is both very inef-
ficient and deleterious to the genomic insert. Recom-
bination-based approaches allow the direct integration
of a selectable marker cassette into BAC/PAC clones
without the need for linearization and retransforma-
tion. Several homologous recombination-based strate-
gies have been described, including RecA- (Yang et al.
1997) or RecE/RecT-promoted (Muyrers et al. 1999; Na-
rayanan et al. 1999), �-stimulated (Jessen et al. 1998),
and alu-repeat-based (Chatterjee and Sternberg 1996)
strategies. These methods are very useful for introduc-
ing changes to the genomic insert. However, for the
simple insertion of a selectable marker into BAC vector
and when many BAC clones need to be modified and
transfected, these methods are inadequate and pose
the risk of unwanted recombination because of the ex-
pression of Rec genes. Another method for retrofitting
BACs is by transposition of a retrofitting cassette to the
BAC/PAC, either randomly (Chatterjee and Sternberg
1996) or at a predefined site (Frengen et al. 1999), but
this method also requires multiple manipulations. In
summary, although all of these methods work to some
extent in BAC/PAC retrofitting, they are relatively
complicated and most of them impose the potential
risk of causing deletions and unwanted recombination
to the genomic insert, hindering the process of large-
scale BAC retrofitting.

Site-specific recombination, on the other hand, in-
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volves a specific sequence element on the BAC/PAC
vector and its partner in the retrofitting construct.
Therefore, the expression of Rec genes is not needed,
and unwanted homologous recombination can be
avoided. One commonly used site-specific recombina-
tion scheme is P1 phage-derived cre/loxP recombina-
tion. The cre recombinase recognizes and recombines
loxP sites, sequences of 34 bp in length with two in-
verted repeats. Current PAC and BAC vectors all con-
tain a loxP site and successful retrofitting reactions
have been performed in vitro with a loxP-containing
construct, pRetroBAC, and commercial cre recombi-
nase (Kim et al. 1998). However, when modifying BACs
in vitro by using pRetroBAC and a retrofitting vector
that we made, we observed problems of low transfor-
mation efficiency of large BACs and deletions to the
genomic inserts. Presumably, nucleases contaminating
the cre recombinase preparations caused deletions,
which were further enriched through BAC retransfor-
mation because of much higher transformation effi-
ciency with smaller DNA molecules (Sheng et al. 1995).
Therefore, a large number of recombinant clones
have to be screened for the integrity of the genomic
insert.

Here we report a single-step, in vivo cre/loxP-based
approach in which competent BAC strains are trans-
formed with a novel retrofitting vector, pRetroES. We
believe it is by far the simplest and most efficient way
of inserting a mammalian selectable marker into a BAC
or PAC clone without changing the genomic insert.
With this method, one can easily retrofit dozens or
even hundreds of BACs in 1 d with limited hands-on
time. Furthermore, because of the high fidelity of this
method, the screening of retrofitted clones is usually
not necessary and problems of deletions and unwanted
recombination are prevented.

RESULTS AND DISCUSSION

Rationale and the Structure of pRetroES
In our effort to transfect candidate BACs into mouse ES
cells for the functional complementation screen of
Ssm1, a mouse gene responsible for strain-specific
transgene methylation (Engler et al. 1991), we ex-
plored various strategies of BAC retrofitting. We de-
cided to pursue strategies based on cre/loxP site-specific
recombination because of its precise specificity. pRet-
roES-t, constructed for in vitro BAC retrofitting, con-
tains a loxP site, a PGKneo gene, and a conditional
replication origin oriR6K�, which needs the �pir gene
product to function (Metcalf et al. 1996). We tested
pRetroES-t, along with a similar BAC retrofitting vec-
tor, pRetroBAC (Kim et al. 1998), on retrofitting our
candidate BACs in vitro with either commercial (No-
vagen) or, later, self-made (Liu et al. 1998) cre recom-
binase. The in vitro modified BACs were then trans-

formed into DH10B competent cells (Stratagene) by
electroporation.

The results (not shown) indicate that both pRet-
roES-t and pRetroBAC worked properly in retrofitting
BACs with relatively smaller inserts (<150 kb). How-
ever, with BACs having inserts larger than 150 kb, the
transformation efficiency decreased dramatically. We
could only get a few recombinant colonies for a 246-kb
test BAC after many retrofitting and transformation
experiments. After restriction digestion and electro-
phoresis of the retrofitted clones, we found that many
clones had deletions to the genomic insert (data not
shown). Because transformation efficiency drops dra-
matically as the size increases (Sheng et al. 1995), we
postulate that cre recombinase or, more likely, con-
taminating endonucleases might have caused dele-
tions to some DNA molecules and those molecules
with deletions may have been selectively transformed
because of their smaller size, resulting in frequent de-
letions observed in the retrofitted clones.

