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ABSTRACT

RecA, the key protein in homologous recombina-
tion, performs its actions as a helical filament on
single-stranded DNA (ssDNA). ATP hydrolysis
makes the RecA-ssDNA filament dynamic and is
essential for successful recombination. RecA has
been studied extensively by single-molecule techni-
ques on double-stranded DNA (dsDNA). Here we
directly probe the structure and kinetics of RecA
interaction with its biologically most relevant sub-
strate, long ssDNA molecules. We find that RecA
ATPase activity is required for the formation of
long continuous filaments on ssDNA. These fila-
ments both nucleate and extend with a multimeric
unit as indicated by the Hill coefficient of 5.4 for fil-
ament nucleation. Disassembly rates of RecA from
ssDNA decrease with applied stretching force, cor-
responding to a mechanism where protein-induced
stretching of the ssDNA aids in the disassembly.
Finally, we show that RecA-ssDNA filaments can
reversibly interconvert between an extended, ATP-
bound, and a compressed, ADP-bound state. Taken
together, our results demonstrate that ATP hydroly-
sis has a major influence on the structure and state
of RecA filaments on ssDNA.

INTRODUCTION

RecA-single-stranded DNA (ssDNA) filaments are the
catalytic core of homologous recombination (HR) in
Escherichia coli and RecA has become the prototypical
member of a family of proteins ubiquitous to all organ-
isms including the human RADS51 and DMCI recom-
binases (1-3). The RecA-ssDNA filament must
perform multiple actions during recombinational DNA

repair: first, it has to assemble on ssDNA and search for
homologous duplex DNA; subsequently the RecA-
ssDNA filament invades and exchanges strands with the
homologous duplex DNA; and finally it dissociates to
allow for further processing by polymerases. The repair
of DNA double-stranded breaks by HR is vital to the
cells’ survival and therefore all these steps have to be
robust enough to deal with heterology or other obstacles
that may hinder the process. ATP hydrolysis by RecA is
essential for successful HR but many questions on how
ATP hydrolysis influences the molecular structure and
dynamics of RecA—ssDNA filaments remain.

The assembly of RecA filaments on ssDNA is an essen-
tial early step in HR and requires both a nucleotide cofac-
tor (i.e. ATP) and a divalent cation (i.e. Mg?") bound
at the monomer—monomer interfaces (4,5). Filament
assembly has been studied in detail on double-stranded
DNA (dsDNA) where the consensus is that filament for-
mation is dominated by a slow nucleation step, requiring a
nucleation cluster of 5 or 6 monomers, followed by rapid
filament extension resulting in long continuous filaments
(6-9). On the biologically more relevant ssDNA substrate,
nucleation also requires a multimeric unit and is orders of
magnitude faster (9,10). Filament extension on ssDNA is
less cooperative, possibly resulting in the formation of
short filament patches as observed for RADSI (11-13).
The 3’ end is typically favored for addition of RecA
monomers and disassembly occurs from the 5’ end result-
ing in a net 5 to 3’ assembly direction on ssDNA (9,14).
Due to the 5 to 3’ directionality, the 3’ end is more likely
to be covered with RecA resulting in more efficient pairing
reactions at the 3’ end in vitro (15,16).

Disassembly of the RecA filament also is an important
step in the overall recombination process. The nucleopro-
tein filament needs to be dismantled after strand exchange
to clear the path for DNA synthesis and the completion
of HR. Recent experiments suggest that strand exchange
and filament disassembly are coupled, underlining the
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importance of disassembly kinetics (17). Disassembly of
RecA is coupled to ATP hydrolysis at the monomer—
monomer interface and proceeds from filament ends on
both ss- and dsDNA. Since the monomer-monomer inter-
faces are presumably identical throughout the filament,
the asymmetry in assembly and disassembly rates can
only be sustained at the expense of external energy (18).
The recently resolved structure of RecA complexed with
ssDNA indicates that ATP binding and ATP hydrolysis
indeed mediate the binding and release of RecA from
DNA through allosteric coupling (5). ATP hydrolysis
is, however, not the only driving factor for dissociation,
as the mechanical interactions of a recombinase filament
with its stretched DNA substrates also facilitate disassem-
bly (19). Although pairing reactions proceed readily
when RecA disassembly is blocked by non- or slowly
hydrolysable ATP analogs, e.g. ATPYS, the delicate bal-
ance between assembly and disassembly of the RecA-
ssDNA filament is likely important for strand exchange
and homology search (20,21).

RecA forms a right-handed helical filament on ssDNA
in the presence of ATP, extending it by 50% compared to
B-form dsDNA. DNA is bound within the filament with a
stoichiometry of three nucleotides (nt) or base pairs (bp)
per RecA monomer and 6 monomers make up one helical
turn (5,22-24). ssDNA is thus considerably extended and
restricted in its conformational freedom within the RecA
filament. ATP hydrolysis occurs throughout the filament
and is not restricted to the disassembly end (25). The
hydrolytic cycles of individual monomers are uncoupled
on ssDNA in contrast to RecA bound to dsDNA
where hydrolytic cycles of RecA monomers cooperatively
influence each other (26-28). The structure of the ssDNA-
RecA filament is also affected by the bound nucleotide
cofactor and in the presence of ADP a compressed
filament forms (29).

