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Abstract
DNA double-strand breaks (DSBs) are a potentially lethal DNA lesions that disrupt both the physical and
genetic continuity of the DNA duplex. Homologous recombination (HR) is a universally conserved
genome maintenance pathway that initiates via nucleolytic processing of the broken DNA ends (resection).
Eukaryotic DNA resection is catalyzed by the resectosome—a multicomponent molecular machine consisting of the nucleases DNA2 or Exonuclease 1 (EXO1), Bloom’s helicase (BLM), the MRE11-RAD50NBS1 (MRN) complex, and additional regulatory factors. Here, we describe methods for purification and
single-molecule imaging and analysis of EXO1, DNA2, and BLM. We also describe how to adapt resection
assays to the high-throughput single-molecule DNA curtain assay. By organizing hundreds of individual
molecules on the surface of a microfluidic flowcell, DNA curtains visualize protein complexes with the
required spatial and temporal resolution to resolve the molecular choreography during critical
DNA-processing reactions.
Key words DNA curtains, Homologous recombination, Bloom’s syndrome helicase (BLM), DNA
nuclease (DNA2), Exonuclease 1 (EXO1)
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Introduction
Each of our cells is confronted with up to 50 DNA double-strand
breaks (DSBs) per replication cycle [1, 2]. DSBs arise as a result of
cellular metabolism, but are extremely hazardous because they
disrupt both the physical and genetic continuity of the genome.
Unrepaired DSBs are primary causes of gross chromosomal rearrangements, loss of heterozygosity, and genomic instability. Thus,
all organisms have developed multiple pathways to rapidly identify
and repair DSBs.
Homologous recombination (HR) is a universally conserved
double-strand break repair pathway that uses the intact sister chromatid to promote error-free repair (Fig. 1) [3–6]. HR is initiated
when the Mre11-Rad50-Nbs1 (MRN) complex identifies the DNA
ends [7–10]. MRN is a multifunctional enzyme. The Mre11 subunit contains a 30 to 50 exonuclease and an endonuclease activity
which is important for processing DNA ends [11]. The Rad50
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Fig. 1 Overview of double-strand break resection. (1) The MRE11-RAD50-NBS1
(MRN) complex rapidly identifies genomic double-strand breaks (DSBs). (2) MRN
loads Bloom’s syndrome helicase (BLM) and Exonuclease 1 (EXO1) complex or
the BLM/DNA2 complex at DNA ends. EXO1 or DNA2 then nucleolytically
processes (resect) the free DNA ends to produce long 30 -ssDNA ends. (3) The
resulting ssDNA is rapidly bound by Replication Protein A (RPA). (4) RPA is then
replaced by the recombinase RAD51. 5. RAD51 catalyzes the search for a
homologous DNA sequence in a sister chromatid. Finally, the missing genetic
information is resynthesized to repair the genome

