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ABSTRACT Escherichia coli recA protein makes joint mole-
cules from single-stranded circular phage DNA (viral or plus
strand) and homologous linear duplex DNA by a polar reaction
that displaces the 5' end of the plus strand from the duplex mol-
ecule [Kahn, R., Cunningham, R. P., DasGupta, C. & Radding,
C. M. (1981) Proc. Nati AcaS SciL USA 78, 4786-4790]. Growth
of the heteroduplex joint, which results from strand exchange or
branch migration, stopped at the borders of regions of nonho-
mologous DNA that were variously located 145, 630, or 1202 nu-
cleotides from the end. Accumulation of migrating branches at
heterologous borders demonstrates that their migration is not the
result of random diffusion but is actively driven by recA protein.
Growth of the heteroduplex joint was blocked even when a het-
erologous insertion was located in the single-stranded DNA, a case
in which the flexible single-stranded region might conceivably fold
out of the way under some condition. The recA protein did not
make joint molecules from phage 4X174 and G4 DNAs, which are
70% homologous, but did join phage fd and M13 DNAs, which are
97% homologous. In the latter case, heteroduplex joints extended
through regions containing isolated mismatched base pairs but
stopped in a region where the fd and M13 sequences differ by an
average of 1 base pair in 10. These results suggest that in genetic
recombination the discrimination of perfect or near-perfect ho-
mology from a high degree of relatedness may be attributable in
part to the mechanism by which recA protein promotes strand
transfer.

The heteroduplex joint, a splice containing paired strands from
each of two DNA molecules, is a key feature of homologous
genetic recombination (1, 2). A body of genetic evidence sup-
ports the view that the formation and processing of these het-
eroduplex joints is largely responsible for the classical phenom-
ena ofmeiotic gene conversion and aberrant meiotic segregation,
phenomena that are associated with reciprocal crossing-over
(3, 4). According to this theory of gene conversion and recom-
bination, there are mechanisms of strand transfer that permit
the inclusion of mismatched bases, even extensive insertions
or deletions (5), and there are mechanisms that can correct
mismatches prior to replication. Conversion of extensive inser-
tions and deletions has been observed (3, 6, 7), and the cor-
rection of mismatched bases has been demonstrated by trans-
fection ofbacteria with hybrid or heteroduplex DNA containing
various mismatches (1, 2, 8).

Recent observations on the recA protein of Escherichia coli
have made it possible to study the formation of heteroduplex
joints in a precise way in vitro. The recA protein is a DNA-de-
pendent ATPase (9, 10) that promotes homologous pairing of
DNA molecules in vitro (11). Experimentally, we have distin-
guished two aspects ofthis pairing activity: synapsis, which pairs
a single-stranded region ofDNA with homologous duplex DNA,
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FIG. 1. Polar strand exchange or branch migration promoted by
E. coli recA protein. The recA protein pairs a circular single strand of
phage DNA with its complement in duplex DNA, displacing the 5' end
of the linear viral or plus strand and making a heteroduplex joint that
begins only from the 3' end of the complementary strand (12, 14). For
emphasis, the heteroduplex region or heteroduplex joint is marked by
short vertical lines. The vertical arrow signals the branch point or
point of strand exchange, and the horizontal arrow indicates the di-
rection of net migration of the branch.

even in the absence of a free end in any strand of DNA, and
strand transfer or strand exchange, which causes the formation
of long heteroduplex joints in some circumstances (12, 13); in
particular, recA protein acting on circular single-stranded DNA
and linear duplex DNA promotes the polar formation of het-
eroduplex joints. The circular plus strand replaces its homolog
in the linear duplex DNA starting only from the 5' end of the
linear plus strand (see Fig. 1 and ref. 14). Thus, this combination
of substrates provides a unique opportunity to study hetero-
duplex formation that starts from a defined site and proceeds
in one direction. To determine some of the characteristics of
heteroduplex formation, we have examined the effects of small
and large mismatches on the growth of heteroduplex joints.

METHODS
Formation of Joint Molecules by recA Protein. The standard

20-1.l reaction mixture contained 31 mM Tris-HCl (pH 7.5), 1.2
mM ATP, 20 mM MgCl2, 4-6 ,uM each single-stranded and
duplex DNA, and 2-3 tiM recA protein (Mr 37,800). Concen-
trations of DNA are expressed as the molar concentration of
nucleotides. Incubation was at 37C for 10-30 min in different
experiments.

