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ABSTRACT

In Escherichia coli, the filament of RecA formed on
single-stranded DNA (ssDNA) is essential for
recombinational DNA repair. Although ssDNA-
binding protein (SSB) plays a complicated role in
RecA reactions in vivo, much of our understanding
of the mechanism is based on RecA binding directly
to ssDNA. Here we investigate the role of SSB in the
regulation of RecA polymerization on ssDNA, based
on the differential force responses of a single
576-nucleotide-long ssDNA associated with RecA
and SSB. We find that SSB outcompetes higher con-
centrations of RecA, resulting in inhibition of RecA
nucleation. In addition, we find that pre-formed
RecA filaments de-polymerize at low force in an
ATP hydrolysis- and SSB-dependent manner. At
higher forces, re-polymerization takes place, which
displaces SSB from ssDNA. These findings provide
a physical picture of the competition between RecA
and SSB under tension on the scale of the entire
nucleoprotein SSB array, which have broad biolo-
gical implications particularly with regard to com-
petitive molecular binding.

INTRODUCTION

In Escherichia coli, the highly cooperative polymerization
of RecA on single-stranded DNA (ssDNA) is essential for
recombinational DNA repair. The RecA nucleoprotein
filament catalyses recombination-like reactions in the
presence of Adenosine 50-triphosphate (ATP) or its ana-
logues [deoxyadenosine triphosphate (dATP), Adenosine
50-3-thiotriphosphate (ATPgS)] (1,2). The formation of
the RecA nucleoprotein filament on ssDNA involves two

kinetically distinct steps: a slower nucleation step,
followed by a faster directional polymerization step.
ATP hydrolysis makes the RecA nucleoprotein filament
a dynamic structure, the stability of which is determined
by polymerization and de-polymerization on ssDNA (3–
5).

Much of our knowledge of the formation of active
RecA nucleoprotein filament is based on bulk biochemical
and biophysical studies (5–9). The recent development of a
combination of single-molecule manipulation techniques
has begun to contribute to a better understanding of the
formation and stability of the RecA nucleoprotein
filament (3,4,10). The kinetics of RecA nucleation, direc-
tional polymerization, and de-polymerization on ssDNA
have been measured directly at high spatial and temporal
resolutions (3,4,10). For example, magnetic and optical
tweezers as well as single-molecule fluorescence resonance
energy transfer (FRET) experiments have been used to
investigate the mechanism of homology search and align-
ment by the RecA nucleoprotein filament in real time
(11–14). However, despite such advances, gaps persist in
our understanding of how the formation of RecA nucleo-
protein filament is modulated by recombination accessory
proteins. For example, the in vivo substrate for the forma-
tion of the RecA nucleoprotein filament as well as for
other DNA damage signalling and processing proteins is
not naked ssDNA, but rather it is ‘smooth’ or ‘beaded’
forms of ssDNA–SSB complexes (15–18).

RecA actively competes with ssDNA-binding protein
(SSB) for binding sites on ssDNA (15). SSB proteins
bind to ssDNA non-specifically with multiple modes and
high affinity (15). Although the effects of SSB on RecA
binding to DNA have been extensively studied (15–19),
the consequences of competition between RecA and SSB
on the formation of RecA nucleoprotein filaments have
not been investigated at single-DNA molecule resolution
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in which tension can affect this competition. The
ssDNA-binding properties of SSB tetramer (20,21) and
its impact on RecA polymerization have been studied at
a single-molecule resolution (22), but the results of these
studies may not apply to the densely packed SSB tetra-
mers that bind ssDNA in vivo where sliding of individual
tetramers along ssDNA is unlikely during reco-
mbinational DNA repair. The properties of tightly
packed SSB tetramers and their impact on the formation
of RecA nucleoprotein filaments are poorly understood at
single molecule resolution.

To address these unknowns, here we studied the effects
of pre-formed SSB–ssDNA complex and free SSB in
solution on the formation of RecA nucleoprotein fila-
ments by stretching a ssDNA tether using high force
magnetic tweezers (23,24). Additionally, we studied the
effects of free SSB in solution on the stability of a
pre-formed RecA nucleoprotein filament by monitoring
its de-polymerization from ssDNA.

