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Construction of Large DNA Segments
in Escherichia coli

MicHAEL O’CONNOR,* MARK PEIFER, WELCOME BENDER

Recombinant DNA clones containing large pieces of
DNA are useful in the study of large genetic units, but
these are difficult to make in most bacterial cloning
vectors. A strategy is described that uses general and site-
specific recombination to construct large pieces of eukary-
otic DNA from smaller cloned segments. The large clones
are propagated on F factor—based plasmids in Escherichia
coli. They can be easily modified to introduce mutations
or rearrangements. These techniques were applied to the
construction of large DNA segments from the bithorax
complex of Drosophila.

ENES IN HIGHER EUKARYOTES ARE SURPRISINGLY LARGE

and complex. The bithorax and Antennapedia complexes of

Drosophila contain transcription units of 75 and 100 kb (1),
respectively. Certain mammalian genes are even larger. The current
record holder is dystrophin (2), whose transcribed region may
exceed 2000 kb. The noncoding DNA of some large loci contains
regulatory sequences critical for appropriate spatial and temporal
regulation. For example, the Ultrabithorax (Ubx) gene is regulated by
sequences up to 50 kb away from the messenger RNA start site,
both upstream and within the introns (3). Whereas the human B-
globin gene has a transcription unit spanning only a few kilobases,
sequences as far as 50 kb upstream appear to be needed to obtain full
expression in transgenic mice (4).

For such large genes, a method is needed that allows rapid cloning
and manipulation of large functional units, so that the whole unit
can be tested by transformation into the appropriate organism.
Cosmid vectors are limited to a narrow size range, typically 40 to 45
kb of insert DNA. More recently, a new vector system has been
developed (5), based on the creation of yeast artificial chromosomes
(YAC clones). This allows the cloning of much larger pieces of
DNA (up to several hundred kilobases), but the yeast chromosomes
are more difficult to work with than bacterial plasmids.

.
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We have developed a method, called “chromosomal building,”
that allows rapid construction in bacteria of large pieces of defined
DNA, in F factor—based vectors. It relies on a combination of
general and site-specific recombination to join large pieces of DNA
from smaller, overlapping cloned segments in vivo. The replication
and partition systems of the F factor (6) ensure stable maintenance
of the resulting large plasmids. The vectors permit the large clones
to be further modified. They can be rearranged, mutations can be
introduced, or selectable markers can be added for transformation
into various organisms. The product is a supercoiled, circular
molecule that is resistant to shearing.

Basic Building Strategy

The basic building strategy is a process in which the F plasmid
serves as the recipient of DNA transferred from the shuttle plasmid
by recombination. This transfer is repeated a number of times; with
each repetition the F plasmid increases in size by an amount roughly
equivalent to the size of the insert in the shuttle plasmid. The
process begins with the cloning of a DNA fragment (designated A-
B-C in Fig. 1) into a polylinker cloning site in the F plasmid vector,
pMBO132 (7). The F factor origin maintains the plasmid at one to
two copies per cell, which enhances its stability. The plasmid also
carries the resolution site for the F factor’s site-specific recombina-
tion system, rfF (8).

A second DNA segment (designated C-D-E in Fig. 1) is then
cloned into the polylinker cloning site of the shuttle plasmid,
pMBO96 (7). The second DNA segment is chosen to overlap the
first by 500 bp or more, depending on the convenience of restriction
sites. The origin of replication for the shuttle plasmid is tempera-
ture-sensitive. At 30°C the plasmid can replicate, conferring tetracy-
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cline resistance (tet’). At 42°C, however, the plasmid cannot
replicate and is diluted out during growth, leaving the progeny cells
tetracycline sensitive (tet®). The shuttle plasmid also carries a copy of
the #fF site, as shown (Fig. 1).

At the start of each cycle, the F plasmid and the shuttle plasmid
are introduced into the same rec* cell by transformation at 30°C
(Fig. 1, step I). At this temperature, both plasmids replicate
independently. Next, we streak out these cells at the restrictive
temperature, 42°C, selecting for both chloramphenicol resistance
(cam”) and tet” (step II). At 42°C the shuttle plasmid cannot
replicate and most cells become tet®. Tetracycline resistance is only
maintained if the F plasmid and the shuttle plasmid join by
homologous recombination at the overlap (region C), forming a
cointegrate with a tandem duplication. This cointegrate replicates by
using the F plasmid origin. Cells carrying cointegrates are both tet’
and cam" and form colonies that grow out of the streak. The rate at
which cointegrates arise depends on the size of the overlapping
homology between the two plasmids. A single colony streaked out
at 42°C will yield three to five cointegrate colonies when the overlap
between the plasmids (region C) is 500 bp, and more than 50
colonies with a several kilobase overlap.

