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Bacterial artificial chromosome clones (BACs) are widely used at present in human genome physical mapping
projects. To extend the utility of these clones for functional genomic studies, we have devised a method to
modify BACs using Cre recombinase to introduce a gene cassette into the loxP sequence, which is present in the
vector portion of the BAC clone. Cre-mediated integration is site specific and thus maintains the integrity of the
genomic insert sequences, while eliminating the steps that are involved in restriction digest-based DNA cloning
strategies. The success of this method depends on the use of a DNA construct, RETRObac, which contains the
reporter marker green fluorescent protein (GFP) and the selectable marker neomycin phosphotransferase (neo),
but does not contain a bacterial origin of replication. BAC clones have been modified successfully using this
method and the genomic insert shows no signs of deletions or rearrangements. Transfection efficiencies of the
modified BACs into human or murine cell lines ranged from 1% to 6%. After culture in media containing G418
for 3 weeks, [0.1% of cells previously sorted for GFP expression acquired stable antibiotic resistance.
Introduction of a human BAC clone that contains genomic p53 sequences into murine NIH3T3 cells led to
expression of human p53 mRNA as determined by RT-PCR, demonstrating that sequences contained on the
BAC are expressed. We believe that GFP-neo modified BAC clones will be a valuable resource in efforts to study
biological effects of known genes as well as in efforts to clone and analyze new genes and regulatory regions.

The recent effort to construct high resolution physi-
cal maps of the human genome have made use of
genomic libraries contained in several cloning vec-
tors, including yeast artificial chromosomes (YACs),
bacterial artificial chromosomes (BACs), human ar-
tificial episomal chromosomes (HAECS), P1 artificial
chromosomes (PACs), P1 vectors (P1s), and cosmid
clones (Deaven et al. 1986; Burke et al. 1987; loan-
nou et al. 1994; Shepherd et al. 1994; Sun et al.
1994; Kim et al. 1996 ). BAC libraries are widely used
at present because they are commercially available
and they have the advantage of containing large
inserts that average 140 kb (Shizuya et al. 1992). In
addition, BACs are very stable because they are
based on the Escherichia coli F-factor plasmid, which
maintains a very low copy number in bacterial cells,
thus minimizing the possibility of recombination
and resultant chimeric clones.
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In spite of these advantages, BACs cannot be
used as shuttle vectors because they do not contain
a selection system or reporter genes suitable for ex-
pression in eukaryotic cell lines. Thus, when BACs
of interest are identified, it is necessary to modify or
“retrofit” them to use them for biological studies.
Current methods of retrofitting BACs rely on per-
forming restriction enzyme digests to isolate ge-
nomic fragments, followed by ligation into vectors
that contain the desired markers (Mejia and Mo-
naco 1997) or on homologous recombination with
a shuttle vector that must be constructed specifi-
cally, based on the sequences present in the ge-
nomic insert (Yang et al. 1997). Newer BAC libraries,
based on modified vectors that contain genes that
can be expressed in mammalian cell lines have been
devised; however, these clones do not correlate with
those of existing libraries (Baker and Cotten 1997).
Thus, a method whereby existing BAC clones could
be modified easily to contain specific marker genes
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would be highly desirable for their subsequent use
in biological assays.

Here, we report a method to retrofit BAC clones
using site-specific recombination between loxP sites
contained on the BACs and on a modifying con-
struct. The loxP sequence is derived from bacterio-
phage P1 and consists of two 13-bp inverted repeats
separated by an 8-bp spacer (Sternberg and Hamil-
ton 1981; Abremski et al. 1983; Fukushige and Sauer
1992). Bacteriophage P1 also encodes Cre recombi-
nase, which catalyzes site-specific recombination
between loxP sites. Recombination between loxP
sites that are carried on separate vectors results in
integrative recombination. The success of this
method is based on the use of a plasmid-based con-
struct, RETRObac, which carries the modifying
genes, but does not contain a bacterial origin of rep-
lication, and thus cannot replicate within a bacterial
host cell unless it has been integrated into the BAC
clone. The use of RETRObac minimizes background
and obviates the need to screen resultant clones to
determine whether the modification has been suc-
cessful. This strategy provides the following advan-
tages: the insert genomic DNA remains undisturbed,
it does not require knowledge of the DNA sequence
of the insert, it is independent of restriction sites
present in the insert, and it provides the flexibility
to introduce any markers of interest into the BAC
clone.

