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ABSTRACT A method is described that allows the se-
quence-specific ligation of DNA. The method is based on the
ability of RecA protein from Escherichia coli to selectively pair
oligonucleotides to their homologous sequences at the ends of
fragments of duplex DNA. These three-stranded complexes
were protected from the action of DNA polymerase. When
treated with DNA polymerase, unprotected duplex fragments
were converted to fragments with blunt ends, whereas pro-
tected fragments retained their cohesive ends. By using con-
ditions that greatly favored ligation of cohesive ends, a second
DNA fragment could be selectively ligated to a previously
protected fragment of DNA. When this second DNA was a
vector, selected fragments were preferentially cloned. The
method had sufficient power to be used for the isolation of
single-copy genes directly from yeast or human genomic DNA,
and potentially could allow the isolation of much longer
fragments with greater fidelity than obtainable by using PCR.

In 1991, we described RecA-assisted restriction endonuclease
(RARE) cleavage (1). The method was a general and efficient
way to target restriction enzyme cleavage to unique, prede-
termined sites. The method utilized the ability of RecA protein
to pair oligonucleotides to homologous sequences in duplex
DNA to form three-stranded complexes. These complexes
protected the selected sites from enzymatic methylation, and
after dissociation of the complexes, restriction enzyme cleav-
age was limited to the selected unmethylated sites. We later
improved the method to cleave fragments greater than a
megabase in size (2), and it has been used by numerous
investigators to map and manipulate large segments of DNA
(3–18). We have now developed a complementary method that
is functionally the reverse of RARE cleavage, in that the
method uses RecA protein and oligonucleotides to direct the
sequence-specific ligation of DNA. It represents the first
report of targeting of the action of DNA ligase. When one of
the DNA segments is a vector, it is possible to perform
sequence-specific cloning of a selected genomic DNA seg-
ment. When used in this manner, we refer to the technique as
RecA-assisted cloning (RAC).

Several methods are available to amplify genomic DNA and
to isolate selected fragments in a pure form. The most widely
used method is PCR. A major limitation of PCR is the small
size that may be reliably amplified, although improvements
have allowed amplification of up to 20–30 kb by using human
genomic DNA as the template (19–21). The other widely used
general method to isolate genomic fragments involves con-
structing and screening DNA libraries. Libraries based on l
phage or cosmid vectors have long been in use, and several
other vectors are now available for cloning large (.100 kb)
segments of DNA in the form of yeast artificial chromosomes,
bacterial artificial chromosomes, and P1 phage-derived artifi-

cial chromosomes. Such libraries, however, are tedious to
construct and screen.

Several groups have described strategies to use RecA pro-
tein from E. coli to screen libraries or enrich a selected DNA
fragment (22–27). These strategies utilized the ability of RecA
protein to pair single-stranded DNA of any sequence to
homologous target duplex DNA to create a three-stranded
complex (28), or to pair two complementary single-strands to
the target duplex DNA to create a four-stranded complex (25,
26). The use of a biotinylated single-strand and avidin or
streptavidin allowed the physical purification of the target
duplex. These strategies have never been applied to practical
problems in molecular biology. In this report, we describe a
general method by using RecA protein that allows one to clone
almost any selected fragment directly from human genomic
DNA.

MATERIALS AND METHODS

Preparation of DNA. l DNA was purchased from New
England Biolabs. Saccharomyces cerevisiae DNA used as the
source of the RAD51 gene was purified as described (29).
Human DNA used as the source of the int-2 gene was
purchased from Sigma (D 7011). The DNA had been isolated
from multiple placentas, and before use it was extracted twice
with phenolychloroform and then three times with chloroform
or diethyl ether alone, precipitated with ethanol in the pres-
ence of 0.3 M sodium acetate, and washed with 70% ethanol.
The DNA was digested to completion with EcoRI and BamHI,
and the extraction, precipitation, and washing steps were
repeated. Yields of this step were typically about 60%. Di-
gested DNA was loaded on a 0.8% SeaPlaque GTG agarose
gels (FMC) in TrisyacetateyEDTA buffer (30). Multiple wells,
each with an area of 9 3 7 mm, were loaded with 150–200 mg
of DNA per well. The gels were run until the 1.4-kb fragment
to be cloned had migrated 4–6 cm. The marker lane was then
removed, stained with ethidium bromide, and used as a guide
to excise 0.5 cm above and below the expected position of the
1.4-kb fragment. DNA was extracted from the excised gel by
using GELase (Epicentre) according to the manufacturer’s
directions; complete digestion was required for good yields.
The final yield of DNA from the excised region was typically
2–4% of the starting material. Comparable yields were ob-
tained with a silicagel extraction kit (Qiagen) or by electro-
elution (31). The size of the extracted DNA from the heavily
overloaded gels was checked on analytical gels. Depending on
the amount available, DNA was quantified by absorbance,
f luorescence (32), or spotting in an ethidium bromide solution
(30).

