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ABSTRACT

Rad51 and Rad54 are key proteins that collaborate
during homologous recombination. Rad51 forms a
presynaptic filament with ATP and ssDNA active in
homology search and DNA strand exchange, but the
precise role of its ATPase activity is poorly under-
stood. Rad54 is an ATP-dependent dsDNA motor
protein that can dissociate Rad51 from dsDNA, the
product complex of DNA strand exchange. Kinetic
analysis of the budding yeast proteins revealed that
the catalytic efficiency of the Rad54 ATPase was
stimulated by partial filaments of wild-type and
Rad51-K191R mutant protein on dsDNA, unambigu-
ously demonstrating that the Rad54 ATPase activity
is stimulated under these conditions. Experiments
with Rad51-K191R as well as with wild-type
Rad51-dsDNA filaments formed in the presence of
ATP, ADP or ATP-c-S showed that efficient Rad51
turnover from dsDNA requires both the Rad51
ATPase and the Rad54 ATPase activities. The
results with Rad51-K191R mutant protein also
revealed an unexpected defect in binding to DNA.
Once formed, Rad51-K191R-DNA filaments
appeared normal upon electron microscopic
inspection, but displayed significantly increased
stability. These biochemical defects in the
Rad51-K191R protein could lead to deficiencies in
presynapsis (filament formation) and postsynapsis
(filament disassembly) in vivo.

INTRODUCTION

Homologous recombination (HR) is a template-
dependent, high-fidelity DNA damage repair and

tolerance pathway that negotiates complex DNA
damage, such as double-stranded DNA breaks (DSBs),
gaps, and interstrand crosslinks, as well as stalled or
collapsed replication forks (1–4). Defects in HR lead to
sensitivity to genotoxic agents and genomic instability
(1,5).

The process of HR can be conceptually divided into
three stages. In presynapsis, the lesion is processed to a
single-stranded DNA (ssDNA) intermediate. In vivo,
ssDNA is likely bound by the ssDNA-binding protein
RPA, requiring mediator proteins, such as Rad52 and the
Rad55-Rad57 heterodimer, to allow formation of the
presynaptic filament of Rad51-ATP-ssDNA (6–9). During
synapsis, the presynaptic filament mediates homology
search and DNA strand invasion to form a joint molecule
or D–loop (10). In postsynapsis, Rad51 is assumed to
dissociate from the product heteroduplex DNA to allow
DNA synthesis from the invading 30 end. After DNA
synthesis, different sub-pathways (Synthesis-Dependent
Strand Annealing, DSB Repair) generate contiguous
chromosomes (2).

Rad51 and Rad54 are two key proteins in HR (1). Like
RecA, Rad51 forms a helical filament on DNA in the
presence of ATP and catalyzes homology search and
DNA strand invasion (10–13). This reaction produces
heteroduplex DNA, a central recombination intermediate.
DNA-binding and DNA-strand exchange activity by
budding yeast Rad51 in vitro requires ATP-binding but
not ATP hydrolysis as revealed by the analysis of mutants
in the invariant lysine residue within the Walker
A box (K191 in budding yeast), as well as by using slow
or non-hydrolyzable ATP analogs (10,14–19). However,
in vivo ATP hydrolysis appears to be required for protein
function (20). Saccharomyces cerevisiae Rad51-K191R
encodes a protein that can presumably bind ATP,
although this was never directly demonstrated, but not
hydrolyze ATP (14). The mutant protein when expressed
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at native levels in haploid cells conferred severe sensitivity
to IR and a DSB-repair defect (20). Similarly, the
equivalent RecA mutant (RecA-K72R) cannot comple-
ment the UV sensitivity of a RecA-deficient strain (21,22).
Other ATPase defective RecA mutants show less severe
defects in vivo (23,24). When expressed at high levels,
budding yeast Rad51-K191R complements the MMS- and
IR-sensitivity of a Rad51-deficient strain to near comple-
tion (14,20). The importance of ATP hydrolysis for the
in vivo function of RecA-like proteins is underlined by the
dominant-negative effect exerted by the equivalent human
Rad51-K133R mutant protein when expressed in mouse,
chicken or human cells (25–28). The in vitro and in vivo
results regarding the requirement of ATP hydrolysis for
Rad51 (RecA) function present an apparent contradic-
tion. However, in vitro DNA strand invasion assays
typically sidestep the requirement for product release by
Rad51 (or RecA), which is achieved by SDS/proteinase K
treatment. Indeed, biochemical and electron microscopic
analysis of the human Rad51 protein showed that Rad51-
DNA complexes are stabilized under conditions that
inhibit ATP hydrolysis (15,16), suggesting a need of ATP
hydrolysis for Rad51 turnover from dsDNA. Also
experiments with RecA protein have demonstrated the
need for ATP hydrolysis to release the heteroduplex
product (19). These experiments suggest that ATP
hydrolysis by Rad51 is needed to enhance filament
dynamics.

Rad54 protein is a member of the Swi2/Snf2 family
of dsDNA-dependent ATPases (29,30) and processively
translocates along the dsDNA lattice at up to
300 bp/sec (31). Deletion of the RAD54 gene in budding
yeast confers as strong a mitotic recombination defect
or IR sensitivity as a deficiency in the RAD51 gene
(1,32). In vivo function of Rad54 protein is largely
compromised in the rad54-K341R mutant, which
encodes a mutant Rad54 protein that is defective in
ATP hydrolysis (33–36). Rad51 and Rad54 act in a
single molecular pathway and physically interact (37–
39). Rad54 was found to stabilize Rad51-ssDNA
filaments in the presynaptic phase of recombination in
an ATPase-independent fashion (40–42). Rad54 also
stimulates DNA strand exchange at the synaptic stage
(35,43–46). The mechanism of this stimulation is not
fully understood but requires the motor function of
Rad54 and depends on its ATPase activity. Possible
mechanisms include the sliding of the target dsDNA
during homology search, opening the target dsDNA by
translocating on duplex DNA, or removing Rad51 from
dsDNA that inhibit Rad51-mediated DNA strand
exchange (29,30). Moreover, Rad54 was demonstrated
to be able to remodel nucleosomes in vitro, although no
effect of Rad54 on nucleosome positioning during DSB
repair has been identified in budding yeast (42,47–49).
During postsynapsis, Rad54 was shown to enhance
branch migration during DNA strand exchange (50,51),
but it is unclear whether Rad54 acts as a junction-
specific motor protein like RuvB in bacteria (52).
Overexpression of Rad54 leads to a decrease in
conversion tract length (53) not increase as predicted,
if Rad54 were to drive branch migration.

