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I. Introduction 

Homologous recombination is the natural means of targeting a gene for 
replacement by a homologue. By definition, the recombination process is spe­
cific, being limited to homologous target sites that exceed a species-imposed 
minimum length of DNA sequence similarity. Most naturally occurring recom­
bination events take place at the homologous locus, and in vivo it is usually 
efficient. In organisms such as Escherichia coli and Saccharomyces cerevisiae, 
foreign DNA introduced into cells by the artificial means of transformation is 
also integrated homologously. Thus, though seemingly ideal, the use of homolo­
gous recombination to target experimental genes in mammalian organisms has 
met with only partial success. Attempts to homologously target genes in mam­
malian cells have revealed that the majority of integration events occurs at non­
homologous sites.1-3 To overcome these limitations, researchers in the field of 
gene therapy, for instance, have turned to relatively higher efficiency, but non­
homologous, integration systems employing retroviral or adeno-associated viral 
vectors to stably introduce DNA into the genome. However, these systems suffer 
from their own problems. The foremost is that, since non-homologous retroviral 
recombination is approximately random, the sites of integration cannot be con­
trolled, possibly resulting in the accidental knockout of important functional 
cellular genes and unpredictable control of target gene expression. Because 
adeno-associated virns or retroviral vectors cannot be targeted to the homologous 
locus, gene therapies based on these viral systems cannot correct dominant 
mutations, and their integration may result in activation of endogenous genes. 
Retroviral vectors are also limited to use only in replicating cells and they have 
a tendency to recombine. Finally, target cell specificity is often low in organs 
receiving the adeno-associated viruses, and retroviruses are innnunogenic. Thus, 
homologous recombination systems possess a number of conceptual advantages. 

Unfortunately, the utility of homologous recombination is limited because 
of its low efficiency, relative to non-homologous recombination, when mam­
malian cells are transfected with foreign DNA. The reasons for this limitation 
is not clear and may result from a combination (1) of the complexity of the 
recombination reaction, (2) of competing processes that attempt to repair (non­
homologously) DNA strand breaks, and (3) of potential constraints imposed by 
nucleosome structure and/or chromatin condensation. It appears that many of 
the important variables that affect efficient gene targeting are just being de­
scribed. Rather than discuss potential barriers to efficient homologous recom­
bination in mannnalian cells, this article will focus on the biochemistry of the 
recombination apparatus. Low efficiency DNA transfer and targeting can result 
from a rate-limiting impediment in any one of a number of key steps in the 
recombination process. Through an appreciation of the entire process, rational 
procedures can be designed to overcome the inhibitory process(es) encoun­
tered in mammalian cells. Therefore, this article will provide an overview of 
the salient features of homologous recombination in E. coli, the system which 
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is the most biochemically refined. The nature of the enzymatic activities and 
the substrates that they act upon will be summarized; in addition, the current 
and future potential application of these enzymes will be highlighted. We hope 
that appreciation of the enzymology of this process in a relatively simple 
organism and in vitro will guide the design of experiments in more complex 
and experimentally less tractable systems. For a comprehensive review of these 
subjects, readers are referred to References l through 17. 

11. Biochemical activities of key components in 
homologous recombination 

The complexity of homologous recombination in E. coli is revealed in Table 
l, where the proteins that play a role in recombination are summarized.10 Over 
25 proteins are needed, and their enzymatic activities include DNA strand 
exchange, DNA renaturation, DNA helicase, nuclease, A TPase, topoisomerase, 
and DNA-binding activities. Most of these activities are also commonly en­
countered in other biological processes, but one activity listed in Table 1 is 
unique to recombination: the DNA strand exchange activity of the recA pro­
tein. This activity was anticipated by nearly all models of recombination, but 
it was surprising that the ability to homologously pair and exchange DNA 
sequences would reside in a single, relatively small (Mr 38 k:Da) polypeptide. 

To put the activities of this diverse set of enzymes into context requires 
appreciation of one key property of recA protein-promoted DNA strand ex­
change.4-17 RecA protein will pair two homologous DNA molecules only if one 
of them is at least partially single-stranded. Since DNA is normally double­
stranded, this requirement imposes a necessary initiation step in any recA 
protein-promoted process: one of the DNA substrates must be processed to 
reveal ssDNA. This consideration is reflected in Figure 1, which illustrates the 
plausible function in the recombination mechanism for each of the proteins 
listed in Table 1. In nearly all models of homologous recombination, the initial 
event is the generation of a ssDNA or dsDNA break; in E. coli, a dsDNA break 
is created in all of the processes (conjugation, transduction, and transforma­
tion) that result in recombination.18•19 The first step envisioned in Figure 1 is 
the processing of one of the linear DNA molecules to create ssDNA. This can 
occur by a variety of biochemical means, but the primary method operative in 
wild-type E. coli is the combined unwinding and degradation of dsDNA by the 
recBCD enzyme.10•19•20 This enzyme, in conjunction with the recombination 
hotspot x, acts to create ssDNA that can be used by recA protein for the 
subsequent homologous pairing phase. An alternative approach for the produc­
tion of ssDNA uses either a strand-specific dsDNA exonuclease or a DNA 
helicase, or the action of both. 

The recA protein, assisted by the ssDNA-binding (SSB) protein (and, 
perhaps, facilitated by the reeF, recO, and recR proteins), promotes invasion of 
the homologous target. The recA protein is remarkably catholic about the types 
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Table 1. Proteins and DNA sites involved in genetic recombination in Escherichia coli 10 

Protein 

RecA 

RecBCD (exonuclease V) 

RecBC 
RecE (sheA*) (exonuclease Vlll) 
ReeF 
RecG 

RecJ 
RecN 
RecO 
RecQ 
RecR 
RecT 
RuvA 

RuvB 

RuvC 
SbcB (exonuclease I) (xonA) 

SbcC 
SheD 
SSB 
DNA topoisomerase I (topA) 
DNA gyrase (gyrA & gyrB) 
DNA ligase (Zig) 

DNA polymerase I (polA) 

Helicase ll 
(uvrD, uvrE, reeL, mutU) 

Helicase IV (helD) 

Chi (X) 

Activity 

DNA strand exchange; DNA renaturation; DNA­
dependent ATPase; DNA- and ATP-dependent 
coprotease 

DNA helicase; A TP-dependent ssDNA and dsDNA 
exonuclease; ATP-stimulated endonuclease; X­
hotspot recognition 

DNA helicase 
dsDNA exonuclease, 5' ~3' specific 
ssDNA and dsDNA binding; ATP binding 
Branch migration of Holliday junctions; 

DNA helicase 
ssDNA exonuclease, 5' ~3' specific 
Unknown, A TP binding consensus sequence 
Interaction with recR and (possibly) reeF proteins 
DNA helicase 
Interaction with recO and (possibly) reeF proteins 
DNA renaturation 
Holliday-, crucifonn-, and4-way junction binding; 
interaction with ruvB protein 

Branch migration of Holliday junctions; DNA 
helicase; interaction with ruvA protein 

Holliday junction cleavage; 4-way junction binding 
ssDNA exonuclease, 3' ~5' specific; 

deoxyribophosphodiesterase 
Unknown, ATP binding consensus sequence 
Unknown 
ssDNA binding 
ro protein, type I topoisomerase 
DNA gyrase, type II topoisomerase 
DNA ligase 
DNA polymerase; 5' ~3' exonuclease; 3' ~5' 

exonuclease 

DNA helicase 
DNA helicase 
Recombination hotspot: 5'-GCTGGTGG-3'; 

regulator of recBCD enzyme nuclease activity 

From Kowalczykowski, S.C., Dixon, D.A., Eggleston, A.K., Lauder, S.D., and Rehrauer, 
W.M., Microbiol. Rev., 58, 3, 1994 (in press). With pennission. 

* sbcA mutations are regulatory mutations that activate RecE function. 
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Figure 1. Biochemical model for homologous recombination in E. coli based on the 
enzymatic activities of proteins known to be involved based on genetic analysis. (From 
Kowalczykowski, S.C., Dixon, D.A., Eggleston, A.K., Lauder, S.D., and Rehrauer, 
W.M., MicrobioL Rev., 58, 3, 1994 (in press). With permission.) 

of DNA molecules that it will pair, provided that one of them is at least partially 
single-stranded. For the reaction illustrated in 1, which is the invasion 
of a negatively supercoiled DNA recipient by a linear ssDNA fragment, there 
is a distinct bias for promoting insertion of the 3'-end of the ssDNA. 21 This 3'­
end can serve as a primer for any needed repair by replication. 

