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(Background: DMCI and RADS5I1 recombinases catalyze ATP-dependent DNA strand exchange via the presynaptic
Results: Attenuation of ATP hydrolysis correlates with stabilization of the presynaptic filament but does not enhance DMC1
Conclusion: In contrast to RAD51, stabilization of the presynaptic filament via ATP hydrolysis attenuation is insufficient for

enhancement of the DMCl1-catalyzed recombination reaction.
Significance: The results reveal an important mechanistic difference between RAD51 and DMCI1.
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DMCI1 and RAD51 are conserved recombinases that catalyze
homologous recombination. DMC1 and RAD51 share similar
properties in DNA binding, DNA-stimulated ATP hydrolysis,
and catalysis of homologous DNA strand exchange. A large body
of evidence indicates that attenuation of ATP hydrolysis leads to
stabilization of the RAD51-ssDNA presynaptic filament and
enhancement of DNA strand exchange. However, the functional
relationship of ATPase activity, presynaptic filament stability,
and DMC1-mediated homologous DNA strand exchange has
remained largely unexplored. To address this important ques-
tion, we have constructed several mutant variants of human
DMC1 and characterized them biochemically to gain mechanis-
tic insights. Two mutations, K132R and D223N, that change key
residues in the Walker A and B nucleotide-binding motifs ablate
ATP binding and render DMC1 inactive. On the other hand, the
nucleotide-binding cap D317K mutant binds ATP normally but
shows significantly attenuated ATPase activity and, accord-
ingly, forms a highly stable presynaptic filament. Surprisingly,
unlike RAD51, presynaptic filament stabilization achieved via
ATP hydrolysis attenuation does not lead to any enhancement
of DMCl-catalyzed homologous DNA pairing and strand
exchange. This conclusion is further supported by examining
wild-type DMC1 with non-hydrolyzable ATP analogues. Thus,
our results reveal an important mechanistic difference between
RAD51 and DMC1.
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Homologous recombination (HR)? is indispensable for the
maintenance of genomic integrity and also helps create genetic
diversity (1-7). To initiate HR, a recombinase enzyme polym-
erizes on ssDNA derived from the nucleolytic processing of a
primary lesion, e.g. a DNA double-strand break, to form a right-
handed, helical protein filament known as the presynaptic fila-
ment. The presynaptic filament searches for homology in
duplex DNA, and once homology is located, recombinase-me-
diated DNA pairing forms a D-loop structure to initiate genetic
exchange (1-4).

RADS51 and DMCI1 are the two conserved recombinases that
catalyze HR reactions in eukaryotes. Although RAD51 func-
tions in both mitotic and meiotic cells, DMCI1 is meiosis-spe-
cific (8,9). Genetic studies in the budding yeast have shown that
both Rad51 and Dmcl are essential for the proper execution of
meiotic recombination. Recent work has provided evidence
that the essential role of Rad51 in meiosis is to enhance the
recombinase activity of Dmc1 (10). These results thus reveal
distinct functions of Rad51 and Dmcl in meiotic HR (11-13).
In mice, a homozygous deletion of Rad51 causes embryonic
lethality. In contrast, the Dmcl /'~ mutant is viable although
sterile (14-17).

With both RAD51 and DMC1, presynaptic filament forma-
tion requires ATP (18 —23). In the case of RAD51, ATP hydro-
lysis by the presynaptic filament leads to the turnover of protein
protomers and drives the branch migration of Holliday junc-
tions (24 —27). It has been well documented that the attenua-
tion of ATP hydrolysis, either through the introduction of
specific mutations into RAD51 or through the use of a non-
hydrolyzable ATP analogue, enhances the stability of the pre-
synaptic filament and recombinase activity (28 —30). Consistent

2The abbreviations used are: HR, homologous recombination; AMP-PNP,
5’-adenylyl-B,y-imidodiphosphate; AMP-PCP, adenosine 5'-(B,y-methyl-
enetriphosphate); ATP+yS, adenosine 5’-O-(thiotriphosphate); Oligo,
oligonucleotide.
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with this relationship, the RAD5I1-interacting SWI5-SFR1
complex facilitates RAD51-mediated recombination by main-
taining the ATP-bound form of the RAD51 presynaptic fila-
ment (31, 32). Thus, the active conformation of the RAD51
presynaptic filament requires ATP being bound, but ATP hy-
drolysis is dispensable and in fact diminishes recombinase
activity because of protein turnover. DMC1 also requires ATP
for the assembly of a functional presynaptic filament and to
perform homologous DNA pairing and strand exchange. How-
ever, studies that have been conducted thus far provide no evi-
dence for an up-regulation of DMCI1 recombinase activity upon
attenuation of ATP hydrolysis by the presynaptic filament (22,
33, 34). These observations suggest important mechanistic dif-
ferences between RAD51 and DMCI1 with regards to presynap-
tic filament assembly and recombinase activity.