subunit is an ATPase that interacts with Mre11 to promote the
assembly of the MR complex. Rad50 also contains nonspecific
DNA binding activity and extended ~50 nm coiled-coiled arms
that interact via an apical zinc hook motif. The zinc hook is essential
for cellular viability and the activation of the DNA damage response
(DDR) [12]. The Nbs1 subunit does not contain any enzymatic
activity, but mediates nuclear import of the MRN complex
[13, 14]. Nbs1 also promotes protein interactions with ATM kinase
and other DDR signaling proteins [8, 12, 15]. MRN initiates HR
by processing the free DNA ends via a two-step reaction. First,
MRN’s endonucleolytic activity creates a nick tens of nucleotides
upstream of the free DNA end [16–18]. This activity is not strictly
required at DSBs that produce “clean” DNA ends that are free of
modified bases or protein-DNA adducts. MRN, along with CtIP,
are critical for initiating processing of DSBs that contain protein–DNA adducts or other lesions [16, 18–20]. MRN’s exonucleolytic activity can process in a 30 to 50 direction toward the free
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DNA end [21]. Next, MRN recruits helicases and nucleases that
coordinate long-range DNA resection for downstream homologous recombination.
Long-range resection is carried out by two partially redundant
multiprotein molecular complexes [4]. The first pathway couples
exonuclease 1 (EXO1) and the Bloom’s Syndrome helicase (BLM)
[3, 20, 22–27]. While the EXO1/BLM resection machinery
appears to be the major pathway in human cells, an alternative
pathway uses the DNA2 helicase/nuclease along with BLM
[28]. Together, these DNA resection complexes nucleolytically
process the genome to generate kilobase-length stretches of
single-stranded DNA (ssDNA) [4]. The functional significance of
how these resection machineries are selected and whether this
modulates repair outcomes remains an outstanding question in
the field. Furthermore, many of the biophysical properties (e.g.,
velocity, processivity, and regulation by interacting partners) remain
active areas of research. To address these outstanding questions,
our lab has reconstituted the first key steps of human HR in vitro
and with single-molecule resolution. Here, we provide methods for
purifying, labeling, and single-molecule imaging of these resectosome components on the DNA curtains assay. The DNA curtains
assay enables high-throughput single-molecule imaging of individual protein molecules on organized arrays of DNA molecules
within a microfluidic flowcell. Compared to other ensemble and
single-molecule fluorescence methods, DNA curtains offer three
key advantages: [1] long DNA substrates (~48 kb) permit direct
observation of kilobase-length DNA resection and repair, [2] by
using multilaser illumination, multiple protein components can be
monitored simultaneously with millisecond temporal resolution,
and [3] the construction of multichannel, microfluidic DNA curtains facilitates high-throughput data acquisition. Bottom-up
assembly of DNA resection with single-molecule sensitivity is shedding new light on the functions and regulation of these critical
guardians of genome integrity. DNA curtains is a high-throughput
single-molecule assay that facilitates direct imaging of DNA resection proteins using fluorescence microscopy (Fig. 2) [30–33].

2
2.1

Materials
Purification

1. BLM Lysis Buffer: 50 mM KH2PO4, 500 mM KCl, 10%
