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Abstract
Background: BAC clones containing entire mammalian genes including all the transcribed region
and long range controlling elements are very useful for functional analysis. Sequenced BACs are
available for most of the human and mouse genomes and in many cases these contain intact genes.
However, large genes often span more than one BAC, and single BACs covering the entire region
of interest are not available. Here we describe a system for linking two or more overlapping BACs
into a single clone by homologous recombination.

Results: The method was used to link a 61-kb insert carrying the final 5 exons of the human CFTR
gene onto a 160-kb BAC carrying the first 22 exons. Two rounds of homologous recombination
were carried out in the EL350 strain of bacteria which can be induced for the Red genes. In the first
round, the inserts of the two overlapping BACs were subcloned into modified BAC vectors using
homologous recombination. In the second round, the BAC to be added was linearised with the very
rare-cutting enzyme I-PpoI and electroporated into recombination efficient EL350 bacteria carrying
the other BAC. Recombined BACs were identified by antibiotic selection and PCR screening and
10% of clones contained the correctly recombined 220-kb BAC.

Conclusion: The system can be used to link the inserts from any overlapping BAC or PAC clones.
The original orientation of the inserts is not important and desired regions of the inserts can be
selected. The size limit for the fragments recombined may be larger than the 61 kb used here and
multiple BACs in a contig could be combined by alternating use of the two pBACLink vectors. This
system should be of use to many investigators wishing to carry out functional analysis on large
mammalian genes which are not available in single BAC clones.

Background
Sequenced BAC and PAC clones are now available for
most of the human and mouse genomes and have proven
extremely useful in the analysis of gene function. The large
insert size of the clones allow many mammalian genes to
be cloned intact with all the long range controlling ele-
ments and BAC transgenics have generally given physio-
logical levels of tissue specific expression in transgenic
mice (for example [1,2]). In addition to the sequenced

BACs, there are also databases of BAC end sequences
http://www.tigr.org/tdb/humgen/bac_end_search/
bac_end_intro.html which allow one to locate additional
BACs covering a specific region. However, there are many
large mammalian genes which are of the same order of
size, or larger, than the average insert size of the BAC
libraries (about 170-kb) and for these it is often difficult
to find a single BAC spanning the entire gene and control-
ling elements. For these genes, large gene clusters and
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other large functional regions of DNA, it will be useful to
be able to link together available BAC or PAC clones into
a single clone spanning the desired region.

Recently, highly efficient homologous recombination sys-
tems have been developed in E. coli that allow modifica-
tions of large BACs without the use of restriction enzymes
and ligases, a process called recombineering [3-5]. A very
efficient recombineering method is based on the Red
recombination system of bacteriophage λ [6]. Modified
DH10B strains have been produced with the Red recom-
bination genes (exo and bet), and the gam gene, integrated
into the E. coli chromosome under the control of the tem-
perature sensitive λcI857 repressor [7]. The repressor is
inactivated at 42°C allowing the genes to be expressed so
that recombination can take place.

Homologous recombination in E. coli has been used for
the modification of BAC inserts to introduce reporter
genes or subtle mutations for functional analysis
(reviewed in [4]). It has also been used for the rapid con-
struction of vectors for carrying out gene knockouts in
mouse embryonic stem cells and to subclone desired
regions from BACs. Recently, Red recombination was
used to insert 22.5-kb of adjacent DNA from one BAC into
another [8].

Here we describe a method which allows one to link the
inserts of two, or more, overlapping BACs or PACs into a
single BAC clone using the Red homologous recombina-
tion system. We have used this system to recombine
together two BACs spanning the transcribed region of the
CFTR gene.

Results
Recombination strategy
The coding region of the CFTR gene is present in 27 exons
spanning about 200-kb of DNA (Fig. 1A). Although vari-
ous BACs containing parts of the CFTR gene have been
described, none are available containing all the exons.
Two sequenced, overlapping BACs are available as part of
the human genome project. Sequence alignment shows
that the first BAC, 68P20 (Ac000111), is 183.5 kb in size
and contains the first 23 exons and the second, 133K23
(Ac000061), is 82.5 kb in size and contains the last 9
exons of the gene. There is a 34-kb overlap of the two
clones as shown in Figure 1B.

Figure 2 shows the overall strategy for using homologous
recombination to recombine the two overlapping BACs,
BAC1 and BAC2. In the first step, the desired regions of
the BAC inserts are subcloned, by homologous recombi-
nation, into new BAC-linking vectors. This may not
include the entire region of the BAC inserts if smaller
regions are desired. In addition, it is not necessary to sub-
clone BAC1 if the region of overlap of the two BACs is
adjacent to the chloramphenicol resistance gene (not the
case for the CFTR BACs). In the second step, BAC2 is line-
arised at the very rare I-PpoI sites in the BAC-linking vector
and recombined onto BAC1 using one region of homol-
ogy in the overlapping region of the two BACs (HomB),
and the other region in the vector (the 5' region of the
chloramphenicol resistance gene, Cma).

