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SUMMARY

Here, we describe a rapid and versatile protocol to generate gapped DNA sub-
strates for single-molecule (SM) analysis using optical tweezers via site-specific
Cas9 nicking and force-induced melting. We provide examples of single-
stranded (ss) DNA gaps of different length and position. We outline protocols
to visualize these substrates by replication protein A-enhanced Green Fluores-
cent Protein (RPA-eGFP) and SYTOX Orange staining using commercially avail-
able optical tweezers (C-TRAP). Finally, we demonstrate the utility of these sub-
strates for SM analysis of bidirectional growth of RAD-51-ssDNA filaments.
For complete details on the use and execution of this protocol, please refer to
Belan et al. (2021).

BEFORE YOU BEGIN

Preparing recombinant RPA-eGFP-his6 protein

Timing: 5 days

1. Protein expression in Rosetta(DE3)pLysS.

a. The modified polycistronic vector phRPA-eGFP (replication protein A-enhanced Green Fluo-

rescent Protein) containing polyhistidine tag downstream of eGFP fused to C-terminus of

RPA70 (Modesti, 2018) is transformed into Rosetta(DE3)pLysS competent cells and plated

on LB agar plates supplemented with ampicillin (100 mg/mL) and chloramphenicol (34 mg/

mL) and incubated for 16 h at 37�C.
b. Next day, three individual colonies are picked up and used to inoculate 50 mL of LB medium

supplemented with ampicillin (100 mg/mL) and chloramphenicol (34 mg/mL) and incubated for

16 h at 37�C with shaking.

c. Next morning, 3 L of LB media supplemented with ampicillin (100 mg/mL) and chloramphenicol

(34 mg/mL) are distributed in three 2 l Erlenmeyer flasks. Each flask is inoculated with 10–15 mL

of start culture and incubated at 37�C with shaking (180 rpm) for roughly 2.5–3 h until the bacteria

reach OD600 of 0.5. The protein expression is induced by final concentration of 1 mM Isopropyl b-

d-1-thiogalactopyranoside (IPTG). Immediately, post induction, the temperature of the incubator

is lowered to 15�C and the flasks are incubated at this temperature for 16 h. Next day, cells are

harvested by centrifugation at 3500 g for 15 min. The supernatant is removed and cell pellet is

transferred to a small plastic bag, which is then spread to form a thin layer inside. The cell paste
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is weighed and its weight is noted down. The plastic bag containing thinly spread cell pellet is

frozen at – 80�C.

Pause point: At this stage, frozen pellet can be stored at �80�C over several months.

2. Cell lysis and lysate clarification.

a. All further steps are performed at 4�C. During the entire procedure, samples should be

shielded from light. To resuspend the cell pellet, sufficient (100 mL per 20 g of pellet)

RPA lysis buffer (20 mM Tris-HCl pH 7.5, 500 mM NaCl, 2 mM b-mercaptoethanol, 5 mM

imidazole pH 8.0 and 10% glycerol) with protease inhibitor tablets (2 tablets per 100 mL)

is prepared. The plastic bag containing thin cell paste from �80�C is rapidly crushed using

an empty 50 mL falcon tube into small pieces in cold room. Care must be taken to not tear

the plastic bag. The crushed cell paste is transferred to appropriate volume of RPA cell lysis

buffer and suspension is vigorously stirred until the largest cell paste pieces are fully sus-

pended in lysis buffer.

b. The suspension is sonicated using a Branson Sonifier 450 (large flat tip, duty cycle 50%, output

control 8) for 337 min (200 mL RPA cell lysis buffer) or 237 min (100 mL RPA cell lysis buffer).

The suspension is stirred using a magnetic stirrer for 5–10 min at 4�C in-between sonication

cycles.

c. The sonicated sample is clarified by centrifugation at 20 000 g for 1 h at 4�C (Optima LE-80K

Ultracentrifuge (Beckman Coulter), Ti45 rotor). The supernatant containing RPA-eGFP is

flushed through a filter device with 0.45 mm pores (Millipore).

3. Protein purification.

a. During cell lysate clarification, 2 mL of Ni-NTA slurry per 50 mL of cell suspension from previ-

ous steps (typically 4 mL of Ni-NTA slurry is needed per preparation) is washed twice with RPA

cell lysis buffer in 50 mL falcon tube (added up to 50 mL volume) using swing-rotor centrifuge

(1000 g, 10 min).

b. The clarified lysate is divided into 50mL falcon tube(s) and 2mL of equilibrated Ni-NTA resin is

added equally to all tubes. The resin with clarified lysate in tubes is incubated for 1.5 h at 4�C
with gentle rotation.

c. Samples are passed through 30 mL Biorad protein purification column (50 mL of sample per

column). Each column is washed with 50 mL RPA cell lysis buffer containing 10 mM imidazole.

12 mL RPA cell lysis buffer supplemented with 250 mM imidazole is used for elution per 1 col-

umn. 2 mL fractions should be collected and analyzed by SDS-PAGE for RPA-eGFP. Fractions

containing most protein should be pooled and dialyzed for 2 h (or for 16 h) against 4 l of RPA

buffer R-A (20 mM Tris-HCl pH 7.5, 50 mM KCl, 1 mM Dithiothreitol (DTT), 0.5 mM Ethylene-

diaminetetraacetic acid (EDTA) and 10% glycerol). Where possible, longer dialysis should be

avoided as it results in the precipitation of RPA.

d. If precipitation is observed after dialysis, the sample must be spun at maximum g for 10 min to

remove precipitated protein.

e. The supernatant (soluble protein) is loaded at 1 mL/min speed onto 1 mL HiTrap Heparin col-

umn pre-equilibrated with RPA buffer R-A using AKTA FPLC system.

f. The HiTrap Heparin column is washed with 10 column volumes of RPA buffer R-A and protein is

eluted using linear 0 – 100 % gradient of RPA buffer R-B (20 mM Tris-HCl pH 7.5, 500 mM KCl,

1 mM DTT, 0.5 mM EDTA and 10% glycerol) with 10 column volumes gradient length and

0.2 mL fractions.

g. All fractions corresponding to UV peak are analyzed by SDS-PAGE and fractions containing

purest RPA (no contamination with other protein bands) are pooled. The protein concentra-

tion is determined by Bradford staining and appropriate volume of aliquots are snap frozen

in liquid nitrogen. We suggest making 5–10 mL aliquots. This purification procedure yields

typically 1–3 mg of protein.
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Note: Large subunit of trimeric RPA can be fused to other fluorescent protein variants such as

RFP, mCherry, mStrawberry or SNAP tag. The purification protocol remains unchanged. This

allows for customizable choice of wavelength mainly in combination with other labelled pro-

teins present for multi-colour imaging experiments.