ATP hydrolysis not only drives the turnover of RecA
on DNA, but is also linked to several other functions: the
bypass of long stretches of heterology, fork regression,
and four-strand-exchange reactions (30). All these pro-
cesses seem to require the generation of torsion in the
pairing strands, and several models to generate this tor-
sion have been proposed. The simplest models link the
generation of torsion to a redistribution of RecA mono-
mers on DNA (31,32). The accompanying change in heli-
cal pitch of the dsDNA, between its canonical B-form of
10.5bp per turn to 18.5bp per turn when bound by RecA,
could generate the required torsion. A second model pos-
tulates the presence of concerted motor action of RecA
monomers to actively rotate the homologous strand
around the filament (1). A third model links the generation
of torsion to a conformational change of the RecA fila-
ment upon ATP hydrolysis (33).

To describe RecA filament dynamics and how the
mechanical changes of the filament are coupled to ATP
hydrolysis, we measured RecA filament assembly and dis-
assembly on single ssDNA molecules. We found that ATP
hydrolysis by RecA was essential for the formation of long
uninterrupted filaments on ssDNA. By fitting filament
assembly data to Monte Carlo (MC) simulations, we
concluded that both nucleation and extension of these

filaments occurred with multimers. RecA disassembly is
facilitated by the energy stored in the bound and stretched
ssDNA. Dissociation from ssDNA is more sensitive to
force than dissociation of recombinases from dsDNA.
Interestingly, we show that the mechanical properties of
RecA—ssDNA filaments change drastically upon ATP
hydrolysis and that this process is fast and reversible,
implying a rapid exchange of ADP from the filament.

MATERIALS AND METHODS
DNA constructs

A ssDNA construct was prepared as described previously
(13); additionally, a 7.3 kb construct was prepared analo-
gously starting from a A-DNA template with primer
sequences AACTCAGCTCACCGTCGAACA and 5 bio-
tinylated GACGCAGGGGACCTGCAG and digested
with PspOMI.

Magnetic tweezers assay

A magnetic tweezers setup was used in these experiments
as described (34). By using image processing, 5-nm posi-
tion accuracy of the bead was obtained in all three dimen-
sions (35). To exclude the effect of thermal drift, all
positions were measured relative to a 3.2 um polystyrene
bead (Bang Laboratories, Carmel, IN) fixed to the bottom
of the flow cell. Polystyrene beads as well as DNA con-
structs carrying a magnetic bead at one end were anchored
to the bottom of a flow cell as described elsewhere (35).
The force-extension curve of single DNA molecules was
measured. After conformation of the correct contour and
persistence lengths, experiments were started by addition
of RecA. All measurements were carried out at 25°C.

RecA/DNA reactions

The flow-cell final volume was approximately 100 pl. All
reactions were done in 25mM Tris—HCI (pH 7.5), SmM
MgCl, or CaCl, and 1mM DTT. RecA was purchased
from New England Biolabs. RecA and ATP [final concen-
trations 1 M RecA (unless stated otherwise) and 1 mM
ATP] were added into the flow cell. Interaction of RecA
with the tethered DNA molecule was monitored through
measurement of the height of the magnetic bead.

MC simulations

We follow the protocol described in Van der Heijden ez al.
(13,306).

RESULTS

ATP hydrolysis is essential to form long continuous
RecA-ssDNA filaments

Our magnetic-tweezers single-molecule technique allows
monitoring long (~8kb) individual DNA molecules.
The DNA is bound at one end to a magnetic bead and
at the other end to the surface of a flow cell. A force is
applied by a pair of external magnets (Figure la). Video
microscopy is used to monitor the bead position, and thus
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Figure 1. RecA filament formation and dissociation on ssDNA as mea-
sured by magnetic tweezers. (a) Schematic drawing of the magnetic
tweezers setup. (b) A 8.6 kb ssDNA molecule is extended by 48% com-
pared to B-form DNA at a stretching force of 6 pN in the presence
of 1uM RecA, 1mM ATP and 5mM Mg?*. (¢c) Linear disassembly
profile of a 8.6 kb RecA—ssDNA filament recorded at 0.5 pN. The black
line is a guide to the eye.

the DNA end-to-end distance, in real time. The assembly
and disassembly of RecA filaments is monitored by mea-
suring changes in the end-to-end distance of the DNA
tether. RecA binding increases the tether length as it
extends and stiffens ssDNA. Length changes of the tethered
DNA can thus be correlated to changes in RecA filament
coverage of the ssDNA molecule. Filament assembly was
recorded at forces around 6 pN to minimize the influence of
secondary structure in the ssDNA on the assembly profile.
At 6 pN, the tether length of a ssDNA molecule is approx-
imately equal to the length of a B-form dsDNA molecule
with the same number of same number of nucleotides.
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When a complete RecA filament forms, the tether is
expected to extend to 1.5 times the B-form length.
Filament disassembly was monitored at forces below
0.5pN, unless stated otherwise. Below 0.5 pN, the end-to-
end distance of ssDNA is negligible compared to the stiff
RecA filament. A decrease in the end-to-end distance can
therefore be directly correlated to dissociation of the
filament.

