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Rad51 protein (Rad51) is central to recombinational repair of
double-strand DNA breaks. It polymerizes onto DNA and promotes
strand exchange between homologous chromosomes. We visual-
ized the real-time assembly and disassembly of human Rad51
nucleoprotein filaments on double-stranded DNA by single-mole-
cule fluorescence microscopy. Rad51 assembly extends the DNA by
~65%. Nucleoprotein filament formation occurs via rapid nucle-
ation followed by growth from these nuclei. Growth does not
continue indefinitely, however, and nucleoprotein filaments ter-
minate when ~2 um in length. The dependence of nascent fila-
ment formation on Rad51 concentration suggests that 2-3 Rad51
monomers are involved in nucleation. Rad51 nucleoprotein fila-
ments are stable and remain extended when ATP hydrolysis is
prevented; however, when permitted, filaments decrease in length
as a result of conversion to ADP-bound nucleoprotein complexes
and partial protein dissociation. Dissociation of Rad51 from dsDNA
is slow and incomplete, thereby rationalizing the need for other
proteins that facilitate disassembly.

nucleation | RecA protein | recombination | self-assembly |
single-molecule

G enomes are continually attacked by both endogenous and
exogenous agents that damage DNA. DNA damage in the
form of DNA breaks can lead to chromosome translocations, cell
cycle arrest, and apoptosis. Homologous recombination is an
essential biological process that ensures the accurate repair of DNA
breaks and thereby contributes to genomic integrity. The recom-
binational repair of DNA with a break occurs by a multistep process
(1-3). The first step requires resection of the broken duplex DNA
by a helicase and/or nuclease to produce a region of 3'-terminated
single-strand DNA (ssDNA) at the ends of the break (1, 4). These
ssDNA tails serve as substrates for the assembly of a DNA strand
exchange protein, such as RecA in bacteria or Rad51 in eukaryotes
(2, 3, 5). This nucleoprotein filament finds homology in an intact
DNA molecule and promotes DNA strand invasion to form an
intermediate, termed a joint molecule. Pairing by both processed
ends of the broken DNA, and their subsequent replication, results
in formation of Holliday junctions. These Holliday junctions un-
dergo branch migration and are resolved enzymatically to produce
the repaired DNA.

Rad51 protein (Rad51) assembles on either single- or double-
stranded DNA (dsDNA) to produce a nucleoprotein filament that,
at saturation, comprises 1 Rad51 monomer for every 3 nucleotides
or base-pairs of DNA. Electron microscopy and X-ray crystallog-
raphy show the Rad51 nucleoprotein filament to be a right-handed
helical structure in which the DNA is stretched by ~50% over its
normal B-form length (6, 7). This filament displays ATP hydrolysis
activity when assembled on either ssDNA or dsDNA. Rad51
promotes the homologous pairing of ssDNA with dsSDNA; however,
migration of the nascent DNA heteroduplex is relatively slow. This
DNA strand exchange activity is substantially enhanced by RPA,
and is regulated by several mediator proteins (Brca2, Rad51
paralogs, Rad52, and Rad54) (3, 4, 8-10).
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Although a basic understanding of Rad51 function exists, a more
complete description of the concerted molecular events that un-
derlie the homologous pairing process is still unrealized. The
dynamics of Rad51 nucleoprotein filament assembly and disassem-
bly, and the interaction between the filament and homologous
target DNA, are poorly understood. Although ssDNA is the normal
substrate for Rad51-promoted DNA pairing, the interactions of
Rad51 with dsDNA are also biologically relevant. Rad51 binds
dsDNA with an affinity comparable to that for ssDNA (11). This
Rad51-dsDNA complex impedes DNA repair by inhibiting homol-
ogous pairing (12). Additionally, as a result of the DNA strand
exchange process, Rad51 becomes associated with the newly
formed heteroduplex DNA product. If Rad51 is not removed from
the heteroduplex DNA, then the ensuing steps of homologous
recombination, DNA synthesis and Holliday junction resolution are
adversely affected (13).

In this study, we used single-molecule fluorescence microscopy to
visualize human Rad51 assembly and disassembly on duplex DNA.
Single-molecule methods provide an unparalleled resolution of the
real-time dynamics of biological molecules and of biomolecular
complexes (see 14-16). Specifically, the application of single-
molecule techniques to the study of recombination proteins has
revealed aspects of molecular behavior that were not attainable
from ensemble methods (17-26). Single-molecule visualization
methods have been used to characterize Rad51-nucleoprotein
filaments (20, 27); in ref. 27, filament assembly could not be imaged
in real time although disassembly could and, in ref. 20, Rad51
filaments were visualized indirectly through competition with a
fluorescent dye. Also, magnetic tweezers were used to monitor
changes in DNA length due to Rad51 binding in real time, but direct
imaging of the assembly process is not possible with this technique
(28). Our work complements the previous studies by combining
visualization of individual Rad51-DNA complexes and real-time
monitoring of their assembly and disassembly.