Preparing recombinant untagged RAD-51 protein

Timing: 5 days

4. Protein expression in BL21(DE3).

a. pET SUMO Champion vector containing nematode rad-51 ORF (Taylor et al., 2015) is trans-

formed into BL21(DE3) competent cells and plated on LB agar plates supplemented with

kanamycin (50 mg/mL) and incubated for 16 h at 37�C.
b. Next day, a single colony is picked and inoculated in 100mL of LBmedium supplemented with

kanamycin (50 mg/mL) and incubated for 16 h at 37�C with shaking.

c. Next morning, 6 L of LB media supplemented with kanamycin (50 mg/mL) are distributed in six

2 L Erlenmeyer flasks. Each flask is inoculated with 10–15 mL of start culture and incubated at

37�C with shaking (180 rpm) for roughly 3 h until the bacteria reach OD600 of 0.6. Protein

expression is induced by IPTG, which is added to a final concentration of 1 mM. At the

same time, temperature of incubator is lowered to 30�C. All flasks are transferred to incubator

and further incubated for 4 h. The cells are harvested by centrifugation at 3500 g for 15 min.

From this step onwards, cell pellet for RAD-51 is collected and frozen as described for RPA pel-

let above.

Pause point: At this stage, frozen pellet can be stored at – 80�C over several months.

5. Cell lysis and lysate clarification.

a. All further steps are performed at 4�C. Prepare sufficient (100 mL per 20 g) volume of RAD-51

cell lysis buffer (50 mM potassium phosphate pH 7.8, 1 M KCl, 10% glycerol) and add protease

inhibitor tablets (2 tablets per 100 mL) to ice-cold RAD-51 cell lysis buffer. The plastic bag con-

taining thin cell paste is taken from –80�C and rapidly crushed using empty 50 mL falcon tube

into small pieces. Care is taken not to completely tear the frozen bag. The crushed cell paste is

transferred to appropriate volume of RAD-51 cell lysis buffer and suspension is vigorously

stirred until the largest cell paste pieces are fully suspended.

b. Triton X-100 is added to 0.1% (v/v) final concentration and suspension is kept on the stirrer for

further 10 min.

c. The suspension is sonicated using a Branson Sonifier 450 (large flat tip, duty cycle 50%, output

control 8) for 337 min (200 mL RAD-51 cell lysis buffer) or 237 min (100 mL RAD-51 cell lysis

buffer). The suspension is stirred using a magnetic stirrer for 5–10 min at 4�C in-between son-

ication cycles.

d. The lysate is cleared in an Optima LE-80K Ultracentrifuge (Beckman Coulter) using a Ti45 rotor

at 20 000 g for 60 min at 4�C.
6. Protein purification.

a. During cell lysate clarification, 4 mL of Ni-NTA slurry per 50 mL of cell lysate from previous

steps (typically 12 mL of Ni-NTA slurry is needed per preparation) is washed twice with

RAD-51 cell lysis buffer in 50 mL falcon tube (added up to 50 mL volume) using swing-rotor

centrifuge (1000 g, 10 min).

b. To reduce non-specific binding of protein to resin, imidazole is added to the supernatant to

the final concentration of 25 mM imidazole in the whole supernatant volume. The clarified

lysate is then divided equally into 50 mL falcon tubes.

c. Next, 4 mL of equilibrated Ni-NTA resin is equally distributed to each falcon tube and incu-

bated with gentle rotation for 1.5 h at 4�C.
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d. The resin is collected in 30 mL Biorad protein purification column (2 mL of Ni-NTA slurry per 1

column) by flowing through the lysate containing incubated resin. If required, the flowthrough

can be collected for future analysis. Each column is washed once with 50 mL RAD-51 cell lysis

buffer and once with 50 mL of RAD-51 cell lysis buffer supplemented with 50 mM imidazole.

The protein is eluted with 8 mL RAD-51 cell lysis buffer supplemented with 200 mM imidazole

by passing through the 8 mL of the buffer twice over each column and once more with 4 mL of

the same buffer (12 mL final elution volume per each column). The eluted protein is dialyzed

against 4 L RAD-51 Dialysis Buffer (20 mM Tris-HCl pH 8.0, 300 mM KCl, 10% glycerol) for 16 h

using 10 kDa MWCO SnakeSkin dialysis tubing (Thermo Scientific).

e. Next day, dialyzed sample is spun at maximum g for 10 min to remove precipitated protein.

f. The His-SUMO tag is cleaved to yield native RAD-51 by addition of 10 mL His-tagged Ulp1

SUMO protease (10 mg/mL) for 45 min. Immediately after cleavage, sample is spun again

at maximum g for 10 min to remove precipitated protein. The sample is incubated with

same batch of Ni-NTA agarose after regeneration according to themanufacturer’s instructions

for 1.5 h at 4�C. The flowthrough containing untagged RAD-51 is collected and the resin is

washed with an additional 3 mL per column of RAD-51 Dialysis Buffer. Fractions are pooled

and mixed at 1:1 ratio with RAD-51 Dilution Buffer (20 mM Tris-HCl (pH 8.0), 10% glycerol,

2 mM EDTA, 1 mM DTT).

g. The cleaved RAD-51 protein is loaded at 0.5 mL/min speed onto 1 mL MonoQ (5/50 GL) col-

umn (GE Healthcare) pre-equilibrated with RAD-51 buffer R-A (20 mM Tris-HCl (pH 8.0),

150 mM KCl, 10% glycerol, 1 mM EDTA, 0.5 mM DTT) using AKTA FPLC system.

h. The column is washed with 10 column volumes of RAD-51 buffer R-A.

i. The protein is eluted with linear salt gradient (0 – 100 %) in 15 column volume with RAD-51

buffer R-B (20 mM Tris-HCl (pH 8.0), 1000 mM KCl, 10% glycerol, 1 mM EDTA, 0.5 mM

DTT). The volume of collected fractions is set to 0.25 mL.

j. The fractions corresponding to UV peaks are analyzed by SDS-PAGE. The fractions containing

purest protein are pooled and concentrated using a 30 kDa MWCO Amicon Ultra-4 Centrifu-

gal Filter Unit according to manufacturer’s direction. Pre-rinse the unit with water and RAD-51

buffer R-A before use. We suggest making 53 concentrate.

k. The protein concentration is determined by Bradford staining and appropriate volumes of al-

iquots are prepared, and snap frozen in liquid nitrogen. We suggest making 5–10 mL aliquots.

This purification procedure yields typically 1–2 mg of protein.

Note: After the cleavage with SUMO protease, a significant portion of untagged RAD-51 may

still stick to Ni-NTA resin. This is not an issue as RAD-51 yields are generally high enough to

obtain sufficient amounts of protein.

Note: RAD-51 forms multimeric species in solution. During concentrating the protein at the

final step of purification, may undergo precipitation. To remove the precipitate, protein sam-

ple should be spun in a table-top centrifuge at maximum speed for 10 min 4�C.

