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SUMMARY

Homologous recombination, the exchangeof strands
between different DNA molecules, is essential for
proper maintenance and accurate duplication of the
genome. Using magnetic tweezers, we monitor
RecA-driven homologous recombination of individ-
ual DNA molecules in real time. We resolve several
key aspects of DNA structure during and after strand
exchange. Changes in DNA length and twist yield
helical parameters for the protein-bound three-
stranded structure in conditions in which ATP
was not hydrolyzed. When strand exchange was
completed under ATP hydrolysis conditions that
allow protein dissociation, a ‘‘D wrap’’ structure
formed. During homologous recombination, strand
invasion at one end and RecA dissociation at the
other end occurred at the same rate, and our single-
molecule analysis indicated that a region of only
about 80 bp is actively involved in the synapsis at
any time during the entire reaction involving a long
(!1 kb) region of homology.

INTRODUCTION

Homologous recombination is an important pathway for accu-
rate repair of DNA double-strand breaks, is required for generat-
ing genetic diversity duringmeiosis, and is essential for overcom-
ing difficulties in replication. The core events of homologous
recombination are homology recognition and DNA strand
exchange catalyzed by RecA-type recombinases (Wyman and
Kanaar, 2004). Bacterial RecA is the most extensively studied
recombinase, but similar proteins exist in all kingdoms of life,
including eukaryotic Rad51 and archaeal RadA. These proteins
work as molecular machines by assembling filaments along
one DNA partner that can then exchange the local base pairing
with another DNA molecule with the same sequence.

The strand-exchange reaction central to homologous recom-
bination proceeds through the concerted rearrangement of DNA
strands catalyzed by the assembly, rearrangement, and disas-
sembly of a RecA-nucleoprotein filament. Determining the struc-

tures formed and their dynamic transitions during nucleoprotein-
filament invasion of a target duplex DNA is key to understanding
the mechanism of strand exchange. Some aspects of these
events have been described. Using fluorescence resonance
energy transfer to detect association of an invading single-
stranded DNA and dissociation of one strand of the double-
stranded DNA revealed the detailed kinetics of these two steps
(Bazemore et al., 1997a, 1997b; Ellouze et al., 1997; Gumbs
and Shaner, 1998). However, changes in DNA structure during
exchange were not probed. Other approaches show that the
target duplex DNA molecule is partly unwound prior to strand
invasion. This is a signature for a mechanism involving the melt-
ing and annealing of recombining DNA strands (Zhou and Ad-
zuma, 1997), implying that DNA dynamics, such as transient
melting of a few base pairs, is an important aspect of homology
recognition (Folta-Stogniew et al., 2004). Indeed, potential base
pairing involving all three strands in the exchange reaction
appears not to be an important aspect of DNA structure accom-
panying homology recognition (Frank-Kamenetskii and Mirkin,
1995). However, other aspects of the arrangement of the three
participating strands have not been described.
The RecA-mediated association of three DNA strands is

required at some point during strand exchange. The strands
are likely arranged as a coaxial, stretched, and underwound
ternary intermediate (Kiianitsa and Stasiak, 1997). Double-
stranded DNA bound by RecA, and similar recombinases, is
stretched and unwound in a DNA structure proposed to be in-
trinsically recombinogenic (Yu et al., 2004). The lack of direct
structural information showing the arrangement of single- or
double-stranded DNA within a RecA filament or of any structure
formed during strand exchange still limits our understanding of
this process. Some specific features for a three-stranded heli-
cal structure in the presence of RecA have been predicted
from molecular modeling simulations (Bertucat et al., 1999).
Strand exchange is often described as proceeding from an in-
vading RecA-coated single-stranded DNA arranged in parallel
to the duplex DNA forming a so-called paranemic joint that is
then converted into a plectonemic joint as the single-stranded
DNA forms an interwound structure with the duplex DNA (Bian-
chi et al., 1983). However, direct evidence for a paranemic joint,
a description of the dynamic transition to a plectonemic joint,
and the length of DNA involved at either step have not yet
been obtained.
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To define some of the so far unprobed mechanistic aspects of
RecA-mediated strand exchange, we have taken a single-mole-
cule approach. Strand exchange catalyzed by the assembly,
rearrangement, and disassembly of RecA filaments is coupled
to changes in DNA structure that can be measured and manipu-
lated in magnetic tweezers. We analyzed structural transitions
in a target double-stranded DNA molecule during individual
defined strand-exchange events in real time. In this way, we
obtained direct information on the extent of DNA involved, the
changes in DNA structure, and their duration. During joint-mole-
cule formation, a RecA-bound three-stranded intermediate was
formed. Subsequently, during strand exchange, the displaced
strand was wrapped around the newly formed duplex DNA into
a D wrap structure. The synaptic area involved between the in-
vading nucleoprotein filament and the target duplex DNA was
limited to a region of only about 80 bp. Taken together, this
provides exciting insight into the strand-exchange mechanism.