Plasmid DNA minipreps are made from several cointegrate
colonies and are used to transform recA™ cells to cam" and tet" at the
restrictive temperature (Fig. 1, step III). This serves two purposes.
First, it purifies cointegrate DNA from the parental plasmids, since
only cointegrates can give cam" and tet" at 42°C. Second, a rec™ host
is necessary for the next steps, because in a rec* cell cointegrates are
unstable, forming and resolving via homologous recombination.
Cointegrates resolved by homologous recombination mask those
resolved by site-specific recombination. In a rec™ host, cointegrates
are stabilized. DNA minipreps are prepared at this stage to ensure
that the correct cointegrate is present. (Since both plasmids carry the
#fsF site, homologous recombination can also occur between these
sequences, but such events can be easily distinguished from the
correct cointegrates by a restriction digest.)

Fig. 1. The basic building strategy. (Step I)
Introduce by transformation (22) the F and the
shuttle plasmid into the same rec* cell at 30°C,
selecting for cam” (30 wg/ml) and tet” (10 pg/ml).
The F plasmid contains a cloned fragment of
cukaryotic DNA (A-B-C). The shuttle plasmid
contains an overlapping segment of DNA (C-D- tet’
E) (C = 0.5 kb). (Step II) Streak out cells carry-
ing both plasmids, selecting for cam” and tet” at
42°C. Replication of the shuttle plasmid stops.
The only cells surviving are those in which a
cointegrate has formed between the two plasmids,
via homologous recombination between the over-
lap regions (C). These cells form colonies papillat-
ing out of the streak. The cointegrate carries a
duplication of C (designated C'). (Step III) Re-
streak the cointegrate under the same conditions,
and isolate cointegrate DNA by alkaline miniprep
procedure (11). Transform a rec” cell (SCS1)
(Stratagene) with this DNA, selecting for cam"
and tet" at 42°C. Grow these cells at 30°C and
check cointegrates by restriction enzyme digests
of plasmid DNA obtained by the boiling mini-

prep procedure (10). (Step IV) Transform cells

containing the cointegrate with the cleanup plas-

mid, selecting for cam” and amp*. When a cointe-
grate and the cleanup plasmid are maintained in
the same cell, the F factor site-specific recombin-
ase causes recombination between the two rfsF
sites on the cointegrate, resolving it into the shuttle plasmid (which is lost)
and the F plasmid, now carrying the enlarged DNA insert (A-B-C-D-E).
(Step V) Recover the F plasmid by transformation back into the rec* cell,

Step I.
Select cam"®
and tetTat 30°

Cc

F plasmid
mini-F origin

N

P element ends
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Shuttle
ts-origin

Cells carrying the cointegrate are next transformed with the
cleanup plasmid (DCM111) (7) (Fig. 1). The cleanup plasmid
carries the resD gene of the F factor; resD encodes a resolvase that
mediates a site-specific recombination event between two copies of
the 7fiF site, like those carried on the F plasmid and the shuttle
plasmid (8). The F, shuttle, and cleanup plasmids carry different
selectable markers and compatible origins of replication, allowing all
three to be stably maintained in the same cell. Cells with the
cointegrate plasmid and the cleanup plasmid are grown at 42°C with
selection for cam" and ampicillin resistance (amp”) (Fig. 1, step IV).
During growth, the F factor resolvase mediates site-specific recom-
bination between the two ¢fsF sites on the cointegrate, removing the
shuttle plasmid and the duplicated region (C’) from the cointegrate.
The resolution reaction yields an F plasmid that is unchanged,
except for the addition of the DNA segment D-E to A-C. The
process can be repeated by using a second shuttle plasmid carrying a
DNA segment overlapping E. Successive rounds of building allow
one to construct a large defined DNA molecule. A single round of
building, as diagrammed in Fig. 1, takes about 5 days.