Preparing oxygen scavenging system

Timing: 2 h

The oxygen scavenging system is important to prevent excessive generation of free oxygen radicals

during single-molecule imaging. This increases fluorophore stability and prevents rapid photo-

bleaching of dye-labeled proteins. There are several systems available, we recommend using the

PCA/PCD system (Aitken et al., 2008) because it does not affect the solution pH.

7. Preparing 124 mM PCA (3,4-Dihydroxybenzoic acid) stock solution.

a. Prepare 1 M NaOH.

b. Suspend 48.2 mg of PCA in 2 mL of H2O. PCA will not dissolve at this stage.
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c. Add 0.5 mL of 1 M NaOH to PCA suspension. PCA should dissolve.

d. Check pH (using pH paper). It should be in the range of 9–9.5.

e. Make 35 mL aliquots and store at �20�C for maximum of 3 months, in a box covered with

aluminum foil (to protect from light).

8. Preparing 10 mM PCD (Protocatechuate 3,4-Dioxygenase) stock solution.

a. Determine mass of lyophilized PCD in bottle (usually 8.3 mg).

b. Assuming all powder is PCD, determine how many mL of solution will be required to dissolve

the PCD to 10 mM or 7 mg/mL (1.186 mL for 8.3 mg). This is the desired total volume of solu-

tion.

c. Add half of the desired total volume (593 mL) of 23 PCD Buffer (100 mM Tris, pH 7.5, 200 mM

NaCl, 200 mM EDTA) to the vial and gently agitate to dissolve the PCD.

d. Add an equal volume (593 mL) of anhydrous glycerol to the vial and gently agitate to mix.

e. Make 10 mL aliquots of the PCD stock solution. Store at –20�C for maximum of 3 months.

CRITICAL: It is important to obtain clear solution of PCA. If pH is out of the proper range,

or if PCA is not shielded from light sufficiently, the solution will turn brown. We have

observed that not only is PCA prepared in this way inefficient as oxygen scavenger, but

it may also interfere with protein binding to DNA. This is indeed the case for RAD-51,

where inclusion of degraded PCA inhibits filament assembly and RPA displacement.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli BL21(DE3) NEB Cat# C2527I

E. coli DH5alpha NEB Cat# C2987H

E. coli Rosetta(DE3)pLysS Merck Cat# 70956-3

Chemicals, peptides, and recombinant proteins

Ampicillin, Sodium Salt Merck Cat# 171254

Kanamycin Sulfate, Streptomyces kanamyceticus Merck Cat# 420311

Chloramphenicol Merck Cat# 220551

IPTG, Dioxane-Free, High Purity Merck Cat# 420322

Sodium hypochlorite Merck Cat# XX0637

Sodium thiosulfate Merck Cat# 106512

PLURONIC F-127 Merck Cat# P2443-250G

Albumin from bovine serum Sigma-Aldrich Cat# A7030

Mono Q 5/50 GL column Merck Cat# GE17-5166-01

HiTrap Heparin HP 1 mL column Merck Cat# GE17-0407-01

Ni-NTA Agarose resin QIAGEN Cat# 30210

Streptavidin-coated polystyrene
particles 0.5% w/v

Spherotech Cat# SVP-40-5

Lambda DNA Thermo Fisher Cat# SD0011

3,4-Dihydroxybenzoic acid Merck Cat# 99-50-3

Protocatechuate 3,4-Dioxygenase Merck Cat# P8279-25UN

Creatine kinase (CK) Roche Cat# 10127566001

Creatine phosphate Roche Cat# 10621714001

His6-SUMO protease Dr. Peter Cherepanov N/A

hRPA-eGFP This protocol N/A

Untagged RAD-51 This protocol N/A

Alt-R S. p. Cas9 D10A Nickase IDT Cat# 1081062

T4 Polynucleotide Kinase NEB Cat# M0201S

T4 DNA Ligase NEB Cat# M0202S

T4 DNA Ligase Reaction Buffer NEB Cat# B0202S

(Continued on next page)
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STEP-BY-STEP METHOD DETAILS

Preparing nicked lambda dsDNA with closed biotinylated hairpin handles

Timing: 1–2 days

See Figure 1A for overview. This part of the protocol describes quick method for generation of site-spe-

cific DNA nicks in l DNA by Cas9 D10A nickase. These nicked substrates are subsequently melted to

yield corresponding gapped substrates. Position of the nick is determined by the choice of the guide

RNA sequence. Guide RNA consists of universal tracr-RNA scaffold and customizable crRNA compo-

nent. We utilized previously characterized crRNAs termed crRNA l2, crRNA l4 and crRNA l5 to

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SYTOX Orange Nucleic Acid Stain Thermo Fisher Cat# S11368

Oligonucleotides

lambda end-cap 1 5’-
AGG TCG CCG CCC GGA GTT GAA CG(BT) (BT)T(BT)
T(BT)A CGT TCA ACT CC-3’

IDT, this study N/A

lambda end-cap 2 5’-
GGG CGG CGA CCT CAA GTT GGA CAA (BT)T(BT)
T(BT)(BT) TGT CCA ACT TG-3’

IDT, this study N/A

tracr RNA (trRNA) 5’-GGACAGCAUAGCAAGU
UAAAAUAAGGCUAGUCCGUUAUCAACUUGAAA
AAGUGGCACCGAGUCGGUGCUUUUU-3’

IDT, this study N/A

crRNA l2 5’-GUGAUAAGUGGAAUGCCA
UGGUUUUAGGAGCUAUGCUGUUUUG-3’

IDT, this study N/A

crRNA l4 5’-CAGATATAGCCTGGTGGTTCG
UUUUAGGAGCUAUGCUGUUUUG-3’

IDT, this study N/A

crRNA l5 5’-GGCAAUGCCGAUGGCGAUA
GGUUUUAGGAGCUAUGCUGUUUUG-3’

IDT, this study N/A

crRNA l4.2 5’- GCCAUUCUGCUUAUCAGGAA
GUUUUAGGAGCUAUGCUGUUUUG -3’

IDT, this study N/A

crRNA l4.1 5’- GGCCAUGUAAGCUGACUUU
AGUUUUAGGAGCUAUGCUGUUUUG-3’

IDT, this study N/A

crRNA l4.02 5’- AUUGCCAGGCUUAAAUGAG
UGUUUUAGGAGCUAUGCUGUUUUG-3’

