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Abstract

The Holliday junction is a key intermediate of DNA repair, recombination, and replication. Branch
migration of Holliday junctions is a process in which one DNA strand is progressively exchanged
for another. Branch migration of Holliday junctions may serve several important functions such as
affecting the length of genetic information transferred between homologous chromosomes during
meiosis, restarting stalled replication forks, and ensuring the faithful repair of double strand DNA
breaks by homologous recombination. Several proteins that promote branch migration of Holliday
junctions have been recently identified. These proteins, which function during DNA replication and
repair, possess the ability to bind Holliday junctions and other branched DNA structures and drive
their branch migration by translocating along DNA in an ATPase-dependent manner. Here, we
describe methods employing a wide range of DNA substrates for studying proteins that catalyze
branch migration of Holliday junctions.
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1. Introduction

The Holliday junction is a key intermediate in various genetic processes including homologous
and site-specific recombination and DNA replication [1]. The Holliday junction is a four-
stranded structure that, forms during exchange between two homologous DNA molecules.
Robin Holliday first predicted this structure in his model of homologous recombination which
provided the molecular basis for both gene conversion and crossing-over [2]. The remarkable
feature of the Holliday junction is its ability to branch migrate along the DNA axis, in which
one DNA strand is progressively exchanged for another.

Branch migration of Holliday junctions may serve several important functions in DNA repair,
replication, and recombination. It may extend or shorten the heteroduplex DNA, formed during
recombination, affecting the length of conversion tracks and thereby the amount of genetic
information transferred between the two DNA molecules [3]. Branch migration may cause
dissociation of recombination intermediates and thereby affect the choice between a crossover
and non-crossover pathway by which recombination will proceed [4]. An increasing number
of genetic and biochemical data indicate that formation and branch migration of Holliday
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junctions may also play a critical role in re-starting stalled replication forks during cell recovery
after DNA damage [5-10]. It is thought that the major pathway of the DNA replication restart
involves unwinding of the stalled replication fork to generate a Holliday junction [5]. Branch
migration may also take a part in the control of frequency of recombination exchanges [11].

The Holliday junction is a substrate for proteins which promote its branch migration and for
structure-specific nucleases which are responsible for its cleavage and formation of crossover
products. Branch migration proteins have been identified in all domains of life [12-15] and
have been classified as members of the helicase superfamilies [16]. These proteins rely on their
DNA-dependent ATPase activity to translocate along DNA in a manner that drives the branch
migration of Holliday junctions. The first branch migration enzymes identified were found also
to possess classical helicase activity, i.e. the ability to separate strands of duplex DNA [1].
However, as more branch migration proteins are discovered [17] it appeared that not all of
them have a helicase activity [16,18]. Analysis of these proteins required the development of
more specific approaches and DNA substrates. Here we describe the methods our laboratory
used to characterize the branch migration activity of the homologous recombination protein
Rad54. These assays are applicable for other branch migration proteins regardless of whether
they have helicase activity or not.

2. Preparation of oligonucleotide substrates for analysis of branch migration

proteins

2.1. Strategy for designing branched DNA oligonucleotide substrates

In earlier works, “non-movable” X-junctions (Holliday junctions), consisting of a central
homologous “movable” core flanked by mutually heterologous terminal DNA branches [12]
(Fig. 1A), were successfully used to detect the branch migration activities of prokaryotic
enzymes (RuvAB, RecG) that have both branch migration and helicase activities [1]. However
these substrates were unsuitable for detecting the branch migration activity of Rad54, which
does not have canonical helicase activity [19]. We therefore constructed “movable”
oligonucleotide substrates in which two of the four terminal DNA branches were mutually
homologous [17]. This allowed the crossover point to move freely by branch migration to the
end of the DNA molecule, resulting in complete separation of the two DNA duplexes without
a need for helicase activity (Fig. 1B). Here we describe the protocols for constructing a series
of branched DNA substrates including the X-junctions, PX-junctions (partial Holliday
junctions), and movable replication forks.

Oligonucleotide substrates can be prepared through the annealing of two simple DNA
intermediates (forked, tailed, or ssDNAS) (Fig. 1B). When constructing substrates with four
DNA arms (X-junctions, PX-junctions), it is important that two of the opposing arms of the
predicted branched DNA molecule are non-homologous relative to each other, while the
remaining two are homologous (Fig. 1B, C shaded). Without this orientation, it would be
impossible to prepare forked DNA intermediates. To block spontaneous branch migration in
a 4-stranded reaction [20,21] at least one base pair heterology must be introduced in the two
homologous duplexes involved in branch migration (Fig. 1B). The substrates used to study the
3-stranded branch migration reaction, where exchange occurs between one duplex DNA and
one ssSDNA, should have at least four bases of heterology. Regions of heterology shorter than
four bases are not sufficient to block spontaneous 3-stranded branch migration, as this reaction
proceeds more efficiently than the 4-stranded reaction [20,21].

When constructing PX-junctions or replication forks a heterologous base should be placed at
least three nucleotides away from the junction point. This provides room for the transition from
3-stranded to 4-stranded (Fig. 1C) to take place at the point in which a Holliday junction forms.
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We have observed that a single base heterology placed within three nucleotides of the junction
will inhibit the rate of branch migration several fold over a heterology that is placed farther
than three nucleotides from the junction (Mazin Lab, unpublished observation).

2.2. Gel purification of DNA oligonucleotides

To date, DNA oligonucleotides with a length up to 150 nucleotides are readily available from
commercial sources. Because the quality of commercially-purified oligonucleotides varies, we
usually purchase them in a dry desalted form and then purify them by electrophoresis in 6-10%
denaturing polyacrylamide gels containing 50% urea.

