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ABSTRACT

Formation of RAD51 filaments on single-stranded
DNA is an essential event during homologous re-
combination, which is required for homology search,
strand exchange and protection of replication forks.
Formation of nucleoprotein filaments (NF) is required
for development and genomic stability, and its fail-
ure is associated with developmental abnormalities
and tumorigenesis. Here we describe the structure
of the human RAD51 NFs and of its Walker box mu-
tants using electron microscopy. Wild-type RAD51
filaments adopt an ‘open’ conformation when com-
pared to a ‘closed’ structure formed by mutants,
reflecting alterations in helical pitch. The kinetics
of formation/disassembly of RAD51 filaments show
rapid and high ssDNA coverage via low coopera-
tivity binding of RAD51 units along the DNA. Sub-
sequently, a series of isomerization or dissociation
events mediated by nucleotide binding state creates
intrinsically dynamic RAD51 NFs. Our findings high-
light important a mechanistic divergence among re-
combinases from different organisms, in line with the
diversity of biological mechanisms of HR initiation
and quality control. These data reveal unexpected
intrinsic dynamic properties of the RAD51 filament
during assembly/disassembly, which may be impor-
tant for the proper control of homologous recombi-
nation.

INTRODUCTION

Homologous recombination (HR) plays an essential
role in repair of DNA double strand breaks (DSBs),

stalled/collapsed replication forks and the generation of
genetic diversity and proper chromosome segregation
during meiosis (1). A crucial step in HR corresponds to the
assembly of RAD51 NFs on ssDNA exposed at replication
forks or nucleolytically-processed DSB ends. The NFs are
capable of homology search and strand invasion into a
sister chromatid, resulting in formation of a displacement
loop (D-loop) structure. Subsequent processing of D-loops
requires removal of the recombinase from DNA to allow
repair synthesis using the homologous sequence as a tem-
plate, followed by resolution/dissolution of recombination
intermediates to complete repair (1).

Uncontrolled as well as erroneous HR can be toxic to
the cell and is associated with genetic rearrangements, high-
lighting the importance of HR regulation. There is ample
evidence that recombinase filaments represent a key plat-
form for this regulatory control and the biological out-
come of HR. Recombinases are a class of highly conserved
proteins from bacterial RecA to yeast Rad51 (yRad51)
and human RAD51. However, the mechanisms regulat-
ing recombinase NF assembly and activity differ greatly
between species. In mammalian cells, BRCA2 is required
for RAD51 nucleation (2), while other factors, such as the
RAD51 paralogs, represent another class of positive effec-
tors that remodel and stabilize NFs to promote recombi-
nase activity (3,4). In contrast, negative regulators include
helicases/translocases (RECQ5, FBH1, RAD54, RTEL1,
HELQ, BLM) that either directly dismantle the NF or
destabilize unscheduled and/or toxic RAD51-mediated in-
termediates (1,5).

Recent studies of RAD51 NFs indicate that the assem-
bly process begins with a nucleation event, in which a small
complex of 2–5 RAD51 monomers binds to the ssDNA (6–
8). Additional subunits are added to the ends of the growing
filament to form a long nucleoprotein polymer. Real time

*To whom correspondence should be addressed. Tel: +420 549493767; Fax: +420 549492556; Email: lkrejci@chemi.muni.cz
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experiments directly show that RAD51 multimeric species
bind in a single kinetic step to ssDNA (8). Despite these
insights the intrinsic properties of RAD51 filaments and
the mechanistic insights into how HR regulatory factors in-
fluence recombinase filament formation/dynamics remain
poorly defined.

In this study, using electron microscopy and DNA pro-
tection assays we revealed striking differences in human
RAD51 NF pointing out to more ‘open’ WT filament
conformation in contrast to relatively ‘closed’ K113R and
K113A mutant filaments. This is manifested by dramatic
changes of the helical pitch and representing dynamic fea-
tures of NFs. For the first time we present rapid kinetic
analysis of studied filaments in nanosecond time scale re-
vealing complex kinetic behavior of human RAD51 fila-
ment assembly and disassembly and we interrogated the
function of the ATPase active site of RAD51 and various
nucleotide binding states. We further elaborated this analy-
sis to yeast and bacterial recombinases highlighting impor-
tant evolutionary mechanistic divergence among these pro-
teins, reflecting the diversity of biological mechanisms of
HR initiation and quality control. Establishing inherently
dynamic properties of the RAD51-ssDNA interaction is a
feature that could enable efficient remodeling and/or disas-
sembly of NFs linked to dramatic conformational changes,
thus providing novel insights into HR control. The impor-
tance of these observations is highlighted by mutations in
RAD51 and its mediator proteins in genome instability dis-
orders and cancer (1).

MATERIALS AND METHODS

Protein preparation

Human RAD51 protein was purified according to the pre-
viously published protocol, with few modifications (9). Ex-
pression plasmid pET11c-Rad51 was introduced into Es-
cherichia coli BLR(DE3)pLysS cells (Novagen) and the cul-
ture was grown to A600 ∼0.7 in 2 × TY media supple-
mented with ampicillin (100 mg/l) and chloramphenicol
(33 mg/l). Expression of RAD51 protein was induced by
the addition of IPTG (1 mM) at 37◦C for 3–4 h, and cells
were harvested at 5000 × g. Cells were then resuspended
in cell breakage (CBB) buffer (50 mM Tris–HCl pH 7.5,
10% sucrose, 0.5 mM EDTA, 1 M KCl, 1 mM DTT and
0.01% NP-40, cocktail of protease inhibitors, and PMSF),
were sonicated and centrifuged at 100 000 × g for 60 min.
Clarified supernatant was mixed with ammonium sulfate
(0.242 mg/ml) to precipitate RAD51 protein. After cen-
trifugation of the mixture at 9000 x g, the pellet was re-
suspended in K buffer (20 mM K2HPO4 pH 7.5, 10% glyc-
erol, 0.5 mM EDTA, 1 mM DTT and 0.01% NP-40) and
loaded onto a Q Sepharose Fast Flow column (GE Health-
care) pre-equilibrated in K buffer supplemented with 175
mM KCl. The proteins were subsequently eluted with a
gradient of 0.2–0.6 M KCl in K buffer. RAD51 peak pro-
tein fractions were pooled and loaded onto a hydroxya-
patite (Sigma-Aldrich) column equilibrated with T buffer
(25 mM Tris–HCl pH 7.5, 10% glycerol, 0.5 mM EDTA,
1 mM DTT and 0.01% NP-40) supplemented with KCl to
100 mM concentration. RAD51 was eluted by 60–260 mM
KH2PO4 gradient in T buffer. Pooled peak fractions were