MATERIALS AND METHODS

A high force vertical magnetic tweezers (23) set up was
used to perform all the experiments in this study. It can
apply force in the range from 0.1 pN to >100 pN on a
paramagnetic bead of a diameter of 2.8mm (Dynal
M-280 bead, Invitrogen). Analysis of bead images gives
a spatial resolution of �2 nm in all three dimensions and a
temporal resolution of 2ms. E. coli SSB was purchased
from Promega Corporation (The catalog number is
M3011). E. coli RecA protein was purchased from New
England BioLabs, USA (The catalog number is M0249L)
or purified as previously described (25). The 576 bp DNA
construct was generated by PCR using DreamTaq DNA
polymerase (Fermentas) from 992 to 1552 bp on lambda
DNA. Thiol and biotin were labelled on the same strand
of this DNA construct. All the experiments in the article
were performed at 23�C in the standard RecA assay buffer
containing 20mM Tris (pH 7.4), 50mM KCl and 10mM
MgCl2. For experiments where RecA was present, except
for Figure 3C where 1 mM ATPgS was used, all the other
data were obtained in the presence of 1 mMRecA,
1mMATP and 1�ATP regeneration system that main-
tains a stable ATP concentration of 1 mM. Additional
details of thiol and biotin labelling of DNA ends, tether
formation, the ATP regeneration system recipe, the
force-extension curve measurement for short ssDNA
tethers, force control during buffer exchange, and the
ssDNA extension dynamics obtained by quick
force-jumping method can be found in Supplementary
Information.

RESULTS

Force responses of ssDNA in RecA-binding solution

We studied different force responses of ssDNA, ssDNA
bound with RecA and ssDNA bound with SSB tetramers.
To suppress thermal noise from the longitude conform-
ational fluctuation of the flexible ssDNA, we used a
short ssDNA tether, which is long enough to form a

stable RecA filament and an array of SSB proteins. In
this work, our ssDNA has 576 nucleotides, which is
much longer than the minimal size of the RecA nucleation
site (26,27), and can accommodate �8 SSB in the (SSB)65-
binding mode and �16 SSB in the (SSB)35-binding mode.
We first determined the force response of the
576-nucleotide ssDNA tether formed between a 2.8-mm-
streptavidin-coated paramagnetic bead (Dynalbeads
M-280 Streptavidin, Invitrogen) and a sulfo-SMCC-
coated coverglass (Supplementary Text: ‘DNA constructs,
end-labeling, tether formation, and ATP regeneration
system recipe’). The ssDNA tether was produced by
melting a 576 bp double-stranded DNA (dsDNA) tether
at a tension of around 65 pN through a ‘strand-peeling’
transition (24,28,29) using high force magnetic tweezers
(23) (Figure 1A).
To characterize the effects of force on a 576-nucleotide

ssDNA tether, we measured its force-extension curve. In
the vertical magnetic tweezers, what is actually measured
is the height of the bead from the cover glass. At each
force, the equilibrium bead position is determined by
force balance and torque balance (23). At different
forces, the changes in torque balance will cause rotation
of the bead, thus leading to change in the bead height. For
a short DNA tether, such bead rotation will cause large
errors in extension measurement.
Using a property that the bead adopts a unique orien-

tation corresponding to a unique height at each force with
an error of <10 nm (Supplementary Figure S1), we de-
veloped a method to measure the force-extension curves
of the short ssDNA tether: we first measured the extension
difference between the dsDNA before the force-induced
strand-peeling transition (Figure 1A) and the ssDNA
after the transition at the same set of forces, in which
the height change owing to bead rotation was eliminated
with error <10 nm (Supplementary Figure S1). Then, the
ssDNA force-extension curve was obtained by adding
back the theoretical dsDNA force-extension curve based
on the worm-like-chain polymer model of dsDNA (details
in Supplementary Text: Force responses of dsDNA and
ssDNA).
Figure 1B shows the force-extension curve of an ssDNA