We have used this method to introduce the
genes for green fluorescent protein (GFP) and neo-
mycin phosphotransferase (neo) into BAC clones.
No rearrangements or deletions were detected in the
modified BACs. Several modified clones were intro-
duced into mammalian cell lines, from which long-
term stable integrants were derived that expressed
genomic sequences contained within the BAC
clone. We believe that this retrofitting strategy us-
ing RETRObac will prove to be a valuable resource
for isolating and analyzing new genes, as it allows
for direct selection of cells that contain transfected
BACs. The large size of the genomic insert in the
BAC vector improves the chances that a single BAC
clone will contain a gene in its entirety, along with
its regulatory regions, making them well suited for
eukaryotic genetic transfer studies.

RESULTS

Preparation of the Plasmid pBGLS
and the Retrofitting Construct RETRObac

Plasmid pEGFP-C1 contains GFP under control of
the constitutive CMV promoter. GFP is an intrinsi-
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cally fluorescent jellyfish protein that requires no
cofactors (Chalfie et al. 1994; Cheng et al. 1996;
Levy et al. 1996). When introduced into mamma-
lian cells, expression of GFP can be monitored by
means of fluorescent microscopy or fluorescence-
activated cell sorter (FACS) analysis. The plasmid
also contains neo under control of a bacterial B-
lactamase promoter and a viral SV40 promoter, thus
conferring resistance to kanamycin in bacteria and
G418 in mammalian cells. The following elements
were introduced into pEGFP-C1: a B-lactamase pro-
moter, a loxP site, and a lacZ gene. In addition, Ascl
restriction enzyme sites were placed on both sides of
the pUC origin of replication, resulting in the plas-
mid pBGLS (Fig. 1). An Ascl restriction digest of pB-
GLS results in a 7.5-kb fragment and a 1-kb frag-
ment, which contains the pUC origin of replication.
Gel purification of the 7.5-kb fragment and its sub-
sequent ligation produced the retrofitting construct
RETRObac.

Retrofitting BAC Clones With RETRObac

Cre recombinase was used to catalyze in vitro re-
combination between loxP sites contained on the
BAC clone and RETRObac. Figure 1 shows the ret-
rofitting scheme and the resultant modified BAC
clone. Recombination of RETRObac with a BAC
clone results in a modified BAC, which has dual
antibiotic resistance, chloramphenicol (from the
BAC vector) and kanamycin (from RETRObac). Re-
combination at the loxP sites also separates the lacZ
gene from its promoter. This allows for color screen-
ing of clones that have recombined at the loxP sites,
as nonrecombined species are blue when grown on
plates containing X-gal, whereas recombined clones
are white.

Trial experiments using pBGLS as the retrofit-
ting construct showed that virtually all of the colo-
nies that were resistant to both chloramphenicol
and kanamycin were blue (396 of 397 colonies in
one trial experiment). This suggested that these
colonies contained both the plasmid and an un-
modified BAC clone, or that they contained a modi-
fied BAC clone as well as additional copies of the
high copy number plasmid. Because both of these
events would display blue staining, it would have
been necessary to screen these colonies further to
identify those that contained the modified BAC
clones. To avoid this time consuming procedure, we
decided to remove the pUC origin of replication
from pBGLS. Because RETRObac cannot replicate
within a host cell unless it has integrated into the
BAC clone, all bacterial colonies selected for dual
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Figure 1 Preparation of RETRObac and a schematic diagram illustrating BAC retrofitting. The plasmid pBGLS
contains the genes GFP, neo, and lacZ. Ascl digestion of pBGLS followed by gel purification of the 7.5-kb fragment
and its subsequent ligation results in the final retrofitting construct RETRObac, which lacks the bacterial origin of
replication. Recombination between RETRObac and a BAC clone at the loxP sites leads to integration of all of
RETRObac into the BAC clone, leaving the genomic insert unaltered. The approximate positions of PCR primers
Bac-F, Bac-R, and Lac-R are indicated. Constructs are not drawn to scale.

antibiotic resistance should contain retrofitted BAC
clones only.

