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Abstract
During meiosis, the RAD51 recombinase and its meiosis-specific homolog DMC1 mediate DNA
strand exchange between homologous chromosomes. The proteins form a right-handed
nucleoprotein complex on ssDNA called the presynaptic filament. In an ATP-dependent manner,
the presynaptic filament searches for homology to form a physical connection with the
homologous chromosome. We constructed two variants of hDMC1 altering the conserved lysine
residue of the Walker A motif to arginine (hDMC1K132R) or alanine (hDMC1K132A). The hDMC1
variants were expressed in Escherichia coli and purified to near homogeneity. Both hDMC1K132R
and hDMC1K132A variants were devoid of ATP hydrolysis. The hDMC1K132R variant was
attenuated for ATP binding that was partially restored by the addition of either ssDNA or calcium.
The hDMC1K132R variant was partially capable of homologous DNA pairing and strand exchange
in the presence of calcium and protecting DNA from a nuclease, while the hDMC1K132A variant
was inactive. These results suggest that the conserved lysine of the Walker A motif in hDMC1
plays a key role in ATP binding. Furthermore, the binding of calcium and ssDNA promotes a
conformational change in the ATP binding pocket of hDMC1 that promotes ATP binding. Our
results provide evidence that the conserved lysine in the Walker A motif of hDMC1 is critical for
ATP binding which is required for presynaptic filament formation.
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1. Introduction
Meiosis is essential for reproduction in most eukaryotic organisms. Haploid gametes are
produced from one round of DNA replication followed by two rounds of cell division. This
process is initiated by the introduction of programmed DNA double-strand breaks (DSBs)
generated by the Spo11 enzyme throughout the genome [1]. The repair of these DSBs
primarily occurs through the meiotic homologous recombination (HR) pathway with the
goal of establishing a physical linkage between the homologous chromosomes. Linkage
between homologous chromosomes is essential for proper segregation of paired
chromosomes at meiotic prophase I. Impaired meiotic HR leads to non-disjunction and
results in aneuploid gametes or apoptosis.

DSBs formed during meiosis are processed nucleolytically to produce 3′ ssDNA tails that
serve as the site of nucleation for two Escherichia coli RecA orthologs, RAD51 and DMC1.
RAD51 and DMC1 form right-handed helical nucleoprotein filaments on ssDNA tails
known as presynaptic filaments [2-4]. The presynaptic filament invades homologous
chromosomes searching for homology. Once homology is found, RAD51 and DMC1
catalyze ATP-dependent homologous DNA pairing and displace the complementary strand
forming a D-loop [5,6]. D-loop formation is followed by DNA strand exchange [7,8].
DMC1 is expressed exclusively during meiosis while RAD51 is present in both mitotic and
meiotic cells. Knockout of RAD51–/– in mice results in embryonic lethality [9,10]. Although
DMC1–/– knockout mice are viable, they are sterile indicating a role for DMC1 in
mammalian meiotic recombination [11].

The exact requirement of DMC1 during meiosis and its distinction from RAD51 is poorly
understood. Recent biochemical analyses suggest the functional differences between these
two recombinases are attributed to differences in their accessory factors [4]. Despite
structural similarities between RAD51 and DMC1 [4] there are biochemical differences
between the activities of the two recombinases [5,12-15]. Furthermore, Bugreev et al. [16]
provided evidence that D-loops formed by hDMC1 resist dissociation by Rad54. Under
similar conditions, D-loops formed by RAD51 readily dissociate [17].

A significant region of homology between RecA, RAD51 and DMC1 is the conserved ATP
binding Walker A motif [18,19]. The type A consensus sequence (GXXXXGKT/S) is
involved in binding to the phosphate group of ATP [20]. According to previous studies,
ATP binding in RecA induces a conformational change that is required for its DNA binding
activity [21,22] while ATP hydrolysis is required for filament turnover [23]. ATP binding by
hRAD51 is essential for its recombinase activity, whereas variants defective for ATP
hydrolysis possess robust homologous DNA pairing and DNA strand exchange activity [24].
There is preliminary evidence that hDMC1-mediated recombination can occur in the
absence of ATP hydrolysis [5,12].

In this study, we determine the role of Walker A motif and dissect how ATP binding and
hydrolysis affects hDMC1-mediated homologous recombination. With this goal in mind, we
constructed two hDMC1 Walker A variants. The conserved Walker lysine residue was
changed to arginine or alanine with the expectation of generating variants incapable of
binding or hydrolyzing the ATP, respectively. Biochemical analysis of the purified hDMC1
Walker variants reveal that mutation of the conserved lysine within the Walker A motif of
hDMC1 affects ATP binding and hydrolysis. Furthermore, hDMC1-mediated recombination
requires ATP binding.
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2. Experimental procedures
2.1. Plasmids

The cDNA for human DMC1 was a kind and generous gift from Dr. Patrick Sung. A six-
histidine tag was added to the 5′ end of the human DMC1 cDNA by PCR as described [5].
The PCR product was inserted into the pET11c vector (Novagen) and sequenced to ensure
no undesired mutations were present. Quickchange site-directed mutagenesis was performed
on the pET11c-hDMC1WT plasmid to change the conserved lysine at position 132 to
arginine or alanine. The hDMC1K132R and hDMC1K132A pET11c expression plasmids were
sequenced to ensure only the desired mutations were present.