In this study, we have strived to define how ATP hydrolysis
affects the stability of the DMC1 presynaptic filament and
ensuing homologous DNA pairing and strand exchange effi-
ciency. For this purpose, we have generated the D317K mutant
that exhibits attenuated ATPase activity but remains proficient
in ATP binding. Our biochemical analyses reveal that although
the DMC1 D317K mutant protein readily forms a presynaptic
filament with enhanced stability, it is compromised for the abil-
ity to mediate homologous DNA pairing and strand exchange.
Similar results have been obtained using the non-hydrolyzable
ATP analogues AMP-PNP and AMP-PCP with wild-type
DMCI1. Our findings thus provide evidence that, unlike RAD51,
ATP hydrolysis by the DMC1 presynaptic filament correlates
with filament stability but not with DNA pairing and strand
exchange activity.

Experimental Procedures

DNA Substrates—Both replicative form I dsDNA and viral
(+)-strand ®x174 ssDNA were purchased from New England
Biolabs. The linear ®x174 dsDNA was prepared by treatment
of the replicative form I dsDNA with the restriction enzyme
Pstl (New England Biolabs) and purification using the PCR
purification kit (Qiagen). Oligonucleotides were purified as
described previously (31). The 80-mer Oligo 1 (5'-TTA-
TGTTCATTTTTTATATCCTTTACTTTATTTTCTCTG-
TTTATTCATTTACTTATTTTGTATTATCCTTATCTTA-
TTTA) was used to assemble the presynaptic filament for DNA
strand exchange reactions. To prepare the homologous 40-mer
duplex dsDNA, Oligo 2 (5'-TAATACAAAATAAGTAAATG-
AATAAACAGAGAAAATAAAG) was 5" end-labeled with
polynucleotide kinase (New England Biolabs) and [y->*P]ATP
(PerkinElmer). Following removal of the unincorporated nucle-
otide with a Spin 6 column (Bio-Rad), the radiolabeled oligonu-
cleotide was annealed to its exact complement (Oligo 3) by
heating the mixture of the two oligonucleotides at 85 °C for 10
min and its slow cooling to 25 °C over the course of ~1.5 h.
After purification from a 10% polyacrylamide gel, the duplex
was concentrated. For the D-loop reaction, the 90-mer Oligo 4
(5'-AAATCAATCTAAAGTATATATGAGTAAACTTGGT-
CTGACAGTTACCAATGCTTAATCAGTGAGGCACCTAT-
CTCAGCGATCTGTCTATTT) was 5" end-labeled as above.
To prepare 5’ end-labeled ssDNA for the Exonuclease I protec-
tion assay, Oligo 1 was 5’ end-labeled as above. For the Rec]
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protection assay, Oligo 1 was treated with terminal transferase
(Roche Applied Science) and [a-**P]dATP (PerkinElmer) to
label its 3" end. The unincorporated nucleotides were removed
as above.

Plasmids—The DMC1 expression plasmid was obtained by
inserting the human DMCI1 ¢DNA into the BamHI site of the
pRSFDuet vector (Novagen), which added a His, tag to the
amino terminus of the protein. Construction of the DMC1
mutant variants D317K, K132R, and D223N was by site-di-
rected mutagenesis. All the protein expression plasmids were
sequenced to ensure that no undesired mutation had occurred.

Protein Expression and Purification—RecA-deficient Esche-
richia coli cells (strain BLR) harboring the His,-tagged DMC1
expression plasmid were cultured in Luria broth at 37 °C until
the Agy, reached 0.6—0.8, at which point 1 mwm isopropyl-1-
thio-B-p-galactopyranoside was added and cultures were incu-
bated for an additional 2.5 h at 37 °C. All the protein purifica-
tion steps were carried out at 4 °C. To purify the His,-tagged
DMC1, 50 - 60 g of cell paste was suspended in 150 ml of break-
age buffer (25 mm Tris-HCI, pH 7.5, 10% glycerol, 300 mm KClI,
0.01% IGEPAL, 2 mm B-mercaptoethanol, 1 mm PMSF, and the
protease inhibitors aprotinin, chymostatin, leupeptin, Bestatin,
and pepstatin A, each at 3 ug/ml). The cell suspension was then
subjected to sonication. The clarified lysate was prepared by
centrifugation (100,000 X g for 1 h) and incubated with 5 ml of
TALON resin (Clontech) for 4 h. The slurry was transferred to
a column and washed with 50 ml of breakage buffer containing
5 mMm imidazole. DMCI1 was eluted with 25 ml of elution buffer
(25 mm Tris-HCI, pH 7.5, 10% glycerol, 150 mm KCI, 0.01%
IGEPAL, 2 mM B-mercaptoethanol, and 200 mM imidazole)
containing protease inhibitors. The eluate was fractionated in a
1-ml Source Q column by applying a 60-ml gradient of 75—450
mm KCI in buffer A (25 mm Tris-HCI, pH 7.5, 10% glycerol,
0.01% IGEPAL, 2 mm B-mercaptoethanol, and 0.5 mm EDTA).
The pooled DMC1-containing fraction was diluted and further
fractionated in a 1-ml macrohydroxyapatite column using a
45-ml gradient of 70— 630 mm KH,PO, in buffer A containing
75 mMm KCl. The pooled DMC1-containing fraction was diluted
and further fractionated in a 1-ml Mono Q column with a 30-ml
75—400 mm KCI gradient in buffer A. Then, the DMC1-con-
taining fractions were pooled and concentrated in a Centri-
con-30 concentrator (Millipore). The concentrated prepara-
tion was divided into small aliquots and stored at —80 °C. The
His-tagged DMC1 D317K, His,-tagged DMC1 K132R, and
His,-tagged DMC1 D223N were expressed and purified using
the same procedure.