RESULTS

A magnetic tweezers setup (Figure 1) enables control of the
topological state of a single tethered double-stranded DNA
molecule and monitoring the DNA end-to-end distance with
nanometer resolution in real time (Strick et al., 1998). A 10 kb
double-stranded DNA molecule was tethered between a glass
slide and a bead in a flow cell. The molecule included a region
of sequence homology to RecA-coated single-stranded DNA fil-
aments, which in our study ranged from 359 to 1055 bp in length
(see the Experimental Procedures). Strand exchange was initi-
ated by introducing RecA-coated single-stranded DNA filaments
into the flow cell. Interaction of a RecA-coated single-stranded
DNA filament with the tethered duplex DNA molecule will induce
changes in the structure of the tether (Figure 1A). TheDNAbound
by RecA is locally elongated by 50%, leading to an increase in
end-to-end distance of the tethered double-stranded DNA.
More significantly, changes in DNA helical twist, induced by
interaction with the RecA-coated single-stranded DNA filament,
can be sensitively measured by using magnetic tweezers. The
tethered double-stranded DNA was negatively supercoiled by
external magnets to a degree at which strand exchange is readily
observed in ensemble reactions (supercoil density s x "0.04;
35 negative rotations for our 10 kb double-stranded DNA at
a stretching force of 0.5 pN [Cai et al., 2001; Dasgupta and
Radding, 1982; Wong et al., 1998]). Recombination-induced
changes in twist will cause large changes in end-to-end distance
because plectonemic supercoils are removed from the torsion-
ally constrained double-stranded DNA molecule (Figure 1B).
We thus followed strand pairing and exchange by RecA in real
time via the changes in end-to-end distance of the target DNA.

Rate of Joint-Molecule Formation in the Presence
of ATPgS
First, we studied the reaction for RecA-coated single-stranded
DNA nucleoprotein filaments that were preassembled in the
presence of ATPgS, an ATP analog that is poorly hydrolyzable.
In this condition, RecA polymerizes on single-stranded DNA
into stable filaments (McEntee et al., 1981) and is able to catalyze
strand exchange with double-stranded DNA, despite the lack of

ATP hydrolysis. The final product of strand invasion with ATPgS
is a joint molecule bound by RecA (Menetski et al., 1990). After
RecA-coated single-stranded DNA filaments were added to
the flow cell, a lag time was observed during which the length
of the DNA tether did not change, followed by a steady increase
in end-to-end distance (see top curve in Figure 2A). The length
increase indicated joint-molecule formation due to protein-stabi-
lized local unwinding and stretching of the homologous region of
the tethered molecule. The increase progressed linearly with
time, after which the end-to-end distance remained constant.
The duration time t1 of the length increase depended linearly
on the length of the homologous piece of single-stranded DNA
used. Experiments were repeated multiple times (n = 5) for
each length of homologous single-stranded DNA used (359,
696, and 1055 nt). Figure 3 shows a linear fit between t1 and ho-
mology length that yields a rate of strand pairing of 2.11 ± 0.05
nt/s at 22#C. Time t1 reflects the time needed to form a joint
molecule over the entire homologous region.

Kinetics of Strand Invasion and Exchange
in the Presence of ATP
RecA-coated single-stranded DNA nucleoprotein filaments were
also preassembled and studied in the presence of ATP, which
supports full biological activity. Here again, following a lag time
after introduction of the RecA-coated single-stranded DNA fila-
ments into the flow cell, the end-to-end distance of the tethered
double-stranded DNA started to increase (see bottom curve in
Figure 2A). However, it subsequently reached a plateau,

Figure 1. RecA-Mediated DNA Strand Invasion and Exchange
(A) Schematic drawing of the magnetic tweezers setup. A DNA molecule is

attached at one end to the bottomof the flow cell and at the other end to amag-

netic bead. This molecule can be stretched and twisted by using a pair of mag-

nets placed above the flow cell. The bead position, and thus the end-to-end

distance of the DNA molecule, is determined by using video microscopy and

image analysis. In this setup, the interaction of a RecA-coated single-stranded

DNA filament with a homologous duplex DNAmolecule can be followed in real

time because binding induces a change in end-to-end distance of the tethered

molecule.

(B) Rotation of the external magnets induces a change in end-to-end distance

due to the formation of plectonemic supercoils (Strick et al., 1998). Thirty-five

negative plectonemic supercoils were introduced at a stretching force of

0.5 pN before initiation of the strand invasion and exchange reaction. Upon

binding, a RecA-coated single-stranded DNA nucleoprotein filament partially

unwinds the target double-stranded DNA molecule and therefore amplifies

the signalDL due to the removal of negative plectonemic supercoils and there-

fore shifting the center of the rotation dependency of the tethered molecule

toward lower numbers.
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followed eventually by a decrease to the initial length. We define
a time t2 as the duration between the initial increase and the
moment when the final decrease has finished. This time denotes
the interaction time between a RecA-coated single-stranded
DNA nucleoprotein filament and the tethered double-stranded
DNA molecule. Indeed, we found that t2 is linearly dependent
on the length of the homologous single-stranded DNA (Figure 3).
The experiment was repeated multiple times (n = 5) for each
length of homology, and a linear fit between interaction time
and homology length yielded a rate of strand exchange of 2.25 ±
0.04 nt/s at 22#C. This value is in excellent agreement with the
value of 2.0 ± 0.2 nt/s determined by extrapolation from bulk
data to 22#C (Bedale and Cox, 1996). We observe that t1 and
t2 for reactions done with ATPgS and ATP, respectively, were
almost the same, with t2 slightly exceeding t1 (Figure 3). The
similarity of these values indicates that the strand pairing rate
is independent of ATP hydrolysis.

