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Essential genome transactions, such as homologous recombination,
are achieved by concerted and dynamic interactions of multiple
protein components with DNA. Which proteins do what and how,
will be reflected in their relative arrangements. However, obtaining
high-resolution structural information on the variable arrangements
of these complex assemblies is a challenge. Here we demonstrate the
versatility of a combined total internal reflection fluorescence and
scanning force microscope (TIRF-SFM) to pinpoint fluorescently
labeled human homologous recombination protein RAD54 interact-
ing with presynaptic (ssDNA) and postsynaptic (dsDNA) human
recombinase RAD51 nucleoprotein filaments. Labeled proteins were
localized by superresolution imaging on complex structures in the
SFM image with high spatial accuracy. We observed some RAD54 at
RAD51 filament ends, as expected. More commonly, RAD54 inter-
spersed along RAD51–DNA filaments. RAD54 promotes RAD51-me-
diated DNA strand exchange and has been described to both
stabilize and destabilize RAD51–DNA filaments. The different archi-
tectural arrangements we observe for RAD54 with RAD51–DNA fil-
aments may reflect the diverse roles of this protein in homologous
recombination.
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To understand how proteins cooperate to perform elaborate
genome transactions, we need to know how they are arranged

relative to each other in functional complexes. Determining the
structure of such complex and often variable assemblies is a chal-
lenge. The scanning force microscope (SFM) is ideal for visualizing
DNA–protein assemblies under native conditions at a resolution
limited by the radius of curvature of the scanning tip (usually 5–10
nm) (1–3). This method is limited because identification of specific
proteins in heterogeneous assemblies depends on distinct structural
features, whereas most proteins have a similar globular shape.
Molecular recognition in high-resolution SFM images can be ach-
ieved by combining SFMwith a fluorescencemicroscope capable of
single-fluorescence detection (4–6). By labeling individual proteins
or singleDNAmolecules, it is possible to distinguish the position of
different components in a highly resolved complex.
Themultiprotein complexes of homologous recombination (HR)

are an ideal example to establish methods for hybrid microscopy
that can be validated on the basis of known structures and used to
describe unknown arrangements. HR is a mesoscale DNA rear-
rangement process achieved by the coordinated action of several
proteins and used forDNA repair (7, 8). In the core reaction ofHR,
human recombinase RAD51–DNA filaments search and invade
homologous undamaged dsDNA. After strand exchange between
the invading ssDNA and its complement, the homologous strand of
the duplex is used as template for repair synthesis. Genetic and
biochemical evidence show that several mediator proteins, such as
RAD54, are required to regulate RAD51 nucleoprotein filament
function and properly control recombination (7, 9, 10).
The accumulated in vivo and in vitro data on RAD54 function

is consistent with roles for this protein in HR before, during, and
after synapsis (ie, at almost every step of the reaction). Many of
the likely roles of RAD54 involve interaction with RAD51–DNA

filaments. Interaction between Rad54 and Rad51 are function-
ally important both in yeast (11) and in humans (12). The
dsDNA-dependent ATPase activity of Rad54 (13, 14) is en-
hanced by Rad51–DNA complexes (13). Depletion of RAD54 in
mammalian cells results in abnormal distribution of RAD51 on
chromosomes (15), and RAD54 ATPase activity is associated
with protein turnover in DNA repair foci (16). Oligomers of
yeast Rad54 have been observed at the end of Rad51–dsDNA
filaments by electron microscopy (EM) (17), leading to the
suggestion of processive Rad51-filament dissociation by a trans-
locating Rad54 complex to set the stage for downstream events
(18). However, other arrangements are possible and may be
important for mediating HR.
To understand the multiple and sometimes conflicting roles of

RAD54 in HR, we determined the relative position of RAD54
and RAD51 proteins bound to DNA. Using a hybrid total in-
ternal reflection fluorescence (TIRF)-SFM microscope, we re-
vealed the structure and composition of higher-order DNA–
protein complexes under native conditions. Notably, using this
approach, we detected different arrangements of human RAD54
commonly interspersed among RAD51 filament patches on
dsDNA and interacting at multiple sites with RAD51–ssDNA
presynaptic filaments. The differential arrangements of the pro-
tein components may provide the basis for different functions of
RAD54 in controlling RAD51 activity.