Filament assembly was started by introducing 1uM
RecA in the presence of ImM ATP and 5mM Mg "
into the flow cell. Immediately after buffer flow was
stopped, DNA end-to-end distance started to increase,
consistent with the formation of DNA-RecA nucleopro-
tein filament(s) that extend and stiffen the DNA tether
(Figure 1b). In contrast to the binding profile seen on
dsDNA (Supplementary Figure S1) (7), the profile is
strongly non-linear, indicative of a substantially less coop-
erative assembly. Cooperativity can be defined as the ratio
between the rate of filament extension and nucleation. At
high ratios (>10°), the binding profile displays a linear
increase, whereas at low ratios the increase is sigmoidal
(Supplementary Figure S2) (36). A low cooperativity will
result in incomplete DNA coverage because different
nucleation positions can be out of register with each
other, leading to gaps of at least 1 or 2nt considering
the 3-nt binding site of RecA. Multimeric binding, where
the unit of filament nucleation or extension consists
of more than one RecA monomer, will further increase
the size of these gaps leading to even less complete cover-
age. Experimentally we found that the final end-to-end
distance of the RecA filaments corresponded to a
48.0£1.4% (N =19) elongation compared to B-form
DNA of the same nt length. The measured elongation is
in excellent agreement with electron microscopy and other
studies of RecA filaments on ssDNA (5,33). The elonga-
tion obtained thus corresponds to a fully covered ssDNA
molecule. We note that this is a very surprising result
because the shape of the binding profile would suggest
multiple nucleation events leading to gaps in the filament
as reported for RADSI (13).

Dissociation measurements also indicated the absence
of gaps in the final filament as the obtained profiles were
linear, indicative of dissociation from a single filament
(Figure Ic). After assembly, dissociation of RecA from
ssDNA was initiated by exchanging the buffer in the
flow cell for one containing 1 mM ATP and 5mM Mg*"
but no RecA. This allows continuous ATP hydrolysis and
therefore disassembly of the bound RecA filament. The
measured disassembly rate of 0.83+0.16 monomers per
second (N = 10) compares well to the bulk value of 0.91
monomers per second (37).

To understand the interplay between ATP hydrolysis
driven RecA binding and dissociation during assembly,
we directly measured filament assembly under conditions
where RecA ATP hydrolysis was suppressed. In the pres-
ence of 5mM Ca®>", RecA binds to ssDNA but ATP
hydrolysis is strongly attenuated (4). Dissociation of
RecA during filament assembly can thus be inhibited by
replacing Mg”> " with Ca”>". In the presence of Ca®" and
ATP, we observed a non-linear growth profile similar to
the data for Mg”>" (Figure 2a). The end-to-end distance,

0T0Z ‘9T Jaqwadaq uo ABojouydsa] Jo Ausianiun Yiad re 6io'speuinolplojxo leu woljy papeojumod


http://nar.oxfordjournals.org/

4092 Nucleic Acids Research, 2009, Vol. 37, No. 12

—_
O
~
N
[S,]

T ¥ T 5 T ¥ T
2+

L ATP-Ca

»
[S)

Extension (um)
w
[$,]

:1 ST, s>

o —a>

121

N
<}

Extension L/Lo
=3
oo

bt
o

=}

>
—
E

4

|
1

0 1000 2000 3000

Time (s)

b
( ) 8 ) L) 1 1
£
C
>3
[e]
(@]
1.2 1.3 1.4 1.5 1.6 1.7
Relative elongation
(d) ; : . . .
40 | i
o 5 ._nl-—vt"_"_“?:’:-:‘:
2 35 4
s |
Re) 4 ) ) 1
@ i ca” *
S sof > Mg
=
w
25} J
2 1 " 1 " 1 [ " 1
0 2000 4000 6000 8000 10000
Time (103s)

Figure 2. RecA-ssDNA filaments in conditions suppressing ATP hydrolysis. (a) Filaments formed on a 8.6 kb ssDNA molecule showed a similar
binding behavior at a stretching force of 6 pN in a 5SmM Ca®" buffer to that in the presence of Mg?*. The black line is a fit from MC simulations,
adopting hexamers for nucleation and extension units, used to determine the nucleation and extension rate. (b) Histogram of RecA-ssDNA tether
length at a stretching force of 6 pN in the presence of either 5mM Mg? " (red) or 5SmM Ca>" (black). Solid lines are a fit to a normal distribution.
(¢) RecA disassembly at a stretching force of 0.5pN from a 8.6kb ssDNA was blocked in the presence of 5SmM Ca’>" (red points), but readily
occurred when Ca®" was replaced by Mg?" (green points) The filament dissociation fits well to a single exponential decay (black line). (d) A 7.3kb
RecA—ssDNA filament assembled in the presence of Ca®” at a stretching force of 6 pN showed a further increase in end-to-end distance when the
buffer was exchanged for one containing 1 pM RecA and 5SmM Mg>*. The gray dashed line is a guide to the eye.