Modification of the original BACs
The first step of the overall strategy shown in Figure 2 is to
"subclone" the BAC inserts, by homologous recombina-
tion, into the BAC-linking vectors. For each BAC a sub-
cloning BAC vector was constructed (Fig. 3). These
subcloning vectors carry the single copy origin of

Organization of the CFTR gene and BAC clonesFigure 1
Organization of the CFTR gene and BAC clones A) Map showing the organization of the human CFTR gene as 27 exons 
spread over ~200 kb of chromosome 7q. Note that the original numbering of the exons goes up to 24, but extra exons, such 
as 6b, were found and numbered later. B) Map of the two overlapping BACs, 68P20 and 133K23, and the regions of homology 
(HomA, HomB, and HomC) which were used during the subcloning and linking steps.
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Strategy for subcloning the two BAC inserts and linking the BACs togetherFigure 2
Strategy for subcloning the two BAC inserts and linking the BACs together BAC1 is recombined with pBACLink-
SpAB linearized with NotI to give BAC1LinkSp. BAC2 is recombined with pBACLinkGmBC linearized with NotI to give 
BAC2LinkGm. BAC2LinkGm is linearized with I-PpoI and transfected into EL350 bacteria carrying BAC1LinkSp. Correctly 
recombined clones should be gentamycin resistant, chloramphenicol resistant and spectinomycin sensitive. The primers used 
to check each homologous recombination event are indicated as arrows labeled 1 to 5.
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replication from pBeloBAC11 (Belo Ori), a selectable
marker (either spectinomycin resistance or gentamycin
resistance), a region of homology to the other subcloning
BAC vector (the 5' end of the chloramphenicol resistance
gene, Cma), and two regions of homology to the BAC
insert (HomA, HomB or HomC). In addition, there is a
high copy origin of replication from pBluescript to allow
easy manipulation of the vectors as high-copy plasmids

before subcloning the BAC inserts which are then main-
tained at single copy.

For the modification of BAC1 (68P20, 183.5 kb insert),
the subcloning vector pBACLinkSpAB was constructed
(Fig. 3A). This carries two regions of homology HomA
and HomB located at the beginning of the BAC insert and
in the overlapping region between BACs 1 and 2 (Fig. 1B).
This retrofitting plasmid was linearised with NotI, and the
10.8-kb fragment with HomA and HomB at its ends was
purified and electroporated into induced EL350 bacteria
containing BAC1 (Fig. 2). Clones were selected for spec-
tinomycin resistance and also for chloramphenicol sensi-
tivity as the vector of BAC1 is replaced by the vector from
pBACLinkSpAB by homologous recombination to give
BAC1LinkSp. 500 ng of the purified linear retrofitting
construct was electroporated and 8 SpR, CmS colonies
were obtained. Pulsed-field gel electrophoresis analysis
after digestion with I-PpoI showed that 4 of them had the
correctly retrofitted BAC1LinkSp with the 160-kb insert
between HomA and HomB (one shown in Fig. 4A). One
clone was further analysed by PCR using primers
Belo2658 and CFTR1402 (labeled 1 and 2 in Figure 2)
which amplify across HomA and primers Sp2 and
CFTR20819 (labeled 3 and 4 in Figure 2) which amplify
across HomB only after correct homologous recombina-
tion. These positive PCR results confirmed that the correct
homologous recombinations had occurred. If the orienta-
tion of BAC1 had been such that the overlapping region
was adjacent to the chloramphenicol resistance gene, this
subcloning step would have been unnecessary.

BAC2 (133K23, 82.5-kb insert) was subcloned in a similar
way using the same HomB region as for BAC1 and HomC
at the other end of the insert, both cloned into the plas-
mid pBACLinkGmBC (Fig. 3B). The subcloning plasmid
was again digested with NotI and 500 ng of the purified
9.3-kb fragment were electroporated into induced EL350
bacteria containing BAC2. The modified BAC2LinkGm
should have both the gentamycin and the chlorampheni-
col resistance genes. 163 GmR colonies were obtained and
6 were further analysed. DNA was digested with I-PpoI and
run on a pulsed-field gel which showed that 2 had the
modified BAC2LinkGm with the expected 61-kb insert
(one shown in Fig. 4A). PCR analysis with primers
Belo2658 and CFTR22748 (labeled 1 and 5 in Figure 2)
which are located on either side of HomB confirmed cor-
rect recombination across HomB. This subcloning step is
necessary to have the insert of BAC2 in a vector which has
unique sites (in this case I-PpoI) positioned adjacent to the
two regions of homology to be used for the next recombi-
nation step. The two BACs were now ready to be com-
bined together by a second round of homologous
recombination.