Here, we directly observe the dynamics of Rad51 nucleoprotein
filaments on single dSDNA molecules, using 2 complementary
approaches: (i) we labeled the end of DNA molecules with a
fluorescent tag that allowed real-time monitoring of both the
association and dissociation of native Rad51; and (if) we used a
fluorescent Rad51 to directly visualize individual nucleoprotein
filament nucleation, assembly, and disassembly. We show that
Rad51 assembles on DNA by a mechanism that involves frequent
nucleation but, unexpectedly, limited filament growth; a finding
that reconciles a number of disparate prior conclusions. We show
that 2-3 Rad51 monomers are minimally needed to form a stable
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Fig. 1. Assembly of Rad51 protein onto a single molecule of dsDNA measured
by extension of Cy3-end-labeled A DNA. (A) Diagram illustrating the assembly of
Rad51 onto Cy3, end-labeled A DNA attached to a bead. Solutions containing
DNA-bead complexes (in the capture channel) and Rad51 (in the reaction chan-
nel) remain separated because of laminar flow boundaries (indicated by the
dashed line). Asingle end-labeled A DNA-bead complex is captured in the optical
trap and is moved into the reaction channel to allow nucleoprotein filament
assembly. (B) Kymograph of Rad51 assembly on Cy3-end-labeled A DNA. The
optically trapped bead is on the left side of the kymograph and is fluorescent
because of nonspecific Cy3-IgG binding. The unconstrained Cy3-end-label of the
A DNA is on the right side of the kymograph. DNA length is measured from the
center of the bead to the Cy3-end label (corrected for the bead radius, r = 0.5 um).
Reaction conditions were 100 nM wild-type Rad51, 2 mM Ca(OAc),, and 1 mM
ATP. (C) Traces of DNA length versus time for the assembly of Rad51 on DNA in
the presence of various cofactors. Ca(OAc); and Mg(OAc); are at 2 mM, whereas
ATP and AMPPNP are at 1 mM.

nucleus. Furthermore, also in contrast to its bacterial homolog,
ATP hydrolysis by Rad51 nucleoprotein filaments does not result in
rapid dissociation of Rad51 from the dsDNA. This finding ratio-
nalizes the need for eukaryotic-specific DNA motor proteins, such
as Rad54, that translocate on dsDNA and actively disassemble
Rad51 filaments.

Results

Real-Time Visualization of Rad51 Nucleoprotein Filament Assembly
Monitored by Extension of DNA Length. To visualize wild-type Rad51
assembly kinetics in real time at the single-molecule level, we used
fluorescent end-labeled A phage DNA (Fig. 14) prepared by
separately annealing 3'-biotin and 3’-digoxigenin oligonucleotides
to the complementary cos sites of A DNA. The biotinylated end of
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the DNA was bound to a 1.0 um streptavidin-coated microsphere
to permit capture in an optical laser trap. The opposite end of the
A DNA, with the digoxigenin tag, was reacted first with anti-
digoxigenin IgG and then Cy3-labeled anti-IgG secondary antibody
to create a fluorescent beacon to monitor the end position of A
DNA by epifluorescence microscopy. This afforded a system
whereby different reaction conditions (i.e., protein concentration,
divalent metals, and nucleotide cofactors) could be varied and their
effects on the rate of native Rad51 assembly could be assessed in
real time.

DNA-bead complexes and Rad51 were each introduced into two
separate channels of a multichannel flow cell wherein laminar flow
prevented mixing of the solutions in the absence of a physical
boundary between the channels (21-25, 29). After a single A
DNA-bead complex is captured in the optical trap, it is moved into
the reaction channel containing Rad51 (Fig. 14). The position of
the Cy3 end-label is determined by 2-dimensional Gaussian fitting
of the fluorescence intensity to define the end and, thereby, the
length of the DNA. A change in position of the end-label relative
to the optically trapped bead is due to DNA extension that
accompanies Rad51 binding.

Fig. 1B shows a kymograph (a plot of spatial position vs. time)
obtained for the real-time assembly of Rad51 (100 nM) on a single
A DNA molecule in the presence of ATP (1 mM) and calcium
acetate (2 mM) to prevent ATP hydrolysis (30, 31). At the
beginning of the reaction, the A DNA molecule is ~14.0 um in
length for the flow rate used. Upon introduction of the DNA-bead
complex into the Rad51 reaction channel, there is a short lag phase
of ~10 s, during which the position of the DNA end-label does not
change. Afterward, the position of the end-label begins to move
away from the bead in the optical trap (toward the right), indicating
DNA length extension due to Rad51 binding. After ~300 s of
continuous incubation with Rad51, the DNA is extended by 9.0 um,
which is an apparent 65% increase in length (see also Movie S1).
This extension is similar to results obtained for RecA (24) and is
slightly greater than seen in structural studies, because of the
differences in persistence lengths for duplex DNA and the Rad51
nucleoprotein filament (32).

Human Rad51 was shown to form stable nucleoprotein filaments
under conditions of reduced ATP hydrolysis (32); therefore, we
examined the Rad51 nucleoprotein assembly in the presence of
different divalent metal and nucleotide cofactor partners to assess
the effects of ATP hydrolysis. Fig. 1C compares the kinetics of
DNA extension in the presence Ca?*-ATP, Mg?*-AMPPNP, and
Mg?*-ATP. AMPPNP is a nonhydrolyzable ATP analog that can
substitute for ATP in DNA strand exchange reactions (32). With
limited or no ATP hydrolysis (Ca?>*-ATP or Mg?*-AMPPNP),
extended nucleoprotein filaments form that are stable and that
extend DNA by 64 * 3% and 63 * 6%, respectively. In contrast,
when ATP hydrolysis occurs (Mg?*-ATP, blue trace), the steady-
state nucleoprotein filaments are shorter (DNA extension = 49 *
3%) because of cycles of Rad51 binding, ATP hydrolysis, Rad51
dissociation, and/or accumulation of ADP-bound Rad51 filaments.
Continued observation shows the DNA filaments shorten (by ~0.6
pm in Fig. 1C) from their maximum observed DNA extension of
~20.0 wm. Shorter filaments were observed in the presence of
Mg?*-ATP by single-molecule, total internal reflectance fluores-
cence microscopy (20) and they correlate with the irregular fila-
ments visualized by scanning force microscopy (32). These exper-
iments establish that by simply measuring DNA length extension,
the assembly of Rad51 on single molecules of DNA can be
measured in real time; however, such measurements do not permit
direct measurement of nucleation and growth.

