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Abstract
The initial steps of homologous recombination \(HR) involve processing of the DNA ends by
exonucleases to generate 3’-ssDNA tails 1-5. Then, a protein of the RecA family \(ubiquitous Rad51 and
meiosis-speci�c Dmc1) binds to this ssDNA and promotes invasion of the DNA ends into the
homologous duplex DNA 6,7. As a result, joint molecules \(D-loops) are formed. It is currently thought that
the joint molecules continue down one of two pathways. D-loops destined to being processed by DSBR \
(double strand break repair) pathway should resist dissociation to generate crossovers, and those
destined for SDSA \(synthesis-dependent strand annealing) pathway need to dissociate producing non-
crossovers. The mechanism that channels recombination intermediates into these HR pathways is
unknown. We demonstrated that DMC1-generated D-loops are substantially more resistant to
dissociation by branch migration proteins RAD54 and Bloom syndrome helicase \(BLM) than those
formed by RAD51. We propose that the intrinsic resistance DMC1-generated recombination intermediates
helps to ensure formation of crossing over that is required for the faithfull segregation of homologous
chromosomes in meiosis. Here we describe the protocols for an analysis of D-loop stability using puri�ed
human HR proteins.

Reagents
• Puri�ed human, Rad51, DMC1, Rad54, BLM, murine HOP2/MND1 proteins • Supercoiled pUC19 dsDNA •
Oligonucleotides \(IDT DNA) • \[γ-32P]ATP \(PerkinElmer Life Science) • T4 Polynucleotide kinase, SspI
and NdeI restriction endonucleases \(New England Biolabs) • Micro-BioSpin 6 column \(Bio-Rad). • 12%
polyacrylamide gel \(19:1) with 8 M urea • SequaGel Sequencing System \(National Diagnostic) • 1%
agarose gel • 1xTAE buffer \(40 mM Tris-acetate, pH 8.3, and 1 mM EDTA) • 1X TBE buffer \(89 mM Tris-
borate, pH 8.3, and 1 mM EDTA • DE81 chromatography paper \(Whatman) • Proteinase K \(Roche) •
QIAEX II Gel extraction kit \(Qiagen) • Potassium permanganate, pyrrolidine \(Aldrich) • Stop solution \
(95% formamide, 20 mM EDTA, 0.05% bromophenol blue and 0.05% xylene cyanol FF, USB)

Equipment
• Thermostat • Electrophoretic apparatus • Power supply • Gel dryer • Storm 840 PhosphorImager \(GE
Healthcare) • FujiFilm FLA-9000 scanner \(GE Healthcare)

Procedure
**Choosing a strategy for an analysis of D-loop stability _in vitro_** Puri�ed human RAD51, DMC1,
RAD54, BLM and murine HOP2/MND1 proteins are used in this analysis. Rad51 and DMC1 are required
to generate joint molecules \(D-loops). The activities of these proteins are stimulated by either Ca2+ or
HOP2/MND1 heterodimer 8-11. Rad54 and BLM proteins are required for dissociation of D-loops through
their DNA branch migration activities 9,12. While Ca2+ stimulates D-loop formation by RAD51 or DMC1, it
inhibits D-loop dissociation catalyzed by Rad54 or BLM. Therefore, prior to the D-loops disruption step,
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Ca2+ has to be depleted from the reaction mixture by adding an equimolar amount of EGTA. The synaptic
complex protection assay 13,14 are used as an independent approach to con�rm the greater resistance of
DMC1 nucleoprotein complexes to dissociation by RAD54. In addition, the chemical footprinting with
potassium permanganate are used to evaluate the length of DMC1 and RAD51 nucleoproteins complexes
and to reveal differences in the structure of these complexes. **Design of DNA substrates for the D-loop