The resulting joint molecule serves as the common intermediate in each of 
the biochemical pathways. Conversion of this structure to the obligatory Holliday 
junction, which is common to all mechanisms of reciprocal recombination, 
could occur by simple pairing of the displaced ssDNA with the other strand of 
the invading DNA molecule. The Holliday junction is capable of undergoing 
DNA heteroduplex extension either by a thermally driven branch migration 
process or by a protein promoted process. Although the thermal process 
seemingly might suffice for extension through regions of DNA sequence 
homology, thermally driven extension would terminate at DNA sequence 
heterologies or by the presence of DNA-binding proteins. Thus, it is not 
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surprising to find a class of proteins that can catalyze this extension process. 
RecA, ruvAB, and recG proteins all possess this novel activity. 10•12•22 

Finally, resolution of the Holliday junction by symmetric cleavage results 
in two types of recombinant products: the spliced recombinants, containing the 
reciprocal halves of the parental molecules, and the patched recombinants, 
containing nearly intact parental information, but possessing the DNA hetero­
duplex patch characteristic of a recombination event.22 

Each of the activities mentioned will be described in more detail. However, only 
the most important properties of each are described The reader seeking more in­
depth discussion should consult the many fine reviews written on this subject. 

A. RecA protein and homologous pairing proteins 

The DNA strand exchange activity of E. coli recA protein is biochemically 
unique, yet ubiquitous in nature.4•5•7•9-11•13-17 All prokaryotes examined possess a 
gene that bears a high degree of homology to the E. coli gene, and this univer­
sality appears to extend to eukaryotes as wel1. 11•1523•24 RecA protein homologues 
have been purified from sources as divergent as the closely related organism 
Proteus mirabilis, the gram positive Bacillus subtilis, the bacteriophage T4, and 
the chloroplasts of pea plants.5•11 Each of these proteins possess the unvarying 
hallmarks of recA protein-promoted DNA strand exchange: ATP- and ssDNA­
dependence. Although ATP-independent homologous pairing proteins have been 
isolated, these proteins do not pair DNA by the same mechanism employed by 
recA protein; instead, they require ssDNA in both of the DNA molecules and rely 
on DNA reannealing as the homology recognition step.11 

The DNA strand exchange reaction promoted by recA protein is comprised 
of at least three major phases: presynapsis, synapsis, and DNA heteroduplex 
extension (Figure 2); each of these major phases can be further dissected into 
more basic biochemical steps. 

The presynaptic step involves the binding and polymerization ofrecAprotein 
onto the requisite ssDNA. The ssDNA is fully coated by recA protein, requiring 
about one recA protein monomer for every three to four nucleotides of ssDNA.25 

RecA protein can also bind to dsDNA, but with rather slow kinetics;26-28 the rate 
of binding to dsDNA is increased either when ssDNA regions are present29•30 or 
when distortions are introduced in the form of either DNA lesions, intercalating 
dyes, or non-B-DNA character.31-35 ATP binding, but not hydrolysis, is required 
for this and the resultant ternary complex of A TP, recA protein, and 
ssDNA (or dsDNA) forms a distinctive right-handed helical filament.16 This 
nucleoprotein filament is about 100 A in diameter, has a characteristic 95 A pitch, 
and extends the DNA by about 50% over the normal dimension of B-form 
dsDNA. This distinctive ternary complex defines the structure referred to as the 
presynaptic complex. It is this nucleoprotein filament, rather than a monomer or 
any other limited aggregate of recA protein, that is the functional entity respon­
sible for the homology search process. 
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Figure 2. Mechanism of homologous pairing and DNA strand exchange promoted by 
recA protein. The reaction between circular ssDNA and linear dsDNA is depicted. 
(From Kowalczykowski, S.C., Annu. Rev. Biophys. Biophys. Chern., 20, 539, 1991. 
With permission.) 

Once formed, the presynaptic complex is capable of identifying DNA se­
quence homology in dsDNA. This process is rapid, occurring in vitro in just a 
few minutes; specific, needing less than 50 nucleotide ofhomology;38-40 discrimi­
nating, rejecting as great as a 200,000-fold excess of non-homologous se­
quences;41 and completely independent of ATP hydrolysis.25·42-47 All of this is 
made even more remarkable by the fact that the presynaptic filament is 50% more 
extended than the duplex target homologous sequences.16 Although many details 
of the homology search remain unclear, several of the reaction characteristics are 
known. The search process is first order rather than second order in DNA 
concentration, implying that the rate-limiting step in the pairing process occurs 
within non-homologously paired complexes of ssDNA and dsDNA.48 Homolo­
gous recognition does not occur by repeated denaturation of the dsDNA,49-51 but 
rather, through transient non-Watson-Crick hydrogen bonding interactions be­
tween ssDNA and dsDNA, leading to a 3' -strand-containing structure, 52-54 at least 
transiently.44 During the homology search, the dsDNA is topologically unwound, 
presumably due to distortion required to transiently align the dsDNA with the 
extended dimensions of the presynaptic fl.lament.55-59 

Once homologous alignment is achieved, invasion of the dsDNA by the 
ssDN A and exchange of DNA strands results in formation of a joint molecule or 
D-loop (displacement loop) structure. Depending on where pairing initiates, two 
kinds of joint molecules can be detected. If pairing occurs at the ends of a linear 
molecule, the exchanged DNA strands are free to intertwine, resulting in the 
formation of a plectonemic joint molecule; if pairing occurs at internal sites 
where topological constraints limit intertwining, then a paranemic joint molecule 
forms. Though paranemic joint molecules formed with a single-stranded DNA 
are unstable in the absence of recA protein, they can convert to plectonemic joint 
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by extending the region of pairing to a free DNA end43•60 or by the more likely 
in vivo pathway, probably involving a topoisomerase.56•61.62 As will be discussed 
in more detail below, protein-free D-loop structures formed at internal dsDNA 
sites are kinetically unstable in the absence of negative supercoiling due to 
branch migration; however, the stability of these joint molecules can be in­
creased substantially by hybridization of complementary ssDNA to the dis­
placed strand of the D-loop.63,64 

The joint molecule is a structure central to the recombination process. The 
stability of this structure is due to conventional base-pairing. DNA heterodu­
plex extension, the third phase of this recA protein-promoted process, increases 
its stability. RecA protein, itself, is capable of promoting DNA heteroduplex 
extension at a rate of about lO to 20 bp/sec.Z5 This process requires ATP 
hydrolysis and is unidirectional, occurring 3' -t5' relative to the ssDNA strand 
displaced. It can proceed for at least 7 kb and can traverse heterologies in the 
DNA as large as 1308 nucleotides.65 

These fundamental properties of DNA strand exchange promoted by recA 
protein were determined using model DNA substrates (6 to 7 kb) in vitro that 
were totally devoid of protein. However, genomic DNA is clearly coated with 
polyamines and proteins, among them histones and chromatin-associated pro­
teins in eukaryotic cells and histone-like proteins (e.g., HU) in prokaryotic 
cells. Not surprisingly, these proteins inhibit the pairing reactions of recA 
protein. 66•68 The binding of E. coli HU protein to dsDNA blocks formation of 
plectonemic, but not paranemic, joint molecules. Similarly, in a heterologous 
in vitro reaction, eukaryotic chromatin substrates formed by reconstitution of 
histones with dsDNA were not efficiently utilized by E. coli recA protein. 
Reconstitution at histone/DNA mass ratios of 0.8 and 1.6 suppressed the DNA 
heteroduplex extension phase, but had no effect on the initial homologous 
pairing step; however, at a higher mass ratio of 9.0, no pairing was detected. 
These effects were exacerbated by addition of histone H 1 to approximately 
physiological levels. Thus, the removal of histones and other DNA-binding 
proteins may represent an important aspect of efficient homologous recombi­
nation in the cell. Such clearing may be aided by DNA helicases (see below). 

The only other homologous pairing protein described in E. coli is the recT 
protein, a protein encoded by a cryptic lambdoid phage, rae, and, for that 
reason, bearing functional resemblance to the ~-pairing protein from bacteri­
ophage A..69 The recT protein binds to ssDNA (but not to dsDNA) and promotes 
the ATP-independent renaturation of complementary single-stranded DNA.70 

The recT protein can also promote homologous pairing between circular 
ssDNA and linear dsDNA, provided that the linear dsDNA is resected by an 
exonuclease to expose homologous ssDNA.71 In the absence of nuclease activ­
ity, no pairing is detected; the recE protein (see below) of E. coli can provide 
this needed nuclease function in vitro. This recT protein-promoted pairing 
reaction also requires no ATP and at least one recT monomer per 13 nucleo­
tides of ssDNAY The pairing reaction likely initiates via reannealing of the 
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homologous ssDN A regions, consistent with the known renaturation activity of 
recT protein; however, heteroduplex formation is not limited to the region of 
resected DNA, since ssDNA is displaced from duplex region of the linear 
dsDNA. This strand displacement or DNA heteroduplex extension is recT 
protein specific,71 since a protein proficient in DNA renaturation (histone Hl 
protein) can promote the initial pairing (reannealing) step, but cannot produce 
DNAheteroduplex products possessing displaced ssDNA.71•72 These properties 
of recT protein resemble those of the A TP-independent class of homologous 
pairing proteins isolated from many eukaryotic cells, 11 suggesting that ssDNA 
annealing may be an important pathway for recombination in eukaryotic cells.3 

B. RecBCD enzyme and DNA helicases 

DNA helicases figure prominently in homologous recombination (Table 1). 
These enzymes can act at two different steps of the recombination process: 
early in initiation or later in DNA heteroduplex extension. 