The Maximum Rate of DNA Length Extension Is Proportional to a
Third-Order Dependence on Rad51 Concentration. Recently, single-
molecule methods revealed that nucleoprotein filament formation
by RecA requires 4—5 monomers to form a nucleus (18, 24) and that
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The extension of dsDNA versus time is plotted for 5 different
Rad51 concentrations spanning 50-550 nM (Fig. 24). All time
courses show a sigmoidal trajectory, typical for nucleation and
growth processes. At the lowest Rad51 concentration, where the
change in DNA length occurs slowly, the initial lag phase is
particularly evident and it persists for ~150 s; complete DNA
extension (22.4 = 0.4 um; 67 * 6%) takes ~25 min. At 100 nM
Rad51, a brief lag phase of ~10 s is detected, but at the higher

concentrations, the lag phase is not detectable.

The rates of DNA extension (i.e., the slopes in Fig. 24) also
increase in a Rad51 concentration-dependent manner. The maxi-
mum rates occur at the inflection point of each trajectory; those
rates, as defined by the 1st derivative ((dL/dt)max) at the inflection
point, are plotted in Fig. 2B. If the assembly kinetics in the middle
of the Rad51 nucleoprotein filament progress curve are dominated
by rapid filament growth through the addition of monomers, as is
the case for RecA (18), then the observed rates should vary linearly
with Rad51 concentration (step 2 of the kinetic model above).
However, for Rad51 we obtain a nonlinear relationship that when
fit to a simple power law, (dL/dt)max = a[Rad51}", yields a value of
2.7 £ 0.1 for n. This approximately third-order dependence of the
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Fig. 2. The rate of Rad51 nucleoprotein formation is sigmoidal in time and
follows a third-order dependence on Rad51 concentration. (A) Trajectories for
DNA length extension due to Rad51 binding as a function of Rad51 concentra-
tion. (Inset) Expanded view of the initial time course. Each curve represents the
mean and standard deviation of 3-4 molecules. Assembly was at 2 mM Ca(OAc),
and 1 mM ATP. (B) Maximum rate of DNA extension versus Rad51 concentration.
The maximum rate of DNA extension was obtained from the inflection point of

elongation occurs by addition of monomers to the existing filament
(18). If Rad51 were to behave similarly, then nucleoprotein assem-
bly would occur by 2 elemental steps: (i) nucleation: the rate-
limiting binding of a stable nucleating species of Rad51 to DNA
according to nRad51+DNA — (Rad51),-DNA; and (if) growth:
the fast subsequent and potentially indefinite addition of Rad51
monomers to an existing nucleus according to (Rad51),-DNA +
Rad51 — (Rad51),+;-DNA. When ATP hydrolysis is limited, the
dissociation reactions can be ignored, and only the forward direc-
tion of assembly need be considered. These two steps have reaction
rates for nucleation and growth that are related to simple power
dependencies on Rad51 concentration according to: rate, o«
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Fig.3. FluorescentRad51 permitsdirect visualization of nucleoprotein filament
formation. (A) Diagram of the procedure used to directly image assembly of
fluorescent Rad51 onto dsDNA. A 3-channel flow cell is used. A A DNA-bead
complex stained with YOYO-1 is optically trapped in the capture channel. The
microscope stage is then translated to move the DNA-bead complex into the
middle flow channel to remove bound YOYO-1 (step 1). A second stage move-
ment introduces the DNA-bead complex into the reaction channel (top flow
channel) containing fluorescein-labeled Rad51 (Rad51FAM) (step 2). Finally, after
a specific incubation period, the DNA-bead complex is returned to the middle
flow channel to visualize the extent of Rad51"M binding (step 3). Subsequent
incubations with Rad51FAM are performed as necessary. (B) Frames from videos
(time indicated in seconds) showing Rad51FAM assembly on dsDNA in the presence
of CaZ*-ATP (Left) and Mg2*-ADP (Right). The cumulative incubation times are
indicated in each frame. The reactions contained 100 nM Rad51FM, 2 mM
Ca(OAC),, and 1 mM ATP or 500 nM Rad517M, 2 mM Mg(OAc),, and 1 mM ADP.
(C) DNA length extension trajectories for both Rad51 and Rad51FAM. Data shown
for Rad51 are the same presented in Fig. 2A, whereas data for Rad517AM repre-
sent the mean and standard deviation for 4-6 individual DNA molecules; in some
cases, the error bars are smaller than the symbols.

rate on Rad51 concentration suggests either that nucleoprotein
filaments grow by trimer addition, or that filament assembly is
dominated by nucleation events involving 2-3 Rad51 monomers
with limited growth; this issue will be addressed more fully below,
where nucleation is visualized specifically and quantified directly.