Genetic analysis suggests that Rad54 acts at a step after
Rad51 protein, consistent with cytological data showing
that RAD54 is not required for Rad51 focus formation
(54–58). Together with data from chromatin immuno-
precipitation experiments (59,60), these results suggest
that the critical function of Rad54 is either during synapsis
or postsynapsis but the results are not able to distinguish
between both possibilities. Since Rad54 is a dsDNA motor
protein that interacts with Rad51, we have focused on
the interaction between Rad54 and the Rad51-dsDNA
filament (61). We discovered that Rad54 remodels the
Rad51-dsDNA filament, resulting in the dissociation of
Rad51 from dsDNA (41). Using electron microscopic
analysis, Rad54 was found to preferentially localize to one
terminus of the Rad51-dsDNA filament, consistent with
Rad54 translocating along dsDNA and then docking at
the end of the Rad51 filament or directly binding the
filament end from solution (62). These data support a
model, in which Rad54 acts as a turnover factor for the
Rad51-heteroduplex DNA product complex, resulting in
product release by Rad51 to allow access of the DNA
synthesis machinery to the invading 30 end. This model
also rationalizes significant differences between RecA and
Rad51. RecA exhibits �200-fold higher ATPase activity
on dsDNA and releases from DNA after ATP hydrolysis,
whereas Rad51 appears to be much less dynamic
in filament assembly/disassembly (10,15,16,19).
The function of Rad54 as a Rad51 turnover factor is
consistent with the absence of a Rad54 homolog in
bacteria, because RecA is capable of turnover using its
intrinsic ATPase activity.
Here, we analyzed the roles of both the Rad51 and

Rad54 ATPase activities in turnover of the Rad51-dsDNA
filament. The results revealed a number of surprising
features of the S. cerevisiae ATPase-deficient Rad51-
K191R and Rad51-K191A proteins. First, unexpectedly
Rad51-K191A protein bound ATP, albeit with reduced
affinity, similar to human Rad51-K133A (28). Second, the
Rad51-K191R mutant protein displayed a DNA binding
defect. Third, once formed the Rad51-K191R-dsDNA
complexes were exceptionally stable. We demonstrate that
the Rad54 ATPase activity was specifically enhanced in its
interaction with the Rad51-dsDNA filament. Efficient
Rad51 turnover from dsDNA required both the Rad51
and Rad54 ATPase activities. These results show that
Rad51 is not a passive remodeling target of Rad54 and
uncovered an intricate cooperation between the Rad51
and Rad54 ATPase activities in Rad51 turnover.

MATERIALS AND METHODS

Proteins and DNA

Saccharomyces cerevisiae Rad51, Rad51-K191R and
Rad51-K191A proteins were purified after overexpression
in the cognate host (6,10). Rad54 protein was over-
expressed as an N-terminal GST fusion, and the tag was
released by PreScission protease cleavage. The over-
expression of Rad54 and its initial purification by
glutathione-Sepharose 4B (Pharmacia) chromatography
was performed as described (35), except that the
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sodium chloride concentration was changed to 500mM.
After GST-Rad54 protein was bound on the GST-
column, purified PreScission protease, itself a GST
fusion protein, was loaded on the column at an enzyme
to substrate molar ratio of about 1:1. The column was
washed with PBS buffer (140mM NaCl, 2.7mM KCl,
10mM Na2HPO4, 1.8mM KH2PO4) containing 500mM
NaCl to remove unbound protease. Cleavage of the
GST-tag from GST-Rad54 was achieved by sealing the
column outlet, re-suspending the matrix in buffer A
[(20mM Tris–HCl pH 7.5, 1mM EDTA, 10% glycerol,
10mMb-mercaptoethanol, 1mM phenylmethanesulfonyl
fluoride (PMSF, Fluka), 1 mM pepstatin A, 2 mM benza-
midin and 1 mM leupeptin] containing 500mM NaCl, and
incubation for 12 h at 48C (63). The untagged Rad54
was eluted from the column with buffer A. Fractions
containing the untagged-Rad54 were pooled and applied
to a hydroxylapatite (HAP) column. The HAP column
was eluted by a K2HPO4 buffer gradient from 20 to
500mM (containing 500mM NaCl), at a flow rate of
0.3ml/min. The fractions containing Rad54 protein were
collected, concentrated and dialyzed to storage buffer and
stored at �808C as described (35). Single-stranded �X174
virion DNA and double-stranded �X174-RFI DNA were
purchased from New England Biolabs. The 600-bp
dsDNA substrate was prepared by standard PCR
with �X174-RFI template using primer olWDH427
50- TTATCGAAGCGCGCATAAAT-30, and primer
olWDH431 50-GTCTTCATTTCCATGCGGTG-30. The
621 nt ssDNA substrate was prepared by one-sided PCR
from PstI-linearized �X174-RFI using primer olWDH431.
Both DNA substrates were purified using the Qiagen gel
extraction kit. Protein concentrations are given in moles
of monomers, ssDNA concentrations are given in moles of
nts, and dsDNA concentrations are given in moles
of basepairs.

ATP binding assay

Binding was performed in 10 ml reactions in ATPase
reaction buffer [25mM triethanolamine pH 7.5, 1.8mM
DTT, 13mM magnesium acetate and 100 mg/ml bovine
serum albumin (BSA)] containing 2.0mM Rad51,
Rad51-K191R or Rad51-K191A. For each reaction,
ATP from a stock solution spiked with
�30 mCi a-32P-ATP was added to the indicated final
concentration. After incubating 15min at 308C, the
reactions were placed on a piece of parafilm on top of
ice and irradiated at 254 nm in a UV-crosslinker
(XL-1000, Spectronics) at about 10 cm from the light
source. The total exposure intensity was �1260 mJ/cm2.
The reactions were incubated at 1008C for 5min, and
the proteins resolved by 10% SDS–PAGE. The gels
were dried, and analyzed by PhosphoImager and
quantified by ImageQuant software (Molecular
Dynamics, Inc., Sunnyvale, CA, USA). For the azido-
ATP labeling experiments, an ATP stock solution
(400mM) was spiked with a-P32-8-Azido-ATP (MP
Biomedicals) to 0.36mCi/ml, and the experiment was
conducted as described above.

Salt titration of protein–DNA complexes

Salt titrations of the protein–DNA complex formation
was performed by incubating Rad51 or Rad51-K191R
(2 mM) with DNA (6 mM of 600- bp dsDNA or 621-nt
ssDNA) in the presence of the indicated sodium chloride
concentration for 15min at 308C. The reactions were then
fixed with glutaraldehyde (0.25%). Nucleoprotein gel
electrophoresis was conducted in 1% agarose in TAE
buffer (40mM Tris–Base, 20mM acetic acid, 1mM
EDTA) for 2 h at 4V/cm. The dried gels were analyzed
by PhosphoImager and quantified using ImageQuant
software (Molecular Dynamics, Inc., Sunnyvale, CA,
USA). Salt titrations of the protein–DNA complex
stability were performed as above but with incubation in
the absence of sodium chloride for 15min at 308C to allow
the formation of the protein–DNA complexes. Sodium
chloride was then added to the indicated final concentra-
tions, and the protein–DNA complexes were incubated for
another 30min at 308C. The reactions were then fixed with
glutaraldehyde (0.25%). Nucleoprotein gel electrophoresis
and analysis was performed as described above.

ATPase activity of Rad51

ATPase assays were performed in the ATPase reaction
buffer [25mM triethanolamine (pH 7.5), 1.8mM dithio-
threitol, 13mM magnesium acetate and 100 mg/ml BSA],
with 5mM ATP, 2.5 mM of Rad51 (or Rad51-K191R,
or Rad51-K191A), with or without 30 mMof ssDNA (poly-
dA), for 10min at 308C. By supplementing 20U/ml lactate
dehydrogenase (Sigma), and ATP regeneration system
[20U/ml pyruvate kinase (Sigma), 3mM phosphoenolpyr-
uvate (Sigma) and NADH (Sigma) to give an absorbance
of 1.6–1.8 (about 0.2mg/ml)], the ATP hydrolysis rates
were measured by a NADH-coupling microplate photo-
metric assay for 60min at 308C as described (64).