Oligonucleotides. Oligonucleotides .30 bases in length
were purified on acrylamide gels, and concentrations were
determined by assuming that a 33 mgyml solution has an

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

0027-8424y98y952152-6$0.00y0
PNAS is available online at http:yywww.pnas.org.

Abbreviations: RARE cleavage, RecA-assisted restriction endonucle-
ase cleavage; RAC, RecA-assisted cloning; KF, Klenow fragment of
E. coli DNA polymerase I.
*To whom reprint requests should be addressed. e-mail: lancef@

bdg10.niddk.nih.gov.

2152



absorbance at 260 nm of 1. For the experiment in Fig. 2, the
sequence of the L oligonucleotide was 59-gattatAGCTTT-
TCTAAT-TTAACCTTTGTCAGGTTTACCA-39, and the R
oligonucleotide was 59-gattatAG-CTTTGTGTGCCAC-
CCACTACGACCTGCATAA-39. The lowercase letters were
the sequences of nonhomologous tails, and the uppercase
letters were the sequences of the portions homologous to the
proximal (L) and distal (R) ends of the 2.3-kb l DNA
fragment. The short radioactive duplex ligated to the fragment
had the structure:

59-AGCTTACGATCGATGCCTTGACAT-39

39-ATGCTAGCTACGGAACTGTAGGAG-59

The HindIII cohesive end is at the left, and the bottom strand
was labeled with [g-32P]ATP by using polynucleotide kinase.
The kinase was inactivated at 65°C for 10 min, and unreacted
[g-32P]ATP was removed by gel filtration (Chroma
Spin1TE-10 columns, CLONTECH) before adding the top
strand.

The 1.4-kb human int-2 gene fragment was cloned by using
one oligonucleotide with a sequence identical to the genomic
sequence from position 2290–2347, and a second oligonucle-
otide complementary to position 3621–3677. EcoRI and
BamHI cleave 39 of residues 2304 and 3660, respectively (33,
34). The 1.2-kb yeast RAD51 gene fragment was cloned by
using oligonucleotides complementary to positions 1–48 and
1164–1204 (35).

Streptavidin beads were saturated with the following duplex
that contained an EcoRI cohesive end:

59-B-ATCCTCCTCCTTGTACCTCTGGTAG-39

39-AGGAGGAACATGGAGACCATCTTAA-59

The upper oligonucleotide was synthesized with a biotin (B)
group at the 59 end by using the LC Biotin-ON phosphora-
midite (CLONTECH).

Enzymes. RecA protein was prepared as described (1) by
using an overproducing strain provided by Barbara McGrath
of the Brookhaven National Laboratory (Upton, NY). RecA
protein purchased from Boehringer Mannheim gave equiva-
lent results. Unless otherwise stated, all other enzymes were
from New England Biolabs.

