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SUMMARY 

The RecA protein, which is essential for genetic recombi
nation of E. coli, promotes homologous pairing in vitro. 
Studies of purified RecA protein have shown that it promotes 
the homologous pairing of a number of topological variants of 
DNA including: a) complementary linear single strands, b) lin
ear single strands and duplex DNA, c) circular single strands 
and either linear duplex DNA, or nicked circular duplex DNA, 
and d) duplex DNA with a gap in one strand and closed circular 
duplex DNA. According to these observations RecA protein will 
form stable joint molecules if one molecule is single-stranded 
or partially single-stranded an9 if either molecule has a free 
end. Circular single strands, as well as linear ones, also 
stimulate RecA protein to unwind duplex DNA. These observa~ 
tions, which reveal a lack of specificity with regard to ends, 
suggest that RecA protein promotes homologous pairing of 
strands in a side-by-sidP. fashion, and that free ends subse
quently serve to stabilize the product by permitting the for
mation or heteroduplex regio~s with the normal right~handed 
helical structure. 

GENERAL GENETIC RECOMBINATION: BREAK AND 
PAIR, OR PAIR AND BREAK? 

Experimental evidence has long favored the idea that both 
in prokaryotes (MESELSON & WEIGLE 1961; MESELSON 1967) and in 
eukaryotes (TAYLOR 1965) genetic recombination occurs by the 
physical breakage and reunion of DNA molecules, rather than by 
some mechanism of replication which switches templates (copy
choice). The concept of breakage and reunion posed a simple 
puzzle: which comes first, breakage or homologous pairing? 
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A variety of experiments showed that breakage stimulates re
combination; and the observation that a linear single strand 
can pair with duplex DNA to form a D-loop (HOLLOMAN et al. 
1975) strengthened the idea that limited single-strand breaks 
might lead to strand displacement and homologous pairing 
(Fig. la, and see RADDING 1978 for review). A number of in
vestigators favored an alternative notion, namely that duplex 
molecules recognize each other prior to even a single break 
(Fig. lb & c, and CROSS & LIEB 1967; McGAVIN 1971; MOORE 1974; 

WILSON 1979). Little direct e v idence has supported this view. 
However, the twin observations, that complementary circular 
single strands can pair without topological linkage (STETTLER 
et al. 1979), and that topoisomerases can link them (CHAMPOUX 
1977; KIRKEGAARD & WANG 1978) increased the plausibility of 
side-by-side pairing in advance of either breakage or concert
ed topological interwinding (Fig. lb & c). 

-----=-:::=\=-__,_M ~ ~=/=='""==--
a b C 

FIGURE 1. Topology of homologous pairing. a) Breakage fol
lowed by strand displacement and pairing, (b & c) Pairing ei
ther with (c) or without (b) much disruption of helical struc
ture. 

HOMOLOGOUS PAIRING PROMOTED IN VITRO BY 
RecA PROTEIN OF E. COLI 

The RecA protein, which is essential for genetic recombi
nation of E. coli (CLARK 1973; KOBAYASHI & IKEDA 1978) pro
motes homologous pairing of DNA molecules in v itro (WEINSTOCK 
et al. 1978; SHIBATA et al. 1979a). In the presence of ATP, 
RecA protein will cause the uptake of homologous single
stranded fragments by duplex DNA to form D-loops (Fig. 2 and 
SHIBATA et al. 1979a; MCENTEE et al. 1979). Observations on 
the formation of D-loops from single-stranded fragments and 
circular duplex DNA have shown that single strands play a key 
role in initiating the pairing reaction (see Fig. 2). The 
amount of single-stranded DNA determines the stoichiometric 
requirement for RecA protein (SHIBATA et al. 1979b). Moreover, 
single-stranded DNA, whether homologous or not, as well as 
oligodeoxynucleotides, stimulates RecA protein to bind and par
tially unwind duplex DNA (Fig. 2, & SHIBATA et at. 1979b) in the 
presence of adenosine_ 5' -0- (_J_-thio-triphosphate-l (ATPy_S_)_,_ an 
analog of ATP. Whereas RecA protein can partially unwind DNA 

- -t-ha--t--i-s- n01c-tc0 Ic>0-l-0~-i-ea-l-l-y- e0n-s-tc-:c-a-i-ne0.-, - 1:1n0:e-r- tc-he--s-ame--e0n0:-i -
tions, the protein lacks topoisomerase activity (CUNNINGHAM 
et al. 1979). 
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These observations led us to postulate that RecA protein 
first brings single-stranded and double-stranded DNA into 
proximity and then partially unwinds the duplex DNA in order 
to search for homology (SHIBATA et al. 1979b; CUNNINGHAM et 
al. 1979). Subsequent observations on the kinetics of the 
reaction strongly support this hypothesis (RADDING et al. 
1980; SHIBATA et al., in preparation). In this paper we will 
develop the idea that the special role of single-stranded DNA 
in promoting the binding and unwinding of duplex DNA is a key 
to understanding the topology of various pairing , reactions 
catalyzed by RecA protein. 