For the major pathway of recombination in E. coli, recBCD enzyme plays 
a major role as the initiator of DNA strand exchange. The recBCD enzyme is 
a multi-functional heterotrimeric enzyme encoded by the recB, recC, and reeD 
genes.10•73•74 It possesses both DNA helicase and nuclease activities and, hence, 
is unusual among helicases. The nuclease activity is, however, down-regulated 
by the recombination hotspot X (see below), resulting in a modified enzyme 
with enhanced recombination activity that may consist of only the recB and 
recC subunits, which is primarily a helicase.75-77 

By means of its helicase activity, the recBCD enzyme is capable of rapidly 
and processively producing large amounts of ssDNA. Duplex DNA with flush 
or nearly flush (ssDNA overhangs of less than about 25 nucleotides) dsDNA 
ends is unwound at about a rate of 1000 bp of dsDNA per second per recBCD 
enzyme molecule at 3TC.78•79 Unwinding is highly processive, with an average 
of about 30 kb unwound before dissociation of the recBCD enzyme.80•81 

In addition to helicase activity, the recBCD enzyme has a variety of 
nucleolytic capabilities; these include A TP-dependent dsDNA exonuclease, 
ATP-dependent ssDNA exonuclease, and ATP-stimulated ssDNA endonucle­
ase activities. Both its helicase and nuclease activities are accommodated by a 
mechanism for enzyme action that involves degradation of ssDNA produced 
during DNA unwinding (Figure 3).80•82-85 Degradation during DNA unwinding 
is highly asymmetric, with the DNA strand 3' at the entry site being degraded 
much more extensively than the strand 5' at the entry site.76 

Just as for the recA protein, non-specific DNA-binding proteins impede the 
action of recBCD enzyme, but in contrast to recA protein, recBCD enzyme can 
displace these proteins.86 RecBCD enzyme can displace eukaryotic histones 
from both reconstituted and native chromatin templates, although these nucleo­
somal substrates reduce the processivity of unwinding by more than 20-fold 
and the rate of unwinding by about 3-fold.86 This in vitro finding argues that 
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Figure 3. Model for the mechanism of DNA 

unwinding and degradation of linear dsDNA by 
recBCD enzyme. (From Kowalczykowski, S.C., 

Experientia, 50, 204, 1994. With permission.) 

the enzyme should be capable of unwinding prokaryotic chromosomal DNA, 
which is condensed by histone-like proteins such as HU and IHF to form a 
"nucleoid" structure in E. coli and raises the possibility that specific helicases 
in eukaryotic cells may serve a similar function. 

In addition to recBCD enzyme, there is at least one other DNA helicase that 
potentially functions at the initiation step of recombination. This is the recQ 
helicase, and its need in recombination is manifested in cells defective for 
recBCD function and containing needed suppressor mutations.87 As for all 
helicases, hydrolysis of either ATP or dATP is required for dsDNA unwinding 
by recQ protein. 88 In the absence of SSB protein, the recQ protein is a relatively 
poor helicase, unwinding only about 143 base pairs and requiring high concen­
trations of protein. However, SSB protein stimulates its DNA helicase activity, 
presumably by binding to the unwound strands. Under these conditions, up to 
343 base pairs are unwound and unwinding approaches catalytic behavior.89 

Presumably this limited level of DNA unwinding suffices for initiation of DNA 
strand exchange by recA protein; alternatively, the recQ protein, in concert 
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with a nuclease such as the recJ protein (Figure 1 and see below), can produce 
longer regions of ssDNA. 

In addition to their essential role in initiation of recombination, helicases 
can also act at the DNA heteroduplex extension step.12·22 Extension of the 
region of DNA heteroduplex can stabilize joint molecules by preventing 
their loss through random branch migration in the reverse direction. Al­
though the recA protein is capable of promoting such a uni-directional 
reaction, two additional DNA helicases (ruvAB and recG proteins) exist 
that are both important to recombination and possess the unique attribute 
of acting on DNA crossover structures (Holliday junctions).22 The ruvAB 
protein complex can unwind up to 558 base pairs with an apparent 5' ~3' 
polarity,90 but more importantly, it can act on Holliday junctions that form 
as intermediates in recA protein-promoted DNA strand exchange reac­
tions.91·95 In contrast to the recA protein-mediated reaction, DNA heterodu­
plex extension by ruvAB protein is bi-directional91 and requires as little as 
one each of the ruvB dimer and ruvA tetramer complex per 500-1200 
nucleotides of DNA.94 

A second DNA helicase, with activity similar to that of ruvAB protein, is 
the recG protein. 96 The recG protein binds as a monomer to Holliday structures 
and disrupts the structure in an A TP-dependent manner by virtue of its branch 
migration activity.96·98 The recG protein is both more active on a molar basis 
(ca. 103-fold) and faster (ca. 10-fold) than the ruvAB protein in the branch 
migration reaction.97 Unlike ruv AB protein, however, the recG protein appears 
to be specific for crossover structures, since it is unable to unwind conventional 
helicase substrates.97 

C. Nucleases 

Nucleases also figure prominently in recombination processes. Like DNA 
helicases, nucleases can function at different steps in the recombination pro­
cess. In the initiation step, a nuclease acting alone or in concert with other 
proteins can, in theory, produce ssDNA suitable for use by recA protein. Figure 
1 illustrates how two nucleases, the recE protein ( exo VIII) and the recJ protein, 
might serve in that capacity. The other essential purpose for nucleases is 
resolution of the Holliday junction; this important function is handled by the 
ruvC protein. 

The recE protein is a 96 kDa protein69 that preferentially degrades the 5'­
terminal strand of dsDNA.99 The protein shows little nuclease activity on 
ssDNA, but will act on nearly any form of linear dsDNA, except dsDNA 
containing 5'-ssDNA tails longer than 250 nucleotides.99 Degradation is highly 
processive, with about 10,000 to 20,000 nucleotides removed per binding event 
(Hall and Kolodner, personal communications152). 

The recJ protein is another recombinationally significant nuclease. In con­
trast to the recE protein, recJ protein is specific for ssDNA, degrading in the 
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5' --73' direction at a maximal rate of about 1000 nucleotides per min per protein 
molecule. 100 Its precise role in recombination is unknown, but genetic analyses 
suggest that recJ protein may work in concert with a helicase such as the recBC 
(i.e., without reeD) or recQ helicases,101 degrading one of the DNA strands 
produced by DNA unwinding (Figure 1). This degradation may prevent 
reannealing of the unwound ssDNA strands and has the net effect of producing 
ssDNA with a 3'-terminal end, which is the preferred substrate for recA 
protein-promoted invasion of negatively supercoiled DNA.21 

The last nuclease discussed in this section has the remarkable property of 
recognizing and symmetrically cleaving Holliday junctions, arguing that this 
protein catalyzes the last step depicted in Figure 1. This nuclease is the ruvC 
protein. RuvC is a homodimeric protein composed of subunits with an estimated 
Mr of 18,747 Daltons.102 In the absence ofMg2+ or ATP, ruvC protein will bind 
to Holliday junctions, but not cleave the DNA.103 In the presence of Mg2+, ruvC 
protein will cleave at the junction, provided that at least six base pairs are fully 
homologous. 103 Cleavage is symmetric, occurring on the 3' side of thymine 
residues, and shows no bias, producing equal amounts of patched and spliced 
recombinant products.102.104 This unbiased pattern changes somewhat in the 
presence of recA protein, with spliced products appearing more frequently than 
patched products. 103•105 Unexpectedly, the reaction is apparently not catalytic, 
requiring as much as one ruvC monomer per 80 nucleotides of DNA.103 

D. SSB protein 

DNA strand exchange promoted by recA protein is stimulated by the SSB 
protein. SSB protein is a representative of a class of ssDNA-binding proteins 
that has no enzymatic activity, but binds ssDNA cooperatively and non­
specifically. SSB protein (Mr18.8 kDa106) binds both single-stranded DNA and 
RNA, resulting in a destabilization (i.e., lowering of the Tm) of duplex nucleic 
acid structures.107 

The stimulatory effects of SSB protein are manifested both pre- and post­
synaptically (Figure 4). In the presynaptic phase, SSB protein, by virtue of its 
helix-destabilization properties, removes the structural impediment to complete 
presynaptic complex formation by removing DNA secondary structure.108•109 The 
amount of SSB protein required for optimal presynaptic complex formation is 
about 1 SSB monomer per about 15 to 20 nucleotides of ssDNA. 