2.2. Expression and purification of hDMC1WT, hDMC1K132R and hDMC1K132A

The hDMC1WT expression plasmid was introduced into the BLR(DE3) strain of E. coli. The
cells were grown at 37 °C and protein expression was induced by the addition of IPTG.
After the cells were harvested, the cell paste (40 g) was resuspended in Buffer A (50 mM
Tris pH 7.5, 1 mM EDTA, 10% sucrose, 0.01% Igepal, 1 mM β-mercaptoethanol, 0.1 mg/
mL lysozyme, 1 mM benzamidine, 1 mM PMSF, and protease inhibitors aprotinin,
chymostatin, leupeptin, and pepstatin A at a final concentration of 5 μg/mL) containing 250
mM KCl. The subsequent steps were performed at 4 °C. The re-suspended cells were lysed
by sonication and the extract was clarified by ultracentrifugation. Ammonium sulfate was
added to the clarified lysate and the precipitated protein was subjected to centrifugation, re-
suspended in Buffer B (20 mM K2HPO4 pH 7.4, 10% glycerol, 1 mM EDTA, 1 mM DTT)
and loaded onto a Q Sepharose column. The peak fractions of hDMC1WT were pooled and
incubated with 1 mL of Nickel NTA Sepharose (GE Healthcare). The bound protein was
eluted with 10 mL of Buffer B containing 500 mM imidazole and 300 mM KCl. The eluate
was loaded onto a Mono S column (GE Healthcare). Peak fractions containing hDMC1WT
were diluted with Buffer B and loaded onto a Mono Q column (GE Healthcare). The peak
fractions containing hDMC1WT were concentrated and stored in small aliquots at −80 °C.
The hDMC1K132R and hDMC1K132A proteins were expressed and purified using the
procedure as described for hDMC1WT. Three independent preparations yielded the same
results in the biochemical experiments.

2.3. DNA substrates
The ϕX174 viral (+) strand (ssDNA) and ϕX174 replicative form I (dsDNA) was purchased
from New England Biolabs. The ϕX174 replicative form I was digest with ApaLI (New
England Biolabs) to linearize the DNA. The supercoiled pBluescript DNA was purified
using a commercially available kit (Qiagen). All the oligonucleotides were from Integrated
DNA Technology. Oligonucleotides were gel purified on a 10% denaturing polyacrylamide
gel in TAE (40 mM Tris-acetate pH 7.5, 0.5 mM EDTA). The DNA was excised from the
gel, electroeluted overnight and stored in TE buffer (10 mM Tris–HCl pH 7.5, 0.5 mM
EDTA). Oligonucleotides OL83 (5′-
TTTATATCCTTTACTTTATTTTCTATGTTTATTCATTTACTTATTTTGTATTATCCT
TATACTTATTTACTTTATGTTCATTT-3′) and OL90 (5′-
AAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTA
ATCAGTGAGGCACCTATCTCAGCGATCTGTCTATT-3′) were 5′-end labeled with
[γ-32P]-ATP using T4 polynucleotide kinase. A Micro Bio-Spin 30 Column (Bio-Rad) was
used to remove unincorporated [γ-32P] ATP. To generate an 83 bp dsDNA substrate,
equimolar amounts oligonucleotide 32P-OL83 and its complement were incubated at 95 °C
for 5 min in Buffer C (10 mM Tris–HCl pH 8.0, 10 mM NaCl, 1 mM EDTA) and slowly
cooled to room temperature. The annealed DNA substrates were gel purified on 10% non-
denaturing polyacrylamide gels. The substrates were excised from the polyacrylamide gel,
electroeluted and filter dialyzed as described [25].
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2.4. ATPase assay
hDMC1WT, hDMC1K132R and hDMC1K132A (3 μM) were incubated with 0.1 mM [γ-32P]
ATP in 10 μL reaction mixture with Buffer R (20 mM Tris–HCl pH 7.5, 2.4 mM MgCl2, 50
mM KCl, 1 mM DTT) either in the absence or presence of ssDNA ϕX174 (+) virion DNA
(15 μM nucleotides) or linearized ϕX174 replicative form I dsDNA (15 μM base pairs) at
37 °C. At the indicated times, 1.5 μL aliquots were removed and the reaction was stopped
by the addition of an equal volume of 0.5 M EDTA. An aliquot of the stopped reaction was
applied to polyethyleneimine-cellulose (PEI) plates and subjected to thin layer
chromatography. The amount of released 32P and γ-32P ATP was determined using a
Typhoon phosphorimager (GE Healthcare).

2.5. ϕX174 DNA mobility shift assay
Increasing amounts of hDMC1WT, hDMC1K132R and hDMC1K132A were incubated with
ϕX174 ssDNA (30 μM nucleotides), linearized ϕX174 dsDNA (30 μM base pairs), or both
ssDNA and dsDNA for 10 min at 37 °C in 12.5 μL Buffer R containing 100 mM KCl in the
presence or absence of 2 mM ATP, ATP-γ-S, AMP–PNP or ADP. DNA loading dye (10
mM Tris–HCl pH 7.5, 0.5 mM EDTA, 50% glycerol, 0.1% Orange G) was added to the
reaction and the samples were resolved in 0.9% agarose gels at 6.6 V/cm followed by
ethidium bromide staining. Images were captured and analyzed using Quantity One (Bio-
Rad) software. A control reaction was deproteinized by treatment with SDS (0.5% final) and
Proteinase K (0.5 mg/mL) at 37 °C for 10 min prior to loading in a 0.9% agarose gel.