however, of the RecA-ssDNA filaments did not reach a
full 50% elongation compared to B-form DNA, but
instead a significantly lower elongation of 384+2%
(N = 16) (Figure 2b). Based on the ratio of measured to
expected elongation, this 38 £2% (N = 16) corresponds
to a fractional coverage of 79+ 7% of the DNA. The
end-to-end distance of the DNA tether did not decrease
upon changing the buffer for one containing 1 mM ATP
and 5mM Ca” " but lacking RecA (Figure 2c). This shows
that filament disassembly was indeed inhibited, yielding
stable filaments when ATP hydrolysis is suppressed. The
exchange of Ca’" for Mg®", by changing to a buffer
containing ATP and Mg® ", led however to a decrease in
the end-to-end distance of the molecule as the filament
dissociated (Figure 2c). The disassembly profile was now
exponential, indicative of dissociation from the ends of
multiple filament patches. The shorter end-to-end distance
and presence of gaps in the filament assembled in the pres-
ence of Ca>" could also result from secondary structure in
the ssDNA. To test if secondary structure influenced these
measurements, we assembled filaments at a force of 20 pN,
which effectively removes all secondary structure in the
ssDNA (38). The dissociation behavior of these filaments

was the same as observed for filaments assembled at low
force (Supplementary Figure S3). The marked difference
between the RecA—ssDNA filaments formed in the pres-
ence of Mg?" and Ca®" remained essentially the same (cf.
Figures lc and 2c). This shows that secondary structure
does not play a major role in preventing the formation
of a continuous RecA filament on ssDNA in the presence
of Ca®™.

The above results indicate that filament formation by
random nucleation of RecA on ssDNA creates multiple
filament patches that, however, anneal into one continu-
ous filament via ATP-hydrolysis-dependent rearrange-
ments. This implies that a patchy RecA filament, with
bare tracts of ssDNA, formed when ATP hydrolysis is
suppressed, is able to anneal into one continuous filament
when ATP hydrolysis is again allowed. This was indeed
observed: A filament that had reached its saturation exten-
sion in ATP-hydrolysis suppressing conditions (Ca®",
ATP and RecA) showed a further increase in extension
after switching to a buffer that allowed for ATP hydrolysis
(Mg>*, ATP and RecA) (Figure 2d). The final extension
of the filaments reached 50 +3% (N = 7) corresponding
to ssDNA fully covered by RecA.
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Figure 3. Final DNA coverage of a RecA filament is determined by the cooperativity as well as the nucleation and extension unit. (a) Monte Carlo
simulations of the saturation coverage of RecA on ssDNA in the absence of dissociation. Our measured final coverage of 79% =+ 7 (black box) in the
presence of Ca’”" is in the range of nucleation and extension by hexamers. (b) Concentration dependent nucleation rates were extracted from multiple
growth profiles using the MC simulations. The observed behavior (round circles) differed markedly from Michaelis-Menten kinetics (dotted line) but
is accurately fit by the Hill equation with a coefficient of 5.440.2. Error bars show SEM.

RecA nucleates and extends filaments with multimers

RecA filament assembly involves nucleation followed
by filament extension. Nucleation has been reported to
occur with 5 or 6 monomers whereas a single monomer
was suggested as the functional unit for filament extension
(9,10). A monomeric unit for filament extension compared
to a multimeric nucleation unit should give rise to a
concentration dependence of the cooperativity. This was
not supported by our experiments as the shape of the
binding profiles is conserved for different concentrations
(Supplementary Figure S4), implying that the nucleation
and extension unit are the same.

In order to quantitatively understand RecA filament
formation, we modeled the nucleoprotein filament forma-
tion with MC simulations [for details, see refs (13,36)]. The
simulations involve four parameters to describe the RecA
filament formation: nucleation rate, cooperativity, nuclea-
tion unit (monomers or multimers) and extension unit
(again either monomers or multimers). We first simulated
filament assembly curves to obtain the final coverage of
the molecule for different nucleation and extension units
at different cooperativity (Figure 3a). Higher cooperativity
resulted in a higher final coverage as fewer gaps were
formed. Larger extension units resulted in a lower final
coverage as the minimum gap size between filament
patches increases. The final occupancy of 79+7%
obtained from our measurements in the presence of
Ca’" and ATP corresponds to the regime expected for
both nucleation and extension with a multimeric unit
and is inconsistent with a monomeric extension unit.

Because disassembly is inhibited in the presence of ATP
and Ca®", we neglected disassembly to simulate growth
profiles obtained in the presence of Ca?". Nucleation rates
were obtained from experimental growth profiles by fitting
MC simulations with two free fit parameters (nucleation
rate and cooperativity), adopting hexamers for nucleation
and extension units. A fit to an experimental growth pro-
file, based on the MC simulations, is shown in Figure 2a.
The nucleation rates obtained from experiments at

different RecA concentrations show a strong concentra-
tion dependency (Figure 3b). A fit of the concentration
dependent nucleation rates with the Hill equation yields
a Hill coefficient of 5.440.2. The large Hill coefficient
confirms that nucleation occurs with a multimeric unit,
which is expected to be a hexamer as the Hill coefficient
sets a lower bound for the number of interacting
monomers.

