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Recombinases polymerize along single-stranded DNA (ssDNA) at
the end of a broken DNA to form a helical nucleofilament with a
periodicity of ∼18 bases. The filament catalyzes the search and
checking for homologous sequences and promotes strand ex-
change with a donor duplex during homologous recombination
(HR), the mechanism of which has remained mysterious since its
discovery. Here, by inserting mismatched segments into donor du-
plexes and using single-molecule techniques to catch transient in-
termediates in HR, we found that, even though 3 base pairs (bp) is
still the basic unit, both the homology checking and the strand
exchange may proceed in multiple steps at a time, resulting in ∼9-bp
large steps on average. More interestingly, the strand exchange is
blocked remotely by the mismatched segment, terminating at posi-
tions ∼9 bp before the match–mismatch joint. The homology check-
ing and the strand exchange are thus separated in space, with the
strand exchange lagging behind. Our data suggest that the strand
exchange progresses like a traveling wave in which the donor DNA
is incorporated successively into the ssDNA–RecA filament to check
homology in ∼9-bp steps in the frontier, followed by a hypothetical
transitional segment and then the post-strand-exchanged duplex.

homologous recombination | RecA | strand exchange | molecular
mechanism | dynamic configuration

Homologous recombination (HR) is a major pathway for re-
pair of double-stranded DNA (dsDNA) break (1, 2). For

instance, RecA polymerizes along single-stranded DNA (ssDNA)
at the end of a broken DNA to form a presynaptic filament, which
is a right-handed helix with approximately six monomers per turn
and three bases per monomer (3). It catalyzes the search for ho-
mologous sequences and promotes strand exchange with a donor
duplex composed a complementary strand (C strand) and an
outgoing strand (O strand) (4). The strand exchange occurs likely
through base flipping of the C strand from paring with the O
strand to pairing with the incoming strand (I strand) (3, 5–8).
DNA bases in the nucleofilament are grouped into nearly B-form
triplets separated by rises of ∼0.78 nm (3). It is logical and actually
widely accepted that the strand exchange advances in units of 3
base pairs (bp) because each monomeric RecA is associated with a
base triplet in the filament (9–13). Recently, single-molecule as-
says showed that HR may involve approximately eight contiguous
bases for initial homology testing (9, 10). We further found that
ssDNA–RecA filaments interrogate the double-stranded donor
DNA in ∼9-bp steps during strand exchange (14). These results
suggest that, to facilitate the search for homology, the presynaptic
filament checks the homology of base-pair units with a length of
∼9 bp. Despite the progresses, the molecular mechanism of strand
exchange and the structure–function relationship in the presyn-
aptic filament are still unclear. The lack of understanding can be
traced to the transient and heterogeneous nature of the underlying
intermediates, which cannot be accessed by typical experimental
methodologies (15).

In an effort to solve the challenge to catch the transient states,
we realized that the question of how strand exchange progresses
is actually equivalent to how it is blocked. We therefore designed
a series of mismatch-containing donor DNAs to assess the dy-
namics of HR at the single-molecule level. We found, surpris-
ingly, that the strand exchange was blocked remotely by the
mismatches at positions about 9 bp before the match–mismatch
joint (MMJ). The distance coincides with the large step sizes
observed in the strand-exchange process. Our results suggest a
dynamic conformation in which a segment of ∼9-bp donor DNA
is added to the front of the synapsis at a time, where it is checked
for homology via base flipping, followed by a hypothetical tran-
sitional segment that connects the homologychecking frontier
and the post-strand-exchanged duplex.

Results
Strand Exchange Terminates ∼9 bp before the MMJ. We first used mag-
netic tweezers (MT) to trace the expansion of post-strand-exchanged
synapsis. In our measurements, a DNA hairpin was used to mimic
a half of the donor DNA (Fig. 1 A, Left) and was connected to two
DNA handles (Fig. 1 A, Right). The DNA hairpin was stable
when the force exerted by the MT was lower than 10 pN and only
naked I strands were added (SI Appendix, Fig. S1A). When
strand exchange occurred between the DNA hairpin and the
RecA-coated I strand, ∼3 pN was enough to pull the O strand
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out of the filament (SI Appendix, Fig. S2). The force was con-
sistent with the measured strength of interaction between the O
strand and site II (the filament’s secondary DNA-binding site)
(16). Unless otherwise indicated, we used ATPγS to monitor the
synaptic events without turnover of RecA monomers during HR
(12). The data in the following were acquired at ∼7 pN to gain a
proper signal-to-noise ratio (SNR). We designed four types of I
strands, which were all 69 nt long. One of the I strands was fully
homologous to the O strand. The rest each consisted of two
parts. The first part had a length of 39, 45, or 48 nt, respectively,
and was homologous to the O strand. The second part was
completely nonhomologous to the O strand, so that the HR
process could not run through it. The MMJ was at the 39th, the
45th, and the 48th base, respectively. The strand exchange can
start from the middle or from the left end of the DNA hairpin
(17). It, however, cannot start from the right end of the DNA
hairpin because the I strand was not homologous to the O strand