Results
Locating Specific Proteins in Complex Assemblies on DNA by Hybrid
TIRF-SFM Microscopy. To identify RAD54 proteins in RAD51–
DNA complexes, we used a hybrid TIRF-SFM system (6) capable
of single-fluorophore detection and nanometer-scale topography
of the same sample (Fig. 1). Our experimental approach was to
formRAD51 filaments on linear dsDNA and ssDNA in conditions
that inhibited ATPase activity (ATP-Ca2+) (19). The filaments
were incubated with biotinylated RAD54 that was subsequently
labeled with streptavidin, Alexa Fluor 633 conjugate (AF633-
streptavidin). Efficient and practical use of a hybrid TIRF-SFM
system for single-molecule studies requires a suitable substrate for
both techniques. Samples must be deposited on a surface that is
transparent for optical imaging with roughness less than the size of
the object to be analyzed (6). We found that a thin layer of mica
glued to a thin coverslip was sufficiently flat, transparent, and thin
enough for the working distance of our TIRF objective.
Hybrid microscopes present the common challenge of regis-

tering different types of data. The software provided with our
SFM microscope permitted a straightforward combination of
the different images but with registration accuracy below that
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needed for nanometer precision localization (6). We have pre-
viously described the use of fluorescent fiducials for image reg-
istration (6, 20). Here, additional software routines were
developed and validated for consistent accurate and convenient
image registration. DNA–protein complexes were observed by
TIRF and SFM, and both images were registered for accurately
localizing labeled RAD54 relative to the end of the RAD51–
dsDNA and RAD51–ssDNA filaments.

Image Processing to Accurately Map Fluorophores onto Topography.
Precise determination of the number and position of single-
fluorophore molecules in molecular complexes with nanometer
dimensions requires proper data acquisition and dedicated an-
alytical tools. Acquisition of TIRF images consisted of taking 300
sequential frames (exposure time, 300 ms) from the same area.
This had a threefold purpose: to increase the signal-to-noise
ratio, correct for potential drift during the acquisition procedure,
and extract intensity traces over time from selected regions. This
stack of images was used to create a maximum-intensity com-
posite image that allowed calculation of a background image and
identification of the regions of interest (ROIs) (Fig. S1). SFM
images were acquired by scanning large areas of 35 × 35 μm
(4,096 × 4,096 pixels) at a line rate of 0.2 Hz. This imaging
procedure avoided image distortion cause by piezo hysteresis,
and drift in the stage was undetectable (Fig. S2). We developed
custom software in MATLAB that permits fully controlled
analysis of the TIRF-SFM data (see flowchart illustrating the
procedure in Fig. 2). The algorithm has three differentiated
goals: localizing the position of the fiducials and the sample from
the fluorescence signals, image registration of TIRF and SFM
images, and quantification of the amount of fluorescence for
each ROI.
For determining the position of fluorescent signals on struc-

tures defined by topography, we needed to know how certain the

position and registration were. Our instrument offered the
unique possibility of assessing the accuracy of these measure-
ments. Fiducial position calculated from TIRF images could be
compared with the reference position in the SFM image. The
difference in these quantities defined the error. The uncertainty
is expressed by the SD. Locations of fiducials and RAD54
molecules from the optical image (Fig. 2A and Fig. S1) were
calculated as follows: The signal of the first 10 consecutive
frames was accumulated (3 s total exposure time) in a single
frame. From each ROI, the mean of the intensity distribution
was calculated after fitting with a 2D Gaussian function by
nonlinear least-squares method. This operation was repeated
with the next 10 consecutive frames until frame 291, generating
a cluster of successful positions per ROI (SD < 200 nm and
coefficient of determination, R2 > 0.9). Finally, from each ROI,
both from the fiducials and RAD54, the centroid of the cluster
(x, y ± SD optical) was estimated from a normal fitting. For
examples with multiple RAD54 molecules along RAD51–
ssDNA filaments, we increased resolution by analyzing each 0.3-
s-exposure frame in the fitting procedure and reduced the
threshold for position identification (SD < 200 nm and co-
efficient of determination, R2 > 0).
Image registration of TIRF and SFM images (Fig. 2B and Fig.