Direct Visualization of Fluorescent Rad51 Binding to dsDNA. To
visualize Rad51 protein assembly directly, we fluorescently labeled
Rad51 protein at the N terminus with 5(6)-carboxyfluorescein
(FAM) (24). This fluorescein-labeled Rad51 (Rad51FAM) is func-
tional in D-loop formation (SI Text and Fig. S1). We directly imaged
Rad51FAM nucleoprotein filament formation, using the same meth-
odology that was used to observe RecA nucleoprotein filament
formation (24). Fig. 34 depicts a schematic of the steps comprising
this experiment. Briefly, a single A DNA-bead complex is trapped
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in the capture channel. The DNA is initially stained with the
fluorescent dye, YOYO-1, to select beads with only 1 full-length
DNA molecule attached. The DNA molecule is then moved to the
observation channel (Fig. 34, step 1), where YOYO-1 is dissoci-
ated, so as not to affect Rad51 binding. After the YOYO-1 has
dissociated, the molecule is transferred to the reaction channel for
incubation with Rad51FAM for a selected time interval (Fig. 34, step
2). Finally, the trapped complex is returned to the middle channel
for observation (Fig. 34, step 3). Steps 2 and 3 are repeated as
necessary for the experiment, and this process will be referred to as
“dipping.”

Fig. 3B shows time-lapsed images of 2 A DNA molecules that
were repeatedly dipped, for the cumulative times indicated, into the
Rad517AM channel at 2 different assembly conditions, Ca’>*-ATP
(Fig. 3B Left) and Mg?>"-ADP (Fig. 3B Right). At time 0, only the
bead is visible because of nonspecific binding of the YOYO-1 dye.
In the presence of Ca’"-ATP, a fully extended Rad51-DNA
assembles within ~360 s. When the time course for filament
assembly by direct observation of Rad51FAM is compared with the
time course obtained by measurement of DNA length extension,
using unmodified Rad51 (e.g., as in Fig. 1 and 2), it is evident that
the rate of nucleoprotein filament assembly for both proteins is the
same (Fig. 3C), verifying that the fluorescent modification does not
alter the assembly behavior. Interestingly, in the presence of
Mg?*-ADP, Rad51FAM does bind dsDNA, resulting in apparent
complete coverage of the dsDNA, but elicits only a marginal
extension of DNA length (=1 um). This is an important finding
because it shows that the binding of the ADP-bound form of Rad51
can be overlooked or misinterpreted in single-molecule experi-
ments that measure only DNA length extension.

By using shorter dipping times (20 s), we determined that
ATP-Rad51 nucleates along dsDNA at multiple positions (Fig. 44).
The image at ¢ = 0 shows fluorescence only from the bead. After
the first 20 s of incubation with Rad51FAM, we see patches of
fluorescent Rad51 along much of the length of the DNA molecule.
After just 40 s, the DNA contains a high density of partial filaments.
We could repeatedly incubate the same DNA-bead complex with
Rad51FAMuntil protein binding and DNA extension were complete
(Movie S2). Shorter incubation intervals affected the overall time
required to reach a completely extended nucleoprotein filament
(compare Fig. 3B with Fig. 44), perhaps because of some loss of
Rad51 in channel 2; however, longer dipping times (i.e., fewer dips)
produced kinetics similar to continuous incubation.

Although we could readily see complete filament formation on
single molecules at these assembly conditions, we could not deter-
mine whether individual clusters were growing together or whether
new nuclei were initiating on naked DNA between clusters. Con-
sequently, we reduced the rate of Rad51 filament assembly, as will
be elaborated in the next section, by increasing the solution ionic
strength by adding NaCl. The rate of Rad51 nucleation was indeed
reduced, and it was now possible to follow the progression of both
nucleation and growth of shorter filaments (Fig. 4B). One can
clearly observe the formation of multiple nucleation clusters,
separated by nonfluorescent regions of naked DNA. Yellow arrows
in the figure indicate 4 such nucleation clusters (at 18 min), and the
magenta arrows point to the first appearance of new nuclei that
form adjacent to these existing nuclei (at 30, 42, and 60 min). The
isolated nascent clusters are observed to increase in fluorescent
intensity and size (up to ~2 um) before either new clusters fill in
the gap between existing clusters, or 2 filaments appear to unite.
Thus, the assembly of Rad51 is seen to occur by nucleation along
the entire length of the DNA; however, and in contrast to what is
seen for RecA when nucleation is slowed (24), extensive growth
does not occur. Instead, complete nucleoprotein filament coverage
occurs by the formation of multiple nucleation clusters and their
coalescence into apparently continuous filaments (within optical
resolution) rather than by extensive filament growth from just a few
sites of nucleation.

364 | www.pnas.org/cgi/doi/10.1073/pnas.0811965106

bead B

Fig. 4. Rad51 assembles on dsDNA by a process that involves multiple nucle-
ation events followed by limited growth. (A) Frames from a video (time indicated
in seconds) showing nucleation and growth of Rad51¥M nucleoprotein filament
formation on asingle A DNA molecule. The reaction contained 100 nM Rad51FAM,
2 mM Ca(OAc),, and 1 mM ATP. (B) Frames from a video (time indicated in
minutes) of Rad51FAM assembling on a single A DNA molecule under suboptimal
assembly conditions. The same DNA molecule was repeatedly incubated with 300
nM Rad51FAM in 2 mM Ca(OAc),, 1 mM ATP, and 200 mM Nacl. Yellow arrows
indicate representative nucleation clusters, whereas the magenta arrows
mark those nuclei that have newly formed adjacent to an existing cluster.
(Scale bar, 2 um.)