formation assay** 1| Use tailed dsDNA that mimics one end of broken chromosome processed by
speci�c exonucleases \(Fig. 2a in Bugreev et al, 2010) for RAD51 or DMC1 �lament formation in the D-
loop assay. 2| Label a 100-mer oligonucleotide #209 \(Table 1 in Bugreev et al, 2010) using \[γ-32P] ATP
and T4 polynucleotide kinase, and then purify it through the Micro-BioSpin 6 column \(Bio-Rad). 3|
Anneal labeled oligonucleotide \(#209) with a 36-mer oligonucleotide \(#199) \(Table 1 in Bugreev et al,
2010) to generate tailed dsDNA substrate. The single-stranded part of tailed dsDNA \(63 nts) is designed
to be complementary to the region of supercoiled \(sc) pUC19 dsDNA, which represented homologous
DNA template. The 3’-end of tailed DNA is expected to invade the scDNA forming D-loop \(Fig. 2b and 2d
in Bugreev et al, 2010). The double-stranded part of tailed DNA \(36 bp) is designed to be non-
complementary to pUC19 DNA. **Design of DNA substrates for the synaptic complex protection assay
and chemical footprinting with potassium permanganate.** Single-stranded oligonucleotide \(# SspI) is
designed to be complementary to the region of supercoiled pUC19 dsDNA spanning in the middle unique
SspI restriction endonuclease site. This oligonucleotide is incubated with RAD51 or DMC1 to form the
nucleoprotein �lament. Then, these nucleoprotein �laments is used to form synaptic complexes that
protect the plasmid DNA against cleavage with SspI, which site overlaps with the complexes, but not by
NdeI, which site lies outside of the synaptic complex \(Supp. Fig.3a in Bugreev et al, 2010). 1| Use ssDNA
\(#PP-100), tailed DNA \(# PP-100/#PP-35L) and ssDNA \(#PP-0), tailed DNA \(#PP-0/#PP-35L) \(Supp
Table 1 in Bugreev et al, 2010) to estimate the length and to reveal the structure of the synaptic
complexes, respectively, in KMnO4 footprinting. 2| Label oligonucleotides #PP-100 and #PP-0 using \
[γ-32P] ATP and T4 polynucleotide kinase, and then purify them through the Micro-BioSpin 6 column \
(Bio-Rad). 3| Anneal labeled 100-mer oligonucleotide \(#PP-100) or 70-mer oligonucleotide \(#PP-0) with
35-mer oligonucleotide \(#PP-35L) to generate tailed DNAs. **Preparation of native D-loops in the
presence of Ca2+ and their dissociation by RAD54.** 1| Prepare the initial mixture combining the
following ingredients to have their �nal concentration 25 mM Tris-acetate, pH 7.5, 1 mM ATP, 1 mM
magnesium acetate, 2 mM calcium chloride, 2 mM DTT, BSA \(100 g/ml), 20 mM phosphocreatine,
creatine phosphokinase \(30 units/ml) and 32P-labeled tailed DNA \(#209*/#199; 30 nM, molecules) in
10 µl of a total reaction volume. 2| Add 1 µl of 10 µM DMC1 or 10 µM RAD51 proteins \(to �nal
concentration 1 µM) to the initial mixture \(8 µl) to initiate �lament formation. Incubate for 15 min at 37
°C. 3| Add 1 µl of 500 µM \(nucleotides) pUC19 scDNA \(to �nal concentration 50 µM nucleotides) to
initiate D-loop formation. Incubate for 15 min at 37 °C. Total reaction volume is 10 µl. 4| Add 1 µl of 20
mM EGTA pH 8.0 \(to �nal concentration 2 mM) to deplete Ca2+ in the case, when D-loop formation is
followed by D-loop dissociation. Incubate for 5 min at 37 °C 5| Add 1 µl of 2.4 µM RAD54 \(to �nal
concentration 200 nM) and incubate for the indicated periods of time at 37 °C for D-loop dissociation. 6|
Add 6 µl of stop buffer \(3 mg/ml proteinase K, 1.5 % SDS, 18% glycerol and 0.03% bromophenol blue).