S3) was achieved by matching the “optical” centroid with the
“topographic” center of mass of the fiducials (A, B, and C in Fig.
2B), using a global least-squared transformation (21). The gen-
erated matrix contained the scaling (S) and translation factor (T)
in the x and y axis that was necessary for localizing the unknown
sample (Fig. 2 B and D). The uncertainty associated with this
mapping (σregistration) was calculated by leaving out a single fi-
ducial at a time and calculating a map with the rest, as described
in ref. 22. Finally, we quantified the number of fluorophores per
ROI by using the stepwise photobleaching of single fluorophores
(Fig. 2C and Fig. S1C). Individual frames were corrected for
background and ROIs selected, as performed previously. From
each ROI, the intensity (N) trace over time was extracted. In-
tensity variations were estimated by a step-fitting algorithm (23,
24), and the intensity of a single fluorophore was defined as the
average step size for each ROI. This number (ΔN) divided by the
maximum N in the ROI represents the estimated number
of fluorophores.

Proof of Concept: Find a Single Fluorophore at One DNA End. To
validate our method, we imaged a 1-kbp dsDNA fragment la-
beled with a single fluorophore attached to one strand at the 5′
end. Fluorescent polystyrene beads, 40 nm in diameter, were
used as fiducials. The sample was first illuminated with a 633-nm
laser to excite the Alexa 647 fluorophore on DNA, and the
emission images were collected as a stack of 300 frames. After
that, the fiducials were excited with a 488-nm laser, and another
image stack with the same number of frames was collected. Then
the same area was scanned with the SFM. Centroid position
from the DNA-end fluorophore and from the fiducials was cal-
culated and registered with the SFM image, as mentioned ear-
lier. DNA fragments in the SFM images measured 335 ± 53 nm

Fig. 1. TIRF-SFM microscopy localizes RAD54 protein on RAD51–DNA fila-
ments. Schematic representation of the set-up; the sample, RAD54–dsDNA–
RAD51 complex, is on a transparent and flat substrate made of mica and
glass. The sample is first imaged with the TIRF system situated below and
then scanned with the SFM. The resulting images, fluorescence (in color)
and topographic (in black and white), are then registered (overlaid). White
arrow indicates one fiducial fluorosphere; the three red spots are, from top
to bottom, a cluster of RAD51–DNA filaments associated via a large globular
RAD54 structure, a RAD51–DNA filament with a large globular RAD54
structure, and a RAD51–DNA filament with RAD54 interspersed, re-
spectively. (Scale bar, 500 nm.)

Fig. 2. Accurate image processing of TIRF-SFM
images requires versatile software tools. Flowchart
describing the procedure followed for data analysis
divided in three steps. (A) Pointillistic determination
of the position of fiducials and RAD54 from the
fluorescence signals. (B) Registration of fluorescence
and topographical coordinates by global least-
squared transformation. (C ) Quantification of the
fluorescence signal with a step-fitting algorithm.
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(SD) in length without any notable additional structural features
(Fig. 3). Large, 40-nm-high objects corresponding to the fiducials
were clearly identified in positions not interfering with the DNA
sample in the SFM image. Fiducial coordinates in the optical
image were determined with an average uncertainty of 3.3 ± 0.75
nm (SD) in x and 3.9 ± 1.5 nm (SD) in y. The coordinates of
fluorescent signal from the DNA were determined with an av-
erage uncertainty of 6.3 ± 4.1 nm (SD) in x and 5.8 ± 4.6 nm
(SD) in y (Fig. 3 D and E). The smaller uncertainty in fiducial
localization was a consequence of the higher number of photons
collected from these very bright objects. The position of fluo-
rophores relative to the DNA molecules was plotted as a two-
color cross overlaid on the SFM image representing the regis-
tration uncertainty in x (yellow) and y (red), (Fig. 3 A–C). These
calculated positions registered well to one end of the DNA
molecules in the SFM topographic image. To determine the
actual error in localizing the fluorophores, we measured the
distance between the fluorescent signal centroid and the closest
end of the matched DNA fragment (Fig. 3 A–C green line). The
averaged error for 80 molecules was 53 ± 57.5 nm (SD) (Fig. 3F).
We also extracted the intensity traces from 144 ROIs corre-
sponding to singly labeled DNA molecules. After applying the
described procedure for intensity analysis, we estimated the
number of fluorophores per ROI with an average of 1.4 ± 0.6
(SD) (Fig. S4A). This fractional number reflects the averaging
procedure applied for the calculation of the step size in each
ROI (ΔN).