(vol/vol) glycerol, 2.5 mM imidazole, 400 μL 50% Tween20, 400 μL of phenylmethylsulfonyl fluoride (PMSF: 17 mg/
mL), 20 mM β-mercaptoethanol.
2. EXO1/DNA2 Lysis Buffer: 25 mM Tris–HCl pH 8.0,
100 mM NaCl, 10% (vol/vol) glycerol, 400 μL of PMSF
(17 mg/mL), 20 mM β-mercaptoethanol.
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Fig. 2 Single-Molecule Imaging of EXO1. (a) Overview of the custom-built total internal reflection fluorescence
(TIRF) microscope for DNA curtain experiments. A 488 nm laser beam passes through a computer-controlled
shutter and neutral density filter (not shown). The laser is directed through a prism at a total internal reflection
angle. The beam terminates in a beam stop (BS). This generates an evanescent excitation wave that
illuminates the surface-bound DNA and protein molecules. The resulting fluorescent signals are collected
via a water immersion high numerical aperture objective, passed through two excitation cleanup filters
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3. Ni2+ B Buffer: 50 mM KH2PO4, 500 mM KCl, 10% (vol/vol)
glycerol, 250 mM imidazole, 20 mM β-mercaptoethanol.
4. A Buffer: 25 mM Tris–HCl pH 8.0, 100 mM NaCl, 10%
(vol/vol) glycerol, 1 mM DTT.
5. B Buffer: 25 mM Tris–HCl pH 8.0, 1 M NaCl, 10% (vol/vol)
glycerol, 1 mM DTT.
6. PBS: 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4,
1.47 mM KH2PO4.
7. RPA Ni2+ A Buffer: 40 mM Tris–HCl pH 7.5, 1 M NaCl,
10 mM imidazole, pH 8.0, 20% glycerol, 4 mM
β-mercaptoethanol, 1 mM PMSF.
8. RPA Ni2+ B Buffer: 20 mM Tris–HCl pH 7.5, 500 mM NaCl,
500 mM imidazole pH 8.0, 10% glycerol, 2 mM
β-mercaptoethanol.
9. RPA Heparin Buffer A: 20 mM Tris–HCl pH 7.5, 50 mM KCl,
10% glycerol, 0.5 mM EDTA, 1 mM DTT.
10. RPA Heparin Buffer B: 20 mM Tris–HCl pH 7.5, 500 mM
KCl, 10% glycerol, 0.5 mM EDTA, 1 mM DTT.
11. RPA Storage Buffer: 10 mM Tris pH 7.5, 100 mM KCl,
0.1 mM EDTA, 50% glycerol, 1 mM DTT.
12. Ni2+-NTA resin.
13. Anti-FLAG M2 resin.
14. Streptavidin resin.
15. Dounce homogenizer.
16. Disposable columns.
17. 3 FLAG peptide.
18. Hi-Trap SP column (GE Healthcare).
19. Hi-Trap Q column (GE Healthcare).
20. Superdex 200 Increase 10/300 GL column (GE Healthcare).
21. HiLoad 16/600 Superdex 200 pg column (GE Healthcare).
ä
Fig. 2 (continued) (FW) and dispersed through a dichromic mirror (DM) onto two electron-multiplied charge
coupled device (EMCCD) cameras. A computer-controlled dual-syringe pump and two digitally actuated
injections valves permit rapid buffer switching or the injection of different protein complexes. (b) Domain
map of EXO1 showing key known interacting partner domains (c) Purification scheme of EXO1-AviTag (d)
Kymograph of a single EXO1 resecting a DNA substrate. White arrow indicates when the molecule dissociates
from the DNA. Below is a time-dependent single-particle trajectory of the same EXO1 molecule. Black arrow
indicates protein dissociation. (e) Kymograph of nuclease-dead (D78A/D173A) EXO1 molecule. Gray line
indicates the raw particle-tracking trajectory and the magenta line is a 15-s sliding average. (f) Kymograph of
EXO1 (magenta, top) as it is displaced by RPA-GFP (green, middle). Merged images: bottom. The orange line
indicates when RPA-GFP enters the flowcell, and white arrowheads indicate EXO1 dissociation. (g) Lifetime
analysis of DNA end-bound EXO1 in the absence and in the presence of 1 nM RPA-GFP. Images in panel (c–g)
are reprinted with permission from PNAS [29]
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Microscopy