The observed changes in end-to-end distance are highly
specific to RecA-coated single-stranded DNA strand invasion
and exchange with homologous double-stranded DNA. Control
experiments that lacked either RecA or single-stranded DNA,
or that used single-stranded DNA with a complete heterologous
sequence, did not yield any increase in end-to-end distance
(Figure 2B, bottom curve). In the case in which the invading
single-stranded DNA was partially homologous to the target
duplex DNA by containing 696 nt of homologous DNA and a
359 nt heterologous 50 end, the interaction time corresponded
to the length of the homology between the two strands (repeated
three times in the presence of ATPgS, Figure 3 and see Figure S1
available online), i.e., strand pairing occurred for the 30 end

homologous part but stopped at the heterologous part. Negative
supercoiling was also required, as strand invasion was not de-
tectedwithin a reasonable time frame (3 hr) for torsionally relaxed
or positively supercoiled tethered DNAmolecules (Figure 2B, top
curve). After the formation of a stable joint molecule with ATPgS,
we attempted to complete the reaction by the addition of ATP.
This appeared not to be possible, i.e., the end-to-end distance
of the tethered duplex DNA molecule stayed constant and did
not return to the initial length. It has been shown that RecA-dou-
ble-stranded DNA nucleoprotein filaments formed in the pres-
ence of ATPgS could not be coaxed to disassemble by a change
in buffer conditions from ATPgS to ATP (Galletto et al., 2006;
Shibata et al., 1979; Weinstock et al., 1979). This indicates that
the exchange of ATPgS and ATP is not efficient.

Influence of SSB
RecA nucleoprotein filament formation on single-stranded DNA
can be stimulated by single-stranded binding (SSB) protein,
because SSB removes secondary structure in single-stranded
DNA (Muniyappa et al., 1984). After filament formation in the
presence of SSB, RecA-coated single-stranded DNA was intro-
duced in the flow cell. The same strand-exchange phenomena
were observed as for RecA-coated single-stranded DNA in the
absence of SSB (Figure 3 and Figure S2). Also the interaction
times were similar, both for experiments in ATP and those in
ATPgS. Under the experimental conditions we employed, the
RecA-single-stranded DNA nucleoprotein filaments are thus fully

Figure 3. The Rate of Strand Invasion and Joint-Molecule Formation
for Different Nucleotide Cofactors, the Presence of Single-Stranded
Binding Protein, and Partial Homology
The duration time of the length increase (ti) induced in the double-stranded

DNA tether by its interaction with a RecA-coated single-stranded DNA nucle-

oprotein filament scales linearly with the length of homology for both ATP (i = 2)

and ATPgS (i = 1), yielding a rate of strand invasion and joint-molecule forma-

tion of 2.25 ± 0.04 (green) and 2.11 ± 0.05 (red) nt/s, respectively. RecA-coated

single-stranded DNA nucleoprotein filaments formed in the presence of SSB

protein (triangle) show an interaction time similar to those assembled in the

absence of SSB protein. Green and red represent measurements done in

the presence of, respectively, ATPgS and ATP (data are represented as

mean ± SEM, n = 5). The interaction time of RecA-coated single-stranded

DNA with a 50 heterologous tail corresponds to the length of homology

between invading and target DNA (cross).

Figure 2. Interaction of a RecA-Coated Single-Stranded DNA Nucle-
oprotein Filament with a Homologous Duplex DNA Molecule
(A) In the presence of ATPgS, the end-to-end distance of the double-stranded

DNA tether increased monotonically before reaching a plateau at which no

further elongation or shortening was observed (red). In the presence of ATP,

however, the end-to-end distance displayed a smaller increase and finally

returned to its original level (green).

(B) Control experiments in the absence of negative supercoiling (top curve) or

lacking homology between a RecA-coated single-stranded DNA nucleopro-

tein filament and the double-stranded DNA molecule (bottom curve) did not

result in changes of the end-to-end distance in the presence of ATPgS.
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functional even in the absence of SSB. It has been reported that
SSB stimulates the strand invasion and exchange reaction when
single-stranded DNA is present in excess over RecA (McEntee
et al., 1980). In our experimental conditions, however, RecA is
present in small excess over single-stranded DNA to ensure
complete coverage, removing the need for the stimulatory effect
of SSB (Kahn and Radding, 1984).