RAC Reaction Conditions. Except where indicated, condi-
tions and concentrations of the step using RecA protein to
protect against the action of the polymerase were identical in
all experiments. The components of the reaction are identical
to those used in RARE cleavage (2), with the exception that
the exonuclease-free Klenow fragment (KF) of E. coli DNA
polymerase I (36) and the four deoxynucleoside triphosphates
were used instead of a methylase and S-adenosylmethionine.
Volumes and ligation conditions were varied depending on the
goal of the experiment. In the experiment shown in Fig. 2, the
RecA protein protection reaction volume was 100 ml and
contained 25 mM Tris acetate, pH 7.85, 4 mM magnesium
acetate, 0.4 mM DTT, 0.5 mM spermidine, 1.1 mM ADP, 0.3
mM ATP-g-S (Fluka), 13 mg of RecA protein, 0.32 mg of
oligonucleotide (lane 2 had 0.16 mg each of two oligonucleo-
tides), 2.5 mg of a HindIII digest of l DNA, and 40 mg of BSA
(Sigma, A 7638). After 10 min at 37°C, 12.5 units of KF
(United States Biochemical, 70057) and 38 mM each of dATP,
dCTP, dGTP, and TTP were added and the reaction was
allowed to proceed for 30 min at 37°C. The RecA protein and
KF were then inactivated by extraction with phenoly
chloroform (1:1), followed by extraction three times with
diethyl ether, addition of sodium acetate to 0.3 M, and
precipitation with ethanol. The DNA pellets were washed with
70% ethanol, dried, and used in the subsequent ligation
reactions.

When cloning from human DNA, the reaction volume was
1.44 ml and contained 3.2 mg each of the two int-2 oligonu-
cleotides, 360 mg of RecA protein, 26 mg of size-fractionated
human DNA, 570 mg of BSA, and 450 units of KF. When
cloning from yeast DNA, the two RAD51 oligonucleotides
were used and the reaction was scaled down by a factor of 14.

Ligation Conditions. Several commercially available ligases
were tested for efficiency and specificity in the RAC proce-
dure. We confirmed the observation that E. coli DNA ligase
joins cohesive ends much more rapidly than blunt ends whereas
T4 DNA ligase has reduced specificity (37, 38). In the Fig. 2
labeling experiment, the short radioactive duplex was present
at a relatively high concentration so that E. coli ligase was able
to function efficiently. Fragments with blunt ends were non-
specifically labeled when T4 ligase was used. For the cloning
experiments such as in Fig. 3, only T4 ligase was commercially
available at the concentration necessary for an acceptable
ligation yield.

In the Fig. 2 experiment, the reaction (40 ml) contained 1.0
mg of the l DNA fragments, 0.8 mg of the short radioactive
duplex, 8 units of E. coli DNA ligase, and the buffer recom-
mended by New England Biolabs without BSA. After ligation
for 1 hr at room temperature, unligated radioactive duplex was
removed by gel filtration (Chroma Spin1TE-400 columns,
CLONTECH). Samples were heated to 65°C for 3 min and run
on an agarose gel. Yields were calculated by comparison with
the 2.3-kb band in lane 1 after a small correction for the
decrease in intensity (3%) of the band because of ligation to
other fragments. Quantitation of radioactivity in all experi-
ments was done on a BAS 2000 Fujix Bio-Imaging Analyzer.

Ligation of Vector to the Human int-2 Gene Fragment.
Human DNA treated as above was used in the ligation scheme
outlined in Fig. 4. Two milligrams of streptavidin beads
(Dynabeads M-280, Dynal) were used according to the man-
ufacturer’s directions. They were saturated with the short
biotinylated duplex described above. After binding, excess
duplex was removed by washing the beads with 1 M NaCl, 50
mM Tris chloride, pH 7.5, and then with T4 DNA ligase buffer
from New England Biolabs. Vector was prepared by treating
pBluescript SK(1) (Stratagene) with EcoRI, BamHI, and calf
intestinal phosphatase. The small polylinker fragment liber-
ated from the vector was removed by gel filtration with
Chroma Spin1TE-400 columns. The ligation reaction con-
tained the washed beads and 80 ml of T4 DNA ligase buffer
with 2.6 mg of the human DNA, 3.4 mg of vector, and 3,200
units of T4 DNA ligase. After 16 hr at 16°C, unligated DNA
and vector were removed by washing the beads. The lower
oligonucleotide of the biotinylated duplex (0.3 mg) was added
to replace any removed by washing. Immobilized fragment-
vector DNA was removed by treatment with 80 units of EcoRI
in 100 ml of its buffer. The solution containing the fragment-
vector DNA was removed from the beads and extracted and
precipitated in the presence of 20 mg of glycogen. To circu-
larize the fragment-vector molecules, the DNA was treated
with 1,600 units of T4 DNA ligase in 100 ml of its buffer for 16
hr at 16°C. The DNA was concentrated by ethanol precipita-
tion and used to transform 50 ml of XL1-Blue MRF9 bacteria
(Stratagene).