Rad54 ATPase activity

ATPase assays were performed in ATPase reaction buffer
with the indicated concentrations of ATP and 6 mM
supercoiled �X174-RFI DNA for 15min at 308C. To
form sub-saturated protein–DNA filaments (1 Rad51 per
37 bp), 0.16mM of Rad51 or Rad51-K191R was added
into the reactions. To form saturated protein–DNA
filaments (1:3 bp), 2 mM of Rad51 or Rad51-K191R was
added. The reactions were incubated for 60min at 308C,
with the addition of Rad54 (3.3 nM) and the ATP
regeneration system (1.5mM of phosphoenolpyruvate,
30U/ml of pyruvate kinase, 30U/ml of lactate dehydro-
genase and 0.2 g/ml of NADH) to initiate the reaction.
The absorbance data were collected using an 8453A diode
array spectrophotometer equipped with UV-visible
ChemStation software (Agilent). The initial rates were
calculated as described (64). The calculated initial rates
were fitted into the Michaelis–Menten kinetic equation by
software PRISM (Graphpad).

Nucleoprotein gel assay for Rad51 dissociation from dsDNA

The protein-dsDNA complexes were assembled by incu-
bating 1.5 mM of Rad51 or Rad51-K191R protein with
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6 mM of 600 bp DNA (labeled at 50-end) in ATPase
reaction buffer supplemented with 5mM ATP and the
ATP regeneration system (20mM phosphocreatine and
0.1 mg/ml creatine kinase), at 308C for 15min. The mixture
was then cooled to 248C, and Rad54 protein (0.1 mM) was
added. Following brief incubation with Rad54 (1–2min),
5-fold molar excess of unlabeled scavenger dsDNA
(30 mM herring sperm DNA) was added and the incuba-
tion continued at 248C for the indicated times. At each
time point, a 10-ml aliquot was removed and fixed with
0.25% glutaraldehyde. Nucleoprotein gel electrophoresis
and analysis was performed as described above.

The Rad51-dsDNA complexes were also assembled in
the presence of either 20% of ADP (1mM ADP, 4mM
ATP), 80% ADP (4mM ADP, 1mM ATP) or 50 mM of
ATP-g-S at 248C for 15min in the absence of the ATP
regeneration system. Protein-complex disassembly was
monitored as described above, except 50 nM Rad54
protein was used in these assays and the ATP regeneration
system was added back to the reactions together with
Rad54 or storage buffer.

Topological assay for Rad51 dissociation from dsDNA

The reaction was performed as described (41). Rad51
protein (7.5 mM) was bound to dsDNA (30 mM pUC19) in
10.5 ml reactions containing 30mM Tris acetate pH 7.5,
1mM DTT, 50 mg/ml BSA, 20mM magnesium acetate,
20mM ATP, 2.5mM spermidine and an ATP regenera-
tion system (20mM phosphocreatine and 0.1mg/ml crea-
tine kinase) for 30min at 238C. Rad54 (0.375 mM) was
added, followed after 5min at 238C by addition of
scavenger DNA (63 mM PstI-linearized M13mp19
dsDNA). After incubation at 238C for 2 h, 10U of
wheat germ topoisomerase I (Promega) was added, and
dsDNA was allowed to be relaxed for 1 h at 238C. Stop
buffer (final concentrations 60mM EDTA, 0.7mg/ml
proteinase K and 0.1% SDS) was added, and reactions
were deproteinized for 20min at 238C. Two-dimensional
gel electrophoresis was performed on 1.2% agarose gels at
45V for 22 h in the first dimension (without chloroquine).
The lanes were cut out of the gels and soaked in TBE
buffer (89mM Tris–Base, 89mM boric acid, 2mM
EDTA) with 4 mg/ml chloroquine for 2 h. New 1.2%
agarose gels containing 4 mg/ml chloroquine were poured
for the second dimension, and electrophoresis was
performed for 22 h at 65V in TBE containing 4 mg/ml
chloroquine. Gels were stained with ethidium bromide.

Electron microscopy of nucleoprotein filaments

Protein–DNA filaments were formed by incubating either
Rad51 or Rad51-K191R (at a concentration of 1.5 mM)
with calf thymus dsDNA (Sigma) in 25mM
Triethanolamine–HCl buffer (pH7.2) with 1.25mM ATP
and 10mM magnesium acetate at 378C for 15min. The
Rad51: DNA ratio was 40: 1 (w/w). Samples were applied
to carbon-coated grids and stained with 2% uranyl acetate
(w/v). Grids were imaged with a Tecnai 12 electron
microscope operating at 80 keV with a nominal magnifica-
tion of 30 000�.

RESULTS

Purification and characterization of Rad51-K191R and
Rad51-K191A proteins

The Rad51 ATPase activity appears to be critical for its
biological function (12,20,25–28). Yet, the purified
S. cerevisiae Rad51-K191R (or human Rad51-K133R)
protein can catalyze in vitro recombination similar to the
wild-type proteins (14,27). Substitution of the Walker
A box residue K191 to R in the S. cerevisiae Rad51
protein (and K133 in human Rad51) has been assumed to
block ATP hydrolysis but leave ATP binding unaffected,
whereas the K to A substitution is assumed to abolish
ATP binding, based on previous data (17,65). These
assumptions have not been experimentally tested for S.
cerevisiae Rad51. To understand the function of ATP
hydrolysis by Rad51, in particular during the disassembly
of the Rad51-dsDNA product complex by Rad54, we
purified Rad51-K191R and Rad51-K191A proteins from
the cognate host to apparent homogeneity (Figure 1A).
In the absence of DNA substrate, wild-type Rad51 and

the mutant Rad51-K191R, and Rad51-K191A proteins
display a similar and very low background ATP hydro-
lysis rate. Addition of the poly-dA substrate to the
reaction strongly stimulated the ATP hydrolysis rate by
Rad51, while the ATPase activity of both Rad51-K191R
and Rad51-K191A proteins remained at the background
level (Figure 1B). These results are consistent with a
previous report on Rad51-K191R protein (14).
We determined the apparent ATP binding affinities for

the Rad51 wild-type and Rad51-K191R/A proteins using
an UV-cross-linking assay (66). Wild-type budding yeast
Rad51 protein displayed non-cooperative ATP binding
with an apparent Kd of 8.8 mM (Figure 1C, Table 1). This
value is similar to the one determined for the human
Rad51 protein with ATP-g-S (3–5 mM) (66). The Rad51-
K191R protein exhibited a reduced affinity to ATP
(Kd=52.5mM) as compared with that of wild-type
(Figure 1C, Table 1). Surprisingly, Rad51-K191A protein
was found to bind to ATP with similar affinity as the
Rad51-K191R protein (Kd=34.2mM). The binding of
ATP is specific, as the BSA present in the reaction was not
labeled (Figure 1C). To further confirm these observa-
tions, the UV-cross-linking analysis was carried out with a
photo-affinity analog of ATP, azido-ATP. The photo-
sensitive azido group has been used as a tool to study the
corresponding specific binding site for biological ligands
(67). Here, we use it as an alternative to study ATP
binding by Rad51 protein. The results (Figure 1E and F;
Table 1) were consistent with the previous data with
a-32P-ATP, showing that compared with Rad51, Rad51-
K191R and Rad51-K191A exhibited reduced ATP bind-
ing affinity. We note that the Rad51-K191R showed better
binding to azido-ATP than to ATP, whereas the Rad51-
K191A protein showed reduced binding to azido-ATP
compared with ATP (Table 1). The reasons for this
difference remain unknown. The decreased affinities of the
mutant proteins were also observed in the presence of
ssDNA (data not shown). Azido-ATP led to minimal
unspecific binding to BSA (Figure 1E). Taken together,
these results challenge the often-stated assumption that
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the lysine to alanine change in the Walker A box motif
abolishes ATP binding.