2.6. Oligonucleotide DNA mobility shift assay
The 32P-labeled OL90 ssDNA (4.5 μM) was incubated with increasing concentrations of
hDMC1WT, hDMC1K132R and hDMC1K132A for 10 min at 37 °C in 10 μL of Buffer R
containing 100 mM KCl in the presence or absence of 2 mM ATP, ATP-γ-S, AMP–PNP, or
ADP. DNA loading dye was added to the reaction and the samples were subjected to 12%
non-denaturing PAGE at 18.3 V/cm. The gels were dried, analyzed with a phosphorimager
and quantified with ImageQuant (GE Healthcare) software. A control reaction was
deproteinized by treatment with SDS (0.5% final) and Proteinase K (0.5 mg/mL) at 37 °C
for 10 min prior to loading a 12% non-denaturing polyacrylamide gel.

2.7. ATP Binding assay
α-32P-ATP (0.1 mM) was incubated with 10 μM hDMC1WT, hDMC1K132R or
hDMC1K132A in 60 μL Buffer R containing either 0, 2, or 4 mM CaCl2 in the presence or
absence of ϕX174 ssDNA (15 μM nucleotides) for 10 min at 37 °C. An aliquot was applied
to a nylon membrane (GE Healthcare) and filtered through a manifold apparatus (Denville
Scientific). After 2 washes with Buffer R containing 0, 2 or 4 mM CaCl2 the nylon
membrane was dried and analyzed with a phosphorimager to determine the percent
nucleotide bound.

2.8. Nuclease protection assay
The 32P-labeled OL90 ssDNA (4.5 μM) was incubated with either 3 μM of hDMC1WT,
hDMC1K132R or hDMC1K132A for 10 min at 37 °C in Buffer R containing either 0, 2 or 4
mM CaCl2 in the presence or absence of ATP (2 mM). DNase I nuclease (1 unit) was added
to the reaction followed by further incubation at 37 °C. An aliquot was withdrawn at
different time points, deproteinized by treatment with SDS (0.5% final) and Proteinase K
(0.5 mg/mL) at 37 °C for 10 min and subjected to 12% non-denaturing PAGE at 18.3 V/cm.
The gels were dried, analyzed with a phosphorimager and quantified with ImageQuant.
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2.9. D-loop assay
The 32P-labeled OL90 D-loop substrate (2.5 μM nucleotides) was incubated with 1 μM
hDMC1WT, hDMC1K132R and hDMC1K132A in Buffer R (final reaction volume 12.5 μL) in
the presence or absence of 2 mM ATP, ATP-γ-S, AMP–PNP, or ADP at 37 °C for 2 min
followed by the addition of either 2 or 4 mM CaCl2. The reaction was initiated by addition
of pBluescript SK replicative form I (35 μM base pairs). Aliquots were withdrawn at
various time points, deproteinized by treatment with SDS (0.5% final) and Proteinase K (0.5
mg/mL) at 37 °C for 10 min and subjected to 0.9% agarose gel electrophoresis in TAE
buffer at 15 V/cm. The gels were dried, analyzed with a phosphorimager and quantified with
ImageQuant.

2.10. DNA Strand exchange assay
The unlabeled OL83 oligonucleotide (10 μM nucleotides) was incubated with either 3 μM
hDMC1WT, hDMC1K132R or hDMC1K132A for 10 min at 37 °C in 11 μL reaction Buffer R
in the presence or absence of ATP. The duplex DNA (5 μM base pairs) composed of 32P-
labeled OL83 annealed to its complement was added with 1 μL of 50 mM spermidine to the
reaction mixture and further incubated for 45 min at 37 °C (final reaction volume 12.5 μL).
Aliquots were withdrawn at various time points, deproteinized by treatment with SDS (0.5%
final) and Proteinase K (0.5 mg/mL) at 37 °C for 10 min and subjected to non-denaturing
electrophoresis using 12% polyacrylamide gels in TAE buffer at 15 V/cm. The gels were
dried, analyzed with a phosphorimager and quantified with ImageQuant.

2.11. Energy minimization
Energy minimization was performed with Accelrys Discovery Studio 3.1. Atomic
coordinates for hDMC1 (PDB ID: 1v5w) and E. coli recA (PDB ID: 2reb) were obtained
from the Protein Data Bank. hDMC1K132R was created by replacing K132 in the hDMC1WT
structure with arginine. The hDMC1WT and hDMC1K132R were then subjected to energy
minimization using CHARMM22 with 1000 steps of the steepest descent followed by
100,000 steps of the conjugate gradient method. From the minimized structures,
measurements were obtained between pairs of atoms in key residues that lie in a putative
nucleotide-binding cleft.

3. Results
3.1. Mutation of the conserved lysine in the hDMC1 Walker A motif

The human DMC1 recombinase forms a presynaptic filament and catalyzes homologous
DNA pairing and DNA strand exchange in an ATP-dependent manner [5,12]. We
constructed a bacterial expression plasmid harboring wild type hDMC1 (hDMC1WT) and
used site-directed mutagenesis to mutate the conserved Walker A motif lysine residue at
position 132 to either arginine (hDMC1K132R) or alanine (hDMC1K132A, Fig. 1A) in order
to define the role of ATP binding and ATP hydrolysis in hDMC1. Previous studies on other
ATPase proteins that contain a Walker A motif [24,26-28] demonstrated that substitution of
the conserved lysine in the Walker A motif to arginine permits ATP binding but not
hydrolysis while an alanine substitution compromises ATP binding. We devised a method
based on previous work [5] to purify milligram quantities of hDMC1WT, hDMC1K132R and
hDMC1K132A variant proteins (Fig. 1B, lanes 1–3, respectively). The wild type and variant
hDMC1 proteins were purified using the identical protocol that included ammonium sulfate
precipitation, Q-Sepharose, Nickel affinity chromatography, Mono Q and Mono S
chromatography [5]. hDMC1WT, hDMC1K132R and hDMC1K132A proteins demonstrated
the same chromatographic properties. This procedure yielded protein that was greater than
95% pure for hDMC1WT, hDMC1K132R and hDMC1K132A proteins. Three independent
preparations for each protein yielded similar results in all the biochemical assays.
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3.2. hDMC1K132R and hDMC1K132A are defective in ATP hydrolysis
To confirm that the hDMC1K132R and hDMC1K132A variants lacked ATP hydrolysis
activity, we used thin layer chromatography [25,29]. ATP hydrolysis activity was monitored
in the presence or absence of ssDNA or dsDNA. Consistent with previous reports [5,30,31],
the ATP hydrolysis activity of hDMC1WT (kcat = 0.6 min−1 was stimulated in the presence
of ssDNA (kcat = 2.5 min−1, Fig. 1C). In contrast to human and Saccharomyces cerevisiae
RAD51 recombinases [6,24], the ATPase activity of hDMC1WT was weakly stimulated by
linearized dsDNA (kcat = 0.8 min−1, Fig. 1C). As expected, the hDMC1K132R and
hDMC1K132A mutant proteins were unable to hydrolyze ATP regardless of the presence of
ssDNA or dsDNA.