Purify the individual oligonucleotides by electrophoresis in a denaturing polyacrylamide gel
(acrylamide/bis-acrylamide ratio of 19:1) containing 50% urea. We use gels of 20 cm in width,
38 cm in length, and 0.8 mm in thickness. The optimal concentration of polyacrylamide gel
depends on the length of the oligonucleotide to be purified (refer to Table 1). To prepare
oligonucleotide samples for gel electrophoresis, dissolve lyophilized oligonucleotide in TE
buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0) to a final concentration of 30 pg/ml, then mix
5 ul (150 pg) of the oligonucleotide stock with 25 pl of formamide containing 0.1%
bromophenol blue. The 150 ug amount of oligonucleotide can be loaded on a gel well 25-30
mm wide. Prior to gel electrophoresis, heat the samples at 80°C for 3 min to remove any DNA
secondary structure, and load them on the gel that was pre-run for at least 20 min. Before
loading the samples, wash the wells with running buffer to remove urea that has defused from
the gel. As a running buffer we use TBE (90 mM Tris borate, pH 8.3, and 1 mM EDTA). Run
the gel at 1200 V (32 V/cm) for 2-3 h. After electrophoresis, remove one of the glass plates.
Place the glass plate with the gel on top of a fluor-coated silica gel thin-layer chromatography
plate. Then visualize the DNA bands by irradiating the gel from the top using a handheld short-
wave (302 nM) ultraviolet lamp. This method, known as UV shadowing, allows for DNA
visualization in the absence of ethidium bromide, which could inhibit subsequent branch
migration reactions. Excise the DNA band with a blade, and transfer the gel slice to a
microcentrifuge tube. Using a pipette tip break the gel slice up into small pieces, approximately
1 mm?2. Add 500 pl (about 3 times of the gel slice volume) of an elution buffer containing 450
mM sodium acetate, pH 7.0 and 2 mM EDTA; then shake overnight on a vortex at room
temperature. Pass the solution through a Spin-X centrifuge tube filter (Costar) and precipitate
DNA in the flow-through by adding four volumes of ethanol followed by incubation for at
least 1 h at -20°C. Centrifuge at >16,000 x g for 25 min at 4°C. Remove the ethanol, dry the
pellet, and resuspend it in 40 ul of nanopure water. Determine concentrations of all
oligonucleotides spectrophotometrically using known molar extinction coefficients (which can
be obtained from the IDT website www.idtdna.com). Make concentration of oligonucleotides
0.5-1 mg/ml and store them at -20°C.

Label one of the oligonucleotides using [y-32P] ATP and T4 polynucleotide kinase (NEB). For
labeling, mix 2 ul of the oligonucleotide at concentration 0.5 mg/ml (1 pug), 2 ul of [y-32P] ATP
(10 mCi/ml; Perkin Elmer), 2 ul of 10 x T4 polynucleotide kinase buffer and 1 unit of T4
polynucleotide kinase in total volume of 20 ul. Incubate the reaction mixture for 1 h at 37 °C,
then inactivate T4 polynucleotide kinase by heating the mixture for 10 min at 75 °C. Store
labeled oligonucleotides at -20 °C.

2.3. Preparation of branched DNA substrates by annealing

Prepare tailed or forked DNA intermediates (Fig. 1 B,C) by mixing equal amounts of each

complementary ssDNA strands (usually 3 uM molecules of each 100 nt long oligonucleotide)
in 14 mM Tris-HCI, pH 7.5, 2 mM MgCl,, 1 mM dithiothreitol (DTT), 121 mM NaCl and 12.1
mM Na citrate. The reaction is heated for 2 min at 95°C, followed by annealing for 1 h at the
optimal hybridization temperature (T},). Calculate Ty, using the formula: Ty=1.24*T,-43.8°C;
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where T, is the melting temperature of the double-stranded portion of the DNA intermediate.
Calculate the T, using a tool from the Promega website
(www.promega.com/biomath/calc11.htm). It is critically important when designing forked
DNA that you make sure the single stranded regions do not contain even short fortuitous regions
of homology; as they could decrease the efficiency of the subsequent annealing reaction.

2.3. 1. Preparation of branched DNA substrates for the branch migration assay
—To prepare branched DNA substrates (Fig. 2), mix 32 nM of the 32P-labeled and 48 nM of
the non-labeled annealed DNA intermediates in a reaction buffer containing magnesium (for
DNA substrates to be used with RAD54, the following buffer was used: 25 mM Tris acetate,
pH 7.5, 2 mM ATP, 5 mM magnesium acetate, 2 mM DTT, 100 pg/ml bovine serum albumin
(NEB, nuclease and protease free), 15 mM phosphocreatine and 10 units/ml creatine
phosphokinase). Anneal DNA intermediates for 10 min at 37°C, and then for another 10 min
at the temperature of the branch migration assay. In order to inhibit spontaneous branch
migration (especially on X-junctions), we usually use magnesium at concentrations of 3 mM
or higher. If it is important to have magnesium concentration lower than 3 mM, the reaction
temperature may need to be decreased to slow spontaneous branch migration.

Note: For efficient annealing of DNA intermediates (Fig. 1B,C), complementary ssDNA
regions should not contain a GC-content higher than 40-50%. If the DNA intermediates do not
anneal efficiently, try to decrease GC-content or the length of the complementary DNA regions.

2.3.2. Preparation of branched DNA substrates for the ATPase assay—For the
ATPase assay, it is more convenient to use “non-movable” branched DNA substrates with
mutually heterologous terminal DNA branches, (e.g., Fig. 1A). To prepare these “non-
movable” DNA substrates, mix equimolar amounts of non-labeled tailed and forked DNA
intermediates (usually 3 pM molecules for DNA substrates of ~ 60-100 nt/bp in size) in
annealing buffer (14 mM Tris-HCI, pH 7.5, 2 mM MgCl,, 1 mM DTT, 121 mM NaCl and 12.1
mM Na citrate) followed by an 1 h incubation at the optimal hybridization temperature (Tp,).
Preparation of X- and PX-junctions involves annealing of two ssDNA arms which may have
different Ty, In this case, calculate these two Ty, and perform annealing by incubating mixture
subsequently 1 h at the higher Ty, and then 1 h at the lower Ty. These DNA substrates can be
used in the ATPase assay without further purification.