loaded on Mono Q column (GE Healthcare) equilibrated
with T buffer with 50 mM KCl. Protein was eluted with
200–450 mM KCl gradient in T buffer. Peak fractions were
pooled and concentrated using Vivaspin Centrifugal Con-
centrator (30 000 MWCO PES). Aliquots were stored at –
80◦C. RAD51 ATPase mutants were purified using the same
procedure and were tested for ATP binding and ATPase ac-
tivity to confirm their status (Supplementary Figure S1A
and B). Genes coding all RAD51 variants of expression
plasmids were originally carrying 313Q mutation, which we
corrected to 313K by site-directed mutagenesis and con-
firmed by sequencing. Yeast Rad51 protein was purified as
described (10) and RecA protein accordingly to (11), alter-
natively was purchased from New England Biolabs (catalog
number M0249).

Stopped-flow experiments and data analysis

Stopped-flow mixes were performed in SF50 buffer (50 mM
Tris–HCl pH 7.5, 50 mM NaCl, 10 mM MgCl2) at 25◦C
in a BioLogic SFM-300 instrument (at 1:1 volume mix-
ing ratio and 1-ms dead time). Cy3 fluorescence was ex-
cited at 545 nm (4-nm bandwidth), and emission was mon-
itored through a 550-nm longpass filter (Comar). HPLC-
purified 5′-Cy3-dT79 and 3′-Cy3-dT79, or dT79 oligonu-
cleotides were purchased from VBC Biotech and Sigma.
Postmix concentrations are stated throughout this arti-
cle. Buffer-only and RAD51-free controls were included
in all experiments. Controls in the absence of unlabeled
dT79 were also included in dissociation kinetic experiments.
All traces are shown normalized to the fluorescence level
of RAD51-free 5′-Cy3-dT79 or 3′-Cy3-dT79. Data analy-
sis was performed using Origin 8.0 (Microcal Corp.). Ki-
netic modeling was performed to validate that the slope
of the concentration-dependent kobs profile in the supra-
stoichiometric [RAD51] regime ([RAD51] ≥ 1.5 �M) can
be used as a reliable estimate for a second-order rate con-
stant of association (kon) (Supplementary Figure S2E and
F).

EMSA

RAD51 protein or its mutant forms (final concen-
trations: 1, 2, 4 �M) was mixed with a master mix
containing 5′-FITC-labeled 83-mer oligonucleotide
(AAATGAACATAAAGTAAATAAGTATAAGGATA
ATACAAAATAAGTAAATGAATAAACATAGAAA
ATAAAGTAAAGGATATAAA) (1660 nM nt) in SF50
buffer with 1 mM ATP, in 10 �l reaction volume. Samples
were resolved on 1% agarose gels in 1X TBE (70 V, 1 h
30 min) at 4◦C. Gels were imaged on a FLA-9000 scanner
(Fujifilm).

Nuclease protection assays

Proteins were diluted from concentrated stocks into T
Buffer supplemented with 50 mM KCl, which was also
used in no protein controls. Proteins were pre-incubated
for 5 min on ice then mixed with 1830 nM (nucleotides)
5′- or 3′-fluorescein-labeled 61-mer oligonucleotide
(GACGCTGCCGAATTCTACCAGTGCCTTGCTAG
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GACATCTTTGCCCACCTGCAGGTTCACCC) in SF
buffer in 10 �l reaction volume at 37◦C for 10 min. Bovine
pancreatic DNaseI (2 U, New England Biolabs) or S1
Nuclease (2 U, Thermo Fisher Scientific) was then added
for 20 min at 37◦C. The reaction was supplemented with 1
mM CaCl2 in the case of DNaseI. The samples were de-
proteinized with 0.125% SDS and 12.5 �g proteinase K for
10 min at 37◦C and resolved in 10% native polyacrylamide
gels in 1× TBE (110 V, 50 min). Gels were imaged on a
FLA-9000 scanner (Fujifilm) and quantified with Multi
Gauge V3.2 (Fujifilm). After adjusting for background,
the % protection was determined for all samples then
normalized to the value for DNaseI minus. Average relative
protection values from at least three experiments were
determined.

Electron microscopy

The RAD51–ssDNA complexes were formed in buffer con-
taining 50 mM Tris–HCl pH 7.5, 50 mM NaCl, 10 mM
MgCl2 and 1 mM ATP or AMP-PNP, respectively. 5.4 �M
protein was mixed with 16.2 �M ssDNA 150-mer (concen-
tration in nucleotides) and incubated for 10 min at 37◦C.
The ssDNA 150-mer oligonucleotide was purchased from
VBC Biotech.

Four microliter of sample was deposited on glow-
discharged grids coated with 12 nm layer of homemade
continuous carbon and stained with Nano-W (Nanoprobes
Inc.). Alternatively, glow-discharged holey carbon Quan-
tifoil R2/1 (200 mesh) TEM grids were used for preparation
of cryo-EM samples. Data were collected on transmission
electron microscope Tecnai F20 (FEI) operating at 200 keV
with a nominal magnification of 50 000× resulting in pixel
size of 2.22 Å/px. The data were acquired on CCD cam-
era (FEI Eagle) under low-dose conditions (∼25 e−/Å2 s)
and with the underfocus in the range of 2.5–4.5 �m. Alto-
gether, 167 images were collected for RAD51wt-ssDNA fil-
aments in presence of ATP, 390 images were collected for
RAD51 WT-ssDNA filaments in presence of AMP-PNP,
255 images were collected for KR-ssDNA filaments, and 58
images were collected for KA-ssDNA sample. In cryo-EM,
506 images were collected for RAD51 WT and 370 images
for KA filaments formed on ssDNA.