Human RAD54 in Expected and Unexpected Locations Along the
RAD51 Filament. EM imaging could distinguish the large struc-
ture of oligomeric ScRad54 at the end of Rad51–dsDNA fila-
ments (17). However, possible association of Rad54 with Rad51
filaments that will not change their overall dimensions would not
have been detected by this method. We chose this protein–DNA
complex, RAD54 in association with RAD51–DNA filaments, to
investigate the relative arrangement of these two proteins with
dsDNA and ssDNA. For this, we first developed a convenient
method for labeling RAD54 without significantly disturbing its
biochemical activities (Fig. S5). Human RAD54 was expressed
with an AviTag sequence (25), biotinylated in vivo, and purified.
AF633-streptavidin was used for localization of biotinylated
RAD54. Image analysis from samples of AF633-streptavidin
alone was used to determine the degree of labeling, which was on
average 2.7 dye molecules per streptavidin. We analyzed the
intensity trace of 740 ROIs from isolated AF633-streptavidin
molecules and, after applying the described procedure, estimated
the number of fluorophores per streptavidin to be higher than

one and lower than five in 93% of the cases (Fig. S4B). In-
corporation of biotin in RAD54 protein was confirmed by spe-
cific interaction with streptavidin-coated magnetic beads (Fig.
S5A). The biotinylated protein maintained dsDNA-dependent
ATPase activity (Fig. S5B); it is stimulated by dsDNA partially
coated with RAD51 (Fig. S5C), and it stimulated DNA strand
invasion activity of RAD51 (Fig. S5D). We have shown pre-
viously by SFM that RAD54 oligomerizes in the presence of
dsDNA (26). This activity was used to monitor the detection of
biotinylated RAD54 with AF633-streptavidin by quantifying the
number of DNA–RAD54 complexes with fluorescent signal.
RAD54–DNA complexes labeled with AF633-streptavidin were
deposited on a mica-glass substrate and visualized by TIRF-SFM
(Fig. 4). The efficiency of RAD54 identification was more than
78%; 37 of 47 complexes visualized by SFM also contained
fluorescent signal observed in the TIRF image.
The position of RAD54 associated with RAD51–dsDNA or

RAD51–ssDNA filaments was determined. RAD51–DNA fila-
ments were assembled on DNA in the presence of ATP-Ca2+.
In this condition, ATP hydrolysis by RAD51, but not that of
RAD54, is inhibited, increasing the stability of the filaments
(1, 19, 27). RAD54 (1:30 ratio, protein monomers per bp or nt)
was then added. Finally, AF633-streptavidin was included in
the reaction and the RAD51–DNA–RAD54–AF633-streptavidin
complexes were visualized by TIRF-SFM (Fig. 5). The centroid
position of the fluorescent signal from AF633-streptavidin
was determined and mapped over an SFM image of the same
visualized area. The complexes in the SFM image that also showed
fluorescence were classified into three types on the basis of ap-
pearance (Fig. 5 A–C for RAD51–dsDNA and Fig. 5 D–F for
RAD51–ssDNA). Class 1 were filaments with a large globular
structure at one end, class 2 were collapsed filaments or clusters
associated via a large globular structure, and class 3 consisted of
isolated filaments without any special terminal structure. In the
case of RAD51–dsDNA filaments, only a minority of complexes
(four of 52 complexes visualized in a total of 15 images from five
different experiments) had a fluorescent RAD54 signal associated
with a distinct larger structure at the end of the filament (class 1)
similar to those observed previously by EM (17) (Fig. 5A). The
size of this oligomeric RAD54 was similar to that observed on
dsDNA alone (Fig. 4). In the somewhat more prevalent class 2
complexes (38% of the filaments with associated fluorescence),
the fluorescent signal was associated with large structure that held
several filaments together (Fig. 5B). The fluorescence intensity
correlates well (r = 0.8, Pearson coefficient) with the measured
volume of the structure. Unexpectedly, the majority of filaments
with associated fluorescence (54%, class 3) had a regular shape