Incubate for 10 min at 37 °C to deprotinize the products of D-loop dissociation. 7| Analyze the samples by
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electrophoresis in 1 % agarose gels in 1x TAE buffer at constant voltage 5V/cm. 8| Dry gels on DEAE
paper. Visualize and quantify them using a Storm 840 PhosphorImager \(GE Healthcare) **Preparation
and dissociation of native non-deproteinized D-loops in the presence of HOP2/MND1.** 1| Mix the
following ingredients to have �nal concentration 25 mM Tris-acetate, pH 7.5, 25 mM NaCl, 1 mM ATP, 2.5
mM magnesium acetate, 2 mM DTT, 100 µg/ml BSA, 20 mM phosphocreatine, 30 U/ml creatine
phosphokinase and 32P-labeled tailed DNA \(#209*/#199; 14.3 nM, molecules) in 10 µl of a total
reaction volume. 2| Add 1 µl of 10 µM DMC1 or 10 µM RAD51 proteins \(to �nal concentration 1 µM) to
the reaction mixture \(7 µl) to initiate �lament formation. Incubate for 10 min at 37 °C. 3| Add 1 µl of 2 µM
HOP2/MND1 \(to �nal concentration 0.2 µM) and incubate for an additional 10 min at 37°C 4| Add 1 µl of
180 µM \(nucleotides) pUC19 scDNA \(to �nal concentration 18 µM nucleotides) to initiate D-loop
formation. Incubate for 10 min at 37 °C. Total reaction volume is 10 µl. 5| Add 1 µl of 2.2 µM RAD54 \(to
�nal concentration 200 nM) or 1 µl of 1.1 µM BLM \(to �nal concentration 100 nM) and incubate for the
indicated periods of time at 37 °C for D-loop dissociation. 6| Deproteinize and analyze the products of D-
loop dissociation as described above. CRITICAL STEP: The e�ciency of D-loop formation depends on
superhelicity of plasmid DNA and on the length of nucleoprotein �laments formed on ssDNA or tailed
DNA. To amplify pUC19 plasmid, we recommend to use E. coli strains that do not have a mutation in the
DNA gyrase gene, e.g., HB101 \(Promega). Also, do not use the ssDNA substrates shorter than 90 nt for
and tailed dsDNA shorter than 36bp/64nt. **The synaptic complex protection assay.** 1| Prepare the
initial mixture combining the following ingredients to have their �nal concentration 20 mM Tris-HCl, pH
7.4, 70 mM NaCl, 2 mM ATP, 2.5 mM MgCl2, 1 mM DTT, 7.5 mM creatine phosphate, 30 units/ml creatine
kinase and ssDNA \(# Sspl, 4 M nucleotides) in 10 µl of a total reaction volume. 2| Add 1 µl of 28 µM
DMC1 or 28 µM RAD51 proteins \(to �nal concentration 2.8 µM) to the initial mixture \(7 µl) to initiate
�lament formation. Incubate for 5 min at 37 °C. 3| Add 1 µl of 15 µM HOP2/MND1 \(to �nal
concentration 1.5 µM) when indicated and incubate for an additional 5 min at 37°C 4| Add 1 µl of 600 µM
\(nucleotides) pUC19 scDNA \(to �nal concentration 60 µM nucleotides) to initiate D-loop formation.