The contrast transfer function parameters were estimated
using program ctffind4 (12). Micrographs were manually
screened for presence of significant drift and astigmatism
and filaments from selected micrographs were collected and
extracted (box size 140 pixels for filaments formed by wild-
type RAD51, 120 pixels for the rest) using e2helixboxer.py
within EMAN2 software package (13). The particles were
reference-free classified using RELION-2.0 (14) and only
classes representing straight segments of the helix were se-
lected for further analysis. Selected particles were refined us-
ing IHRSR (15) protocol within RELION-2.0. Helical pa-
rameters previously published for human RAD51 filaments
(16) were used as starting values during the refinement of all
structures. The three-dimensional models were visualized in
UCSF Chimera (17). Filament lengths were evaluated using
manual tracking tool in ImageJ (18).

RESULTS

RAD51 filament structure is strongly influenced by the prop-
erties of that RAD51 nucleotide binding site

We sought to interrogate structural and dynamic proper-
ties of RAD51 NFs and to further define how these struc-
tures are altered by nucleotide binding. We first employed
electron microscopy (EM) of NFs using negative stain with
Nano-W (methylamine tungstate), which is less structurally
damaging and more pH-friendly than conventional EM
methods employed previously (16). The EM visualization
and reconstruction of various RAD51 filaments in the pres-
ence of ATP revealed striking structural differences re-
flected by dramatic changes in the helical pitch of the NFs
(Figure 1). The observed symmetry of 6.3 units/turn and
pitch 108 Å (negative stain) associated with an ‘open’ wild-
type (WT) filament conformation. This finding is in agree-
ment with values previously reported for yRad51 filaments
formed on dsDNA in the presence of ADP and AlF4

− an-
ions (19) and human RAD51 filaments formed on ssDNA
in the presence of ADP and AlF4

− anions (16) or AMP-
PNP (a non-hydrolyzable ATP analog) (20,21), respectively.
We next tested RAD51 Walker box mutants known to be
defective in either ATP hydrolysis (RAD51 K133R (KR))
or ATP binding (RAD51 K133A (KA)) (22). The 3D recon-
structions of both KR and KA mutants with ATP and WT
RAD51 in the presence of AMP-PNP, revealed a ‘closed’
structure with average pitch ranging from 71 to 80 Å (Figure
1 and Supplementary Figure S1A). Similar values for the
pitch (∼76 Å) were reported for RAD51 filaments formed
on ssDNA in the presence of ATP-� -S cofactor (16). To
assess the influence of Nano-W staining on the NF struc-
ture, two control samples were also evaluated using cryo-
EM microscopy. No significant differences in helical param-
eters were observed between EM and cryo-EM experiments
in case of the KA mutant, while slightly higher values of
the pitch were obtained for the WT filaments in presence of
ATP (Figure 1 and Supplementary Figure S1A).

Statistical analysis of RAD51 WT incubated with ATP
showed an average filament length of 71 nm (Supplemen-
tary Figure S1B). This corresponds to the theoretical length
of a 150-nt ssDNA extended by a factor of ∼1.5 com-
pared to the length of B-form DNA (19) and is in agree-
ment with previously published data for RAD51 filaments
(23). Accordingly, the peak maximum filament length ob-
served for RAD51 WT in the presence of AMP-PNP as well
as for the KR and KA mutants lies between ∼39 and 44
nm (Supplementary Figure S1B), further supporting com-
pressed ‘closed’ properties of these filaments. Additional
peaks likely correspond to end-to-end stacking of two or
three filaments (19,24). During our analysis Xu et al. 2017
published a study where RAD51 forms extended filament
structures in AMP-PNP presence (21). To elucidate this
contradictory observation we repeated the EM study us-
ing their conditions and even using Nano-W stain we ob-
served filaments with pitch 104 Å (Supplementary Figure
S1E). Given the effect of various salt, buffers, nucleotides
and their concentrations affecting the RAD51 filament it is
therefore essential to provide biochemical, biophysical and
structural analysis under comparable conditions.
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Figure 1. EM analysis of human RAD51 filaments. (A) Representative class-averages and (B) three-dimensional reconstructions of human RAD51 WT,
KR and KA filaments formed on short single-stranded DNA (150-mer) in the presence of ATP and wild-type in the presence of AMP-PNP. Approximately
two turns of the filament are shown and the class-average box size is 140 pixels for the WT in the presence of ATP and 120 pixels for the rest. (C) Calculated
helical parameters from reconstructions of individual NFs are depicted.

Since the EM data revealed dramatic structural changes
of RAD51 Walker box mutants relative to WT, we used elec-
trophoretic mobility shift (EMSA) analysis to monitor the
mobility of NFs in agarose gels. Incubation of RAD51 or its
mutants with ssDNA in the presence of ATP revealed sig-
nificant differences in the migration of protein–DNA com-
plexes in the presence of ATP (Figure 2A). Specifically,
both KR and KA mutants form slower migrating com-
plexes compared to wild-type protein filaments. Interest-
ingly in the case of KA mutant, a fast migrating complex
can also be detected, probably reflecting a transient form
of filament. This altered mobility may reflect the ‘open’
and ‘closed’ conformations of NF observed in EM exper-
iments described above. To further probe the structural dif-
ferences between NFs we used nuclease protection assays
with DNaseI, which we have employed previously to study
structural alterations in the C. elegans RAD-51 filament
upon remodeling by the Rad51 paralogs (3). In agreement
with a more open conformation, RAD51 WT filaments dis-
play a markedly different digestion pattern, with 3–4-fold
higher accessibility of DNA to DNaseI digestion compared
to both Walker box mutants (Figure 2B). Although we used
in the nuclease assay high concentration of magnesium ions,
low concentration of calcium necessary for DNaseI activity
could affect the filament behavior. Nevertheless, using S1
nuclease that does not require Ca2+ ions we observed the

same result (Supplementary Figure S1F). Similar dramatic
effects were observed when AMP-PNP analog was used in
the reaction with WT RAD51, supporting the view that the
lower helical pitch observed in EM likely presents a steric
barrier to nuclease activity (Figure 2C). Collectively, our
data reveal distinct structural changes in the RAD51 fila-
ment associated with ATP binding and hydrolysis.