The growth profiles in the presence of ATP and Mg” "
(Figure 1b) can be modeled using the nucleation rate and
cooperativity determined for conditions where ATP
hydrolysis was suppressed, and the dissociation rate that
was independently obtained from the linear disassembly
of complete filaments in the presence of ATP and Mg>*.
These simulations always resulted in multiple filament
patches and 100% coverage was never obtained.
Inclusion of the dissociation reduced the gaps due to mul-
timeric nucleation and extension units to 1 or 2nt, but it
did not completely remove these gaps. Thus accounting
for assembly and disassembly alone in our simulations
was not sufficient to describe the observed formation of
one continuous filament in the presence of ATP and
Mg?*. An additional element of the filament dynamics
is needed to account for the data, which is examined in
the ‘Discussion’ section.

RecA dissociation from ssDNA is force dependent

Exerting a force may change the mechanical interactions
between RecA and its DNA substrate. Stretching forces
applied to a dsDNA molecule enhance binding and slow
down dissociation of nucleoprotein filaments (6,19,39).
Upon dissociation of RecA in the absence of any force
exerted on ssDNA, the end-to-end distance will decrease
as the ssDNA behaves as an entropic spring. The free
energy related to stretching ssDNA to 1.5 times the
B-form DNA length, approximately 3 kg7, could very
well contribute to the disassembly process. To test if an
applied force influences RecA dissociation from ssDNA,
dissociation was initiated as before. Subsequently, the
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filament was subjected to a constant force (in the range of
16pN > F>0.1pN) during a 270s interval, while disas-
sembly proceeded. The change in filament length was
monitored by periodically reducing the force to 0.5pN
(Figure 4a). RecA—ssDNA filaments subjected to a high
force (F> 8 pN) showed almost no change in end-to-end
distance. At lower forces, however, the end-to-end dis-
tance of the RecA—ssDNA tether decreased considerably,
indicating disassembly of RecA from the DNA. The pro-
files observed during the different force intervals were all
linear confirming that disassembly occurs from one single
filament.

A strong decrease in the disassembly rate k is observed
with increasing force (Figure 4b). Disassembly rates in
monomers per second were calculated as the change in
tether length at 0.5pN divided by 1.5nm, the length of
three bases within a single RecA monomer. The disassem-
bly rate had an exponential dependence on force:
k(F) = koexp(-dF/kgT), where kg is the disassembly rate
at zero force, kg7 the thermal energy, F the applied force
and d the distance to the energy barrier along the relevant
reaction coordinate. Thus, the energy barrier for dissocia-
tion is apparently raised by subjecting the RecA-bound
DNA to force. The distance to the energy barrier from
the force dependency was 0.6 + 0.2 nm, corresponding to
approximately half the length of the three nucleotides held
fixed in the RecA—ssDNA filament. This agrees well with
RecA dissociation from ssDNA as single monomers.

RecA-ssDNA filaments reversibly switch between extended
and collapsed states during ATP hydrolysis

In the RecA-ssDNA filament, a nucleotide cofactor is
bound at the important interface between RecA mono-
mers. Changes to this interface are able to influence the
structure and conformation of the filament, and modulate
the filament’s function in the recombination process
(11,40,41). To directly determine the influence of nucleo-
tide cofactors on the mechanical state of the filament, we
probed the length of the RecA—ssDNA filament, in real
time, while exchanging buffers containing different

nucleotide cofactors. First, a RecA-ssDNA filament was
assembled in the presence of Mg?" and ATP, as described
above. Subsequently, the buffer was exchanged multiple
times under continuous flow to induce exchange of the
bound nucleotide cofactor. The force during this continu-
ous flow experiment was approximately 3 pN, calibrated
by a separate measurement based on the force-extension
behavior of ssDNA.

The RecA-ssDNA filament changed length reversibly
in response to the presence of a cofactor (Figure 5a).
The initial RecA—ssDNA filament, formed in the presence
of 5mM Mg>" and 1 mM ATP, had an extension corre-
sponding to a fully covered RecA—ssDNA molecule.
Upon exchanging the buffer for one without ATP and
RecA, the filament converted to a shorter state. In this
state, the bound ATP is expected to be hydrolyzed to
ADP, and we will henceforth refer to it as the ADP-
bound state. Changing the buffer back to one containing
I mM ATP but no RecA resulted in extension of the fila-
ment. The initial length of the filament was not fully
recovered, possibly because some disassembly occurred
during the conversion to the ADP-bound state. This pro-
cedure was then repeated a second and third time on the
same molecule showing a similar behavior, indicating that
the conversion between the ATP- and ADP-bound states
was reversible. Finally, the buffer was exchanged for
one containing 1 mM ATPyS, but still lacking RecA.
This resulted in an increase in length of the RecA-
ssDNA filament that now surpassed that of the ATP-
bound state of the previous cycle.