tether recorded during a force-decrease scan (solid
squares) followed by a force-increase scan (open
squares) at 23�C in the standard RecA assay buffer con-
taining 20mMTris (pH 7.4), 50mMKCl and
10mMMgCl2. At each force, the extension of DNA was
averaged for data recorded over 5s (all the force-extension
curves in the article were measured using 5-s time window
unless specifically stated). Potentially, secondary struc-
tures can form between complementary DNA sequences
at low force, causing hysteresis in extension between the
force-decrease and force-increase scans. To quantify the
level of hysteresis in 576-nucleotide ssDNA, we plotted the
value of the extension in the force-decrease scan minus
that recorded in the force-increase scan (Figure 1B
inset). At forces <8 pN, the non-zero positive value
suggests that secondary structures formed with a peak
hysteresis value of �30 nm at �7 pN. Overall, the force
response of the 576-nucleotide ssDNA and its dependence
on the monovalent and magnesium concentrations are
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consistent with previous studies of ssDNA force responses
(30–33) (Supplementary Figure S2A and B). To minimize
the additional extension reduction from the secondary
structure formation, in the following force-extension
curves, we only plot the data obtained in the force-
decrease scan unless specifically stated, as DNA has less
time to form secondary structure during the force-decrease
scan compared with the force-increase scan.

Distinct effects of RecA and SSB on the force
response of ssDNA

To investigate the effects of RecA and SSB on the force
response of ssDNA, we compared the force-extension
curves of ssDNA in the presence and absence of RecA
or SSB. Figure 2A shows the force-extension curves of

an ssDNA before RecA was introduced (squares) and
after RecA nucleoprotein filament was fully polymerized
(circles). The RecA nucleoprotein filament was formed by
holding the DNA at >15 pN for >100 s in 1 mMRecA and
1mMATP, 1�ATP regeneration system, in the standard
RecA assay buffer (see Methods). In 1 mM RecA concen-
tration and over the time scale, RecA nucleoprotein
filament fully polymerized along the DNA and reached
a steady state (Supplementary Figure S3). Note that no
free ssDNA was present in solution; therefore, the RecA
(and SSB in the results described subsequently) was
always in excess to ssDNA-binding sites.

Compared with the force-extension curve of the same
ssDNA before RecA was introduced, the ssDNA bound
by the RecA was always longer at forces up to �30 pN
(Figure 2A). This finding is consistent with the stiff struc-
ture of the RecA nucleoprotein filament, which has a
bending persistence length of �1 mm (10,35).
Furthermore, our results are in accord with a previous
study that showed that ssDNA bound by the RecA is
�50% longer than dsDNA of an equal number of base
pairs (Figure 2A, inset) (10).

The force-extension curves of ssDNA in the presence of
SSB differ from those in the presence of RecA (Figure 2B).
In the presence of 1–100 pMSSB, the force-extension
curves of ssDNA were not distinguishable from curves
obtained in the absence of SSB (therefore only data
obtained in 100 pMSSB are shown) (Figure 2B), suggest-
ing no or very few SSB proteins were bound to DNA at
<100 pMSSB. However, SSB at concentrations ranging
from 1–1000 nM significantly affected the force-extension
curve of ssDNA (Figure 2B). In this concentration range,
the SSB binding to DNA nearly reached a steady state
over the time scale of our force scans (Supplementary
Figure S4). At forces below �7 pN, and SSB concentra-
tions >10 nM, the extension of ssDNA bound by SSB was
longer than naked ssDNA, which is likely to be caused by
the removal of secondary structures in ssDNA and repul-
sive interactions between adjacent units of SSB bound to
ssDNA. In contrast, at forces of 8–18 pN where the sec-
ondary structures do not exist (Figure 1B inset) and in the
presence of 1–100 nM SSB, the extension of ssDNA
bound by SSB is shorter than naked ssDNA. This effect
could be attributed to wrapping of ssDNA around the
SSB tetramers (20,21). At forces >18 pN, the extension
of ssDNA bound by SSB equals the extension of naked
ssDNA for all the SSB concentrations studied. As at the
high force, the ssDNA is still associated with SSB proteins
(Supplementary Figure S4B), these results suggest that at
high force SSB binds to ssDNA in a manner that does not
cause significant wrapping of ssDNA. At the highest SSB
concentration (1mM tested, shortening of ssDNA is not
observed at any force. This finding suggests that ssDNA
becomes saturated with bound SSB in a less-wrapped
mode, thereby may provide potential binding sites for
additional SSB tetramers.