Post-synaptically, SSB protein serves two functions. The first is to prevent 
formation of homologously paired networks of DNA that result from intermo­
lecular re-invasion events; SSB protein can bind to the displaced linear ssDNA 
and hinder its utilization by recA protein. 110 The second role is more direct, 
requiring sufficient SSB protein to bind the ssDNA produced by DNA strand 
exchange; the binding of SSB protein to the displaced ssDNA directly stimu­
lated the observed rate of joint molecule formation, presumably because it 
limits reversal of DNA strand exchange.lll 
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Figure 4. Role of SSB protein in recA protein-promoted DNA strand exchange: presyn­
aptic (A) and synaptic (B) functions. (From Lavery, P.E., and Kowalczylwwski, S.C., 

J. Bioi. Chern., 267, 9315, 1992. With permission.) 

E. Recombination hotspots 

The frequency of recombination is not uniform across the genome, but 
certain regions have increased probabilities of crossing-over. 112 These sites 
are referred to as recombination hotspots, and E. coli possesses a specific 
hotspot known as X· Though initially identified in bacteriophage A, X sites are 
believed to be responsible for most, if not all, recombination in E. coli. Thus, 
although initially identified as a specialized site of recombination, it appears 
as though all recombination in wild-type cells is mediated by X sites, and 
therefore, they are general rather than a specialized feature of recombination. 

Recombination is 5 to 10 times more frequent near x; is dependent on recB 
and recC; is stimulated primarily to the 5' side of the X site; and is detectable 
as far away as 10 kb. 113· 116 The DNA sequence 5' -GCTGGTGG-3' constitutes 
the X site117• In vitro, recBCD enzyme recognizes X only when unwinding 
DNA from the 3' -side of the X sequence, and recognition of X produces a 
ssDNA fragment that terminates near x; cleavage occurs in the DNA strand 
containing the X sequence, 4 to 6 nucleotides to the 3' side of x. 118•119 

Ill. Coordination of biochemical functions in vitro 

The detailed biochemical characterization of many of the proteins listed in 
Table I has permitted limited reconstitution of the recombination process. In 
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one reaction, the initial steps of homologous pairing depicted in Figure 1 have 
been reconstituted in vitro. In this reaction, homologous pairing is dependent 
on the concerted action of recA, recBCD, and SSB proteins. In addition, 
homologous pairing in this reaction is stimulated by the presence of the 
recombination hotspot X· In a second reaction, Holliday junctions are formed 
in vitro by recA protein and are specifically resolved by the ruvC protein to 
produce the expected recombinant progeny. 

A. Homologous pairing dependent on recA, recBCD, and SSB 
proteins and x 

The first in vitro experiments were designed to test whether recBCD 
enzyme could generate ssDNA that was a suitable substrate for recA protein­
dependent homologous pairing reactions. 120•121 These reactions used DNA 
molecules that were not substrates for recA protein; however, one of the 
participants was a linear DNA molecule that could be unwound by the 
helicase activity of recBCD enzyme. These recombination reactions showed 
that the recBCD enzyme could, indeed, initiate recombinational events by 
producing ssDNA suitable for recA protein-dependent DNA heteroduplex 
formation, 120-123 demonstrating in vitro that recA, recBCD, and SSB proteins 
were sufficient to reconstitute the first two steps depicted in Figure 1. 

Successful reconstitution of the initiation phase of the recombination reaction 
permitted an evaluation of the effect of the recombination hotspot X on the joint 
molecules formed in vitro. The nick-initiation model of Smith and colleagues124 

predicted the formation of joint molecules containing ssDNA originating from the 
donor DNA (i.e., the dsDNA unwound by recBCD enzyme and the source of 
ssDNA for subsequent strand invasion) and derived from DNA downstream of X· 
In vitro, the prediction was not only verified, but DNA heteroduplex formation was 
significantly enhanced when x-containing DNA was used as the donor DNA.75 1n 
addition, these reactions revealed an unanticipated feature of x: the X recombina­
tion hotspot is also a regulatory sequence. It effects a change in the enzymatic 
behavior of recBCD enzyme, converting this multifunctional enzyme from a 
combined helicase-nuclease to a modified enzyme possessing essentially only 
helicase activity. 75•76 Interaction with X attenuates the nuclease activity of recBCD 
enzyme, an effect that lasts as long as the enzyme is associated with the DNA 
molecule that contained X· Upon dissociation, nuclease function is normally re­
stored and the cycle of attenuation and reactivation can continue indefmitely. These 
observations provide a simple rationale for the recombination hotspot activity of X· 
In the absence of x. recBCD enzyme degrades and destroys the ssDNA needed for 
homologous pairing by recA protein. However, upon recognition of x, this needed 
ssDNA is spared from subsequent degradation, allowing an increased probability 
of a productive pairing event. 

The precise nature of the molecular event responsible for nuclease attenu­
ation is unclear, but both in vivo and in vitro experiments argue for loss or 
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modification of the reeD subunit as the cause.77•125•126 ln vivo, both the pheno­
type and distribution of crosses of certain reeD mutants imitate the behavior of 
wild-type, x-stimulated, reeBCD-dependent recombination.125·126 ln vitro, the 
recBC enzyme possesses characteristics similar to the recBCD enzyme that has 
interacted with x; most notably, the recBC enzyme has essentially no nuclease 
activity, but possesses significant helicase activity.77•127 Thus, the recBC en­
zyme most likely represents the modified enzyme that is constitutively profi­
cient in recombination.n,Jzs 

The nuclease attenuation model for initiation of genetic recombination 
illustrated in Figure 5 summarizes the salient features of the in vitro data. 75.76 

The recombination reactions initiate by the unwinding and degradation of 
dsDNA by recBCD enzyme. The combined unwinding and nucleolytic action 
produce ssDNA fragments that are adequate substrates for recA protein-depen­
dent reactions in vitro, but do not provide the continuity needed to produce 
crossover recombinants in vivo. RecBCD enzyme degrades the dsDNA asym­
metrically, with the DNA strand 3' at the entry site being nicked more fre­
quently than the 5' strand. Unwinding and degradation continue up to X· 
Interaction with X causes the recBCD enzyme to pause, securing a high 
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Figure 5. Nuclease attenuation model for initiation of recombination by recBCD 

enzyme, X sites, and both recA and SSB proteins. (From Kowalczykowski, S.C., Dixon, 
D.A., Eggleston, A.K., Lauder, S.D., and Rehrauer, W.M., Microbiol. Rev., 58, 3, 1994 
(in press). With permission.) 
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probability of an endonucleolytic cleavage in the vicinity of X· Recognition of 
X causes modification or loss of the reeD subunit, resulting in at least a 500-
fold reduction of the nuclease activity without loss of the helicase activity.15·76 

The net effect is the creation of an enzyme that is primarily a helicase. Without 
its nuclease activity, recBCD enzyme continues to unwind the dsDNA, produc­
ing an intact ssDNA fragment downstream of X· This ssDNA strand is the 
substrate for recA protein-promoted DNA strand invasion of the supercoiled 
DNA recipient (chromosome). The nuclease function is attenuated as long as 
the x-containing DNA that produced the attenuation. This attenuation is fully 
reversible and catalytic because when the modified enzyme dissociates from 
the DNA, its nuclease activity is reactivated.75·76 

B. Resolution of Holliday junctions 

A second reconstituted in vitro reaction reproduces the Holliday junction 
formation, DNA heteroduplex extension, and resolution steps of the in vivo 
process (Figure 1).22 This reaction bypasses the initiation step by using pro­
cessed DNA substrates suitable for the DNA strand exchange activity of recA 
protein. 128 Using circular dsDNA with a ssDNA gap and homologous linear 
dsDNA, recA protein can catalyze formation of a Holliday junction, and by 
virtue of its DNA heteroduplex extension activity, it can promote a protein­
dependent migration of the crossover point. 129 

The ruvC protein can resolve the Holliday structure created by recA protein 
in vitro to yield both kinds of recombinant progeny (both sliced and patched 
molecules).103·105 On DNA strand exchange intermediates (i.e., Holliday junc­
tions) stripped of recA protein, production of either spliced or patched products 
is unbiased; however, in the presence of recA protein, production is biased 
towards formation of splice products over patch products.103·105 The ruvC 
protein is the only known activity in E. coli that demonstrates specificity for 
such unique structures, 130 arguing that ruvC is the protein charged with the 
responsibility of resolving of Holliday junctions. 