Protein–DNA filament formation and stability

Both, Rad51-K191R and Rad51-K191A proteins bound
DNA in a nucleotide-dependent manner (data not shown).
We utilized primarily electrophoretic analysis of glutar-
aldehyde-fixed Rad51-DNA complexes, a method
normally used with RecA (19,68) and human Rad51
(28,69). We have verified in previous studies that the
electrophoretic mobility of yeast Rad51-DNA complexes
corresponds within the limits of resolution to filament
saturation using electron microscopy, topological assays
(Figure 5), and nuclease protection assays (41,61,62).
An earlier analysis failed to detect Rad51-K191A binding
to DNA (44), but using fixation prior to electrophoretic
analysis stabilized the Rad51-K191A-filaments sufficiently
to allow their visualization (data not shown). The
Rad51-K191A-dsDNA filament displayed a significant
defect in its interaction with Rad54 protein. Since the
purpose of the study is to understand the interaction
between the Rad51 and Rad54 proteins, we focused on the
Rad51-K191R protein and its interaction with Rad54 for
the further analysis.

The DNA binding properties of the Rad51-K191R
protein were analyzed by nucleoprotein gel assays and
electron microscopy. Rad51-K191R protein formed
protein–DNA filaments similar to wild-type Rad51
protein but with notable differences (Figure 2). First, we
titrated increasing amounts of wild-type or Rad51-K191R
proteins to a 600-bp dsDNA substrate. Consistent with a
previous determination (70), Rad51 wild-type protein
approached maximal binding at a stoichiometry of
�3–4 bp per Rad51 subunit in the filament (Figure 2A),
as judged by the disappearance of free DNA. The Rad51-
K191R protein required slightly higher protein concentra-
tions, approaching maximal binding at a stoichiometry of
2 bp per subunit (Figure 2A). The electrophoretic mobility
of the Rad51-K191R-dsDNA complexes tended to be
more homogeneous than those formed by the wild-type
Rad51 protein. It appeared that the Rad51-K191R
protein did not form the partially saturated complexes
that are evident at sub-stoichiometric amounts of wild-
type Rad51 protein (Figure 2A, lanes 12 and 13). These
observations suggest that the Rad51-K191R protein
displays a partial dsDNA-binding defect either diminish-
ing nucleation or enhancing binding co-operativity or
both. Electron microscopic analysis of the protein–DNA
complexes formed by wild-type Rad51 (Figure 2E left
panel) or Rad51-K191R (Figure 2E right panel) proteins

demonstrated that the Rad51-K191R mutant protein
formed helical filaments on dsDNA with no discernible
difference to the filaments formed by wild-type Rad51
protein.
Salt titration experiments were employed to analyze

formation and stability of the protein–DNA filaments
formed by either Rad51 or Rad51-K191R protein,
determining the salt titration midpoints (STMs), which
represent the sodium chloride concentrations at which
one-half of the substrate is protein-free (71). Formation of
stable Rad51-K191R-ssDNA filaments precipitously
dropped at sodium chloride concentrations over 150mM
(Figure 2B, lanes 14 and 15), while the wild-type protein
efficiently formed stable filaments up to about 250mM
NaCl (Figure 2B, lanes 6–8). This indicates that formation
of Rad51-K191R-ssDNA filaments (STM=228mM) was
impaired compared with that of the Rad51-ssDNA
filament (STM=305mM) (Figure 2B and C; Table 2).
In contrast, once formed, Rad51-K191R-ssDNA fila-
ments (STM=1900mM) were much more stable than
Rad51-ssDNA filaments (STM=780mM) (Figure 2C,
Table 2). Rad51-ssDNA filaments disassembled comple-
tely at about 1M NaCl, while Rad51-K191R-ssDNA
filaments were partially resistant up to 2M NaCl. Like
with ssDNA, the formation of Rad51-K191R-dsDNA
filaments was also more sensitive to salt (STM=78mM)
than with wild-type Rad51-dsDNA filaments
(STM=192mM) (Figure 2D, Table 2). Rad51-K191R-
dsDNA filaments were also extremely salt-resistant and
remained largely intact in the presence of 2M NaCl, while
wild-type Rad51-dsDNA filaments largely disassembled
(STM=680mM) when the concentration of sodium
chloride was over 1M (Figure 2D, Table 2).
In summary, the salt titration experiments revealed an

unexpected DNA binding defect of the Rad51-K191R
mutant protein and demonstrated the extraordinary
stability of such complexes once formed.

ATPaseactivityofRad54inthepresenceofRad51andRad51-
K191R-dsDNA filaments

In the presence of free dsDNA substrate, Rad54 exerts a
basic mode of ATPase activity, hydrolyzing about 1000
ATP per minute (61). In the presence of saturated Rad51-
dsDNA filaments (3 bp/Rad51), Rad54 displays a reduced
mode of ATPase activity; while in the presence of sub-
saturated Rad51-dsDNA filament, Rad54 displays an
enhanced mode with a 5 to 6-fold increase in ATPase
activity (61). In these experiments, wild-type Rad51
protein had been utilized, leaving open the possibility
that activation of the Rad51 ATPase activity contributed
to the observed effect. Although the Rad51 ATPase
activity is vastly lower (0.4mol/mol/min; Figure 1B)
than the ATPase activity of Rad54 (�1000mol/mol/
min), the excess of Rad51 protein in these reactions
(160 nM Rad51, 3.3 nM Rad54) and the possibility that
Rad51 activity is stimulated under our conditions required
to control for this possibility.
We measured the kinetic parameters kcat and KM of

Rad54 in the presence and absence of fully and partially
saturated Rad51-dsDNA filaments. To exclude a

Table 1. ATP binding

Kd (mM)
[a�P32]-ATP

Kd (mM)
[a-P32]-8-Azido-ATP

Rad51 8.8� 4.5 10.2� 5.1
Rad51-K191R 52.5� 18.2 26.9� 10.3
Rad51-K191A 34.2� 25.8 73.7� 35.6
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Figure 2. Rad51-DNA filament formation and stability. (A) Binding of Rad51 and Rad51-K191R proteins to dsDNA. Protein titration reactions
were performed in ATPase reaction buffer by incubating the 600-bp DNA substrate (6 mM) with various amounts of protein (0.1, 0.2, 0.5, 1, 1.5, 2, 3,
6mM) at 308C for 15min. Protein-free, labeled DNA substrate (lanes 1 and 18); Rad51 (lanes 2–9); Rad51-K191R (lanes 10–17). (B) Salt titration
of Rad51-ssDNA and Rad51-K191R-ssDNA complex formation. The nucleoprotein complexes were assembled by incubating 2mM of Rad51
(lanes 2–10), or Rad51-K191R (lanes 11–19) together with 6-mM ssDNA (621mer) in presence of the indicated sodium chloride concentration for
15min at 308C. Protein-free, labeled DNA substrate (lanes 1 and 20). (C, D) Quantification of the results of the Rad51 and Rad51-K191R-DNA
complex formation and stability with ssDNA (C) and dsDNA (D). The data were fitted into a sigmoidal curve by PRISM software (GraphPad). All
measurements were done in triplicate and the error bars represent 1 SD. The STM data calculated for these curves are shown in Table 2. (E) Electron
micrographs of Rad51-DNA filaments formed by wild-type Rad51 (left) and Rad51-K191R mutant proteins (right). The filaments are formed on
linear dsDNA in the presence of ATP. The scale bar is 500 Å.
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contribution by the Rad51 ATPase activity, the experi-
ments were performed with both wild-type and Rad51-
K191R proteins.

