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1. Introduction

Strategies for altering sequences in large DNA inserts in BACs are fundamentally different
from those traditionally used for small plasmids. Two factors are primarily responsible for
this: the existence of a high multiplicity of sites in BACs recognized by DNA modifying
enzymes, such as restriction endo-nucleases, as well as the brittle nature of large duplex
DNA that is not packaged with DNA-binding proteins in the test-tube. The large number of
DNA fragments generated by the common restriction enzymes, and the unavailability of
robust separation techniques to isolate and keep track of the relative order of the pieces;
precludes using the “cut-and-paste” mechanism to alter DNA sequences in BACs. Instead
DNA recombination in vivo has become the method of choice for modifying BACs. Although
the net result again is cutting and re-joining of DNA, the entire process is concerted in the
bacterial host with no free ends of DNA to go astray; and occurs primarily in a
nucleoprotein complex that protects it from shear forces which otherwise would break the
large DNA during manipulations in vitro.

Two separate approaches based upon using sequence homology for recombining DNA were
developed independently to alter sequences in BACs. The first method introduces the major
recombination function of E.coli, RecA, back into the severely recombination deficient host
DH10B, originally engineered to propagate vertebrate DNA in BACs (1). The second
approach introduces recombination functions of phage A\, namely red a, red  and red y into
the DH10B host, and utilizes recombination of homologous sequences of shorter length to
insert exogenous DNA cassettes into BACs (2). Both methods have been widely used to
engineer a variety of alterations in BAC DNA, such as introducing reporter gene cassettes
into the genomic insert, mutating sequences at a target site, and introducing loxP sites (1-11).

A different strategy for modifying BAC DNA also uses recombination, but does not require
targeting vectors to carry sequences homologous to those in the genomic insert to introduce
exogenous DNA cassettes. Insertions of the bacterial Tnl0 transposon can introduce
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46 Bacterial Artificial Chromosomes

exogenous DNA, including lox sites, at random locations in the BAC (12, 13). Site-specific
recombination using the Cre-lox system on the other hand, can deliver reporter genes and
other exogenous DNA cassettes such as sequencing primer sites, mammalian cell-selectable
antibiotic resistance genes, enhancer-traps and sequences specific to the vertebrate
transposon Tol2 precisely at the ends of the genomic DNA insert in BACs (14-16). It is
significant that the recombinases involved in either of these approaches, Tn10-transposase
and Cre protein respectively, do not act upon sequence repeats and/or other
recombinogenic sites in the genomic DNA insert to rearrange it. This particular
characteristic should make the approach applicable to a wider variety of BACs in the public
domain, including those containing repetitive sequences [see reference (16) for an example].

Insertions of the Tn10 transposon into DNA of BACs from a wide variety of vertebrate
genome libraries appear to be random, demonstrating little sequence specificity for
transposition (16). It is unclear whether this lack of sequence specificity arises from the
absence of selective pressure evolutionarily for insertions of a prokaryotic transposon into
vertebrate DNA, because insertions into prokaryotic DNA have long been known to prefer a
somewhat degenerate nevertheless consensus insertion site (17). The minor sequence
preferences for insertions of Tnl0 observed in BACs probably have more to do with
availability of sites for Tnl0 insertions in HU protein-packaged vertebrate DNA in the
bacterium than specificity for sequences. On occasion, incorporation of Tnl0 into insert
DNA of a rare BAC clone displays apparent sequence selectivity (18). However, this was
clearly shown to be due to a clonal selection process that arose from picking single colonies
of transposon plasmid transformed BAC clones which had induced the transposase gene
prior to actual induction with Isopropyl p-D-1-thiogalactopyranoside (IPTG). Slight
modification of the procedure, that has since recommended inducing a large pool of
transposon plasmid transformed BAC colonies instead of a single one, has rectified this
potential problem completely (18). A detailed description of the transposon retrofitting
approach for BACs follows.

1.1 Methodology for Tn10 transposon retrofitting of BACs

The Tn10 transposon modification procedure for BACs is conceptually simple, as illustrated
in Figure 1. A loxP sequence is placed within the 70 base inverted repeat ends of the
bacterial Tn10 mini-transposon (shown in the lower panel of Figure 1).