These findings are consistent with previously reported
multiple binding modes of SSB that wrap different
numbers of nucleotide residues in ssDNA (16,20,21): (i)
wrapped modes (SSB)56 and (SSB)65, in which �56 or
�65 nt of ssDNA is wrapped around SSB subunits, and

Figure 1. Force response of ssDNA. (A) Schematic of the experimental
set up in which an ssDNA tether was generated from a dsDNA tether
by overstretching the DNA at �65 pN force applied to one of the DNA
strands by magnetic tweezers (Supplementary Text: Force responses of
dsDNA and ssDNA). After transition, only one strand is left under
tension. (B) Force-extension curves for ssDNA in the RecA-binding
buffer. At each force, the DNA was held for 5 s. The black open
squares represent data obtained in the force-increase scan and the
black solid squares represent data obtained in force-decrease scan
through the same set of forces. Inset shows the hysteresis which is
extension obtained in the force-decrease scan minus that obtained in
the force-increase scan.
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(ii) the least wrapped mode (SSB)35, in which �35 nt of
ssDNA are bound by an average of two SSB subunits
(16,21). The selection of the SSB-binding mode depends
on many factors including monovalent salt, pH, magne-
sium, and protein concentration (20,21,36). According to
previous reports, the least wrapped (SSB)35 mode is
favoured at low salt concentrations at high SSB-binding
density on ssDNA (16,21,37,38). In our experiments, the
more wrapped modes (SSB)56 or (SSB)65 might occur at
low SSB-binding density in low SSB concentration. This
can explain the ssDNA shortening at low SSB concentra-
tions (e.g. 1 nM) observed in our experiments. On the
other hand, the increase in extension that we observed at
1 mM SSB, regardless of the amount of force, suggests that
at this SSB concentration, ssDNA is in the least wrapped
state due to high binding density at higher SSB concen-
trations. This is consistent with the recent single-molecule
FRET studies in similar buffer solution conditions that
reported much reduced FRET values and fluctuations at
high SSB concentrations likely due to binding of more
SSB (22). At this concentration, the ssDNA extension is
longer than the naked ssDNA, which is possibly due to the
repulsive interactions, such as electrostatic and steric
interactions, between positively changed large SSB tetra-
mers densely packed on ssDNA.
Our findings show that binding of RecA and SSB to

ssDNA affects extension of ssDNA differently, depending
on the concentrations of the accessory proteins and
applied force. Here we emphasize that as no free ssDNA
was present in solution, in all SSB concentrations, the SSB
protein is always in excess of ssDNA. Therefore, the SSB
concentration dependence of the ssDNA force response
likely indicates the concentration-dependent binding
density of SSB on ssDNA and the switch of binding
modes.

SSB outcompetes RecA binding to ssDNA and inhibits
RecA nucleation

In E. coli, RecA binds to ssDNA under conditions in
which SSB concentrations are in the range of a few
hundred nM (15,39). To study the competition between
RecA and SSB for binding sites on ssDNA, we introduced
1 mM RecA together with either 100 nM or 1 mM SSB in
Standard RecA assay buffer with 1mM ATP, 1� ATP
regeneration system. The introduction of RecA–SSB
mixture was slow, over a period of about 30min, to
avoid exerting large drag force to the bead
(Supplementary Text: Force control during buffer
change). Figure 2C shows that, in the presence of
100 nM and 1 mMSSB, the RecA filament did not form
at any increment of force, and the force-extension curvesFigure 2. Effects of RecA and SSB on force responses of ssDNA.

(A) Black open circles indicate the force-extension curve of ssDNA
bound by a fully coated RecA nucleoprotein filament formed with
ATP. Black open squares indicate the force-extension curve of the
same ssDNA before RecA binding. Inset shows the extension of a
fully polymerized RecA nucleoprotein filament measured in experi-
ments divided by the theoretical extension of a dsDNA of equal
number of base pairs (576 bp) at the corresponding force values
based on the worm-like-chain model of DNA (Eq. S1) (34).
(B) Force responses of ssDNA incubated with different concentrations
of SSB. (C) Force-extension curves of ssDNA obtained with incubation
with either 1 mMRecA and 100 nMSSB, or 1 mMRecA and 1 mMSSB

Figure 2. Continued
in the presence of ATP. Data in 100 nM SSB or 1mM SSB from (B) are
plotted together for comparison. In each panel, the force-extension
curves were recorded during the force-decrease scans. Data in (A–B)
and data indicated by the open symbols in (C) were recorded after
holding the ssDNA at large force (>15 pN) for >100 s in the protein
solutions. Data indicated by the solid symbols in (C) were recorded
after the protein solution was slowly introduced at low force (<5 pN).
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are almost identical to those generated in presence of SSB
without addition of RecA (Figure 2B), indicating that SSB
outcompetes RecA for binding sites on ssDNA. To deter-
mine whether RecA polymerization can occur at large
force over a longer time scale, we held the tether at
�37 pN for >80 s or many cycles between a lower force
of �11 pN and a higher force �49 pN, but RecA polymer-
ization did not occur at the high force in our time scale
(Supplementary Figure S5A–D). These results show that
RecA nucleation on ssDNA is completely inhibited at
these SSB concentrations over the force range and time
scale in our solution conditions.