3. Use of branched DNA substrates for characterization of ATPase activity of
branch migration proteins

Because branch migration proteins translocate on DNA at the expense of ATP hydrolysis, their
ATPase activity usually shows a characteristic increase with the increase in length of linear
dsDNA or ssDNA [22-24]. Thus, the ATPase assay can be used to initially identify DNA
translocating proteins, including branch migration proteins. Also, most branch migration
proteins show high binding specificity to cruciform DNA substrates resembling the Holliday
junction (illustrated in Fig. 2). Usually, this DNA binding specificity is determined by a band-
shift assay [17,25]. However, because the ATPase activities of all known branch migration
proteins depend on DNA binding, ATPase can also be used as a readout of DNA-binding.
Typically for branch migration proteins, high affinity to DNA substrates correlates with high
rates of ATP hydrolysis. An exception to this rule may be an indicator of the mechanism of
branch migration, e.g., the fact that binding of Rad54 to ssSDNA poorly stimulates its ATPase
activity indicates that this protein does not translocate on ssDNA.

There are several methods for measuring the rate of ATP hydrolysis; here we focus on two of
them. In the first, ATP hydrolysis is coupled through additional enzymatic reactions that
spectrophotometrically track the oxidation of NADH [26]. In the second, the products of ATP
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hydrolysis, ADP or inorganic phosphate, can be measured directly using thin-layer
chromatography (TLC). The spectrophotometric assay has an important advantage of being
rapid and very accurate. This assay can obtain important kinetic parameters of the ATPase
activity of branch migration proteins, including Ky, and Viax. The TLC-based asay is more
laborious and therefore less suited for kinetic ananlysis, but can be used for initial
characterization of the ATPase activity. TLC assay is especially useful, when i) the available
amount of branch migration protein is small (less than a few ng), ii) the protein stock
concentration is low (less than a few puM), or iii) the rate of ATP hydrolysis is low (less than
10-15 min'1). Also, in the spectrophotometric assay the enzymes that couple ATP regeneration
with NADH oxidation, pyruvate kinase, and lactate dehydrogenase, may not be active under
all experimental conditions, whereas the TLC assay is free from this limitation.

3.1. The TLC-based ATPase assay

We use polyethyleneimine-cellulose (Selecto Scientific) for separation of the products of ATP
hydrolysis from ATP by TLC. As an eluent for separation of free phosphate from ATP we
recommend 1 M formic acid with 0.5 M LiCI. A mixture of cold and radioactive [y-32P] ATP
can be used as a substrate. Typically, for a reaction mixture containing 1 mM ATP we add 20
uCi/ml [y-32P] ATP (we prepare a 10 x ATP stock by mixing 1 pl of 10 mCi/ml stock with 50
pl of 10 mM ATP). Free phosphate produced during ATP hydrolysis migrates significantly
faster that ATP substrate. After completion of TLC, we determine the amount of free phosphate
and ATP using a Phosphorimager.

3.2. The spectrophotometric ATPase assay

We used the ATPase assay to characterize the DNA substrate specificity of RAD54 and to
determine the minimal substrate size that supports the ATPase activity of RAD54 [27]. In this
assay we use an Agilent 8453 diode array spectrophotometer equipped with an 8 cell motorized
cuvette holder, UV-Visible ChemStation software, and a temperature controlled water bath
(RC6 CS Lauda, Brinkmann). When an ATP molecule is hydrolyzed, pyruvate kinase converts
the resultant ADP back to ATP by transfering the PO,3-group from phosphoenol pyruvate
(PEP) that is converted to pyruvate. Then, lactate dehydrogenase reduces the pyruvate to lactate
while oxidizing NADH to NAD™. Per one ATP molecule hydrolysed, one molecule of NADH
is oxidized; ATP hydrolysis and NADH oxidation are therefore coupled. The oxidation of
NADH resulted in a decrease in absorbance at 340 nm that can be readily measured on a
spectrophotometer. We use pyruvate kinase and lactate dehydrogenase (both type I1 from rabbit
muscles, Sigma Chemical Co.,) that are supplied as a sulphate ammonium suspension. Prior
to the experiment, pellet the enzymes by centrifugation for 3-5 min at 16,000 x g and resuspend
them in the assay buffer. Mix together the components of the reaction mixture, except NADH,
in a test-tube, and then transfer them into a spectrophometric cuvette. We use 50 pl
microcuvettes (Agilent) with a 1 cm lightpass. Blank the mixture at 340 nM and then add
NADH (200 pg/ml). The optimal Az4g value should be 1.6-1.8. Incubate the reaction mixture
at the reaction temperature for 5 min. Typically, ATP hydrolysis is initiated by addition of the
branch migration enzyme; in some cases it may also be done by adding DNA, ATP, or another
critical component of the reaction. Mix the enzyme well by flicking the cuvette and return it
to the spectrophotometer holder. For human RAD54, the reactions were carried out in standard
buffer containing 25 mM Tris acetate, pH 7.5, 10 mM magnesium acetate, 2 mM DTT, 2 mM
ATP, 3 mM phosphoenolpyruvate, pyruvate kinase (20 units/ml), lactate dehydrogenase (20
units/ml), NADH (200 pg/ml), and different concentrations of RAD54 protein and DNA at 30
°C. In preliminary experiments, determine the saturating concentration of ATP for all DNA
substrates used in the study.

Collect the absorbance data as a function of time. Calculate the rate of ATP hydrolysis using
the following formula:
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rate of ATP hydrolysis (uM/min) = rate of Agag decrease (s1) x 9880 (uM).

We used GraphPad Prism 5 software to determine the kinetic parameters of the reactions.

3.3. The effect of dsDNA length on the ATPase activity of branch migration proteins

Previously, it was proposed by Peter von Hippel and co-workers that the ATPase activity of
T4 gp4l helicase is proportional to DNA length when the rate of DNA binding is slow relative
to the rate of translocation, and ATPase activity is coupled to translocation [22]. Based on this
model the curve of ATPase activity versus DNA length is predicted to have three phases: (1)
a sharp decrease in the Kmpna) and concomitant increase in the ATPase Viax When the size
of DNA approaches the DNA binding site size of the protein; (I1) an increase of ATPase activity
proportional to DNA length when the protein translocates along DNA which length is below
the limit of protein processivity; and (I11) maximal ATPase velocity (Vmax) when DNA length
reaches the processivity limit of the protein.