there. We found that when the I strand joined the synapsis from
the middle, nothing could be observed until the strand exchange
progressed from the middle to the left end, resulting in a very
large jump (tens of nanometers) of the end-to-end distance of
the hairpin DNA (SI Appendix, Fig. S3). When the strand ex-
change proceeded from the left to the right end (Fig. 1B and SI
Appendix, Fig. S4), we observed moderate steps (∼10 nm). The
histogram of the sizes of such steps are shown in Fig. 1D, which
confirms our previous observation that the strand exchange most
probably progresses in ∼9-bp steps (14). The step size is widely
distributed with the smallest one equal to 3 bp (Fig. 1D and SI
Appendix, Fig. S4B). According to the Allan deviation plot (SI
Appendix, Fig. S1B), the position error of our MT was 1.7 nm at
an acquisition time of 30 ms (three data points). More than 90%
of the 3-bp steps were identified with SNRs ≥ 1.5. Similar per-
centages of the 6- and 9-bp steps were identified with SNR ≥ 2
(please see details in SI Appendix).
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Fig. 1. MT assay of the strand exchange. (A) A 120-bp DNA hairpin connected to two handles (Right) to mimic a half of the donor DNA (Left). (B) A typical
trace for strand exchange with a fully homologous 69-nt I strand. (C) Distribution of strand-exchanged lengths with a major peak at 68.2 ± 1.3 bp (SEM;
Ncurve = 48). (D) Distribution of the strand-exchange step sizes. The narrow peaks (black lines) were from the fitting with a multi-Gaussian function, yielding
peaks at 2.8 ± 0.3, 5.7 ± 0.3, 8.9 ± 0.4, 12.3 ± 0.7, 15.2 ± 0.5, 18.5 ± 0.6, and 21.4 ± 1.2 bp (SEM, Nstep = 308). The peak at ∼9 bp is the highest, with a fraction
around 29%. (E) Dwell-time distributions of the 3- and 6-bp steps with a characteristic time t0 = 0.28 ± 0.05 s (SEM, Nstep = 33) for the 3-bp steps and t0 =
0.32 ± 0.04 s (SEM, Nstep = 48) for the 6-bp steps. (F) Typical traces for strand exchange of the donor DNA with partially nonhomologous I strands. (G)
Distributions of the final lengths of the post-strand-exchanged segment displaying the main peak at 29.0 ± 1.5 bp (SEM, Nstep = 87) for orange, 36.0 ± 1.5 bp
(SEM, Nstep = 95) for magenta and 38.8 ± 1.5 bp (SEM, Nstep = 84) for violet. The blue dash-dotted lines represent the position of MMJ. The red dotted lines
represent the final position of the blocked HR.

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1920265117 Huang et al.

D
ow

nl
oa

de
d 

at
 N

at
io

na
l S

ci
en

ce
 L

ib
ra

ry
 o

n 
A

ug
us

t 2
4,

 2
02

0 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920265117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920265117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920265117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920265117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920265117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920265117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920265117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920265117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920265117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1920265117


Here, we focus on the termination position of the strand ex-
change. We expected that the position would be identical to the
MMJ in the donor DNA. However, it turned out that, except for the
case with the fully matched I strand (Fig. 1C), the most probable
ending positions were about 9 bp before the MMJ (Fig. 1 F andG).
We believe that the homology checking should have taken place
before the strand exchange terminated. Otherwise, the presynaptic
filament would not know whether the sequences beyond the MMJ
are homologous or not. For the same reason, the sequences in the
range from the MMJ−9 to the MMJ, which were homologous to
the ones in the I strand, should also have been checked. Why were
the strands not exchanged in this range?