Assays. The method of assaying joint molecules, called assay
D or the D-loop assay, was as described (12), except that we
omitted the detergent or heat prior to filtration.

Electron Microscopy. Samples were prepared for micros-
copy and molecules were measured as described by Cunning-
ham et aL (13, 15).

Abbreviation: SSB, single-stranded-DNA binding protein.
* This is paper no. 13 in a series on the recombination-like activities of
recA protein. Paper no. 12 is ref. 14.

762

The publication costs ofthis article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertise-
ment" in accordance with 18 U. S. C. §1734 solely to indicate this fact.



Proc. NatL Acad. Sci. USA 79 (1982) 763

Preparation of DNA. Single-stranded and replicativ
DNA from phages fd, M13, Ml3Gonl and M13mp2 we

pared as described by Cunningham et aL (15). Phage G4
stranded DNA was prepared as described by Beattie et c

Enzymes. The recA protein was purified as describe
18). Purified E. coli single-stranded-DNA binding proteir
was a gift from John Chase and phage T4 gene 32 prote
a gift from Navin Sinha. Restriction endonucleases Hpa
BamHI were purchased from Bethesda Research Labora
Restriction endonucleases Bgl I, HgiAI, and Sau96I wet
chased from New England BioLabs.

RESULTS
Accumulation of Branch Points at the Border of Het

gous DNA. For these experiments, we used DNA from tI
meric phage Ml3Gorti (19), which has an insert of 2214
pairs of phage G4 DNA in the genome of phage M13.
restriction endonucleases, we cut the duplex circular repli
form of Ml3Goil to yield the chimeric products illustra
Fig. 2, in which the 3' end of the complementary stran
located in G4 DNA. We allowed these molecules to reac

single-stranded circular phage G4 DNA and recA prote
10 or 15 min at 370C. The electron microscopic appeara
joint molecules corresponded to the interpretation in Fig.
and readily permitted identification and measurement
length of the heteroduplex regions. For both of the mole
of Ml3Goril DNA diagrammed in Fig. 2, the length of
heteroduplex regions was equal to the length ofG4 DNA,,
3' end of the complementary strand, within the limits of
(ca. ± 100 base pairs). None of the heteroduplex region
tended beyond the heterologous block. The observed
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FIG. 2. Accumulation of branch points at the border of heterolo-
gousDNA. At the bottom ofA andB are maps of the linear duplexDNA
involved in each experiment. The molecule diagrammed in A was ob-
tained by cutting M13Goril superhelical DNA with restriction endo-
nucleaseHpa I, which produces two fragments. Because of the polarity
of the reaction, only the smaller fragment reacts with circular single-
stranded G4 DNA (14). The molecule diagrammed in B was obtained
by cutting M13Goril DNA once with endonucleaseBglI. The maps are
oriented with the 3' end of the complementary strand at the left. Solid
bars represent phage G4 DNA, and wavy lines represent M13 DNA.
The circular single-stranded DNA was from phage G4. The joint mol-
ecules were made as described in Methods, except that incubations
were at 3700 for 15 min for A, and 10 min for B. Each open horizontal
bar represents the length of the heteroduplex region in a single joint
molecule. According to previous findings (14), these heteroduplex
joints start to form from the 3' end of the complementary strand (see
Fig. 1). Each division of the horizontal scale corresponds to 100 base
pairs.
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FIG. 3. Hypothetical disposition of a heterologous insert in single-
stranded DNA involved in a strand exchange. The saw-toothed line
represents heterologous DNA.

terolo- mutation ofbranch points at the boundary ofheterologous DNA
he chi- supports our previous conclusion about the polarity of the re-
6 base action as diagrammed in Fig. 1. The lengths ofthe heteroduplex
Using regions illustrated in Fig. 2B corresponded to the length of G4
cative DNA between the 3' end of the G4 complementary strand and
tted in the beginning of M13 sequences. There were no heteroduplex
id was regions that exceeded the length of the 3' end of G4 comple-
t with setentary strand and that corresponded instead to the length of
in for the G4 DNA at the other end of the molecule.
rice of Arrest of Strand Exchange at an Insertion in the Donor
1(12) Single-Stranded DNA. An insertion in a single-stranded donor
of the molecule might present less of an impediment to continued
2cules growth of a heteroduplex joint than does an insertion in the
most duplex recipient molecule. In the former case, the heterologous
at the insert need only loop back on itself to allow homologous se-
error quences to present themselves at the growing junction (Fig. 3).
is ex- We explored this idea by using the chimeric phage M13mp2,
accu- which contains an insertion of789 bases oflac DNA in M13 (20).