The plasmid DNA carrying the transposon is introduced into the same cell that houses the
BAC plasmid and the transposase gene, located outside the inverted repeat ends in the
transposon plasmid, is induced. Upon induction the transposase protein excises the DNA
cassette flanked by the inverted repeats (shown as green and pink boxes L & R in the
transposon plasmid) and inserts it into other nearby DNA in the bacterial host, including the
bacterial genome and the BAC DNA. Insertions of the Tn10 into BAC DNA occur in either
orientation, and are irreversible because the transposase gene is left behind in the excised
transposon plasmid and destroyed. Important considerations that dictate subsequent steps
in the procedure include 1) damage to the host genome from Tn10 insertions, and 2) the
fraction of BACs actually modified is relatively low ~ 1 in 10,000. Therefore efficient steps
are required to recover the low percentage of BACs containing insertions and subsequently
transfer these into a new host. Both these challenges are met by packaging the Tn10-
modified BAC DNA in phage P1 heads. Therefore the cells containing the BAC DNA with
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transposon insertions are infected with P1 phage after induction of the transposase gene
with IPTG [see reference (19) for a detailed description of the procedure].

End-deletion Technology

loxP
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loxP Tn10 transposo lox511
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BAC vector genomic insert
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transposase loxP reporter
e 0—
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Fig. 1. Legend: Schematic representation of the BAC end-deletion technology using a loxP
transposon. The inverted triangle represents the loxP transposon, which is shown in greater
detail in the lower panel. The 70 bp inverted repeat ends of the transposon are indicated by
the green and pink boxes marked L and R respectively. The thick black arrow represents the
loxP site in both the transposon and BAC vector DNA. The broken arrow represents the
lox511 site in BAC vector. Because transposon insertions are rare, single random
transpositions into the BAC DNA occur when the transposase gene is induced. Upon Cre
recombination, the transposon-inserted loxP of identical orientation to the loxI> endogenous
to the BAC generates a deletion of the DNA between them. Inversions are not shown. The
pool of BAC DNA molecules therefore generates a library of end-deleted BACs from the
random insertions of a loxP transposon into BAC DNA molecules.

Infection with P1 phage serves an additional purpose. The phage expresses Cre protein
early in its life cycle to circularize the otherwise linear DNA within the phage head. Newly
synthesized Cre protein acts in trans to also recombine the loxP site transposed into the BAC
genomic insert with the loxP endogenous to the BAC and located at one end of the insert
DNA [see step 1, Figure 2]. Thus the transposed loxP site of one orientation produces a
deletion from one end of the genomic insert, while the loxP inserted in the opposite
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orientation simply inverts the DNA between it and the one endogenous to the BAC. Because
BACs in all modern libraries carry insert DNA of average size ~ 160 kb, and because the
amount of DNA that can be packaged in a P1 head is ~110 kb (20), the P1 headful packaging
step can serve as a selection strategy to isolate transpositions of loxP in the orientation
identical to the endogenous one (12), as only that allows reducing the BAC DNA length to
less than ~110 kb. Only those end-deletions that reduce the length of BAC DNA to less than
~110 kb are rescued, as shown in Figure 2.

from BAC | cre Inserted by Tn10
|°XP' Into genomic DNA In BAC

deleted BAC with loxP

Recombination
with Cre

vir
P1 + APPbBAC

deleted

loxP - APPbBAC Cointegrate

X B
infection _
Step 3 Cre gene loxP A + -~
Cre-recombination
c destroyed
B, A, C < P1 headful (~110 kb) Deleted APPbBAC rescued as circular plasmid