IDT, this study N/A

Recombinant DNA

phRPA-eGFP Dr. Mauro Modesti N/A

Champion pET-SUMO-RAD-51 This protocol N/A

Software and algorithms

GraphPad Prism 7 GraphPad https://www.graphpad.com/
scientific-software/prism/

Fiji Open source https://imagej.net/Fiji

MATLAB R2018b (9.5.0) MathWorks https://uk.mathworks.com

Lumicks Pylake Python package from
LUMICKS

https://lumicks-pylake.
readthedocs.
io/en/latest/index.html#

Other

C-TRAP optical trapping and confocal
microscopy setup

Lumicks N/A

ÄKTA pure protein purification system Cytiva N/A

Optima LE-80K Ultracentrifuge Beckman Coulter N/A

Branson sonifier 450 Branson N/A

Econo-Pac Chromatography Columns Bio-Rad Cat# 7321010

SnakeSkin Dialysis Tubing, 10 KDa MWCO Thermo Fisher Cat# 88243

Amicon Ultra-4 Centrifugal Filter Unit Merck Cat# UFC803024
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generate dsDNA constructs containing nicks with 5 kilonucleotides (knt) and 18 knt distance. The dis-

tance between the two nicks is dictated by the combination of the guides. These are further referred

in the text as l4/5 (for 5 knt distance) or l2/5 (for 18 knt distance) gDNA precursors – according to

the combination of guide RNAs used to generate them. Further to our previous work, we provide three

additional crRNAs (crRNA l4.02, crRNA l4.1, crRNA l4.2) to generate l gDNA precursors with 0.2 (l4/

4.02 gDNA precursor), 1 (l4/4.1 gDNA precursor) and 2 (l4/4.2 gDNA precursor) knt distance between

the nicks.

1. l DNA and the end-cap phosphorylation.

a. Phosphorylate l DNA and adapter oligonucleotide end-caps:

i. For phosphorylation of 14 nM l DNA , pipette 41.6 mL of l DNA (300 mg/mL), 8.4 mL milliQ

H2O, 5.6 mL 103T4 DNA ligase buffer and 0.5 mL polynucleotide kinase (final concentration

of 250 U/mL) into 1.5 mL Eppendorf tube.

ii. For phosphorylation of 10 mM end-cap 1, pipette 3.2 mL of end-cap 1 (62 mM, PAGE-puri-

fied), 14.3 mL milliQ H2O, 2 mL 103T4 DNA ligase buffer and 0.5 mL polynucleotide kinase

(final concentration of 1000 U/mL).

iii. For phosphorylation of 10 mM end-cap 2, pipette 2.7 mL of end-cap 2 (73 mM, PAGE-puri-

fied), 14.8 mL milliQ H2O, 2 mL 103T4 DNA ligase buffer and 0.5 mL polynucleotide kinase

(final concentration of 1000 U/mL).

b. Mix very gently with pipette tip. Use cut pipette tips and pipette up-and-down 1–2 times.

Avoid excessive up-and-down pipetting. Incubate these three reactions for 1 h at 37�C.
2. End-cap annealing and ligation (King et al., 2019; Paik and Perkins, 2011).

a. Next, incubate the phosphorylated end-cap 1 with phosphorylated l DNA. Pipette 50 mL of

103 T4 DNA ligase buffer, 400 mL of milliQ H2O, 56 mL of 14 nM phosphorylated l DNA

and 1 mL of 10 mM phosphorylated end-cap 1.

b. To ensure that the end-cap annealed in its minimum energy configuration prior to the ligation,

heat the above mixture to 80�C for 5 min and subsequently cool rapidly on ice.

c. Add T4 DNA ligase (0.5 mL, 400 units) and incubate at 37�C for 1 h (or 25�C for 2 h, or 16�C for

12 h).

Figure 1. Strategy to generate gapped DNA molecules

(A) A schematic of protocol designed to generate gapped l DNA (l gDNA) precursor substrate. Biotinylated end-cap hairpin oligos are annealed and

ligated to 48.5 kb long l DNA. Subsequently, nicking by S.p. Cas9 D10A at desired position is performed. The schematic illustrates two pairs of guide

RNAs (l4 crRNA and l5 crRNA; l2 crRNA and l5 crRNA).

(B) Schematic of the experimental C-trap set-up used for in situ l gDNA generation by force-induced DNA melting. RPA-eGFP and Sytox Orange

staining are employed to image the gap.
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d. Subsequently, add 10 mL of 10 mM phosphorylated end-cap 2 to the above solution. Heat the

mixture to 80�C for 5 min, and cool rapidly on ice. Add T4 DNA ligase enzyme (4 mL, 200 units)

and leave to react at 37�C for 1 h, 25�C for 2 h (or 16�C for 12 h).

e. Inactivate the ligase at 65�C for 20 min.

3. Cas9 D10A-gRNA RNP-complex preparation.

a. Prepare guide RNA (gRNA) mixes:

i. For crRNA l2:tracr RNA (trRNA) mix pipette 2 mL of 5 mM crRNA l2, 1 mL of 10 mM trRNA,

4 mL 13 T50 (10 mM Tris-HCl, pH 8.0, 50 mM NaCl), 1 mL milliQ H2O.

ii. For crRNA l5:tracr RNA mix pipette 2 mL of 5 mM crRNA l5, 1 mL of 10 mM trRNA, 4 mL 13

T50, 1 mL milliQ H2O.

iii. For crRNA l4:tracr RNA mix pipette 2 mL of 5 mM crRNA l4, 1 mL of 10 mM trRNA, 4 mL 13

T50, 1 mL milliQ H2O.

iv. For crRNA l4.2:tracr RNA mix pipette 2 mL of 5 mM crRNA l4.2, 1 mL of 10 mM trRNA, 4 mL

13 T50, 1 mL milliQ H2O.

v. For crRNA l4.1:tracr RNA mix pipette 2 mL of 5 mM crRNA l4.1, 1 mL of 10 mM trRNA, 4 mL

13 T50, 1 mL milliQ H2O.

vi. For crRNA l4.02:tracr RNAmix pipette 2 mL of 5 mMcrRNA l4.02, 1 mL of 10 mM trRNA, 4 mL

13 T50, 1 mL milliQ H2O.

b. Heat the duplex at 95�C for 2 min and cool it down at 25�C afterward.

c. Create the RNP complex:

i. Dilute Alt-R S.p. D10A nickase to 5 mM in PBS (0.8 mL of enzyme + 9.2 mL 13PBS, enzyme

stock is 62 mM).

ii. Add 2 mL of the diluted enzyme to each of the RNA mixes and incubate at 25�C for 5 min

(final Cas9 D10A concentration is 1 mM, final concentration of individual guide RNAs is

1 mM).

4. l DNA nicking.

a. To generate l2/5 gDNA precursor, add 175 mL of l DNA from Step 2e, 20 mL 103Cas9 diges-

tion buffer (200 mMHEPES, pH 7.5, 1 MNaCl, 50 mMMgCl2, 1 mM EDTA), 2 mL of 10 nMCas9

D10A-crRNA l2-tracr RNA complex, 2 mL of 10 nM Cas9 D10A-crRNA l5-tracr RNA complex.