Diagrams of the pBACLink vectorsFigure 3
Diagrams of the pBACLink vectors Diagrams of pBA-
CLinkSpAB (A), pBACLinkGmBC (B) and maps of pBA-
CLinkSp (C) and pBACLinkGm (D) showing useful 
restriction sites. The vector region between the NotI sites is 
pBluescript including a high-copy origin and ampicillin resist-
ance gene. HomA, HomB and HomC are the regions of 
homology with the BAC inserts. SpR and GmR are spectino-
mycin and gentamycin resistance genes. Cma and Cmb are the 
5' and 3' ends of the chloramphenicol resistance gene, and 
together make a functional gene. Belo Ori is the mini F plas-
mid origin from pBeloBAC11.
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Pulsed field gels showing the various steps of the recombination processFigure 4
Pulsed field gels showing the various steps of the recombination process A) BAC1 and BAC2 cut with NotI showing 
the expected inserts and the 6.8-kb vector fragments. BAC1LinkSp, BAC2LinkGm and BAC1-2 cut with I-PpoI showing the 4.7-
kb vector fragments and the expected inserts. B) BAC1LinkSp and BAC1-2 cut with I-PpoI and NruI. The expected fragments of 
4.7, 59, 101 and 161 kb are shown. The 160-kb fragment of BAC1LinkSp and the 220-kb fragment of BAC1-2 are due to partial 
digestion with NruI. C) Map of the subcloned BAC1LinkSp and BAC2LinkGm and the combined BAC1-2 showing the expected 
fragments for NruI and I-PpoI double digestion. The sizes of the markers (M) are indicated to the left of each panel and the sizes 
of the BAC fragments are indicated to the right of each panel in parts A) and B).
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pBACLink Vectors
The cloning steps used to make the subcloning vectors
used in this work were more complex than necessary due
to some of the restriction sites used not being unique. We
therefore constructed two vectors pBACLinkSp and pBA-
CLinkGm for use by other investigators (Fig. 3C,3D). Plas-
mid pBACLinkSp has unique MluI and XhoI sites for
cloning HomA and unique BamHI and SalI sites for clon-
ing HomB. Plasmid pBACLinkGm has unique MluI and
XhoI sites for cloning HomB and BamHI and SalI sites for
cloning HomC. For each BAC which needs to be sub-
cloned, it is necessary to clone the two regions of homol-
ogy into these sites. Alternating use of these vectors should
allow multiple regions to be recombined together.

Combination of the two BACs
BAC2LinkGm was linearised with I-PpoI and electropo-
rated into induced EL350 bacteria containing
BAC1LinkSp (Fig. 2). After recombination in the HomB
and Cma regions, the SpR gene on BAC1LinkSp should be
replaced by the GmR and CmR genes from BAC2LinkGm.
Therefore, the clones were selected for gentamycin resist-
ance and also for being spectinomycin sensitive. 1.5 µg of
digested BAC2LinkGm were electroporated and most of
the gentamycin resistant clones were spectinomycin sensi-
tive. Thirty two gentamycin resistant and spectinomycin
sensitive clones were subjected to PCR with primers
CFTR20819 and CFTR22748 (primers 4 and 5 in Figure 2
located in the CFTR regions on either side of HomB) and
4 were found to be positive. Pulsed-field gel analysis after
I-PpoI digestion showed that 3 consisted of the combined
BAC1 and BAC2 (BAC1-2) with a 220-kb insert (one
shown in Fig. 4A). Figure 4A shows the unmodified BAC1
and BAC2, both cut with NotI showing the 6.8-kb vector
fragments and the inserts. It also shows the subcloned
BAC1LinkSp and BAC2LinkGm, and the combined BAC1-
2 all cut with I-PpoI showing the 4.7-kb vector fragments
and the expected insert fragments. Further digests were
carried out with NruI and I-PpoI on BAC1LinkSp and
BAC1-2 (Fig. 4B,4C). Both BACs show the expected 4.7-kb
vector fragment and the 59-kb fragment with exons 1 to 4.
BAC1-2 also gives the expected 161-kb fragment contain-
ing exons 4 to 27 (NruI cuts within exon 4). BAC1LinkSp
also shows a 160-kb fragment, and BAC1-2 a 220-kb frag-
ment, which are due to partial digestion with NruI.