Fig. 3. TIRF-SFM microscopy localizes single fluorophores in
topographic images of small DNA fragments. (A–C) Three
examples of localization of a single fluorophore at one end of
a DNA molecule after TIRF-SFM imaging and analysis. The two-
color crosses overlaid on the SFM images (300 × 300 nm) repre-
sent the registration uncertainty in x (yellow) and y (red) gen-
erated by the sum in quadrature of σoptical(xy) (D and E) and the
SD of the mapping procedure (σregistration). Yellow lines represent
the measured error between the calculated position of the flu-
orophore and the actual position of the DNA end, as determined
by SFM. (D and E) Distribution analysis of the SD (σoptical(xy)) in x
and y coordinates after analyzing the optical images. (F) Distri-
bution analysis of the measured error (green lines); red lines are
normal fitting to the histograms with average μ.
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that is typical of RAD51 alone, indicating RAD54 dispersed
among RAD51 in the filaments.
The topographic images of these complexes were indistin-

guishable from RAD51–dsDNA filaments formed in the absence
of RAD54 (Fig. 5C). The filaments including RAD54 measured
470 ± 96 (SD) nm, indicating that the 1-kbp DNA fragment was
stretched by the expected 50% after RAD51 polymerization and
that it was comparable to the length of filaments without asso-
ciated fluorescence [496 ± 97 (SD) nm]. Adding AF633-strep-
tavidin to RAD51 filaments in the absence of RAD54 did not
show any associated fluorescence (113 filaments analyzed), in-
dicating the fluorescent signal was specific for RAD54. The po-
sition of RAD54 was determined with an average uncertainty of
61 ± 17 (SD) nm in x and y and was found at any place along the
filaments. The number of fluorophores per filament ranged be-
tween one and four in 27 of the 28 complex of class 3; the
remaining filament had eight fluorophores, indicating the pres-
ence of more than one RAD54 monomer. The distribution of
classes did not change on glutaraldehyde fixation; here also the
median number of fluorophores from 32 class 3 filaments was 4.5
(Fig. S4C). These data, together with the absence of a significant

increase in the size of the filaments compared with no-RAD54
conditions, indicated that only one or a few monomers of RAD54
were present and apparently interspersed among RAD51s in the
filament on dsDNA.
With ssDNA, the arrangement of RAD54 with RAD51 fila-

ments showed a very different spectrum of complexes. Most of
the complexes (154 of 209 visualized in a total of seven images
from two different experiments) with fluorescence signal were
small in size (smaller than 200 nm) and difficult to assess. Cross-
linking of the complex with glutaraldehyde increased the number
of bigger complexes (205 of 417 visualized in a total of 15 images
from four different experiments) without having an effect on the
distribution of the different classes. In general, filaments were
more irregular [as observed previously by SFM (1)], reflecting
the different binding mode of RAD51 with dsDNA and ssDNA.
However, we could classify them in equivalent groups. Elongated
complexes with a distinguishable structure with associated fluo-
rescence at one of the ends represented 18% of the total (Fig.
5D). Almost half of the complexes (45%) appeared as class 2
(Fig. 5E). The remaining complexes (37% class 3) were elon-
gated, similar to the RAD51–dsDNA class 3. The RAD51–
ssDNA class 3 complexes had pronounced irregularities along
the axis (Fig. 5F) if compared with no-RAD54 conditions.
Fluorescence analysis of class 3 revealed the localization of
multiple RAD54 proteins distributed along the filament. The
median number of fluorophores per filament was six (Fig. S4C).
In conclusion, more RAD54 proteins were associated with
RAD51–ssDNA filaments than with RAD51–dsDNA filaments.
The interaction was multiple and found along the filaments, which
favored higher-level interactions between presynaptic complexes
and RAD54.