Fig. 2. Legend: Schematic representation of the DNA recombinations occurring in the
transposon retrofitting of BACs. Step 1 shows creation of a deletion in the BAC DNA by Cre
recombination of the transposed and endogenous loxP sites. Step 2 shows the Cre
recombination of circularized phage P1 DNA (P, G, E) with the end-deleted BAC DNA (B,
A, C) to generate the co-integrate. The phage packaging site “pac site” and the Cre gene are
indicated in the phage DNA by the thick solid bar and the X, respectively. Step 3 shows the
BAC DNA packaged in the phage P1 head, its recombination after entry into cells by newly
synthesized Cre protein, and circularization into a BAC plasmid. If the length of DNA (B, A,
C) exceeds the headful packaging capacity of ~110 kb, then the second loxP site (indicated
by the thick arrows) would not fit in the phage head and the DNA cannot circularize by
loxP-Cre recombination after entry into cells. This leads to the BAC DNA not being rescued.
Note that the Cre gene is also lost upon circularization of the truncated BAC DNA.
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Packaging of the end-deleted BAC DNA occurs from a large co-integrate plasmid in the cell
which is described in detail elsewhere (21, 22). In co-integrate formation, the P1 phage DNA
effectively contributes a packaging location named the “pac site” which is recognized by the
phage packaging proteins [shown in step 2, Figure 2]. The co-integrate DNA is thought to
replicate by a “rolling circle” mechanism. A cut is made in the newly synthesized co-integrate
DNA at the “pac site”, and the DNA end corresponding to piece loxP-B, A, C is stuffed into
newly assembled empty heads of phage P1. Packaging of DNA from co-integrate is directional
and the second cleavage is made after the P1 head is full regardless of sequence using a
“headful-cleavage” mechanism (21, 22). Note that if Cre recombination of the transposed loxP
with the loxP endogenous to the BAC did not reduce the length of BAC DNA segment B, A, C,
to less than ~110 kb, this piece of BAC DNA inside the phage head would not be flanked by
loxP on both ends [see step 3 of Figure 2]. In the absence of loxP sites flanking BAC DNA on
both ends, the DNA would be unable to circularize by Cre recombination and would be
destroyed when introduced into cells. Insertions of loxP in the other orientation, that cause
inversion of the DNA, do not reduce the size of segment B, A, C to less than 110 kb.
Consequently, the BAC DNA in P1 heads from inversions is destroyed upon entry into cells.

The bacterial lysate containing P1 heads packaged with end-deleted BAC DNA is treated
with chloroform. This treatment not only facilitates lysis of P1 infected recombination
deficient DH10B but also kills all cells harboring intact transposon and BAC plasmids. This
killing is important for the selection of transposon inserted BACs in the next stage when
antibiotic selection is employed, as otherwise cells without transposon insertions into BACs
but merely carrying the two intact plasmids would get selected. The lysate after chloroform
treatment is used to infect fresh bacteria. Upon entry of the phage packaged BAC DNA into
cells; Cre protein is expressed from the DNA end adjacent to the second loxP site [indicated
as X in phage head and co-integrate], but only transiently, because the Cre gene is lost after
Cre-loxP recombination to circularize the linear BAC DNA [Step 3, Figure 2]. Cells are
plated on LB plates containing chloramphenicol to select for clones of end-deleted BAC.
Note that the phage DNA segment [P, G, E] from the co-integrate is incompletely packaged,
if at all, and is destroyed after the loxP-Cre circularization in the new host. Even the rare
phage particle containing a complete phage genome is unlikely to replicate or survive
because of the chloramphenicol selection on the plates.

Selecting with a single antibiotic for the BAC DNA is sufficient for the first round of end-
deletions, using either a loxP or a lox511 transposon. Additional selection for transposition
of lox sites is not necessary in this first round because the P1 headful packaging itself serves
as the selection for the low frequency of lox-site transpositions in the previous step [see
references (23, 24) for detailed discussions].

1.2 Analyzing retrofitted/ end-deleted BACs

BACs deleted from an end, or inserted with exogenous DNA cassettes at the newly created
ends of genomic inserts, are analyzed by isolating their DNA and separating them by Field
Inversion Gel Electrophoresis (FIGE). The DNA in BAC clones is easily isolated by simple
mini-prep procedures, digested with Not I enzyme and analyzed on FIGE (13, 25), as shown
in Figure 3. High throughput formats for preparing DNA from BAC deletion clones in 96
well chambers, suitable for subsequent FIGE analyses and end sequencing, have also been
described earlier (13, 25).
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Progressive truncations of genomic DNA
from an end in BAC

1 5 10 15 20 25 30 36

Fig. 3. Legend: FIGE display of an array of BAC deletion clone DNAs. DNA was isolated by
the miniprep procedure from clones of a library of end-deleted BACs generated using a loxP
transposon. The DNA was digested with Not I enzyme before electrophoresis. Lane 1 shows
a 5 kb ladder, and lane 2 shows the DNA from the starting BAC clone.