Incubate at 37�C for 1 h.

b. To generate l4/5 gDNA precursor, add 175 mL of l DNA from Step 2e, 20 mL 103Cas9 diges-

tion buffer, 2 mL of 10 nM Cas9 D10A-crRNA l4-tracr RNA complex, 2 mL of 10 nM Cas9 D10A-

crRNA l5-tracr RNA complex. Incubate at 37�C for 1 h.

c. To generate l4.2/4 gDNA precursor, add 175 mL of l DNA from Step 2e, 20 mL 103Cas9

digestion buffer, 2 mL of 10 nM Cas9 D10A-crRNA l4.2-tracr RNA complex, 2 mL of 10 nM

Cas9 D10A-crRNA l4-tracr RNA complex. Incubate at 37�C for 1 h.

d. To generate l4.1/4 gDNA precursor, add 175 mL of l DNA from Step 2e, 20 mL 103Cas9

digestion buffer, 2 mL of 10 nM Cas9 D10A-crRNA l4.1-tracr RNA complex, 2 mL of 10 nM

Cas9 D10A-crRNA l4-tracr RNA complex. Incubate at 37�C for 1 h.

e. To generate l4.02/4 gDNA precursor, add 175 mL of l DNA from Step 2e, 20 mL 103Cas9

digestion buffer, 2 mL of 10 nM Cas9 D10A-crRNA l4.02-tracr RNA complex, 2 mL of 10 nM

Cas9 D10A-crRNA l4-tracr RNA complex. Incubate at 37�C for 1 h.

f. To terminate the reaction, add 500mMEDTA (pH 8.0) to a final concentration of 10mM. Avoid

pipetting up-and-down. Store the reaction at 4�C.

CRITICAL: Care should be taken to avoid mechanically shear or nicking of DNA at any of

these steps. We recommend cutting the ends of pipette tips. We strongly advise against

repeatedly pipetting up and down. Finally, to avoid any additional unwanted DNA nicking,

we do not purify nicked constructs at the final stage as it is normally done for l dsDNA and

l ssDNA precursor. If purification is absolutely required, this step can be performed, but it

will reduce the efficiency of l gDNA generation in subsequent steps.
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CRITICAL: Avoid freezing l gDNA precursors as freeze-thaw cycles generates DNA nicks

which would lead to reduced efficiency of l gDNA generation in subsequent steps. l

gDNA precursors can be stored at 4�C for 3–4 weeks.

Note: In l DNA, GC content is distributed asymmetrically, with one half of l DNA sequence

being more GC-rich than the other. Given ssDNA gaps are generated in the next step by

force-induced DNA melting, it should be taken into account that DNA in GC-rich regions of

l DNA, will be more difficult to melt. Although this should not be an issue for short (up to 5

knt) gaps, generation of larger gaps can be significantly more difficult. We suggest choosing

position of the gap carefully when designing RNA guides for nicking. If there are no specific

underlying sequence requirements, we suggest designing gaps in the GC-poor half of l

DNA first. Troubleshooting 1

In situ DNA melting and generation of gapped lambda DNA substrates

Timing: approximately 2 h

This section describes in situ generation of gapped DNA substrates using a commercially available

combination of microfluidics, optical tweezers and fluorescence microscopy setup (C-TRAP, Lu-

micks). See Figure 1B for overview.

5. 5-channel flow cell preparation.

a. Flush channels with 0.5 mL of 5% bleach solution at 1.5 bar.

b. Flush channels with 1.0 mL of milliQ H2O at 1.5 bar.

c. Flush channels with 0.5 mL of 10 mM sodium thiosulfate at 1.5 bar.

d. Flush channels with 0.5 mL of filtered sterile PBS at 1.5 bar.

e. Flush channels with 0.5 mL of 0.5% Pluronics F127 (w/v) in filtered sterile PBS at 1.5 bar.

f. Flush channels with 0.5 mL of 0.1% BSA (w/v) in filtered sterile PBS at 1.5 bar.

6. Setting up single-molecule imaging system.

a. Addwater on the objective. Raise objective to touch themicrofluidics chip. Start trapping laser

at 0.31 pN/nm trap stiffness (for 4.5-mm beads). Find appropriate z position for the trapping

laser in the middle of the microfluidics channel. Add oil on top of microfluidics chip. Lower

the condenser to close position, where reflection image is fully visible on the camera. Inspect

the reflection image (‘the moon’) to ensure absence of bubbles in immersion oil and proper

condenser position. Lower laser power of the trapping laser to reach 0.14 pN/nm trap stiff-

ness.

b. Add 4.5-mm SPHERO Streptavidin Coated polystyrene particles in filtered sterile PBS at

0.005% w/v to channel 1, 0.2% (v/v) l gDNA precursor constructs prepared in Step 4 of the

protocol in filtered sterile PBS to channel 2, filtered sterile PBS to channel 3, 5 nM RPA-

eGFP in buffer 0.53NTM (13NTM buffer consists of 100 mM NaCl, 50 mM Tris-HCl pH 7.5,

1 mM MgCl2) supplemented with 0.2 mg/mL BSA and the oxygen scavenger system with

5 mM protocatechuic acid (PCA), 100 nM protocatechuic dioxygenase (PCD) to channel 4

and 50 nM SYTOX Orange in filtered sterile PBS to channel 5. Flow enough liquid through

the system to observe beads in channel 1 in brightfield.

c. Capture a pair of beads in channel 1 and move to channel 2. Perform force calibration accord-

ing to manufacturer instruction at 0.14 pN/nm trap stiffness.

d. Move beads apart to sufficient distance (we suggest 25 mmbetween the bead edges). Adjust z

position in Trap XY settings to get both beads into the focus. Turn on single-photon counter

module. Turn on blue laser to 5% laser power. Turn on green laser to 10 % laser power. Set

pixel size to 100 nm. Perform a single 2D scan and adjust scanning area to include both beads.

Make sure that reflection in the middle of the beads in blue channel is sharp and bright. This

indicates proper z position of Trap XY.