Discussion
The different positions of RAD54 associated with RAD51 fila-
ments we observed suggest multiple mechanisms for controlling
RAD51 recombination activity. Our results show that RAD54
interacts differently with RAD51–dsDNA and RAD51–ssDNA
filaments: RAD54 is present at a single location along the

Fig. 4. Biotinylated RAD54 oligomerizes on supercoiled dsDNA. Visualiza-
tion of bioRAD54- circular dsDNA complex. The overlay of the TIRF and SFM
images highlights the presence of RAD54 (red signal) in the protein complex
after labeling with AF633-streptavidin. Overlay made with JPK Image Pro-
cessing software. (Scale bar, 500 nm.)

Fig. 5. TIRF-SFM imaging reveals different binding modes of
human RAD54 on dsDNA and ssDNA RAD51 nucleofilaments.
(A) Three-dimensional view of a class 1 RAD51–dsDNA–RAD54
complex imaged by SFM (Upper, 1 × 1 μm) and localization of
fluorophores after TIRF-SFM imaging and analysis (Lower). The
two-color crosses overlaid on the SFM images represent the
registration uncertainty in x (yellow) and y (red). (B) Three-di-
mensional view of a class 2 RAD51–dsDNA–RAD54 complex and
localization of fluorophores. (C) Class 3 complexes visualized as
described earlier. The 3D view of this kind of filaments shows
a regular shape. However, the fluorescence signal reveals the
position of RAD54 interspersed among RAD51 in the filament
on DNA. (D) Class 1 RAD51–ssDNA–RAD54 complex imaged by
SFM (Upper, 0.5 × 0.5 μm) and localization of fluorophores
after TIRF-SFM imaging and analysis (Lower). (E) Class 2
RAD51–ssDNA–RAD54 complex. (F) Class 3 RAD51–ssDNA–
RAD54 complex.
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RAD51–dsDNA filaments, often intercalated as one or a few
monomers, perhaps between the discontinuous RAD51 filament
patches (28, 29). We present unique structural information on
the architecture of RAD54 in complex with RAD51–ssDNA
filaments. This revealed that RAD54 interacts at multiple posi-
tions along the RAD51–ssDNA filament, using the same-length
DNA, possibly indicating that the RAD51 domain interacting
with RAD54 is accessible at more positions along the nucleo-
protein filament formed on ssDNA. We used TIRF-SFM, an
imaging system that combines nanometer resolution with color
identification of single molecules, to reveal structural features
of the RAD51–DNA–RAD54 complexes inaccessible with
other techniques; overall arrangement, length/size, position of
marker, and protein identification are correlated directly on
the same sample.
One of our goals was to develop tools that would make TIRF-

SFM as accessible as any of the individual techniques for use in
more laboratories. We developed a reproducible and versatile
use of the hybrid TIRF-SFM system for single-molecule studies
based on three fundamental concepts. First, flatness and trans-
parency of the sample, which we achieved by gluing a few layers
of mica to a thin glass coverslip (6, 20). The advantages over
using only glass (4, 30) or only mica (5) are the improved visi-
bility of DNA and mechanical stability, respectively. Second,
image registration with nanometer resolution requires nanome-
ter-size fiducial markers unrelated to the analyzed molecules.
Fluorescent beads have these features, with a shape and size
distinguishable from DNA–protein complexes. Registration un-
certainty is smaller, using smaller objects such as quantum dots
(5). However, because of the heterogeneous emission signal (6,
31) and size similar to many proteins, quantum dots are unreli-
able fiducials for the study of the DNA–protein complex. Third,
identification and analysis of molecules labeled with single flu-
orophores from TIRF-SFM images requires open software tools
that combine superresolution approaches with image registration
routines that can be adapted to particular situations. We de-
veloped a software package that localizes the fluorescent signal
of labeled proteins by fitting individual point-spread functions of
each fluorophore (32). To increase the accuracy of the method,
low-quality fits are rejected (33). The average position of the
resulting fittings with low uncertainty (∼3 nm for the fiducials
and ∼6 nm for DNA or proteins) was used for registration in the
SFM image (21). This time-lapse acquisition of data also allows
determining the number of labeled molecules with appropriate
control samples and calibration by counting fluorophores per
ROI (24).
RAD54 has multiple functions mediating RAD51 strand ex-