Discussion
We describe a method for linking any two overlapping
BACs into a single clone. Starting with two overlapping
BAC clones, two vectors are constructed to subclone the
BAC inserts so that they carry appropriate regions of
homology, restriction sites and selectable markers for the
linking step. The vectors pBACLinkSp and pBACLinkGm
have been designed with ease of cloning in mind and have
unique restriction sites for cloning the homology regions.

We used regions of homology ranging from 1.2 to 1.7 kb
in size and the homology regions were amplified by PCR
(using a high-fidelity polymerase so as not to introduce
mutations) and cloned using restriction sites introduced
on the primers. These homology regions are larger than
necessary for efficient homologous recombination but
they are a convenient size for gel purification and cloning.
Other investigators have used homology regions down to
40 or 50 bp in size to achieve efficient homologous
recombination using RecET or Red recombination
[6,9,10]. Such small regions can be easily cloned into the
restriction sites using overlapping oligonucleotides. How-
ever, lower frequencies of clones and more aberrant
recombinants have been observed with such small regions
of homology [11].

The homologous recombination reactions to subclone the
BAC inserts were efficient. In the first example, with a 160-
kb insert and both positive and negative selection for the
recombination event, 4 out of 8 clones obtained con-
tained the correctly subcloned insert. In the second exam-
ple, with a 61-kb insert, and only positive selection, 2 out
of 6 clones analysed were correct. The presence of homol-
ogous BAC vector DNA on both the original BAC and the
subcloning vector might have interfered with the desired
homologous recombination event. However, in our expe-
rience, this is not a problem and homologous recombina-
tion preferentially takes place within the terminal regions
of homology. In no cases were rearrangements observed
within the vector inserts – the incorrect clones either con-
tained the input vector or the BAC DNA did not digest and
so could not be identified.

The second step of the procedure involves recombination
of one BAC onto another and the fragments of DNA
involved are very much larger. In this case, a 61-kb frag-
ment was homologously recombined onto a 160-kb BAC.
PCR primers flanking the overlapping region of homol-
ogy (HomB) were used to allow efficient screening of a
number of clones and 3 out of 32 clones were identified
as correctly recombined. The 4th clone identified by PCR
actually contained the transfected BAC2LinkGm and in
no cases were rearrangements observed in the combined
BAC insert. This efficiency of 10% of clones having the
correct recombination event is quite high and indicates
that the reaction will probably work adequately efficiently
with even larger fragments. The 61-kb fragment was not
gel purified, instead the mixture of I-PpoI digested DNA
was transfected into the EL350 cells. This simplifies the
procedure and increases the probability of keeping the
DNA intact during the transfection steps. This may be the
limiting factor with using much larger DNA as the degree
of breakage will increase with size.
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The recombination step requires digestion of one BAC
clone with I-PpoI which should not cut in the insert
region. I-PpoI has a 15-bp recognition site which occurs in
only 12 human sequences in Genbank (excluding the 28S
ribosomal repeating unit). However, as I-PpoI tolerates
some degeneracy in its cleavage site [12], it is difficult to
predict how often cleavage within a BAC insert will be
observed in practice.

Zhang and Huang recently described a similar method for
inserting DNA from an overlapping BAC [8]. In contrast
to their method, ours allows the linking of very large frag-
ments and the BACLink vectors are designed for ease of
use. The introduction of large fragments is made possible
by the use of single copy plasmids for the subcloning vec-
tors so that entire BAC inserts can be subcloned and main-
tained stably. We have demonstrated the introduction of
a 61-kb fragment but there is no reason to think that this
is the maximum size possible. In contrast, Zhang and
Huang used pBR322 as the subcloning vector which may
limit the size of fragments used and they subcloned a
22.5-kb fragment. In addition, Zhang and Huang did not
include a selectable marker on the subcloning vector, but
introduced it separately into the BAC insert requiring an
extra recombination step and the subsequent removal of
the selectable marker from the insert by frt recombination
[8].

Another method, described by Majia and Larin, allows
linking of two unrelated BACs using loxP/Cre recombina-
tion [13]. However, this method does not give precise
recombination of overlapping BACs but rather leaves a
loxP site and some vector sequence between the two BAC
inserts.

It should be noted that our system can be applied to large
inserts cloned into any BAC or PAC vector as the inserts
are subcloned by homologous recombination into the
pBACLink vectors before the inserts are recombined. It is
not necessary to introduce the entire BAC insert as any
particular region can be subcloned into the pBACLink
vectors.