RAD51 displays rapid ssDNA binding kinetics in a multistep
process

To characterize the molecular basis of RAD51 NF struc-
tural differences, we performed kinetic studies of filament
formation and dissociation. The interaction of RAD51 with
ssDNA was monitored using a Cy3 fluorescent moiety (25)
placed at the 5′ end of oligo-dT79 (5′-Cy3-dT79). This as-
say has previously revealed a large protein-induced fluo-
rescence increases upon interaction with yRad51 and ne-
matode RAD-51 (3,26). In stopped-flow experiments we
rapidly mixed a constant concentration of 5′-Cy3-dT79 (40
nM molecules; 3160 nM nucleotides) with increasing con-
centrations of RAD51 (0.5–5 �M monomers) (Figure 3B
and Supplementary Figure S2) to assess the reactions in
both sub- and supra-stoichiometric regimes with regard to
the protein/ssDNA concentration ratio. The stopped-flow
methodology allowed us to monitor the Cy3 fluorescence
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Figure 2. Structural properties of human RAD51 nucleofilaments. (A) The mobility of RAD51 NF is influenced by Walker box mutations. Binding of
individual RAD51 proteins (1, 2, 4 �M) to ssDNA (83-mer, 1.66 �M nt) was monitored by EMSA. (B) DNaseI protection assay on protein-DNA complexes
formed by RAD51 and walker box mutants with ssDNA in the presence of ATP. (C) DNaseI protection assay on RAD51 NFs in the presence of indicated
nucleotides. Errors bars indicate S.D. (n = 3).

signals in the time frame ranging from 1 ms to 60 s (Figure
3A). To assess the effect of nucleotide bound to the ATPase
active site, we used proteins either free of nucleotide (apo)
or pre-incubated with 1 mM ATP, ADP or AMP-PNP prior
to mixing with ssDNA. The recorded association transients
showed very rapid filament formation that reached appar-
ent completion within 1s (Figure 3A and B). These tran-
sients displayed multiphasic properties and could be fitted
with three exponentials (Supplementary Figure S2A–D, Eq.
S1), suggesting a complex assembly mechanism, possibly
occurring in several phases. We used the total amplitudes
of the reaction transients to estimate the equilibrium bind-
ing properties, using a quadratic binding equation with ap-
parent RAD51:ssDNA binding affinity and stoichiometry
as floating parameters (Figure 3B, Eq. S2). By this analy-
sis, upper limits for apparent Kd values were detected to be
below 1 �M (Supplementary Table S1). We note that this
simplified analysis, used to verify the ssDNA binding capa-
bility of RAD51, assumes binding of independent RAD51
units (with no assumption on oligomeric state) along the
DNA lattice.

To further understand the mechanism of filament forma-
tion, we applied linear fits to the RAD51 concentration de-
pendence of observed rate constants (kobs values) of each
phase (Supplementary Figure S2D). This analysis provided
slopes (apparent kon values) and intercepts (apparent koff
values) (Supplementary Figure S2G) for all kinetic phases
(Supplementary Figure S2D; analysis results shown in Fig-
ure 3C). Based on these results, two possible models of the
multiphasic RAD51-ssDNA binding kinetics can be sug-
gested: (i) a ‘sequential’ binding mechanism in which an
initial second-order association phase is followed by succes-
sive first-order isomerizations of the RAD51-ssDNA com-
plex, or (ii) a ‘parallel’ mechanism in which a pre-existing
heterogeneity within the DNA-free RAD51 population in-
teracts with ssDNA with different second-order association
and first-order dissociation rate constants (kon and koff val-
ues, respectively). For the second-order association phase,

the slope and intercept of the linear kobs as a function of
RAD51 concentration reflects the kon and koff values, re-
spectively (Supplementary Figure S2E–G). Whereas for a
first-order isomerization phase, kobs is expected to show sat-
uration with increasing RAD51 concentration, and its sat-
urating value reflects the sum of the forward and reverse
rate constants of the isomerization step. Thus, multiple ki-
netic phases with significant slopes (and relatively small or
zero intercepts) indicate parallel binding steps with weak or
strong affinity, whereas kinetic phases with zero slope (or
a high intercept/slope ratio (>>1 �M)) indicate first-order
isomerizations (Supplementary Figure S2G). Second-order
steps with very low affinities are unlikely to be discernible in
the kinetic profiles. Our data indicate that filaments formed
in the presence of ATP undergo two consecutive isomeriza-
tion reactions after the initial binding step (Figure 3C). The
comparison of this profile to those with either AMP-PNP or
ADP (Figure 3C) suggests that at least one of the isomeriza-
tion phases with ATP is driven by ATP hydrolysis. Interest-
ingly, AMP-PNP drives strong RAD51 binding to ssDNA
with no isomerization detected (Figure 3C). This might cor-
respond to nucleotide-dependent changes in the oligomeric
state of the protein (27) and the nucleation sites formed on
ssDNA. As it was shown that calcium ions activate RAD51
by modulating its ATPase activity, we replaced magnesium
ions with 1 mM calcium, the concentration with strongest
effect on D-loop formation (28). The presence of calcium
clearly mimics AMP-PNP conditions and drives RAD51 to
strong binding mode and thus reduced ATPase activity cor-
relates with loss of isomerization (Figure 3C).

To further assess the role of nucleotide cofactor
binding/hydrolysis on the formation of RAD51 filaments,
we analyzed NF assembly kinetics of the KA and KR mu-
tants. The assembly kinetic profiles of these mutants showed
characteristic differences from those of the WT protein
(Figure 3C and Supplementary Figure S3). In the absence of
nucleotide, KR displays assembly kinetics in general similar
to WT, whereas in the presence of ATP it resembles those
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Figure 3. Rapid kinetics of RAD51 filament formation. (A) Effect of nucleotides or calcium ions (1 mM; as indicated) on RAD51 (recorded at 5 �M
recombinase concentration) filament formation on ssDNA (40 nM 5′-Cy3-dT79) monitored by fluorescence signal change in stopped-flow. Tri-exponential
best-fits (Eq. S1) are shown as gray lines. (B) RAD51 concentration dependence of recorded total fluorescence changes is shown relative to the extrapolated
maximal amplitude of individual datasets. Kd values (determined from quadratic fits (solid lines) based on Eq. S2) are listed in Supplementary Table S1.
(C) Association kinetic parameters for RAD51 WT, KR and KA (shown with horizontal offsets) were determined from linear fits in Supplementary Figure
S2D applied to protein concentration (in the ≥1.5 �M range) of individual observed rate constants (k1, k2 and k3). Slopes (solid squares) are plotted if
significantly different from 0. Intercepts (open squares) are plotted, except if the slope was significantly different from 0 but the intercept was not (e.g.
RAD51.AMP-PNP). Error bars show standard errors of global fits to all rate constant data of a given kinetic phase. Consecutive phases at given condition
are indicated by circles. Strong binding (solid circle): significant slope, zero intercept. Weak binding (crossed circle): both the slope and intercept are
significantly different from 0. Isomerization (empty circle): slope is not significantly different from 0.