Nucleases Digest dsDNA That Is Not Incorporated into the Filament.
The termination position of HR is so surprising that it should be
further studied. A scanning-force-microscopy analysis reported
that the nonhomologous part of the donor DNA was specifically
distorted and sharply bent out of RAD51-coated filaments (18).
This promoted us to use endonucleases to analyze the length of
the donor DNA not yet incorporated into the filament (Fig. 2).
The I strand used in the assay was 48 nt long and was tethered to
the surface by a short, biotinylated DNA duplex. The first 27 nt
of the 45-nt-long C strand were homologous to the I strand, but
the rest were completely not. The MMJ was, hence, at the 27th
base. In the DNase I assay, Cy3 was labeled on the C strand at
the 26th base that is just one base before the MMJ (Fig. 2A). If
all of the homologous bases of the donor DNA were incorpo-
rated into the filament after strand exchange, the Cy3-labeling
site would be buried in the groove of the filament, which is about
4 nm deep (3), and would therefore be protected from digestion.
We, however, found that DNase I can digest up to 58% of the
Cy3-labeled site (Fig. 2C), while only 11% was removed in a
control with fully homologous sequences, indicating that the 26th
base of the C strand was not protected by the synaptic filament.
When Cy3 was shifted to the 24th base (Fig. 2B), only 37% of the
Cy3-labeled bases were digested, indicating that the 24th base
was more protected than the 26th base because the former was
more deeply buried in the groove of the filament. In the endo-
nuclease BmgB I assay, Cy3 was labeled on the right end of the
donor dsDNA, while the recognition site was positioned at the
27th to 32nd bases covering the MMJ (Fig. 2D). The Cy3 counts
were reduced by 62% after digestion (Fig. 2F), indicating that the
MMJ was exposed to the surface of the filament. Altogether, the
assays verified that the strand exchange did not reach the MMJ,
and the rest of the donor DNA remained outside the filament.

The Donor DNA Bends out of the Filament at the Site ∼9 bp before
the MMJ. One needs to know what happens before the strand
exchange occurs in order to understand why the strand exchange
does not occur in the range from MMJ−9 to MMJ. The MT
assay can only provide information about the separation of the O
strand from the post-strand-exchanged synapsis. We therefore
designed a Förster resonance energy transfer (FRET) assay to
analyze the change in configuration of the donor DNA in the
frontier of the expanding synapsis. As displayed in Fig. 3A, the I
strand used here was the same as that in the nuclease protection
assay. The first 27 nt of the 45-nt long C strand were homologous
to the I strand, but the rest were completely not. The C strand
was labeled with Cy5 at the 38th base from the left 5′ end, and
the I strand was labeled with Cy3 at the 29th base from the left 3′
end. After a few intermediate states, most of the FRET signals
converged to a main value around 0.18 when HR terminated
(Fig. 3B). The value was too low to be explained by a configu-
ration that the whole donor dsDNA was stretched and aligned
parallel to the filament, in which case Cy3 and Cy5 were 9 bp
apart inside the filament (see SI Appendix for distance calibration
of FRET and SI Appendix, Fig. S5). In order to determine the
configuration of the donor DNA when HR terminated, we designed

two control experiments with Cy3 labeled at the 18th and the 24th
base from the 3′ end of the I strand, respectively (SI Appendix, Fig.
S6), for which the final FRET values became 0.17 and 0.26, re-
spectively. Altogether, our results were consistent with a confor-
mation that the first ∼18 nt, rather than 27 nt, of the C strand paired
with the I strand, whereas the rest of the donor DNA was bent out
of the filament with an average angle of about 89° between dsDNA
and the filament axial (Fig. 3 A, Bottom and SI Appendix, Fig. S6E;
see SI Appendix text for detailed calculations). The positions at
which the bending occurred were again at about 9 bp before the
MMJ. The result was further confirmed by the observation that the
bending position shifted from the 18th to the 21st base when the
MMJ was moved from the 27th to the 30th base (Fig. 3 D and E).
The control experiment in Fig. 3 F and G showed that the dsDNA
could be completely incorporated into the filament when the donor
DNA was fully homologous to the I strand.
Kinetics studies have shown that the initial stage of sequence

recognition does not depend on adenosine triphosphate (ATP)
hydrolysis (19–21). We carried out a control experiment using
ATP as the cofactor (SI Appendix, Fig. S7). Three stages, namely,

Fig. 2. Nuclease protection assays to locate the bending site. (A–C) DNase I was
used to digest the donor DNA with Cy3 at the 26th base (A) and the 24th base
(B). (D–F) A recognition site for the endonuclease BmgB I was located at the 27th
to 32nd bases with Cy3 at the right end of the donor DNA. The MMJ was at the
27th base. Digestion fractions of 89%, 42%, and 63% relative to gray, red, and
blue columns, respectively, were obtained by DNase I in C and 95%, 38%, and
80% by BmgB I in F. Data in C and F were from 30 images in three independent
assays. (G) Images of Cy3 molecules before and after the digestion.