Nucleation of Rad51 Filaments Follows a Third-Order Dependence on
Protein Concentration. The use of fluorescent Rad51 allows us to
observe nucleation and growth directly. To determine both the
nucleation frequency of Rad51 and the minimum number of Rad51
monomers needed to form a stable nucleation site, we examined the
Rad51 concentration dependence of cluster formation. However,
as indicated above, the rapid binding of Rad51 at low salt concen-
trations prevented accurate quantification of the nucleation fre-
quency over a useful range of Rad51 concentration. Therefore, we
needed to reduce the speed of assembly. The affinity of Rad51 for
DNA is reduced by increasing the NaCl concentration (33), and we
expected that the assembly process would concomitantly slow. We
used this approach to study the nucleation behavior of RecA (24).

Representative images of Rad51FAM assembling on DNA at
various elevated NaCl concentrations are presented in Fig. 54. At
each NaCl concentration (a vertical strip), a single DNA molecule
was repeatedly dipped in the Rad51FAM channel for the times
indicated. With increasing NaCl concentration, the nucleation
frequency decreases substantially, necessitating a progressively
longer dipping time to obtain a reliable number of nuclei. Quan-
tification of the number of clusters formed per unit time confirms
that NaCl reduces nucleation frequency (Fig. 5SB). Control exper-
iments confirmed that the nucleation rates were identical for a
single DNA molecule that was repeatedly dipped versus using a

Hilario et al.
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Fig. 5. The rate of Rad51 nucleation on dsDNA is reduced by increasing the

solution ionic strength. (A) Time-lapsed images of 4 different A DNA molecules
repeatedly incubated with 100 nM Rad51FAM for the indicated times (in minutes)
as a function of NaCl concentration. (B) Log-log plot of the rate of Rad51FAM
nucleation for different protein concentrations as function of NaCl concentra-
tion; slopes range from ~—3to —6. Error bars (most are comparable to, or smaller,
than the size of the symbols) are the standard deviation of 4-7 molecules.

different molecule for each time point (data not shown). When
these experiments are repeated using a higher concentration of
Rad51, the nucleation frequency increases at any given NaCl
concentration, offsetting the inhibitory effect of the salt (Fig. 5B).

A 100

By surveying the effect of NaCl and Rad51 concentration on
nucleation frequency, we established that at 150 mM NaCl, it was
possible to quantify the nucleation frequency over a wide range of
Rad51 concentrations (Fig. 64). Fig. 64 shows a single DNA
molecule incubated with increasing Rad51 concentrations for the
cumulative times. For early dipping times, where the DNA is not
overly saturated with Rad51 clusters, quantification shows that
formation of nucleation clusters is linear in time (Fig. 6B). Nucle-
ation rates range from 0.8 = 0.1 clusters/min (2.7 X 10~7 s~ !bp~1)
at 100 nM Rad51 up to 13.6 = 0.3 clusters/min (4.7 X 10~6s~bp~1)
at 500 nM Rad51. Nucleation rates as a function of Rad51 con-
centration are presented in Fig. 6C and show a nonlinear depen-
dence on protein concentration. The nucleation rate can be fit to a
simple power dependence, rate = a[Rad51]", as was done for RecA
(24). Fitting yields a value of n = 2.4 = 0.2. This result suggests that
~3 monomers of Rad51 are required to form a stable nucleus from
which filament growth occurs. This third-order dependence on
Rad51 concentration was also seen when the maximum rate of
DNA extension was quantified (Fig. 2B). The implications of this
agreement between the different experiments are discussed later.
Additionally, this result is comparable with values obtained for
RecA, where 4-5 RecA monomers were found to be sufficient for
stable cluster formation (18, 24).