Table 1 shows the results of a retrofitting experi-
ment using BAC clone 261M17 and RETRObac in
the presence of X-gal. Recombination resulted in
colonies that were resistant to both chlorampheni-
col and kanamycin only when Cre recombinase was
added. In addition, all of these colonies were white,
suggesting that recombination had occurred at the
loxP site, thus separating the lacZ gene from its pro-

moter. The inability to obtain any colonies that
were resistant to both antibiotics in the absence of
Cre shows that recombination is completely depen-
dent on the presence of the recombinase. The num-
ber of colonies that were resistant to both antibiot-
ics, compared to chloramphenicol-resistant only
(230/10° colonies), allowed an estimate of the
efficiency of Cre-mediated recombination at
[0.024%. When colonies were selected with kana-
mycin only, roughly the same number of colonies

were obtained as compared to

Table 1. Results of Retrofitting BAC Clone 261M17

selection with both antibiot-
ics. However, a small fraction

Colonies (no.)

of these colonies were blue,

Cre”

most likely representing colo-

Cre™ nies that contained pBGLS

Antibiotic selection

(white)  (blue)  (white) (blue)

plasmid, which had escaped
in vitro removal of pUC ori-

Chloramphenicol 960,000 0
Kanamycin 280 20
Chloramphenicol and kanamycin 230 0

184,000 0 gin of replication sequences.
8 18 We have obtained compa-

rable results for all seven BAC
clones that have been modi-
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fied by this method (033B22, 067L19, 149K11,
222N15, 228110, 261M17, 350A20).

PCR analysis allows for the identification of
clones that have recombined specifically at the loxP
site. Whereas the primer pair Bac-F and Bac-R de-
tects a 238-bp product in the parental nonrecom-
bined BAC clone, primer pair Bac-F and Lac-R de-
tects a 181-bp product only if recombination has
taken place at the loxP site. Figure 2A shows the
results of PCR analysis of 16 randomly selected
chloramphenicol-kanamycin-resistant colonies af-
ter retrofitting of BAC clone 261M17. Parental BAC
clones were positive only for a 238 bp product. In
contrast, 15 of 16 retrofitted clones were positive for
the 181-bp product, suggesting that for the vast ma-
jority of clones, recombination had occurred spe-
cifically at the loxP site. Note that PCR across a loxP
site generally results in a doublet, which we at-
tribute to the secondary structure of this sequence
that contains two 13-bp inverted repeat sequences.

To determine whether any deletions of the ge-
nomic insert in the retrofitted BAC clones had oc-
curred, we perfomed pulsed field gel electrophoresis
(PFGE) after an Ascl restriction digest. Because RET-
RObac was engineered to contain an Ascl site, ret-
rofitting results in an additional Ascl site in modi-
fied BAC clones. Figure 2B shows the results of PFGE
of colonies obtained from the retrofitting of BAC
clone 261M17. Of a total of 19 chloramphenicol-
kanamycin-resistant colonies, eight randomly se-
lected clones were digested with Ascl. All eight
clones showed a single band measuring 100 kb,
whereas the parental BAC clone was uncut by Ascl,
suggesting that gross deletions of the modified DNA
had not occurred in any of the clones that were
tested. For all seven of the BACs that have been
retrofitted, two colonies were analyzed using PFGE.
In all cases, PFGE after an Ascl digest showed that
the size of the resultant band (or bands) in the
modified clones was 07 kb larger than the parental
band, consistent with integration of RETRObac,
which measures 7.5 kb. A Notl restriction digest re-
sulted in two additional fragments in the modified
clones of 4 and 3.5 kb, which were too small to
resolve by PFGE but were seen when separated using
conventional electrophoresis.

To detect whether rearrangement of the ge-
nomic DNA had occurred during recombination, we
used DNA fingerprint analysis after a Hindlll restric-
tion digest. Figure 2C shows the results of one of
these experiments, analyzing 10 of 19 randomly se-
lected colonies after the retrofitting of BAC clone
261M17. All 10 retrofitted clones showed an iden-
tical banding pattern, suggesting that rearrange-

BAC RETROFITTING FOR MAMMALIAN EXPRESSION

ment of the DNA had not occurred. The parental
banding pattern showed three differences as com-
pared to the retrofitted banding pattern, as expected
because of integration of RETRObac.