FIGURE 2. Model for the promotion of homologous pairing by 
RecA protein (SHIBATA et al. 1979b; CUNNINGHAM et al. 1979). 
The binding of ATP promotes the binding of single strands by 
stoichiometric amounts of RecA protein. Single strands stimu
late RecA protein to bind and partially unwind duplex DNA 
prior to homologous pairing. Alignment of homologous sequences 
and uptake of a third strand are accompanied by hydrolysis of 
ATP. The numbers represent states of RecA protein, possibly 
different conformations; ellipses represent molecules of RecA 
protein; ssDNA and dsDNA represent single- and double-stranded 
DNA respectively. 

TOPOLOGICAL ASPECTS OF HOMOLOGOUS PAIRING 

The recent discovery that purified E. coli RecA protein 
promotes the formation of D-loops from duplex DNA and homolo
gous single-stranded fragments (SHIBATA et al. 1979a; McENTEE 
et al. 1979) appeared to give further impetus to the idea 
that breakage precedes homologous pairing. More recently, 
however, we have observed that RecA protein will catalyze the 
formation of stable joint molecules from several topological 
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variants of DNA (Fig. 3, & CUNNINGHAM et al. 1980; SHIBATA et 
al., in preparation; DAS GUPTA et al., in preparation). In 
addition to the pairing of single-stranded fragments and du
plex DNA, RecA protein promotes the pairing of circular 
single-stranded DNA with either linear duplex DNA or nicked 
circular DNA (SHIBATA et al., in preparation; DAS GUPTA et al. 
in preparation) and the pairing of gapped circular duplex 
DNA and superhelical DNA (CUNNINGHAM et al. 1980; WEST et al. 
1980). 
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FIGURE 3. Topological variants of DNA from which RecA protein 
will form stable joint molecules. These include from left to 
right, linear single strands with superhelical DNA (SHIBATA 
et al. 1979a; MCENTEE et al. 1979) gapped circular DNA with 
superhelical DNA (CUNNINGHAM et al. 1980; WEST et al. 1980) 
and single-stranded circular DNA with either linear duplex DNA 
or nicked circular duplex DNA (SHIBATA et al., in preparation; 
DAS GUPTA et al., in preparation). 

An e xample of a joint molecule formed by circular single
stranded DNA and nicked circular duplex DNA is shown in Fig. 4. 
This micrograph illustrates two newly appreciated features of 
the pairing reaction promoted by RecA protein: 1) RecA pro
tein can cause one strand from a duplex molecule to cross over 
and pair with a single strand that lacks a free end and 2) the 
heteroduplex joint formed in this way can be very long, on the 
order of thousands of base pairs. The long heteroduplex joint 
indicates that RecA protein can promote not only the initial 
pairing reaction but also the extension of the joint by a pro
cess that must be akin to branch migration (see RADDING 1978). 

The structure of D-loops formed by RecA protein (see Fig. 
1) has been well characterized and is the same as that formed 

- by- annea-1-ing- (-BENI'-T I-E- e-t - a-1-.- 1-9 7-7-;- WTEGAND- e-t-aL~ L9_7_7_;_ 
SHIBATA et al. 1979a; SHIBATA et a l., in preparation; DAS 
GUPTA et al., in preparation). The structures of certain 
joint molecules made by RecA protein from circular single 
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FIGURE 4. Electron micrograph of a joint molecule formed by 
RecA protein from single-stranded circular DNA and nicked cir
cular duplex DNA. The tracing on the right shows our inter
pretation of the single-stranded (thin line) and double
stranded (thick line) regions. 

strands and duplex DNA (Fig. Sa & b) seem unequivocal on the 
basis of their microscopic appearance (Fig. 4). The structure 
proposed in Fig. Sc, which is based only on microscopic obser
vations, requires verification. The data which led us to pro
pose the structure shown in Fig. Sd have been described in de
tail elsewhere (CUNNINGHAM et al. 1980). 