Structure of the Joint Molecule
The experiments with ATPgS were analyzed to determine the
helical pitch of the protein-bound DNA intermediate formed.
The increase in end-to-end distance of the DNA tether during
joint-molecule formation (Figure 2A) can be attributed to a com-
bination of local stretching and unwinding of the tethered DNA
molecule. Unwinding was independently confirmed by measur-
ing the end-to-end distance of the final construct as a function
of externally applied magnetic rotations. As shown in Figure 4A,
invasion of a 1055 nt RecA-coated single-stranded DNA nucleo-
protein filament resulted in a change in the writhe DWr of the
tethered duplex molecule of DWr = "32. Importantly, the shift
in rotational offset was linearly dependent on the length of ho-
mology (Figure 4B). This linear fit is strong evidence that DWr
is proportional to the length of sequence homology. Additional
RecA binding to duplex DNA distal to the site of DNA pairing
(Kiianitsa and Stasiak, 1997; Voloshin and Camerini-Otero,
1997) is unlikely, because this would yield an offset at zero length
of homology, which is not observed. Furthermore, we would not
expect this distal binding, if it occurs, to be similar in all experi-
ments. The experiment was repeated multiple times (n = 5) for
each lengthofhomologyused.A linearfit ofDWrversushomology
length yielded a slope of 0.0278 ± 0.0011 turns per nucleotide.
Assuming a uniform structure within the homologous regions,
this indicates that the protein-bound joint molecule has a helical
pitch h of 14.6 ± 0.2 bp per turn, using 1=h= 1=hDNA " DWr
and hDNA = 10.4 bp per turn. This pitch characterizes the struc-
ture that is formed after invasion of the RecA-coated single-
stranded DNA into the double-stranded DNA but before ATP-
hydrolysis-stimulated RecA dissociation has occurred.
What is the structure of the protein-bound intermediate that

is formed during strand invasion in the presence of ATPgS?
Our experimental result for the helical pitch can be compared
with a variety of proposed structures. Straightforward coating
of double-stranded DNA by RecA yields RecA-coated double-
stranded DNA filaments that have a helical pitch of 18.6 bp per
turn (Stasiak and Dicapua, 1982). This would correspond to
a slope of $1=10:4" 1=18:6%= 0:0424 turns per nucleotide (Fig-
ure 4B, dashed line), which is clearly different from the 0.0278
turns per nucleotide that we observed for joint molecules. The
structure of DNA in the joint molecule thus differs from that of
the well-studied nucleoprotein filament of RecA-coated dou-
ble-stranded DNA. Alternatively, the joint molecule could include
a displaced loop (D loop) in which the invading strand has formed
Watson-Crick base pairs with its homologous partner, while its
complementary strand is unwound and expelled (Zhou and Ad-
zuma, 1997). A local bubble in the tethered DNAmolecule where
the DNA is completely unwound would yield a slope of 0.096
turns per nucleotide, because one helical turn is removed for
every 10.4 bp (Figure 4B, dotted line). Again, this structure is

clearly incompatible with the data. Molecular modeling of
RecA-bound three-stranded structures suggests a base-base
distance that is elongated by 50% and a twist per base pair
that has changed to 23 ± 2#, corresponding to a helical pitch of
15.7 ± 1.4 bp per turn (Bertucat et al., 1999; Xiao and Singleton,
2002). This is in good agreement with the value of 14.6 ± 0.2 bp
per turn that we experimentally determined in the presence of
ATPgS. This may be related to the reported helical pitch variation
for RecA protein in DNA filaments (Yu et al., 2001). We thus

Figure 4. Change in Writhe during Joint-Molecule Formation
(A) After the formation of a joint molecule in the presence of ATPgS, a DWr was

observed for the tethered duplex DNA molecule. In the case of 1055 nt of ho-

mology, the rotational offset was changed by "32 (red). After the formation of

a joint molecule in the presence of ATP, however, the writhe was unchanged

(green), independent of the length of homology used (see inset).

(B) The DWr observed with ATPgS scales linearly with the length of homology

yielding a slope of 0.0278 ± 0.0011 turns per nucleotide, corresponding to the

formation of a structure with 14.6 ± 0.2 bp per turn (red line). The data are rep-

resented asmean ± SEM (n = 5). The dotted line depicts the expected result for

a complete unwinding during joint-molecule formation. The dashed line corre-

sponds to the structure of a RecA-coated double-stranded DNA filament. The

black solid line denotes the result of a RecA-bound three-strand structure

derived from molecular modeling.
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conclude that joint-molecule formation occurs through a protein-
bound intermediate with the same helical pitch and rise per base
pair as extracted frommolecular modeling simulations (Bertucat
et al., 1999; Zhurkin et al., 1994).