SSB- and ATP hydrolysis-dependent de-polymerization of
pre-formed RecA nucleoprotein filament at low force and
re-polymerization at high force

Having established that SSB competitively inhibits the
binding of RecA to ssDNA under our experimental con-
ditions, we sought to measure its effect on the mainten-
ance of a pre-formed RecA nucleoprotein filament.
Firstly, a fully coated RecA nucleoprotein filament was
formed at �30 pN in the presence of 1 mM RecA and
1mM ATP, 1� ATP regeneration system. Subsequently,
a mixture of 1 mM RecA, 1 mM SSB, and 1mM ATP,
1�ATP regeneration system was introduced, after
which the force was decreased to �2.8 pN (blue in
Figure 3A). An initial lag phase was observed for
�600 s, during which the extension fluctuated around a
constant average of �290 nm, suggesting a nearly steady
RecA nucleoprotein filament during this time. The lag
phase was followed by a rapid extension decreasing
phase, during which the extension of ssDNA decreased
by �70 nm in around 200 s, indicating dynamic
de-polymerization of RecA from the ssDNA. As RecA
nucleoprotein filament is stable at such force in the
absence of SSB (Supplementary Figure S6), this
de-polymerization is dependent on the presence of SSB.
To examine the reproducibility of such SSB-dependent
RecA de-polymerization, we performed similar experi-
ment on a different ssDNA (orange in Figure 3A).
Similarly, a lag phase followed by a rapid extension
decreasing phase was observed. However, both the
duration of the lag phase and the speed of de-polymeri-
zation in the extension decreasing phase were significantly
different from the first DNA, suggesting high stochasticity
of the two steps. SSB-dependent de-polymerization of
pre-formed RecA nucleoprotein filament was also
observed at the lower SSB concentration of 100 nM
(Supplementary Figure S7)

To investigate whether the partially de-polymerized
RecA filament can re-polymerize at higher force, for the
partially de-polymerized RecA filament (the same ssDNA
as indicated in blue in Figure 3A), multiple cycles of
jumping between a high force (�30 pN) and a low force
(�2.8 pN) were performed (Figure 3B). At each force, the
ssDNA was held for 5 s. After each cycle, the ssDNA
became longer in most of the cycles. These observations
demonstrate that a partially de-polymerized RecA
filament at low force can re-polymerize at higher forces.

Figure 3. Effects of SSB, ATP hydrolysis and force on the stability of
pre-formed RecA nucleoprotein filaments. (A) Extension change of two
different pre-formed RecA nucleoprotein filaments after introduction of
protein mixture containing 1mMRecA, 1 mMSSB, and 1mMATP,
1�ATP regeneration system. Both exhibit a lag phase followed by a
quick extension decreasing phase at low forces <3 pN. Raw data are in
orange and blue, while the smoothed data by 40-points fast Fourier
transformation are in red and magenta, respectively. (B) Extension
change of a partially de-polymerized RecA nucleoprotein filament
(the same ssDNA as indicated by blue in Figure 3A) during multiple
cycles of jumping between a high force (�30 pN) and a low force
(�2.8 pN). In general, these force-jump cycles lead to elongation of
the ssDNA. (C) On the same ssDNA indicated by blue in Figure 3A,
repeating the experiments described in Figure 3A but with a replace-
ment of ATP with ATPgS. The result shows that the presence of SSB
does not cause de-polymerization of the pre-formed RecA nucleopro-
tein filament with ATPgS.
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We also performed similar experiments using 1mM
ATPgS to ascertain the role of ATP hydrolysis in the for-
mation of RecA nucleoprotein filament. We first formed a
fully coated RecA nucleoprotein filament at high force in
1 mMRecA and 1mMATPgS. Subsequently, a mixture of
in 1 mMRecA, 1mMATPgS and 1 mMSSB was
introduced, and the force was decreased to a lower force
of �2.8 pN, and the extension was monitored for >2000 s
(Figure 3C). No extension decrease was observed over the
time, in contrast to the rapid extension decreasing phase
followed by a lag phase of several hundreds of seconds.
This result indicates that, in addition to the dependence on
SSB, the de-polymerization at low force also depends on
ATP hydrolysis.