1.3 Scoring authentic lox-Cre recombinations by unique size of BAC vector DNA upon
Not | digestion

Whether the BAC DNA of reduced size arose from an authentic lox-Cre recombination, as
opposed to an internal deletion between sequence repeats or other recombinogenic sites in
the genomic insert, is one of the early determinations that need to be made. Note that lox-
Cre independent deletions can also be packaged by the P1 headful mechanism when there is
no selection for lox site transposition per se; such deletions are also efficiently isolated (23).
Therefore all our loxP and 1ox511 transposons have been designed to alter the size of the Not
I-Not I BAC-vector DNA band that arises from a Not I enzymatic digest of the deletion clone
DNA [see references (23, 24, 27) for discussion]. An end-deletion from Cre-loxP
recombination alters the size of BAC vector DNA, whereas deletions arising from within the
genomic insert do not. End-deletions made with our lox511 transposons remove the Not I
site at the 1ox511 end in the original BAC, resulting in a linear BAC with no separate vector
DNA band (24).
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Once authenticity of the retrofitted/ end-deleted BAC clone is established, the exact location
of insertion of the transposon on genomic DNA is determined by sequencing the BAC DNA
directly with unique primer sites located on either the loxI’ or lox511 transposon ends that
remain after deletion formation (13, 24).

1.4 Truncations from the other end of insert DNA in BACs

The genomic DNA insert in BACs is flanked by a loxP site at one end and a mutant lox511 site
at the other (24, 26). Modern genome libraries of DNA from numerous organisms such as the
mouse, rat, human and zebrafish have used the vector pBACe3.6 or its derivatives [reference
(26), link for pTARBAC2.1 vector httpy/bacpac.chori.org/ptarbac21.htm], and all share this
characteristic (27-31). End-deletions have been made specifically from the lox511 side of
genomic insert by a similar approach using a 1o0x511 Tn10 mini-transposon (24).

It is important to note that second round deletions from the opposite end of insert DNA
requires selecting for the transposition event in addition to the BAC DNA: because first
round deletions are selected by P1 headfull packaging, all starting BACs for second round
deletions would be less than ~110 kb, and hence require selecting for the low frequency of
transposition [see reference (23, 24) for detailed discussions].

Deleting Both Ends of DNA insert in pBACe3.6

With pTnLox511(B)markerless 1

Not I

Pmel Ascl
lox511
Not I I ) '“/Pﬂ‘ﬁ Mot
lox511 loxP
_____ > SacB 11 |
> <
Cam'  0.142kb Genomic Insert + 1978kb —+
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. Asc I Pme I
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lox511 Pme I N>/’] | loxP
(1).9€
l-lll>||1ESCI SaCB “4—
Cam! L Genomic Insert pBACe3.6 vector

lox511 Pme I
EEEm l’ | |;'%_|SC I
[

pBACe3.6 vector

Cam’ L Genomic Insert

Fig. 4. Legend: Schematic representation of end-deletions generated from both ends of DNA
insert in a BAC clone. The upper panel shows truncations from the lox511 end using a
lox511 transposon. The largest clone from that library was then truncated from the loxP end
with a loxP transposon. Figure is adapted from reference (24).
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1.5 Potential Cre-mediated cross-recombination of loxP & lox511 sites does not occur
in our method

The 34 bp sequence in the mutant lox site, lox511, differs by one nucleotide in the spacer
region from that of loxP [see references (24, 32), for actual sequence of lox511]. Varying
degrees of promiscuity in recombining different mutant lox sites, including the lox511
mutant, with wild type loxP have been reported in previous studies; using both partially
purified Cre-extracts in vitro (32-36), or Cre over-expressed in cells (36-38). For example,
cross recombination between loxP and lox511 has been reported to occur at efficiencies
ranging from 5 to 100 % under those experimental conditions that express Cre constitutively
(33, 35-38). We have not observed such cross-recombination, and high levels of stringency in
vivo in recombining identical lox sites (21, 24), or lox sites with at least identical spacers (39),
have been achieved with Cre protein expressed from its native source namely, a phage P1
infection (21, 24, 39). Depending on whether a loxP or a lox511 transposon is used,
truncations from the corresponding lox- end can be made readily and exclusively with high
stringency [shown schematically in Figure 4]. Thus truncations of genomic DNA from either
end are not only efficient, but are highly specific for that end.