Thus, in separate reactions, both the initiation and resolution phases of 
homologous recombination have been reconstituted in vitro. 

IV. Applications of recA protein-mediated 
homologous DNA targeting 

A. Isolation of homologous DNA targets by a recA protein­
mediated D-loop 

RecA protein can efficiently coat short ssDNA oligonucleotides or ssDNA up 
to several kilobases in length to form a nucleoprotein filament that is commonly 
believed to be the active substrate for homologous pairing_?,9,1l,13,l6,!3l RecA 
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protein-coated ssDNA probes can interact with homologous DNA sequences 
in a dsDNA target by forming recombination intermediates containing hybrid­
ized DNA molecules. These DNA hybrids are believed to exist in unique 
structures commonly referred to as D-loops or DNA displacement loops.132•133 

The probe-target hybrid molecules are stable when recA protein is removed 
from D-loops formed with negatively supercoiled DNA targets.21 •134•135 How­
ever, deproteinized D-loops are unstable at internal positions in linear dsDNA 
targets.43·6o.63.!3l,l 36-138 The presence of recA protein stabilizes the D-loop in 
linear dsDNA target molecules.139 

RecA protein-coated ssDNA can be used to specifically search for and isolate 
rare sequences in mixtures of homologous and nonhomologous target dsDNA.41 

For example, recA protein-coated circular M13 bacteriophage ssDNA was re­
acted with a mixture oflinear M13 dsDNA and a 1000-fold excess of linearized 
nonhomologous A, phage DNA. Heterologous "carrier" ssDNA was then added 
to allow aggregate formation with the nucleoprotein filaments. Next, NaCl was 
added to a final concentration of 50 mM to dissociate the heterologous duplex 
DNA from the nucleoprotein filament networks. Centrifugation of the reaction 
allowed purification of the target-homologous DNA hybrid containing the nucleo­
protein filaments from the non-sedimenting nonhomologous duplex DNA tar­
gets. After 3 additional precipitations, approximately 70% of the homologous 
duplex target DNA and only 0.04% of the heterologous DNA was recovered. 
Therefore, the recA protein-mediated targeting provided at least a 1000-fold 
enrichment procedure for separating molecules containing homologous DNA 
sequences that were able to efficiently transform competent E. coli cells.41 

DNA as short as a single-stranded 43-mer oligonucleotide could react with 
negatively supercoiled homologous plasmid DNA targets to form D-loop struc­
tures that were stable following removal of the recA protein. 135 This D-loop 
hybridization reaction using recA protein-coated biotinylated DNA probes was 
developed into a rapid method for screening supercoiled plasmid libraries.135 

Biotinylated DNA probes coated with recA protein were used to search for 
homologous sequences in recombinant plasmid libraries consisting of heteroge­
neous mixtures of negatively supercoiled molecules. Homologous complexes 
were purified from uncomplexed plasmids by streptavidin-agarose chromatogra­
phy or with a cupric imidodiacetic acid column. These recovered plasmids were 
then transformed into E. coli and purified. The specific isolation of homologous 
recombinant plasmid DNA molecules from complex mixtures allowed the recov­
ery of approximately 10 to 20% of the homologous plasmid DNAs and provided 
a 10,000- to 100,000-fold DNA enrichment of homologous plasmid DNA.l35 

This recA protein-mediated D-loop reaction is highly sequence specific; no 
interaction occurred between the DNA probe and nonhomologous plasmid se­
quences. Thus, the use of recA protein-mediated D-loop targeting techniques, 
coupled with affinity selection of the hybrids, permits the isolation of any chosen 
DNA sequence from complex mixtures of negatively supercoiled recombinant 
molecules.135 In contrast to negatively supercoiled DNA targets, neither relaxed 
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circular nor linear duplex DNA targets were present in stable hybrids following 
removal of recA protein with ssDNA probes targeted to internal positions. 

B. Homologous targeting, detection, and purification of linear 
DNA duplex molecules with two complementary DNA probe 
strands 

A new reaction resulting in formation of a double D-loop structure effi­
ciently targets two relatively short complementary recA protein-coated ssDNA 
probes to homologous sequences at any position in a linear duplex DNA 
molecule. 63 Stable hybrids were obtained after recA protein removal when both 
complementary probe strands were present (4-stranded DNA hybrid), but not 
when one probe strand was present (3-stranded DNA hybrid). This recA 
protein-mediated doubleD-loop targeting reaction provides a new and efficient 
method to target and detect DNA duplexes, isolate nondenatured duplexes, and 
map any desired sequence on a duplex DNA or native (nondenatured) chromo­
somal DNA fragment.63•139 The native DNA targeting technique has been used 
for homologous DNA hybridization in vitro and in fixed or metabolically 
active cell nuclei in situ.140 

Double D-loop formation with bacteriophage 'A or other linear duplex targets 
requires the addition of both complementary DNA probe strands for stable 
hybrid formation; both a Watson and a Crick strand are required for hybrid 
stability after deproteinization of recA protein. Stable hybrids are formed when 
the two recA protein-coated complementary probes are added either sequentially 
or sirnultaneously.63 Hybrids formed at internal positions in linear duplex DNA 
targets with complementary single-stranded DNA probes are stable after recA 
protein removal, as monitored by co-electrophoresis of 32P-labeled probe and 
target DNA separated by agarose gel electrophoresis. When only one ssDNA 
probe strand was used, no hybrid formation was observed.63 

The specificity of the reaction was demonstrated by hybridizing 32P-radio­
labeled recA protein-coated complementary DNA probes to a mixture of 
restriction endonuclease digested linear duplex fragments of 'A DNA The 
labeled, recA protein-coated complementary single-stranded DNA probes only 
hybridized to the expected fragment containing the homologous target region, 
demonstrating targeting specificity. Hybrid formation was directly propor­
tional to the amount of target fragment added over a 100- to 450-ng range and 
allowed recA protein to DNA probe nucleotide ratios of 6: I to I :3. In addition, 
the reaction can utilize ATP, ATPyS, or GTPyS as cofactors. The hybrids are 
stable following SDS, proteinase K and SDS, and phenol extractions.63 

Biotinylation of one of the complementary single strands allowed the iso­
lation of all the hybrid molecules by affinity capture with streptavidin-coated 
magnetic beads. Using one strand labeled with 32P and the complementary 
strand labeled with biotin permits simultaneous detection and capture of native 
duplex targets.63 Because both the biotinylated and 32P-labeled strands of the 
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Figure 6. Targeting, detection, and selective isolation of homologous DNA sequences 
from heterogeneous mixtures of DNA molecules by recA protein-mediated hybridiza­
tion of complementary ssDNA probes with target dsDNA. One strand of any desired 
DNA probe sequence is labeled with biotin (bio), and the complementary DNA strand 
is radiolabeled with 32P(*). The DNA is heat denatured, coated with recA protein, and 
hybridized to a complex mixture of homologous and nonhomologous target DNA 
containing the desired homologous sequence (thick black lines). Hybrids containing 
both 32P-labeled and biotin-labeled complementary strands of recA protein-coated 
probe DNA and target DNA were then purified by binding to streptavidin-linked 
magnetic beads (hatched ellipse labeled "SA-bio"). The amount of 32P-labeled DNA 
was quantitated by liquid scintillation counting. Duplex target DNA molecules are then 
recovered intact by selective thermal dissociation of the two probe strands at melting 
temperatures significantly lower than the duplex target melting temperature. 

probe were present on the probe-target complex, it was proposed that the hybrid 
molecules contain four DNA strands referred to as a "double-D-loop" structure.63 

Figure 6 shows the simultaneous detection and capture of native (nondenatured) 
DNA targets. These double-D-loop hybrids were stable at 75°C and most of the 
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probe DNA was removed at 80°C; all the probes dissociated from the duplex 
after 5 min at 85°C. Because the probe melting temperature is significantly lower 
than the duplex melting temperature, the can be affinity isolated as 
a probe-target complex and separated from unhybridized probe; this permits· 
recovery of target DNA as a native duplex without ever being heat denatured. 
The efficiency of deproteinized hybrid recovery generally decreases with comple­
mentary DNA probe sizes in the order 500 > 280 > 121 > 79. Approximately 90% 
of the 500-mer, 65% ofthe 280-mer, and 5 to 20% of the 121-mer exist in stable 
double-D-loop hybrids.63 Therefore, this recA protein-mediated double-D-loop 
targeting technique allows stabilization of hybrids on linear duplex targets, 
simultaneous detection and affinity capture of the duplex target, and the recovery 
of the isolated target DNA as a duplex molecule without any denaturation. 