We have used the basic building procedure, along with the
variations outlined below, to construct plasmids carrying DNA
from the bithorax complex of Drosophila (9). The inserts of these
plasmids are illustrated in Fig. 2; they fall into two classes. The first
class consists of large segments of the bithorax complex carrying the
Ubx and abdA genes, respectively, along with associated regulatory
DNA. The insert in the largest of these constructs measured 125 kb
(making the whole F plasmid 136 kb). This and the other F
plasmids we have generated appeared to be completely stable when
propagated in Escherichia coli. DNA blots of restriction digests of the
125-kb plasmid hybridized with probes covering the entire Drosophi-
la insert are shown in Fig. 3, and all the expected fragments were
present. The second class includes gene fusions with a reporter gene,
B-galactosidase, adding either the natural 5’ flanking region of the
Ubx promoter (the bxd/pbx regulatory region) or a regulatory
region normally found in the Ubx gene’s intron (the abx/bx regula-

Step III. Transfer cointegrate to rec” host
Select cam Fand tet "at 42°C

fsF Resolvase
. Polylinker rfsF
E /
B Colntegrate /Resolution Cleanup

(site-specific
recombination)

% Fret”
QQ“I r rfsF ,i"cj

Step IV.
Add cleanup plasmid
Select amp F 4 cam’

plasmid

r r
select cam and tet
42°C

Polylinker

W rfsF
\ New F
hs neo Step VI. A plasmid
Repeat

with shuttle

containing E-F-G r Step V.

Purify resolved
F plasmid

selecting for cam". Screen for tet® and amp® to ensure that the shuttle plasmid
and the cleanup plasmid have been lost during transformation. (Step VI)
Repeat with a new shuttle carrying the overlapping segment E-F-G.
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tory region). One could, in a similar fashion, fuse regulatory
sequences to complementary DNAs or juxtapose regions that are
normally widely separated.

DNA Preparation and Analysis

Most procedures for isolation of plasmid DNA from E. coli were
designed for small high-copy plasmids. The plasmids produced by
the building strategy can be quite large and are maintained at a low
copy number. Despite these differences, only slight modifications of
standard protocols are necessary to prepare plasmid DNA. Cointe-
grates, when maintained in a rec” cell, can be grown at the
permissive temperature for the replication via the temperature-
sensitive origin. Cointegrates as large as 150 kb have been propagat-
ed stably at a copy number of six to ten. These plasmids are prepared
by the boiling miniprep procedures (10) and visualized on an
ethidium bromide-stained agarose gel. (We use boiling miniprep
DNA for restriction analysis and alkaline miniprep DNA (10) for
transformation of bacteria.) After resolution of the cointegrate, F
plasmid derivatives can be prepared by the same miniprep proce-
dures. Because of the large number of restriction fragments in the
larger plasmids, it is often difficult to detect all the bands by
ethidium bromide staining, but DNA blotting and hybridization
permit easy evaluation. To prepare large amounts of plasmid, we
have used the alkaline lysis procedure for making plasmid DNA
(10), followed by two cesium chloride gradients to remove contami-
nating bacterial chromosomal DNA. We have obtained yields of 30
ug of plasmid DNA per liter of cells with plasmids as large as 136
kb.

One initial concern was that large plasmids would be easily
broken by shear forces, but we have not found these plasmids to be
overly fragile. There is not significant breakage or nicking of closed
circles in the standard manipulations to prepare the plasmids. We
were particularly concerned about possible shearing of plasmid
DNA in the 1-um tip of the microcapillaries used for injection of
Drosophila embryos. An 80-kb plasmid was examined by electron
microscopy before and after passage through such an injection

Fig. 2. Assembled DNA
segments from the bi-
thorax complex of Dro-

sophila. The hatched line -100

-80 -60 —40

Regulatory regions abx and bx -\ / bxdand pbx —\ (/_
\

needle. No significant increase in either broken or relaxed circle
molecules was observed. We assume that the supercoiled nature of
these plasmids is responsible for their resistance to shearing.

Mapping large DNA molecules can be difficult. We have con-
structed F plasmids carrying a single Not I site, which can be
linearized to help in restriction analysis. In addition, probes corre-
sponding to one or the other of the flanking vector sequences can be
used to identify end fragments. In our experience, however, for
constructs as large as 80 to 100 kb, such additional information is
not necessary. The pattern of DNA fragments generated by digests
with restriction enzymes that have six—base pair recognition se-
quences, as analyzed on an ethidium bromide—stained gel, is suffi-
cient to verify the identity of clones.