change activity, supported by numerous biochemical and in vivo
experiments (as reviewed in ref. 34). RAD54 facilitates DNA
strand exchange between a RAD51 presynaptic filament on
ssDNA and a homologous dsDNA partner (35) (Fig. S5D). Al-
though the detailed molecular mechanism of this remains un-
known, several possibilities based on biochemical and cell
biology behavior of RAD54 include RAD51–ssDNA filament
stabilization by RAD54 in a manner independent of RAD54
ATPase activity; RAD54 ATPase-driven translocation along
target dsDNA, inducing topology changes that favor strand in-
vasion; and RAD54 ATPase activity clearing RAD51 that is in-
appropriately bound to dsDNA. Furthermore, in a postsynaptic
stage, after dsDNA invasion has taken place, RAD54 likely
removes RAD51 from the joint molecule to provide access for
DNA polymerase (34).
These diverse activities could result from diverse RAD54–

RAD51–DNA complexes in which the components are arranged
differently, as we observe. Here we propose possibilities for
functions consistent with the different complexes we observe. In
class 1 RAD51–dsDNA complexes, oligomeric RAD54 is at the
end of the filaments in agreement with previous results using EM
(17). This arrangement would be useful after strand exchange in
which RAD51/RAD54 are bound to the dsDNA product of HR.
The oligomeric RAD54 as an active ATPase on dsDNA could

enhance RAD51 dissociation (36, 37). This role is supported by
the observation that dissociation of RAD51 from chromatin is
impaired in cells expressing ATPase-defective RAD54 (16).
However, the same arrangement with RAD54 oligomers as-
sociated at the end of RAD51 filaments on ssDNA is consistent
with ATPase-independent filament stabilization described in
vitro because RAD54 ATPase activity is not stimulated by
ssDNA. Stabilization of presynaptic filaments is consistent with
the in vivo observations that although RAD51 accumulation
at DNA damage is attenuated in cells lacking RAD54 protein,
it is normal in cells expressing ATPase-defective RAD54 (16).
The ssDNA filament-associated RAD54 oligomers maybe func-
tional on encounter with target dsDNA to potentially facilitate
homology search.
We interpret class 2 complexes, both with dsDNA and ssDNA,

as RAD54-mediated association of multiple filaments or differ-
ent regions of the same filament. This could reflect nonspecific
interactions, but we favor the idea that it is a result of specific
self-interaction of RAD54s, some of which are bound to DNA
and RAD51. Because oligomers are the form of the protein that
translocates on dsDNA and can change DNA topology (17, 26,
38–40), we speculate that association of filament-bound RAD54
could promote ATP-dependent movement of linked presynaptic
filaments and target dsDNA to facilitate homology search or
strand exchange.
The most common arrangement we observed was RAD51

filaments with one or a few RAD54 monomers intercalated
along the filaments (class 3 complexes). This arrangement could
not have been detected by the previous EM experiments. One
possibility is that this particular association of RAD54 with
RAD51 filaments is DNA-dependent. The amount of RAD54
associated with RAD51–ssDNA and dsDNA complex would
then reflect filament formation as incomplete patches, as pre-
viously described based on the nucleation and extension rates of
RAD51 (29, 41). This proposed arrangement of one or few
RAD54s adjacent to a RAD51 filament patch end is consistent
with an ATPase-independent role stabilizing RAD51 filaments
(42). RAD54 interacts with RAD51 independent of DNA (12).
DNA-independent interaction possibly accounts for the associ-
ation of RAD54 with RAD51 filaments. In this case, more
RAD54 associated with RAD51 filaments on ssDNA could in-
dicate that the interaction domain is exposed more often when
bound to ssDNA. If RAD54 in class 3 complexes associated
along filaments become nucleation sites for RAD54 oligomer
formation, then ATP-dependent roles in RAD51 disassembly,
homology search, or strand exchange as indicated earlier also
could develop from this form.
Architecturally diverse arrangements among components of

protein–DNA complexes can allow the same mediators to affect
reactions inmultiple ways. The TIRF-SFMapproach we described
here is ideally suited to explore the generality of this concept.