1.6 Exogenous DNA cassettes can be introduced precisely at one or both newly
created BAC ends

An important feature of the end-deletion technology is the ease of determining exactly where
in the BAC the loxP-transposon had inserted to create the truncation: primers for sequencing
the new BAC end have been designed into the loxP and lox511 transposon-ends remaining
after the lox-Cre recombinations [see Figure 1 and references (13, 24)], and these have been
used to generate ~600 base reads by sequencing the retrofitted BAC DNA directly. An
additional feature is the ability to introduce reporter genes and other DNA cassettes precisely
at the new end created in the BAC clone. The sequence in front of the loxP or 1ox511 arrows, as
shown in Figures 1 and 4, is retained after the recombination event that creates the deletion
[note that orientation of arrow refers to directionality of loxP and lox 511 sequences]. This
particular feature has been utilized to place numerous DNA cassettes, such as: i) mammalian
cell-selectable antibiotic resistance genes in the BAC (24), ii) a basal promoter-containing EGFP
gene in the BAC to serve as an enhancer-trap to functionally localize potential gene-regulatory
elements further upstream (14), and iii) introduce iTol2 ends to generate functionalized BAC
DNA ready for integration into zebrafish or mouse chromosomes (15).

The ability to truncate either end of a BAC insert progressively while keeping the other end
intact is useful to a variety of mapping experiments. Thus genetic markers and
polymorphisms have been mapped on a physical map of the chromosome using this
technology (13, 16). Long-range gene regulatory elements have also been mapped functionally
using the end-deletion approach by either generating transgenic mice with EGFP
functionalized BAC DNA (40), or electroporating patient-derived cells in culture (41). The
Nkx2-5 gene containing BAC from a mouse library was functionalized with EGFP reporter
gene using the phage A red-recombination system, and then truncated progressively from the
far upstream 5 end of the Nkx2-5 gene using a loxP transposon to identify transcription-
enhancing factor binding sites (40). Monitoring mRNA levels of the gene of interest allows
circumventing the use of a reporter gene such as EGFP in the BAC or PAC DNA, and a series
of upstream deletions in a PAC clone was used to functionally identify potential far-upstream
binding sites for transcription factors in the human Hox11 gene (41).
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1.7 Simultaneous insertion of reporter gene & truncation of DNA from BAC ends

The two separate steps of introducing the EGFP reporter gene and truncating far upstream
sequences of the gene of interest in the BAC can be done simultaneously using lox-Tn10
transposons (14). A basal promoter-containing EGFP gene was designed to serve as an
enhancer-trap, and placed in front of the loxP arrowhead such that the cassette was retained
after the end-deletion of the BAC DNA [see upper panel of Figure 5 for enhancer-trap
transposon]. Progressive truncations from one end of the genomic insert with this enhancer-
trap transposon generated a library of BAC DNA molecules that differ in the position of the
enhancer-trap cassette with respect to the start site of transcription of the gene. The
collection of well characterized BAC DNA can be introduced individually into zebrafish
embryos for expression of the gene in specific tissues (14).

Such enhancer-trap containing BACs can be re-fitted again at the opposite end with DNA
cassettes carrying repeat ends of the vertebrate transposon Tol2 as described below.

enhancer-trap

Upstream Element Intron Enhancer
A UE EGFP IE

BP-EGFP ..~ loxP

lox511 fransposon

™0 loxP
LEY] = APPb upstream sequences in genomic DNA insert n G
l BP-EGFP  |oxP BAC
lox511
am l> BAC
APPb EGFP enhancer-trap BAC
lox511 Transcription Initiation site of APPb gene  loxP
----- » |—> ; —
T7 end - SP6 end
en BAC clone CH211-43016 APPb gene in BAC en
B Inserting Tnlox571-iTol2kan in APPb EGFP enhancer-trap BAC
Not I .
.l:).x.5.1>1 |To|2kan BP-EGFP |OXP
lox511 ransposon
n
| B l» BAC