Measure the initial rate of ATP hydrolysis by the protein of interest as a function of dsDNA
concentration for each dsDNA fragment from a set of linear DNA substrates with lengths
varying from several base pairs (or nucleotides for ssDNA) to several kbp (or knt). In the range
of short DNA fragments (less than 150 bs or nt) synthetic oligonucleotides can be used as
substrates. Larger linear dsSDNA (or ssDNA) fragments can be prepared from plasmid or phage
DNA by cleavage with restriction endonucleases. After cleavage, the desired fragments can
be purified by a 6% nondenaturing PAGE (if its size is less than 1 kb) or by 0.8% agarose gels
and recovered as described [28].

From the obtained data, determine the Ky, (Kmpna)) and Vimax for each dsDNA fragment.
Then, plot Vnax Of the ATPase as a function of DNA length. If the characteristic three-phase
curve is observed, determine the average translocation distance for the protein of interest as
the DNA length at half-plateau height.

By applying the model of Peter von Hippel and co-workers [22] described above we found that
the apparent size of the RAD54 DNA binding site is between 63 and 90 bp; the increase in the
velocity of RAD54 ATPase with the increase of dsSDNA length observed for dsSDNA fragments
in arange from 63-90 bp to 1300 bp was consistent with translocation of RAD54 protein along
the dsDNA; and the RAD54 processivity limit was found to be 280+30 bp under tested
conditions [24].

3.4. The use of the spectrophotometric assay to study the DNA binding preferences of branch
migration proteins

To examine the DNA substrate specificity of a branch migration protein, measure the initial
rate of ATP hydrolysis in the presence of various branched oligonucleotide-derived DNA
substrates (traditionally, these assays have been performed on substrates that were 61-63 bp
long) (Fig. 2) over a range of DNA concentrations from 0.2 to 15 pM (nt). For instance, we
demonstrated for RAD54 that branched DNA structures with one single-stranded arm (PX-
junction, 3'-flap, 5'-flap) stimulate the maximal velocity (Vmax) of ATP hydrolysis 1.5-2.0-
fold greater than branched DNA substrates with fully dsSDNA arms (X-junction, replication
fork) or with two ssDNA arms (Kappa and forked DNA) (25). The 3'-flap and 5'-flap structures
containing two dsDNA arms and one ssSDNA arm were nearly as efficient in stimulating the
ATPase activity of hRad54 protein as the PX-junction, which was the best substrate among
the previously examined structures. Overall, our results showed the following order of
preference for DNA substrates according to their proficiency in inducing the RAD54 ATPase:
PX-structure >3'-flap>5'-flap>>Kappa>X-structure=replication fork>forked DNA >dsDNA.
These results were in agreement with those obtained in the band-shift assay [17].
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4. Use of oligonucleotide substrates for analysis of branch migration activity

First, test for branch migration activity across a range of protein concentrations by adding
increasing amounts of your protein to the annealed branched DNA substrate (e.g. branch
migration activity of RAD54 can be detected in 5-1000 nM range) and incubating the mixture
for a set period of time and temperature. For RAD54, the following buffer was used: 25 mM
Tris acetate, pH 7.5, 2 mM ATP, 5 mM magnesium acetate, 2 mM DTT, 100 pug/ml bovine
serum albumin (NEB, nuclease and protease free), 15 mM phosphocreatine and 10 units/ml
creatine phosphokinase. However, higher RAD54 concentrations (> 100 nM) require higher
concentrations of the ATP regeneration system (up to 20 mM phosphocreatine and 30 units/
ml creatine phosphokinase). For each particular enzyme, concentrations of ATP and Mg2*
need to be optimized. The concentration of free divalent metal ions (in this case Mg?*)
determines whether the branched DNA molecule will exist predominately in an open or stacked
conformation. Since branch migration only occurs during the times when the DNA substrate
exists in the open conformation, the equilibrium between these two states affects the rate of
branch migration [27]. Once a suitable protein concentration is found, measure the time course
of the branch migration reaction. As a control, always determine the extent of spontaneous
(protein independent) branch migration in a control mixture by using storage buffer instead of
your branch migration protein.

4.1 Visualizing branch migration products

Terminate the reaction by adding SDS (to 1.5%) and mix with a 1/10 volume of loading buffer
(70% glycerol, 0.1% bromophenol blue). Analyze the sample by electrophoresis on a native
5-10% polyacrylamide gel in TBE (90 mM Tris borate, pH 8.3, and 1 mM EDTA). Run the
gelat 11 V/cm for 1.5-2 h. Some proteins form very stable complexes with DNA, and therefore
require treatment with SDS (1.5%) and proteinase K (800 pug/ml) for 1-15 min at room
temperature before electrophoresis to disrupt. Alternatively, the reaction can be stopped by the
addition of 1/10 volume of poly dT (1 mg/ml, GE Healthcare). For this method, incubate the
mixture for 1-5 min at room temperature then perform deproteinization with SDS and
proteinase K as described above. The concentration and acrylamide/bis-acrylamide ratio of the
polyacrylamide gels may vary depending on the size and structure of branch migration
substrates. (e.g. we use an 8% polyacrylamide gel with a 29:1 acrylamide/bis-acrylmaide ratio
to separate branch migration products of our standard branched DNA molecules constructed
from 94-mer oligonucleotides [17]). Some structures (e.g. X-junctions) become unstable
during electrophoresis at room temperature and should be resolved at 4°C instead.

Dry the gel on DE81 chromatography paper (Whatman), visualize, and quantify the products
of branch migration using a PhosphorIimager system (GE Healthcare), or another appropriate
device.

5. Branch migration on plasmid-based substrates

Oligonucleotides are invaluable tools for dissecting the properties of DNA helicase family
proteins. They provide an efficient, flexible, rapid, and affordable method for generating a wide
range of DNA substrates to analyze your protein with. But oligonucleotide-based DNA
substrates also have their drawbacks. By their very nature, these substrates provide very little
room for DNA translocation, which may bias the results based on the DNA binding properties
of the protein. The DNA ends of oligonucleotides also undergo free rotation and lack any of
the topological characteristics of long DNA molecules. Therefore, these substrates differ
substantially from in vivo recombination intermediates. For these reasons, we also use plasmid-
based substrates to study the branch migration activity of DNA helicase proteins.
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Plasmid-based substrates serve as better chromosomal analogs, but they are also far more
laborious to produce, requiring the purification of several DNA fragments followed by an
enzymatic reaction to produce recombination intermediates that are suitable for branch
migration.