In many cases, only one of the original clones needs to be
subcloned in the initial step. If the insert of BAC1 is ori-
ented in the BAC vector such that the overlap of the two
BACs is adjacent to the chloramphenicol resistance gene,
then it is not necessary to subclone BAC1. BAC2 can be
subcloned with either pBACLinkSp or pBACLinkGm and
then recombined directly onto the unmodified BAC1.

Finally, if it is required to link more than two BACs then
one can add more clones by alternating the use of pBA-
CLinkSp and pBACLinkGm.

Conclusions
The method described in this paper should be of general
utility to researchers who wish to carry out functional
analysis on intact genes. Many genes, such as the CFTR
gene, are not readily available in single BAC clones, but
are available in overlapping, fully sequenced clones as
part of the human genome project. These can now be
linked together into a single clone using fragments at least
60 kb in size and repeated use of alternating BACLink vec-
tors allow multiple BACs (or PACs) in a contig to be
recombined.

Methods
Construction of plasmids
Initially, pBluescript (Stratagene) was modified by digest-
ing it with KpnI and SacI and ligating separately with three
pairs of complementary synthetic oligonucleotides to give
plasmids pBlS1, pBlS2 and pBlS3 with new polylinker
regions (For BlS1;
5'CGCGGCCGCGGATCCTCTGGTCGACCTCTCTTAAGG
TAGCCTCGAGAGACGAGCT and 5'CGTCTCTCGAG-
GCTACCTTAAGAGAGGTCGACCAGAGGATCCGCG-
GCCGCGGTAC. For BlS2;
5'CGTCGACTCTCTTAAGGTAGCATCGATTCCACCGCG-
GACCTCTCGAGCGGCCGCGAGCT and 5'CGCG-
GCCGCTCGAGAGGTCCGCGGTGGAATCGATGCTACCT
TAAGAGAGTCGACGGTAC. For Bls3; 5'CGGATC-
CGACAAAGCTTGTCGACTCTGGAATTCTGTCCTCGAG-
GAGCT and
5'CCTCGAGGACAGAATTCCAGAGTCGACAAGCTTTGT
CGGATCCGGTAC).

These were then used to construct the subcloning vectors.
The Cma homology region (which allows homologous
recombination between the BACs, see Figure 2) was
obtained from pBeloBAC11 [14] as a 1.1-kb XhoI-EcoRI
fragment and ligated into XhoI/EcoRI cut pBlS3, giving
pBlS3Cma. Then, the SpR gene was taken from pLP3S [15]
as a 2.2-kb SalI-EcoRI fragment and cloned into SalI/EcoRI
cut pBlS3Cma giving pBlS3CmaSp. At the same time the
single copy origin from pBeloBAC11 [14] was excised as a
4.6-kb SalI-XhoI fragment and ligated to pBlS2 digested
with SalI and dephosporylated giving pBlS2Belo. Homol-
ogy region HomA was amplified from BAC 68P20 by PCR
using primers HomAL 5'CCACCCGCGGCAA-
GAGCCTCTGTCACCACA and HomAR 5'CAAACTCGA-
GATTGCACATGGGCACTAACA (12202 – 13962 of BAC
68P20). HomA was cloned using the restriction sites
present in the PCR primers into SacII/XhoI cut pBlS2Belo
to give pBlS2BeloHomA. PCR to amplify Homology
regions A, B and C were carried out with PlatinumR Pfx
DNA polymerase (Invitrogen) to minimize introduction
of mutations. Homology region HomB was amplified
from BAC 68P20 by PCR using primers HomBL ATTT-
GGATCCACTGGTTCAGTCAGGTTGGG and HomBR
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ATTTGTCGACAACTCAGACCCCGTTCACAC (21266 –
22558 of BAC 133K23). HomB was cloned using the
restriction sites present in the PCR primers into BamHI/
SalI cut pBlS3CmaSp to give pBlS3CmaSpHomB. Finally,
pBlS2BeloHomA was digested with SalI and SacI and the
6.3-kb fragment was cloned into the XhoI/SacI cut
pBlS3CmaSpHomB giving pCmaSpHomBBeloHomA.
This is the subcloning vector called pBACLinkSpAB in the
rest of the text.