Length of DNA Synapsis during Strand Exchange
It is remarkable that the double-stranded DNA end-to-end dis-
tance during strand invasion and exchange in the presence
of ATP increased to a constant value of DL = 134 ± 11 nm (n =
15) independent of the length of homology used between 359
and 1055 nt. We interpret this as a signature of the dynamics
of the synapsis in the strand-exchange process with equal rates
for strand invasion and RecA release upon ATP hydrolysis. The
recombination process can be depicted as follows (Figure 5):
the invading end of a RecA-coated single-strandedDNA filament
elongates and opens the tethered target double-stranded DNA
molecule forming a protein-bound intermediate, where the asso-
ciated change in twist consumes writhe, thus increasing the
end-to-end distance. At the trailing end of the invaded region,
RecA dissociates when ATP is hydrolyzed (Fulconis et al.,
2006), relaxing the local stretching and twisting. Subsequently,
the end-to-end distance remains constant as the synapsis
between the RecA-coated single-stranded DNA filament and
the double-stranded DNA molecule travels along the region of
homology while continuously performing strand exchange. We
can determine the length n of the synapsed region, based on
the constant length change DL in the tethered double-stranded
DNA during strand exchange, as

n$dRecA-DNA " dDNA%+ nD4Dl =DL; (1)

where dRecA-DNA = 0.51 nm (Bertucat et al., 1999) and dDNA =
0.34 nm are the base pair rise in, respectively, the protein-bound
intermediate and B-DNA, D4 the change in twist between the
two structures, and Dl the increase in end-to-end distance for
the removal of a single negative plectonemic supercoil. At the
0.5 pN force exerted, the latter amounts to Dl = 55 ± 2 nm (the
left slope of the black curve in Figure 4A). For a change in twist
of 0.028 turns per nucleotide in the protein-bound intermediate,
Equation 1 leads to n = 79 ± 6 bp of the double-stranded DNA
tether. We thus obtain the length of the active synapsis between
a RecA-coated single-stranded DNA nucleoprotein filament and
its homologous duplex partner during strand exchange, which
amounts to a surprisingly low value of only about 80 bp, even
when the homology length is much longer.

Structure of DNA after Strand Exchange
After strand exchange is completed in the presence of ATP, the
end-to-end distance is the same as the starting double-stranded
DNA. This is a priori unexpected, since the structure of the tether
has locally changed in the recombination process. In the
presence of ATP, we also found that the writhe of the tethered
molecule was unchanged after strand invasion and exchange
was completed (Figure 4A and its inset), i.e., the twist as well
as the end-to-end distance is equal to the starting DNA. The
expulsion of one strand of the original double-stranded DNA in
the exchange process would induce a large DWr of the tethered
double-stranded DNA. However, this can be compensated for

by wrapping the displaced strand around the newly formed du-
plex, a structure best described as a D wrap. The contour length
of this path can be estimated as LssDNA =

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
L2dsDNA + $2pmR%2

q
;

where LdsDNA is the length of the newly formed double-stranded
DNA,m the number of rotations, and R the radius of the double-
stranded DNA molecule. The number of rotations is equal to the
number of helical turns in the newly formed duplex DNA,
m= LdsDNA=3:5nm: Assuming a radius of 0.76 nm (Saenger,
1984), a base-base distance in double-strandedDNA of 0.34 nm,
we obtain a contour length of the displaced strand of 0.58 nm
per nucleotide, which fits the value for free single-stranded
DNA (Smith et al., 1996). Consideration of the molecular dimen-
sions thus shows that the length of the displaced DNA strand is
long enough to wrap itself around the newly formed duplex DNA,
thereby avoiding any changes in twist.
Given the same DNA end-to-end distance before and after the

strand-exchange reaction with ATP, onemight question whether
this reaction actually occurred. The presence of newly base-
paired partner strands after the reaction is unambiguously dem-
onstrated in the following experiments. First, in bulk, strand ex-
change was carried out with a RecA-coated single-stranded
oligonucleotide, including the recognition sequence for restriction
enzyme ApaLI, and a double-stranded plasmid in the same con-
ditions as those in the magnetic tweezers (Figure 6A, left panel).
After strand exchange, all of the invaded single-stranded DNA
oligonucleotide was cleaved by ApaLI (Figure 6A, right panel),

Figure 5. Schematic Representation of the Strand Invasion and
Exchange Reaction by RecA
Interactions occur between a RecA-coated single-stranded DNA nucleopro-

tein filament (purple circles—black line) and a double-stranded DNA molecule

(blue-red). During strand exchange, a window of synapsis of 79 ± 6 nt in length

travels along the length of homology (toward the left in the cartoon, 50 to 30 with