To produce plasmid-based recombination intermediates (known as joint molecules or JM)
DNA strand exchange reaction is carried out between gapped circular dsSDNA and homologous
linear DNA substrates. The joint molecules are deproteinized and used as a substrate for branch
migration proteins (Fig. 6C).

5.1. Preparation of gapped DNA substrate

The preparation of gapped DNA takes several days to complete. First plasmid DNA is digested
with two restriction enzymes to produce a linear dSDNA that is shorter than the original plasmid
DNA by several hundred nucleotides (the size of the future gap). The dsDNA fragment of
interest is isolated via agarose gel electrophoresis, excised from the gel, and then electroeluted.
Next, the purified dsDNA fragment is annealed to circular ssDNA to create gapped DNA.
Finally, the gapped DNA is purified via agarose gel electrophoresis, followed by gel excision
and electroelution (Fig. 3).

5.1.1. Preparation of linear dsDNA fragment—To prepare the linear dSDNA fragment,
perform a digest of pBS 1l K (+) plasmid DNA first with the restriction endonuclease Xhol,
and then with AlwNI (New England Biolabs). This digest generates two DNA fragments of
2065 bp and 896 bp (Fig. 3i). Although, both restriction endonucleases have approximately
100% activity in 1x NEBuffer 2, we do not perform double digest, because in agarose gels the
electrophoretic mobility of pBS Il K (+) supercoiled plasmid DNA is very close to the mobility
of 2065 bp dsDNA fragment that makes it difficult to judge completeness of the digestion. As
a starting material, we use 60 pg of pBS 11 K (+) plasmid DNA per an agarose gel with the
dimensions: 10 x 15 x 0.5 cm. For larger scale dsSDNA fragment preparation use larger agarose
gels or multiple gels; do not overload the gel. Digest 60 pg of pBS 1l K (+) with 450 units of
Xhol in 1x NEBuffer 2 with100 pg/ml BSA, in a total volume of 0.6 ml. After 1 hr, test
completeness of Xhol digestion by analytical electrophoresis, e.g., ina 6 cm-long 0.8 % agarose
gel. When Xhol-digest is complete add 450 units AlwNI and continue digestion at 37 °C. The
reaction is performed with a 3-fold excess of both restriction endonucleases to ensure
completeness of digestion. Incubate the reaction mixture for 2 h at 37°C, and then test
completeness of digestion by analytical electrophoresis in a 6 cm-long 0.8 % agarose gel. To
rectify incomplete digestion, the incubation times and/or concentration of restriction
endonucleases may be increased. Otherwise stop the digest by heating the reaction mixture for
20 min at 75°C. Then add NaCl to 300 mM and precipitate the DNA products by adding 2.5
volumes of ethanol and incubation at -20°C for at least 1 h (or overnight). Centrifuge at >16,000
g for 30 min, dry the pellet, resuspend it in 300 ul of TE buffer (10 mM Tris-HCI, 1 mM EDTA,
pH 8.0) and proceed to purification of the 2065 bp DNA fragment. Add 45 pl of loading buffer
containing 50% glyercol, 0.25% bromophenol blue, and 1 mM EDTA and load the samples
ona 1.1 % agarose gel with the dimensions: 10 x 15 x 0.5 cm (total volume 76 ml). A standard
20-well comb was modified with tape to create a 5-well comb with 2 preparative wells (~50
mm wide) and 3 analytical wells (5 mm wide) as shown in Figure 4. Volumes of 10 ul were
loaded in each of analytical wells (Lanes A, C, and E), with the remaining 315 pl being split
between two preparative wells (Lanes B and D). The gel is run in TAE buffer (40 mM Tris
acetate, pH 8.3, and 1 mM EDTA) at 1.7 V/cm for 13-14 h.

Following electrophoresis, excise Lanes A, C, and E from the gel and stain them with ethidium

bromide. Reassemble the gel and visualize it under a UV-lamp, revealing two bands. Using
Lanes A, C, and E as markers, excise the sections of agarose containing the upper band (the
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2065 fragment of DNA) from Lanes B and D (Red boxes in Fig. 4). The DNA is extracted
from the gel by electroellution; we use a Schleicher & Schuell Elutrap. Place two agarose gel
slices into an Elutrap following the manufacturer's instructions. Carry out electroelution at 150
mA for 4 hr in TAE buffer (see above). To increase the amount of extracted DNA we carry
out second elution at 150 V for 4 hr or at 75 V overnight.

Note: During the two gel excision steps, be sure to minimize the width of the gel slices, as
excess agarose will decrease the yield of DNA recovered. After removing the bands, you can
stain the remainder of the gel with ethidium bromide to determine how successful the band
excision was.

Concentrate DNA recovered from the first and the second eluate (500-930 pl) to ~200 pl and
100 ul, respectively, by extraction with 1-butanol (after extraction discard the upper phase).
Precipitate the DNA from each eluate by adding 1/10 volume of 3 M sodium acetate, pH 7.0
and 2.5 volumes of ethanol and incubation for at least 1 h (or overnight) at -20°C. Centrifuge
at >16,000 g for 30 min, dry the pellets and resuspend each in 20 pl of TE buffer (10 mM Tris-
HCI, 1 mM EDTA, pH 8.0). Before proceed further, ensure that DNA electroelution was
successful by determining the DNA concentration recovered from first eluate (usually 1:30 —
1:60 is required). Butanol extraction of DNA eluates increases salt concentration so that salt
may precipitate during ethanol precipitation. To desalt the DNA solution combine the DNA
from recovered from both eluates (~40 ul) and pass the DNA solution through a Micro-BioSpin
6 column (Bio-Rad). Determine the DNA concentration by measuring the absorbance at 260
nm on a spectrophotometer using 50 pl cuvettes (Agilent). Good yields are in the range of
20-27 pg of dsDNA (~50% of theoretical yield, Fig. 3ii).