Single-stranded M13mp2 DNA was allowed to react with du-
plex M13 DNA that had been cleaved only by endonuclease

A Sau96I. This cleavage put the insert in the single-stranded DNA
at a site corresponding to 145 bases from the 3' end of the com-
plementary strand. Within the limits of error, none of the het-
eroduplex joints extended beyond the site of the insert (Table
1). In a control, consisting ofcircular single-stranded M13 DNA
reacting with the same duplex M13 DNA, 13 heteroduplex
joints varied in length between 350 and 3000 base pairs (data
not shown).

Because helix-destabilizing proteins, both E. coli SSB pro-
tein and T4 gene 32 protein, augment the formation ofD loops

B '~when the amount of recA protein is limiting (21, 22), we tested
the possible effect of these proteins on the arrest of strand ex-

Table 1. Arrest of heteroduplex growth at an insertion in the
single-stranded DNA

Length of Number of molecules
heteroduplex recA recA protein

DNA, recA protein + T4 gene
base pairs protein + SSB 32 protein Totals

0- 50 0 0 0 0
50-100 3 6 0 9
100-150 13 12 14 39
150-200 6 1 10 17

>200 0 0 0 0
65

In the standard reaction mixture for 30 min at 370C, recA protein
formed joint molecules from circular single-stranded M13mp2 DNA
and linear duplex M13 DNA produced by cleaving the replicative form
with endonuclease Sau96I. The M13mp2DNA contains a heterologous
insertion of 789 nucleotide residues at a site corresponding to 145 nu-
cleotides from the 3' end of the complementary strand in the duplex
molecule.
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change. Under controlled conditions in which SSB and gene 32
protein stimulated the formation ofjoint molecules by circular
single-stranded DNA and linear duplex- DNA (control data not
shown, previous data in ref. 21), the two helix-destabilizing
proteins did not relieve the block imposed by a heterologous
insert in the single-stranded DNA (Table 1). In addition to the
molecules that we measured (Table 1), we examined qualita-
tively about 250 other joint molecules, but we did not detect
any with long heteroduplex joints. The failure of recA protein
to push a migrating branch past an insertion in the single-
stranded donor molecule emphasizes the concerted nature of
the strand exchange (14).
The data in Table 1 and Fig. 2 show that the branch points

in joint molecules (see Fig. 1) accumulated at boundaries of
nonhomologous DNA located respectively 145, 630, or 1202
nucleotides from the 3' end of the complementary strand. By
contrast, in the absence of a heterologous block, branch points
are evenly distributed (see Fig. 5 B and D below and ref. 12).
In the case of those molecules in which the boundary of non-
homologous DNA was 1202 nucleotides from one end, we could
readily have detected shorter heteroduplex joints (as in Fig. 2B
and Table 1), but most branches migrated to the nonhomologous
boundary and stopped (Fig. 2A). Thus, in the formation ofjoint
molecules from circular single-stranded DNA and linear duplex
DNA, recA protein promotes a unidirectional strand exchange
or branch migration.

Effects of Mismatched Base Pairs. The DNAs of phages
4X174 and G4 are 70% homologous (23, 24), whereas those of
fd and M13 are 97% homologous (25, 26). Elsewhere we will
report in detail the observation that several combinations of
4X174 and G4 DNA did not form stable joint molecules when
circular single-stranded DNA was allowed to react with linear
duplex DNA. By contrast, mixed pairs of fd and M13 DNA
formed joint molecules about as well as the homologous com-
binations (Fig. 4). In the nucleotide sequences of fd and M13
DNA there are 193 differences, consisting of 179 changes of a
single base, 5 changes of two consecutive bases, 1 change of

A
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S
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B
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three consecutive bases, and one extra base in fd (25, 26). The
formation of joint molecules by fd and M13, the known se-
quences ofthese two phages, and the known polarity ofthe recA
reaction made it possible to look for an effect ofrelatively sparse
base changes on elongation ofheteroduplex joints by recA pro-
tein. As in the experiments described above, by cleaving duplex
fd or M13 DNA with different restriction enzymes, we varied
the site at which heteroduplex formation began. The production
of the expected cleavage products also served as a control on
the authenticity of our stocks of fd and M13. In the following
description we will use the term mismatched combination to
distinguish any pair of fd and M13 molecules from completely
homologous pairs that serve as controls.