UV Cross-linking Assay—A previously described procedure
was followed (35). Briefly, His,-tagged DMC1 or mutant pro-
tein was incubated with 2.4 uCi of [y->?P]ATP in buffer B (35
mM Tris-HCI, pH 7.5, 1 mm DTT, 100 ng/ul BSA, 100 mm KCl,
and 5 mm MgCl,) for 10 min at 37 °C, and cross-linking was
carried out using a Stratalinker® UV Crosslinker 1800 (Strat-
agene) for 10 min on ice. Samples were resolved by 13.5% SDS-
PAGE at 4 °C, and the gel was dried onto DE81 Paper (What-
man) and analyzed in the Personal Molecular Imager (PMI)
(Bio-Rad).

ATPase Assay—Hiss-tagged DMC1 or DMC1 D317K (2.5
M) was incubated in buffer C (35 mm Tris-HCI, pH 7.5, 1 mm
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FIGURE 1. Purification of human DMC1 and mutant proteins. A, the conserved aspartate (Asp-317) residue in the ATP cap of human DMC1 was mutated to
lysine, as indicated (panel ). The conserved lysine (Lys-132) residue in the Walker A motif was changed to arginine (panel Il), and the conserved aspartate
(Asp-223) residue in the Walker B motif was changed to asparagine (panel lll). B, protein purification procedure. C, purified wild-type DMC1 (WT, lane 1), DMC1
D317K (lane 2), DMC1 K132R (lane 3), and DMC1 D223N (lane 4) proteins, 3 g each, were analyzed on a 15% denaturing polyacrylamide gel with Coomassie

Blue staining.

DTT, 100 ng/ul BSA, 15 mm KCl, 5 mm MgCl,, 1 mm ATP, and
0.6 uCi of [y->*P]ATP) without or with ®x174 viral (+) strand
ssDNA (37.5 uM nucleotides) or linearized dsDNA (37.5 uM
base pairs) at 37 °C for the indicated times. Aliquots (2 ul) were
taken at the indicated times and mixed with an equal volume of
500 mm EDTA. ATP hydrolysis was determined by thin-layer
chromatography on a polyethyleneimine sheet (Sigma-Aldrich)
using 0.15 M LiCl and 0.5 M formic acid as the developing buffer.
The chromatography sheet was air-dried and subjected to
phosphorimaging analysis.

DNA Mobility Shift Assay—The ®x174 viral (+) strand
ssDNA (15 uM nucleotides) or linearized dsDNA (15 uM base
pairs) was incubated with the indicated amount of His,-tagged
DMC1 or DMC1 D317K in 10 ul of buffer B (35 mMm Tris-HCl,
pH 7.5, 1 mm DTT, 100 ng/ul BSA, 100 mm KCI and 5 mm
MgCl,) with 1 mm ATP at 37 °C for 5 min. Reaction mixtures
were fractionated in a 1% agarose gel in TAE buffer (40 mm Tris,
20 mM acetate, pH 7.5, and 2 mm EDTA) at 4 °C, and the DNA
species were stained with ethidium bromide. The gels were ana-
lyzed in a gel documentation station (Bio-Rad). For Fig. 3C, the
5" end **P-labeled 80-mer Oligo 1 ssDNA (3 um nucleotides)
were incubated with the indicated amount of His,-tagged
DMC1 or DMC1 D317K in 10 pl of buffer B with 1 mm nucle-
otide (ATP, AMP-PNP, or AMP-PCP) at 37 °C for 5 min. The
reaction mixtures were fractionated in 4% non-denaturing
polyacrylamide gels in TAE buffer at 4 °C. The gels were dried
onto DE81 paper and subjected to phosphorimaging analysis.