To make the other subcloning vector, the total CmR gene
was excised as a 1.7-kb SalI-XhoI fragment from
pBeloBAC11 [14] and cloned into XhoI digested and
dephosphylated pBlS2Belo giving pBl2BeloCm. The CmR

gene was then excised from pBlS2BeloCm by XhoI and
ClaI digestion and cloned into XhoI/ClaI cut pBluescript to
give pBlSCm. The GmR cassette was excised from pBSL141
[16] as a 0.8-kb MluI fragment and after generation of
blunt ends with Klenow polymerase, it was cloned into
EcoRV digested and dephosphorylated pBlSCm to give
pBlSCmGm. This last plasmid was digested with EcoRI
and the 1.4-kb fragment carrying the Cmb region and the
GmR gene was cloned into EcoRI digested and dephospho-
rylated pBlS3Cma giving pBlS3CmGm (an intact func-
tioning CmR gene is recreated in this cloning step).
Homology region HomC was amplified from BAC
133K23 by PCR using primers HomCL 5'ATTTGGATC-
CCAGGCCTGTAGTCCCACCTA and HomCR 5'ATTT-
GTCGACAGGCCAACCATGCAAATAAG (81389 – 82432
of BAC 133K23). HomC was cloned into BamHI/SalI cut
pBlS3CmGm to give pBlS3CmGmHomC. Homology
region HomB was reamplified using primers HomBL'
5'ATTTCCGCGGACTGGTTCAGTCAGGTTGGG and
HomBR' 5'ATTTCTCGAGAACTCAGACCCCGTTCACAC
and cloned into SacII/XhoI cut pBlS2Belo giving
pBlS2BeloHomB. pBlS2BeloHomB was then digested
with SalI and SacI and the 5.8-kb fragment was cloned
into XhoI/SacI cut pBlS1 resulting in pBlS1BeloHomB.
Finally, pBlS3CmGmHomC and pBlS1BeloHomB were
combined together by cloning the 3.5-kb BamHI/XhoI
fragment from pBlS3CmGmHomC into BamHI/SalI cut
pBlS1BeloHomB giving pCmGmHomCBeloHomB. This
is referred to as pBACLinkGmBC in the rest of the text.

The modifying vectors pCmaSpHomBBeloHomA (pBA-
CLinkSpAB) and pCmGmHomCbeloHomB (pBA-
CLinkGmBC) cannot be directly modified by other
investigators for use with other BACs. This is because the
SacII site used to clone HomA and HomB respectively is
not unique in the final vectors. New versions of the vec-
tors which have unique sites for insertion of HomA,
HomB and HomC were therefore made.

To make pBACLinkGm, pBlS1BeloHomB was digested
with ClaI and XhoI and ligated to a pair of complementary

synthetic oligonucleotides (CGAACGCGTTCTGC and
TCGAGCAGAACGCGTT) to give pBlS1BeloMluI. A 2.5-
kb BamHI-XhoI fragment with the GmR and CmR genes
was excised from pBlS3CmGm and ligated to
pBlS1BeloMluI cut with BamHI and SalI resulting in
pBACLinkGm.

For the construction of pBACLinkSp, pBlS2BeloHomA
was modified between ClaI and XhoI using the same pair
of oligonucleotides as for pBACLinkGm giving
pBlS2BeloMluI. The 4.6 kb SalI/SacI fragment from
pBlS2BeloMlu was then ligated to XhoI/SacI digested
pCmaSp to give pBACLinkSp.

Homologous recombinations
To make electrocompetent EL350 bacteria [7], 1 L of LB
media was inoculated with 1 ml of saturated culture
grown overnight from the previous day at 30°C. The cul-
ture was grown at 30°C with shaking until an OD600 of
0.6–0.8 was reached (8–9 hours). The culture was cooled
on ice for 30 minutes and then two lots of 500 ml were
spun down at 4000 × g for 10 minutes at 4°C. The bacteria
pellets were resuspended in 100 ml of ice-cold 10% glyc-
erol and spun down as before. Bacteria from each 500 ml
lot were resuspended in 25 ml of 10% glycerol, pooled
and transferred into a single 50 ml centrifuge tube and
spun down as before. The bacteria were washed twice by
resuspending in 50 ml of ice-cold 10% glycerol followed
by centrifugation as above. Finally, the bacteria were
resuspended in 2 ml of ice-cold 10% glycerol, divided into
40 µl aliquots in 1.5 ml microcentrifuge tubes, quick fro-
zen in a dry-ice/ethanol bath for 5 minutes and stored at -
70°C or used directly. Each 40 µl aliquot was used in a
single electroporation.

The CFTR BACs 68P20 and 133K23 were introduced into
EL350 bacteria as follows. About 500 ng of BAC DNA was
put in the tube with the electrocompetent EL350 bacteria
and left on ice for 10 minutes. The DNA-bacteria mix was
then transferred into a 0.1 cm cuvette (BioRad) and elec-
troporated at 1.8 kV, 25 µF and 200 Ω using a Gene Pulser
II electroporator (BioRad). One ml of LB was added to the
electroporated bacteria which were then incubated at
30°C for 1.5 hour with shaking. They were then spun
down, plated in total on a plate with 12.5 µg/ml chloram-
phenicol and incubated for 24 hours at 30°C.