Huang et al. PNAS Latest Articles | 3 of 6

BI
O
CH

EM
IS
TR

Y

D
ow

nl
oa

de
d 

at
 N

at
io

na
l S

ci
en

ce
 L

ib
ra

ry
 o

n 
A

ug
us

t 2
4,

 2
02

0 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920265117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920265117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920265117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920265117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920265117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920265117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920265117/-/DCSupplemental


i, ii, and iii, were observed, as indicated by different colors in SI
Appendix, Fig. S7. It turned out that the results with ATP and
with ATPγS were consistent in the first two stages. In the pres-
ence of ATP, stage ii was quickly succeeded by stage iii, in which
the FRET values became irregular. The irregularity might arise
from the partial dissociation of RecA upon ATP hydrolysis. We
believe that the results we observed in the present work repre-
sent the true physical dynamics of HR before ATP hydrolysis.

Strand-Exchange Termination May Shift to MMJ at a Lower Degree of
Mismatch.We used MT to analyze how the termination site of the
strand exchange was affected by the degree of mismatch of the
second part of the donor DNA. To this end, we constructed three
types of I strands, each consisting of a 45-nt fully homologous
segment and a 24-nt partially homologous segment (Fig. 4 A and B).
The MMJ was at the 45th base. We observed that the termination
sites for the DNA with 75%mismatch were mainly at the 36th base,
while it was mainly at the 45th base for the DNA with 33% mis-
match. The results indicate that the strand exchange can reach the
MMJ when the second part has a higher degree of homology. That
is to say, the termination site may shift by 9 bp to the MMJ when
the degree of mismatch of the second part of the donor DNA is
lowered. Interestingly, two main termination positions were ob-
served, which were site 36 and site 45, respectively, when the second
part of the donor DNA was 50% mismatched (Fig. 4 B, Middle).
This is in accordance with the FRET result in Fig. 3C that the
FRET values ended up at two main values, i.e., ∼0.16 and ∼0.75,
when the second part of the C strand was 50% mismatched to the I
strand. The two results can explain why the Cy3 counts were much
less reduced in Fig. 2E (with 50% mismatch) than in Fig. 2D (with
100% mismatch) after the nuclease digestion.

Strand-Exchange Termination Shifts to MMJ under High Forces. The
bending positions in the FRET assay were almost the same as
that in the MT assay. Because no force was exerted on the DNA

in the FRET assay, the agreement between the FRET and the
MT assays implicated that the 7-pN force in the MT assay does
not change the termination of the strand exchange. However,
when the force was increased from 7 to 10 pN, the termination
position of the strand exchange for an I strand composed of 45-nt
fully matched segments and 24-nt completely mismatched seg-
ments had two values, one at MMJ−9 and the other at MMJ
(Fig. 4 C and D). It implicated that the force may regulate the
strand exchange when it is large enough. When the force was
further increased, the DNA hairpin itself became unstable, such
that it became difficult to observe the HR process.

The Homology Checking Proceeds in ∼9-bp Steps. We further ex-
amined by FRET how the bases of the donor DNA were aligned
and elongated in the frontier of the expanding synapsis by po-
sitioning Cy3 at the right end of the I strand (the 47th base) and
Cy5 at the 38th, 41st, or 45th base of the C strand (SI Appendix,
Fig. S8), respectively. The MMJ was again at the 27th base, but
with the second part 50% mismatched. Such a design allowed us
to see as many as possible transient events beyond the MMJ to
gain good statistics. Because the homology checking is dynamic,
we were not able to determine the spatial position of the Cy5
molecule as we did in SI Appendix, Fig. S6. However, four pre-
ferred positions were recognized, as shown in the histograms in
SI Appendix, Fig. S8. The results indicate that the homology
checking proceeds mainly in ∼9-bp steps.