The problems of low transformation efficiency
with large insert BACs and deletions to the inserts
prompted us to explore better strategies for BAC retro-
fitting. The ideal way would be in vivo retrofitting,
where the BAC molecules will remain in bacteria
which then are transformed with the retrofitting con-
struct to introduce the selectable marker by recombi-
nation. With this strategy, it is essential to have a tran-
sient and limited supply of cre recombinase, enough to
promote the integration reaction, but not excessive so
as to cause unwanted recombination events, including
looping out of the inserted mammalian selection
marker. We therefore designed a retrofitting vector,
pRetroES, for such in vivo BAC/PAC retrofitting (Fig. 1A).

The essential part of pRetroES is the tac-GST-loxP-
cre fusion gene, which is both self-catalytic and sui-
cidal. Liu et al. (1998) showed that loxP sequence can
be transcribed and translated into a fusion protein, and
we found that the fusion cre recombinase described
earlier is functional (data not shown). On transforma-
tion into the BAC-bearing E. coli, the fusion gene pro-
vides enough cre recombinase to promote site-specific
recombination for integration of the construct into the
BAC vector. Once integrated, the cre fusion gene is
broken at the loxP site and becomes nonfunctional,
preventing the production of any excess cre recombi-
nase (Fig. 1B). Similar to our in vitro retrofitting vector
pRetroES-t, pRetroES contains a conditional replication
origin oriR6K�, which functions only in the presence of
the �pir gene product. It maintains the stability of the
recombinant BAC molecule and eliminates the need to
delete the normal replication origin through restric-
tion digestion, fragment purification, and ligation
(Kim et al. 1998). The latter process often produces
nonrecombinant, cotransformed, double resistant
colonies in our hands (data not shown).
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Optimization of the Retrofitting Procedure
To transform the retrofitting vector, one must make
competent cells for each BAC strain. We found that
electroporation of competent cells prepared from
small-volume culture is the most convenient and effi-
cient approach. Overnight cultures of BAC strains are
diluted 1�100 into 5 mL LB media and grown with
shaking at 37°C for 3 h followed by several washes in
the cold and then electroporation. It is not difficult in
this way to prepare hundreds of competent BAC strains
at the same time, paving the way for large-scale BAC/
PAC retrofitting. Even with relatively low competence,
one can still obtain enough retrofitted clones. We rou-
tinely are able to generate a few hundred to a few thou-
sand recombinant colonies from each transformation.
The retrofitting efficiency is independent of BAC insert
size, as demonstrated by roughly equal numbers of re-
combinant colonies obtained from retrofitting three
sample BACs with insert sizes of 104, 196, and 246 kb,
respectively.

After electroporation, the cells are incubated in LB
media at 37°C with shaking for a period of time to
allow cre expression, cre/loxP recombination, and the
expression of antibiotic resistance genes. Although
longer incubation might increase retrofitting effi-
ciency, we found that 75–90-min postelectroporation
incubation is long enough to generate sufficient re-
combinant colonies.

Integration at loxP Versus lox511 Sites
RPCI-23 and other BAC libraries are constructed with
the pBACe3.6 vector (Frengen et al. 1999), which has
two loxP sites in opposite orientation initially designed
as a means for vector replacement: a wild-type loxP and
a mutant form, called lox511. It was reported that
lox511, having a single base substitution in the loop,
recombines inefficiently with wild-type loxP (Hartung
and Kisters-Woike 1998). To characterize the nature
and location of the pRetroES integrations, we per-
formed two sets of colony PCR reactions on the chlor-
amphenicol/ampicillin double-resistant (retrofitted
BAC-containing) colonies: one to amplify recombi-
nants integrated at the loxP site and the other at lox511
(Fig. 2A). Surprisingly, the results, some of which are
shown in Figure 2B, indicate that there is no preference
for recombining at the loxP site over the lox511 site.
Whether the fusion cre recombinase, which contains a
GST tag and amino acids coded by the loxP sequence,
has altered specificity and has lost the preference of
loxP over lox511 is not known. Integration at either site
should make no difference for most applications, in-
cluding ES cell transfection. Some of the recombinants
have retrofitting vector integrated at both loci (see Fig.
2B clone #31), a phenomenon more frequently ob-
served when more retrofitting vector DNA was used in