The basic building strategy, as outlined above, was sufficient for
much of the work illustrated in Fig. 2. We have developed a few
procedures that speed the process and that permit further manipula-
tion of constructed DNA. These are outlined in the sections below.

Reverse Building

Since the process of building requires little labor relative to time,
it is efficient to construct a large segment by making several portions
simultaneously and then to join them together. However, the
intermediate-size segments end up on the F plasmid. Two F
plasmids cannot be joined together by the building procedure; one
of the two segments must be on the shuttle plasmid. A procedure
called reverse building can be used to transfer DNA from the F
plasmid to the shuttle.

Reverse building differs from the basic building process in that
DNA moves from the F plasmid to the shuttle, rather than the
opposite (Fig. 4a). Cointegrates are made as in the basic building
procedure (step I). However, in this case the resolution is done at
30°C with selection for amp™ and tet", to allow recovery of the
shuttle plasmid (step II). Resolution is less efficient at this tempera-
ture and many cointegrates remain. A DNA miniprep is made from
these cells and used to transform a rec™ cell carrying the pushout
plasmid. The pushout plasmid is incompatible with the F origin

iab-2 iab-3 jab-4

Vv -20 0 +40 +60 +80 +100
]

il
T

; :
at the center represents 10 kb
L —

L] L L T
the molecular coordi- Ubx transcription unit abdA transcription unit
nates of the DNA of the AAAR s "”‘V"
bithorax complex (9). Reverse build
Distance is in kilobases BT VN
i 11 e 12 1
from an arbitrary zebro o ninsert . 1o —= 12 1343 2, 7(a insert)
point. Immediately be- —— 40 insery —_— — 13 — 4 SQinsert) ™
. . — 7 — —— 5 mee—————
low the coordinate axis 5 __ ! = N— “ ~ —

are  diagrammed the 6
structure of the Ubx and Ubx construct 125 kb

Reverse build

Reverse build abdA construct 80 kb

abdA transcription units. 1 2 5-step abdA construct with
Above the coordinate a5 = = 3, 5-kb deletion

axis are the abx, bx, bxd, bx construct 36 kb . 2 3= ,az:;_-ﬁbx =5 s

and pbx regulatory re- = _

gions, as defined by mu- bxd construct 47 kb

tations affecting spatial facz-Ubx

regulation of the Ubx product. Likewise, the iab regulatory regions are
defined by mutations disrupting segmental regulation of the abdA product.
The bottom half of the figure shows the plasmids constructed, which fall into
two classes. The first class (the Ubx and abdA constructs) contain transcrip-
tion units and associated regulatory DNA. The Ubx construct, at left, was
made by cloning fragment 1 into the F plasmid and by adding successively
the other fragments (cach carried on the shuttle plasmid). The largest Ubx
construct contains 125 kb and spans the Ubx transcription unit, including
the abx/bx regulatory region, and part of the bxd/pbx regulatory region. On
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the right is the 80-kb abdA construct, containing the abdA transcription unit,
and the iab-2, iab-3, and iab-4 regulatory regions. Also shown is a derivative of
the abdA construct, in which a 5-kb deletion has been introduced by
recombination. Fragments recombined directly from Charon 4 phage are
indicated with a N. Three parts of the Ubx construct were obtained by reverse
building, as indicated. In the second class of constructs, regulatory sequences
from the abx/bx region or from the bxd/pbx region were connected to a Ubx-
lacZ fusion gene. Successive steps in these constructions may be analyzed like
a series of nested deletions.

ARTICLES 1309



plasmids. Selection for tet", carried by the shuttle, and kanamycin
resistance (kan"), carried by the pushout plasmid pML21 (7), results
in the loss of both cointegrates and resolved F plasmids, allowing
purification of the shuttle (step III). We have used the reverse
building process in our work with DNA from the bithorax complex.
The segments combined in this way are indicated in Fig. 2.

Building from Phage

Often DNA from the locus under study has been collected as a set
of overlapping clones in a A phage vector. If so, DNA can be
transferred by recombination from N\ phage to the shuttle plasmid,
without in vitro biochemistry. We have implemented this strategy
for the A\ vector Charon 4 (11), but it should be applicable to other
phage vectors. The strategy relies on a modified shuttle vector,
carrying the E. coli lacZ gene flanked by portions of the left and right
arms of the N vector Charon 4 (Fig. 4b). These N sequences are
normally found immediately adjacent to the DNA insert in the
recombinant A phage. These two segments of homology allow a pair
of recombination events between the modified shuttle and Charon
4, exchanging lacZ for the phage insert. Two A\ pickup shuttle
vectors, pMBO99 and pMBO100 (7), differ in the orientation of
the right and left arm fragments, allowing us to recover the phage
insert in either orientation on the shuttle.