Incubate for 10 min at 37 °C. Total reaction volume is 10 µl. 5| Add 1 µl of 2.2 µM RAD54 \(to �nal
concentration 200 nM) and incubate for 7 min at 37 °C for D-loop dissociation. 6| Add 1 µl of SspI
restriction endonuclease \(0.8 units) or NdeI \(5 units) to initiate DNA cleavage. Incubate for 10 min at
37°C. 7| Analyze the samples by electrophoresis in 1 % agarose gels in 1x TAE buffer at constant voltage
5V/cm. 8| Stain the gels in ethidium bromide \(2 µg/ml in water) for 1h, destain for 1 h in large volume of
water, and then analyze in a Chemilmager 5500 \(Alpha Innotech) gel documentation station, using Alpha
EaseFC software for data quanti�cation. **Estimation of synaptic complex length by KMnO4

footprinting.** 1| Prepare the initial mixture combining the following ingredients to have their �nal
concentration 28.5 mM Tris-acetate, pH 7.4, 20 mM KCl, 2 mM ATP, 2 mM CaCl2, 0.025 mM DTT, 2%
glycerol, 0.01 mM EDTA and 5’-32P-labeled ssDNA \(#PP-100, 6 µM nt) or 32P-labeled tailed DNA \(#PP-
100*/#PP-35L, 6 µM nt) in 100 µl of a total reaction volume. 2| Add 1 µl of 30 µM DMC1 or 30 µM RAD51
proteins \(to �nal concentration 3 µM) to the initial mixture \(98 µl) to initiate �lament formation.
Incubate for 15 min at 37 °C. 3| Add 1 µl of 300 µM \(nucleotides) pUC19 scDNA \(to �nal concentration
30 µM nucleotides) to initiate synaptic complex formation. Incubate for 15 min at 37 °C. Total reaction
volume is 100 µl. 4| Add 2 µl of 12.5 mM KMnO4 to the reaction \(to �nal concentration 0.25 mM).
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Incubate for 2 ½ min at 30°C for DNA modi�cation. 5| Add 10 μl of 14.3 M β-mercaptoethanol to
terminate the reaction. 6| Add 20 μl of gel loading buffer \(50 mM EDTA, 5% SDS, 25% glycerol and 0.03%
bromophenol blue) to the terminated reaction. 7| Analyze the samples by electrophoresis in 1 % agarose
gels in 1x TAE buffer, containing 3 mM MgCl2 in the gel and running buffer. Run the gels in the cold room
at 3V/cm for 30 min. 8| Following electrophoresis, excise 5’-32P-labeled PP-100, migrating at the
positions of supercoiled pUC19 and free oligonucleotide. 9| Extract the DNA from the gel using QIAEX II
Gel extraction kit \(Qiagen). 10| Following ethanol precipitation, dissolve each dry pellet in 100 µl of 1 M
pyrrolidine and 1 mM EDTA. Incubate for 20 min at 90°C for chemical degradation of the modi�ed DNA.
11| Evaporate the solution using SpeedVac Concentrator \(SpeedVac) 12| Dissolve each pellet in 100 μl
of water and dry the pellets in SpeedVac. 13| Count radioactivity of the samples in the scintillation
counter using Cherenkov counting procedure and dissolve the products of chemical degradation in stop
solution \(95% formamide, 20 mM EDTA, 0.05% bromophenol blue and 0.05% xylene cyanol FF) to obtain
5000 cpm/µl. 14| Load 2 µl of the sample per a well of 12 % \(19:1) SequaGel polyacrylamide gel \
(34×20x0.04 cm), containing 8 M urea in 1x TBE buffer. Run the gel at constant power 40 W until the
bromophenol blue reaches the bottom. 15| Expose the gels to FujiFilm BAS-IP MS 2040 imaging plates
without prior drying and scan the imaging plates with a FujiFilm FLA-9000 scanner. Process images
using the FujiFilm Multi Gauge V3.0 software. 16| Subject 5’-32P-labeled PP-100 oligonucleotide to the
similar procedure without addition of RAD51 or DMC1 and use as a control. **Analysis of the structure of
nucleoprotein �laments formed by RAD51 and DMC1 by KMnO4 footprinting.** 1| Prepare the initial
mixture combining the following ingredients to have their �nal concentration 28.5 mM Tris-acetate, pH
7.4, 20 mM KCl, 2 mM ATP, 2 mM MgCl2, 0.025 mM DTT, 2 % \(v/v) glycerol, 0.01 mM EDTA and 5’-32P-