Exonuclease Protection Assay—For this assay, His,-tagged
DMC1 or DMC1 D317K was incubated with either 5 or 3’
32P-labeled Oligo 1 ssDNA (3 uM nucleotides) in 9 ul of buffer
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B (35 mm Tris-HCl, pH 7.5, 1 mm DTT, 100 ng/ul BSA, 100 mm
KCl and 5 mm MgCl,) with 1 mm nucleotide (ATP, AMP-PNP,
or AMP-PCP, as indicated) at 37 °C for 5 min. Then, E. coli
Exonuclease I, which has a 3’ to 5’ polarity and was used to test
the 5’ end-labeled DNA (0.8 unit; New England Biolabs), or
E. coliRec], which hasa 5’ to 3’ polarity and was used to test the
3" end-labeled DNA, was added to the reaction mixture (10 ul
final volume). After 5 min of digestion at 37 °C, reaction mix-
tures were mixed with 2.5 ul of termination buffer (240 mm
EDTA, 0.2% SDS, and proteinase K at 0.32 mg/ml) and incu-
bated at 37 °C for 15 min. Then, the reaction mixtures were
resolved in a 10% polyacrylamide gel in TBE buffer (89 mm Tris,
89 mm borate, and 2 mm EDTA, pH 8.0), and after drying the
gel, the DNA species were quantified by phosphorimaging
analysis.

DNA Strand Exchange Assay—The 80-mer Oligo 1 (4.8 um
nucleotides) was incubated with the indicated amount of His,-
tagged DMC1 or DMC1 D317K in buffer B (35 mm Tris-HCI,
pH 7.5, 1 mm DTT, 100 ng/ul BSA, 100 mm KCI, and 5 mm
MgCl,) with 1 mMm nucleotide (ATP, ADP, ATPvS, AMP-PNP,
or AMP-PCP, as indicated) for 5 min at 37 °C. The reaction was
initiated by adding homologous **P-labeled 40-mer duplex (2.4
uM base pairs) to a final volume of 12.5 ul. After a 30-min
incubation, a 5-ul aliquot was removed, mixed with an equal
volume of 0.1% SDS containing proteinase K (1 mg/ml), and
incubated at 37 °C for 15 min. The samples were fractionated in
10% polyacrylamide gels in TBE buffer. Gels were dried onto
DES81 paper and subjected to phosphorimaging analysis.

D-loop Assay—The *?P-labeled 90-mer Oligo 4 (2.4 um
nucleotides) was incubated with the indicated amount of His,-
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FIGURE 2. ATP binding and hydrolysis by DMC1 and mutant proteins. A, schematic of the UV cross-linking analysis. DMC1 and mutant proteins were
incubated with [y->2P]ATP. Following UV cross-linking, radiolabeled proteins were run on a 13.5% denaturing polyacrylamide gel and visualized by phospho-
rimaging. B, wild-type DMC1 (WT), DMC1 D317K, and BSA (2.4 um each) were treated as described in A and then analyzed by 13.5% SDS-PAGE and Coomassie
Blue staining (panel I) and in the Personal Molecular Imager (PMI) (panel Il). C, the ATP binding property of DMC1 K132R and D223N (2.4 and 4.8 um each) was
examined by SDS-PAGE and Coomassie Blue staining (panel ) and in the Personal Molecular Imager (PMI) (panel Il). D, DMC1 D317K exhibits attenuated ATPase
activity. Briefly, wild-type DMC1 (WT) and DMC1 D317K were incubated with [y->2P]JATP without DNA (— DNA), with circular ®x174 DNA (+ ssDNA), or with
®x174 replicative form DNA (+ dsDNA) for the indicated times. £, DMC1 k_,, values are estimated from levels of ATP hydrolysis at the 40-min time point. F,
wild-type DMC1 (WT), DMC1 K132R, and DMC1 D223N were examined for ATP hydrolysis. D and F, error bars represent the = S.D. calculated from three
independent experiments.

tagged DMC1 or DMC1 D317K in 10.5 ul of buffer B (35 mm
Tris-HCI, pH 7.5, 1 mm DTT, 100 ng/ul BSA, 100 mm KCl, and
5 mm MgCl,) with 1 mm nucleotide (ATP, ADP, ATPvS, AMP-
PNP, or AMP-PCP, as indicated) for 5 min at 37 °C. The
reaction was initiated by adding pBluescript replicative form

analyzed on 0.9% agarose gels in TBE buffer at 4 °C. Gels
were dried onto DE81 paper and subjected to phosphorim-
aging analysis.