In the presence of sub-saturated Rad51-dsDNA
filaments (1/37 bp), the ATP turnover rate of Rad54
was stimulated over 4-fold (70.5 mM/min versus
16.3 mM/min), while the ATP affinity was not signifi-
cantly affected within the error of the data (482.5 mM
versus 730.7 mM) (Figure 3A, Table 3). In contrast,
when Rad54 was incubated with saturated Rad51-
dsDNA filament (1/3 bp), the ATP turnover rate was
reduced from 16.3 mM/min to 10.8mM/min (Figure 3B,
Table 3). Surprisingly, the KM for ATP of Rad54
decreased almost 15-fold to 49.4mM from 730.7mM
(Figure 3B, Table 3).

To formally exclude an effect of the Rad51 ATPase
activity, the kinetic measurements were repeated with
dsDNA filaments formed by the Rad51-K191R protein.
With sub-saturated Rad51-K191R-dsDNA filaments
(1/37 bp), the ATP turnover rate of Rad54 was
enhanced more than 4-fold (71.1 mM/min versus
16.3 mM/min), with no significant effect on its KM

(637.9 mM versus 730.7 mM) (Figure 3A, Table 3). These
values are not significantly different from those
obtained with the wild-type Rad51 filaments
(Table 3). With saturated Rad51-K191R-dsDNA fila-
ments, the KM was significantly reduced about 8-fold
(93.02 mM versus 730.7 mM), similar to the experiments
with wild-type Rad51. However, the ATP turnover rate
was slightly stimulated (20.47 mM/min versus 16.3 mM/
min) with Rad51-K191R (1/3 bp) (Figure 3B, Table 3).
This latter effect differed from the wild-type Rad51
protein and is likely due to the partial DNA binding
defect we observed above with Rad51-K191R. When
Rad51-K191R was incubated with the dsDNA substrate
at 1/3 bp stoichiometric ratio, most of the dsDNA
substrate was completely covered by protein, but a
small fraction of substrate remained protein-free
(Figure 2A, lane 7), or possibly partially covered by
protein. These substrates are likely responsible for the
observed slight increase in the kcat. Taken together,
these results suggest that the interaction of Rad54 with
subsaturated Rad51-dsDNA filaments stimulated the
ATP turnover rate of Rad54, while the interaction with

fully saturated Rad51-dsDNA filaments enhanced the
affinity of Rad54 for ATP. While some data displayed
a certain scatter, all conclusions are based on differ-
ences that are clearly significant as demonstrated by the
non-overlapping errors.
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Figure 3. Rad51 and Rad51-K191R-dsDNA filaments modulate the
Rad54 ATPase activity. ATPase assays were performed by incubating
3.3 nM Rad54 together with the Rad51 or Rad51-K191R-dsDNA
filaments (6mMbp) formed either at sub-saturated ratio of 1/37 bp (A),
or at saturated ratio of 1/3 bp (B). For comparison, the Rad54 ATPase
was also measured on protein-free dsDNA. ATPase reactions were
performed under standard buffer conditions at 308C. ATPase data were
fitted into the Michaelis–Menten equation using PRISM software
(Graphpad). Data points represent the average of at least three
replicate experiments, and the error bars represent 1 SD. The KM and
kcat values calculated for these curves are shown in Table 3.

Table 2. Salt-titration midpoints (STM) of Rad51/Rad51-K191R-DNA

filaments

STM of protein-ss
DNA filament
(mM)

STM of
protein-ds
DNA filament
(mM)

Filament formation Rad51 305� 11 192� 8
Rad51-K191R 228� 13 76� 20

Filament stability Rad51 �780� 50 �680� 40
Rad51-K191R �1900� 100 NAa

aNA,A value could not be calculated, as the filaments did not dissociate
at the concentrations tested.
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Disassembly of Rad51-ATP-dsDNA filaments by Rad54

Rad54 disassembles Rad51-dsDNA filaments, and we
suggested this function to be critical during postsynapsis
to turnover the Rad51-heteroduplex DNA product com-
plex (30,41). This disassembly was shown to require the
Rad54 ATPase activity (41), but the requirement for the
Rad51 ATPase remained unaddressed. To test a possible
contribution of the Rad51 ATPase activity, we tested
disassembly of Rad51-K191R-dsDNA filaments. As
shown before, the Rad51-DNA filament disassembled
gradually (Figure 4A, lanes 2–5). A slight accumulation of
free dsDNA and reduction of the saturated filament was
observed after 90min of incubation (Figure 4A and B).
Visualizing disassembly was dependent on the presence of
scavenger DNA (lanes 14–17), showing that disassociated
Rad51 can rebind the dsDNA. Addition of Rad54 at a
sub-stoichiometric ratio (1 Rad54 per 15 Rad51) pro-
moted nucleoprotein filament disassembly (Figure 4A,
lanes 6–9). A significant accumulation of free dsDNA and
reduction of the saturated filament was observed after
90min of incubation (Figure 4A and B). Again, the
presence of scavenger DNA was required, since Rad51 can
rebind to dsDNA even in the presence of Rad54 (lanes
10–13). In contrast, Rad51-K191R-dsDNA filaments were
extremely stable even in the presence of scavenger DNA
(Figure 4C, lanes 2–5, Figure 4D), consistent with the
results from the salt titrations (Figure 2D). Upon addition
of Rad54, the Rad51-K191R-dsDNA filament was
partially disassembled, and a gradual increase in the
mobility of the nucleoprotein filament was observed
during the time course (Figure 4C, lanes 6–9,
Figure 4D). The presence of scavenger DNA was required
to prevent Rad51-K191R to rebind the substrate
(Figure 4C, lane 10–17). Furthermore, Rad54-K341R,
an ATPase-deficient mutant, has no effect on either
Rad51- or Rad51-K191R-dsDNA filament disassembly
[(41), Figure 4D]. Together, these results suggest that the
intrinsic ATPase activity of Rad51 and the ATPase
activity of Rad54 are both required for the efficient
turnover of Rad51 from dsDNA substrate.