Materials and Methods
Sample Preparation for TIRF-SFM Visualization. DNA–protein complexes were
visualized as follows. RAD54 was incubated with circular dsDNA M13mp18
RFI (1:50 ratio, protein per bp) in buffer containing 20 mM Hepes·KOH (pH
7.5), 10 mM KCl, 10 mM MgCl2, and 2 mM ATP. After incubation at 30 °C for
10 min, glutaraldehyde was added to a final concentration of 0.1%, fol-
lowed by additional incubation at 30 °C for 5 min. After quenching glutar-
aldehyde with Tris·HCl (10 mM at pH 7.5), complexes were labeled with
AF633-streptavidin (1:25 ratio, RAD54 per streptavidin). Unbound label was
separated by size-exclusion chromatography.

Nucleoprotein filaments, RAD51-coated DNA, were made by incubation of
a PCR fragment of 1,000 bp (or nt) and human RAD51 in the presence of ATP-
Ca2+, as previously described (28). Briefly, DNA (1.5 μM in bp or nt) were
incubated in binding buffer (Tris·HCl at pH 7.5, 60 mM KCl, 2 mM CaCl2,
1 mM DTT, and 1 mM ATP) with RAD51 (1 μM) for 5 min at 30 °C. RAD54
(0.03 μM) or buffer was then added and incubated for 5 min more. Where
indicated, glutaraldehyde was added to a final concentration of 0.1%, fol-
lowed by additional incubation at 30 °C for 5 min and quenching with
Tris·HCl (10 mM at pH 7.5). Finally, the labeled streptavidin (0.75 μM) was
added and incubated for an additional 5 min. Labeled protein–DNA binding
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reactions were fractionated on a Sepharose CL-4B (Sigma) column equilibrated
with binding buffer. Fractions (30 μL) were collected drop-wise in a 96-multi-
well plate and imaged with a Typhoon Trio scanner (GE Healthcare). Images
obtained were analyzed with ImageQuant version 5.2 (Molecular Dynamics).
Fractions containing only fluorescent streptavidin were discarded. Fractions
containing DNA–protein complexes were diluted in 10 mM Hepes·KCl at pH
7.5, 2 mM MgCl2 buffer with 3 pM TransFluospheres. Samples were deposited
on freshly cleaved mica (muscovite V-1 quality, from Electron Microscopy Sci-
ence) mounted on glass coverslips (24-mm round from Menzel-glazer, thick-
ness 000), after eliminating autofluorescence by reduction with a drop of
sodium borohydride (43) (0.25% wt/vol) for 20 min at room temperature, as
previously described (6, 20). After 1 min, the sample drop was rinsed with
MilliQ water and dried with filtered air. Labeled DNA was visualized by in-
cubating 1 ng of the PCR product in deposition buffer (10 mM Hepes·KCl at
pH 7.5, 2 mM MgCl2) with 3 pM TransFluospheres, as described earlier.
Description of proteins and DNA substrates can be found in SI Materials
and Methods.

TIRF-SFM Setup. Samples were observed with a Nikon TE 2000U microscope.
Excitation source beams at 488 and 633 nm (Melles Griot) were used for TIRF
illumination through a Nikon 100× (NA 1.45) oil objective. Fluorescence
emission was collected by the objective, passed through a Z488/647rpc Dual
Laser filter (Chroma), one for each excitation source. Back reflection from
the lasers was eliminated further by 405/488/557/640-nm StopLine quad-notch

filter (Semrock). Imaging was performed with a Cascade II:512B EMCCD
camera (Princeton Instruments) driven by MetaMorph 6.3.r3. Scanning force
microscopy was done with a NanoWizardII scanner (JPK Instruments) mounted
on the fluorescence microscope, as previously described (6, 20). Air-dried
samples were scanned in intermittent contact mode (air). Silicon Tapping/
Non-Contact Mode tips 125 μm in length with a spring constant of 25–75
N/m were from Applied Nanostructures. Drive frequency of the cantilevers
used was on average 300 kHz. Correlation of fluorescence and topographic
images was accomplished first by the JPK DirectOverlay software and then
refined to nanometer accuracy ,as described in Results.

Data Analysis. Stacks of frames were acquired with MetaMorph 6.3.r3 soft-
ware and processed with ImageJ and MATLAB 7.12. Analysis was performed
with custom-made software written in MATLAB (available at http://cluster15.
erasmusmc.nl/TIRF-SFM-scripts).
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