Results

I DNA (190 uM base pairs) to a 12.5-ul final volume. After 4
min of incubation, a 5-ul aliquot was removed, mixed with
an equal volume of 0.1% SDS containing proteinase K (1
mg/ml), and incubated at 37 °C for 15 min. The samples were
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Construction of DMC1 Mutants—Although ATP is required
for DMCl1-mediated homologous DNA pairing and strand
exchange (34), the role of ATP hydrolysis in the reaction
remains uncertain. To address this issue, we aimed to identify
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FIGURE 3.DNA binding activity of DMC1 and DMC1 D317K. A and B, wild-type DMC1 (WT) and DMC1 D317K (lanes 2and 6, 1.25 um; lanes 3and 7, 2.5 um; lanes
4,5,8,and 9,7.5 um) were incubated with circular ®x174 ssDNA (15 um nucleotides, in A) or linear ®x174 dsDNA (15 uMm base pairs, in B). The DNA species were
resolved in a 1% agarose gel and stained with ethidium bromide. Treatment of the nucleoprotein complex with proteinase K and SDS (P/S) released the DNA
substrate (lanes 5 and 9). C, DMC1 (WT) and DMC1 D317K (lanes 2 and 6, 0.5 um; lanes 3 and 7, 1 uMm; lanes 4, 5,8, and 9, 3 um) were incubated with *2P-labeled
80-mer ssDNA (3 um nucleotides). The DNA species were revealed in a 4% polyacrylamide gel, which was dried and subjected to phosphorimaging analysis. The
results were graphed, and the error bars represent the = S.D. based on at least three independent experiments.

DMCI1 mutant variants that bind ATP but exhibit attenuated
ATP hydrolysis. To this end, we focused on residues in DMC1
(namely, Asp-317, Lys-132, and Asp-223) predicted to affect
ATP hydrolysis based on the following rationale. (a) We
changed Asp-317 in the ATP cap in DMCI1 to Lys (Fig. 14,
panel I) because mutating the analogous residue in RAD51 has
no effect on ATP binding ability but greatly attenuates ATP
hydrolysis (30). (b) Lys-132 in DMC1, part of the Walker A
motifinvolved in ATP binding, was changed to Arg because the
equivalent mutation in other ATPases (28) often affects ATP
hydrolysis without a significant effect on ATP binding (Fig. 14,
panel I). (c) Asp-223, part of the Walker B motif in DMC1, was
mutated to Asn (Fig. 1A, panel III) because the equivalent
mutation in several AAA+ ATPases ablates ATP hydrolysis
without a strong effect on ATP binding (36 —-38). DMC1 and the
three DMC1 mutants (i.e. D317K, K132R, and D223N) were
expressed in E. coli and purified to near homogeneity. The
chromatographs are shown (Fig. 1B), and the procedural details
were described under “Experimental Procedures.” The mutants
could be expressed to the same level as the wild-type protein
and purified with the same procedure and a similar yield. We
obtained wild-type and mutant DMC1 proteins with purities
>98% (Fig. 1C).

AUGUST 7,2015-VOLUME 290-NUMBER 32 SASBMB

The DMCI1 D317K Mutant Is Attenuated for ATP
Hydrolysis—We first examined the ATP binding ability of the
DMCI1 mutant variants. Briefly, purified DMC1 and mutants
were incubated with [y-*?P]JATP and then irradiated in a
Stratalinker® UV Crosslinker 1800. Samples were resolved by
SDS-PAGE and analyzed in a Personal Molecular Imager (PMI)
(Fig. 24). As shown in Fig. 2B, D317K has a more enhanced
ATP binding capacity than the wild-type protein (Fig. 2B).
However, the K132R and D223N variants were significantly
impaired for ATP binding (Fig. 2C). We next used thin-layer
chromatography to examine the mutant DMC1 proteins for
their ATPase activity in the presence of either ssDNA or
dsDNA. The results showed that D317K is significantly reduced
for ATP hydrolysis capability with both DNA species (Fig. 2, D
and E), whereas the K132R and D223N mutants are quite defec-
tive in this regard (Fig. 2F). The results thus revealed that
DMCI1 D317K mutant is proficient in ATP binding but specif-
ically impaired for ATP hydrolysis.