5.1.3. Preparation of gapped DNA by annealing of circular ssDNA with linear
dsDNA—Circular ssDNA of pBS Il K (+) was prepared as previously described in the
Sambrook and Russell Molecular Cloning Laboratory Manual “Producing Single-stranded
DNA with Phagemid Vectors” protocol [28]. Perform a trial small-scale annealing reaction
(22 pl) to determine the optimum ratio between ssDNA circular and dsDNA fragment for
generating gapped DNA. Typically, 1 ug of linear duplex fragment is mixed with 1, 1.5, and
2 g of circular pBS 11 K (+) ssDNA in annealing buffer, containing 25 mM Tris-HCI, pH 7.5,
50 mM NaCl, and 50% formamide. The tube is incubated for 10 min at 75°C to denature the
large fragment of dsDNA, and then for at least 3 h at room temperature to allow annealing to
occur (reaction can be left overnight at room temperature). Analyze the DNA before and after
annealing on a 1.4% agarose gel. Optimum ratio can be different with different preparation of
circular ssDNA.

Based on this result, prepare a large-scale annealing reaction. Usually, we mix 30 ug of the
linear dsDNA fragment and 30 ug of circular ssDNA (~ 1.4 fold excess of circular pBS Il K
(+) ssDNA in terms of DNA molecules) and anneal as described above in 660 pl of a total
volume (Fig. 3iii). Precipitate DNA from the annealing mixture by adding 1/10 volume of 3
M sodium acetate, pH 7.0 and 2.5 volumes of ethanol. Centrifuge at >16,000 g for 30 min, dry
the pellet and resuspend in 300 ul TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0). Add
45 ul of loading buffer containing 50% glycerol, 0.25% bromophenol blue, and 1 mM EDTA,
and then load the sample on a 5-well agarose gel (1.4%). (The gel is made with a higher
percentage of agarose to provide better separation of DNA products). Run the gel at 2 V/cm
for 14 h. Following electrophoresis, cut off Lanes A, C, and E and stain with ethidium bromide
(Fig. 5). Reassemble the gel and visualize it under a UV-lamp, to reveal four major bands.
Using Lanes A, C, and E as markers, excise the section of agarose containing the upper-most
band (containing the gapped DNA) from Lanes B and D. (Red boxes in Fig. 5) You must take
care to be more precise when cutting out this band, otherwise you will pick up contaminates
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that are similar in size to the gapped DNA. Note: You may see other minor bands in the
annealing reaction.

Electroelute the DNA, as described above for 2065 bp fragment, concentrate with 1-butanol
to 100-150 pl, add 1/10 volume of 3 M sodium acetate, pH 7.0, precipitate with 2.5 volumes
of ethanol by incubating for at least 1 hr at -20 °C, centrifuge at >16,000 g for 30 min, dry the
pellet, and resuspend the DNA pellet in a volume of ~20 ul of 10 mM Tris-HCI, pH 7.5 in the
same manner as described in the previous section. Finally, purify the resuspended gapped DNA
using a Bio-Rad Micro Bio-Spin 6 Chromatography Column (Catalog # 732-6221) to remove
any large particles and salt. Determine the final concentration of gapped DNA by measuring
the optical density (OD) at 260 nm; 1 OD,gq Unit corresponds to gapped DNA concentration
of 45 ng/ml. Good yields are in the range of 15 — 19 pg of gapped DNA (~10% of theoretical
yield for the entire protocol, Fig. 3iv).

5.2. Labeling of linear dsDNA

When constructing plasmid-based recombination intermediates it is important to consider the
desired polarity of the substrates. If the polarity of the branch migration protein in question is
unknown, then it may useful to construct substrates suitable for branch migration with the 5’
to 3"and the 3'to 5’ polarity in order to test both. Described below are protocols for constructing
plasmid-based substrates with either polarity.

5.2.1. 32P-labeling of Xhol-linearized pBSK(+) dsDNA at the 5-end for Rad51
promoted-joint molecule formation—The ssDNA portion of gapped DNA is defined by
the AlwNI and Xhol restriction sites of pBS 11 K (+). From the vector map, you can determine
that the sSDNA of the gap runs in a 5’ to 3" direction from the AlwNI site to the Xhol site. To
produce joint molecules with a 3’ displaced ssDNA, pBS Il K (+) plasmid DNA must be
digested with Xhol (Fig. 6A). And since Xhol cleavage creates a DNA end with a 5" overhang,
it can readily be radiolabeled by T4 polynucleotide kinase.

Begin by digesting 10 ug of pBS Il K (+) plasmid DNA with 40 units of Xhol (NEB) in the
presence of 2 units of Shrimp Alkaline Phosphatase (USB) for 1 h at 37°C in a 100 ul volume.
The phosphatase removes the 5’ terminal phosphate group following digestion, releasing the
end to be labeled in the next step. Test completeness of digestion by electrophoresis on a 0.8%
agarose gel. If digestion is full, inactivate both enzymes for 20 min at 75°C. Precipitate the
DNA with ethanol and resuspend the pellet in 20 pl of 10 mM Tris-HCI, pH 8.0 to give a DNA
concentration of ~0.5 pg/ul.

Radiolabel 5 pg of Xhol-linearized pBS 11 K (+) plasmid DNA in a 40 pl reaction volume
containing 100 pCi of [y-32P]JATP (10 mCi/ml; Perkin Elmer), 1 x T4 polynucleotide kinase
buffer and 2 units of T4 polynucleotide kinase (NEB). Incubate the reaction for 1 h at 37°C,
and then inactivate the enzyme for 20 min at 75°C. Purify the DNA through a Micro-BioSpin
6 column (Bio-Rad) and determine the DNA concentration again.