Rad51 Disassembly from dsDNA Is Slow and Incomplete. Finally, the
disassembly of fully formed Rad51 nucleoprotein filaments was
examined both by measuring DNA length (using end-labeled DNA)
and by visualizing fluorescein-labeled Rad51 directly. Fig. 74 shows
kymographs of Rad51 (Leff) and Rad51FAM (Right) nucleoprotein
filaments formed using Ca?"-ATP in channel 3 and their real-time
disassembly upon introduction to Mg?*-ATP in the observation
channel. The length of nucleoprotein filaments, as measured by
either the position of the Cy3 end-label or directly for the
Rad51FAM nucleoprotein filaments, is seen to decrease slowly.
Quantification (Fig. 7D) shows that the nucleoprotein filament
lengths decrease linearly at rates of 0.0230 = 0.0004 wm/min
(Rad51) and 0.0470 = 0.0005 pwm/min (Rad51FAM). This result
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Fig.6. Approximately 3 Rad51 monomers are required to form a stable nucleus. (4) Frames from videos of Rad517AM nucleation on individual DNA molecules. Each
frame shows a single A DNA molecule incubated repeatedly (cumulative incubation times indicated in minutes) with specified concentrations of Rad517AM. Reaction
conditions are 2 mM Ca(OAc)z, 1 mM ATP, and 150 mM Nacl. (B) Time dependence of Rad51FAM cluster formation on dsDNA as a function of Rad517M concentration
derived from images such as those shown in A. Data are the mean and standard deviation of 4-7 individual molecules obtained at each concentration. (C) Rate of cluster
formation versus Rad51 concentration. Solid line is fit to the expression: rate = 5.2 X 1075 [Rad51]24. Standard deviations are the size of the data points.
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and allowed to disassemble in the presence of 5 mM Mg(OAc), and 2 mM ATP. In A-C, stillimages of the nucleoprotein filaments at the start and end of the reactions
are indicated above and below the kymographs. (B) Rad51 filaments [Rad51 (Left) and Rad51FAM (Right)] formed in the presence of 2 mM Mg(OAc); and 1 mM ATP
and allowed to disassemble in the presence of 5 mM Mg(OAc),. (C) Rad51 filaments (Rad51FAM) formed in the presence of 2 mM Mg?* and 1 mM ADP and allowed
to disassemble in the presence of 5 mM Mg2. The original length of the DNA in this experiment was slightly shorter at ~13.5 um and, as such, extended to only ~14.5
wm. (D) Trajectories for the data shown in A-C. Experiments using Rad51 are in black; those using Rad517M are in green. Solid blue lines represent linear (Ca2*-ATP)

and nonlinear (Mg2*-ATP and Mg2*-ADP) fits to the data.

affirms that Rad51 filaments that are prevented from hydrolyzing
ATP are stable and do not disassemble. This result differs from a
recent report where surface-tethered Rad51 filaments formed in
Ca?"-ATP were dissociated upon buffer exchange to Mg?*-ATP
(27). This difference in behavior is due to differences in buffer
conditions (unpublished data). Furthermore, using bulk phase
experiments, we confirmed that Rad51 nucleoprotein filaments
preformed with Ca?*-ATP under our conditions do not hydrolyze
ATP when Mg?"-ATP is added (data not shown), a finding in
agreement with the original observation that Ca* blocks hydrolysis
of Mg?"-ATP by human Rad51 (34) and showing that Mg?>*-ATP
does not rapidly exchange with the Ca?*-ATP bound to Rad51
nucleoprotein filaments.

In contrast, both Rad51 and Rad51FAM nucleoprotein filaments
formed in Mg?*-ATP shorten quickly when moved into an obser-
vation channel lacking ATP. (Fig. 7B Left and Right kymographs).
The length of the nucleoprotein filament decreases with an initially
rapid phase for the first 150 s; after this rapid decrease, a slower rate
of decrease continues. These time courses were best fit to a double
exponential decay function (Fig. 7D), yielding similar rate constants
(both the fast and slow dissociation processes) for both unmodified
and fluorescent Rad51 (Rad51: ke = 1.00 = 0.08 min™!, kgow =
0.11 = 0.01 min—'; Rad51FAM: kg = 0.79 * 0.04 min~, kgow =
0.16 = 0.01 min™1).

We observed that Rad51 is not completely dissociated from
dsDNA up to the maximum experimental times possible. In the
case of the end-labeled DNA experiment, dissociation to the point
of recovering the original length of the naked DNA (=~14 um) is not
achieved after 25 min. Additionally, in the fluorescent Rad51
experiment, Rad51FAM s still visibly bound over most of the length
of the DNA at the end of the experiment, although the fluorescent
intensity has greatly diminished because of some dissociation and
photobleaching (Fig. 7B Right and Movie S3). Fitting of both decay
curves (Fig. 7D) yielded similar asymptotic values for the final
filament length (Rad51 = 15.6 um, Rad51FAM = 17.0 um, both =
0.03 wm)]. Our results above suggested that these stable nucleo-
protein filaments are ADP-Rad51-DNA complexes, with possibly
some residual ATP bound to monomers within the nucleoprotein
filament.

To compare the stability of the post-ATP hydrolysis complex to
the ADP-Rad51 complex, nucleoprotein filaments were formed
using Mg?*-ADP directly (Fig. 7C), and disassembly was triggered
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by moving the complex into the observation channel lacking ADP
(Fig. 7C, kymograph). Both the kymograph and the end-point
image show that ADP-Rad51 remains bound to DNA for >20 min.
The trajectory is also plotted in Fig. 7D and gives a disassembly rate
of 0.09 = 0.005 min~! when fit to a single exponential decay, which
is comparable with the value of ko, oObtained in the Mg?"-ATP
experiments. This result is consistent with our inference that, when
starting with an ATP-Rad51 nucleoprotein filament, ATP hydro-
lysis does not result in immediate dissociation of protein but, rather,
in accumulation of an ADP- Rad51 nucleoprotein filament, which
is not extended, and that dissociates slowly from the DNA.