7. l gDNA precursor capture, force-induced melting and imaging. See Figure 1B for overview.
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a. Trap two evenly shaped (bead match score > 0.97) streptavidin-coated beads in channel 1.

b. Move traps to channel 2, set ‘‘ping-pong’’ option that automatically moves the traps between

5 (‘close’) and 17 mm (‘extended’) distance marks at 6.0 mm/s speed with 1–2 s dwell time at

5 mm position. Set force to zero at 5 mm ‘close’ distance between the bead edges. Keep pres-

sure of 0.12–0.18 bar to maintain buffer flow. ‘‘Ping-pong’’ regime allows to determine

whether dsDNA has been tethered between the beads as evident by the sudden increase

of force when the beads are moving apart.

c. Monitor force-extension curve. Use built-in worm-like chain models to set an example curve

for single l dsDNAmolecule. Small deviations from themodel may occur, if the flow is present,

but your experimentally obtained force data should roughly follow this model. Once a single

molecule of l gDNA precursor is captured – as judged by force-extension plot, turn off the

buffer flow, close all the channels and move the traps to channel 3. It is possible to capture

multiple DNA molecules at once. If this occurs, repeat the process by picking up new beads

from channel 1 or extend the bead distance beyond 23 mm to break one or more extra mole-

cules captured between the beads.

e. In channel 3, move the beads to ’close’ distance, set force to zero and slowly extend the DNA

molecule either to 23–25 mm distance between the bead edges (or 65 pN force and above) to

generate short gaps as in the case of l4/5 gDNA and smaller precursors, or 27–29 mm distance

(or 100 pN force and above) to generate longer gaps as in the case of l2/5 gDNAprecursor. After

30 – 60 s of holding l gDNA precursor at high force move the beads to 5 to 10 mm distance.

f. Wait for 1 min at low force and then slowly re-extend captured construct to 15 pN force.

Monitor force-extension curve (Figure 2A). Repeat the process one more time to ensure

that gap melting was complete. Compare recorded force-extension curve to worm-like chain

model of l dsDNA with contour length corresponding to individual l gDNA constructs (Fig-

ure 2B). Contour length of l gDNA constructs can be used to calculate experimentally ob-

tained gap length and compare it to the expected gap length (Figure 2C). Troubleshooting 2

g. Move the traps to channel 4. Then bring in the beads to ‘close’ position. Set force to zero. Acti-

vate force clamp and set the value to 5 pN or 15 pN. Turn off the force clamp. Take 2D image of

your l gDNA and beads. The RPA-eGFP signal covering expected segment (ssDNA region) of

l gDNA should be present at the expected genomic position (Figure 3). No additional nicks or

gaps should be present.

h. To stain for dsDNA content, move the beads to channel 5 containing SYTOX Orange and take

another 2D scan.

Note: During the re-annealing of gapped DNA constructs various levels of hysteresis in the

force-distance curves can be observed (Figure 4). The magnitude of which depends on the

following: a) duration of over-stretching: the longer the DNA construct is held at 80 pN, the

more hysteresis is observable. Above 65 pN dsDNA gradually melts. The more melted/frayed

Figure 2. Gap length validation for individual constructs using force measurement

(A). Force-extension curves of l dsDNA, l ssDNA and different l gDNA constructs. Gap sizes are indicated.

(B) Contour length of l dsDNA and different l gDNA constructs calculated from worm-like chain (WLC) fits to individual force-extension curves from 2A.

Error bars indicate S.D.

(C) Comparison of expected gap length to gap length calculated from contour lengths in 2B. Error bars indicate S.D.

ll
OPEN ACCESS

10 STAR Protocols 2, 100588, June 18, 2021

Protocol



ssDNA, the longer it takes to re-anneal it to dsDNA upon relaxing the force. b) similarly, the

higher the force at which we hold the over-stretched tether, the more hysteresis is observed.

c) the speed at which the trap is moved (pulling/relaxation rate). d) the gap size: the longer the

size of the gap, the less stable are the corresponding dsDNA segments and the longer the re-

annealing might take.

Optional: Force-induced DNAmelting can be performed in the presence of RPA-eGFP (chan-

nel 4) or even in channel 2 containing l gDNA precursor. In case of DNA melting in the pres-

ence of RPA, DNA can be melted faster, but upon returning to the low-force position, longer

waiting time is required to fully anneal frayed ssDNA ends on the side of the gap. In case where

DNA is melted in the same channel as where l gDNA precursor is being captured, caution

should be taken not to move beads too close (7 mm distance or less) after DNA melting to

avoid capturing second DNA molecule. Troubleshooting 2

Using gDNA substrates to monitor molecular dynamics at a single-molecule level

Timing: 6–8 h per day, 2–5 days of data collection

Here we describe an example of l gDNA construct usage to determine growth polarity of RAD-51

filaments. RAD-51 is a metazoan recombinase that forms helical nucleoprotein filaments on resected

RPA-coated ssDNA ends to facilitate DNA double-strand break repair via homologous recombina-

tion. Its bacterial homolog, RecA, has been shown to grow on ssDNA bidirectionally with 2-fold ki-

netic preference in a 5’ to 3’ direction along the ssDNA backbone (Bell et al., 2012). To determine the

growth polarity of nematode RAD-51 filaments (Belan et al., 2021), l2/5 gDNA substrate will be used

as described later. It should be noted, however, that gDNA substrates described in this protocol

Figure 3. Gap length validation for individual constructs using fluorescence

Left. Schematics of the l gDNA substrates generated in this study. Right. Representative images of individual asymmetrically positioned RPA-eGFP

(5 nM RPA-eGFP) coated ssDNA gaps within l DNA held at 5 pN force. Images display RPA-bound ssDNA (middle panels), and RPA-bound ssDNA with

dsDNA counter-strained with 50 nM SYTOX Orange (right panels). Arrow indicates position of l4 crRNA cut site indicating 5’ end of 0.2, 1, 2 and 5 knt

long gaps for reference.
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have a wide variety of usage for different enzymatic reactions including helicase unwinding, 3’ end

extension by polymerases, nucleolytic processing, etc.

8. The flow cell is washed and the microscope aligned as described in the previous section. How-

ever, different buffers are added to individual channels: add 4.5-mm SPHERO Streptavidin

coated polystyrene particles in filtered sterile PBS at 0.005% w/v to channel 1, 0.2% (v/v) l2/5

gDNA precursor construct prepared previously in filtered sterile PBS to channel 2, 5 nM RPA-

eGFP in buffer 0.53NTM (25 mM Tris-HCl pH 7.5, 50 mM NaCl, 0.5 mM MgCl2) supplemented

with 0.2 mg/mL BSA and the oxygen scavenger system with 5 mM PCA, 100 nM PCD to channel

3 and 500 nM RAD-51 in buffer 13NTM (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 1.0 mMMgCl2)

supplemented with 0.2 mg/mL BSA, 1 mM ATP, ATP regeneration system (20 mM creatine

phosphate and 20 mg/mL creatine kinase) and the oxygen scavenger system with 5 mM PCA,

100 nM PCD to channel 4.

9. Perform force calibration, set up confocal imaging, capture beads and tether a single piece of l

gDNA precursor as described previously.

10. Move the traps to channel 3, move the beads to ‘close’ distance, set force to zero and slowly

extend the DNAmolecule to 27–29 mmdistance (or 100 pN force and above) to generate longer

gaps as in the case of l2/5 gDNA precursor. After 30 – 60 s of holding l gDNA precursor at high

force move the beads to 5 to 10 mm distance. Wait for 1–5 min for DNA strands to re-anneal as

RPA-eGFP slows it down.