The transfers are done in three steps. First, the recombinant phage
is integrated into the bacterial chromosome, via recombination with
a preexisting wild-type lysogen (Fig. 4b). Double lysogens arise in
1072 to 1073 of the infected cells and they are selected by colony
hybridization. Next, the pickup shuttle is introduced into the cell.
Transformants are streaked out at 42°C in the presence of tetracy-
cline. The shuttle is lost unless it is integrated into the chromosome
by recombination with one of the segments derived from the A arms.
To resolve this chromosomal cointegrate, the cells are streaked on a

lactose indicator (MacConkey) plate at the 30°C, still selecting for
tet”. The host cells are lac™, but the shuttle plasmid carrying lacZ
makes them lac*. At 30°C, the plasmid begins replication and is
excised from the chromosome by a second homologous recombina-
tion event. Half of the time the recombination occurs at the other
arm from the initial event, resulting in loss from the shuttle plasmid
of lacZ and its replacement by the insert of the recombinant phage.
In this process, the chromosome picks up lacZ. This gene can be
lost, however, through further recombination, giving rise to lac™
(white) colonies. One-half of the white colonies carry the desired
plasmid. The other half result from recombination between the
shuttle and the wild-type A lysogen. These can be distinguished by
restriction digests. We have used this process during the incorpo-
ration into the shuttle plasmid of those DNA segments marked with
a A in Fig. 2.

Crossing on Mutations and Marker Switching

Another variation of the building strategy makes it easy to mutate
completed constructs. The introduction of a deletion into an already
assembled plasmid is illustrated in Fig. 4c. First, a deletion is made
in a small piece of DNA. This fragment (designated B-AC-D) is
cloned onto the shuttle; it must be homologous to the DNA on the
F plasmid (A-B-C-D-E) on both sides of the deletion, and the
regions of homology should be close in size (B = D). Both plasmids
are joined as in the standard building strategy. Cointegrates are
selected and stabilized in a rec™ cell. Cointegrates are analyzed by
restriction digests to identify the ones that have recombined on the
side where the homology is the smallest. Those cointegrates are then
transformed back into a rec* background, with selection for cam” at
42°C. The resulting transformants are restreaked for single colonies
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Fig. 3. Hybridization profile of the Ubx 125-kb build. A sample of plasmid
pMBO1235 DNA (this is pMBO132 + 125 kb of bithorax DNA, from
—113.5 to +11.5) was cut with Eco RI and separated by electrophoresis in
each of ten lanes on two 1% agarose gels. After blotting to a nylon filter, the
membrane was cut 111t0 strips, and each strip was separately hybridized to
one of ten different *P-labeled phages that contained DNA from the
chromosomal walk in the bithorax complex (9). The DNA segments carried
in each phage are shown at the top portion of the figure, relative to a

coordinate scale for the complex (in kilobases, as in Fig. 2). The positions of

Eco RI restriction sites are shown by vertical hatch marks below the
coordinate line; the sizes of the larger Eco RI fragments are shown. The bars
and arrows above the coordinate scale indicate sites of various mutant
lesions; the transcription map of the Ubx mRNA is shown below the phage
maps (transcription is from right to left). Above each lane of the autoradio-
graph is shown the number of the phage used as a probe for that lane. On the
left and right sides of the autoradiograph are shown the sizes of plasmid
fragments that show hybridization to phages 2292 and 2206, respectively.
LJ and RJ indicate the left and right junction fragments, respectively,
between the Drosophila sequences and the vector sequences. The three lanes
on the right were from a separate gel, and therefore the molecular weight
scale is different from the other lanes.
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at 42°C. At a frequency dependent on the size of the overlap, the
cointegrates will resolve via a second homologous recombination,
and the shuttle plasmid, unable to replicate, will be lost. Resolved F
plasmids can be identified by screening for cam’ tet® colonies (this
occurred at about 5% for an overlap of 3 kb). If recombination
occurs at the original site, it restores the parental wild-type plasmid.
If recombination occurs on the opposite side of the deletion, the
deletion is transferred to the F plasmid. The two modes of resolu-
tion happen at equal frequency if the flanking homologies are of
equal size. The resolved plasmids are tested by restriction enzyme
digests to determine whether the mutation has been acquired.