Discussion

We have used single-molecule fluorescence microscopy to directly
observe the assembly and disassembly of human Rad51 protein
onto and from dsDNA. Two approaches were used: measuring the
length of fluorescently end-labeled A DNA and directly visualizing
fluorescein-labeled Rad51 protein. The results show that the flu-
orescent Rad51 behaves identically to the unmodified wild type
protein in these single-molecule experiments, and thus, the data
obtained from both approaches are complementary.
Visualization of DNA length extension permitted the real-time
observation of Rad51 nucleoprotein filament formation. The as-
sembly kinetics are sigmoidal, and the DNA is observed to extend
65% when ATP hydrolysis is prevented. When ATP hydrolysis is
permitted, the DNA is extended only 50%, reflecting the dynamic
nature of the Rad51 nucleoprotein filaments. The rate of Rad51
nucleoprotein growth, as measured by changes in DNA extension,
increases with a third-order dependence on Rad51 concentration.
This finding is incongruent with the simplest nucleation and growth
model, which posits that growth is indefinite and occurs by addition
of Rad51 monomers. However, a resolution of this issue emerged
from direct imaging of nucleation and growth. We saw that Rad51
rapidly nucleated along the entire DNA length. However, the new
clusters did not grow indefinitely but, instead, grew to a finite length
of only ~2 um (=6,000 base pair; because of the spatial resolution
of our measurements, these filaments could encompass numerous
smaller filament segments). Consequently, complete coverage of
the DNA occurred largely by new nucleation events that filled the
spaces of naked DNA between the initially sparse clusters. We
determined that minimally 2-3 monomers of Rad51 are required to
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form a stable nucleus, based on the Rad51 concentration depen-
dence of nucleation.

Finally, we showed that Rad51 nucleoprotein filaments, which
are hydrolyzing ATP, shorten by a biexponential process compris-
ing a fast kinetic step followed by a much slower kinetic phase. We
attribute the fast step to ATP hydrolysis by Rad51 clusters, and their
immediate conversion to the compact ADP-bound nucleoprotein
filament. This ADP-Rad51 nucleoprotein filament does not extend
DNA appreciably and is unexpectedly stable. Hence, the slower
kinetic step most likely represents dissociation of the Rad51-ADP
complexes from DNA.

Rad51 Nucleoprotein Filament Formation Occurs by Frequent Nucle-
ation, Involving 2-3 Rad51 Monomers, but Limited Filament Growth.
When measured by DNA length extension (Fig. 2), the assembly of
Rad51 on dsDNA is sigmoidal with respect to time, displaying a
brief lag phase, a rapid extension phase, and a final plateau. For the
bacterial homolog, RecA, the lag phase, during which there is little
change in DNA length with time, largely represents nucleation of
4-5 monomers, whereas the period of rapid DNA extension
represents mostly rapid filament growth through addition of protein
monomers to existing nuclei (18, 24). For RecA, filament growth
should follow a first-order dependence on protein concentration.
However, for Rad51, the observed rates of filament extension are
apparently third-order with respect to protein concentration. This
finding could imply that growth occurs by addition of trimers to the
filament. Such a conclusion would also seem to be in qualitative
accord with a recent study that concluded that Rad51 nucleoprotein
filaments grow by addition of Rad51 pentamers (28). However, we
note that an implicit assumption in the kinetic models is that growth
is indefinite: i.e., that once nucleated, a filament can grow to the
DNA ends, or until it encounters another filament. In that study,
nucleation and growth rates were determined from Monte Carlo
fitting of DNA length extension. Both rates followed nearly iden-
tical dependences on Rad51 concentration, and yielded Hill coef-
ficients of 4-5; this analysis was interpreted to mean that Rad51
assembled as a pentamer. However, our observations that nucleo-
protein filament formation requires repeated nucleation, and that
nucleation involves 2-3 Rad51 monomers are sufficient to explain
the power dependence of the growth phase: the third-power
dependence of nucleation manifests itself in the nucleation-limited
DNA length extension measurements. Thus, we conclude that the
power dependence of the DNA length extension is a reflection of
Rad51 nucleoprotein filament extension occurring by nucleation of
many short filaments rather than by rapid growth from a few nuclei.
By directly visualizing the appearance of nucleation clusters, we
observed that nascent nucleoprotein filaments did not grow indef-
initely; instead, DNA coverage required repeated nucleation. A
consequence of frequent nucleation, but limited growth, is that
many Rad51 nucleoprotein filament segments are produced. They
have the potential to unite, if neighboring filaments are in register,
but if not, then short gaps of DNA will persist. In this regard, our
results agree with those of a recent single-molecule study where a
fluorescently modified Rad51 variant was used to visualize nucleo-
protein filament formation (27). Fluorescence imaging suggested
that nucleation occurred at least once every 2,700 bp, and scanning
force microscopy showed that filament segments were ~500 bp.
The explanation for the failure of Rad51 filaments to grow
indefinitely is not clear (28). One possibility is that, even under
conditions of limited ATP hydrolysis (i.e., in the presence of calcium
and ATP), a small amount of ATP is hydrolyzed to produce an
ADP-bound Rad51 species. Conceivably, this ADP-bound species
could “cap” or prevent the addition of new monomer to the
filament and thereby prevent filament growth. However, when the
same experiments were performed in the presence of Mg?* and
AMPPNP, multiple nucleation and limited growth was still ob-
served (SI Text, Fig. S2, and data not shown). A second possibility
is that contaminants in the preparation, such as proteolytic frag-
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ments, might be poisoning filament growth. Although difficult to
eliminate unambiguously, we used several independent prepara-
tions of protein, including one that was repurified on an affinity
matrix, ssDNA-cellulose, to remove any inactive protein and the
few detectable trace contaminants (S 7Text, Fig. S3, and data not
shown). The behavior of these proteins was identical. A third
possibility is that the filaments are capped with a form of Rad51 that
cannot support indefinite assembly: such a form could be the closed
6-, 7-, or 8&-membered rings that are commonly observed for the
RecA/RadA/Rad51/Dmecl family (35-37) and whose presence in-
versely correlates with the protein’s capacity to promote DNA
strand exchange (37). At present, the physical basis for termination
of Rad51 nucleoprotein filament size remains to be determined.