Generation and Analysis of Clones. Preparation of bacteria
and electroporation in 0.1-cm cuvettes a Gene Pulser appara-
tus (Bio-Rad) was done according the manufacturer’s direc-
tions. The efficiency of transformation was 8 3 108 colonies
per mg of intact plasmid DNA by using standard 0.2-cm
cuvettes. Cells were plated on Luria–Bertani (LB) agar con-
taining ampicillin, tetracycline (to maintain the bacterial ep-
isome), isopropyl b-D-thiogalactoside, and X-gal (30). In the
human DNA experiment described above, plasmid DNA was
obtained by scraping and washing the resulting 7,000 white and
900 blue colonies from the plates with LB. Plasmid DNA was
prepared by using a plasmid isolation kit (Qiagen) and ex-
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tracted with cetyltrimethylammonium bromide to remove
enzyme inhibitors (29). When this DNA was used as the
substrate for a second round of RAC, the reaction volume was
scaled down by a factor of 14, pBC SK(1) (Stratagene) was
used as the vector, and clones were selected on chloramphen-
icol plates. This eliminated any background from the previous
plasmid vector that contained an ampicillin resistance gene.

The plasmid DNA enriched for the int-2 gene was digested
with EcoRI and BamHI and analyzed by the Southern blot
shown in Fig. 3. The SS6 fragment containing 0.6 kb of the
selected int-2 fragment was used as the probe (33, 34). The
fraction of colonies containing selected fragments was calcu-
lated by determining the band intensity from such blots or
from other blots prepared with known quantities of colony and
pure probe DNA. In experiments where the fraction was high,
individual colonies were analyzed by lysing the bacteria on
membranes, spotting purified plasmids, or by blotting restric-
tion digests of purified plasmids after agarose gel electro-
phoresis. Sequencing was performed on an Applied Biosys-
tems model 373 sequencer with their PRISM DyeDeoxy

Terminator Cycle Sequencing kit and the M13 220 and
reverse primers.

RESULTS

Outline of the Method. The cloning strategy is outlined in
Fig. 1. The first step was to select a particular restriction
enzyme fragment of DNA to clone and to digest the DNA with
that enzyme. The enzyme had to be one of the many available
that produce 39 recessed ends. Alternatively, two such enzymes
could be used to clone a fragment created by a double digest.
Two oligonucleotides, generally 30–60 bases in length, were
synthesized such that each had complete homology to one of
the ends of the selected fragment. The oligonucleotides and
RecA protein were incubated with the duplex DNA and
complexes formed at the ends of the selected fragment. KF and
the four deoxynucleoside triphosphates were then added and
allowed to fill in all available sites, sparing the ends protected
by the oligonucleotide and RecA protein complexes. The
complexes were dissociated and the KF was inactivated. Plas-
mid vector with the appropriate cohesive ends and DNA ligase
were added, and the product was used to transform bacteria.
Because DNA fragments with complementary cohesive ends
were ligated to the vector much more readily than DNA
fragments with blunt ends, the resulting clones were highly
enriched for the selected fragment.

In principle, any polymerase or exonuclease that acted on
cohesive ends could have been used in this strategy. Exonu-
clease-free KF was used because it efficiently converted 39
recessed ends to blunt ends, could be added in excess without
degrading DNA, was blocked by RecA protein–oligonucle-
otide complexes, and was easily inactivated once the reaction
was complete.

Demonstration of Sequence-Specific Ligation. A simple
demonstration of the method is shown in Fig. 2. This figure
shows sequence-specific ligation of a short radioactive duplex
with a cohesive end to a selected fragment of l DNA. For
reasons described in the Materials and Methods, E. coli DNA
ligase was used in labeling experiments and T4 DNA ligase was
used in cloning experiments. l DNA was cleaved by the

FIG. 1. Schematic of the strategy used for sequence-specific clon-
ing of DNA. An explanation is given in the text.