DNA Binding Properties of the DMCI1 D317K Mutant—It has
been documented that DMC1l-mediated ATP hydrolysis is
stimulated by DNA (20, 34), so it is important to determine
whether the reduced activity of DMC1 D317K in ATP hydroly-
sis might stem from a defect in DNA binding, We used an elec-
trophoretic mobility shift assay to analyze the DNA binding
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FIGURE 4. Determination of DMC1 presynaptic filament stability by protection against Exonuclease I. A, schematic of the Exonuclease | protection
assay. The 5’ >?P-labeled 80-mer ssDNA (3 uM nucleotides) was incubated with DMC1 before Exonuclease | was added. The reactions were deproteinized
and analyzed. The 3P label is denoted by the asterisk. B-D, the indicated amounts of wild-type DMC1 (WT) and DMC1 D317K were analyzed with 1T mm
ATP (B-D), AMP-PNP (C), or AMP-PCP (D) as cofactor. The results were graphed, and the error bars represent the * S.D. based on at least three

independent experiments.

activity of DMC1 D317K alongside the wild-type protein. The
two proteins were incubated with ®X174 ssDNA (Fig. 34) and
also linear dsDNA (Fig. 3B) in the presence of ATP, and DNA
binding was analyzed in an agarose gel with ethidium bromide
staining of the DNA species. Especially with ssDNA, the D317K
variant generated a more pronounced shift of the DNA than did
wild-type DMC1, suggesting that it has the same or perhaps
even an enhanced DNA binding capability (Fig. 34, comparing
lanes 2, 3, and 4 with lanes 6, 7, and 8, respectively). To facilitate
quantification of DNA binding, a **P-labeled 80-mer ssDNA
was also employed as the substrate. This allowed us to verify
that the D317K variant indeed possesses a higher level of DNA
binding activity relative to the wild-type protein (Fig. 3C).
Taken together, the results above show that the DMC1 D317K
mutation affects ATP hydrolysis but leads to an enhanced capa-
bility to bind ATP and DNA.

Relationship between ATP Hydrolysis and Presynaptic Fila-
ment Stability—The results shown above revealed that attenu-
ating ATP hydrolysis by the D317K mutation is accompanied
by an increase in the affinity for DNA. We investigated presyn-
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aptic filament stability by incubating the D317K variant with
ATP or incubating the wild-type DMC1 with a non-hydrolyz-
able ATP analogue (AMP-PNP or AMP-PCP). For this, we
assembled the DMC1 presynaptic filament on 5’'-radiolabeled
80-mer ssDNA and then added E. coli Exonuclease I that
digests ssDNA with a 3’ to 5" polarity (Fig. 4A4) but is prevented
from acting by the DMC1 presynaptic filament that shields the
DNA. With this method, we found that the DMC1 D317K
mutant forms a presynaptic filament with increased stability
relative to wild-type DMCI1 (Fig. 4B). As expected, the presyn-
aptic filament of wild-type DMCI1 was stabilized when AMP-
PNP (Fig. 4C) or AMP-PCP (Fig. 4D) was used as the nucleotide
cofactor.

We also examined the protection of a 3’'-radiolabeled ssDNA
against the action of Rec], a 5’ to 3’ exonuclease, to rule out any
potential role of polarity in filament growth or dissociation (Fig.
5A). As shown in Fig. 5B, the DMC1 D317K mutant again
afforded a greater degree of protection of the ssDNA than did
the wild-type protein, again indicative of an enhanced stability
of the presynaptic filament that harbored the DMC1 mutant
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FIGURE 5. Determination of DMC1 presynaptic filament stability by protection against RecJ. A, schematic of the RecJ protection assay. The 3’ *?P-labeled
80-mer ssDNA (3 um nucleotides) was incubated with DMC1 before Rec) was added. The reactions were deproteinized and analyzed. The *2P label is denoted
by the asterisk. B-D, wild-type DMC1 (WT) and DMC1 D317K were analyzed with 1 mm ATP (B-D), AMP-PNP (C), or AMP-PCP (D) as cofactor. The results were
graphed, and the error bars represent the = S.D. based on at least three independent experiments.

(Fig. 5B). Just as in the Exonuclease I assay, AMP-PNP and
AMP-PCP enhanced the filament stability of wild-type DMC1
(Fig. 5, Cand D). We note that neither wild-type nor the mutant
DMC1 was able to protect ssDNA against digestion by Exonu-
clease I or RecJ] without a nucleotide co-factor (data not shown).
Taken together, the results above revealed that attenuation of
the ATPase activity of DMC1 leads to enhanced stability of the
presynaptic filament.

Dependence of DMC1-mediated Homologous DNA Pairing
on ATP Hydrolysis—Attenuation of ATP hydrolysis by the
RADS51 presynaptic filament leads to filament stabilization and
an enhanced ability of the filament to mediate DNA strand
exchange (28-30). We examined whether the increase in
DMC1 presynaptic filament stability also facilitates DNA
strand exchange. We used the DNA strand exchange system
depicted in Fig. 6A to address this issue. Surprisingly, unlike
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RAD51, the presynaptic filament consisting of the DMC1
D317K variant has a diminished level of DNA strand exchange
activity as compared with its wild-type counterpart (Fig. 6B).
Moreover, wild-type DMC1 shows no enhancement but,
rather, a slight decrease in DNA strand exchange activity when
AMP-PNP or AMP-PCP was used instead of ATP as the nucle-
otide cofactor (Fig. 6C).