Discussion
We designed a series of mismatches containing donor DNAs to
study HR at the single-molecule level. Our study yielded a sur-
prising result that, even though 3 bp is still the basic unit, both
the homology checking and the strand exchange may proceed in
multiple steps at a time, resulting in ∼9-bp large steps on aver-
age. More interestingly, the strand exchange is blocked at a
position that is far before it arrives at the MMJ. The results
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Fig. 3. FRET analysis of strand exchange. (A) Cartoons of strand exchange which ends up with a final configuration in which the donor DNA bends out of the
filament. The blue dash-dotted lines represent the position of MMJ (the 27th base). The red dotted lines are 9 bp before the MMJ. B, Left displays FRET traces
when the second part (18 bp) of the donor DNA was 100% mismatched to the I strand. B, Right shows the corresponding statistical distribution of the final
FRET values, two peaks at 0.18 ± 0.01 and 0.34 ± 0.04 (SEM, Ncurve = 338), respectively. (C) The same as in B, except that the second part was 50% mismatched
to the I strand, four peaks at 0.16 ± 0.01, 0.35 ± 0.02, 0.57 ± 0.02, and 0.75 ± 0.02 (SEM, Ncurve = 356), respectively. (D and E) The same as in A and B except that
the MMJ was at the 30th base, three peaks at 0.18 ± 0.01, 0.36 ± 0.01, and 0.60 ± 0.01 (SEM, Ncurve = 315), respectively. The number labeled at each peak
represents the bending position of B-DNA. (F and G) Data for the strand exchange between fully matched sequences. The peak at 0.78 ± 0.04 (SEM, Ncurve =
279) indicates that the donor DNA is completely incorporated to the filament.
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suggest that the homology checking and the strand exchange are
separated in space, with the strand exchange lagging behind the
homology checking by ∼9 bp.
The X-ray structure analyses for HR revealed that the helical

radius of the I strand (yellow line in Fig. 5) is ∼1 nm in both the
presynaptic and the post-strand-exchanged filaments of RecA
(3). The same study also showed that the helical radius of the C
strand is ∼1.2 nm in a post-strand-exchanged filament (red line
in Fig. 5). Neither X-ray structures nor cryo-electron microscopy
structures were available for the helical radius of the O strand
(gray line in Fig. 5). Yet, molecular-dynamics simulations and
structural analysis by Peacock-Villada et al. (22) suggested a
value of about 2.5 nm. Assuming that the bases of the C strand
should pair with both the O strand and the I strand during the
homology testing, the same group suggested that the homology-
testing C strand (green line in Fig. 5) has a larger helical radius and
rotates with a large angle with respect to the post-strand-exchanged
C strand (red line in Fig. 5). Therefore, the post-strand-exchanged
C strand (red) and the homology-testing C strand (green) cannot
be connected directly (Fig. 5 A and B). We, hence, propose that
there must exist a transitional region (blue segment in Fig. 5 C
and D) in which the helical radius of the C strand decreases
gradually from the homology-testing region (green segment) to
the post-strand-exchanged region (red segment).
Combining our results with those of previous studies (3, 5,

23–25), we propose that, in the forefront of the synapsis (Fig. 6),
a segment of donor DNA (white duplex) is elongated and par-
alleled with the I strand (yellow) through interaction between the