3.3. DNA binding of hDMC1WT, hDMC1K132R and hDMC1K132A using plasmid length
substrates

Published studies [6,13,32] have shown that hRAD51 binds DNA in an ATP-independent
manner. To address whether hDMC1 also bound DNA in an ATP dependent manner, we
used an electrophoretic DNA mobility shift assay. First, we incubated increasing
concentrations of the hDMC1WT, hDMC1K132R or hDMC1K132A protein with a mixture of
equal amounts of plasmid length ϕX174 ssDNA and linearized ϕX174 dsDNA. As shown in
Fig. 2, hDMC1WT, hDMC1K132R and hDMC1K132A preferentially bound ssDNA in the
presence of ATP, with higher concentrations of each variant of hDMC1 required to
completely shift the dsDNA (panel I–III, lanes 2–5). Using the highest concentration of each
hDMC1 variant that completely shifted the ssDNA and dsDNA, we substituted ATP in the
reaction for either ATP-γ-S, AMP–PNP or ADP (Fig. 2, panel I–III, lanes 6–8, respectively)
or removed nucleotide (Fig. 2, panel I–III, lane 9). Fig. 2 shows hDMC1WT, hDMC1K132R
and hDMC1K132A shifted a similar amount of ssDNA and dsDNA regardless of presence or
absence of ATP, ATP-γ-S, AMP–PNP, or ADP.

3.4. DNA binding of hDMC1WT, hDMC1K132R and hDMC1K132A using oligonucleotide
substrates

The DNA mobility shift assay using plasmid length DNA substrates did not reveal a
nucleotide dependence of the DNA binding activity of hDMC1. During the course of our
DNA mobility shift experiments, we switched to an oligonucleotide based electrophoretic
DNA mobility shift assay. In this assay, increasing concentrations of the hDMC1WT,
hDMC1K132R or hDMC1K132A were incubated with the 90-base ssDNA substrate and the
reactions were resolved on polyacrylamide gels. Our results show that hDMC1WT bound
100% of the ssDNA in the presence of ATP, while the absence of ATP resulted in a shift of
only ~60% of the 90-base ssDNA substrate (Fig. 3, panel I, compare lanes 5 and 6). Since
presynaptic filament formation of hDMC1 on ssDNA is dependent upon the presence of
ATP [5,12,33], we reasoned that the complete shift of ssDNA in the presence of ATP was
the result of presynaptic filament formation, whereas a DNA shift of ~60% was due to
formation of stacked rings of hDMC1 on ssDNA [5,12,33]. We used this property of
hDMC1 to examine the nucleotide dependence of nucleoprotein filament formation of the
hDMC1K132R and hDMC1K132A proteins. As shown in Fig. 3, incubation of increasing
concentrations of hDMC1K132R (panel II, lanes 2–5) and hDMC1K132A (panel III, lanes 2–
5) in the presence of ATP resulted in approximately ~55–65% shift of ssDNA similar to that
seen in the absence of ATP (panel II and III, lane 6). These results suggested hDMC1K132R
and hDMC1K132A formed stacked rings on the ssDNA in the presence of ATP.

We examined whether substitution of ATP-γ-S or AMP–PNP in place of ATP resulted in a
complete shift of the ssDNA by hDMC1. In the presence of ATP-γ-S, the hDMC1WT,
hDMC1K132R and hDMC1K132A proteins were unable to completely shift the ssDNA (Fig.
3, panel I–III, lane 11) suggesting ATP-γ-S does not support presynaptic filament formation
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of hDMC1. The substitution of AMP–PNP facilitated a complete shift of the ssDNA with
hDMC1WT but not for hDMC1K132R and hDMC1K132A (Fig. 3, panel I–III, lane 14). A
previous report showed that calcium stabilized the hDMC1-ATP complex [12]. Addition of
calcium at two different concentrations resulted in a shift of ~84–88% of the ssDNA in the
presence of ATP by hDMC1K132R (Fig. 3 panel II, lanes 7 and 8) while no appreciable
increase in the DNA shift occurred with hDMC1K132A under any condition tested (Fig. 3,
panel III).