We next used the D-loop assay to further investigate the rela-
tionship between presynaptic filament stability and the recom-
binase activity of DMC1. In this assay, we monitored the assim-
ilation of a radiolabeled 90-mer ssDNA into pBluescript
plasmid DNA, as depicted in Fig. 7A. The results showed that
DMCI1 D317K is less capable than the wild-type protein in
D-loop formation (Fig. 7B). Moreover, in the nucleotide substi-
tution experiment with wild-type DMC1, we found (a) little or
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FIGURE 6. DNA strand exchange in the absence of ATP hydrolysis. A, schematic of the DNA strand exchange assay. The ssDNA was incubated with DMC1
followed by the addition of >2P-labeled dsDNA. The reactions were deproteinized and analyzed. The 3P label is denoted by the asterisk. Band C, the DNA strand
exchange activity of wild-type DMC1 (WT) and DMC1 D317K was analyzed with 1 mm ATP (B and C) or the indicated nucleotide (C) as cofactor. The results were
graphed, and the error bars represent the = S.D. based on at least three independent experiments.

no D-loop product with either ADP or ATPvS and (b) a slight
decrease in D-loop formation with AMP-PNP or AMP-PCP as
compared with ATP (Fig. 7C) (see Refs. 33 and 34 and this
study). We note that the D317K variant is unable to execute
D-loop formation using AMP-PNP or AMP-PCP as the
nucleotide cofactor (data not shown). Taken together, the
results provide evidence that, in contrast to RAD51, an
increase in DMCI1 filament stability does not necessarily lead
to the enhancement of homologous DNA pairing and strand
exchange.

Discussion

Dependence of the DMC1 Recombinase Activity on ATP Bind-
ing and Hydrolysis—To investigate the functional relationship
among ATP hydrolysis, presynaptic filament stability, and ho-
mologous DNA pairing and strand exchange activity for
DMC1, we sought to identify DMC1 mutant variants that are
capable of binding ATP but exhibit attenuated ATP hydrolysis.
In this regard, we have constructed and tested the D317K,
K132R, and D223N mutant variants. We note that neither the
K132R nor the D223N variant is capable of ATP binding.
Accordingly, these mutants also lack the ability to form a func-
tional presynaptic filament as revealed by their failure to pro-
tect ssDNA against Exonuclease I challenge or to perform DNA
strand exchange (34) (Fig. 8). On the other hand, the D317K
mutant fulfills the stated criteria, in that it is proficient in ATP
binding but is significantly impaired for ATP hydrolysis. We
have demonstrated that DMC1 D317K forms a more stable
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nucleoprotein filament than its wild-type counterpart. Surpris-
ingly, this does not lead to any enhancement of homologous
DNA pairing and strand exchange in vitro. In congruence with
this, we have furnished evidence that wild-type DMC1 forms a
highly stable presynaptic filament with the non-hydrolyzable
ATP analogue AMP-PNP or AMP-PCP, but, in this case also,
filament stabilization does not enhance DNA pairing and
strand exchange. In conclusion, attenuation of DMC1 ATPase
activity promotes the stability of the presynaptic filament but is
insufficient to stimulate, and may even reduce, DNA pairing
and strand exchange.

Differences in Functional Attributes between RADSI and
DMCI1—We have summarized previous findings and our current
results regarding the biochemical properties of wild-type and
mutant RAD51 and DMCI1 proteins, including their ATPase activ-
ity, presynaptic filament assembly, and homologous DNA pairing
and strand exchange activity, in Table 1 (see Refs. 28 =30 and the
present work). There are clear parallels between the two recombi-
nases. Specifically, both RAD51 and DMC1 require ATP to form a
functional presynaptic filament, and the attenuation of ATP hy-
drolysis leads to filament stabilization in both cases. Interestingly,
although ATP hydrolysis attenuation enhances the stability of pre-
synaptic filaments of RAD51 and DMCI, the increased stability
facilitates RAD51-mediated homologous DNA pairing and strand
exchange but has no stimulatory effect on the DMC1-catalyzed
reaction in vitro (Table 1). We note that the RAD51 presynaptic
filament, upon hydrolyzing ATP, accumulates ADP and becomes
converted to an inactive form, whereas the DMCI filament does
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FIGURE 7. D-loop formation in the absence of ATP hydrolysis. A, schematic of the D-loop assay. The *?P-labeled 90-mer ssDNA was incubated with DMC1
followed by the addition of the pBluescript dsDNA. The *2P label is denoted by the asterisk. Band C, the ability of wild-type DMC1 (WT) and DMC1 D317K to form
D-loops was analyzed with 1 mm ATP (B and C) and the indicated nucleotide (C) as cofactor. The results were graphed, and the error bars represent the = S.D.
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FIGURE 8. Defects of the DMC1 K132R and D223N mutants in presynaptic filament formation and DNA strand exchange. A, wild-type DMC1 (WT) and the
D317K,K132R, and D223N mutants were examined for presynaptic filament formation by the Exonuclease | protection assay as in Fig. 4. The 3P label is denoted
by the asterisk. B, the ability of wild-type DMC1 (WT) and the K132R and D223N mutants to catalyze DNA strand exchange was examined as in Fig. 6. The results
were graphed in A and B, and the error bars represent the = S.D. calculated based on at least three independent experiments.