O strand (gray) and site II of the RecA filament. The I strand is
bound firmly to site I (the filament’s primary DNA-binding site)
(3, 26, 27). Based on molecular-dynamics simulations and energy
analysis, Peacock-Villada et al. (22) suggested a conformation
for the C strand in the green region in Fig. 6A, in which the bases
of the C strand are able to flip from paring with the O strand to
pairing with the I strand, facilitating homology checking. How-
ever, elongation of the donor DNA results in a nonlinear in-
crease in elastic energy (13, 28–30). As a result, the total binding
energy has a minimum when ∼9-bp donor DNA is bound to the
filament. After that, adding more triplets to that given confor-
mation becomes free-energetically unfavorable. However, the
elastic energy density would be reduced if the C strand transfers
from the homology testing state (green) to the hypothetic in-
termediate state (blue) because the C strand in the blue region
has a smaller helical radius and is, therefore, less stretched than
in the green region. The energy can be further reduced if the C
strand in the blue state transfers to the post-strand-exchanged
red state, in which the C strand has an even smaller radius. Al-
though being designed to investigate the initiation of HR, we
believe that the prediction of the theoretical calculations by
Prentiss et al. (13, 29) might also be employed to explain the
progressing of strand exchange. The model involved two major
checkpoints at two lengths, ∼9 contiguous homologous base
pairs for firmly binding (the first major checkpoint), and ∼18
contiguous homologous base pairs for strand exchange (the
second major checkpoint). That is to say, if all of the bound 18 bp
are contiguous and homologous, they would transit to the post-
strand exchange state. Following the same idea, we may propose
a mechanism to interpret our data. At the moment illustrated in
Fig. 6A, ∼9-bp donor DNA can be added at the forefront of the
progressing HR (Fig. 6B) because the green segment in Fig. 6A is
homologous to the I strand, so that the first major checkpoint is
passed. Consequently, the previously added two segments can
make transitions, from green to blue and from blue to red, re-
spectively, because the second major checkpoint is passed
(Fig. 6 A and B). A similar process occurs from Fig. 6 B and C. In
this way, the strand exchange progresses like a traveling wave to
the end of the donor DNA (Fig. 6D) or until it is blocked by a
mismatched segment (black segments in Fig. 6 E–H). Even in the
latter situation, the homology checking must proceed beyond the
MMJ (Fig. 6G). Otherwise, it would never know the degree of
homology beyond the MMJ. The transition from Fig. 6 F and G
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Fig. 4. Homology and force dependence of the strand exchange in the MT
assay. (A and B) Three typical MT traces and the corresponding histograms of the
final lengths of the post-strand-exchanged segments for three differently mis-
matched I strands. The degrees of mismatches of the second parts were 75%,
50%, and 33%, respectively. In 75%mismatch, two major peaks at 36.0 ± 1.9 bp
(normalized amplitude = 0.14 ± 0.02) and 45.2± 1.8 bp (normalized amplitude =
0.05 ± 0.02), respectively. In 50% mismatch, two major peaks at 36.6 ± 1.8 bp
(normalized amplitude = 0.12 ± 0.03) and 45.0± 2.5 bp (normalized amplitude =
0.10 ± 0.03), respectively. In 33% mismatch, there were two major peaks at
36.0 ± 1.5 bp (normalized amplitude = 0.07 ± 0.01) and 45.0 ± 1.5 bp (nor-
malized amplitude = 0.13 ± 0.04), respectively. Ncurve = 69, pink; Ncurve = 63,
orange; Ncurve = 59, purple. All of the errors listed are SEM. (C and D) A typical
MT trace and the corresponding final length distribution for an I strand whose
second part is 100% mismatched. The force was 10 pN. Two peaks at 36.5 ± 1.8
and 45.3 ± 2.4 bp (SEM, Ncurve = 42). The blue dash-dotted lines represent the
position of MMJ. The red dotted lines are 9 bp before the MMJ.

A B

C D

Fig. 5. Relative positions of the O (gray), I (yellow), and C (red + blue + green)
strands in HR. (A) Disconnection between the post-strand-exchanged C strand (red
segment) and the homology-testing C strand (green segment). (B) Two-dimensional
projection of the central part in A that is not covered by the translucent rectangles.
(C) Soft connection between the post-strand-exchanged C strand (red segment)
and the homology-testing C strand (green segment). (D) Two-dimensional projec-
tion of the central part in C that is not covered by the translucent rectangles.
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is allowed because the first major checkpoint is passed. However,
the blue segment in Fig. 6G may not be allowed to transit to the
red state (the strand-exchanged state) because the second major
checkpoint is not passed in this range. Therefore, the ∼18-bp
checking segment at the forefront of the progressing HR in
Fig. 6G is unstable and will slowly unbind and bend out of the
filament at a site which is ∼9 bp before the MMJ (Fig. 6H). The
same argument may apply to the situation with a partially ho-
mologous barrier (please see details in SI Appendix, Fig. S9).
In summary, our data support a traveling-wave-like model for the

extending of strand exchange during HR in which the donor DNA is
incorporated successively into the ssDNA–RecA filament to check
homology in ∼9-bp steps in the frontier, followed by a hypothetical
transitional segment and then the post-strand-exchanged duplex.

Materials and Methods
Experimental procedures of the MT and fluorescent assays and the DNA
constructions and sequences can be found in SI Appendix. SI Appendix also
includes calibrations of force or distance in MT and FRET assays and other
data analyses and calculations, such as the statistics of step sizes and dwell
times, resolution of steps, and estimation of the bending angle and bending
site of the donor DNA.

Data Availability. All data are available in the main text or SI Appendix.
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Fig. 6. Stepwise progression in HR. (A–D) HR with fully homologous DNA. The C strand is divided into three parts: post-strand-exchanged (red), homology
testing (green), and transitional connection (blue). (E–H) HR blocked by the nonhomologous segment. The homology checking may proceed beyond the
MMJ. The homologous I strand is colored yellow, and the nonhomologous I strand is colored black. Proteins are removed for clarity.
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