Topological assay for disassembly of Rad51-ATP-dsDNA
filaments by Rad54

To corroborate the results from the nucleoprotein gel
assays, we employed a topological assay to examine the
nucleoprotein filament disassembly (41)(Figure 5A).
Rad51-dsDNA filaments partly disassembled after 2 h
incubation in the presence of scavenger DNA (Figure 5B,
upper left panel), indicated by the disappearance of form
X DNA species and the appearance of negatively

supercoiled (sc) and relaxed (re) DNA. Incubation of
Rad54 with Rad51-dsDNA filament increased filament
disassembly significantly, as most DNA substrate had
been converted to fully relaxed DNA species after 2 h of
incubation (Figure 5B). Rad51-K191R protein remained
bound to the DNA substrate even in the presence of
scavenger DNA, indicated by the continued presence of
form X DNA after 2 h of incubation (Figure 5B). We
reason that the relaxed DNA species observed in the
Rad51-K191R reaction is likely to represent initially
unbound DNA, because of the subtle DNA binding
defect documented before (Figure 2D) rather than
evidence for nucleoprotein filament disassembly. This
interpretation is consistent with the absence of intermedi-
ate negatively sc DNA species. Upon incubation of Rad54
with Rad51-K191R-dsDNA filaments, the X-species
disappeared and was accompanied by the appearance of
a group of negative sc species, which represent partially
disassembled protein–DNA filaments (Figure 5B). Taken
together, the results of topological assays are consistent
with the results of nucleoprotein gel assays, that the
ATPase activity of Rad51 is required for efficient
disassembly of Rad51-dsDNA filament by the Rad54
motor.

Disassembly of Rad51-dsDNA filament assembled with
different nucleotide factors

ATP hydrolysis by Rad51 is crucial for intrinsic and
Rad54-mediated nucleoprotein filament disassembly
(Figures 2, 4 and 5). We tested whether the type of
Rad51-bound nucleotide (ATP versus ADP) has an effect
on the dissociation reaction. Rad51-dsDNA filaments
containing ADP-bound subunits were assembled in vitro.
ADP by itself cannot support the formation of Rad51-
dsDNA filaments (70). Therefore, we chose to mix ADP
and ATP at different ratios for efficient nucleoprotein
filament assembly. Our data suggest that Rad51-dsDNA
filaments can be efficiently assembled even in the presence
of only 20% ATP (data not shown).

Rad51-dsDNA filaments assembled in the presence of
20% ADP were disassembled with faster kinetics than
those assembled exclusively in the presence of ATP
(Figure 6B, lanes 6–9, lanes 14–17, Figure 6C). Rad51-
dsDNA filaments assembled in the presence of 80% ADP
were disassembled even faster (Figure 6A, lanes 6–9, lanes
14–17, Figure 6C). This difference is not due to the
inherent instability of Rad51-dsDNA filament assembled
in the presence of ADP, since in the absence of Rad54, the
amount of free DNA did not differ in reactions with 0%,
20% and 80% ADP. Rather, the filaments containing

Table 3. Kinetic data of Rad54 ATPase activity

Rad54 Rad51+Rad54
(1/37 bp)

Rad51+Rad54
(1/3 bp)

Rad51-K191R+Rad54
(1/37 bp)

Rad51-K191R+Rad54
(1/3 bp)

VMAX (mM/min) 16.3� 1.9 70.5� 6.3 10.8� 0.8 71.1� 34.6 20.5� 1.9
KM (mM) 730.7� 275.4 482.5� 159.3 49.4� 26.0 637.9� 253.0 93.0� 51.1
kcat/KM (mM–1min–1) 6.7 43.8 65.5 33.5 66.0
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Figure 4. Both Rad51 and Rad54 ATPase activities are important for Rad51-dsDNA filament disassembly. Rad51-dsDNA filaments were formed at
4 bp/Rad51 ratio (1.5 mM Rad51, 6 mM dsDNA) for 15min at 308C. Initiation of Rad51-dsDNA filament disassembly was started by the addition of
Rad54 (0.1 mM) and scavenger DNA (30 mM). (A) Protein-free, labeled DNA substrate (lane 1); Rad51-dsDNA filaments in the absence of Rad54 but
with scavenger DNA (lanes 2–5), in the presence of Rad54 and scavenger DNA (lanes 6–9), in the presence of Rad54 but absence of scavenger DNA
(lanes 10–13), in the absence of Rad54 and scavenger DNA (lanes 14–17). (B) The data from (A) and from assays where Rad54-K341R was used
instead of wild-type Rad54 protein (data not shown) were quantified on a PhosphoImager. The accumulation of the band of free DNA and the
reduction of lowest mobility species of the nucleoprotein filament (saturated complex) were taken as the readout of Rad51 displacement activity by
Rad54, respectively. Data points represent the average of at least three replicate experiments, and error bars represent 1 SD. For the reactions with
Rad51 and Rad51+Rad54 only the 90min data are shown. (C) Rad51-K191R-dsDNA filaments were formed at 4 bp/Rad51-K191R ratio (1.5 mM
Rad51-K191R, 6 mM dsDNA) for 15min at 308C. Initiation of Rad51-K191R-dsDNA filament disassembly was started by the addition of Rad54
(0.1 mM) and scavenger DNA (30 mM). Protein-free, labeled DNA substrate (lane 1); Rad51-K191R-dsDNA filaments in the absence of Rad54 but
with scavenger DNA (lanes 2–5), in the presence of Rad54 and scavenger DNA (lanes 6–9), in the presence of Rad54 but absence of scavenger DNA
(lanes 10–13), in the absence of Rad54 and scavenger DNA (lanes 14–17). (D) The data from (C) were quantified on a PhosphoImager. The
reduction of the saturated nucleoprotein filament was taken as readout of Rad51-K191R displacement by Rad54. Data points represent the average
of at least three replicate experiments, and error bars represent 1 SD. For the reactions with Rad51-K191R, Rad51-K191R+Rad54 and Rad51-
K191R+Rad54-K341R+scavenger DNA only the 90min data are shown.
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Figure 6. The effects of nucleotide cofactor on Rad51-dsDNA filament disassembly promoted by Rad54. (A) Rad51-dsDNA filaments were
assembled at 4 bp/Rad51 (1.5 mM Rad51, 6 mM dsDNA) for 15min at 308C, either in the presence of 80% ADP (1mM ATP and 4mM ADP) or
absence of ADP (5mM ATP). Addition of Rad54 (50 nM) and scavenger DNA (30 mM) initiated the protein–DNA filament disassembly. Protein-
free, labeled DNA substrate (lane 1); Rad51-dsDNA filaments in the absence of Rad54 but with ADP (lanes 2–5), in the presence of Rad54 and ADP
(lanes 6–9), in the absence of Rad54 and ADP (lanes 10–13), in the presence of Rad54 but absence of ADP (lanes 14–17). (B) Rad51-dsDNA
filaments were assembled as in (A) either in the presence of 20% ADP (4mM ATP and 1mM ADP) or absence of ADP (5mM ATP). Addition of
Rad54 (50 nM) and scavenger DNA (30 mM) initiated the protein–DNA filament disassembly. Protein-free, labeled DNA substrate (lane 1); Rad51-
dsDNA filaments in the absence of Rad54 but with ADP (lanes 2–5), in the presence of Rad54 and ADP (lanes 6–9), in the absence of Rad54 and
ADP (lanes 10–13), in the presence of Rad54 but absence of ADP (lanes 14–17). (C) The data from (A) and (B) were quantified on a
PhosphoImager. The accumulation of free DNA was taken as readout of Rad51 displacement activity by Rad54. Data points represent the average
of at least three replicate experiments and error bars represent one standard deviation. (D) Rad51-dsDNA filaments were assembled as in (A),
either in the presence of ATP-g-S (50 mM) or ATP (50mM). Addition of Rad54 (50 nM), scavenger DNA (30mM) and ATP (5mM) initiates the
protein–DNA filament disassembly. Protein-free, labeled DNA substrate (lane 1); Rad51-dsDNA filaments in the presence of Rad54 and ATP-g-S
(lanes 2–5), in the absence of Rad54 but with ATP-g-S (lanes 6–9), in the presence of Rad54 but absence of ATP-g-S (lanes 10–13), in the absence of
Rad54 or ATP-g-S (lanes 14–17). (E) The data from (D) were quantified on a PhosphoImager. The accumulation of the band of free DNA was taken
as readout of Rad51 displacement activity by Rad54. Data points represent the average of at least three replicate experiments, and error bars
represent 1 SD.
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ADP-bound subunits displayed slower disappearance
of the saturated complexes (Figure 6A, lanes 2–5, lanes
10–13; Figure 6B, lanes 2–5, lanes 10–13, Figure 6C). In
these reactions, the ATP regeneration system was supple-
mented after filament assembly but before Rad54 addition
to ensure optimal Rad54 activity. Control experiments
confirmed that the Rad54 ATPase activity remained
unaffected by the presence of ADP under these conditions
(data not shown). Together, these results suggest that
Rad54 prefers disassembling filaments containing Rad51
subunits bound to ADP. The observed effect represents a
lower estimate as possible exchange of Rad51 bound ADP
by ATP may occur under these reaction conditions.
If the low efficiency of Rad51-K191R-dsDNA filament