To make electrocompetent EL350 bacteria containing a
BAC and induced for Red recombination, the same proto-
col was followed as above except that the 1:1000 diluted
culture was grown in the presence of the appropriate anti-
biotic (12.5 µg/ml chlorampenicol for 68P20 and 133K23
and 50 µg/ml spectinomycin for BAC1LinkSp) at 30°C
until an OD600 of 0.6–0.8 was reached. Two lots of 500 ml
were then incubated in a 42°C water bath with shaking
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for exactly 15 minutes and immediately placed into an ice
bath slurry, shaken by hand and left for 30 minutes to
cool before proceeding with the 10% glycerol washes as
above.

For recombination with pBACLinkSpAB and pBACLinkG-
mBC, NotI linearized DNA was gel purified using the
Qiaquick Gel Extraction Kit (Qiagen). After electropora-
tion as described above, the bacteria were spread on plates
containing 50 µg/ml of spectinomycin or 5 µg/ml gen-
tamycin respectively. For BAC linking, about 1.5 µg of I-
PpoI digested BAC DNA (not purified) was electroporated
and the bacteria were spread on plates containing 5 µg/ml
gentamycin.

PCR assays for checking recombination events
The following primers were used to check that correct
homologous recombinations had occurred as described
in the text and figures.

Belo2658; 5'TTTGTCACAGGGTTAAGGGC (2658-2638
of pBeloBAC11 Acc. U51113)

BELO6951; 5'GGTTATGTGGACAAAATACCTGG (6951-
6974 of pBeloBAC11)

Sp1; 5'TTTGCAACTGCGGGTCAAGG

Sp2; 5'GCCCTACACAAATTGGGAGA

CFTR14102; 5'ATTTAGAAAGGCAGGGGTGC (14102-
14083 of BAC 68P20)

CFTR20819; 5'CTTGTCACATGATCCGGAAA (20819-
20838 of BAC 133K23)

CFTR22748; 5'GACAGCATTTTGCCATGTTG (22748-
22729 of BAC 133K23)

PCR was carried out with bacteria picked directly from
colonies with a toothpick into 50 µl reactions. PCR was
carried out with the Taq PCR Master Mix Kit (Qiagen).

BAC DNA preparation and pulsed-field electrophoresis
Small amounts of BAC DNA were prepared from 1.5 ml of
saturated culture using a standard alkali miniprep proto-
col [17]. Larger amounts of BAC DNA were prepared from
500 ml of saturated culture using the Qiagen Plasmid
Maxi Kit with the protocol for low copy plasmids.

BAC DNA was analysed by restriction enzyme digestion
followed by separation by pulsed-field gel electrophore-
sis. 1% agarose gels were cast in 0.5 × TBE. Electrophoresis
was conducted in 0.5 × TBE at 14°C, 5.9 V/cm, with a
fixed angle of 120°, usually with switching times from 5

sec to 15 sec for 18 hours using a Chef-DRIII and a Mini
Chiller model 1000 with a variable speed pump (BioRad).
Gels were stained for 30 minutes with ethidium bromide
and subjected to UV light for visualization of the DNA.

Author's Contributions
GK carried out all the experiments. CH supervised the
research.

Acknowledgements
The European Community's Human Potential Programme, contract HPRN 
– CT-2000 – 00089 (MAKEMAC), provided financial support for GK. The 
research was also supported by the BBSRC and MRC.

References
1. Lee GR, Fields PE, Griffin TJ, Flavell RA: Regulation of the Th2

cytokine locus by a locus control region. Immunity 2003, 19:1-2.
2. Mburu P, Mustapha M, Varela A, Weil D, El-Amraoui A, Holme RH,

Rump A, Hardisty RE, Blanchard S, Coimbra RS, Perfettini I, Parkinson
N, Mallon AM, Glenister P, Rogers MJ, Paige AJ, Moir L, Clay J,
Rosenthal A, Liu XZ, Blanco G, Steel KP, Petit C, Brown S: Defects
in whirlin, a PDZ domain molecule involved in stereocilia
elongation, cause deafness in the whirler mouse and families
with DFNB31. Nat Genet 2003, 34:421-428.

3. Narayanan K, Williamson R, Zhang Y, Stewart AF, Ioannou PA: Effi-
cient and precise engineering of a 200 kb b-globin human/
bacterial artificial chromosome in E. coli DH10B using an
inducible homlogous recombination system. Gene Ther 1999,
6:442-447.

4. Copeland NG, Jenkins NA, Court DL: Recombineering: a power-
ful new tool for mouse functional genomics. Nat Rev Genet
2001, 2:769-779.