5.2.2. 32P-labeling of AlwNI-linearized pBSK(+) dsDNA at the 3"-end for RecA
promoted joint molecule formation—Joint molecules can also be produced with a 5-end
displaced ssDNA strand if pBS 11 K (+) is digested with AlwNI (Fig. 6B). AlwNI digestion
produces a DNA end with a 3’ overhang, thus this linear DNA should be 3’ radiolabeled with
terminal deoxynucleotidyl transferase (TdT).

Digest 10 pg of pBS 11 K (+) plasmid DNA with 40 units of AlwNI (NEB) in a 100 pl volume.
Incubate the reaction for 1 h at 37°C, and then test digestion on a 0.8% agarose gel. If digestion
is incomplete, increase the time of incubation or concentration of the enzyme, otherwise

inactivate restriction endonuclease for 20 min at 75°C. Precipitate the cleavage DNA product
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with ethanol and resuspend the pellet in 20 ul of Tris-HCI, pH 8.0 to give a DNA concentration
~0.5 pg/ul.

Radiolabel 5 pg of AlwNI —linearized pBS 11 K (+) plasmid DNA in a 40 pl reaction volume
containing 16 pCi of [0-32P]JdCTP (10 mCi/ml; Perkin Elmer), 1x TdT buffer supplemented
with 0.25 mM CoCl, and 10 units of TdT (NEB), as specified by the manufacturer. Incubate
the reaction for 15 min at 37°C, and then inactivate the enzyme for 10 min at 75°C. Purify the
DNA through a Micro-BioSpin 6 column (Bio-Rad) and determine the DNA concentration
again. The number of incorporated nucleotide residues depends on the ratio of 3' DNA ends:
dNTP and also on the nature of dNTP. For [0-32P]dCTP we used the DNA ends: dNTP ratio
100: 1. Under these conditions dCTP supports smaller number of incorporated nucleotide
residues on a single DNA molecule (1-3 nts) than dATP or dTTP (1-5 nts), and therefore is
preferable. [a-32P]ddNTP that allows only a single nucleotide incorporation is even better,
though is more expensive.

5.3. Joint molecule formation

5.3.1. RAD51-promoted formation of joint molecules with a 3'-ssDNA displaced
strand—RADb51 polymerizes on ssDNA in a 3’ to 5’ direction and will promote strand
exchange in the same direction between gapped DNA and linear dsDNA. To prepare joint
molecules with a 3'-displaced ssDNA strand, mix 20 uM (nt) of gapped DNA with 5 uM of
RAD51 in a reaction buffer containing 25 mM Tris acetate, pH 7.5, 275 mM NaCl, 2 mM ATP,
1 mM MgCly, 1 mM CaCl,, 1 mM DTT, 100 pg/ml acetylated bovine serum albumin (NEB,
nuclease and protease free) in an 90 ul volume. Incubate for 5 min at 37°C, then add 0.4 uM
of Replication Protein A (RPA), incubate for another 1 min, and finally add 20 uM (nt)

of 32P-labeled Xhol-linearized dsDNA to initiate joint molecule formation (Fig. 6A). Incubate
the mixture for 2 h at 37°C. Take a 10 pl aliquot and estimate the extent of joint molecule
formation on a 1.5 % agarose gel. If the yield is in the range of 50-60%, the joint molecules
can be purified (see section 5.3.3) and used for testing branch migration activities. If the yield
is lower, increase time of joint molecule formation up to 22 h.

5.3.2. RecA-generated formation of joint molecules with a 5-ssDNA displaced
strand—RecA has a 5’ to 3’ polarity of polymerization on DNA (opposite of RAD51), and
will promote strand exchange ina 5’ to 3’ direction. To prepare joint molecules with a 5’-ssDNA
displaced strand, mix 20 uM (nt) of gapped DNA with 4 uM of RecA in a reaction buffer
containing 35 mM Tris-HCI, pH 7.5, 3mM ATP, 15 mM MgCl,, 2mM DTT, 100 pg/ml bovine
serum albumin (NEB, nuclease and protease free), 10 mM phosphocreatine and 10 units/ml
creatine phosphokinase) in a 90 pl volume. Incubate for 5 min at 37°C, then add 0.33 pM of
SSB, incubate for another 1 min, and finally add 20 uM (nt) of 32P-labeled AlwNI —linearized
dsDNA to initiate joint molecule formation (Fig. 6B). Incubate at 37°C for 10 min. Take 10
ul aliquot and estimate the extent of joint molecule formation on a 1.5 % agarose gel. If the
yield is in the range of 50-60%, the joint molecules can be purified (see section 5.3.3) and used
for testing branch migration activities.

Note: In the presence of calcium ion, RAD51 forms a stable filament that will produce a
relatively homogeneous population of joint molecules through its DNA strand exchange
activity. On the other hand, RecA forms a far more dynamic filament that will promote both
strand exchange and branch migration, resulting in a more heterogeneous population of joint
molecules. The 10 min reaction time for the RecA-promoted joint molecule formation reaction
isacompromise. This time point provides for the largest accumulation of joint molecules before
branch migration products become visible. To produce a more homogenous population with
RecA, 3 mM ATP can be replaced with 1 mM ATPyS. In the presence of ATPyS, the ATP
regeneration system of phosphocreatine and creatine phosphokinase is removed, RecA
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concentration is increased to 12 uM, MgCl, concentration is decreased to 4 mM and the
reaction time is increased from 10 min to 24 h. Besides taking over 100 times longer, RecA-
promoted joint molecule formation in the presence of ATPyS is half as efficient as in the
presence of ATP (30 and 60%, respectively).

5.3.3. Deproteinization and purification of joint molecules—Following joint
molecule formation (regardless of whether they were produced by RAD51 or RecA), stop the
reaction and deproteinize DNA by the addition of SDS to 0.8%, EDTA to 2 mM, and proteinase
K to 1.6 mg/ml. Incubate for 15 min at 37°C. Pass deproteinized joint molecules twice through
S-400 Spin column (GE Healthcare) equilibrated with 30 mM Tris-HCI, pH 7.5. Add 2-10 mM
of MgCl, to inhibit spontaneous branch migration. Store purified joint molecules at -20 °C.
The concentration of the purified joint molecules can be calculated by comparing their
radioactivity to a known amount of labeled dsDNA after electrophoresis on the same gel.