disassembly by Rad54 is due to its ATPase defect
(Figures 4 and 5), one prediction is that Rad51-dsDNA
filaments assembled with the slowly hydrolysable ATP
analog, ATP-g-S, would have the same effect. Rad51-
ATP-g-S-dsDNA filaments were assembled in the presence
of 50-mM ATP-g-S. To initiate disassembly, Rad54 and
5-mM ATP were added together with the ATP regenera-
tion system. Control ATPase assays showed that Rad54
maintained about 98% of its original ATPase activity
under these conditions (data not shown). Compared with
the nucleoprotein filament assembled with ATP, the
Rad51-ATP-g-S-dsDNA filament was only partially
disassembled by Rad54 during the time course with no
significant increase of protein-free DNA (Figure 6D, lanes
2–5, lanes 10–13, Figure 6E). In the absence of Rad54,
filaments assembled with ATP-g-S were extremely stable
and resistant to the challenge by scavenger DNA
(Figure 6D, lanes 6–9 and lanes 13–17). This is very
reminiscent of the observation with the Rad51-K191R-
ATP-dsDNA filaments (Figure 4C). In addition, in the
presence of ATP-g-S, Rad51 displayed a similar dsDNA-
binding defect as the Rad51-K191R protein did with ATP,
as indicated by the presence of free DNA (Figure 6D,
lanes 2–9, Figure 6A). Taken together, these results
support the idea that the Rad51-dsDNA filament
formed in the presence of ATP-g-S resembles the Rad51-
K191R-ATP-dsDNA filament, and that intrinsic ATP
hydrolysis by Rad51 is critical for its dissociation from
dsDNA substrates. The resistance of the Rad51 filament
to dissociation by Rad54 in the absence of Rad51 ATP
hydrolysis is probably greater than observed here, because
of residual ATP-g-S hydrolysis and possible impurities in
the ATP-g-S preparation.

DISCUSSION

Rad51 and Rad54 are key DNA-dependent ATPases
functioning in HR in eukaryotes. Our analysis uncovered
unexpected biochemical properties of the ATPase-
deficient Rad51-K191R and Rad51-K191A mutant pro-
teins. Kinetic analysis and experiments with different
nucleotide cofactors revealed an intricate relationship
between the Rad51 and Rad54 ATPase activities,
demonstrating that both ATPase activities are required
for efficient turnover of the Rad51-dsDNA filament.

Biochemical properties of Rad51-K191A and
Rad51-K191R proteins

The Walker A motif is a phosphate-binding loop that is
found in many purine nucleotide-binding proteins includ-
ing RecA and Rad51 (72). Mutations in the central lysine
residue are often used to dissociate ATP binding and ATP
hydrolysis, relying on an often untested assumption that
the lysine to arginine substituted protein (e.g. Rad51-
K191R) binds but does not hydrolyze ATP, whereas the
lysine to alanine substituted protein (e.g. Rad51-K191A)
cannot bind ATP. Surprisingly, we find that both Rad51-
K191R and Rad51-K191A mutant proteins bind ATP,
albeit with reduced affinity compared with the wild-type
protein (Table 1). Both mutant proteins bound DNA in a
nucleotide-dependent manner (Figure 2; data not shown).
However, only the Rad51-K191R protein formed fila-
ments that displayed DNA strand invasion activity and
normal stimulation of Rad54 ATPase activity [Table 3
and data not shown; (14,44)]. Whereas, the Rad51-
K191A-DNA complexes were non-functional and defec-
tive in stimulating Rad54 ATPase activity or promoting
strand invasion [data not shown; (44)]. These biochemical
data are consistent with in vivo observations that
determined that the budding yeast rad51-K191A is
phenotypically null (20). Also the human Rad51-K133A
protein was found to bind ATP (also with lower affinity)
(28), confirming our observation that this amino acid
change in the Walker A box does not always eliminate
ATP binding.

Unexpectedly, Rad51-K191R displayed a DNA binding
defect that is revealed by a requirement for higher protein
concentrations to form DNA complexes (Figure 2A) and
by lower STMs in the formation of protein DNA
complexes (73). The nucleoprotein gel analysis showed
that Rad51-K191R protein formed fewer complexes with
intermediate electrophoretic mobility, which could be a
reflection of a nucleation defect or of increased coopera-
tivity. Rad51 is known to display significantly lower
cooperativity than RecA protein (61). These results
demonstrate a reduced affinity for DNA (Figure 2,
Table 2), consistent with data from single-molecule
experiments using the human Rad51-K133R protein and
phage � dsDNA (74). Importantly, ATP hydrolysis
appears to be critical for the dynamic turnover of the
Rad51-ssDNA and dsDNA filaments, since the filaments
formed by the Rad51-K191R protein were significantly
more stable than filaments formed by wild-type Rad51
protein. These results are consistent with previous
observations made with the human Rad51 protein
(15,16). Furthermore, our results show that the stability
of the Rad51-K191R-dsDNA complexes is significantly
more pronounced than that of the ssDNA complexes.

Together, these results suggest that the rad51-K191R
mutant in vivo may lead to defects in presynapsis, in
Rad51-ssDNA filament formation, and in postsynapsis,
in Rad51-dsDNA filament dissociation. This interpreta-
tion of the biochemical data is supported by genetic
analysis (20,73). Overexpression of Rad51-K191R and
deletion of the SRS2 gene were found to suppress the
rad51-K191R defect (20,73). Since Srs2 is only able to
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dissociate Rad51 from ssDNA (75,76), these findings
support a defect of Rad51-K191R during presynapsis. It is
not possible to distinguish whether this is due to decreased
ATP binding, which may be the root cause for the DNA
binding defect, or to the greatly reduced dynamics of the
filament due to the higher stability of the Rad51-K191R-
ssDNA filaments. On the other hand, overexpression of
Rad54 also suppressed the rad51-K191R defect (20). Since
Rad54 can only dissociate Rad51 from dsDNA, these data
suggest that the Rad51 ATPase activity is also required
in vivo for turnover from dsDNA. Overexpression of
Rad54 may also suppress a potential presynaptic defect by
possibly enhancing the non-DNA bound Rad51 pool.
Dissociation of dead-end complexes of Dmc1 and dsDNA
appears to be a critical function for the Rdh54/Tid1
protein, which is closely related to Rad54 (77).