Transfection and Expression of Retrofitted BAC
Clones in Mammalian Cell Lines

Liposome-mediated transfection was used to intro-
duce DNA from retrofitted BAC clones into the
SW480 human colorectal cancer cell line. Prelimi-
nary experiments using plasmid pEGFP-C1 to intro-
duce the reporter gene GFP showed a transfection
efficiency of 25%, as determined by FACS analysis.
The same conditions were used to transfect 10 ug of
DNA from retrofitted BAC clone 222N15. Figure 3
shows the cells 1 week after transfection, viewed
using either bright-field or fluorescent microscopy.
Visual analysis after 2 days showed that [110% of the
cells were green. FACS analysis was performed to
quantitate relative green fluorescence. Figure 4
presents a histogram showing relative fluorescence
of SW480 cells transfected with parental BAC DNA
or retrofitted BAC DNA. Whereas the parental trans-
fection showed only background levels of green
fluorescence (0.13%), cells transfected with retrofit-
ted BAC DNA showed 5.73% of the cell population
emitting green fluorescence. GFP-positive cells (10%)
were collected and cultured in media containing
G418 for 3 weeks. Stable antibiotic resistance was
obtained in 0.1% of these cells, half of which also
retained their fluorescence, verifying that retrofitted
BAC clones express their marker genes.

To determine whether retrofitted BAC clones
express genes contained within their genomic se-
quences, human BAC clone 261M17, which con-
tains p53 genomic sequences, was transfected into
the murine NIH-3T3 cell line, which expresses wild-
type murine p53. Two days after transfection,
pooled cells were analyzed by RT-PCR to detect p53
expression. In several experiments, we were unable
to detect message using human-specific p53 prim-
ers, although murine-specific p53 primers always re-
sulted in a positive signal. These results suggested
that either human genomic p53 was not being ex-
pressed or that we were not detecting its expression,
possibly because of low level expression of the hu-
man gene in the heterologous system. To differen-
tiate between these possibilities we selected for
long-term integrated clones by adding the antibi-
otic G418 to the culture media for 4 weeks. Control
transfections using DNA from parental BAC clones
did not result in any colonies during this period.
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Figure 2 Analysis of randomly selected colonies obtained after recombination of BAC clone 261M17 and
RETRODbac. (A) Whole cell PCR of retrofitted clones (lanes 1-16) and parental BAC clones (lanes 17-19). (Top) Of 16
clones, 15 are positive for an expected 181-bp recombined product using primers Bac-F and Lac-R, whereas all
parental clones are negative. (Bottom) Only the parental clones are positive for a 238-bp nonrecombined product
using primers Bac-F and Bac-R. (X) Skipped lanes. (B) PFGE after Ascl restriction digest of retrofitted clones (lanes
1-8) or the parental BAC clone (lane 9). All eight retrofitted clones show a single band of (1100 kb, whereas the
parental clone is undigested by Ascl. (C) Fingerprint analysis after Hindlll restriction digest of retrofitted clones (lanes
1-10) or the parental BAC clone (lane 11). All 10 retrofitted clones show identical bands, whereas the parental clone

has three differences.

Cells were then pooled and subjected to RT-PCR
analysis. As seen in Figure 5, all cells express endog-
enous murine p53 mMRNA. However, only cells trans-
fected with retrofitted P53 BAC DNA were positive
for human p53 message. As expected, a control
transfection using DNA from retrofitted BAC clone
67L19 was negative for human p53 expression.

DISCUSSION

We have described a simple and efficient method to
modify BAC clones to contain additional genes in
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the BAC vector. Specifically, the method was used to
introduce a gene cassette, RETRObac, which con-
tains the reporter marker GFP and the selectable
marker neo, into any BAC clone. Combining puri-
fied RETRObac and BAC DNA along with Cre re-
combinase in vitro leads to integrative recombin-
ation between the loxP sites contained on both
constructs. We refer to this procedure as BAC retro-
fitting, indicating a retroactive modification to a
construct, a term first coined to describe targeted
integration of the yeast-selectable marker LYS2 and
the mammalian-selectable marker thymidine kinase
into a YAC clone by homologous recombination



Figure 3 SW480 cells, 7 days after transfection using DNA from retrofitted BAC
clone 222N15. (A) A bright-field view of the cells at 200 X magnification. (B) The
same field of cells viewed using fluorescent microscopy.

(Eliceiri et al. 1991). Subsequent retrofitting strate-
gies used Tnl0-mediated insertion of neo into P1
clones (Sternberg 1994). Eukaryotic cells that are
transfected with a BAC that has been retrofitted
with RETRObac are easily identified by FACS analy-
sis or antibiotic selection. These modifications allow
for the use of the retrofitted BAC clones as shuttle
vectors and increase their utility in functional studies.