labeled ssDNA \(#PP-0, 1 µM nt) or 32P-labeled tailed DNA \(#PP-0*/#PP-35L, 1.5 µM nt) in 10 µl of a
total reaction volume. 2| Add 1 µl of 30 µM DMC1 or 30 µM RAD51 proteins \(to �nal concentration 3 µM)
to 9 µl of the initial mixture to initiate �lament formation. Incubate for 30 min at 37 °C. Total reaction
volume is 10 µl. 3| Add 1 µl of 1 mM KMnO4 \(to �nal concentration 0.1 mM) to the reaction and incubate
for 1 min at 20°C for DNA modi�cation. 4| Add 200 µl of stop solution \(375 mM Na acetate, pH 5.0, 250
mM β-mercaptoethanol, and 25 µg/ml salmon sperm DNA to terminate the reaction. 5| Add 633 µl \(3
volumes) of 95% ethanol to precipitate the products of KMnO4 modi�cation. 6| Incubate on dry ice for 10
min, and then spin Eppendorf test-tubes at 16,000 g for 30 min. 7| Wash the pellet with 70 % ethanol, dry
and resuspend them in 100 µl of 1 M pyrrolidine and 1 mM EDTA. Incubate for 20 min at 90°C for
chemical degradation of the modi�ed DNA. 8| Evaporate the solution using SpeedVac Concentrator \
(SpeedVac) 9| Dissolve each pellet in 100 μl of water and dry the pellets in SpeedVac. 10| Count
radioactivity of the samples in the scintillation counter using Cherenkov counting procedure and dissolve
the products of chemical degradation in stop solution \(95% formamide, 20 mM EDTA, 0.05%
bromophenol blue and 0.05% xylene cyanol FF) to obtain 5000 cpm/µl. 11| Load 2 µl of the sample per a
well of 12 % \(19:1) SequaGel polyacrylamide gel \(34×20x0.04 cm), containing 8 M urea in 1x TBE
buffer. Run the gel at constant power 40 W until the bromophenol blue reaches the bottom. 12| Expose
the gels to FujiFilm BAS-IP MS 2040 imaging plates without prior drying and scan the imaging plates with
a FujiFilm FLA-9000 scaner. Process images using the FujiFilm Multi Gauge V3.0 software. 16| Subject
5’-32P-labeled ssDNA \(#PP-0**, 1 µM nt) or tailed DNA \(#PP-0**/#PP-35L, 1.5 µM nt) to the similar
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procedure without addition of RAD51 or DMC1 and use as controls. CRITICAL STEP: The results of the
potassium permanganate modi�cation can be strongly in�uenced by the composition of the reaction
buffer, especially by the presence of variable amounts of a reducing agent. To ensure that footprinting is
performed under exactly the same conditions, dialyze RAD51 and DMC1 against the same batch of
dialysis buffer \(35 mM Tris acetate, pH 7.4, 200 mM KCl, 20% glycerol, 0.1 mM EDTA, 0.25 mM DTT).
Use the same buffer to dilute both proteins to the same concentration prior to complex formation and add
the same volume of dialysis buffer to the reaction mixture in the mock “no protein” experiments.

Anticipated Results
The protocol described here was designed to test the stability of D-loops formed by DMC1 and RAD51.
Formation of D-loops marks an important bifurcation point in HR; their further processing through either
the DSBR or SDSA pathway may lead to either crossovers or non-crossover recombinants. An important
question is how the choice between these mechanisms is made. A possible obvious difference is that D-
loops destined to being processed by SDSA need to dissociate and those destined for DSBR should be
resistant to dissociation. Using the protocol presented here we demonstrated that indeed D-loops formed
by human DMC1, but not RAD51, resist disruption by branch migration proteins. This difference in
stability may re�ect differences in the structure of DMC1 and RAD51 presynaptic �laments. To our
knowledge our results are the �rst to reveal that the recombination intermediates catalyzed by RAD51 and
DMC1 are biochemically distinguishable.
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