3.5. ATP binding of hDMC1WT, hDMC1K132R and hDMC1K132A

The finding that hDMC1K132R was capable of shifting more ssDNA in the presence of ATP
when calcium was present suggested to us that the hDMC1K132R not only lacked ATP
hydrolysis but was also compromised in its ability to bind ATP. To determine whether the
hDMC1K132R protein had reduced affinity for ATP, we performed a filter-binding assay
[12]. In this assay, the hDMC1 protein was incubated with α–32P-ATP in the absence or
presence of calcium and/or ssDNA. As shown in Fig. 4A, hDMC1WT retained ~57% of the
bound nucleotide in the absence of ssDNA (lane 2). As we suspected, hDMC1K132R was
unable to retain nucleotide in the absence of ssDNA, Fig. 4A (lane 3). A small increase in
the amount of bound ATP by hDMC1K132R was observed when ssDNA was incorporated
into the reaction (Fig. 4A, lane 6).

We examined whether calcium would stabilize a complex of ATP [12] with each hDMC1
variant by using two different concentrations of calcium. In the absence of ssDNA, addition
of calcium significantly increased the amount of bound ATP with hDMC1WT (Fig. 4,
compare Panel A lane 2 with Panel B and C lane 2) with only a small increase in bound ATP
with hDMC1K132R (Fig. 4, Compare Panel A lane 3 with Panel B and C lane 3). When
hDMC1WT was incubated with calcium and ssDNA, the amount of bound ATP increased ~2
fold (Fig. 4, Compare Panel A lane 5 with Panel B and C lane 5). hDMC1K132R bound a
higher amount of the ATP when calcium and ssDNA were present (Fig. 4, Compare Panel A
lane 6 with Panels B and C lane 6) albeit at significantly reduced levels compared to
hDMC1WT. hDMC1K132A was unable to bind ATP regardless of the presence of calcium
and/or ssDNA. It is important to note that ssDNA stimulates the rate of ATP hydrolysis of
hDMC1WT, however at the time points used in these experiments we expected only 5–6% of
the ATP to be hydrolyzed by hDMC1WT in the absence of calcium. The presence of calcium
inhibits the hydrolysis of ATP by hDMC1 [12]. Taken together, these results indicate the
hDMC1K132R possesses reduced affinity for ATP that can be partially restored by the
addition of calcium and presence of ssDNA.

3.6. Presynaptic filament formation by hDMC1WT, hDMC1K132R and hDMC1K132A

Since hDMC1 binds ssDNA as stacked rings in the absence of ATP [5,12,33] and
nucleoprotein filaments in the presence of ATP [5,12], we surmised that the incomplete shift
of ssDNA in the oligonucleotide binding assay was due to the presence of stacked rings of
hDMC1. To determine whether hDMC1 formed presynaptic filaments on the ssDNA a
nuclease protection assay was used [24,34]. We first confirmed that DNase I digestion of the
ssDNA substrate was not affected by the presence of calcium (Fig. 5A). The hDMC1WT
protein was incubated with ssDNA in the presence of ATP with or without 2 and 4 mM
calcium. After a brief incubation, DNase I was added to the reaction. The time course of the
DNase I digestion shows that hDMC1WT in the presence of ATP (Fig. 5B, WT, lanes 1–5),
2 mM and 4 mM calcium (Fig. 5B, lanes 7–11 and 13–17, respectively) completely
protected the ssDNA from DNase I digestion during the course of the 30 min reaction. In the
absence of ATP, the hDMC1WT protein was unable to protect the ssDNA from DNase I
(Fig. 5, panel B, WT, lanes 6, 12 and 18), regardless of the presence of calcium. The
hDMC1K132R briefly delayed DNase I digestion of the ssDNA substrate in the presence of
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calcium with slightly higher concentrations of calcium (4 mM) providing greater protection
(Fig. 5B, K132R). Calcium did not afford protection to ssDNA in the presence of
hDMC1K132A (Fig. 5B, K132A). We interpret protection of the ssDNA in the presence of
ATP to result from the formation of a presynaptic filament, while digestion of the ssDNA in
the absence of ATP resulted from stacked DMC1 rings on ssDNA. These results suggested
the hDMC1K132R protein formed partial presynaptic filaments but only when both ATP and
4 mM calcium were present.

3.7. D-loop formation by hDMC1WT, hDMC1K132R and hDMC1K132A

The results from the above experiments confirm previous findings [5,12] that ATP binding
is required for presynaptic filament formation. To determine whether hDMC1-mediated
DNA homologous pairing was dependent upon nucleotide binding or hydrolysis, we used an
assay that measured the formation of a D-loop. In this assay, the radiolabeled
oligonucleotide is assimilated into a supercoiled duplex DNA through base pairing with a
region of complementary sequence within the duplex DNA. As a result, the homologous
sequence is displaced forming a D-loop (Fig. 6A). We show hDMC1WT catalyzes the
formation of a D-loop in the presence of magnesium and ATP or AMP–PNP (Fig. 6B, panel
I, [5,12]). In agreement with previous studies [12], calcium stimulated D-loop formation by
hDMC1WT in the presence of ATP and to a lesser extent, AMP–PNP. Maximal D-loop
formation by hDMC1WT required ATP and not AMP–PNP regardless of the presence (Fig.
6B, compare lanes 4 and 12) or absence of calcium (Fig. 6B, compare lanes 7 and 13).
Considering the reduced affinity of hDMC1K132R for ATP and the unstable presynaptic
filaments formed by hDMC1K132R, we wished to determine whether the hDMC1K132R
presynaptic filament was functionally capable of homologous DNA pairing. As shown in
Fig. 6, very weak D-loop formation by hDMC1K132R (~1%) was detected in the presence of
ATP and calcium (Fig. 6B, panel II and panel III) whereas hDMC1K132A was unable to
form D-loops under any conditions tested (Supp. Fig. 1).