of WT with AMP-PNP or ADP (Figure 3C). However, one
isomerization phase was also observed for the KR mutant.
Unexpectedly, KA filament assembly, both in the absence of
nucleotide and with ATP, is similar to that of WT RAD51 in
the presence of AMP-PNP or ADP (Figure 3C), indicating
that this Walker box mutation mimics nucleotide cofactor-
bound WT RAD51. Notably, the small response of KA to
the addition of ATP reflects its weak nucleotide cofactor
binding properties (29). Taken together, these findings in-
dicate that NF assembly occurs through random and inde-
pendent binding of RAD51 units along ssDNA, and is in-
timately related to nucleotide-mediated changes of protein
structure.

RAD51–ssDNA filaments show dynamic heterogeneity

Although RAD51 NF assembly represents a crucial step in
HR promotion, factors such as antirecombinases can ac-
tively prevent HR by a disruption of NF (30,31). Failure
to stabilize RAD51 NF by C-terminally truncated BRCA2
variants leads to elevated replication stress through en-
hanced nascent DNA strand degradation (32), thereby con-
tributing to cancer development. Hence, we have investi-
gated the kinetic stability of NFs by challenging them with
excess of unlabeled competitor ssDNA in various condi-
tions to monitor the dissociation of RAD51 molecules from
labeled ssDNA.

To this end, we preincubated RAD51 WT, KR or KA
(0.5–5 �M) for 5 min in the absence or presence of the in-
dividual nucleotides (1 mM) as in the association kinetic
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experiments (see above), followed by incubation with 5′-
Cy3-dT79 (40 nM molecules, 3.16 �M nt) for 15 min to
form steady-state NFs. To monitor dissociation kinetics, we
rapidly mixed these complexes with a large excess of un-
labeled dT79 (4 �M molecules, 316 �M nt) to sequester
any RAD51 released from labeled ssDNA molecules (Fig-
ure 4). To assess how the ssDNA coverage fraction affects
the dissociation transients, we performed the experiments
at 0.5 and 5 �M of individual proteins, resulting in partial
and full coverage of dT79 molecules, termed ’disperse’ and
‘saturated’ conditions, respectively (D and S in Figure 4B).

Similar to NF assembly, the kinetics of RAD51 disso-
ciation from ssDNA generally produced multiexponential
profiles (Figure 4, evaluated using Eq. S1), suggesting a
complex disassembly mechanism. While in the apo form
only one kinetic phase was detected, addition of different
nucleotides resulted in multiple dynamic fractions (Figure
4B), indicating the heterogeneous nature and/or multiple
intermediate states of RAD51 filaments during disassembly.
The calcium ions greatly stabilized the filaments with only
single-exponential dissociation behavior distinguishing it
from AMP-PNP and suggesting its possible role in regula-
tion. To exclude the possibility that the multiphasic disso-
ciation profiles result from partial saturation of RAD51 ac-
tive sites with nucleotide, we performed ATP titration exper-
iments. The results of these experiments show that RAD51
saturation is already achieved at 25 �M ATP concentration
(Supplementary Figure S4). In all cases the residual fluo-
rescence level after the detected dissociation phases (60 s)
is significantly higher than that of 5′-Cy3-dT79 alone, sug-
gesting that a large fraction of RAD51 molecules remained
stably bound to ssDNA with lifetimes longer than the ob-
servation period (Figure 4B). This was also confirmed in
control experiments performed with bacterial SSB, human
RPA and yeast Srs2 proteins in place of RAD51 (Supple-
mentary Figure S5).

Experiments with KR and KA in the absence of nu-
cleotide showed more dynamic dissociation profiles as those
observed for WT RAD51 in the apo state. In particular, the
appearance of highly dynamic fractions with lifetimes be-
low 1 s was observed for KA (Figure 4B). Similarly, the pro-
file of both mutants with ATP was also more dynamic and
complex due to a presence of an extra fraction, compared to
WT RAD51 in the nucleotide-bound state under saturated
conditions (Figure 4B). However, in disperse conditions KR
mutation produces a larger fraction of stable NFs, confirm-
ing its observed in vitro stability (22). Taken together, these
experiments show that alterations in the RAD51 Walker
box motif diminish the impact of ATP binding/hydrolysis
on NF stability.

Since previous studies have observed both bidirec-
tional recombinase filament growth (33) and unidirectional
RAD51 filament growth in the presence of BRCA2 (34), we
measured the intrinsic preference of RAD51 towards polar
filament growth. To this end, we performed the above as-
sociation and dissociation kinetic experiments using dT79
labeled at its 3′ terminus (3′-Cy3-dT79) and compared them
with reaction profiles recorded using 5′- labeled DNA (5′-
Cy3-dT79) in the presence or absence of ATP. Overall, the
position of the Cy3 label did not convey a large effect on the

amplitude and rate constant profiles of the reactions (Sup-
plementary Figure S6 and Supplementary Table S1). Fur-
thermore, the isomerization phases of NF formation in the
presence of ATP were detected with both 5′- and 3′-labeled
DNA, suggesting this process occurs throughout the en-
tire length of the filament (Supplementary Figure S6B). We
observed slightly faster dissociation kinetics at the 3′ com-
pared to 5′ end in the absence of nucleotide, as indicated
by the appearance of a short-lived fraction, pointing to en-
hanced NF stability toward the 5′ end (Supplementary Fig-
ure S6D).