5.4. Testing for branch migration activity on plasmid-based substrates

Using purified joint molecules as a DNA substrate, test the branch migration activity of the
protein of interest. For RAD54, we used 0.5 nM joint molecules in buffer containing 25 mM
Tris acetate, pH 7.5, 2 mM ATP, 3 mM magnesium acetate, 2 mM DTT, 100 ug/ml bovine
serum albumin (NEB, nuclease and protease free), 20 mM phosphocreatine and 30 units/ml
creatine phosphokinase. Add increasing amounts of the branch migration protein (e.g., branch
migration activity of RAD54 can be detected in 5-1000 nM range) and incubate the reaction
mixture for a set period of time and temperature. Deproteinize the DNA products by treatment
with 1.6 mg/ml proteinase K, 0.8 % SDS, 6 % glycerol, 0.01 % bromphenol blue for 15 min
at 37 °C. Analyze the DNA products by electrophoresis on a 1.5% agarose gel in TAE (40 mM
Tris acetate, pH 8.3, and 1 mM EDTA). Run the gel at 5 VV/cm for 3 h. Dry the gel on DE81
chromatography paper, visualize, and quantify the products of branch migration using a
Phosphorlimager system (GE Healthcare), or another appropriate device. If branch migration
has occurred, the gel will reveal a time-dependent disappearance of joint molecules and a
concurrent appearance of nicked circle and displaced tailed DNA (Fig.6C). Once a suitable
protein concentration is found, measure the time course of the branch migration reaction.

As a control, always determine the extent of spontaneous (protein independent) branch
migration in a control mixture by using storage buffer instead of your branch migration protein.

6. Concluding Remarks

Helicases and DNA/RNA translocases are a ubiquitous, highly diverse group of proteins that
perform an extraordinary variety of functions in cells [16,30]. Recently, it was discovered that
several members of different helicase families promote branch migration of Holliday junctions.
These proteins that function during DNA replication, recombination, and repair include (1)
RecG, a member of the RecG family; (2) several members of the RecQ helicase family; (3)
FANCM, a member of the DEAH helicase family; (4) Rad54, a member of the Snf2 family of
DNA translocases; (5) RuvB, a member of the ATPases associated with diverse cellular
activities (AAA+) family [1,25,31-35].

The wide range of experimental approaches presented in this paper have been used to
investigate the branch migration activities of different proteins. These approaches provide a
basis for initial investigation of proteins suspected to possess branch migration activity.
Furthermore, the DNA substrates described in this paper can also be applied in a wide array
of biochemical experiments (i.e. x-ray crystallography, footprinting assays, protection assays,
and crosslinking) to determine the molecular mechanisms of branch migration proteins and the
roles these proteins play in cellular processes.
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Construction of oligonucleotide substrates to test the branch migration activity of proteins.
(A) Both branch migration and DNA helicase activity are required to disrupt a non-movable
X-junction. (B) The movable X-junctions contain a mismatch to block spontaneous branch
migration and are formed by annealing of two forked DNA intermediates. (C) The branch
migration of a PX-junction requires an additional step, the transition from a 3-stranded to 4-

stranded structure. Shaded regions denote heterologous DNA terminal branches. The asterisk
indicates 32P-label at the DNA 5'-end.
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Fig. 2.

An array of branched oligonucleotides substrates used to characterize the DNA binding
specificity of branch migration proteins using the ATPase activity. Substrates are displayed in
order of descending complexity. Shaded regions denote heterologous DNA terminal branches.
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The scheme used to produce gapped DNA. i) pBS Il K (+) plasmid DNA is digested with Xhol
and AlwNI. ii) The large DNA fragment from this digest is purified by gel electrophoresis in
agarose gels, and then iii) annealed to circular ssDNA to generate gapped DNA. iv) Finally,

the gapped DNA is purified by electrophoresis in agarose gels.
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Fig. 4.

Illustration of the 0.8% agarose gel used to purify the large (2065 bp) dsDNA fragment of pBS
Il K (+) following digestion with Xhol and AIwNI. After electrophoresis, lanes A, C, and E
are excised from the gel and stained with ethidium bromide (dashed black lines). These lanes
contain two bands (white bands). Using these bands as markers, the area that contains the 2065
bp dsDNA fragment is cut out of lanes B and D (dashed red boxes), and then purified by
electroelution.
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Purification of gapped DNA by electrophoresis in a 1.4% agarose gel. Following
electrophoresis, lanes A, C, and E are cut out and stained with ethidium bromide. These lanes
should contain four major bands: gapped DNA, circular sSSDNA, large dsDNA fragment, and
displaced ssDNA. Other higher order bands correspond to VCS-M13 helper phage DNA (~ 6
kb) present in the circular ssDNA preparation and also to oligomeric forms of plasmid ssDNA.
Using these bands as markers, the area that contains the gapped DNA is cut out of lanes B and
D (dashed red boxes), and then purified by electroelution.
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Production of joint molecules used to test the branch migration activity of proteins. (A) Joint
molecules with a 3’ displaced ssSDNA tail are produced by RAD51 using gapped DNA and pBS
I1 K (+) dsDNA linearized with Xhol. (B) Joint molecules with a 5’ displaced ssSDNA tail are
produced by RecA using gapped DNA and pBS Il K (+) dsDNA linearized with AlwNI. Joint
molecules are deproteinized and used as substrates to test the branch migration activity of
proteins of interest. (C) The branch migration of joint molecules with a 3’ displaced sSDNA
tail (0.5 nM, molecules) by RAD54 (200 nM) at 30 °C. In the control reaction (Lane 4), RAD54
was replaced with storage buffer and carried out on for 40 min. Over the time course of the
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experiment, the amount of joint molecules decreases, while nicked circle and displaced tailed
DNA increase.
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Percentage of polyacrylamide gel (acrylamide/bis-acrylamide ratio of 19:1) needed to purify oligonucleotides of

indicated lengths.

Table 1

Length of Oligonucleotide

Percentage of polyacrylamide

< 40 nucleotides

10%

40 - 75 nucleotides

8%

>75 nucleotides

6%
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