1. Lipids Buffer: 40 mM Tris–HCl pH 8.0, Bovine Serum Albumin (BSA; 0.2 mg/mL in H2O).
2. Imaging Buffer: 40 mM Tris–HCl pH 8.0, 60 mM NaCl,
1 mM MgCl2, 2 mM DTT, bovine serum albumin (BSA;
0.2 mg/mL in H2O).
3. Biotinylated anti-FLAG M2 antibody (Sigma-Aldrich).
4. Streptavidin-conjugated quantum dots (QDs) 705 nm
(ThermoFisher).

2.3

Equipment

1. Sonicator.
2. Ultracentrifuge.
3. High-speed centrifuge.
4. AKTA FPLC (GE Healthcare).
5. 488 nm laser (Sapphire 488–200 CW CDRH; Coherent).
6. Eclipse TI-E Inverted microscope (Nikon).
7. 60 water-immersion objective (1.2NA) (Nikon).
8. 500 nm long-pass filter (Chroma).
9. 638 nm dichroic beam splitter (Chroma).
10. iXon X3 DU897 EMCCD cameras (Andor).
11. Placeholder TextSyringe pumps.

3

Methods

3.1 Purification and
Single-Molecule
Imaging of EXO1

Since its discovery in 1992, the 50 to 30 exonuclease 1 (EXO1) has
been identified as a key player in DNA double-strand break repair,
mismatch repair, telomere maintenance, and replication fork restart
[5, 34–37]. EXO1 translocates on DNA without hydrolyzing ATP
by acting as a Brownian ratchet, stabilizing the transient opening of
the DNA to allow for phosphodiester bond cleavage [38, 39]. In
the cell, the ssDNA that is generated by EXO1 is rapidly bound by
replication protein A (RPA), a ubiquitous eukaryotic ssDNAbinding protein. However, the molecular details of EXO1 processivity and its regulation by RPA remained controversial, largely
because ensemble-biochemical methods cannot distinguish the
precise choreography of both proteins at the ssDNA-dsDNA junction [23, 40, 41].
We recently established a single-molecule assay that visualizes
EXO1 on high-throughput DNA curtains [29]. In these assays,
EXO1 is purified with a C-terminal epitope tag that can be used for
conjugation with fluorescent antibodies or quantum dots (QDs)
(Fig. 2b, c). QDs are relatively small (~10 nm radius) fluorophores
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that have a high quantum yield. Moreover, QDs do not photobleach over several hours of illumination (see Note 1) [42]. We have
evaluated several C-terminal epitopes for fluorescent EXO1 labeling. These include GFP, FLAG, and the 15-amino acid-long AviTag (GLNDIFEAQKIEWHE). AviTag is biotinylated on the lysine
residue in insect cells that are coinfected with both the EXO1 and
E. coli biotin ligase (BirA) viruses [43]. Coinfection of EXO1AviTag with BirA resulted in ~50% biotinylation efficiency, as determined by streptavidin band-shift on an SDS-PAGE gel [44]. A
streptavidin column was used in the protocol described below to
further enrich for biotinylated protein. The fully biotinylated
EXO1 concentration was ~300–400 nM, which is sufficient for
single-molecule studies. Direct labeling of the EXO1-biotin using
streptavidin-conjugated QDs resulted in excellent fluorescent
imaging on DNA curtains (Fig. 2d, e). The following protocols
detail the purification and fluorescent imaging of EXO1-biotin via
single-molecule resection assays.
3.1.1 Purification of
EXO1

1. Grow Sf21 insect cells with baculoviruses harboring EXO1biotin and BirA (biotin ligase) following manufacturersuggested protocols (Thermo). Briefly, the FastBac plasmid
containing human EXO1, BirA, Tn7 transposon segments are
transformed into DH10bac cells. The baculovirus is then produced by transfecting the bacmid into a small culture of insect
cells and then amplifying the titer. To amplify the baculovirus,
incubate the virus in a 15-cm plate of insect cells for 72 h (first
amplification). Next, incubated the first amplification in the
same manner in several 15-cm plates of cells to create the
second amplification. Following amplification, add 600 μL of
virus to 15  106 cells in sixty 15-cm dish containing 25 mL of
Sf-900 II Serum Free Media containing penicillin–streptomycin. Incubate for 72 h.
2. Harvest Sf21 cells 72 h after infection. Centrifuge at 4000  g
to pellet the cells, snap-freeze in liquid nitrogen, and store at
80  C until purification.
3. Thaw the pellet quickly at room temperature.
4. Homogenize pellet in 40 mL of EXO1 Lysis Buffer in a 40 mL
Dounce homogenizer with 50 strokes of a B pestle.
5. Sonicate cells on ice three times for 30 s each time with a 30 s
recovery on ice.
6. Centrifuge the mixture at 100,000  g for 1 h at 4  C to obtain
soluble extract. Keep a small aliquot for analysis.
7. Run supernatant through a 5-mL Hi-Trap Q using A Buffer
and B Buffer on an AKTA FPLC. Perform a 100% B Buffer
elution to retain as much protein as possible. Collect 1 mL
fractions.
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8. Incubate elution with 1 mL of equilibrated streptavidin resin
for 1 h at 4  C with gentle rocking.
9. Centrifuge the sample at 500  g for 3 min. Pack the resin into
a column to put onto an AKTA FPLC.
10. Wash the resin with A Buffer until the UV peak stabilizes (~10
column volumes).
11. Elute with 5 mM biotin dissolved in A Buffer in 1 mL fractions.
12. Run sample through a Hi-Trap SP using A Buffer and B Buffer
on an AKTA FPLC. Perform a 100% Buffer B elution to retain
as much protein as possible. Collect 1 mL fractions and concentrate the sample before gel filtration.
13. The most concentrated fraction from the SP column is then
developed on a Superdex 200 column equilibrated in A Buffer
on an AKTA FPLC. Collect 1 mL fractions and pool highest
concentration fractions.
14. Determine proteins concentration using Bradford assay.
15. Aliquot sample, snap-freeze with liquid nitrogen, and store at
80  C.
16. The typical yield from 2 L of Sf21 cells is ~80–100 μg of
~300–400 nM EXO1-biotin.
17. To measure EXO1 biotinylation efficiency: incubate purified
EXO1-bio with a large excess of streptavidin (~2 μM) for
10 min on ice. Mix with loading dye and run on an
SDS-PAGE gel (do not boil sample to preserve the EXO1Streptavidin interaction). Measure biotinylation efficiency by
measuring the percentage of EXO1 that shift above the molecular weight of EXO1 on the gel.
3.1.2 Purification of RPAGFP