The effect of ATP on preassembled RAD51-ssDNA filaments

In all of the above rapid kinetic experiments, nucleotide
cofactors were incubated with RAD51 prior to mixing
RAD51 with ssDNA to mimic the physiological scenario
of nucleotide-bound RAD51 engaging with DNA. How-
ever, the capability of nucleotide-free RAD51 to form com-
plexes with ssDNA allowed us to address the possible mech-
anistic effect of ATP on preassembled RAD51-ssDNA fila-
ments. Therefore, we assessed reaction profiles upon rapidly
mixing nucleotide-free RAD51 with a pre-mixture of 5′-
Cy3-dT79 (or 3′-Cy3-dT79) containing increasing concen-
trations of ATP. We found that the post-mixing addition of
ATP resulted in the appearance of a slow fluorescence de-
crease phase (Supplementary Figure S7A). The ATP con-
centration dependence of the amplitude and kobs values of
this phase was indicative of an apparent single-step reac-
tion, corresponding to slow but strong binding of ATP to
preformed RAD51-ssDNA complexes, with the maximal
amplitude already reached at 250 �M ATP (Supplemen-
tary Figure S7B and C). The kinetics of this process was
largely unaffected by either the position of the Cy3 label,
the KR mutation or by replacement of magnesium by cal-
cium ions (Supplementary Figure S7B–D). As expected, the
ATP-binding deficient KA mutant did not show significant
ATP interaction (Supplementary Figure S7D). We also per-
formed the experiments with yRad51 under identical con-
ditions. While RAD51 showed rapid ssDNA binding fol-
lowed by slow ATP association with the RAD51-ssDNA
complex, ssDNA binding by yRad51 is slow and weak in
the absence of ATP, but markedly accelerated in the pres-
ence of ATP (Supplementary Figure S7D). These results
imply rapid ATP binding to yRad51 that precedes and en-
hances the binding of the protein to ssDNA, highlighting a
striking difference from the human protein, where binding
to ssDNA precedes the binding to ATP.

Evolutionary comparison of recombinases

To further compare the evolutionary conservation of these
processes we purified bacterial RecA and yeast Rad51 re-
combinases and assessed their kinetic profiles in the above-
described NF assembly and disassembly setups. Similar to
human RAD51, the ssDNA association amplitude pro-
files of RecA also showed binding with apparent Kd val-
ues below 1.1 �M and apparent binding stoichiometries in
line with 3 nt/monomer for all nucleotide states assessed
(Supplementary Table S1). In contrast, yRad51 exhibited a
striking nucleotide dependence with very weak binding in
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Figure 4. Rapid kinetics of human RAD51 dissociation from ssDNA. (A) RAD51 (5 �M) was preincubated with 40 nM (3.16 �M nt) 5′-Cy3-dT79 in the
absence (apo) or presence of the indicated nucleotides (1 mM), and rapidly mixed in the stopped-flow with 4 �M (316 �M nt) unlabeled dT79 (post-mixing
concentrations stated). Transient Cy3 fluorescence levels are shown relative to that of RAD51-free 5′-Cy3-dT79. Multi-exponential best-fits (Eq. S1) are
shown in grey. (B) Lifetime components of dissociation transients of RAD51 WT, RAD51 KR and RAD51 KA. Distribution of lifetimes (� i = 1/ki values,
cf. Eq. S1) of dissociation transients recorded in (A) under ‘disperse’ (D, 0.5 �M RAD51) and ‘saturated’ (S, 5 �M RAD51) conditions. Areas of symbols
are proportional to fractional amplitudes of the individual phases (Ai values, cf. Eq. S1). Results are shown as average values for two datasets.

the apo state, cooperative binding in the AMP-PNP state,
and strong binding in the presence of ATP (Figure 5A–
D and Supplementary Table S1). Similarly to RAD51, the
recorded association transients were multiexponential in all
cases, and could be well fitted with three exponentials (Fig-
ure 5E and F), supporting the similarity of the underlying
mechanism of NF assembly.

We also performed dissociation experiments with yRad51
and RecA. Interestingly, yRad51 appeared almost entirely
stably bound in apo and AMP-PNP, showed some dynamic
heterogeneity with ATP, and a significant fraction of short
lifetime state with ADP (Figure 6B and D), suggestive of
a role for ATP hydrolysis in filament dissociation. However,
the stability of apo-yRad51 NFs could not be properly eval-
uated due to the low level of ssDNA binding (Figure 5D).
The RecA filaments show striking differences from both
yeast Rad51 and human RAD51, due to the appearance of
a large and short-lived fraction in the apo, AMP-PNP, and
ADP-bound states (Figure 6, cf. Figure 4). Previously pub-
lished data have suggested that RecA filaments more stably
nucleate on the ssDNA in the presence of non hydrolysable
ATP analog ATP�S (35). In our set-up the observed AMP-
PNP effect could be attributed due to either different bind-
ing mode or the increased dynamics of RecA filaments,
which we detect in all nucleotide states. Furthermore, RecA
NFs are unstable, but show increased stable fractions in all
tested conditions when present in saturated concentrations
(Figure 6A and C), indicating higher stability due to strong
neighbour-joining stabilizing effect. In this context, human
RAD51 NF are stabilized by a different mechanism, since
the amount of stable fraction remains generally unchanged
but their lifetimes are longer in saturated conditions (Fig-
ure 4B). In general, the dissociation of human RAD51 NFs
appears more complex in all nucleotide-bound states in par-
ticularly compared to yRad51.

DISCUSSION

RAD51 filament formation represents an essential step dur-
ing repair of DSBs and the protection of stalled replication
forks. By direct visualization and 3D reconstruction we de-
termine the existence of striking structural changes between

various RAD51 NFs. We define an ‘open’ conformation for
the WT filament in the presence of ATP, which contrasts
with a ‘closed’ conformation observed with AMP-PNP or
RAD51 Walker box mutants, K113R and K113A. These
distinct structural states reflect dramatic changes in the heli-
cal pitch and rise and could represent different intermediate
states during the dynamic process of RAD51 filament for-
mation, in which ATP-binding/hydrolysis-deficient NFs are
locked. Notably, the structural changes in the NFs induced
by nucleotide or Walker box mutants were also detected by
nuclease protection assays and EMSA.