Rad51 Disassembly from DNA Is Slow, Revealing the Need for a
Catalyst. We can observe that dissociation of Rad51 from dsDNA
is slow. We conclude that the reduction in filament length involves
conversion of ATP-bound Rad51 to the compact ADP-bound
form, which accumulates on DNA, and that this species has an
unexpected long half-life of ~5 (*1) minutes (Fig. 7D). Further-
more, we saw that ADP-Rad51 binds along the entire length of the
DNA, but that these filaments are barely extended. Electron
microscopy showed that human Rad51 nucleoprotein filaments in
the presence of ATP are extended (=~150%) and active, which is
similar to the active form of RecA nucleoprotein filaments. How-
ever, the inactive Rad51 nucleoprotein filaments, which were
formed after incubation (15 min) with ATP, were condensed and
resembled the ADP-RecA nucleoprotein filament (38). This com-
parison, when taken with the recent finding that human Rad51-
ATP filaments on ssDNA are quickly converted to an inactivated
ADP-bound form that is slow to release ADP (34), supports our
observations and conclusions.

A consequence of having inactivated Rad51 filaments bound
relatively stably to heteroduplex DNA is that the steps of recom-
binational DNA repair subsequent to DNA strand invasion would
be hindered. This consideration explains the requirement for a
catalyst, Rad54, to accelerate dissociation of Rad51 from dsDNA.
Rad51 needs to be cleared from the heteroduplex DNA product
formed during DNA strand invasion, and this task is performed by
the translocating DNA motor protein, Rad54 (25, 39-41). Further-
more, because of its high affinity for dsDNA, in vivo observations
confirm that Rad51 and its homologs associate with undamaged
chromosomes to form dead-end complexes (42). In the case of the
Rad51 homolog, Dmcl, these nonproductive chromosomal com-
plexes are disassembled by Tidl, a Rad54 homolog (26, 42, 43).
Disassembly of Rad51 nucleoprotein filaments occurs by associa-
tion of Rad54 with the end of a nucleoprotein filament segment and
suggests that Rad54 may target ADP-Rad51 nucleoprotein fila-
ments (41); hence, the fact that Rad51-dsDNA filaments being
relatively short and discontinuous both permits and promotes
Rad54-mediated disassembly. Thus, our single-molecule ap-
proaches have revealed unexpected features of Rad51 nucleopro-
tein filament assembly and disassembly that are compatible with,
and explain, the function of other components of the cellular
machinery. They reveal that the behavior of individual nucleopro-
tein filaments of Rad51 [and RecA (24)] resembles mechanistically
the self-assembly of systems such as actin and tubulin (44, 45),
including nucleation requiring multiple protomers; end-biased
bidirectional growth; growth capping; filament stability deter-
mined by liganded state; modulation of stability by NTP hydro-
lysis; and control of both nucleation and growth—one notable
difference, however, is the need for a DNA template to mediate
the self-assembly (46). It should be possible to use our imaging
methods to study more complex aspects of these reactions in real
time without the limitations of traditional ensemble methods.
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Materials and Methods

Single-Molecule Fluorescence Microscopy. All experiments were performed
using an epifluorescence microscope equipped with an optical laser trap as
reported in refs. 21, 22, 24, 25. A 3-channel flow-cell was used for all experiments.
Single-molecule buffer (SMB) consisted of 50 mM TrisOAc (pH 8.0), 15% sucrose,
and 30 mM DTT and was degassed and filtered (0.2 um) before use. The reaction
temperature was 28 °C, and the flow rate was 50 ul/h (linear flow rate ~200
um/s).

For the experiments with fluorescent end-labeled DNA, single DNA molecules
were captured in the first channel of the flow-cell and moved to the second
channel by translating the microscope stage. The second channel contained the
indicated concentrations of Rad51, either 2 mM Ca(OAc); or Mg(OAc),, and either
1 mM ATP or AMPPNP (Sigma). The third channel was used to monitor association
or dissociation, and contained SMB, plus the indicated components. All steps
were continually visualized in real time.

Single-molecule imaging of fluorescent Rad51 nucleoprotein filament forma-
tion and dissociation was performed as follows. First, DNA-bead complexes were
captured using the laser trap. The DNA-bead complexes were stained with
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YOYO-1dye (10 nM final) to visualize the starting length of the DNA molecule.
The YOYO-1-DNA-bead complex was moved laterally to the second channel
containing SMB and either 5 mM Ca(OAc); or Mg(OAc),. This step removes the
intercalated YOYO-1 to prevent interference with Rad51 binding. DNA-bead
complex was moved to the third channel and was incubated with fluorescent
Rad51 in SMB containing either 2 mM Ca(OAc); or Mg(OAc), with 1 mM nucle-
otide cofactor (ATP, AMPPNP, or ADP) for the specified times, after which the
protein-DNA-bead complex was brought back to the second channel for direct
observation. All data were collected on S-VHS tape, digitized and analyzed with
ImageJ (version 1.33u). All linear and nonlinear regression analyses were per-
formed using Prism software (version 4.0 or 5.0, GraphPad).
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