1. Grow hRPA-GFP-His6 plasmid in Rosetta(DE3)/pLysS cells.
2. Inoculate single colony into 50 mL of LB in a 500 mL flask
with 50 μg/mL of carbenicillin and 34 μg/mL
chloramphenicol.
3. Grow overnight at 37  C.
4. Next day, inoculate 2 L of LB with 15 mL of overnight per liter.
5. Grow until an O.D. 600 nm of 0.6–1.0 then induce cultures at
16  C for 16–18 h with 1 mM IPTG.
6. Harvest cells for 15 min at 4000  g.
7. Resuspend pellet in 20 mL of 1 PBS and respin for 15 min at
4000  g.
8. Cells can be flash frozen in liquid nitrogen and store in 80  C
until ready to use.
9. Resuspend pellet in 25 mL of RPA Ni2+ A Buffer.
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10. Sonicate cells on ice for a total of 90 s (75 amplitude; 15 s
bursts with 90 s rests in between).
11. Centrifuge the mixture at 100,000  g for 35 min at 4  C to
obtain soluble extract. Keep a small aliquot for analysis.
12. Run supernatant through a 5 mL HisTrap column using RPA
Ni2+ A Buffer and RPA Ni2+ B Buffer. Perform a linear gradient
over 10 CVs to elute protein. Collect 1 mL fractions. (RPA
elutes at about 250 mM imidazole).
13. To remove NaCl, dialyze for 4 h-overnight with RPA Heparin
Buffer A.
14. Following dialysis, if there are aggregates centrifuge at
4000  g for 15 min.
15. Run sample through a 1 mL Heparin column using RPA
Heparin Buffer A and RPA Heparin Buffer B. Perform a linear
gradient over 10 CVs to elute protein. Collect 1 mL fractions.
Monitor the fractions with two wavelengths. 280 nm for protein absorption and 488 nm for GFP fluorescence. Analyze
samples on a 10–12% SDS-PAGE gel.
16. Pool fractions and run sample through a HiLoad 16/600
Superdex 200 pg column using RPA Heparin Buffer A. Collect
1 mL fractions. RPA should elute about 60 mL. Analyze samples on a 10–12% SDS-PAGE gel.
17. To concentrate sample, pool fractions and run sample through
a 1 mL HiTrap Q column using RPA Heparin Buffer A and
RPA Heparin Buffer B. Perform a linear gradient over 10 CVs
to elute protein. Collect 1 mL fractions. RPA should elute at
about 250 mM KCl. Analyze samples on a 10–12%
SDS-PAGE gel.
18. Pool fractions and dialyze overnight in 1 L RPA Storage Buffer.
19. Determine proteins concentration using Bradford assay.
20. Aliquot sample and snap-freeze with liquid nitrogen and store
at 80  C.
21. The typical yield from 2 L of E. coli cells is ~0.5–1 mg of
~1–10 μM protein.
3.1.3 Single-Molecule
Analysis of EXO1 Nuclease
Activity