Endonuclease BamHI cleaves M13 DNA at a single site (26).
We allowed this linear molecule to react with circular single-
stranded M13 DNA and with circular single-stranded fd DNA.
In the case of the mismatched combination, the heteroduplex
joints did not extend beyond 1400 base pairs from the end in
21 out of 22 joint molecules (Fig. 5C). By contrast, in the ho-
mologous control the heteroduplex joints extended beyond
1400 base pairs in 10 out of 12 molecules (Fig. 5D).

In another experiment, we cleaved fd circular duplex DNA
with endonuclease HgiAI, which cuts fd DNA at a single site.

2 4 6 2 4 6

Length of Heteroduplex DNA

I 7 \FIG.5. Effects of mismatched base pairs on the elongation of het-
eroduplexjoints by recA protein. The DNA in these experiments were

0t/ - / _ pairs of fd and M13 molecules. Joint molecules were made as described
// inMethods. Incubation was in the standard reaction mixture for 30 min

at 370C. Each horizontal bar represents the length (in kilobase pairs)
l I I, IE | ffi , of heteroduplex DNA in one joint molecule. (A) Circular single-

o0 20 30 l0 20 30 stranded M13 DNA and linear duplex fd DNA made by cleavage with
Time (min) restriction endonuclease HgiAI. (A') The distribution of mismatched

base pairs in the first 900 base pairs from the 3' end of the comple-
4. Time course of formation ofjoint molecules by mismatched mentary strand in duplex DNA. Each vertical line represents the num-
'fd and M13 DNA() and completely homologous pairs of fd ber of mismatches per 90 nucleotide residues; each division of the ver-
DNA (e). (A) Circular single-stranded M13 DNA and linear tical scale is a single mismatched base pair. The horizontal scale is the
fd DNA made by cleavage with endonuclease HgiAI (0). The same as for the rest of the figure. (B) The homologous control for A:
is circular single-stranded fd DNA allowed to react with the circular single-stranded fd DNA paired with the same duplex fd DNA
iplex fd DNA(W). These are the same substrates described in as in A. (C) Circular single-stranded fd DNA and linear duplex M13
Land B. (B) Circular single-stranded fd DNA and linear duplex DNA made by cleavage of M13 replicative form by endonuclease
[A madeby cleavage with endonucleaseBamIf (). The control BamEH. (C') Like A', the distribution of mismatched base pairs in the
lar single-stranded M13 DNA allowed to react with the same first 1980 base pairs from the 3' end of the complementary strand. (D)
Luplex molecule (W). These are the substrates described in Fig. The homologous control for C: circular single-stranded M13 DNA that
D. had reacted with the same linear duplex DNA as in C.

40

P
s

.5
C

30 [

20 1

101

FIG. I

pairs of
or M13
duplex i
control
same dt
Fig. 5 A
M13DN
is circul
linear d
5 C and

Proc. Nad Acad. Sci. USA 79 (1982)



Proc. Natd Acad. Sci. USA 79 (1982) 765

Table 2. Arrest of polar strand exchange by mismatched
base pairs

Length of Number of molecules
heteroduplex recA recA protein

DNA, recA protein + T4 gene
base pairs protein + SSB 32 protein Totals

0-100 0 0 0 0
100-200 1 1 3 5
200-300 8 6 15 29
300-400 8 8 7 23
400-500 1 3 0 4

>500 0 0 0 0
61

The same combination of DNA molecules described in Fig. 5A. A
mismatched trinucleotide is present 354 bases from the 3' end of the
complementary strand in the linear duplex molecule, followed by 13
mismatches in the next 100 base pairs. Incubation of the standard re-
action mixture was for 30 min at 370C.

When this linear duplex fd DNA reacted with circular single-
stranded M13 DNA, the heteroduplex joint did not extend be-
yond 400 base pairs in 19 molecules that were measured (Fig.
5A). In the homologous control, all of the heteroduplex joints
were longer, ranging between 850 and 5700 base pairs (Fig. 5B).