3.8. DNA strand exchange by hDMC1WT, hDMC1K132R and hDMC1K132A

The weak D-loop formation activity of hDMC1K132R led us to use an oligonucleotide-based
DNA homologous pairing and strand exchange assay [35]. Here, hDMC1 was incubated
first with an oligonucleotide ssDNA substrate in the presence of ATP to allow presynaptic
filament formation followed by addition of radiolabeled dsDNA to initiate the reaction.
DNA strand exchange is detected when the radiolabeled strand of the dsDNA substrate is
replaced by the unlabeled ssDNA within the presynaptic filament. The radiolabeled reaction
products are separated on a polyacrylamide gel. In agreement with published work, hDMC1
catalyzed DNA strand exchange in an ATP dependent manner that was stimulated by the
addition of calcium (Fig. 7B, [12]. The addition of 4 mM calcium was inhibitory to
hDMC1WT reducing the amount of strand exchange product 8 fold. Interestingly,
hDMC1K132R yielded ~12% DNA strand exchange that was dependent upon the presence of
4 mM calcium (Fig. 7C) that inhibited the DNA strand exchange activity of hDMC1WT (Fig.
7, panel B, lane 15). Furthermore, hDMC1K132R was unable to commence DNA strand
exchange at the lower concentration of calcium (2 mM, Fig. 7C, lane 15) found to be
optimal for hDMC1WT DNA strand exchange activity. In all conditions tested,
hDMC1K132A was unable to promote DNA strand exchange (Supp. Fig. 2). These results
indicate that the hDMC1K132R protein retains DNA strand exchange activity dependent
upon the presence of calcium and ATP.

3.9. Molecular modeling of the ATP binding pocket of hDMC1K132R

Energy minimization was performed on the ribbon regions of hDMC1WT and hDMC1K132R.
This analysis revealed a significant compaction of the putative nucleotide-binding site in
hDMC1K132R relative to that of the hDMC1WT. The hDMC1 residues (Fig. 8A and B)
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correspond to their counterparts in the recA protein crystallized with ADP present (Fig. 8C,
[20]). In hDMC1WT (Fig. 8A), the loop containing R129 and K132 is extended straight
outward from the helix and the distance between R129 and E162 (which defines the width of
the putative binding cleft) is 4.15 Å. In hDMC1K132R (Fig. 8B), this same loop is displaced
upwards and the distance between R129 and E162 is 3.6 Å. Moreover, the length of the
binding pocket has decreased from 17.45 Å in hDMC1WT to 14.03 Å in hDMC1K132R (Fig.
8). Part of the driving force for the changes in this loop may be stronger π–cation
interactions between F128 and R132 than with K132. Furthermore, R132 has greater
potential for hydrogen bonding with main chain O atoms of residues 126–128 than K132.
These additional hydrogen bonds may alter the flexibility of this critical loop. As a result of
these and other changes, the putative binding pocket may be too narrow or short to readily
accept ATP, thus reducing binding affinity.

4. Discussion
In this study, Walker A motif variants of hDMC1 and nucleotide analogs were used to
examine the role of ATP binding and hydrolysis in hDMC1-mediated homologous
recombination.

We constructed hDMC1K132R and hDMC1K132A by substituting the conserved lysine in the
Walker A motif to either arginine or alanine. The expectation was the hDMC1K132R and
hDMC1K132A variants would fail to hydrolyze or bind ATP, respectively [21,24,26,28].

In agreement with previous studies, we found hDMC1WT ATP hydrolysis activity was
stimulated by the presence of ssDNA [30,31,36] as shown for RecA [37] and RAD51 [24].
As expected, neither hDMC1K132R nor hDMC1K132A retained ATP hydrolysis activity.
Interestingly, our results showed that unlike RAD51 [6,24], the ATP hydrolysis activity of
hDMC1WT was only weakly stimulated by dsDNA (0.8 min−1). Given ATP hydrolysis is
linked with disassembly of RecA presynaptic filaments [38], it is possible the weak
stimulation of hDMC1WT ATP hydrolysis by dsDNA allows for longer and presumably
more stable filament formation on dsDNA [4].

The results from the DNA mobility shift assay that utilized plasmid length ssDNA and
linearized dsDNA yielded results similar to those reported for hRAD51 [24], indicating a
lack of dependence on the presence of nucleotide. However, when short oligonucleotide
substrates were incubated with hDMC1 in the DNA mobility shift assays, two modes of
ssDNA binding were observed. In the presence of ATP or AMP–PNP, hDMC1WT
completely bound the oligonucleotide ssDNA substrate shifting all the substrate to the well
of the gel. These reaction conditions were previously reported to support nucleoprotein
filament formation by hDMC1 [5]. The hDMC1 nucleoprotein filament binds DNA in an
extend conformation [4] which may give rise to the hDMC1–ssDNA complex trapped in the
well of the polyacrylamide gel. However, we cannot rule out the possibility that hDMC1
forms networks that are trapped in the well of the gel. Contrastingly, when hDMC1WT was
incubated in the absence of nucleotide, only a partial shift of the oligonucleotide ssDNA
substrate was observed. Previous work demonstrated the absence of nucleotide resulted in
stacked rings of hDMC1 on ssDNA [5,12,33]. The partial shift of the ssDNA substrate by
hDMC1 in the absence of ATP suggested the interaction between the ssDNA and the
stacked rings of hDMC1 was transient, potentially leaving regions of the ssDNA unbound.
In support of this idea, DNase I rapidly digested ssDNA bound by hDMC1 in the absence of
ATP. In contrast, the ssDNA substrate was protected from DNase I digestion by hDMC1
presynaptic filaments formed in the presence of ATP.