FIG. 2. Sequence-specific labeling of a fragment of l DNA. (A) Schematic showing the position of the 2.3-kb l DNA HindIII fragment labeled.
The arrow points to the 2.3-kb fragment, and L and R show the positions of the two oligonucleotides used to direct sequence-specific ligation to
a short radioactive duplex with a HindIII cohesive end. (B) Agarose gel stained with ethidium bromide showing the HindIII fragments of l DNA
in lanes 1–5 and a ScaI digest in lane 6. The two shortest HindIII fragments have run off the bottom of the gel. (C) Autoradiogram of the dried
gel. Lane 1 shows l DNA where KF was omitted and every fragment was labeled. The band at 4.4 kb is less intense because of ligation to the 23.1-kb
band via the terminal l cos sites. Lane 2 shows labeling of both ends of the 2.3-kb fragment. Lanes 3, 4, and 5 show the effect of omitting either
one or both of the oligonucleotides. Lane 6 shows the results by using l DNA fragments with blunt ends.
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restriction enzyme HindIII into eight fragments, and we chose
to ligate the short radioactive duplex to the 2.3-kb fragment
shown in Fig. 2 A. The agarose gel stained with ethidium
bromide is shown in Fig. 2B, and the autoradiogram of the
dried gel is shown in Fig. 2C. All of the fragments were labeled
when the KF was omitted (Fig. 2C, lane 1). Efficient labeling
of only the 2.3-kb band occurred when a complete experiment
was performed (lane 2). In this lane, two oligonucleotides were
used to protect both the left and right ends of the fragment
with subsequent ligation of the short radioactive duplex to both
ends. When only the left oligonucleotide (lane 3) or the right
oligonucleotide (lane 4) was used to protect, each band was
about half the intensity of the band in lane 2. No specific
labeling was seen when no ends were protected (lane 5) or
when the restriction enzyme used to fragment the starting
DNA produced blunt ends (lane 6).

Efficiency, Specificity, and Oligonucleotide Parameters. In
the experiment shown in Fig. 2, the protection efficiency at
each end of the 2.3-kb fragment was 90%. Nonspecific pro-
tection of other ends was detectable but less than 0.5%, and
labeling of the DNA with blunt ends in lane 6 was not detected.
Only 29 bases of sequence information at each end of the
duplex were used in designing the oligonucleotides (33 bases
if the 4-base, single-stranded tail produced by HindIII is
counted). A series of nine oligonucleotides was synthesized to
investigate the parameters that determine protection effi-
ciency. Efficiency was the same when 41 bases of homology was
used, but dropped to 76% with 19 bases, and to less than 1%
with 10 bases. The oligonucleotides could have the same
sequence as either strand at the end of the duplex without
changing the efficiency. Addition of a tail that extended the
oligonucleotide past the end of the fragment did not change
the efficiency. These results were slightly more favorable than
protection efficiencies with RARE cleavage (1) and probably
reflected the increased stability of complexes formed at the
end of duplexes (39) rather than in the middle as in RARE
cleavage.

Cloning of a Single-Copy Human Gene. To demonstrate
RAC with genomic DNA, we chose to clone a 1.4-kb EcoRI-
BamHI fragment of the human int-2 protooncogene. This gene
has been mapped and sequenced, and one EcoRI site lies just
upstream of exon 2, and in about half of the alleles, a BamHI
site lies 1.4 kb downstream of the EcoRI site (33, 34). In the
other half of the alleles, this BamHI site is not present, and the
next BamHI site is 6.9 kb downstream of the EcoRI site. Fig.
3 shows the results of a cloning experiment. A gel stained with
ethidium bromide (Fig. 3A) shows the starting genomic DNA
after digestion with EcoRI and BamHI (lane 2), the similarly
digested DNA from a pool of 7,000 colonies obtained by RAC
using size-fractionated DNA as the starting material (lane 3),
and the same cloned DNA without digestion (lane 4). In lane
3, only vector DNA is visible, although a faint smear of insert
DNA centered around 1.4 kb was seen on another gel with
twice as much DNA.