The success of this method rests in large part on
the use of the retrofitting construct RETRObac,
which contains a loxP site but does not contain a
bacterial origin of replication. This modification
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Figure 4 FACS analysis of GFP expression in trans-
fected SW480 cells performed 2 days after transfection
of modified or unmodified BAC DNA. (A) Profile of cells
transfected with DNA from parental nonretrofitted
BAC clone 222N15 shows low-level background fluo-
rescence (0.13%) of gated viable cells. (B) Cells trans-
fected with DNA from the retrofitted BAC clone shows
a population emitting green fluorescence (5.73%) us-
ing markers from 1.4 to 3.7 log fluorescence.
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minimizes the background
that results from bacterial
colonies that are resistant to
both chloramphenicol and
kanamycin and that contain
the BAC clone and pBGLS
plasmid. With RETRObac re-
placing pBGLS, all colonies
with dual antibiotic resistance
contain retrofitted BACs. Ad-
ditional screening of recombi-
nant clones by monitoring for
expression of B-galactosidase
is possible, but not necessary.

RETRODbac is applicable to the widely used BAC
libraries provided by Research Genetics (Huntsville,
AL) and Genome Research (St. Louis, MO). A similar
approach can be used to retrofit any vector, pro-
vided it contains a loxP site and a suitable antibiotic
resistance gene. The retrofitting of existing PAC and
P1 clones would require modification of RETRObac
to replace kanamycin with an alternative antibiotic
resistance gene, such as ampicillin, as these clones
are already resistant to kanamycin.

Existing BAC clones are generally unsuitable for
eukaryotic expression studies and BAC libraries
based on newer vectors have been constructed to
make them more useful for this purpose (Baker and

Primers Humzan p53 Murine p53
Transfection PE3BAC Contred  PS3BAC  Ceatrol
Reverse Transcripiase  + - + - + - +

Mbp

200 Ep

O bp

Figure 5 RT-PCR analysis of NIH-3T3 cells trans-
fected with retrofitted BAC DNA. Cells were trans-
fected with DNA from retrofitted BAC clone 261M17,
which contains p53 genomic sequences (P53 BAC) or
BAC clone 67L19 (Control), cultured for 4 weeks in the
presence of G418 and pooled for analysis. RT-PCR us-
ing primers specific for murine p53 (right) was positive
for an expected 194-bp product in both transfections.
RT-PCR using primers specific for human p53 (left) was
positive for an expected 199-bp product only in cells
that were transfected with P53 BAC DNA. All lanes
were negative when reverse transcriptase was not
added.
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Cotten 1997). However, it is not possible to corre-
late clones from these libraries with existing clones.
Other investigators have devised methods to
modify existing BAC clones. Mejia and Monaco
(1997) describe modification of BACs and PACs by
isolating Notl-digested insert DNA and then ligating
it into a vector containing a lacZ reporter gene and
neo. This traditional DNA cloning approach is
straightforward and has been used successfully to
modify BAC clones. Yang et al. (1997) describe the
retrofitting of BAC clones in E. coli using homolo-
gous recombination of a shuttle vector that has
been designed specifically to integrate into a known
sequence in the genomic DNA. Pronuclear injection
of one modified BAC into fertilized mouse zygotes
resulted in transgenic mice that transmitted the in-
tact BAC in their germ line.

The retrofitting method that we describe pro-
vides several advantages over these previous ap-
proaches. Because our procedure relies on a well-
characterized site-specific bacteriophage recombi-
nation system, it is independent of the restriction
sites present in the genomic DNA, which remains
unaltered. The same vector can be used for all BACs
and does not need to be adapted to the specific ge-
nomic sequences necessary for homologous recom-
bination. Dual antibiotic selection and an optional
color screen guarantees that the vast majority of re-
sultant clones will have been successfully retrofit-
ted. Because of this, it is theoretically possible to
perform all of the modification and selection steps
in microtiter plates, without individual verification
of clones. Thus, the method might be applied po-
tentially to modify a gridded BAC library, while
maintaining the grid coordinate reference system.