SSB- and ATP hydrolysis-dependent de-polymerization
of pre-formed RecA nucleoprotein filament at low force
and re-polymerization at high force were also independ-
ently investigated by examination of the hysteresis in the
force-extension curves recorded in force-increase and
force-decrease scans. Consistent results were obtained, as
shown in Supplementary Figure S8A and B.

DISCUSSION

In this study, we examined the formation of RecA nucleo-
protein filament and its stability with both free SSB and
ssDNA-bound SSB as well as on tension. Our data suggest
a model for force-dependent RecA and SSB competitive
inhibition on ssDNA (Figure 4). At >100 nMSSB concen-
trations and 1 mMRecA, SSB outcompetes RecA binding
to ssDNA, resulting in formation of an array of SSB tetra-
mers (Figure 4A). This tightly packed beaded complex of
SSB–ssDNA imposes a barrier for RecA nucleation, or
against other proteins, such as RecO (1,40). For a
pre-formed RecA nucleoprotein filament, at
>100 nMSSB and 1 mM RecA, our results revealed
de-polymerization of RecA at low force in an ATP hy-
drolysis- and SSB-dependent manner, and
re-polymerization of a partially de-polymerized RecA
filament at high force. The high force applied in our ex-
periments is close to the force range of 20–40 pN that can
be generated by a single RNA polymerase (41) or DNA
polymerase (42). Thus, our results provide important
mechanistic understanding of how nucleation and poly-
merization of RecA might occur in vivo and how the sta-
bility of RecA nucleoprotein filament is regulated by SSB
and tension.

We show that SSB in the range of 100 nM–1mM out-
competes the binding of RecA to ssDNA, leading to the
formation of fully coated SSB–ssDNA complex, which
suggests that the nucleation of RecA is inhibited at these
SSB concentrations over the experimental time scale
(Figure 2). Formation of a RecA nucleoprotein filament
involves two kinetic steps: (a) formation of a stable RecA
nucleoprotein filament composed of four or five RecA
monomers each bound to three nucleotides of ssDNA,
and (b) 50 to 30 extension of the RecA nucleoprotein
filament (1,2). We speculate that high concentrations of
SSB bind ssDNA faster than RecA, thereby depleting the
amount of ssDNA available for RecA nucleation.

When 1 mMRecA is mixed with >100 nMSSB with
ATP and magnesium, the RecA nucleoprotein filaments
are slowly de-polymerized at low levels of force and this
de-polymerization depends on ATP hydrolysis (Figure 3).
It has been suggested that ATP hydrolysis in a RecA nu-
cleoprotein filament primarily occurs in the 50 to 30 direc-
tion on ssDNA (43). Because the RecA nucleoprotein
filament is unstable in the presence of bound ADP (1),
ATP hydrolysis may cause de-polymerization of a patch
of RecA filament from the 50 end, freeing areas of ssDNA
to be occupied by SSB. At low tension, SSB binds to the
RecA-free ssDNA region, hence blocks re-polymerization
of RecA, resulting in net slow de-polymerization of RecA
(Figure 3). Therefore, our results suggest that the SSB-
dependent net de-polymerization of RecA is not due to
active displacement of RecA by SSB; instead, it is a con-
sequence of freed ssDNA sites for SSB to bind once RecA
dissociates from the filament induced by ATP hydrolysis.
These results are consistent with a previous study that
demonstrated competitive binding between SSB and
RecA and the lack of a direct SSB–RecA protein inter-
action (19).
It has been widely accepted that RecA nucleoprotein

filaments form on ssDNA during a process of 50 to 30

polymerization, whereas RecA de-polymerization can
also occur, mainly from the 50 end, in a process requiring
ATP hydrolysis (1,43). Thus, during SSB-dependent
de-polymerization of RecA, the ssDNA vacated by