Figure 1 Map of the retrofitting vector pRetroES and schematic
illustration of the retrofitting procedure. (A) Map of pRetroES.
Essentially, it has a GST-loxP-cre fusion gene driven by a tac pro-
moter that encodes a fusion cre recombinase for promoting cre/
loxP recombination. The conditional replication origin, oriR6K�,
will not function in the usual BAC host. The PGKneo is a selectable
marker useful for embryonic stem cell transfection. (B) Schematic
representation of the retrofitting procedure. In brief, a small vol-
ume of competent BAC-bearing Escherichia coli is prepared and
transformed with pRetroES by electroporation. During the post-
transformation incubation, the fusion cre recombinase will be
expressed and will promote the recombination between the loxP
sites on the retrofitting vector and the BAC vector, leading to the
integration of pRetroES into the BAC at the loxP site. After inte-
gration, the tac promoter is separated from the fusion gene and
no more cre recombinase will be produced. For detailed protocol,
see Methods.
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transformation (data not shown). Such double-
integrated recombinants seem to be stable in E. coli
because restriction analysis of DNA prepared from such
clones shows expected vector fragments and no dele-
tion to the insert. We have not tested if the added
homology resulting from such double integrations
would cause unwanted recombination during transfec-
tion. If it is a concern for particular applications,

double integrated recombinants can be easily detected
and eliminated through colony PCR (Fig. 2B).

Fidelity of In Vivo Retrofitting
One important question is the fidelity of the retrofit-
ting process, that is, if deletion could occur to the ge-
nomic insert. Because we rely on transfecting overlap-
ping BAC clones into ES cells for both functional
screening and fine mapping the location of the gene in
the large inserts, it is very important to maintain the
integrity of the transferred genomic clones. By using
pRetroES-t for in vitro retrofitting, we observed that
many clones have deletions after digestion with restric-
tion enzymes and electrophoresis, most frequently
with BACs of large inserts. Therefore, after in vivo ret-
rofitting, we extensively analyzed the retrofitted clones
with restriction digestions to see if any deletions oc-
curred to the genomic inserts. Of dozens of clones from
over 10 BACs retrofitted with insert sizes ranging from
150 kb to 246 kb, none was shown to have deletions.
An example of such analysis with five retrofitted clones
of a BAC is shown in Figure 2C. We postulate that the
high fidelity observed in in vivo retrofitting resulted
from the lack of any contaminating nuclease and the
lack of selective transformation of deleted molecules.

Our purpose for BAC retrofitting is to screen for
BACs bearing Ssm1, and eventually to clone Ssm1,
through ES cell transfection and differentiation. Ssm1
has been finely mapped to distal chromosome 4 be-
tween two microsatellite markers (Engler and Storb
2000). Candidate BACs were obtained from C57BL/6
BAC libraries through hybridization with flanking
markers and retrofitted to insert PGKneo for transfect-
ing ES cells derived from HRD transgenic mice of
DBA/2 background. Retrofitted BACs were transfected
into ES cells and stable clones were obtained through
G418 selection. Multiple clones from each BAC were
analyzed, showing that all had integrated the corre-
sponding BAC (data not shown).

In summary, in vivo BAC retrofitting with pRet-
roES has been proven to be simple, fast, and of high
fidelity. Although it is intended for use in mouse ES
cells, we anticipate that PGKneo would also work for
certain other cell types. It would also be easy to replace
PGKneo with a selection marker more suitable for
other cell types with unique restriction sites flanking
PGKneo (Fig. 1A). With proper modification of the pro-
tocol to fit the 96-well block format currently used for
BAC strain culturing and DNA preparation (Kelley et al.
1999), we believe it would be fairly easy to retrofit large
numbers of clones or even an entire BAC library, which
would be a tremendous asset to functional genomics
studies. Lastly, the inserted PGKneo cassette can also
be deleted in stably transfected cell lines through tran-
sient expression of the cre gene to prevent possible
interference to the specific gene expression.