5. Muyrers JPP, Zhang Y, Stewart AF: Techniques: recombinogenic
engineering - new options for cloning and manipulating
DNA. Trends Biochem Sci 2001, 26:327-331.

6. Yu D, Ellis HM, Lee E-Chiang, Jenkins NA, Copeland NG, Court DL:
An efficient recombination system for chromosome engi-
neering in Escherichia coli. Proc Natl Acad Sci U S A 2000,
97:5978-5983.

7. Lee E-C, Yu D, de Velasco JM, Tessarollo L, Swing DA, Court DL,
Jenkins NA, Copeland NG: A highly efficient Escherichia coli-
based chromosome engineering system adapted for
recombinogenic targeting and subcloning of BAC DNA.
Genomics 2001, 73:56-65.

8. Zhang X-M, Huang J-D: Combination of overlapping bacterial
artificial chromosomes by a two-step recombinogenic engi-
neering method. Nucleic Acids Res 2003, 31:e81.

9. Muyrers JPP, Zhang Y, Testa G, Stewart AF: Rapid modification of
bacterial artificial chromosomes by ET-recombination.
Nucleic Acids Res 1999, 27:1555-1557.

10. Zhang Y, Buchholz F, Muyrers JPP, Stewart AF: A new logic for
DNA engineering using recombination in Escherichia coli.
Nat Genet 1998, 20:123-128.

11. Liu P, Jenkins NA, Copeland NG: A highly efficient recombineer-
ing-based method for generating conditional knockout
mutations. Genome Res 2003, 13:476-484.

12. Wittmayer PK, McKenzie JL, Raines RT: Degenerate DNA recog-
nition by I-PpoI endonuclease. Gene 1998, 206:11-21.

13. Mejia JE, Larin Z: The assembly of large BACs by in vivo
recombination. Genomics 2000, 70:165-170.

14. Kim U-J, Birren BW, Slepak T, Mancino V, Boysen C, Kang H-L, Simon
MI, Shizuya H: Construction and characterization of a human
bacterial artificial chromosome library. Genomics 1996,
34:213-218.

15. Magin-Lachmann C, Kotzamanis G, D'Aiuto L, wagner E, Huxley C:
Retrofitting BACs with G418 resistance, luciferase, and oriP
and EBNA-1 - new vectors for in vitro and in vivo delivery.
BMC Biotechnology 2003, 3:2.

16. Alexeyev MF, Shokolenko IN, Croughan TP: Improved antibiotic-
resistance gene cassettes and omega elements for
Page 9 of 10
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1017/S0266466603191013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1017/S0266466603191013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12871632
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/ng1208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/ng1208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/ng1208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12833159
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/sj.gt.3300901
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/sj.gt.3300901
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/sj.gt.3300901
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10435094
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/35093556
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/35093556
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11584293
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0968-0004(00)01757-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0968-0004(00)01757-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0968-0004(00)01757-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10811905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1073/pnas.100127597
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/geno.2000.6451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/geno.2000.6451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/geno.2000.6451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11352566
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=169968
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=169968
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=169968
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12888533
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1093/nar/gng081
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=148353
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=148353
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10037821
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1093/nar/27.6.1555
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/2417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1038/2417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9771703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1101/gr.749203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1101/gr.749203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1101/gr.749203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12618378
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0378-1119(97)00563-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0378-1119(97)00563-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9461409
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/geno.2000.6372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/geno.2000.6372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11112344
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/geno.1996.0268
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/geno.1996.0268
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8661051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=150596
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=150596
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=150596
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12609052
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1186/1472-6750-3-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0378-1119(95)00108-I
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0378-1119(95)00108-I
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0378-1119(95)00108-I
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0378-1119(95)00108-I


BMC Biotechnology 2004, 4 http://www.biomedcentral.com/1472-6750/4/1
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

Escherichia coli vector construction and in vitro deletion/
insertion mutagenesis. Gene 1995, 160:63-67.

17. Sambrook J, Fritsch EF, Maniatis T: Molecular Cloning : A Labora-
tory Manual. 2ndth edition. Cold Spring Harbor, New York, Cold Spring
Harbor Laboratory; 1989. 
Page 10 of 10
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0378-1119(95)00108-I
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0378-1119(95)00108-I
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7628718
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Recombination strategy
	Modification of the original BACs
	pBACLink Vectors
	Combination of the two BACs

	Discussion
	Conclusions
	Methods
	Construction of plasmids
	Homologous recombinations
	PCR assays for checking recombination events
	BAC DNA preparation and pulsed-field electrophoresis

	Author's Contributions
	Acknowledgements
	Acknowledgements

	References