Figure 4. Model for force-dependent regulation of the formation of
RecA nucleoprotein filament by SSB. (A) More than 100 nM SSB out-
competes 1 mMRecA, resulting in the formation of a pure SSB–ssDNA
nucleoprotein array. (B) In >100 nMSSB and 1 mMRecA, net
de-polymerization of a pre-formed RecA nucleoprotein filament
occurs at low force in an ATP hydrolysis- and SSB-dependent
manner. Increasing force results in re-polymerization of RecA nucleo-
protein filament likely with the direction from 30 to 50 of the ssDNA.
Note that the geometric objects indicating ssDNA, RecA and SSB do
not represent their real conformations.
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RecA is expected to be at the 50 end and SSB is expected to
bind to those areas of ssDNA, whereas the rest ssDNA at
the 30 end is still occupied by RecA (Figure 4B, middle).
This picture predicts an SSB nucleoprotein array at the
50 side of the ssDNA and a RecA nucleoprotein filament
at the 30 side of the ssDNA after the partial de-poly-
merization of the original RecA filament at low force in
1 mMRecA, 1mMATP and >100 nM SSB.
Interpretation of the re-polymerization of RecA in

1 mMRecA, 1mMATP and >100 nM SSB at high force
is somewhat complicated. Here we discuss three
possibilities. (i) At high force, RecA can invade and
nucleate inside the SSB-coated region (the 50 side of the
ssDNA), resulting in polymerization in the 50 to 30 direc-
tion. However, this possibility is not supported by our
results that for an SSB-coated ssDNA in >100 nM SSB
without pre-existing RecA filament clusters inside, RecA
polymerization could not happen even at high force
(Figure 2C, Supplementary Figure S5). Thus, the
re-polymerization of RecA observed in Figure 3B and
Supplementary Figure S8A and B should depend on the
pre-existing, partially de-polymerized RecA. This is also
consistent with an earlier study reporting that RecA dis-
places a single SSB bound to a poly-dT ssDNA supported
by a pre-formed RecA nucleation cluster (4). (ii) A second
possibility is that de-polymerization may occur at the 30-
end, such that re-polymerization would occur in the 50 to
30 direction. However, this mechanism is not consistent
with extensive previous studies showing that RecA
de-polymerization primarily occurs at the 50-end (1,43).
(iii) A more likely possibility is that de-polymerization of
RecA primarily occurs at the 50-end, whereas re-poly-
merization may occur from the end of pre-existing RecA
filament that occupies the 30 side of ssDNA in the 30 to 50

direction (Figure 4B). In most previous experiments, only
50 to 30 polymerization has been observed likely because it
occurs much faster than the 30 to 50 polymerization.
Although this interpretation is in contrast to the widely
accepted unidirectional polymerization of RecA in a 50 to
30 direction (1,2), it is consistent with two previous experi-
ments based on single-molecule FRET assay of the RecA
dynamics at the 50-end and the measurements of the
lifetime of synaptic intermediates during homologous
searching (4,44).
We found that a partially de-polymerized RecA nucleo-

protein filament at low force could re-polymerize at higher
tension (Figure 3B). Although the mechanisms of RecA
polymerization at larger force are unclear, it can be quali-
tatively understood based on mechanical differences
between the SSB nucleoprotein array and the RecA
nucleoprotein filaments. The RecA nucleoprotein
filament is helical, rigid and longer than both the naked
ssDNA (45) and the SSB nucleoprotein complex formed
under our experimental conditions (Figure 2). Therefore,
the work done by force favours RecA polymerization. At
sufficiently large forces, the energy supplied by force and
polymerization energy of RecA may exceed the energy
needed to displace SSB tetramers from ssDNA, resulting
in polymerization.
In summary, our results have important biological

implications. Our work elucidates how the nucleation,

polymerization and stability of RecA nucleoprotein fila-
ments are regulated by SSB or ssDNA in a force-depend-
ent manner. In view of tight binding of SSB to ssDNA,
these findings provide important insights into our under-
standing of the formation of RecA nucleoprotein fila-
ments in vivo. Our work underscores the importance of
tensile force and its resultant effects on ssDNA in
evaluating the relative binding affinities of RecA versus
SSB. Importantly, force-dependent competitive binding
was also observed in protein–dsDNA interactions and in
protein–protein interactions, which play important roles
in regulating gene transcription and the mechanosensing
of cells (46,47).
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