The double-D-loop reaction also allows targeting, identification, and affin­
ity selection of DNA probe sequences homologous with either negatively 
supercoiled, relaxed, or linear double-stranded DNA target molecules at any 
position and sequence in the DNA molecules. There, reaction depends on recA 
protein and a nucleoside triphosphate cofactor, reaction time (60 min), pH 
(7.5), and temperature (37°C).63 Double-D-loop formation is sufficiently effi­
cient for targeting complementary ssDNA probes to duplexes identified by 
only short sequences such as oligonucleotides or sequence-tagged sites (STSs ). 141 

Furthermore, stable hybrids may be formed with only partial homology, allow­
ing the isolation of homologous DNA containing mutations. Finally, relatively 
large native chromosomal DNA targets, such as whole 48.5-kb A, phage embed­
ded in agarose, can be recovered as duplex DNA.63 

Double-D-loop formation in linear DNA duplexes with two complementary 
recA protein-coated ssDNA strands has been confirmed.64 The structure of the 
double-D-loop consists of two duplexes, possibly resembling a DNA replica­
tion bubble.63•64 It was suggested that the double-D-loop may be relevant in 
recombination reactions involving the combined activities of a helicase and a 
pairing protein to form intermediates (joint molecules) in homologous recom­
bination,64 for example, as in the nuclease attenuation model for initiation of 
homologous recombination by recBCD enzyme.75•76 The complementary DNA 
strand that is not involved in the initiation of joint molecule formation in such 
reactions could, nevertheless, be important in stabilizing D-loop structures by 
pairing with the displaced strand. In the recA protein and recBCD protein­
stimulated pairing reaction (see Figure 5), the intact complementary DNA 
strand derived from the non-x-containing strand could stabilize joint molecules 
as hypothesized.64 

The double-D-loop technology can be further developed to isolate target 
sequences from heterogeneous populations and/or sequences with only limited 
homology to the target, possibly allowing the identification of gene families 
containing uncharacterized mutations. Large duplex molecules can be isolated 
intact; thus, there is strong potential for recA protein-mediated hybridization to 
isolate novel genes from genomic or possibly YAC libraries.63 
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C. RecA protein-assisted restriction endonuclease (RARE) 
cleavage of chromosomal DNA 

The RARE technique may become an important new DNA cloning and 
mapping method.137•142 It couples the exquisite homologous targeting speci­
ficity ofrecA protein-mediated D-loop formation to protect any chosen site 
on a duplex DNA molecule against methylation, allowing subsequent unique 
cleavage of this desired site. ArecA protein-coated single-stranded 30-mer 
DNA probe can be targeted to a specific A phage DNA sequence containing 
an EcoRI restriction site centered in the homologous probe-target site.137 

Incubation of the recA protein-coated synaptic complex with EcoRI methy­
lase and S-adenosylmethionine resulted in the methylation of all the avail­
able EcoRI restriction sites, with the important exception of the one pro­
tected by the recA protein-coated probe hybridized at the target hybrid site. 
When recA protein was removed, the oligonucleotide probe dissociated 
from the target, allowing EcoRI restriction endonuclease cleavage specifi­
cally at the homologous site that was protected from methylation, with an 
overall yield of about 80%. 137 

Specifically chosen DNA fragments were also cleaved from the E. coli or 
human genome using two separate single-stranded recA protein-coated oligo­
nucleotides spanning two different EcoRI sites. These two specific DNA target 
sequences, located 520 kb apart on the E. coli chromosome, were protected by 
recA protein-mediated hybridization.137 After methylation and removal of recA 
protein, cleavage of the 520-kb fragment was observed with a yield of 40% and 
60% using 30-mer and 60-merprobes, respectively. Furthermore, a preselected 
48- or 180-kb fragment of the human cystic fibrosis transmembrane regulator 
protein gene (CFTR) was specifically and efficiently cleaved out of human 
genomic DNA.137 

RARE cleavage could be expected to occur at approximately every 32 
bp given 8 "available" different methyltransferases, each with a different 
cleavage specificity of 4 base pairs. 142 This could permit precise genomic 
map distance measurements, as well as the isolation and cloning of any 
chosen chromosomal DNA fragment. In general, this homologous DNA 
targeting technique allows recA protein-stabilized single D-loops to spe­
cifically and efficiently target any predetermined restriction site for RARE 
cleavage. 137•

142 

D. RecA protein-stabilized D-loop inhibits transcription of DNA 
by RNA polymerase 

RecA protein-coated ssDNA also can be targeted to homologous internal 
promoter sequences in linear dsDNA to form protein-stabilized D-loops. Such 
D-loops were positioned in a promoter region to block the transcription of a 
linear dsDNA target by RNA polymerase. 
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RecA protein-coated joint molecule complexes covering all or a portion of 
the T7 or T3 phage promoter blocked RNA transcription by T7 or T3 RNA 
polymerases, respectively. 143 The inhibition of T7 transcription with a recA 
protein-coated ssDNA 42-mer homologously targeted to either DNA strand 
inhibited RNA transcription by more than 98% in each case. No inhibition of 
transcription occurred with recA protein-coated nonhomologous DNA or with 
arecA protein-stabilized D-loop formed 93 bases upstream of the T3 promoter, 
indicating that the D-loop may provide a direct barrier to the polymerase. A 
homologous recA protein-coated 70-mer DNA covering the promoter inhibited 
transcription by >99%, and a 20-mer covering either 12 or 17 bases of the T3 
promoter inhibited transcription by about 93%. 

The elongation of transcription was also inhibited when the recA protein­
stabilized D-loop was positioned 276 to 317 bp downstream from the T7 
promoter.143 The formation of this D-loop resulted in a truncated RNA tran­
script of the expected size with both T3 and T7 RNA polymerases. Further­
more, in addition to truncated DNA transcripts, the RNA polymerase mol­
ecules may be physically retained by the recA protein-stabilized D-loop because 
the D-loop-arrested RNA polymerase molecules appear not to be involved in 
any further transcriptional events. 

These studies were extended to test for transcriptional inhibition of human RNA 
polymerase II by recA protein-stabilized D-loops.144 RecA protein-coated D-loops 
formed with ssDNA homologous to a viral TATA box (which interacts with 
cellular factor TFIID) or to three GC boxes (which bind cellular factor Spl) 
inhibited transcription by RNA polymerase II. Complete inhibition of the eukary­
otic RNA polymerase was observed with oligonucleotides 33 nucleotides in length, 
but was less complete with 22 nucleotides, whereas 20 nucleotides were sufficient 
with the phage RNA polymerase.143•144 Experiments with T3 and T7 promoters 
showed D-loops targeted downstream of the RNA polymerase promoter inhibited 
transcription elongation and produced truncated transcripts;143 however, D-loops 
formed downstream of the HIV -1 promoter did not block elongation of RNA144 by 
RNA polymerase II. The stability of this recA protein-stabilized D-loop was 
demonstrated by specific inhibition of restriction endonuclease cleavage at the Dral 
restriction endonuclease site.144 Thus, recA protein-hybridized oligonucleotides 
can be used to block both eukaryotic and prokaryotic RNA polymerases, as well 
as prokaryotic methylases or restriction endonucleases. 

It was suggested that the recA protein-stabilized singleD-loop may be used 
as an alternative method to the mutational analysis of promoters of transcrip­
tion.144 It will also be interesting to determine whether recA protein-stabilized 
D-loop hybrids can also be used to probe DNA sites that interact with different 
sequence-specific DNA proteins other than those involved in RNA transcrip­
tion. It is not known whether the use of recA protein-stabilized D-loops may 
provide a general method for targeting homologous single-stranded oligo­
nucleotides to any sequence to inhibit other important DNA enzymes, for 
example, DNA polymerase. 
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E. RecA protein~mediated targeting and mapping of 
homologous ssDNA probes to sites on individual DNA 
molecules analyzed by high-resolution darkfield 
electron microscopy 

RecA protein-coated DNA probes have been successfully used for directly 
visualizing and mapping the sites of homologous probe-target hybrids on 
individual linear dsDNA molecules by high-resolution darkfield electron mi­
croscopy (EM). Linear DNA was reacted with recA protein protein-coated 
complementary ssDNA probes that were 446 or 222 bases in length to measure 
the accuracy of the targeting reaction as evidenced by the position of the recA 
protein-coated DNA probe on individual target molecules.139 This is possible 
because the recA protein-coated ssDNA nucleoprotein filament is approxi­
mately five times the diameter of uncoated dsDNA target molecules. In reac­
tions using recA protein-coated complementary pairs of ssDNA, the protein­
coated target sites appear as distinct thick products on the DNA strand. 