To help further understand the mechanistic properties
behind these conformational changes together with gen-
eral features of RAD51 filament assembly in real-time we
performed rapid kinetic analyses. We show an unappreci-
ated ability of RAD51 to bind ssDNA and form filaments
through a multistep process over a millisecond time-scale
using short fluorescently labeled ssDNA. Based on our data
we propose a model of RAD51 DNA binding, where ini-
tial quasi-independent binding of RAD51 units along the
DNA ensures rapid ssDNA coverage. Subsequently, a series
of isomerization events creates a compressed ‘’closed’ fila-
ment that can be converted in an ATP-dependent manner
to an extended ‘open’ filament (Figure 7). We also observed
changes in the association kinetics in relation to various nu-
cleotide states and Walker box mutations. We hypothesize
that this could be attributed not only to observed struc-
tural changes, but also to the oligomeric state of the pro-
tein (27) and/or multiple nucleation sites on ssDNA. While
large oligomers could cover a large portion of ssDNA in
one binding step, leading to formation of regular (contin-
uous) filaments, small oligomers could form several nucle-
ation sites that could result in irregular filaments contain-
ing small gaps. Such irregularities would require subsequent
isomerizations to adopt a regular contiguous filament. Sim-
ilar behavior has been described for RecA filaments in the
presence of ATP�S where isomerization leads to changes
between rigid and flexible filaments (36,37). Our hypoth-
esis is in line also with recent data showing that RAD51
filaments grow from a stable heterogeneous nuclei ranging
in size from dimer (8,38) and perhaps even monomers to
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Figure 5. The evolutionary comparison of the ssDNA association kinetics of bacterial and yeast recombinases. Effect of nucleotides (apo, black; AMP-
PNP, blue and ATP, red (1 mM) on recombinase NF formation, recorded by mixing 5 �M RecA (A) and yRad51 (B) with 40 nM 5′-Cy3-dT79. Tri-
exponential best-fits (Eq. S1) are shown as gray lines. (C) RecA and (D) yRad51 concentration dependences of recorded total fluorescence changes are
shown relative to the extrapolated maximal amplitudes of individual datasets. Kd values (determined from quadratic fits (solid lines) based on Eq. S2)
are listed in Supplementary Table S1. Association kinetic parameters for (E) RecA and (F) yRad51 (shown with horizontal offsets) were determined as
in Supplementary Figure S2D (cf. Figure 3C). Slopes (solid symbols) are plotted if significantly different from 0. Intercepts (open symbols) are plotted,
except if the slope was significantly different from 0 but the intercept was not. Error bars show standard errors of global fits to all rate constant data of a
given kinetic phase. Consecutive phases at given condition are indicated by circles (cf. Figure 3C).
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Figure 6. The evolutionary comparison of RecA and yRad51 NF dissociation kinetics. (A) RecA or (B) yRad51 was preincubated in the absence (apo) or
presence of the indicated nucleotides (1 mM) with 40 nM (3.16 �M nt) 5′-Cy3-dT79, followed by rapid mixing in the stopped-flow with 4 �M (316 �M nt)
unlabeled dT79 (post-mixing concentrations stated). Transient Cy3 fluorescence levels of RecA or yRad51 are shown relative to that of recombinase-free
5′-Cy3-dT79. Multi-exponential best-fits (Eq. S1) are shown in grey. Lifetime components of RecA (C) and yRad51 (D) dissociation transients. Distribution
of lifetimes (� i = 1/ki values, cf. Eq. S1) of dissociation transients recorded in (A and B) under ‘disperse’ (D, 0.5 �M recombinase) and ‘saturated’ (S, 5
�M recombinase) conditions are shown (cf. Figure 4B). Areas of symbols are proportional to Ai values (cf. Eq. S1). Results are shown as average values
for two datasets.

large oligomers (8). Moreover irregular human RAD51 fil-
aments were detected on long ssDNA substrates using scan-
ning force microscopy (39).

Similar events could also serve to regulate filament disas-
sembly, as our data uncover the complex nature of RAD51
NF dissociation characterized by the presence of differ-
ent species and/or multiple consecutive steps (Figure 7).
The dissociation of NFs is influenced by nucleotide bind-
ing state or mutations in the ATP-binding Walker motif.
This motif has undeniably a crucial role in RAD51 filament
regulation. While KR mutation increases strand-exchange
and stabilizes NFs, the KA mutation has the opposite ef-
fect (22). Interestingly, we show that these alterations in
the RAD51 Walker box motif not only diminish ATP
binding/hydrolysis, but also affect NF stability by a nu-
cleotide cofactor-independent manner, which likely reflect
structural difference in the NFs as demonstrated by EM.
Since KA mutant is incapable of strand exchange activities
in vitro in contrast to KR mutant, the change in the helical

pitch is not the only requirement for the activity of RAD51
in the cell. Nucleotide-free KA is particularly interesting as
its kinetic parameters resemble those of nucleotide-bound
WT RAD51. Intriguingly, recent data imply that the Walker
box mutants show very similar phenotypes in vivo includ-
ing replication defects and effects on protein dynamics (40).
This indicates that improperly assembled NFs and their
dynamics could lead to impaired homology search in vivo
and/or an inability to be activated/protected in a response
to RAD51-interacting recombination mediators. Moreover,
single molecule data showing dynamic rearrangements of
NF (39) and the process of RAD51 NF nucleation occur-
ring through a dynamic binding (38) support our observa-
tions.

We imply that the heterogeneous nature, multiple inter-
mediate states and structural changes within NFs might
promote more efficient homology search. Firstly, this HR
step requires a complex interplay between recombinases,
presynaptic ssDNA, homologous dsDNA template, in the
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Figure 7. Schematic model representing formation of RAD51 filaments through several consecutive association steps with proposed regulatory steps. See
text for more details.

context of DNA stretching, competing non-homologous
dsDNA, chromosome structure and perhaps orientation of
the major and minor grooves of dsDNA with respect to
the incoming pre-synaptic complex (41). It is likely that ef-
ficient and accurate strand exchange with homologous ds-
DNA involves specific, dynamic and structural changes in
pre-synaptic complexes and dsDNA. Secondly, it has been
proposed that homology search within the context of ge-
nomic dsDNA may be more efficient if the pre-synaptic
complex contains gaps or structural discontinuities due to
the ability of distinct sub-divisions of the pre-synaptic com-
plex to reduce the complexity of homology search (42).