A TOPOLOGICAL MODEL 

Our observations so far fit the rule that RecA protein 
will stably pair two molecules of DNA if one of them is at 
least partially single stranded, and if either molecule has a 
free end. We interpret the requirement for single-stranded DNA 
to reflect the special role that single strands play in stimu
lating RecA protein both to bind and to unwind duplex DNA 
(SHIBATA et al. 1979b; CUNNINGHAM et al. 1979). We interpret 
the requirement for a free end as a thermodynamic one: In the 
absence of topoisomerase activity (CUNNINGHAM et al. 1979), a 
free end may be necessary to stabilize the joint molecule by 
forming a heteroduplex joint with the normal Watson-Crick struc
ture. Indeed, the requirement for a free end is completely non
specific (cf Fig. 3): Single-stranded DNA and the free end can 
be part of the same molecule or different ones; the free end 
can be the terminus of a single-stranded molecule, the terminus 
of a duplex molecule, or it can be located at a nick or a gap 
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FIGURE 5. Interpretations of the structures of joint molecules 
made by RecA protein from: a) linear duplex DNA and a circular 
single strand, b & c) nicked circular duplex DNA and circular 
single strands (DAS GUPTA et al., in preparation) and d) gapped 
circular duplex DNA and superhelical DNA (CUNNINGHAM et al. 
1980). In each diagram the upper of the two molecules can be 
considered as the donor of a strand that has crossed over, and 
that has in some cases crossed back as well (c & d). 

in circular duplex DNA. Moreover, we had observed earlier that 
circular single-stranded DNA as well as single-stranded frag
ments stimulates RecA protein to bind and unwind duplex DNA 
(CUNNINGHAM et al. 1979). That observation provides a unifying 
hypothesis that rationalizes the array of reactions illustrated 
in Fig. 3. According to this hypothesis: a) Recognition of 
sequence homology can take place anywhere along the extent of 
a single strand and its complement from a duplex molecule. 
This implies that recognition requires neither a free end nor 
topological interwinding. b) Stable joint molecules, namely 
those that survive our assay conditions, arise usually by migra
tion of a heteroduplex joint that lacks the classical Watson
Crick structure until it reaches any strand interruption (See 
Fig. 3 and CUNNINGHAM et al. 1980). Recent observations sup
port the idea that RecA protein will promote the homologous 
pairing of a single strand with duplex DNA in the way just pos
tulated (DAS GUPTA et al., in preparation). 

CONCLUSIONS 

Recent observations on the topological specificity of RecA 
protein lead us to three new inferences about its pairing 
activity: 

1) RecA protein plays a role not only in the receiving end 
of a strand transfer, namely the uptake of a single strand by 
duplex DNA (SHIBATA et al. 1979; McENTEE et al. 1979), but also 
in the donating end. RecA protein can promote the crossover of 
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a strand from a linear duplex molecule or a nicked circular 
duplex molecule to a circular single strand (Figs. 3 & 5). Ob
servations on the pairing of gapped duplex DNA and superhelical 
DNA led us to propose earlier that RecA protein can cause a 
single strand to cross over from a gapped duplex molecule to 
pair with an intact.circular strand of another duplex molecule 
(Fig. 5d and CUNNINGHAM et al. 1980). The stimulation of par
tial unwinding of duplex DNA by single strands presumably 
plays a key role in the ability of RecA protein to cause a 
strand to cross over. 

2) Some joint molecules made by RecA protein have hetero
duplex regions that are several thousand base pairs in length 
(Fig. 4 and DAS GUPTA et al., in preparation). T~us, in vitr o , 
RecA protein plays a role not only in the initiation of a 
strand transfer but also in the extension of heteroduplex 
joints by an energetically driven kind of branch migration (see 
RADDING 1978 for review of branch migration). 

3) The lack of specificity of RecA protein with regard to 
ends (Fig. 3) suggests that RecA protein can initiate homolo
gous pairing of a single strand with its complement in duplex 
DNA, at sites that are remote from an end, which implies recog
nition of homology in the absence of topological interwinding. 
This hypothesis rationalizes the following observations: a) 
circular single strands, as well as linear ones, stimulate RecA 
protein to bind and partially unwind duplex DNA, b) RecA pro
tein apparently lacks topoisomerase activity (CUNNINGHAM et al. 
1980) and c) RecA protein promotes homologous pairing of a 
number of topological variants of DNA (Fig. 3, and SHIBATA et 
al., DAS GUPTA et al., in preparation; CUNNINGHAM et al. 1980; 
WEST et al. 1980). 
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Dr. Charles M. Radding at the 12th Stadler Symposium. 
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