Figure 7 shows the progression of the targeting reaction at 37°C and the 
mapping of a 446-base-long probe on individual linear duplex molecules 
analyzed by darkfield EM.139 Figure 7, Panel A, shows the short duplex 446-
mer DNA probe. Following heat denaturation and rapid cooling, single strands 
of the 446-mer are separated and appeared as bushes or filaments in the 
background (Panel B). After 5 to 15 min, the ssDNA probes covered with recA 
protein were clearly visible and the nucleoprotein filaments were more rigid 
and thicker than uncoated DNAI6•145.I46 (Figure 7, Panel C). The arrow points 
to a minor population of DNA probe molecules that probably renatured before 
they could be coated with recA protein. Coating is complete after 15 min at 
37°C, as judged by dark:field EM. Approximately 20 min after incubation of 
target duplex DNA with the recA protein-coated 446-mer, large DNA synaptic 
complexes are formed. These web-like synaptic complexes are composed of 
molecules with DNA probe homologies located at either end of the target 
molecules (Panel D). Panel E shows the 446-mer hybridized to homologous 
sites at either end of the target after 45 to 60 min at 37°C. At higher resolution, 
a target molecule is shown with the probe at a homologous end site. The arrow 
shows the position of a physically bent DNA marker near the other end of this 
target (Panel F). Panel G shows the 446-mer after 15 to 20 min reaction 
positioned to a homologous site in another target near the bent DNA marker. 
Finally, Figure 7, Panel H, shows the 446-mer probe precisely paired with the 
homologous target site adjacent to the bent DNA marker. 

In general, hybridization is complete in 45 min and all the DNA probes are 
bound. No hybrids are formed with nonhomologous DNA targets. Thus, darkfield 
EM mapping of recA protein-coated ssDNA probes on individual linear duplex 
molecules allows direct visualization of individual hybrids at high resolution 
without chemical fixation or sample shadowing.139 Therefore, there is no DNA 
distortion or shrinkage. The hybridization reaction is highly efficient and 
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Figure 7. Homologous targeting on linear duplex molecules with complementary 
ssDNA probes coated with recA protein and analysis by annular darlifield electron 
microscopy. A 446-base-lang ssDNA probe was heat denatured, coated with recA 
protein, and reacted with a linear duplex plasmid DNA target. The DNA target ends 
were defined by restriction endonuclease cleavage sites and contain a physically bent 
DNA marker far mapping the DNA probe position to the homologous target site. Panels 
A-Hare described in the text. The lengths of the bars representO.l mm. (From Revet, 
B.M., Sena, E.P., and Zarling, D.A., J. Mol. Biol., 232, 779, 1993. With permission.) 

mapping of probes is extremely precise, to within 40 nucleotides, as judged by 
high-resolution darkfield EM. This targeting and mapping technique should 
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allow the use of short probes, including STSs, to visually map sequences on 
cloned DNA and large chromosomal DNA fragments using either electron or 
laser microscopic analyses. 

Homologous targeting was also monitored at two different sites separated by 
900 bp in the DNA target.139 Two different 446- and 222-base-long probes can 
both specifically target their homologous target sequences on the same molecule, 
but not as frequently as expected. When added at equimolar concentrations, the 
446- and 222-base-long probes were both observed at each respective site 
(separated by the expected 900 bases) on the same molecule in only 2% of the 
total DNA molecules. About 40% of the targets hybridized the 446-mer alone, 
and 40% of the targets hybridized the 222-mer alone, but only 2% of the targets 
had both the 446-mer and the 222-mer probes positioned together (900 bp apart) 
on the same molecule. It was hypothesized that topological strains may be 
imposed in the target molecules by the directionality of probe movement in the 
homology search and/or separation of DNA strands in the target region.l39 

In summary, the DNA probe-target hybrids can be visualized on individual 
DNA molecules at any sequence, and the recA protein serves as a marker for 
the probe's position on the target. These recA protein-mediated targeting 
reactions and direct visual mapping techniques should allow rapid and precise 
DNA sequence mapping on individual DNA molecules, on large chromosomal 
DNA fragments, or even on whole chromosomes. 

F. RecA protein-mediated targeHng of cellular and viral 
chromosomal DNA in fixed and metabolically active nuclei 
analyzed by naHve FISH 

RecA protein-mediated fluorescence in situ hybridization (FISH) methods 
could allow homologous DNA targeting to nondenatured chromosomal DNA 
targets. A new and powerful native FISH method has been developed for 
targeting of complementary ssDNA probes coated with recA protein to ho­
mologous nondenatured human viral and cellular chromosomal DNA se­
quences.I40,l47 

In classic FISH reactions, methanol:acetic fixed and permeabilized cellular 
DNA is denatured and hybridized with ssDNA probes in mass action driven 
DNA-DNA hybridization reactions.l48 The kinetics of the hybridization reac­
tion is determined by the DNA probe and target DNA concentrations, reaction 
time, ionic concentration of the buffer, and temperature. Hybridization requires 
thermal denaturation of the chromosomal target DNA.148 

Native FISH methods eliminate the requirement for denaturing the duplex 
DNA to produce single-stranded target sequences for hybridization. Classic 
FISH methods treat target DNA in fixed cells by either heat denaturation, 
chemical denaturation, or endonuclease digestion to prepare the DNA target 
for hybridization. These severe denaturation treatments may produce spurious 
and unwanted changes in metaphase or interphase DNA structure and repeated 
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sequence random reassociations, and the lengthy hybridization reaction times 
add significant time to the FISH procedure. 

A sequence-specific, rapid, and efficient recA protein-mediated native­
DNA FISH reaction has been developed that is fully capable of detecting either 
multiple-copy or single-copy gene sequences in fixed cells probed on slides or 
in suspension.140•147 The recA protein-mediated native FISH reactions were 
observed with chromosome-specific satellite centromeric DNA probes specific 
for human chromosome X and 7 DNA sequences in HEp-2 human epitheloid 
carcinoma cells, and chromosomes 1 and 17 in human hepatitis B virus (HBV)­
infected hepatocellular carcinoma cells (HCC). Native chromosome 17 p53 
tumor suppressor genes in HEp-2 or HCC cells were detected with p53 eDNA 
as well as with human chromosome 17 alpha satellite DNA probes. Also, HBV 
DNA targets were observed in HCC cells. These DNA target sequences were 
visualized with 100- to 600-base-long or larger biotinylated (nick-translated 
with bio-14-dUTP) probes by FISH and analyzed by fluorescent microscopy or 
confocal laser scaling microscopy (CLSM). In these reactions, there was no 
amplification of the FITC-labeled biotinylated DNA probe.148 

Figure 8, top, shows nondenatured acetic acid:ethanol fixed HEp-2 cells 
hybridized with human chromosome 7 specific alpha satellite centromeric 
DNA probe coated with recA protein. Under these conditions most of the 
interphase HEp-2 nuclei cell on slides showed about 2 FITC-labeled FISH 
signals. No FISH signals were obtained in reactions without recA protein or 
without incubation at 37°C. Comparisons of the number of chromosome FISH 
signals per HEp-2 cell nucleus were similar using the native FISH reaction 
compared with the control denatured FISH reaction (Figure 8, bottom). The 
FITC signals from similar native FISH reactions with human chromosome 1 
were located at the centromere region of human chromosome 1 in metaphase 
spreads from HEp-2 nuclei. HEp-2 cells have 2 to 3 number 1 chromosomes 
and show approximately 2 to 3 FISH signals in both interphase nuclei and 
metaphase chromosome spreads. In these experiments, about 73% of the 
interphase cell nuclei showed hybridization signals.147 

In general, alpha satellite probes in the range of about 100 to 600 bases in 
length produced recA protein-mediated native FISH signals. In different ex­
periments, the strongest FISH signals were usually obtained with probes aver­
aging 400 bases in length produced by nick translation of the DNA with bio-
14-dUTP. The native recA protein-mediated FISH reaction with the human 
chromosomal 1 probe was proportional to the probe concentration over the 
range of 10 to 50 ng/reaction. The kinetics of the recA protein-mediated FISH 
reaction showing hybridization with fixed nuclei in solution was maximal at 
approximately 2 hr, and on slides was optimal at about 2.5 hr, following probe 
addition. Native FISH reactions required an ATPyS or ATP cofactor and recA 
protein/DNA probe nucleotide ratios of 1:1 or 1:2. 