respect to the invading single strand). The direction of strand exchange and

of RecA dissociation is consistent with established behavior of RecA and

not determined specifically from our data. The final structure after strand

exchange is obtained when RecA dissociates and the displaced single strand

(blue) wraps around the newly formed duplex DNA. The exact structure of the

D wrap has not yet been determined. Although drawn in a regular helix around

the double strand, the displaced single strand is flexible and may not have a

defined structure.
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indicating that this single DNA strand was now in a double-
stranded form recognized and cleaved by a restriction enzyme.
Similarly, in the magnetic tweezers setup, a recognition site for
the restriction enzyme EcoRI was located within the region of ho-
mology. In the absence of invaded single-stranded DNA—thus
without any strand exchange—the DNA tether was simply bro-
ken upon adding EcoRI (Figure 6B). A similar behavior was ob-
served for negatively supercoiled DNA (data not shown). If the in-
vaded single-stranded DNA is present in a new duplex after
exchange, however, the DNA tether should not break but should
become torsionally unconstrained as the displaced strand stays
intact and holds the construct together, while the paired strand is
broken (see inset of Figure 6B) (Voloshin and Camerini-Otero,
1997). This was indeed observed (n = 3) in themagnetic tweezers
(Figures 6B and 6C), indicating that strand exchange had oc-
curred and resulted in new base-paired partners in the tethered
DNA, with one strand of the tether paired with the invading single
strand in a structure recognized by a restriction enzyme. The dis-
placed single strand remains wrapped around the newly formed
duplex the same number of times as it was when paired. This
flexible single strand need not have a regular or defined structure
and apparently does not hinder access of a restriction enzyme.
Control experiments in which a recognition sequence was
placed outside the region of homology resulted in cutting of
the DNA tether independent of strand exchange.

DISCUSSION

In summary, we observed strand invasion and joint-molecule
formation by RecA in real time on single DNA molecules. The
overall exchange rates are similar to those determined in ensem-
ble assays, but our single-molecule approach revealed key de-
tails of the kinetics and the DNA structures formed during strand
exchange. We show that during joint-molecule formation a pro-
tein-bound three-stranded structure is formed which, assuming
uniform structure along the paired homology, has a helical pitch
of 14.6 ± 0.2 bp per turn. Furthermore, the length of the synapsis

Figure 6. Change in Structure after Strand Exchange
(A) Restriction enzyme cleavage of the invading strand after D loop formation

by RecA. (Left panel) D loop reactions were performed using a 50 end-radiola-

beled oligonucleotide (90-mer) homologous to a region of pUC19 plasmid

encompassing an ApaLI restriction site. Reaction products were resolved by

electrophoresis through a native agarose gel. (Right panel) After the D loop

reaction, samples numbered as in the right panel before and after treatment

with ApaLI were resolved by electrophoresis in a denaturing acrylamide gel.

(B) Addition of a restriction enzyme to the double-stranded DNA construct in

the magnetic tweezers. Before strand exchange, addition of a restriction

enzyme with its recognition sequence inside the region of homology led to

the loss of bead tracking because the tethered DNA molecule was cut.

(C) After strand exchange by RecA in the presence of ATP, however, the

restriction enzyme EcoRI did not cut the DNA tether but rather released the tor-

sional constraint. The end-to-end distance was seen to increase due to the

release of the negative plectonemic supercoils by rotation of one strand

around the other. The inset shows the rotation-dependent behavior before

(black) and after (red) the treatment with the restriction enzyme. Before intro-

duction of the restriction enzyme in the flow cell, the tethered DNA molecule

shows a torsionally constrained behavior, whereas after treatment the mole-

cule is torsionally unconstrained, yielding the same end-to-end distance for

various applied rotations.
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where strand invasion and exchange occurs is only 79 ± 6 bp
long. Finally, the displaced strand is wrapped around the newly
formed heteroduplex DNA.

Our observationsmatchwell with reported properties for RecA
strand invasion and exchange. In contrast, the length decreases
reported by others are unexpected and unexplained (Fulconis
et al., 2006). This decrease in end-to-end distance was attrib-
uted to the formation of a D loop structure. As discussed above,
the formation of a D loop structure would remove some of the
negatively supercoiled plectonemes increasing the end-to-end
distance. The authors also suggest that interaction between
the tethered molecule and the glass surface could cause the
length decrease observed. Such behavior is independent of
the strand invasion and exchange reaction induced by RecA.
Fulconis et al. also observed an increase in end-to-end distance
in the presence of ATPgS, but this did not correlate with the
length of homology used.

The strand invasion and exchange reaction in the presence of
ATP has been shown to have a 50 to 30 directionality (Cox and
Lehman, 1981; Kahn et al., 1981; West et al., 1981). In a recent
single-molecule experiment, the assembly and dissociation
rates during filament formation were studied for both ends of
the nucleoprotein filament (Joo et al., 2006). The nucleoprotein
filament extends at the 30 end, while dissociation occurs at the
50 end due to differences in the assembly and dissociation rates
at both ends (reviewed in Kowalczykowski, 1991). At the trailing
end of the strand invasion reaction, RecA would disassemble.
The picture we sketched in Figure 5 is consistent with the
described assembly/disassembly behavior of RecA.

In the presence of ATPgS, strand invasion and exchange reac-
tions lack distinct polarity (Jain et al., 1994; Shan et al., 1996),
and the invasion can occur from either end of the invading nucle-
oprotein filament. The behavior observed in our experiments
with ATPgS is inconsistent with bidirectional strand pairing, be-
cause we always see a simple linear increase in the end-to-end
distance. If strand invasion would be bidirectional, the increase
in end-to-end distance would contain two distinct slopes
expected to differ by a factor two.