11. Slowly re-extend captured construct to 15 pN force. Monitor force-extension curve. Compare

recorded force-extension curve to worm-like chain model of l2/5 gDNA construct. Take 2D im-

age of your l2/5 gDNA and beads. The RPA-eGFP signal covering expected length of l gDNA

should be present at the expected genomic position. No additional nicks or gaps should be pre-

sent. Keep l gDNA to length corresponding to 15 pN force.

12. Set-up kymograph imaging mode by scanning a single line of pixels through the center of trap-

ped beads and DNA. Set line-time to 5 s and start imaging. Immediately move traps to channel 4

(Figure 5A).

13. Continue building kymograph of RPA-eGFP displacement. Force can be monitored at the same

time as fluorescence. RAD-51 displacement should be evident as the loss of blue fluorescence

Figure 4. Examples of forward and reverse force-extension curves of a gapped DNA construct

Different examples of forward and reverse force-extension curves of l4/5 gDNA constructs showing hysteresis during re-annealing of the DNA. Arrows

indicate the direction of the pulling.
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signal. In the absence of RAD-51, minimal loss of RPA-eGFP signal should be present for at least

20 min (Belan et al., 2021) as RPA binds very tightly to ssDNA (Ma et al., 2017). If rapid fluores-

cence loss is observed, this is likely due to extensive photobleaching - fresh batch of PCA/PCD

should be prepared. Troubleshooting 3 and 4

CRITICAL: Due to variation in RAD-51 and RPA-eGFP preparations, we suggest finding an

optimal concentration of RAD-51 where fast-enough assembly can be observed. This is

done by adding increasing concentrations of RAD-51 to channel 4 (e.g., from 200 to

2000 nM protein) and performing a few assembly experiments for each concentration.

The optimal concentration of RAD-51 (and optionally also free RPA-eGFP) should yield

frequent nucleation events, but sparse enough to grow most filaments to at least 0.5-1.0

mm in length.

CRITICAL: To maintain consistent rate of RAD-51 filament growth, good passivation of the

channel 4 is needed. If inefficient filament assembly is observed on the first DNAmolecules

captured, we suggest passivating the channel with 1 mL of 0.5 % BSA in PBS, then

repeating the assembly experiments. Slightly slower assembly rates can be observed in

a few of the initial kymographs, but rates should become consistent as more RAD-51 is

flowed through the channel throughout the course of the experimental data collection.

Optional: To better resolve individual growing RAD-51 filaments, 10 nM free RPA-eGFP can

be included with RAD-51 in channel 4. This will supress RAD-51 nucleation on ssDNA, result-

ing in sparser filaments that are better resolved. However, fewer filaments per single kymo-

graph will be collected. This will prolong the time needed for sample collection.

Image and force data analysis

Timing: 1–2 days depending on the experiment

This section briefly mentions a few options for imaging and force data analysis. Generally, raw kymo-

graphs are accessed through Pylake package and then multiple parameters can be exported and

further processed in different software. Although the specific data analysis method heavily depends

on the nature of the experiment, we provide several analysis pipelines for common readouts.

Figure 5. Monitoring bidirectional RAD-51 filament growth as an example of gapped DNA usage

(A) Kymograph showing the displacement of RPA-eGFP bound to l2/5 gDNA by 500 nM RAD-51 in the presence of ATP.

(B) Examples of individual growing RAD-51 filaments (dark). Growth rate was measured as a slope of the border of RPA-eGFP displaced signal

(illustrated by dashed white line in the right panel).

(C) Histogram of individual growth rates for indicated directions (n = 32 total filaments analyzed). 5’ to 3’ rates are shown as negative numbers, while 3’ to

5’ are indicated as positive. Black lines represent lognormal fit. Geometric mean for 5’ to 3’ direction: 9.7 G 1.7 nm/min. Geometric mean for 3’ to 5’

direction: 7.6 G 1.7 nm/min.
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14. The .h5 files containing kymographs, force data or 2D scans are accessed through Lumicks Py-

lake package. Imaging data are exported as TIFFs.

15. The exported kymographs can be analyzed using Fiji by plotting integrated fluorescence inten-

sity in individual channels. This can be done for specific genomic positions of DNA along x axis of

the kymograph to provide time-resolved information.

16. The force data can be exported through Lumicks Pylake package. If longer observation windows

are employed (more than 5 min), we suggest to significantly down-sample the force data. For

example, to 3 Hz.

17. To analyze genomic positions of DNA-bound fluorescent molecules, previously described ap-

proaches can be used (Newton et al., 2019). Similar previously-described approaches can be

used to track moving particles and analyze diffusion rates along gapped DNA molecules (Gra-

neli et al., 2006).

18. To determine the number of fluorophores within a single cluster of fluorescent particles bound

to gDNA, a single-step photobleaching analysis can be employed as described previously (Au-

tour et al., 2018; Belan et al., 2021). To find individual steps, a step-finding algorithm inMatlab is

employed.

EXPECTED OUTCOMES

This protocol should yield l gDNA precursors in good quantity (~50 mL of 1.35 nM precursor) and

good quality (low frequency of additional nicks observed – roughly 1 in 10 molecules melted).

The gaps within l DNA molecules should be that of the expected size and length. The asymmetric

position of the gap should be apparent as it is for l2/5 gDNA. In case of l2/5 gDNA, 3’ ss-dsDNA

junction is found on the shorter arm, while 5’ ss-dsDNA junction is found on the longer arm. Upon

movement to RAD-51 containing channel 4 overall decrease of RPA-eGFP fluorescence should be

observed (Figure 5A). The RAD-51 filament formation should be evident from the emergence of

RPA-eGFP-free or ’dark’ zones over time in the kymograph (Figure 5B). The slopes of RPA-eGFP-con-

taining ‘blue’ and RPA-eGFP-free ‘dark’ zone borders in the kymograph (Figure 5B) can be manually

measured for individual well-resolved filaments and converted to growth rates. The distribution of

measured growth rates towards either 5’ or 3’ direction can be plotted as histogram to assess growth

symmetry of RAD-51 filaments on ssDNA (Figure 5C). Typically, 7–14 RAD-51 growing filaments can

be analyzed for a single l2/5 gDNA molecule. The gDNA substrates described in this protocol have

a wide variety of applications for different enzymatic reactions including helicase unwinding, 3’ end

extension by polymerases, nucleolytic processing, etc.

LIMITATIONS

Among the limitations of the protocol is the length of the gap within l DNA construct. Although we

were able to generate 18 knt-long gaps, it should be noted that increasing gap size increases the

difficulty of generating such a gap using force-inducedmelting as the DNAmolecules aremore likely

to snap when held over extended periods of time at higher force regimes. On the other hand, gen-

eration of short gaps (less than 200 nt) might face problems stemming from errors of gap length

calculation. In such cases, it might be difficult to accurately assess whether these gaps are that of

the expected length. Thus, short gaps should be engineered into shorter DNA constructs.