This native in situ hybridization technique with fixed cells was adapted for 
native DNA targeting in metabolically active nuclei.140·147 Efficient dsDNA 
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Figure 8. Comparison of recA protein-mediated fluorescence in situ hybridization of 
human chromosome 7 alpha satellite probe DNA with nondenatured HEp-2 target cell 
nuclei (top), with classic FISH (not recA protein-mediated) in heat denatured target cell 
nuclei (bottom). HEp-2 interphase nuclei were fixed with acetic acid and methanol 
( 3:1) and probed on slides with biotinylated (nick-translated) ssDNA probes specific for 
human chromosome number 7 alpha satellite DNA sequences. In the reaction shown in 
the top of Figure 8 the recA protein coated complementary single-stranded chromo­
some 7 DNA probes were reacted with nondenatured nuclei for 2.5 hr at 37°C, followed 
by washing, blocking, and adding FJTC-avidin as the reporter. In the reaction shown 
in the bottom, heat-denatured nuclei were hybridized overnight with heat-denatured 
chromosome 7 alpha satellite DNA. washed, and blocked, and F/TC-avidin was also 
used as the reporter. In the denatured FISH reaction, the signal was amplified by the 
addition of a biotinylated goat anti-avidin antibody. 

targeting techniques were developed in cell nuclei embedded in agarose. 
Human cell nuclei permeabilized with the non-ionic detergent Triton-100 and 
encapsulated in agarose remain morphologically intact, synthesize both DNA 
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and RNA, and permit entry of recA protein-coated ssDNA probes. 14° FISH in 
metabolically active nuclei was tested using recA protein-coated ssDNA comple­
mentary 200- to 800-base-long biotinylated repeated satellite or unique se­
quence DNA probes with a streptavidin-FITC reporter and viewed by fluores­
cence microscopy or CLSM.140,l47 

Figure 9 shows p53 DNA probes targeted in metabolically active human 
HEp-2 cell nuclei embedded in agarose. In these targeting reactions, 60 ng of 
recA protein-coated single-stranded complementary biotinylated (nick-trans­
lated) p53 eDNA was reacted for 3 hr at 37°C. The two FITC-labeled nuclear 
FISH signals are overlaid onto the phase image of the nuclei in the top left 
panel (Figure 9). 

The native DNA targeting and hybridization reaction with biotinylated 
(nick-translated) p53 eDNA probes in nuclei embedded in agarose required 

Figure 9. Targeting of recA protein-coated complementary single-stranded p53 DNA to 
native (nondenatured) chromosomal DNA sequences in metabolically active human cell 

nuclei. Nuclei of HEp-2 cells encapsulated in agarose151 were reacted with recA protein­

coated biotinylated p53 eDNA probes for 3 hr at 3JOC and washed. f1TC-avidin was 
added as a reporter and the nuclei were washed and immediately visualized by confocal 
laser scanning microscopy. The phase image of a metabolically active cell nuclei 
in agarose is shown in the upper right panel. The lower right panel shows a digital image 

of a nucleus with two p53 DNA signals as monitored by laser scanning microscopy. This 
digital image was processed and the processed image is shown in the lower left panel. The 

processed digital image was overlaid onto the phase image in the top left panel. 
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incubation with recA protein at 37°C, was directly proportional to DNA probe 
concentration in the range of 30 to 90 ng of DNA probe per reaction, pH (7 .4 ), 
and required a nucleoside triphosphate cofactor (ATP or ATPyS). Targeting 
required a 3-h incubation at 37°C of recA protein-coated complementary 
ssDNA DNA probes with the permeabilized nuclei. Similar numbers of native 
FISH signals were observed in metabolically active nuclei as in interphase 
fixed cells permeabilized with acetic acid and methanol using either recA 
protein-mediated nondenatured DNA FISH, classic heat-denatured FISH in 
fixed interphase nuclei, or metaphase chromosomes using either unique or 
repeated sequence-specific DNA probes. When human satellite DNA probes 
coated with recA protein were hybridized with metabolically active nuclei and 
treated with hypotonic buffers to decondense the chromatin, repeated chromo­
somal specific-satellite FISH signals were specifically localized along the 
chromatin fiber. In intact nuclei-repeated satellite or unique p53 gene, FISH 
signals are often paired following nuclear DNA replication, as observed by 
confocal laser scanning microscopy and digital image analysis. 140•147 

In summary, the recA protein-mediated in situ targeting reaction uses 
complementary nick-translated DNA probes with native (nondenatured) target 
sequences. The hybridization reaction depends on recA protein cofactor (ATP 
or ATPyS, 0.48 mM) and reaction time (2 to 2.5 hr), pH (7 .5), and temperature 
(37°C). Nick-translated eDNA probes efficiently form hybrids in about 75 to 
85% of the nuclei. The recA protein-mediated targeting to DNA in fixed cells 
can be detected without signal amplification. Similar numbers of nondenatured 
FISH signals compared with heat-denatured FISH signals are observed. The 
specificity of the reaction was evidenced by homologous competition, copy 
number, linkage to well-established chromosomal markers, and metaphase 
cytogenetics.147 

G. Potential applications of RecA protein~mediated 
homologous DNA targeting 

These recA protein-mediated homologous DNA targeting reactions may be 
applied to target, detect, isolate, clone, and map any desired duplex gene or 
homologous chromosomal DNA fragment.41 •63•64•135•139 Novel gene mapping 
methods are evolving either by microscopy of large molecules or whole 
chromosomes, which may be physically oriented and stretched. RecA protein­
mediated native chromosome walking techniques would permit more rapid 
gene discovery and mapping procedures. Furthermore, targeting of ssDNA 
probes to specific homologous sites by recA protein might block transcription 
in vivo as well as in vitro143•144 DNA methylation137•142 or DNA cleavage.l43 
RecA protein-mediated targeting has been used to detect chromosomal targets 
in both fixed and metabolically active nuclei. This important new in situ DNA 
targeting technique could possibly be also used for gene tracking studies. 
Lastly, it may be possible to use recA protein-mediated DNA targeting and 
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homologous DNA transfer for recombination enzyme-mediated gene therapy 
as hypothesized in Figure 10. 

V. Conclusions 

Both the molecular mechanisms of homologous recombination and the 
biochemical behavior of recombination enzymes are becoming increasingly 
clear. With increased knowledge, it should be possible to design more effective 
in vivo gene targeting strategies in biological systems that have been recalci­
trant to efficient and useful homologous recombination protocols. Until it 
becomes clear why many integration events in mammalian cells are non­
homologous, specific suggestions for improvement are not conspicuous; how­
ever, several general ideas, based on the paradigms established in E. coli, 
present themselves. First, rather than simply introducing foreign target DNA 

. Normal 

~ 
exon B 

RecA protein 

'~ 
Small deletion mutation 

exon A in exon B 

Normal 

exon A exon B 

Therapeutic normal 500-mer 
DNA containing exon B and 
flanking intron sequences 

Heat denaturation of DNA and 
RecA coating of complementary 
single-stranded normal DNA 
followed by homologous targeting 

RecA protein-coated Watson strand 

exon C 

Mutant (deletion) 
exon B allele 

RecA protein-coated Crick strand 

Hybrid formation and 
reciprocal DNA strand transfer 

exon C 

Corrected exon B 
allele (shown) and 
nonintegrated 
mutant exon B 
(not shown) 

Figure 10. Possible mechanism for homologous DNA targeting and transfer for gene 
correction of a mutant allele using recA protein coated relatively short (e.g., 500-mer) 

complementary ssDNA probes. 
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into cells, it might be advantageous to co-introduce enzymes that enhance 
various steps of the recombination mechanism. If, for example, dsDNA break 
sites are limiting, then an endonuclease can be introduced. Similarly, if genera­
tion of ssDNA from the donor DNA is limiting, then either ssDNA itself, or 
helicases or nucleases to maintain the single-stranded form can be in intro­
duced or co-expressed. Recombination hotspots can be introduced into the 
donor DNA, or alternatively, mutant or modified recombination proteins with 
constitutively activated or enhanced recombination functions can be used. 
Alternatively, the over-expression of normally limiting endogenous cellular 
recombination enzymes, in concert with other normal cellular components, 
may be harnessed to increase recombination efficiency. 

The applications of recA protein-targeted events present themselves as 
immediate options (for example, see Figure 6). Interestingly, when a modified 
E. coli recA protein containing a nuclear localization signal is expressed in 
mammalian cells, it localizes to the nucleus and binds to chromosomes.149 

Perhaps, similar expression vectors can be used to introduce other recombina­
tion enzymes into the nucleus of mammalian cells. The continued taming and 
manipulation of the homologous recombination process can afford a variety of 
new options for more effective gene targeting protocols. 
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