As in the case of the insertion of 789 bases in M13mp2 de-
scribed above (Table 1), neither the E. coli SSB protein nor T4
gene 32 protein had an effect on the arrest ofheteroduplex joints
in the mismatched pair consisting ofduplex fd DNA cleaved by
HgiAI and circular single-stranded M13 DNA (Table 2). In ad-
dition to the molecules that we measured (Fig. 5A), we exam-
ined qualitatively about 200 joint molecules each made by recA
protein, plus SSB protein and by recA protein plus T4 gene 32
protein. We found only one long heteroduplex joint.

DISCUSSION
Previous experiments have shown that when recA protein pairs
circular single strands with linear duplex DNA, it forms het-
eroduplex joints in a polar fashion, in the sense that recA protein
forms heteroduplex DNA only from one specific end of the
molecule (14). This observation could mean either that recA
protein recognizes a specific end, following which the hetero-
duplex joint grows by random diffusion, or that recA protein
drives a strand exchange in a specific direction, presumably by
some sort of polar and cooperative binding. The present ob-
servations favor the latter explanation by showing that branch
points accumulate at the border of heterologous regions, an
observation that is not consistent with a random one-dimen-
sional walk unless one postulates in addition that the nonho-
mologous DNA is an absorbing boundary. Recently Cox and
Lehman (27) observed that in the presence of E. coli SSB the
growth of heteroduplex joints requires the continuous activity
ofrecA protein. The two sets of observations, with and without
SSB, support the same conclusion, namely that recA protein
actively drives a strand exchange involving a single strand and
a duplex molecule. On the basis of the substrate specificity of
recA protein and the structure of the products of the reaction,
we inferred that recA protein has a strand transferase activity
as well as a pairing activity (12, 28). The present findings con-
firm that view.
The polar formation of heteroduplex joints in such a well-

defined system provides an opportunity to study a complicated
process that lies at the heart of homologous genetic recombi-
nation. The experiments described here represent an attempt
to define the effect of mismatched bases on the formation of
heteroduplex DNA. We examined two combinations of fd and

M13 DNA in which heteroduplex formation started from dif-
ferent restriction sites. According to the published nucleotide
sequences of fd and M13, beginning from the BamHI site in
M13 there are 31 differences in the first 1431 bases, 29 ofwhich
involve nonadjacent bases; 14 of these mismatches are in the
last 19% of the region (See Fig. SC'). Among the 22 migrating
joints, 17 stopped between 948 and 1366 base pairs from the
end (Fig. 5C). In this region of 418 base pairs, there are only
12 single mismatched base pairs. Differences in the nucleotide
sequences are most concentrated in the 90 base pairs between
1187 and 1277, where there are 9 mismatches. This run of mis-
matches coincides approximately with the mean length of the
17 joints that stopped between 948 and 1366 base pairs. With
regard to the second mismatched combination, the published
nucleotide sequences show that 3 sequential bases differ at a
position 354 nucleotides from the HgiAI site in fd. Between the
end and the mismatched trinucleotide there are only 4 single
mismatches. In the 100 base pairs beyond the triplet, however,
there are 13 differences, including two mismatched dinucleo-
tides (Fig. 5A'). In our experiments, the growth ofheteroduplex
DNA starting from the Hgi AI site was strikingly arrested (Fig.
5A and Table 2). The mean length of 61 heteroduplex joints was
290 ± 150 (2SD), which correlates with the dense concentration
of mismatches beyond nucleotide residue 354 (Fig. 5A). From
these two experiments, we conclude on the one hand that recA
protein, using the energy of ATP, is able to drive a strand ex-
change through some single pairs of mismatched bases, and on
the other hand that the extension ofheteroduplex joints by recA
protein can be stopped by relatively minor degrees of mis-
matching, possibly by a mismatched trinucleotide (Fig. 5A), or
by a density of single mismatches as low as an average of 1 base
pair in 10 (Fig. 5B). Helix-destabilizing proteins did not enable
recA protein to overcome this barrier under the conditions of
our experiments.

The substrate containing a heterologous insertion in the sin-
gle-stranded DNA (Fig. 3) is a particularly interesting one with
regard to genetic recombination and the possible inclusion of
deletions or insertions in heteroduplex regions (see Introduc-
tion). Although in the present experiments recA protein did not
push the heteroduplex joint past such a discontinuity, other fac-
tors, such as superhelicity, affect the growth of heterodu-
plex joints and may eventually prove to overcome various
discontinuities.

Note Added in Proof. Polarity in the formation of joint molecules by
recA protein has recently been described also by Cox and Lehman (29)
and West et aL (30).
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