The transition from the elongated ATP-bound state to
the shorter ADP-bound state, upon ATP depletion, was
much slower than the fast increase in length observed
when ATP was flushed in. This difference in response
results from the interplay between the high affinity of
RecA for ATP and the time-dependent concentration
changes in the flow cell during buffer exchange. The K,
of RecA—ssDNA filaments for ATP is in the range of
20-50 uM (42). Only when the concentration of ATP is
reduced to the micromolar range will the RecA—ssDNA
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Figure 5. RecA-ssDNA filament reversibly interconvert between an
extended ATP-bound and a compressed ADP-bound state. (a) Real
time measurement of extension changes of a RecA-ssDNA filament
at a stretching force of 3pN in response to different nucleotide cofac-
tors. Flushing with a buffer lacking ATP at ¢ = 280s resulted in a
decrease in extension of a RecA-ssDNA molecule (red circles).
Reintroduction of ATP (I mM) resulted in a rapid length increase at
t = 480s. The initial extension was, however, not fully recovered likely
due to dissociation of RecA. This procedure was repeated two more
times before a buffer containing ATPyS was flushed in at 7 = 1230s.
This resulted in a fast extension surpassing that of the previous ATP-
bound filament state. The calculated response based Michaelis—Menten
kinetics accurately predicts the observed behavior (black dotted line)
(Figure S5). (b) Force extension behavior of RecA-ssDNA filaments
depends on the nucleotide cofactor bound. RecA—ssDNA filaments
complexed with ATPyS (green squares) or ATP (blue triangles) are
well described by an extensible worm-like chain (solid lines). RecA—
ssDNA filaments converted to the ADP-bound state (red circles) are
are shorter and more flexible than filaments in the ATP or ATPyS
form. The force extension of bare ssDNA (black circles) is shown for
comparison. No fit to the WLC model was made for ssDNA as it
behaves qualitatively differently.

filament start to accumulate an ADP-bound state.
To quantitatively understand this process, we employed
a finite-element simulation with a commercial computer
program (Comsol Multiphysics) to model the time-depen-
dent concentration in our flow cell (Supplementary
Figure S5). This allowed us to predict the time response
of the RecA—ssDNA filament under the condition that
ATP binding and ADP release are much faster than the
changes in ATP concentration. The response was calcu-
lated as ® = [ATP]/(K,, + [ATP]), where © is the fraction
of the RecA—ssDNA filament in the ATP-bound state.
This calculated response, using a K, of 40 uM, can be
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scaled to an extension of the RecA—ssDNA filament.
This matches well with the measured data (black dotted
line in Figure 5a).

The mechanical properties of the RecA—ssDNA fila-
ment in the presence of different nucleotide cofactors
were determined by probing its force-extension behavior
(Figure 5b). The initial RecA—ssDNA filament, formed in
the presence of SmM Mg”>" and 1 mM ATP, had a force-
extension curve corresponding to a stiff and extended fila-
ment. Upon exchanging the buffer for one without ATP
and RecA, the filament converted to a shorter and more
flexible ADP-bound state. Finally the RecA—ssDNA fila-
ment in the presence of 1 mM ATPyS was stiffer and more
extended than the ATP-bound state. The mechanical
properties of RecA—ssDNA filaments can be described in
terms of persistence length and contour length by a worm-
like chain (WLC) model. At higher forces, the elastic
behavior of the filaments deviates from the WLC and is
better described by an extension to the WLC model incor-
porating enthalpic stretching (43-45). The extensible WLC
model including a seventh-order correction term proposed
by Bouchiat er al. accurately describes our data for the
ATP and ATPyS-bound filaments for forces ranging
from 0.02 to 40pN (Figure 5b) (45). The data for the
ADP-bound filaments, however, showed an increase in
extensibility for forces above 7pN and deviated substan-
tially from the extensible WLC model. Force-extension
data of ADP-bound filaments were therefore fitted only
up to 7 pN. At higher forces, the more extensible behavior
of the ADP filament approached that of bare ssDNA. The
mechanical properties extracted from the extensible WLC
model are summarized in Table 1. RecA—ssDNA filaments
in the ADP-bound state had a contour length that is ~6%
shorter than that of the ATP-bound filaments. The ADP-
bound filaments were also considerably more flexible and
this resulted in even larger differences in end-to-end dis-
tance at low forces. Indeed, at 0.01 pN the difference in
end-to-end distance between the ADP- and ATP-bound
filament was almost 50%. The mechanical differences
between the ATP and ADP states of the RecA-ssDNA
filament are particularly interesting as these two states
continuously interconvert upon ATP hydrolysis in a
RecA-ssDNA filament. The rate of buffer exchange was
increased for the force-extension measurements to reduce
the effects of disassembly of the RecA—ssDNA filament.
Under those conditions, complete exchange of the flow
cell contents required just tens of seconds. The contribu-
tion of disassembly in these force-extension measurements
is therefore expected to be very small as ADP-bound fila-
ments showed considerable stiffening and extension sur-
passing that of the ATP-bound form when a buffer
containing ATPyS, but no RecA, was flushed in. More
importantly, subsequent addition of a buffer containing
both ATPyS and RecA did not further increase the
length of the filaments, indicating that there were no
bare ssDNA sites available for RecA assembly
(Supplementary Figure S6). This confirmed that the
change in filament properties was induced solely by the
different nucleotide cofactors bound and not due to
RecA disassembly.
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Table I. Mechanical properties of RecA-ssDNA filaments

ssDNA- ssDNA- ssDNA-

RecA-ATP RecA-ADP RecA-ATPys
Rise per base pair, nm 0.50+0.01 0.47£0.01 0.53+0.01
Persistence length, pm 1.240.1 0.25+0.02 2.1+0.1
Stretch modulus, nN 0.83+0.04 0.4340.03 25402

Errors denote SEM of at least four different experiments.