We have used this strategy to introduce a 5-kb deletion into the
large intron of the abdA transcription unit (Fig. 2). The strategy
should work equally well to introduce insertions, substitutions, or
point mutations. Plasmids that have acquired point mutations can
be identified by differential hybridization of an oligonucleotide
probe (12) or by denaturing gradient gels (13).

We have also used a similar strategy to substitute alternate
selectable markers. In this case, the rfF site is used as one of the
segments of homology flanking the “mutated” marker gene. Site-
specific recombination catalyzed by the F resolvase is used to
accomplish the second recombination event. We have used this
procedure to replace the neomycin resistance gene in many of our
contructs with either the Alcohol dehydrogenase (14) or the rosy (15)
genes. We have also modified a large plasmid to carry the yeast his3
and wura5 genes, a yeast ars, a centromere, and an inverted repeat of a

a
Reverse building

II. Resolve at 30°C
to allow recovery
of shuttle.

B/,/"“"\

4 -—
/Colnlegrale i cam” )
Al Site-specific

recombination,
A Resolvase

I. Select A
cointegrates / m:\,\ - __/ .
r3

III. Use pushout
plasmid to select
against F plasmids
and cointegrates.

(tet "and kan “at 30°C)
F plasmid / (mini-F origin)

mini F origin B
C

New shuttle
plasmid

tet"

I. Select for cointegrates

(cam’ and tet" at 42°C)

II. Allow cointegrate to resolve

(cam’ and tet’ at 42°C)

yeast telomere. We have transformed this plasmid into yeast and
have linearized the molecule to form a linear yeast mini-chromo-
some. The marker substitution strategy should facilitate the transfor-
mation of large plasmids into other organisms besides yeast and
Drosophila.

Discussion

The procedures described here can be used to construct large,
defined clones of DNA in E. coli. Despite their size, the large
plasmids are stably maintained and can be easily isolated in a form
suitable for reintroduction into many eukaryotic organisms. We
have used this building procedure to make numerous large clones of
DNA from the bithorax complex of Drosophila, carrying what
genetic and molecular analyses suggest are complete functional
units. We are beginning to use these constructs to examine the
regulation and function of the bithorax complex gene products. If
our model of the bithorax complex (3) is correct, it will be difficult
to dissect its regulatory regions with small pieces of DNA. Some
aspects of the regulation seem to require the correct arrangement of
very large DNA domains. It is for the study of such large domains
that the building strategy was designed.

Whereas we have applied the building technique to the bithorax
complex, this approach is applicable to any gene with a large
transcription unit or regulatory regions. The 125-kb plasmid inser-

Building from phage

I. Integrate phage in bacterial chromosome
sy A-B-C AR

prophage in chromosome

, \ R
3 \ II. Integrate shuttle plasmid (tetr at 42°C)

AL A-B-C »r

lacZ '
A-B-C / 2nd Recombination
% MR III. Screen for transfer of DNA

to shuttle plasmid

Fig. 4. Additional procedures for building. (a) Reverse building. In order to
transfer a large segment A-B-C from F plasmid to shuttle plasmid, the shuttle
plasmid is constructed with segment A, and the two plasmids are joined in a
cointegrate. The cointegrate is resolved at 30°C to allow replication from the
shuttle origin. The pushout plasmid, which is a mini-F factor, is used to
select against the F plasmids and cointegrates. Cointegrates are excluded
because of incompatibility of the two F origin plasmids, and so the resulting
colonies contain only a resolved shuttle plasmid carrying the cloned segment
of DNA A-B-C. (b) Building from phage. The X shuttle carries the lacZ gene
between fragments from the arms of a X vector. It is transformed into cells
containing a prophage carrying the DNA segment A-B-C. When the cells are
grown at 42°C in the presence of tetracycline, the survivors have the shuttle
plasmid integrated into the chromosome by homologous recombination
with the prophage. When the temperature is reduced to 30°C, the plasmid
begins replication and is excised from the chromosome by a second
homologous recombination event. Half of the time the recombination
occurs at the other arm from the initial event, resulting in loss from the
shuttle plasmid of lacZ, which is then replaced by the insert of the
recombinant phage. (¢) Crossing on mutations. The deletion is first
generated on a small DNA fragment (B-AC-D) cloned in the shuttle plasmid.
The length of the homology on both sides of the mutation should be
relatively equal (B = D). This shuttle is transformed into a cell containing an