Figure 2 Representative results of retrofitted clones. (A) Sche-
matic representation of possible recombinants from retrofitting
pBACe3.6-generated BACs with pRetroES, showing primers used
in colony PCR: F1 and F2 on the BAC vector and Retro-R (shown
as R) on the retrofitting construct. (B) Colony PCR results showing
the efficiency of the retrofitting and the frequency of integration
at loxP and lox511 sites. Thirty-two chloramphenicol/ampicillin
double-resistant colonies were PCR amplified with primers that
identified integrations either at loxP site (F1 and R) or at lox511
site (F2 and R). As shown, 31 of the 32 clones have pRetroES
integrated either at loxP (13/32) or at lox511 (19/32) site, and
one of them, Clone 31, has a double integration. (C) Restriction
digestion of five different retrofitted clones of the same BAC
showing the fidelity of the retrofitting process. Five randomly
picked cam/amp double-resistant colonies (numbered 1 through
5) were grown in liquid media and DNA prepared and digested
with restriction enzymes AvrII, BamHI, and EcoRI. Electrophoresis
was performed on 0.6% agarose at low voltage for about 24 h
and the gel was stained with ethidium bromide.
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METHODS
The in vitro retrofitting construct, pRetroES-t, was built by
inserting a loxP fragment (courtesy of Dr. Kevin Fuller) into
the MCS II region of pGT-N28 (New England Biolabs), fol-
lowed by replacing the M13 and colE1 replication origins
with the conditional replication origin oriR6K� from plasmid
pWM91 (Metcalf et al. 1996). The resulting plasmid was
cloned and amplified in JM109�pir (Penfold and Pemberton
1992). In constructing the in vivo retrofitting vector, pRet-
roES, a self-catalytic, suicidal cre fusion gene, was constructed
with the universal plasmid fusion system (UPS, Liu et al. 1998)
in the following way: the NcoI/EcoRI fragment from pGST-cre
bearing the cre recombinase gene was ligated onto NcoI/BbsI
digested pUNI10, Klenow-filled, religated, and transformed
into competent JM109�pir. The resulting plasmid was fused
with pHB2-GST by using cre recombinase purified from pGST-
cre containing E. coli cells as described (Liu et al. 1998) and
transformed into competent DH5� cells. To construct the in
vivo retrofitting vector, we excised the tac-GST-loxP-cre fusion
gene from the fused plasmid and inserted it into pRetroES-t by
replacing its loxP. The detailed map of the resulting plasmid
pRetroES is shown in Figure 1.

To retrofit BACs, we made competent cells from a mini-
culture of a BAC in the following way: 2 mL LB containing 15
µg/mL chloramphenicol was inoculated with a single BAC
colony and the culture was incubated at 37°C overnight with
shaking; 50 µL of the overnight culture was added to 5 mL
room temperature LB with chloramphenicol in a 14-mL Fal-
con tube, and the tube was incubated with shaking at 37°C for
exactly 3 h; the culture was then cooled on ice for 10 min and
spun in a refrigerated desktop centrifuge at 3500 rpm for 10
min. The following steps were performed in a cold room: the
supernatant was removed and the pellet was washed three
times with 1 mL ice-cold distilled water and once with 1 mL
10% glycerol in a 1.7-mL Eppendorf tube and then drained
carefully. The competent cells were resuspended in 30 µL 10%
glycerol and left on ice. After moving back to a room tem-
perature bench, 200 ng of pRetroES was immediately added to
the competent cells and electroporated in a 0.1-cm cuvette at
2000 volts and 200 ohms by using a BioRad Gene Pulser. The
contents were transferred to a 14-mL Falcon tube after adding
2 mL LB with 15 µg/mL chloramphenicol, and incubated with
shaking at 37°C for 90 min. One-tenth of the transformed
cells were spread onto an agar plate containing 50 µg/mL
ampicillin and 15 µg/mL chloramphenicol and the rest onto
a second plate, and the plates were incubated at 37°C for
16 h.

Colony PCR was used to confirm if the double resistant
colonies were correct recombinants. We designed one primer
on the retrofitting vector and the others on the BAC vector,
both close to the loxP site. The primer on pRetroES, Retro-R (R
in Fig. 2) has the sequence 5�-ATCGACCGGTAATGCAGGCA.
The pr imer on pBe loBAC11 has a sequence 5 � -
AGGAAACGACAGCTCAA, which, together with pRetro-R,
will amplify a 243-bp fragment from retrofitted BACs con-
structed with pBeloBAC11. The BAC vector pBAC36e.1 has a
wild-type loxP and a mutant form lox511, differing by one
nucleotide (Frengen et al. 1999). When retrofitting BACs
cloned in pBACe3.6, pRetroES could be integrated into either
of these two lox sites. To distinguish the two types of recom-
binants, primer Retro-R was used in combination with either
primer F1 for integrations at the loxP site or primer F2 for
those at the lox511 site (Fig. 2A). The sequences for F1 and F2
primers are 5�-TCAGCGTGAGACTACGATTC and 5�-

GTTGCTACGCCTGAATAAGTG, and the amplified products
are 376 bp and 328 bp, respectively.

DNA from retrofitted BAC clones was prepared with
Qiagen Plasmid Maxi Kit by following the manufacturer’s
suggested protocol for BAC DNA preparation. Transfection
of the retrofitted BACs into ES cells was performed with
lipofection by using DOTAP lipofection reagent (Roche) fol-
lowing a protocol as described (Bauchwitz and Costantini
1998).
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