APPb upstream sequences in genomic DNA insert

Fig. 5. Legend: Schematic representation of deletion formation in starting BAC APPb EGFP
enhancer-trap by pTnlox511-iTol2kan: Panel A shows generation of starting BAC APPb
EGFP enhancer-trap by insertion of the enhancer-trap transposon (inverted triangle), and
the location of APPb gene within the BAC clone. Panel B: Shown schematically is the
insertion of the Tnlox511-iTol2kan transposon into the enhancer-trap APPb BAC DNA. The
thick black arrows represent loxP and lox511 sites (discontinuous arrow). DNA cassettes in
front of the loxP or lox511 arrows are retained after the loxP-loxP or lox511-lox511
recombinations by Cre. The enhancer-trap DNA cassette is positioned in front of the loxP
arrow (panel A), while the iTol2 cassette is located in front of the lox511 arrow. The colored
arrowheads pointing outward in the iTol2 cassette correspond to the 200 bp inverted repeat
end R and 150 bp inverted repeat end L of the Tol2 transposon [see Suster et al 2009 ref (42)].
The kanamycin resistance gene is between the Tol2 inverted repeat ends.
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1.8 BAC transgenesis in zebrafish and mice using Tol2

BACs have been integrated into the germlines of zebrafish and mice using the vertebrate
transposon Tol2 system (42). Tol2 ends, in the inverted orientation and flanking a 1 kb
spacer DNA (iTol2), were introduced into the BAC DNA within the bacterial host using
recombination of homologous sequences between the targeting vector and the genomic
insert. This approach used to introduce the iTol2 cassette can have unintended
consequences: other sequence repeats existing in BACs from vertebrate DNA libraries were
likely to rearrange as well. This would complicate the introduction of iTol2 cassettes at best,
and were likely to present major challenges in BACs spanning chromosomal loci that
contained highly repetitive DNA, such as the Npr3 gene locus analyzed earlier (16).
Therefore a simpler and more flexible system was developed using our Tnl0 transposon
approach to deliver iTol2 ends into BACs. These iTol2-end containing BACs are suitable for
transgenesis into zebrafish or mouse embryos, and have recently been reported (15).

The iTol2 DNA cassette was placed in front of a loxP or 1lox511-Tn10 transposon (15).
Progressive truncations from an end of the genomic insert with this iTol2-Tn10 transposon
generated a library of BAC DNA molecules that differed in the position of the iTol2 cassette
with respect to upstream regulatory elements of the Amyloid Precursor Protein (APPb) gene
in the BAC. The collection of well characterized BAC DNA was introduced into zebrafish
embryos individually for expression of EGFP in neurons (Figure 6).

APPbBACs with EGFP reporter at loxP end & iTol2kan at lox511 end of insert DNA

FIGE analysis
1234567891011121314 15 161718 1920212223

Germline Transgenic Fish

Fluorescence in F1 zebrafish
Parents injected with DNA in lane 15

Fig. 6. Legend: Panel A: FIGE analysis of an array of APPb BACs with EGFP containing
Enhancer-trap at loxP end and iTol2kan cassette at 1ox511 end of DNA insert. The BAC
DNA was digested with Not I before FIGE. Note that there is no vector DNA band
because the lox511-1ox511 deletion with Cre removes both the Not I site in front of the
BAC lox511 and the Not I site behind the lox511 in the transposon shown in panel B of
Figure 5. Panel B: EGFP fluorescence in Germline transgenic F1 zebrafish obtained from
injecting eggs (FO zebrafish) with the BAC DNA shown by the blue arrowhead in lane 15.
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2. Exploring gene regulation by distal cis-acting sequences using BACs
2.1 Rationale for using BACs to understand gene regulation

BAC:s offer a large span of DNA that can house most, if not all, the sequences recognized by
DNA-binding regulatory proteins that act in concert to regulate expression of the gene. But
more importantly, the binding sites of regulatory proteins in the BAC DNA exist in their
chromosomal contexts, with sequences flanking cis-acting sites that have evolved for millions
of years, preserved. This cannot be said of small plasmid constructs used for expressing genes
where multiple, easily-recognizable distal cis-acting sequences are excised from their
surrounding DNA in the chromosome and cobbled together to create artificial junctions.