DISCUSSION

We have shown that the ATPase activity of RecA in
the presence of Mg” ™" is essential for the formation of a
continuous filament over several kbs on ssDNA. RecA
polymerizes with a low cooperativity on ssDNA and sub-
stantial rearrangement of RecA monomers needs to take
place to remove the gaps created by nucleation at multiple
sites along the ssDNA. Modeling filament formation with
MC simulations involving only assembly and disassembly
cannot account for the annealing of these gaps. The gaps
in the filament persist even if the cooperativity, assembly
or disassembly rates are changed by orders of magnitude
(Supplementary Figure S7).

To explain the formation of continuous filaments, we
therefore suggest a model where RecA monomers are able
to transfer from one filament end to the neighboring fila-
ment in a unidirectional fashion (Figure 6¢). This fits all
our data well for a transfer rate of 2 monomers per second
per filament end (Supplementary Figure S7b). Several
mechanisms can be envisioned for the transfer of these
monomers between the ends of filament patches: mono-
mers could diffuse or hop between the ends. Monomers
could also transfer when ends collide and loosely stack
end-to-end due to the very flexible ssDNA joints in
between (46,47). Upon dissociation of a RecA monomer,
the local concentration is very high facilitating rebinding
at the neighboring filament patch. A somewhat similar
redistribution of proteins was also suggested for single-
stranded binding proteins along an ssDNA molecule (48).

Filaments can however also appear to be continuous
but actually consist of trains of stacked filament patches
as observed in electron microscopy (46,47). In this case,
any excess of unbound ssDNA could be looped out at the
interface between two stacked patches. A stacking mech-
anism is, however, not able to explain the differences
in dissociation profile observed between filaments
formed in the presence of Mg?" and Ca’". Disassembly
curves of filaments formed in the presence of Ca®" indi-
cate that blocking ATP hydrolysis results in the formation
of multiple filament patches containing stretches of bare
ssDNA, inconsistent with a strong filament stacking inter-
action (Figure 2c).

Free RecA can exist in solution predominantly in multi-
meric form with a preferred stoichiometry between 6 and
12 monomers (49). The RecA assembly state in solution
may have an effect on the preferred binding unit during
RecA assembly. RecA nucleation rates on ssDNA were
best fit by a Hill coefficient of 5.4 +0.2. The Hill coefficient
sets a lower bound for the number of interacting
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Figure 6. RecA assembly and disassembly mechanisms. (a) Nucleation
as well as filament extension on ssDNA by a multimeric binding unit
leaves gaps of considerable size in the filament. (b) Dissociation of
RecA monomer from ssDNA is aided by the stretching energy stored
in the ssDNA. Upon dissociation the total end-to-end distance
decreases by ~1.5nm, depending on the stretching force applied (c¢)
Mechanisms considered in the Monte Carlo simulations describing
RecA interactions with ssSDNA.

monomers and we therefore expect a hexameric nucleation
unit. Our data indicates that both filament nucleation and
filament extension proceeds by RecA multimers, which
would leave gaps of up to 17nt in the filament when
ATP hydrolysis is blocked (Figure 6a). This is in apparent
contrast to a report by Joo et al. based on FRET measure-
ments that suggested extension occurs by single monomers
(9). Several factors may explain these differences. Our
assay uses ssDNA of several kilonucleotides in length,
while the assay employed by Joo er al. uses very short
DNA molecules (20-60nt) with the reporter probes
spaced only 13 nt apart. The length of the employed oli-
gonucleotides has the potential to limit the ability to iden-
tify multimeric binding events or influence the RecA
interaction with the ssDNA (42). To determine dynamics
at the 3’-extending end, Joo et al. exploit their observation
that, in their conditions, in the presence of ATPYS, RecA-
ssDNA filaments appear unstable. Currently, it is unclear
how to interpret this observation, given that numerous
other assays found that RecA-ssDNA filaments are
stable in the presence of ATPyS over extended periods
of time (11,50). Finally, dynamics at the extending end
were measured at a very low RecA concentration of
8nM, which may influence the stoichiometry of free
RecA in solution (49).

We note that our conclusion that both filament nuclea-
tion and extension occur by multimers is derived from
two independent types of data: first, the final extension
of the RecA—ssDNA filament under conditions suppres-
sing disassembly indicates the presence of bare ssDNA
gaps larger than the 3-nt RecA binding site. Second, the
Hill coefficient of 5.4 £0.2 indicates that the nucleation
unit likely is a hexamer. The shape of the filament assem-
bly profiles is conserved for different RecA concentrations
(Supplementary Figure S4), indicating that the coopera-
tivity is independent of RecA concentration and therefore
the nucleation and extension unit are of equal size.