Rad54 ATPase

The Rad54 ATPase activity exhibits a basic mode of
protein-free dsDNA, a filament mode with reduced
ATPase activity on fully saturated Rad51-dsDNA fila-
ments, and an enhanced mode on sub-saturated Rad51-
dsDNA filaments (61). Here, we provide kinetic data to
distinguish these three modes. Stimulation of Rad54
ATPase activity on partial Rad51-dsDNA filaments
compared with protein-free DNA is specifically due to
an increase in the VMAX for ATP enhancing the catalytic
efficiency about 6-fold with no significant change in the
KM for ATP (Table 3). In contrast, with saturated Rad51-
dsDNA filament, the VMAX for ATP is reduced to about
70% coupled with a significant increase in affinity for ATP
indicated by a 15-fold lower KM for ATP (Table 3) when
compared with protein-free DNA. These data suggest that
Rad54 undergoes a conformational change from a high
KM form that can translocate on DNA (protein-free
DNA, partial Rad51-dsDNA filament) to a low KM form
when associated with fully saturated Rad51-DNA fila-
ments. Rad54 is a bi-directional, processive motor protein
on dsDNA (31). This property is reminiscent of the FtsK
motor protein, which forms a double-hexameric ring on
dsDNA for translocation (78). While the precise assembly
of the translocating and non-translocating Rad54 protein
remains to be determined, electron microscopic analysis of
negatively stained specimens identified a Rad54 oligomeric
assembly on protein-free dsDNA and dsDNA partially
saturated by Rad51 protein (62), which is consistent with
this hypothesis.

The KM (ATP) of Rad54 on protein-free dsDNA that
we determined in our experiments is about 6–7-fold higher
than that measured by Amitani et al. (31) in single-
molecule experiments. We ascertained our high KM in
experiments using a different concentration of Rad54
(9 nM instead of 3.3 nM; data not shown). We observe
that Rad54 ATPase activities (Figure 3A) with protein-
free and partial Rad51-dsDNA filaments very gradually
approached the saturation point with only minor increases
in ATPase activity above 1mM, whereas the ATPase
activity with fully saturated filaments (Figure 3B)
approach saturation more rapidly with no increase
above 1mM. Our KM determination is based on ATPase

activity as an output, whereas Amitani et al. (31)
measured translocation velocity, detecting no increase in
velocity above 0.5mM (31). It is possible that the low KM

determined in the translocation experiments reflects the
ATP-binding of the DNA-bound subunit of an oligomeric
assembly. In our ATPase experiments, the minor increase
in ATPase activity at high ATP concentrations may reflect
ATP binding of the non-DNA bound subunits. Consistent
with this interpretation, our Rad54 KM data measuring
ATPase activity with fully saturated Rad51-dsDNA
filaments (Table 3), where Rad54 is likely in a non-
translocating oligomeric state, are essentially identical
with the KM determined by velocity in the translocation
experiments on protein-free DNA (31).

Differences between RecA, yeast Rad51 and human Rad51

Despite their evolutionary conservation, significant differ-
ences exist between RecA, yeast Rad51 and human Rad51
with respect to their ATPase activity and DNA binding
properties. RecA autonomously toggles between a high
affinity (ATP) and low affinity binding state (ADP) by
nucleotide cofactor binding and cooperative hydrolysis,
resulting in dynamic assembly and turnover of RecA
filaments (79). Unlike RecA (and human Rad51), yeast
Rad51 binding to DNA depends on the presence of
nucleotide cofactor at neutral pH (70). The significantly
lower (�200-fold) and non-cooperative ATPase activity of
Rad51 (10) results in a far less dynamic filament. Also
unlike RecA, which has a kinetic impediment to bind
dsDNA, yeast and human Rad51 readily bind dsDNA
(70). Human Rad51 resembles more RecA than yeast
Rad51 in its ability to bind DNA independent of
nucleotide co-factor, but shares the low and non-
cooperative ATPase activity with its yeast counterpart
(15,28,80,81). Likely as a consequence, Rad51-DNA
complexes are much more stable and less dynamic than
RecA filaments [(15,16) and this study]. Rad51 binding to
dsDNA and the relative stability of these complexes will
lead to dead-end complexes on undamaged DNA.
Moreover, Rad51 is stuck on the heteroduplex DNA
product after DNA strand exchange. We have previously
proposed that a major role of Rad54 is to function as an
extrinsic turnover factor for the Rad51-dsDNA filament,
suggesting that the combination of Rad51 and Rad54
reflect the eukaryotic equivalent of RecA in recombina-
tion (41,61).

Roleof theRad51andRad54ATPaseactivities in the turnover
of Rad51-dsDNA filaments

Previously we established that the Rad54 motor activity
was required for Rad51 dissociation from dsDNA (41,61).
Here, we show that both the Rad51 and Rad54 ATPase
activities are required for efficient turnover of the Rad51-
dsDNA complex. The reduced dissociation efficiency of
Rad51-K191R-dsDNA filaments by Rad54 appears to be
a direct consequence of the ATP hydrolysis defect by
Rad51-K191R protein. To rule out an unrelated defect of
this protein, we assembled wild-type Rad51-dsDNA
filaments in the presence of ATP-g-S, a very slowly
hydrolyzable ATP analog, and showed a similar turnover
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defect as with Rad51-K191R-dsDNA filaments. This
demonstrates that the Rad51-dsDNA filament is not a
passive remodeling substrate for the Rad54 motor, but
that both ATPase activities modulate Rad51-dsDNA
filament dynamics.
Since ATP hydrolysis is closely associated with the

disassembly of the Rad51-dsDNA complex, the nucleotide
factors bound to Rad51 may act as a signal that
determines the dynamic state of the nucleoprotein
filament. It is well known in actin filaments and
microtubules that ATP-bound subunits associate at one
end and ADP-bound subunits dissociate from the other
end, leading to a treadmilling of subunits in the steady
state (82,83). A similar model has been proposed for RecA
filaments (79). When Rad51-dsDNA filaments were
formed in the presence of ADP, spontaneous disassembly
appeared unchanged. However, in the presence of Rad54
the ADP-containing filaments were dissociated more
efficiently in an ADP concentration-dependent manner
(Figures 6A, B and C). Hence, Rad51-ADP-dsDNA
complexes are better substrates for Rad54, suggesting
that the Rad54 motor may have a preference for binding
to the ADP-bound end compared with the ATP-bound
end. This interpretation is consistent with electron
microscopic observations, showing an overabundance of
Rad54 particles associated with a single end of the Rad51-
dsDNA filament (62). It is also possible that Rad54
dissociates an ATP-bound terminal subunit that leads to
faster dissociation of ADP-containing Rad51 filaments.
During recombination, Rad54 is targeted to the pairing
site by its interaction with the Rad51-ssDNA filament
(46), possibly orienting the motor to the ADP-Rad51 end
of the Rad51-dsDNA product complex to aid in Rad51
dissociation from dsDNA. Regulation of the dynamic
state of the Rad51-dsDNA filament is likely of biological
significance. It not only allows recycling of Rad51, but
also coordinates the transition to downstream events in
the HR pathway, in particular the access of DNA
polymerases to the invading 30 end.
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