2.2 Why is this important in regulation of gene expression?

We know that both the rate of a reaction, as well as the equilibrium that a reversible reaction
establishes, are related inversely and logarithmically to the activation energy or the free
energy difference between the reactants and products, respectively. It implies that small
changes in the binding affinities of DNA-binding regulatory proteins, important for
regulation of gene expression, can profoundly affect the rates and equilibrium established in
the cell. Also, gene regulatory proteins in the cell do not exist as monomeric units, but as
components of multiple different protein complexes with different physical dimensions
destined for a variety of purposes in the cell. Thus it can be argued that the same protein in a
multimeric complex might not be able to play identical gene-regulatory roles if the
sequences flanking its binding site are altered compared to when they exist in their
chromosomal context. It is conceivable that some of this disparity in DNA-binding affinities
resulting from binding to sites with altered flanking sequences could eventually manifest
itself in altered tissue specificity of expression of the gene.

There is also the issue of how one goes about selecting potential gene-regulatory elements to
stitch together in a small plasmid designed for expressing a gene of interest. While one can
make informed guesses one cannot be unbiased, as much of the players involved in the fine-
tuning of gene expression remain largely unknown. Using BACs functionalized with
suitable reporter genes, and integrated into the chromosome, to explore regulation of genes
by cis-acting elements appears to circumvent many of these difficulties.

We have developed one such approach using BACs retrofitted with enhancer-traps (14). The
overall effect of using this enhancer-trap technology in BACs is somewhat akin to scanning
the BAC DNA from one end to the other with a “mine-sweeper” that is capable of
unearthing transcription-enhancing factor binding sites. Functional comparisons between
individual enhancer-trap BACs are thus more meaningful as the modifications in each
remain constant. It is important to note that this approach to identifying gene-regulatory
elements is likely to be less biased than a targeted approach, because there is no prior
selection of sequences for testing their gene-regulatory potential (14, 15). In situations where
regulatory function is conserved without sequence similarity (43), choosing the correct
sequence to test might be a hit-or-miss phenomenon with a targeted approach. Thus using
enhancer-traps to scan BACs offers an effective and relatively unbiased alternative to other
targeted approaches to functionally map cis-acting gene regulatory elements. Important
transcription enhancing elements have been discovered using this approach in non-coding
DNA from the intron, and 30 kb upstream of the APPb gene transcription start site
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[reference (14), and Shakes, Du, Sen, Abe, Kawakami, Wolf, Hatcher, Norford and
Chatterjee manuscript in preparation].

The BAC enhancer-trap technology described above has three additional features that
should prove beneficial: i) allows sampling much larger sequences of DNA, and
consequently multiple discontinuous regulatory domains simultaneously compared to small
plasmids, ii) the context of regulatory DNA with respect to the gene and chromosome is
preserved and, iii) can be used with BACs in established libraries from a wide variety of
organisms, and tested in several species. Although the methodology does not allow
generation of internal deletions, truncations from the end opposite to the enhancer-trap can
be made with a lox511 transposon [as seen when iTol2-end DNA cassettes were introduced
at the other end of BAC DNA, (Figures 5 and 6)] to explore functions of candidate
regulatory regions in a limited way. Sequences bending DNA (45-47), or phasing
nucleosomes and other transcription factors (48-50) are left unaltered using BACs compared
to characteristics of the gene region found endogenously. Bringing exogenous pieces of
DNA together to create artificial junctions in small plasmids to trans-activate reporter genes
does not adequately address the endogenous role of the regulatory sequence; and this is
avoided using BACs. It is probably worth noting that DNA structure surrounding
regulatory factor binding sites have evolved over long periods, and these are also left
unaltered here. We noted earlier that there were 52 sites with six or more consecutive A-
residues, known to cause bends in unpackaged DNA (46), in the ~28 kb upstream
regulatory sequence identified as important in regulating APPb (14).

2.3 Substitution of Lox sites flanking BAC inserts with Lox66

In a different application Tn10 transposons carrying ‘arm’ mutants of loxP, such as lox66,
have been used to successfully substitute the loxP site at one end of the genomic insert DNA
in a BAC (39). It should be possible also to substitute the 1ox511 site at the other end of insert
DNA in a similar manner using a lox site with an identical “spacer” as lox511 but carrying a
different ‘arm’ sequence. The usefulness of such substitutions of loxP or lox511 sites in BACs
with lox66 is realized from the fact that the integration of loxP plasmids to a loxP site on the
chromosome is reversible, with the equilibrium favored for excision. Targeting lox66
substituted BACs specifically to pre-positioned lox71 sites in chromosomes via lox-Cre
recombination should be irreversible. Such strategies are likely to be particularly useful in
systems such as the zebrafish, where classical “knock-in” technology cannot be used
because of genome duplication in an ancestral teleost [see reference (39) for discussion].