In a RecA filament, ssDNA is extended and its confor-
mational freedom is severely restricted. The energy stored
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in this system is released upon dissociation and we deter-
mined the distance to the energy barrier to be 0.6 + 0.2 nm.
This distance is approximately half way between the
1.5nm to which the ssDNA is extended by a RecA mono-
mer and the negligible end-to-end distance for bare
ssDNA. The sub-monomer distance to the energy barrier
therefore supports a model where RecA dissociates as a
single monomer at a time releasing three bases (Figure 6b).
The 0.6 £0.2 nm distance to the energy barrier for disso-
ciation from ssDNA is significantly larger than the
0.27 +0.04 nm reported for dissociation of RADS51 from
dsDNA, or the 0.26 nm reported for polymerization of
RecA on dsDNA (6,19). On dsDNA, however, three
base pairs, with an end-to-end distance of 1.5nm in the
filament, are released upon disassembly of a recombinase
corresponding to a length decrease of 0.5nm, which is in
line with a distance to the energy barrier of around
0.27 nm. The differences in length change of the substrate,
1.5nm for ssDNA or 0.5nm for dsDNA, thus readily
explain the differences in the distance to the energy bar-
rier. We therefore believe that the larger distance reported
here is not recombinase specific but substrate specific and
expect the energy barrier for other recombinases on
ssDNA to be similar to that determined for RecA here.
The larger distance to the energy barrier on ssDNA com-
pared with dsDNA gives rise to a stronger dependence on
the dissociation rate on the applied force. On ssDNA,
dissociation is already strongly reduced at forces around
10 pN, whereas a force of 48 pN was required to stall
dissociation for a RADS5] filament bound to dsDNA
(19). These results indicate that the stability of nucleopro-
tein filaments may be regulated by forces applied to the
DNA. During HR, any forces existing between the invad-
ing strand and the template strand would thus tend to
stabilize the RecA filament on the invading ssDNA. The
forces required are on the order of a few pN, indeed the
range that can be easily generated by polymerases or
helicases.

In the RecA—ssDNA filament, a nucleotide cofactor is
bound at the structurally important interface between
monomers. Here we show that differences in the bound
nucleotide cofactor are able to directly and reversibly
change the extension and mechanical properties of the
RecA-ssDNA filament. This conversion is a direct
response of the RecA—ssDNA filament to ATP concentra-
tion and is well explained by Michaelis—Menten kinetics
(Figure 5a). Direct conversion between extended and com-
pressed filament states reported here and previously (51),
is at odds with studies that found a stoichiometry of 5nt
instead of 3 nt per monomer for the compressed ADP-
bound filament (29). We expect that an active filament
bound to nucleotide triplets maintains its stoichiometry
upon ATP hydrolysis as adjacent RecA-bound nucleotides
are unavailable. The reported ADP-bound filament with a
stoichiometry of 5nt may however result from de novo
filament formation in the absence of ATP. Maintaining
a stoichiometry of 3nt per monomer during changes in
filament extension is consistent with the recent structure
of RecA—DNA complexes where changes in the extension
of one phosphate bond at the interface of two monomers
could account for changes in filament length without
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rearrangement of the bound nucleotide triplet (5). Force-
extension measurements also indicate that interface
between monomers in the ADP-bound state is different
from the ATP-bound state as the force-extension behavior
of the filament becomes more extensible above 7 pN and
resembles that of ssDNA (Figure 5b).

The mechanical parameters determined from force-
extension data of ATP-bound RecA-ssDNA filaments
are in good agreement with values reported in literature
(6). However, the persistence length that we determined
for the ATPyS filament is much larger: 2.14+0.1 pm
compared to the 923 +£46nm previously reported (6).
We attribute this difference to the different procedure
used to assemble the RecA—ssDNA filaments. We con-
verted a fully continuous RecA—ssDNA filament that
was preassembled in the presence of ATP-Mg®" to an
ATPyS filament by exchange of the nucleotide cofactor.
Hegner ef al. assembled filaments directly in the presence
of ATPyS. Our measurements show that blocking of ATP
hydrolysis will result in the formation of multiple filament
patches. Such a patchy filament will have a lower apparent
persistence length than the fully continuous RecA—ssDNA
filament measured in our experiments.

Changes in the mechanical state of the filament may aid
in the recombination process by modifying the affinity of
the RecA—ssDNA filament for its homologous target or by
inducing forces between the pairing strands. There are a
number of processes unique to RecA, such as the bypass
of long heterologous regions during strand exchange
and the migration of DNA branches that require the
generation of torque (30). We suggest that ATP-hydroly-
sis-driven local contractions and extensions of the RecA—
DNA filament likely also result in a change in pitch of the
filament and consequently could generate the required
torque. These conformational changes in the filament
are expected to involve multiple RecA monomers as the
ATP hydrolysis cycles of neighboring RecA monomers
become coupled when in contact with dsDNA during
strand exchange (27,28,52). It will be very interesting to
see if the dynamics of the RecA—ssDNA filament can be
directly linked to a mechanistic picture of nucleoprotein
filaments interactions with its partners in the different
steps of HR.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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