A homemade prism-type total internal reflection fluorescence
(TIRF) microscope is used to image DNA curtains, as previously
described (Fig. 2a) [45]. Briefly, quartz wafers are coated with
UV-sensitive photoresist, exposed to UV through a highresolution photomask, and then developed. Following development, ~13-nm layer of Cr is deposited on the wafer surface and
are diced into six 50 mm  22 mm quartz slides and further drilled.
The flowcell is then created by combining one of the quartz slides
with a glass coverslip using double-sided tape. Connectors are then
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added to drilled holes using a glue gun. Flowcells are then preequilibrated in Lipids Buffer and then coated with a with a lipid
bilayer composed of a mixture of DOPC (97.7 mol%), DOPEbiotin (0.3 mol%), and DOPE-mPEG2K (2 mol%; Avanti Lipids).
Flowcells are next incubated with Imaging Buffer for 10 min. Next,
streptavidin is injected in to the flowcell followed by biotinylated
λ-DNA. Flowcells are then mounted on a custom-machined microscope stage. For these experiments, DNA molecules are tethered to
the lipid bilayer at one end [30, 46]. The second DNA end remaining free for EXO1 binding and DNA resection. DNA curtains are
first preassembled in the flowcell. Next, EXO1 is injected through a
100 μL injection loop at a flow rate of 200 μL/min. Fluorescence
emitted by fluorescent EXO1 and/or resectosome cofactors is split
by dichroic optics that allows for simultaneous multicolor observation on two electron-multiplied charge coupled devices (EM-CCD
cameras). Using this approach, we recently dissected how RPA
rapidly displaces EXO1 from DNA ends (Fig. 2f, g) [29]. For this
assay, a dual syringe setup allowed rapid injection of RPA
(or RPA-GFP) into the flowcell. One syringe contained just Imaging Buffer, whereas the second syringe had Imaging Buffer with
1 nM RPA or RPA-GFP. The detailed protocol describing this
experiment is presented below.
1. Assemble flowcells and single-tethered DNA curtains as
described previously [45]. Using DNA with a long 30 ssDNA
overhang (78 nt) facilitates the loading of EXO1 onto DNA
ends (see Note 2).
2. Add 800 fmol (2 μL of 400 nM) of EXO1 to 1 nmol (1 μL of
1 μM streptavidin QDs) in 7 μL of Imaging Buffer. Incubate
for 10 min on ice.
3. Dilute to 200 μL with Imaging Buffer and add 5 μL saturating
free biotin (~10 mM) dissolved in PBS.
4. Inject EXO1 at a rate of 200 μL/min in a 100 μL loop (see
Note 3).
5. Increase the flow rate to 400 μL/min after EXO1 is bound to
the DNA. The DNA substrate is extended to ~90% of its
B-form crystallographic lengths at this flow rate.
6. Experiments are performed with the flowcell and microscope
objective both equilibrated to 37  C. Images are collected
using Nikon Elements (Nikon). Data is acquired with a
488 nm laser (~100 mW), 200 ms frame rate collected every
second, 10 MHz camera readout mode, 300 EM gain, and
5 conversion.
7. For analysis of the effect of RPA on resection, set up RPA in a
second syringe at 1 nM concentration in Imaging Buffer.
8. After loading EXO1, use a digitally actuated valve to switch to
the RPA-containing buffer.
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1. Collect imaging data and export data into a TIFF (taggedimage file format) stack.
2. Adjust for imaging drift by picking out a stationary particle on
the flowcell surface and track its x and y positions by fitting the
point-spread function to a 2D-Gaussian. Shift every frame of
the original movie using the tracked data (FIJI script available
upon request).
3. The precise location of moving EXO1 molecules in each frame
is fit to a 2D Gaussian using a custom-written FIJI plugin,
(code available upon request).
4. Tracked data can be used to calculate the velocity, processivity,
and DNA-binding lifetimes of individual molecules.