2.4 Pros and cons of the transposon retrofitting approach

The insertions of exogenous DNA cassettes into BAC DNA are performed using Tn10
transposons carrying loxP or lox511 sites, and do not rely upon sequences existing in the
genomic inserts of BACs. Consequently, the Tn10 transposons developed for a particular
objective are applicable to all BACs in the public domain. This feature is unlike the targeting
vectors used in homologous recombination dependent strategies, where the targeting vector
plasmids need to be constructed anew for each BAC.

Because the insertions of these Tn10 transposons into genomic DNA in BACs appear to be
largely random [see references (16) for discussion], large collections of BACs with ends
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progressively trimmed are generated in a single experiment. Such libraries, when made with
Tnl10 transposons carrying enhancer-traps or iTol2 cassettes, are uniquely suited for
functionally mapping long-range gene regulatory sequences using transgenic animals. Thus
multiple BACs from a contig spanning a genetic locus should enable such functional
analyses to be extended over large sections of the genome. The approach does not require
selecting sequences for mutational analysis to test their gene regulatory potential, thus it is
an unbiased approach. It enables enhancer-trap containing BACs, or BACs retrofitted with
EGFP cassettes by sequence homology based recombination, to be converted into deletion
libraries with integrated iTol2 ready for chromosome integration. Thus compared to
traditional approaches for enhancer-trapping used with whole genomes in animals (51-59),
our approach using individual BACs, has the potential to allow a more uniform coverage of
the genome because the baseline efficiency of trap insertion is reset for individual BACs in
the bacterial host. Although there appear to be vast regions of the genome refractory to
enhancer-trapping by traditional means, to date we have not encountered BACs refractory
to Tn10 transposon insertions.

The absence of undesirable rearrangement of insert DNA due to the high content of
sequence repeats in certain BACs is an additional advantage with our approach. We note
that vertebrate DNA in general and mammalian DNA in particular, has large numbers of
DNA sequences that are repeated (16). Use of radioactive isotopes is also avoided because
no Southern blotting is required in retrofitting BACs with transposons.

A notable drawback of the transposon based approach appears to stem from the very
feature that makes it readily doable: the P1 headful packaging strategy used to isolate the
functionalized BAC so easily also limits the size of BAC DNA that can be analyzed to ~ 110
kb. Although the genomic DNA insert is truncated in the process, the resulting 103 kb insert
DNA size, the remainder being modified BAC vector, is unlikely to be a disadvantage in
most applications; because a majority of vertebrate genes can be housed in their entirety
within this size limit. Almost half of evolutionarily conserved non-coding gene-regulatory
sequences in vertebrate genomes (60), and probably a similar fraction of those that are
conserved in function and shape but not in sequence (43, 44), are located within this span of
DNA adjoining start sites of transcription of genes.

Lastly, both the lox sites flanking insert DNA in BACs can be readily substituted with lox
sites with identical spacer but different arms using Tnl0 transposons (39). Such
replacements would make the ~110 kb retrofitted BACs amenable to “knock-in” strategies of
a slightly different type: BACs with lox66 substituted for loxP should be targetable to lox71
sites in chromosomes of organisms such as zebrafish, a system where conventional
homologous recombination-mediated “knock-in” technology is unavailable due to genome
duplication in an ancestral teleost during evolution (61).

Clearly the transposon retrofitting strategy and those based on homologous recombination
have strengths that appear somewhat complimentary in nature. Thus a judicious approach
might be to use a combination of the two methodologies, as demonstrated in earlier studies
(40, 15). Introducing the Tol2 inverted repeat ends to the ends of genomic DNA insert in a
BAC that was previously functionalized with a reporter gene appears straightforward and
easier to do with the Tnl0 transposon approach. The libraries of iTol2 inserted BACs
generated should also facilitate integration of trimmed single genes into the germline and
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help to functionally map cis-acting gene regulatory sequences in animals. The approach
should be applicable to a wider variety of BACs, including those with sequence repeats.

3. List of abbreviations

BAC- bacterial artificial chromosome/ FIGE- Field inversion gel electrophoresis/ APPb-
amyloid precursor protein gene b/ EGFP-enhanced green fluorescent protein
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