Considering the substitution of arginine for the conserved lysine within the Walker A motif
of hDMC1 was expected to permit binding but not hydrolysis of ATP [21,24,26,28], we
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were surprised hDMC1K132R failed to completely shift the ssDNA in the DNA mobility
shift assay in the presence of ATP or AMP–PNP as seen with hDMC1WT. Our ATP binding
experiments revealed substitution of the conserved lysine to arginine resulted in a
significantly reduced ability of hDMC1K132R to bind ATP. As a result, hDMC1K132R was
compromised in the ability to form stable presynaptic filaments capable of protecting
ssDNA in the nuclease protection assay. The hDMC1K132R presynaptic filaments that did
form required calcium to commence homologous DNA pairing and DNA strand exchange
albeit very weakly. Taken together, our results showed that hDMC1 requires ATP binding to
commence DNA homologous pairing and DNA strand exchange. Although the activity seen
with hDMC1K132R was weak, it is in agreement with other recombinases [24,27,28,39].

Structural studies of hDMC1 [40,41] showed different conformations of the ATP binding
pocket when hDMC1 is bound to ssDNA. In agreement with these studies, the presence of
ssDNA increased the amount of ATP bound by hDMC1K132R, suggesting the conformation
of the ATP pocket changed to accommodate the nucleotide upon binding DNA. Similarly,
the addition of calcium increased the amount of nucleotide bound by the hDMC1K132R
(~10%). These results are consistent with previous reports demonstrating calcium inhibited
ATP hydrolysis to stabilize the hDMC1-ssDNA presynaptic filament [12]. Furthermore,
crystal structures of eukaryotic and archeal RAD51 family members showed the ATP
hydrolysis site to be located at the interface between monomers of the nucleoprotein
filament. The X-ray crystal structure of RecA–ADP complex indicate the conserved lysine
residue in the P-loop interacts with the β and γ phosphates of ATP [20]. The substitution of
the conserved lysine in the Walker A motif to an alanine removes the positive charge
resulting in the expected loss of ATP binding; however, the substitution of lysine for
arginine retains the positive charge. Our energy minimization of hDMC1K132R suggests the
substitution of lysine with the bulky side chain of arginine changes the ATP binding pocket
resulting in a significant drop in affinity for ATP. Interestingly, AMP–PNP did not
substitute for ATP in presynaptic filament formation by hDMC1K132R even with the
addition of calcium as in the case with hDMC1WT. The substitution of arginine likely
altered the conformation of the ATP binding pocket such that AMP–PNP was sterically
impeded. The results strongly suggest the lysine residue at position 132 is directly involved
in the binding and alignment of ATP.

When ssDNA, calcium or both ssDNA and calcium were included in the nucleotide binding
reaction, the amount of nucleotide retained by hDMC1K132R increased. Previous studies
revealed that DNA binding induced conformational changes in RecA [42]. Based on these
observations, we propose that binding of ssDNA and calcium each induce a conformational
change in the hDMC1 that stabilizes bound ATP. The site of calcium binding in hDMC1 is
unknown. One explanation first proposed by Bugreev et al. [12] was that the calcium ion
binds to a site different than the ATPase pocket to induce a conformational change within
the ATP binding pocket of hDMC1 that stabilizes the presynaptic filament. However, the
possibility remains that the calcium ion binds within the ATP binding pocket to align ATP
for binding. In HR reactions, accessory proteins including the Hop2–Mnd1 complex and
presumably the Sfr1–Swi5 complex stabilize the presynaptic filament. Further studies will
be required to determine whether these factors stabilize the presynaptic filament by inducing
a conformational change that stabilizes ATP bound within the ATP binding pocket of
hDMC1.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HR homologous recombination
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ss single-stranded