3.2 Imaging DNA2
Resection by Tracking
RPA-GFP

DNA2 was first discovered as a key enzyme in Okazaki flap maturation, but is also implicated in other nucleolytic transactions in DSB
repair, mitochondrial DNA replication/repair, and telomere maintenance [4]. DNA2 encodes an ATP-dependent helicase and
ATP-independent nuclease domains in a single polypeptide
(Fig. 3a). How these two activities are coupled, and how DNA2
processes long DNA substrates is not entirely clear. Recently it has
been shown that the helicase activity of DNA2 accelerates DNA
resection in the presence of RPA. This is further stimulated by BLM
helicase. Based on these biochemical reconstitutions, an emerging
model posits that BLM and DNA2 form a bidirectional motor
where BLM is the lead helicase and the helicase activity of DNA2
acts as a ssDNA translocase to promote DNA resection
[31, 47]. The nuclease activity of DNA2 is critical to all of DNA2
functions; however, little is known about the role of the DNA2’s
helicase activity and whether this activity is required for efficient
DSB resection in vivo [31–33, 47]. A recent single-molecule study
found that the nuclease-dead DNA2 exhibits processive helicase
activity, suggesting that the helicase activity is autoregulated by the
nuclease activity [32]. Furthermore, structural studies have also
defined the basis for DNA2 interaction with RPA and its preference
for DNA ends [48]. RPA directs the 50 to 30 nuclease activity of
DNA while inhibiting the 30 to 50 nuclease activity [49]. Though
the helicase and nuclease activity of DNA2’s role in DNA repair has
been shown, the long-range resection activity of DNA2 protein is
still undefined. Here, we describe the purification of recombinant
human DNA2-FLAG in Sf21 cells using the Bac-to-Bac (Life
Tech.) expression system (see Note 4) (Fig. 3b). We also describe
single-molecule analysis of DNA2 translocation on DNA curtains
using RPA-GFP as a readout of DNA resection (see Note 5)
(Fig. 3c, d):
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Fig. 3 Indirect Imaging of DNA2 resection by RPA-GFP tracking. (a) Domain map of DNA2 used for singlemolecule assays. Key interacting partners are highlighted in the map. (b) DNA2-FLAG purification scheme and
SDS-PAGE gel of the purified protein. (c) Kymograph of DNA2-mediated resection by monitoring RPA-GFP
signal. (d) DNA2 processively generates ssDNA, as indicated by snapshots of RPA-GFP accumulation
3.2.1 Purification of
DNA2

1. Grow Sf21 insect cells in 60 15-cm dishes with a baculovirus
harboring DNA2-FLAG, as recommended by the manufacturer. See Subheading 3.1.1 for details.
2. Harvest 2 L of Sf21 cells 72 h after infection. Centrifuge at
4000  g to pellet the cells, snap-freeze in liquid nitrogen, and
store at 80  C until purification.
3. Thaw the pellet quickly at room temperature.
4. Homogenize pellet obtained from in 40 mL of DNA2 Lysis
Buffer in a 40 mL Dounce homogenizer with 50 strokes of a B
pestle.
5. Sonicate cells on ice three times for 30 s each time with a 30 s
recovery on ice.
6. Centrifuge the mixture at 100,000  g for 1 h at 4  C to obtain
soluble extract. Keep a small aliquot for analysis.
7. Incubate supernatant with 0.8 mL of equilibrated anti-FLAG
M2 Affinity Gel and incubate for 1 h at 4  C with gentle
rocking.
8. Transfer FLAG resin to a disposable column.
9. Wash the resin with 15 mL of A Buffer three times.
10. Add 5 mL of A Buffer supplemented with 100 μL of 3FLAG
peptide (stock: 5 mg/mL) and incubate for 30 min at 4  C.
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11. Collect the 5 mL of sample from FLAG resin. Keep a small
aliquot for analysis.
12. Run sample through a 1 mL Hi-Trap SP column using A
Buffer and B Buffer on an AKTA FPLC. Perform a linear
gradient over 15 CVs to elute protein. Collect 1 mL fractions.
13. Pool peak fractions from the SP column and dialyze overnight
in A Buffer.
14. Determine proteins concentration using Bradford assay.
15. Aliquot sample and snap-freeze with liquid nitrogen and store
at 80  C.
16. The typical yield from 2 L of SF21 cells is ~100–125 μg of
purified DNA2 at ~400–600 nM.
3.2.2 Single-Molecule
Analysis of DNA2 Resection

1. Follow flowcell assembly protocol for single-tethered DNA
curtains as previously reported using DNA with a 30 or 50
ssDNA overhang to facilitate DNA2 loading on DNA
ends [45].
2. Dilute 800 fmol (2 μL of 400 nM) of DNA2 to 200 μL with
Imaging Buffer.
3. Inject DNA2 at 200 μL per min in a 100 μL loop.
4. Increase the flow rate to 400 μL per minute after loading for
full DNA extension.
5. Switch to Imaging Buffer containing 1 nM RPA-GFP.
6. Experiments are performed at 37  C. Images are collected
using Nikon Elements (Nikon). Data is acquired with a
488 nm laser (~100 mW), 200 ms frame rate collected every
2 s, 10 MHz camera readout mode, 300 EM gain, and 5
conversion.