F plasmid with a larger DNA segment A-B-C-D-E. Cointegrates are formed and resolved. In about half of the resolved molecules, the F plasmid should carry

the deletion.
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tion we have assembled spanning the Ubx gene would encompass
the B-globin cluster (4) or half of the smallest yeast chromosome (35).
A size of 136 kb is probably not near the upper limit of the F
plasmid, since much larger F factor derivatives have been identified
(up to 1.5 megabases) (16). This latter size would cover all but the
very largest known genes, as well as many of the yeast chromosomes.

Although our primary goal was to clone large and defined
fragments, the mechanics involved in building make it very versatile.
The shuttle vector constructs can be modified to allow introduction
of mutations in any region of a larger construct. The same fragments
used to build the entire gene can be subsequently used to make
fusions of large regulatory regions to reporter genes or to make
mini-genes carrying part but not all of the locus. These building
blocks can also be used to rearrange elements within the gene, by
moving regulatory regions normally found upstream to the middle
or the end of a large gene, or by reversing their orientation. This
versatility makes the effort of making the shuttle clones doubly
worthwhile.

A bacterial vector that can carry large DNA inserts could also be
used to make a genomic library. Given the size of known F factor
derivatives, DNA molecules of 150 to 200 kb and larger should be
stable in our vector. We have seen no instability with any of our
derivatives. Natural F’ plasmids are relatively stable in recA™ cells
even when they carry directly repeated insertion sequence (IS)
elements (17). A random clone library of large pieces of DNA, 50 to
100 kb, in the shuttle plasmid vector or the F plasmid vector, could
be rapidly screened by colony hybridization, and overlapping DNA
segments could be assembled in F plasmids by the procedures we
have outlined.

The building technique complements current technology such as
the YAC system (5). The YAC system is preferable to F plasmids for
isolating, in a single step, DNA segments of more than 100 kb, since
there is currently no efficient method for ligating together such large
circles and transforming them into bacteria. However, it is difficult
to isolate a large gene without much flanking DNA in the YAC
system. There are also differences in the ease of manipulation of the
DNA products. YAC clones are linear chromosomes in yeast,
whereas our strategy yields circular, supercoiled plasmids in E. coli.
Bacterial colonies are easier to screen than yeast colonies. Yeast
chromosomes are more difficult to prepare in bulk than bacterial
plasmids, and the chromosomes must be handled more carefully to
avoid shearing.

Our F plasmid vector is designed to allow reintroduction into the
Drosophila genome. DNA added to the F plasmid ends up inside a P
clement, which can then be used to obtain stable germ line
transformants carrying the DNA construct (18). We have shown
that the P element on the F plasmid transposes successfully into the
Drosophila germ line and confers G418 resistance (or ethanol
resistance, after the switch of selectable markers to Alcohol dehydro-
genase). Both a 35- and a 20-kb P element in the series in Fig. 2
(indicated by the asterisks) have already been successfully introduced
into flies (19). We do not yet know how size will affect the rate of P
element transposition. The largest P element introduced into flies
thus far was a 45-kb transposon carried on a cosmid (20). There
appears to be an inverse relation between transposon length and
transposition ability, but the transposition frequency seems also to
be influenced by the DNA sequences involved (18). Further ad-
vances in P element—mediated transformation are likely to occur as
the biology of P element transposition is worked out in greater
detail. Other methods of transformation may be necessary, however,
to deliver very large (>100 kb) pieces of DNA.

DNA delivery to organisms other than Drosophila can be adapted
to the biology of those organisms. The products of the building
strategy, supercoiled plasmid DNAs, are compatible with most
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means of DNA delivery. Transfection of cultured mammalian cells
requires no special vector. The marker switch strategy described
above allows addition of a marker, such as the thymidine kinase
gene, for work with mammalian cells or suppressor transfer RNA
genes for transformation of nematodes (21). Microinjection of large
supercoiled plasmids into nematodes or into mammalian eggs
should be possible without breakage by shearing. The building
technology should allow the testing of large DNA molecules for
function in a variety of eukaryotic systems.
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