The other general limitation is the resolution of the system. Given the diffraction limit for confocal

microscopy, growth rates of RAD-51 proteins moving on short ssDNA gaps (less than 5 knt which

equates to z 160 nm) may not be determined accurately. This limitation could be overcome by

the use of a C-trap with STED imaging functionality. Furthermore, long ssDNA gaps (such as 18

knt in case of l2/5 gDNA) have to be held at higher forces (10–15 pN) to keep the molecule in focus

for confocal imaging due to the high portion of flexible ssDNA. The fluorescence imaging at low

force regimes (1–5 pN) may be difficult using these constructs.
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Another limitation is the use of SYTOX to visualize dsDNA as this may interfere with biological pro-

cesses, similarly as RPA-eGFP can compete with protein of interest binding to ssDNA or potentially

inhibit its enzymatic activity. If this is of concern, RPA-eGFP can be omitted and fluorescent labeled

protein of interest can be visualized binding to bare (dark) ssDNA. It should be mentioned that any

fluorescent dyes can be omitted altogether when processes such as exonucleolytic processing of

DNA, DNA unwinding by a helicase or 3’ DNA end extension by DNA polymerase are investigated.

During these enzymatic reactions, content of ssDNA in the gap changes and distance between the

beads at a constant force can be measured and subsequently used to calculate rate of ssDNA con-

tent change within the construct.

Finally, we note that fairly high sample volumes have to be flown through the protein channel during

bead capture and DNA tethering. The protein consumption can be slowed down by keeping pro-

tein-containing channels closed during bead capture, DNA tethering and DNA melting. However,

this may result in buffers from protein-free channels being flown/diffusing into the protein channels,

if bead capture, DNA tethering and melting steps take long, or high flow rates are employed, thus

lowering effective protein concentration in the protein channel. In our experience with 5 knt gap,

250 mL of protein sample added to the syringe will be sufficient to visualize 3–4 DNA molecules.

Thus, if the protein quantity is extremely low, a different approach might be needed, although

this is rarely the case in our experience.

TROUBLESHOOTING

Problem 1

It is possible to encounter difficulties to melt gDNA precursors containing long gaps. It especially

becomes more evident when the gap is partially present at GC-rich half of l DNA. The complete

re-annealing after incomplete melting may occur frequently forcing the researcher to restart the

melting process from fully re-annealed dsDNA (step 7f).

Potential solution

To help melting these l gDNA precursors, we suggest adding low concentrations of RPA (5 nM or

less) to themelting channel. To further help themelting, salt concentration can be further decreased.

Many studies use negligible amount of salt during DNA melting and some even use no salt at all.

Previous work (Candelli et al., 2013) has explored this in great detail suggesting that dropping

the salt from 50 mMNaCl to 5 mM leads to roughly double melting efficiency of l DNA. Application

of buffer flow can also aid the melting process (Wasserman et al., 2019). If not required, divalent cat-

ions can be omitted to further help the force-induced melting of DNA. As noted previously, gaps at

GC-rich regions of l DNA are generally more difficult to melt, however salt exclusion (10 mM and

less) in the melting buffer with applied flow could significantly improve the melting of these regions.

The higher force regimes (up to 150 pN) can also be utilized although probability of DNA snapping

at these forces is also higher. More information on force-induced melting of DNA gaps from nicks

together with formation of DNA hairpins near ds-ssDNA junction can also be found in (Okoniewski

et al., 2017).

Problem 2

Due to high levels of oxygen radicals, gDNA precursors may break frequently if the amount of ssDNA

content is high. This is particularly an issue for monitoring long-lived intermediates or slow reactions

(step 7f).

Potential solution

To increase the lifetime of gDNA held between the traps, several adjustments can be made. Larger

beads produce less radicals on their surface and hence their usage reduces the likelihood of DNA

breakage. Similarly, the inclusion of an oxygen-scavenging system in the DNA channel can be bene-

ficial. Using the lowest possible trapping laser power is also advisable. Finally, if the design allows,
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ssDNA gaps can be placedmore centrally, further from the biotinylated end-caps that are in the con-

tact with streptavidin-coated beads.

Problem 3

The failure of RAD-51 filaments formation (step 13).

Potential solution

If the reaction also contains free RPA-eGFP, remove it or add lower amounts to rule out prep-to-prep

variations. Similarly, the optimal RAD-51 concentration where efficient assembly occurs should be

determined empirically as variations between protein preparations may occur. If no assembly is

observed even when high (1000 nM and more) RAD-51 concentrations are employed, PCA/PCD ox-

ygen scavenger system should be checked. We suggest performing a test reaction where no oxygen

scavenger system is used. Care should be taken not to use degraded PCA which is indicated by yel-

low/brown color of PCA solution. Fresh PCA should be prepared if this turns out to be an issue. If very

inefficient filament assembly is observed on first captured DNA molecules, but gets slightly better

over time, we suggest passivating the channel with 1 mL of 0.5% BSA in PBS, then repeating assem-

bly experiments. Finally, the activity of RAD-51 preps should be always checked by bulk assays such

as EMSA or D-loop formation, as RAD-51 tends to precipitate during final steps of purification, which

reduces the concentration of active species.

Problem 4

RAD-51 filaments are too sparse or too dense to efficiently analyze growth rates (13).

Potential solution

We suggest adding RAD-51 in increasing concentrations to channel 4 (e.g., from 200 to 2000 nM

protein) and performing a few assembly experiments for each concentration. The optimal concen-

tration of RAD-51 should yield frequent nucleation events, but sparse enough to grow most fila-

ments to at least 0.5–1.0 mm in length. In conditions where nucleation rate is much higher than

growth rate, RPA-eGFP can can be added to channel 4 in addition to RAD-51 where efficient assem-

bly is observed. We suggest starting from 1 nM RPA-eGFP and adding up to 20 nM RPA-eGFP for

500 nM RAD-51 to find optimal nucleation suppression point, where formation of well-resolved

long filaments can be observed. Alternatively, higher salt can be employed as in the case for

RecA growing on dsDNA (Galletto et al., 2006).

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by the lead contact, David S. Rueda (david.rueda@imperial.ac.uk).

Materials availability

Plasmids, recombinant proteins, DNA substrates and newly generated nematode strains are avail-

able without restriction upon requests, which should be directed to the lead contact, David S. Rueda

(david.rueda@imperial.ac.uk) or Simon J Boulton (simon.boulton@crick.ac.uk).

Data and code availability

Custom-written data analysis scripts are available upon request from the lead contact, David S.

Rueda (david.rueda@imperial.ac.uk).
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