Yield and Analysis of the Cloned Products. Quantification
of the Southern DNA blot (Fig. 3B) revealed that the amount
of the human int-2 fragment was 20 times greater in the cloned
DNA lanes even though the genomic DNA lane contained 80
times more DNA than the cloned DNA lanes. Thus, a 1,600-
fold enrichment of the fragment was obtained. Lane 2 also
shows the genomic DNA 6.9-kb allele that was almost as
intense as the 1.4-kb allele (44% versus 56% of the total int-2
signal, respectively). The other faint bands were not consis-
tently seen and probably arose from binding of the int-2 probe
to cross-hybridizing sequences. Overall, the result demon-
strated cloning of a fragment present at only about one copy
per diploid human genome. As with any amplification tech-
nique, contamination with a previously amplified fragment
may lead to a misleading estimation of the amount of enrich-
ment. Before the first successful RAC trial, the int-2 and yeast

RAD51 fragment described later had never been in the lab in
either a cloned or amplified form.

Multiple cloning trials were carried out on yeast and human
DNA. With human DNA, the typical enrichment was 1,000- to
2,000-fold, and one int-2 clone was present for every 2,000–
4,000 colonies. At least one int-2 clone was obtained for every
70 mg of starting genomic DNA. When the pooled DNA after
one round of RAC (Fig. 3, lanes 3 and 4) was run through the
procedure a second time, 24% of the colonies contained the
int-2 fragment. This demonstrated an additional 500-fold
enrichment and showed that incorrect clones arose mainly
through a stochastic process, and not through a biased selec-
tion based on partial homology to the int-2 sequence. We also
chose to clone a 1.2-kb EcoRI-BamHI yeast genomic DNA
fragment containing the proximal portion of the RAD51 gene
(35). Three percent of the clones contained the RAD51
fragment, and one RAD51 clone was obtained for each 3 mg of
starting genomic DNA.

Plasmids from 10 int-2 clones and 10 rad51 gene clones were
analyzed by restriction enzyme mapping. No rearrangements
were detected. Single-pass sequencing of the two vector-insert
junctions and about 400 bases of insert DNA of each clone
revealed no deviations from the published sequences. Al-
though not proven, it is likely that the error rate of the method
is closer to the in vivo error rate in E. coli of 10210 muta-
tionsybp per chromosome duplication (40, 41) rather than the
best-reported PCR error rate of about 1025–1026 (19, 42).

Ancillary Steps: Fractionating Input DNA and Removing
Unligated Vector. When cloning fragments directly from
genomic DNA, the application of RAC was aided by two steps

FIG. 3. Sequence-specific cloning of a portion of the human int-2
gene. (A) Agarose gel stained with ethidium bromide. Lane 1 shows
l BstEII size standards. Lane 2 shows 20 mg of human genomic DNA
that had been digested with EcoRI and BamHI. Lanes 3 and 4 show
0.25 mg of pooled plasmid DNA prepared by using the RAC proce-
dure. The DNA in lane 3 has been digested with EcoRI and BamHI.
(B) Southern blot of the gel in A. A 0.6-kb portion of the int-2 gene
was used as the probe. Arrows show the positions of both of the alleles
of the int-2 fragment. The amount of radioactivity in each band was
quantitated by using a BAS 2000 Fujix Bio-Imaging Analyzer. Spe-
cifically, using the software of the instrument, each band was centered
in a rectangle and the total amount of signal within the rectangle was
determined. A rectangle was also placed just above each band to
measure the background signal. All rectangles were the same size and
shape. In lane 2, the lower allele band gave a reading of 1,420 with a
background of 721. In lane 4, the two bands from the plasmid had a
combined reading of 15,711 with a background of 1,076. After
subtracting the background signal, the ratio of the plasmid signal in
lane 4 to the lower allele signal in lane 2 was 20. Because 80 times more
DNA was loaded in lane 2 than in lane 4, the total enrichment was
1,600.
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not shown in Fig. 1. First, the digested genomic DNA used was
coarsely size-fractionated on a short agarose gel and the DNA
from the relevant region was used in the RecA proteinyKF
reaction. This was done for three reasons: a modest (about
10-fold) enrichment was obtained, reagent requirements were
thus reduced 10-fold, and small fragments that would prefer-
entially be represented in the final clones were eliminated (30).
The second additional step was constructing a ‘‘sandwich’’ as
shown in Fig. 4 to reduce the number of background colonies
containing only vector DNA. Magnetic streptavidin beads
were coated with a short biotinylated duplex that terminated
with an EcoRI-cohesive end that lacked a 59 phosphate. The
beads were included when ligating genomic DNA to a vector
that had been treated with EcoRI, BamHI, and phosphatase.
The selected fragment was able to be immobilized by ligation
to the short biotinylated duplex. The BamHI site on the other
side of the fragment was available to ligate to the vector.
Unligated vector and DNA with blunt ends were removed by
washing the beads, and the immobilized DNA was released by
treatment with EcoRI. The linear fragment-vector molecules
were then circularized by performing a second ligation reac-
tion that joined the EcoRI sites present on both ends of the
fragment-vector molecules.