not undergo such inactivation when ATP is hydrolyzed (29, 33).
This biochemical difference between RAD51 and DMC1
could account for the differential stimulation of RAD51-me-
diated DNA strand exchange when ATP hydrolysis is atten-
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uated. In summary, unlike RAD51, enhanced presynaptic fil-
ament stability via ATP hydrolysis attenuation does not lead
to any enhancement of DMCl1-catalyzed homologous DNA
pairing and strand exchange.
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TABLE 1

Comparison of ATPase activity, filament stability, and recombinase activity of DMC1 and RAD51

Our results have shown that, unlike RAD51, enhancement of DMC1 presynaptic filament stability, brought about by attenuation of ATP hydrolysis is insufficient for
enhancement of the DMCl-catalyzed recombination reaction. Please see “Discussion” for further details. Abbreviations: HR, homologous recombination; ND, not

determined.
Functions |RAD51 ATP |RAD51-ssDNA |RAD51 DMC1ATP |DMC1-ssDNA
hydrolysis |Stability Strand- hydrolysis |Stability
exchange
D317—-K  ATP-cap < WT > WT > WT < WT > WT <WT
K132—->R  Walker A < WT > WT >WT —# — =
D223—->N  WalkerB ND ND ND —# — —
ATP RAD51 ATP |RAD51-ssDNA |RAD51 DMC1ATP |DMC1-ssDNA
Analogues hydrolysis |Stability Strand- hydrolysis |Stability
exchange
AMP-PNP  Pg-P, — > WT+ATP > WT+ATP — > WT+ATP < WT+ATP
restricted
AMP-PCP  Pg-P, = ND ND = > WT+ATP < WT+ATP
restricted

# DMC1-K132R and DMC1-D223N are defective in ATP binding.

As stated above, our results suggest that stabilization of the
DMC1 presynaptic filament does not necessarily stimulate the
DMC1-catalyzed HR reaction. It is important to note, however,
that several studies have provided a positive correlation
between presynaptic filament stability and the recombinase
activity of DMC1. Most notably, it has been found that the
DMC1 accessory factor HOP2-MND1 stimulates DMC1 activ-
ity partly by stabilizing the presynaptic filament (39, 40). One
plausible explanation is that HOP2-MND1, in addition to sta-
bilizing the presynaptic filament, also triggers a conformational
change of DMC1 protomers within the presynaptic filament to
facilitate DMC1-mediated homologous DNA pairing and
strand exchange. The premise is supported by a recent study
showing that HOP2-MND1 promotes conversion of the
RAD51 presynaptic filament to the active conformation to
facilitate DNA strand exchange (41).

In addition, Mazin and colleagues (29, 33) have found that
calcium increases the stability of the presynaptic filament and
the recombinase activity of both RAD51 and DMCI1. Interest-
ingly, the stimulatory effects of RAD51 and DMC1 by Ca** are
different mechanistically. In the case of RAD51, the inhibition
of ATP hydrolysis by Ca®>* enhances presynaptic filament sta-
bility and recombinase activity. Importantly, the Ca>* depen-
dence can be bypassed by the addition of AMP-PNP, strongly
suggesting that Ca®* up-regulates RAD51 activity by stabilizing
the presynaptic filament (29). In marked contrast, a similar
stimulation of DMCI activity by Ca®" is observed even in the
presence of AMP-PNP with wild-type DMCI1 or in the presence
of ATP with DMC1 D317K (33).> These results suggest that
Ca®" stimulates the DMC1-catalyzed HR reaction by inducing
a conformational change in the recombinase (33). Taken

3H.-Y. Chang, C.-Y. Liao, G.-C. Su, S.-W. Lin, H.-W. Wang, and P. Chi, unpub-
lished observations.
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together, these results strongly suggest that the active confor-
mation of DMC1 may be achieved via the addition of Ca®>* oran
appropriate accessory factor (2, 33, 39). It will be important in
the future to determine the active conformation of the DMC1
presynaptic filament and to examine how accessory factors
induce the requisite conformational change.
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