The use of modified BACs opens new areas for
functional and biological research using genomic
DNA. The large size of the genomic DNA insert in
the BAC vector makes it likely that a single BAC will
contain a gene in its entirety, along with its regula-
tory regions, and makes it an appealing target for
introduction into cell lines to study gene expres-
sion, function, or regulation. Recent advances using
RecA-assisted restriction endonuclease cleavage of
large insert clones allows for site-specific mutagen-
esis and also deletions and fusions of BAC clones
(Boren et al. 1996). These advances, in combination
with BAC retrofitting, will permit researchers to ex-
amine the biological effects of wild-type genomic
DNA contained on BAC clones, as well as mutant
constructs generated by these methods. In addition,
because the BAC vector also contains a cosN site, the
modified BAC clone can be linearized with the en-
zyme \-terminase. Linearization of the BAC may
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improve chromosomal integration and genetic fi-
delity of the integrated clones (Rackwitz et al. 1984),
although it might decrease the expression of vector
genes from unintegrated DNA, thus possibly pre-
cluding their use in direct FACS selection. We be-
lieve that our retrofitting procedure will prove to be
a valuable resource for identifying and analyzing
new genes as it allows for functional biological stud-
ies using both dominant selection and flow cytom-
etry analysis.

METHODS
Isolation of BAC Clones and BAC DNA

DNA pools of a human BAC library were obtained from Re-
search Genetics. Individual BAC clones were isolated in two
rounds of 48 PCR reactions using various published primers
(Bookstein et al. 1994) or primers that we designed using se-
quences obtained from GenBank (accession nos. M81104,
X01237, X54156, X00884, X00885). The clone numbers re-
ported in this paper correspond to the designation of Research
Genetics. DNA was prepared using Qiagen tip-500 columns
(Chatsworth, CA) and the suggested protocol modified for
BACs as follows. Cells were inoculated in 1 liter of LB media
containing 25 pg/ml chloramphenicol and incubated over-
night at 37°C. The culture was divided into two 500 ml prepa-
rations, centrifuged, resuspended in buffer P1 containing 1
mg/ml lysozyme, and incubated at room temperature for 15
min. DNA was eluted from tip-500 columns by adding three
5-ml aliquots of buffer QF, which was heated to 65°C. Typical
yields for BAC DNA ranged from 25 to 60 pg.

Preparation of the Retrofitting Construct RETRObac

Plasmid pEGFP-C1, which contains GFP and neo, was ob-
tained from Clontech (Palo Alto, CA). PCR primers LoxP-F
(aagtttacagtacatatgactagtacaatggaagtccgagctcat) and LoxP-R
(ataagtattaatcatatgacgcgtctctgatgccgcatagttaa) were used to
amplify a 156-bp portion of the BAC clone, containing the
loxP sequence and a Notl restriction enzyme site. The primers
contain a Spel restriction site at one end and flanking Ndel
sites. Restriction digest of the amplified fragment with Ndel
and pEGFP-C1 with Asel results in 4-bp compatible over-
hangs, which were ligated to each other. The lacZ gene was
isolated as a Notl fragment from the plasmid pCMVR (Clon-
tech) and inserted into the Notl site of the amplified fragment.
Complementary oligonucleotides promoter-F (ctagggcgc-
gcctctaaatacattcaaatatgtatccgetcatgagacaataaccctgataaatgcettt)
and promoter-R (ctagaaagcatttatcagggttattgtctcatgagcggataca-
tatttgaatgtatttagaggcgcegcec), which contain the minimal 35 bp
of the bacterial B-lactamase promoter as well as an Ascl re-
striction site were synthesized, annealed to each other, and
cloned into the Spel site to drive expression of the lacZ gene.
Finally, the resulting plasmid was digested with Bsal, the over-
hangs filled in using T4 DNA polymerase and an Ascl linker
(New England BioLabs, Beverly, MA) was inserted, resulting in
the plasmid pBGLS. To prepare the construct RETRObac, pB-
GLS was digested with Ascl, resulting in a 7.5-kb fragment and
a 1-kb fragment that contains the pUC origin of replication.
The 7.5-kb fragment was purified from a 1% agarose gel using



a QIAquick gel extraction kit (Qiagen), ligated, and the DNA
purified using a QIAquick PCR purification kit (Qiagen) fol-
lowing the suggested protocols, resulting in the final BAC
retrofitting construct RETRObac.