The streptavidin bead step was necessary because when
plasmid or l DNA vectors were simply ligated to DNA from
the RecA proteinyKF reaction, the overwhelming majority of
clones contained no insert. Efforts were made to reduce this
background problem by lowering the concentration of the
vector, but this also lowered the efficiency of the cloning
procedure. Given the low amount of the selected fragment in
genomic DNA, a large concentration of the vector aided in
driving the intermolecular ligation of the vector to the frag-
ment. Removal of unligated vector from fragment-vector
molecules on a short agarose gel did not reduce the back-
ground to an acceptable level, but this convenient procedure
would likely be effective when cloning larger fragments.

DISCUSSION

As now developed, RAC has sufficient specificity to allow
cloning directly from genomic DNA and is an alternative to
constructing or screening genomic DNA libraries. In essence,
RecA protein biochemically carries out the steps now done by
manually constructing and screening libraries. Although the
specificity and fidelity of the technique are excellent, the major
drawback of the current technique, especially in comparison to
PCR, is the large amount of genomic DNA required. Model
experiments analyzing each step of the method indicated that
the intermolecular ligation of the selected fragment to the
vector was the least efficient step. The literature of commer-
cially available ligases was reviewed, and promising conditions
were tested (such as in refs. 36 and 37). Only the straightfor-
ward strategies of increasing reagent concentrations and liga-
tion times were found to be helpful. If the quantity of DNA is
limiting, there are now methods capable of producing compe-
tent bacteria that transform more than an order of magnitude
more efficiently than those used in this study (43–45).

Many modifications of the method can be imagined. The
RecA protein and KF reactions were found to work well on
DNA embedded in agarose; this will be useful when cloning

large molecules that would tend to shear in solution. Frag-
ments several hundred kilobases in length should be able to be
cloned in currently available yeast artificial chromosome,
bacterial artificial chromosome, and P1 phage-derived artifi-
cial chromosome vectors. For applications where increased
specificity is desired, RAC can be used after RARE cleavage,
or with type II restriction enzymes that create varied and
asymmetric staggered ends unrelated to their recognition sites
(46). Increases in specificity would be useful for labeling
specific genomic DNA fragments in a manner similar to Fig.
2 and may be an alternative to detection methods such as
Southern DNA blotting. RAC should also work well on cDNA.

Although the method is not intended for routine cloning of
short segments of DNA, it holds promise for the cloning of
long or highly repetitive fragments of DNA, especially if
absolute fidelity is required. An especially timely application of
the method is to close gaps in DNA contigs, because closing
such gaps by using conventional methods is now the rate-
limiting step when sequencing large genomes (47). Another
useful application, currently being pursued in this laboratory,
is to apply RARE cleavage and RAC to rapidly map and clone
large, rearranged regions from multiple individual tumor
specimens. In addition, RAC represents an expansion of the
repertoire of reactions that can be driven by RecA protein and,
coupled with the recent discovery of homologous DNA pairing
promoted by a 20-aa peptide derived from RecA protein (48),
suggests the possibility of directing DNA rearrangements
inside cells.
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