Notably, all strand-exchange reactions that we observed
continued to completion once initiated. We observed no partial
recombination processes or reversals. In bulk experiments,
RecA has been shown to perform full strand exchange between
circular single-stranded DNA and linear double-stranded DNA,
yielding a total conversion into nicked circular double-stranded
DNA and linear single-stranded DNA (Bianchi et al., 1983; Das-
gupta et al., 1980). This is a signature that 100% of the invading
single-stranded DNA substrate underwent base-pair exchange.
In the presence of both ATP and ATPgS, there was a time lag
before strand invasion started during which the end-to-end
distance did not change. The latter implies that in the step of
homology search, prior to strand exchange, the RecA-coated
single-stranded DNA nucleoprotein filament is not interacting
with the tethered double-stranded DNA in a way that yielded
a signal beyond our detection limit. Our observations therefore
place upper limits on structural disturbances that might occur
during the so-called homology search. For instance, opening
of the helical structure of the tethered duplex DNA molecule
might be involved in the homology search but would have

been sensitively detected in our experiments by plectoneme re-
lease and the associated increase in DNA tether length. Length
changes induced during homology search that exceed one
standard deviation of the intrinsic noise (sl) of the Brownian
motion of the magnetic bead at the force exerted can be esti-
mated as DLasl=

!!!!!!
tfc

p
; where t is the time in which a D loop

is formed and fc the corner frequency (0.82 Hz) of the power
spectrum at the force exerted of the magnetic tweezers setup.
Our RMS noise level of sl = 75 nm at the low force of 0.5 pN
then puts an upper bound for DWr of 1.5 turns (unwinding of
16 bp) for a 1 s interaction time between a RecA-coated
single-stranded DNA nucleoprotein filament and the double-
stranded DNA tether.
The product of strand exchange has the invading single strand

base paired to the partner in a B-form duplex, with the displaced
strand unpaired but wrapped around the new duplex. The DNA
structures formed during joint-molecule formation show that it
occurs through a protein-bound intermediate with (average)
helical properties different from both B-form DNA and RecA-
coated double-stranded DNA. Subsequently, the apparent
conformational transition from the protein-bound intermediate
to B-form DNA under the influence of ATP hydrolysis may help
to drive the reaction toward exchange of strands in favor of
reversal. By analyzing reactions in real time on single molecules,
we showed that, unexpectedly, exchange of strands occurs with
an active synapsis of only 79 ± 6 bp. This implies that similar
rates of strand invasion andprotein dissociation result in a synap-
tic region of constant length moving along the region of homol-
ogy while continuously performing strand exchange.

EXPERIMENTAL PROCEDURES

DNA Substrates
Construction of pBluescr1234

A DNA construct named pBluescr1234 was made from pBluescriptII SK+

(Stratagene) by sequentially inserting four PCR fragments derived from

lDNA into the multiple cloning site of the vector. PCR fragment 1 (forward

primer, AAAATCTAGAAGTTCAGGAAGCGGTGATGCTG; reverse primer, AAA

AGAGCTCTTGGGCGGTTGTGTACATCGAC) spans base pairs 4236–6137.

After digestion with the corresponding restriction enzymes (underlined in the

primer sequences), it was cloned between the XbaI and the SacI sites of the

vector. PCR fragment 2 (forward primer, AAAAGAATTCGGTGACCCTTACGC

GAATCC; reverse primer, AAAATCTAGAGGCTTCAGCGACCTTGTCC) spans

base pairs 9043–11201. After digestion with the corresponding restriction en-

zymes, it was cloned between the EcoRI and the XbaI sites of the vector. PCR

fragment 3 (forward primer, AAAAGAATTCCTCAGCGACGCAGGGGACCTGC

AGG; reverse primer, AAAACTCGAGTGCCGTTGTAACCGGTCATC) spans

base pairs 2826–4726. After digestion with the corresponding restriction en-

zymes, it was cloned between the EcoRI and the XhoI sites of the vector.

PCR fragment 4 (forward primer, AAAAGGTACCAGTTCAGGAAGCGGTGATG

CTG; reverse primer, AAAAACTCGAGCAGCAACCGCAAGAATGC) spans

base pairs 4236–5925. After digestion with the corresponding restriction en-

zymes, it was cloned between the KpnI and the XhoI sites of the vector.