ds double-stranded

NTA nitrilotriacetic acid

BSA bovine serum albumin

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
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Fig. 1.
Purification and ATP hydrolysis activity of wild type and Walker A variants of hDMC1. (A)
hDMC1 Walker A motif consisting of amino acid residues 124–138. The bars depict the
conserved residues of the Walker A motif. The conserved lysine at position 132 (K) residue
was substituted with either arginine (R) or alanine (A). (B) Purified hDMC1WT (hDMC1;
lane 1), hDMC1K132R (K132R; lane 2), and hDMC1K132A (K132A; lane 3) 1.5 μg each
variant was resolved on 12% SDS-PAGE polyacrylamide gel stained with Coomassie Blue.
* Denotes a C-terminal truncation of hDMC1. (C) Determination of ATP hydrolysis activity
of hDMC1 and walker A motif variants. Purified hDMC1WT (hDMC1), hDMC1K132R
(K132R), and hDMC1K132A (K132A) were incubated with [γ-32P] ATP in the presence or
absence of ϕX174 (+) virion single strand (ssDNA) or ϕX174 replicative form I (dsDNA).
The samples were withdrawn at the indicated time points and subjected to thin layer
chromatography (TLC) followed by phosphorimager analysis.
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Fig. 2.
DNA binding activity of wild type and Walker A variants of hDMC1. (panel I) hDMC1WT
(1.4 μM, lane 2; 2.8 μM, lane 3; 5.6 μM, lane 4; 11.2 μM, lanes 5–11) was incubated with
ϕX174 (+) ssDNA DNA (ss) and linearized ϕX174 RF (I) dsDNA (ds) in the absence (lane
9) or presence of ATP (lanes 1–5 and 10) and nucleotide analogs (ATP-γ-S, lane 6; AMP–
PNP, lane 7; and ADP, lane 8). The reaction products were analyzed on 1% agarose gels.
Lane 11, the reaction was deproteinized prior loading on the agarose gel. The hDMC1K132R
(panel II) and hDMC1K132A (panel III) were analyzed as described for hDMC1WT.
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Fig. 3.
Oligonucleotide DNA binding of wild type and Walker A variants of hDMC1. (panel I)
hDMC1WT (0.25 μM, lane 2; 0.7 μM, lane 3; 1.4 μM, lane 4; 2.8 μM, lanes 5–15) was
incubated with 32P-labeled OL90 ssDNA (ss) in the absence (lane 6) or presence of ATP
(lanes 1–5, 7–8, and 15), ATP-γ-S (lanes 9–11), AMP–PNP, (lanes 12–14) and Ca2+ (2
mM, lanes 7, 10 and 13; 4 mM, lanes 8, 11 and 14). The reaction products were resolved on
non-denaturing 10% polyacrylamide gels. The hDMC1K132R (panel II) and hDMC1K132A
(panel III) were analyzed as described for hDMC1WT.
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Fig. 4.
Nucleotide binding by wild type and Walker A variants of hDMC1. (A) hDMC1WT (lane 2
and 5), hDMC1K132R (lane 3 and 6) and hDMC1K132A (lane 4 and 7) were incubated with
[α-32] ATP in the absence (lanes 1–4) or presence of ϕX174 (+) strand (ssDNA) (lanes 5–7)
either in the absence (A) or presence of 2 mM Ca2+ (B) or 4 mM Ca2+ (C). The reaction
products were subjected to dot filtration through a nylon membrane in a mini-fold apparatus
followed by immediate washes with reaction buffer. The relative amount of bound
nucleotide was quantified using a phosphorimager.
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Fig. 5.
Protection of ssDNA by presynaptic filaments formed by wild type and Walker A variants
of hDMC1. (A)32P-labeled OL90 ssDNA was incubated in the absence of hDMC1 with
ATP in the absence (lanes 1–5) or presence of Ca2+ (2 mM, lanes 6–10; or 4 mM, lanes 11–
15) for 10 min followed by DNase I digestion. Reaction products were withdrawn at
indicated time points, deproteinized and resolved on non-denaturing 10% polyacrylamide
gels. (B) 32P-labeled OL90 ssDNA was incubated with hDMC1WT (WT), hDMC1K132R
(K132R) or hDMC1K132A (K132A) in the absence (lane 6, 12, and 18) or presence of ATP
(lanes 1–5, 7–11, and 13–17) in the absence (lanes 1–6) or presence of Ca2+ (2 mM, lanes
7–12; or 4 mM, lanes 13–18) for 10 min followed by DNase I digestion. The reaction
products were analyzed as described in (A). (C) The data presented in (A) and (B) were
plotted.
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Fig. 6.
Dependence of ATP hydrolysis for Displacement loop (D-loop) formation. (A) Reaction
scheme. ss, ssDNA; sc, super-coiled DNA; jm, joint molecule. The asterisks represent
the 32P label. (B) hDMC1WT (panel I, WT) and hDMC1K132R (panel II, K132R) was
incubated with 32P labeled OL90 ssDNA in the absence (lanes 8–9) or presence of ATP
(lanes 1–7), ATP analogs (ATP-γ-S, lanes 10–11; AMP–PNP, lanes 12–13) and in the
absence (lanes 1–4, 8, 10, and 12) presence of 2 mM Ca2+ (panel I, lanes 5–7, 9, 11, and 13)
or 4 mM Ca2+ (panel II and III, lanes 5–7, 9, 11, and 13). The reaction was initiated with the
addition of super-coiled DNA. Samples were withdrawn at the indicated time points,
deproteinized and the reaction products were analyzed on a 1% agarose gel. The gel in panel
II was overexposed (panel III). The results from three replicates were graphed for each
hDMC1 variant.
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Fig. 7.
Dependence of ATP hydrolysis for homologous DNA pairing and strand exchange. (A)
Reaction scheme. The asterisks represent the 32P label. (B) hDMC1WT or (C) hDMC1K132R
(0.25 μM, lanes 2 and 9; 0.5 μM, lanes 3 and 10; 1.0 μM, lanes 4 and 11; 2.0 μM, lanes 5
and 12; 3.0 μM, lanes 6–7 and 13–15) was incubated with OL83 oligonucleotide substrate in
the absence (lanes 7 and 14) or presence of ATP (lanes 1–6, 8–13, and 15) in the absence
(lanes 1–7) or presence of Ca2+ (2 mM, lanes 8–14; 4 mM, lane 15) followed by the addition
of 32P-labeled dsDNA. The reactions were further incubated followed by deproteinization
and resolved on a 12% non-denaturing polyacrylamide gel. The graph represents the data
from three replicates of the experiment.
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Fig. 8.
Molecular modeling and energy minimization of hDMC1K132R. (A) In hDMC1WT, the atom
pairs and distances that span the putative nucleotide-binding site were: K132:NZ-R166:CZ
(17.447 Å); T133:OG1-R169:CZ (11.773 Å); R129:CZ-E162: CD (4.148 Å), and (B) In
hDMC1K132R, these distances were R132:CZ-R166:CZ (14.025 Å); T133:OG1-R169:CZ
(11.735 Å); R129:CZ-E162:CD (3.598 Å). The hDMC1 residues are based on their
counterparts in the RecA protein (C) with corresponding atom pairs and distances: K72:NZ-
D100:CG (15.278 Å); T73:OG1-Y103:CZ (8.030 Å); and E68:CD-E96:CD (9.859 Å). For
comparison, the original distances in hDMC1WT prior to minimization were: 16.822 Å for
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K132:NZ-R166:CZ, 10.560 Å for T133:OG1-R169:CZ, and 9.413 Å for R129:CZ-
E162:CD.
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