We also extended our study to bacterial and yeast recom-
binases to understand possible evolutionary aspects of NF
regulation. While bacterial RecA, yeast Rad51 and human
RAD51 recombinases are each critical for promoting strand
exchange, our study reveals unexpected differences. For in-
stance, the ATPase activity of RecA is known to be much
higher than that of human RAD51 (43,44). Here we demon-
strate that while RecA shows strong DNA binding at all nu-
cleotide states, yRad51 exhibits a striking nucleotide depen-
dence ranging from weak binding in apo condition, through
cooperative binding in AMP-PNP to strong binding in the
presence of ATP. In addition, rapid ATP binding by yRad51
that precedes and enhances the binding of the protein to ss-
DNA further highlight a difference from the human pro-
tein, which can bind DNA rapidly in the absence of nu-
cleotide and subsequently undergo an ATP-dependent iso-
merization after filament assembly. Notably, we previously
showed that C. elegans RAD-51 behaves similarly to yeast
Rad51 in this regard (3). Post-translational modification or
interaction with RAD51 binding partners could influence

its properties (Figure 7). The importance of such regulation
was shown for yeast Rad51 where mutations of the Walker
A box residue Ser 192, which can undergo phosphorylation,
leads to loss of ATP hydrolysis and also DNA binding (45).
Interestingly, Tyr 54 phosphorylation of human RAD51 en-
hances its DNA strand exchange activity by altering the nu-
cleoprotein filament properties (38).

Even more striking is the correlation between inherent re-
combinase complexity and the diversity of regulatory mech-
anisms in promoting filament assembly. We propose that fil-
ament assembly/disassembly are complex multiphase pro-
cesses that can be regulated by nucleotide co-factors and
HR regulators. Each state may represent a potential reg-
ulatory point where different RAD51-interacting proteins
could influence the properties of the NFs (Figure 7). In
E. coli, few recombination mediators have been described,
with the RecFOR complex playing a major role (35). While
in S. cerevisiae yRad51 is targeted to ssDNA by yRad52,
in human cells BRCA2 serves as the main recombination
mediator. Interestingly, C. elegans BRC-2 (46) and human
BRCA2 (47,48), inhibit the ATPase activity of RAD51 and
also directly interact with RAD51-ssDNA filaments as well
as with free RAD51. Whereas RecFOR and yRad52 do
not inhibit ATP hydrolysis of RecA and yRad51, respec-
tively (35,49). Thus, in addition to promoting NF assembly,
BRCA2 may also stabilize nascent RAD51 NFs by lock-
ing the filaments in a strong DNA-binding mode providing
another layer of RAD51 regulation unique to metazoans.
In addition, we have shown that RAD51 paralogs from C.
elegans remodel presynaptic filaments into more ‘open’ flex-
ible and stable conformation (3) and HOP2-MND1 or the
Shu complex could promote active NF assembly at different
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stages of the multiphasic assembly profile (50,51). Observa-
tions that BCCIP� induces a conformational change within
the RAD51 NF that promotes release of ADP to help main-
tain an active presynaptic filament (52) support our conclu-
sion.

The differences in filament dissociation kinetics among
different species could also be relevant to different strate-
gies of negative HR control at the level of the pre-synaptic
NF. In bacteria, turnover of RecA from ssDNA relies heav-
ily on its intrinsic ATPase activity (35), which is very strong
compared to yeast (53) and mammalian recombinases (44).
In Saccharomyces cerevisiae, the Srs2 anti-recombinase ac-
tively dismantles Rad51 NF (35) in part by the activation
of yRad51-catalyzed ATP hydrolysis upon physical inter-
action with Srs2 (26). Intrinsic RecA and yRad51 filament
disassembly observed in the presence of either ADP or ATP
strongly support these findings. However, the situation is
strikingly different in humans, where both in vitro and in
vivo multiple anti-recombinases could dismantle RAD51
filaments, including PARI (54), FBH1 (55), RECQ5 (56)
and BLM (57). While PARI appears to be functionally
similar to Srs2 and may promote RAD51 ATP hydroly-
sis and NF turnover, the FBH1 and RECQ5 helicases ac-
tively and specifically disrupt the presynaptic filament with-
out activating ATP hydrolysis by RAD51. Indeed, our find-
ings suggest that although human RAD51 NFs are in-
trinsically very dynamic, they are nevertheless more sta-
ble in any nucleotide-bound state, thus indicating that the
antirecombinase-mediated ATPase stimulation is likely to
be insufficient to drive NF turnover. It is possible that
FBH1 and RECQ5 preferentially disrupt different NF in-
termediates or nucleotide-bound states observed for human
RAD51 NF disassembly.

The embryonic lethality associated with RAD51 deple-
tion as well as the reported phenotypes of Walker box and
Fanconi anemia (FA)-associated RAD51 mutants indicate
that aberrant RAD51 filament structures represent serious
threats to genomic stability and cell survival. A recent high-
resolution cryo-EM structure (20) highlighted the possibil-
ity of two newly described FA-associated RAD51 muta-
tions directly or indirectly disrupting the Walker box mo-
tifs, resulting in defective NF assembly (58,59). Indeed, both
mutations induce structural changes and filament desta-
bilization by prevention of ATP hydrolysis due to defec-
tive or aberrant ATP binding (60). Also, recently described
cancer-associated RAD51 mutations have been shown to al-
ter physical properties of the recombinase, with one such
mutant leading to a hyper-recombination phenotype (61).
Finally, mutations in RAD51-interacting partners such as
the RAD51 paralogs are associated with predisposition to
breast and ovarian cancer (62). The exact molecular mech-
anism of how human RAD51 paralogs influence RAD51 is
not well understood. It is intriguing to speculate that their
mutations might in turn aberrantly alter NF function.

In summary, our work provides the first description of
unexpected intrinsic properties of RAD51 filament behav-
ior over a millisecond time-scale that could allow not only
mechanistic understanding of the underlying mechanisms
of genome instability associated with defects in RAD51 and
its interacting partners, but provide also potential therapeu-
tic opportunities.
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