Retrofitting of BAC Clones

Cre enzyme was obtained from Novagen (Madison, WI), and
the suggested protocol was used with the following modifica-
tions: 500 ng of BAC DNA, 50 ng of RETRObac, 1 unit of Cre
recombinase, and 1 X reaction buffer were added to an Ep-
pendorf tube in a total volume of 30 pl. After incubations for
60 min at 37°C, 5 min at 70°C, 10 min at room temperature,
60 min on ice, phenol-chloroform-isoamyl extraction and
ethanol precipitation were performed. The DNA was resus-
pended in 15 pl of H,O and added to 20 pl of DH10B elec-
trocompetent cells. The mixture was transferred to a chilled
0.1-cm electroporation cuvette and electroporated at 1.8 kV,
200 Q, 25 pF using a Bio-Rad Gene Pulser (Hercules, CA)
(Sheng et al. 1995). One milliliter of LB media was added and
incubated for 1 hr at 37°C, and aliquots were plated on LB
plates containing 25 pg/ml chloramphenicol and 25 pg/ml
kanamycin, prespread with 50 pl of 2% X-gal.

PCR and PFGE Analysis of Retrofitted Clones

A forward primer in the BAC clone (Bac-F, aggaaacgacaggtgc-
tgaa) and reverse primers in the BAC clone (Bac-R, atatggtg-
cactctcagtacaatctg) and also in the lacZ fragment of pRETRO-
bac (Lac-R, gctttagcaggctctttcgatc) were designed. Primer pair
Bac-F and Bac-R amplifies a 238-bp product from the native
BAC vector, whereas primer pair Bac-F and Lac-R amplifies a
181-bp product when lacZ has integrated. Whole-cell PCR
amplification was performed by growing individual bacterial
colonies overnight and using 2 pl of cells in 20 pl of total PCR
reaction. PFGE was performed using a CHEF-DR 1l electropho-
resis unit (Bio-Rad). Restriction-digested DNA (325 ng) was
separated on a 1% agarose gel using a pulse of 5-25 sec at 180
V for 20 hr.

FACS Analysis of SW480 Cells

The cell line SW480 was obtained from ATCC (Rockville, MD)
and grown in a 37°C 10% CO, humidified incubator in Dul-
becco’s modified Eagle media supplemented with 4 mm L-
glutamine, 10 mm HEPES, penicillin-streptomycin, and 10%
fetal bovine serum. Cells (10°) were plated into 100-ml tissue
culture plates and incubated overnight. The following day,
cells at 50% confluence were transfected using 60 ug of lipo-
fectin (Life Technologies, Gaithersburg, MD) and 10 pg of
retrofitted BAC DNA following the suggested protocol. Mock-
transfected cells were prepared similarly, but no DNA was
added to the lipofectin. Serum-supplemented medium was
added 6 hr after transfection. The cells were viewed 48 hr after
transfection using an Olympus inverted fluorescence micro-
scope and then resuspended in phosphate-buffered saline
containing 1 pg/ml propidium iodide for FACS analysis. Mock
transfected cells were used to obtain background levels of
fluorescence, and gates were used to exclude both debris and
dead cells. Cells were analyzed and sorted on a Becton-
Dickinson FACS Vantage (San Jose, CA). A 200 mW argon
laser emitting at 488 nm was used to excite the cells and the
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fluorescence emission was detected in a bandpass filter of
530/30. GFP-positive cells (10%) were collected and grown in
media containing 1.5 mg/ml G418 for 3 weeks.

RT-PCR Analysis of NIH-3T3 Cells

NIH-3T3 cells were obtained from ATCC and treated similarly
to SW480 cells with the following exceptions. Cells were
grown in DMEM with 10% calf serum and 5 X 10° cells were
plated into six-well tissue culture plates. Transfection was per-
formed using 20 pg of lipofectamine (Life Technologies) and
4 ng of retrofitted BAC DNA. Serum supplemented medium
was added 6 hr after transfection, and medium containing 1.0
mg/ml G418 was added 48 hr later and selection continued
for 4 weeks. Total RNA from pooled clones was prepared using
Trizol reagent (Life Technologies) following the suggested
protocol. cDNA preparation and PCR were performed in one
reaction using Titan RT-PCR reagent (Boehringer Mannheim,
Indianapolis, IN) using an annealing temperature of 55°C and
the products separated on a 4% Nusieve gel (FMC BioProd-
ucts, Rockland, ME). Primer pairs for RT-PCR were designed
from exons 7 (P53h7-F, cctcaccatcatcacactgg) and 9 (P53h9-R,
ctggggagaggagctggtgttgtt) to amplify a 199-bp human p53
product and from exons 10 (P53m10-F, tgctacagaggagtctg-
gagac) and 11 (P53m11-R, gtgtctcagccctgaagtcataa) for a 194-
bp murine p53 product.
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