Construction of pBluescr134M13

A DNA construct named pBluescr134M13 was made from pBluescriptII

SK+ (Stratagene) by sequentially inserting three PCR fragments derived

from lDNA (see above for PCR fragments 1, 3, and 4) and one PCR fragment

from m13mp18 (New England Biolabs). PCR fragment M13 (forward primer,

AAAAGAATTCTGTGGAATGCTACAGGCGTTG; reverse primer, AAAAACTAG

TAGGGCTTAATTGAGAATCG) spans base pairs 1739–3761. After digestion

with the corresponding restriction enzymes, it was cloned between the EcoRI

and the SpeI site of the vector.
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Production of DNA Substrates for Magnetic Tweezers Experiments

For assays involving complete homologous DNA, pBluescr1234 was cleaved

with PciI and SacI, resulting in a 10 kb linear fragment. For experiments involv-

ing partial homologous DNA, pBluescr134M13 was cleaved with KpnI and

NgoMIV, resulting in a 10 kb linear fragment. Both fragments were ligated to

two 700 bp PCR fragments, one containing several biotin-modified dUTP

bases and the other PCR fragment containing several digoxigenin-modified

dUTP bases. Using the magnetic tweezers, we selected molecules that were

rotationally constrained. For experiments involving rotationally constrained

but heterologous DNA, psFV1 was prepared as described previously (van

der Heijden et al., 2005).

Production of Single-Stranded DNA

Three different lengths of single-stranded DNA fragments were prepared as

follows. First, a double-stranded 1055 bp DNA fragment containing the nicking

endonuclease Nb.BbvCI recognition site (GCTGAGG) was produced by PCR

by using pBluescr1234 (see above) as a template from 1251 to 2305. After

purification, the PCR fragment was treated with the nicking endonuclease

Nb.BbvCI at 37#C for 1 hr. Subsequently, the nicked 1055 bp PCR fragment

was loaded on an alkaline agarose gel to generate single-stranded DNA

(Sambrook et al., 1989). Three different lengths of single-stranded DNA (359,

696, and 1055 nt) were obtained after purification by gel extraction.

Magnetic Tweezers
Themagnetic tweezers setup used in these experiments is described by Strick

et al. (1998). By image processing, 5 nm position accuracy of the bead was ob-

tained in all three dimensions. In plots showing DNA extension, the points pre-

sented are the raw data acquired at 60 Hz. When shown, solid lines corre-

spond to data filtered at 0.033 Hz. To exclude the effect of thermal drift, all

positions were measured relative to a 3.2 mm polystyrene bead (Bang Labora-

tories, Carmel, IN) fixed to the bottom of the flow cell.

Flow Cell
Polystyrene beads as well as DNA constructs carrying a magnetic bead at one

end were anchored to the bottom of a flow cell as described elsewhere (van

Noort et al., 2004). The force-extension curve of single DNA molecules

was measured (Figure 1B). After confirmation of the correct contour and

persistence lengths, experiments were started by addition of RecA-coated

single-stranded DNA filaments. All reactions were carried out at 22#C.

RecA/DNA Reactions
The flow-cell final volume was approximately 100 ml. All reactions were done

in 20 mM Tris-HCl (pH 7.5), 10 mM MgCl2, and 1 mM ATP or ATPgS. First,

RecA-coated single-stranded DNA nucleoprotein filaments were preassem-

bled before introduction in the flow cell. In the experiments including SSB,

1.0 mM single-stranded DNA (in nucleotides) and 50 nM SSB (Promega)

were incubated in the indicated reaction buffer at 37#C for 10 min. After this,

0.4 mM RecA (New England Biolabs) was added and incubated at 37#C for

30 min. Subsequently, the RecA-coated single-stranded DNA was diluted in

the reaction buffer to 0.3 nM (in DNAmolecules). Interaction of a RecA-coated

single-stranded DNA filament with the tethered DNA molecule was monitored

through measurement of the height of the magnetic bead. The restriction

enzymes AseI and EcoRI (New England Biolabs), respectively 1 and 2 units,

were added in the flow cell to probe the structure of the DNA tether before

and after strand exchange.

D Loop Assay
RecA (1 mM) was incubated with 32P-labeled single-stranded DNA (90-mer,

SK3) (Mazin et al., 2000) (3 mM) in 50 mM Tris-HCl (pH 7.5), 1 mM ATP,

100 mg/ml BSA, 1 mM DTT, 30 mM KCl (added with the protein stock), and

10 mM MgCl2 for 5 min at 37#C to allow filament formation. D loop formation

was initiated by addition of 90 mM pUC19 double-stranded DNA (in nucleo-

tides). After incubation at 37#C for 20 min, an aliquot was taken from the reac-

tion mixture and deproteinized by incubation for 15min at 37#Cwith 1.2 mg/ml

final of Proteinase K and 1% (w/v) SDS. Reaction products were fractionated

by 0.6% agarose gel electrophoresis in Tris-borate buffer. To the remainder of

the reaction mixture, 10 units of the restriction enzyme ApaLI (New England

Biolabs) were added and further incubated for 30 min at 37#C. Reactions

were stopped by addition of 1 volume of 50 mM EDTA and 90% formamide

and resolved by denaturing urea/acrylamide gel electrophoresis. Signals

were captured by phosphorimaging using a Typhoon scanner and quantified

using ImageQuant version 5.2 (Molecular Dynamics).

SUPPLEMENTAL DATA

Supplemental Data include two figures and can be foundwith this article online

at http://www.molecule.org/cgi/content/full/30/4/530/DC1/.
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