3.2.3 Analyzing DNA2
Resection Data

1. Collect imaging data and export data into a TIFF (taggedimage file format) stack.
2. Adjust for imaging drift by picking out a stationary particle on
the flowcell, and track its x and y positions by fitting the pointspread function to a 2D-Gaussian. Shift every frame of the
original movie using the tracked data (FIJI script available
upon request).
3. Annotate the moving RPA-GFP molecules and fit a 2D Gaussian to the frames using a custom-written FIJI plugin (code
available upon request).
4. Tracked data can be used to calculate the velocity and processivity of individual molecules.
5. Calculate RPA intensity as readout of DNA resection by summing the total pixel intensity over a defined area over every
frame in ImageJ.

238

Michael M. Soniat et al.

Fig. 4 Direct Imaging of BLM helicase activity. (a) Domain map of BLM used for single-molecule assays. (b)
Purification scheme and SDS-PAGE gel of FLAG-BLM-His6. (c) Kymograph of BLM (top) during helicase activity
in the presence of RPA-GFP (green). Bottom: merged images. (d) BLM helicase generates two strands of
ssDNA, which appears as RPA-GFP accumulation at the BLM position. (e) Quantification of RPA-GFP intensity.
Solid lines represent a twenty-frame moving average filter of the raw particle tracking intensities
3.3 Imaging of BLM
Helicase Activity

BLM is a 30 to 50 ATP-dependent helicase and one of five helicases
found in humans with structural similarity to E. coli RecQ
[50, 51]. BLM is a key player in DNA double-strand break repair,
DNA recombination, DNA replication, and telomere maintenance.
The enzyme is comprised of an N-terminal oligomerization domain
followed by a conserved core RecQ helicase domain containing the
helicase domain, the RecQ C-terminal (RQC) domain and the
helicase-and-ribonuclease D-C terminal (HRDC) domains
(Fig. 4a). The N-terminus of BLM induces oligomerization of the
full-length enzyme, but the role of these structures in promoting
BLM’s myriad functions is still unknown [52]. The RQC domain
directs binding to of BLM to ssDNA–dsDNA junctions, and aids in
coupling ATP hydrolysis to DNA unwinding (see Note 6)
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[53, 54]. The HRDC domain has weak affinity for ssDNA and is
required in BLM-catalyzed dissolution of double Holliday junctions [54–57]. BLM unwinds a variety of DNA substrates during
DNA replication and repair (14). BLM is also critical for DSB
resection because it stimulates the DNA resection activities of
both EXO1 and DNA2 nucleases [22–25, 40]. Along with EXO1
and DNA2, RPA also physically interacts with BLM and stimulates
BLM’s helicase activity [58–60]. However, the mechanism of this
stimulation is unknown, nor is the functional overlap with the
DNA2 helicase activity. One gap in the field is that most biochemical and biophysical studies have focused on an E. coli-expressed
BLM truncation that retains just the core RecQ helicase domain
[61–67]. This truncated BLM likely recapitulates the key features
of the motor core but lacks the oligomerization and additional
regulatory peptides that facilitate interactions with other repair
proteins. Here, we describe the purification of full-length BLM
with an N-terminal FLAG and a C-terminal His6 epitope from
Sf21 insect cells using the Bac-to-Bac (Life Tech.) expression system (Fig. 4b). We also describe single-molecule analysis of BLM
helicase activity on DNA curtains by tracking both fluorescently
tagged BLM and RPA-GFP (Fig. 4c, d).
3.3.1 Purification of BLM

1. Grow Sf21 insect cells in 60 15-cm dishes with a baculovirus
harboring FLAG-BLM-His6, as recommended by the manufacturer. See Subheading 3.1.1 for details.
2. Harvest 2 L of Sf21 cells 72 h after infection. Centrifuge at
4000  g to pellet the cells, snap-freeze in liquid nitrogen, and
store at 80  C until purification.
3. Thaw the pellet quickly at room temperature.
4. Homogenize pellet in 40 mL of BLM Lysis Buffer in a 40 mL
Dounce homogenizer with 50 strokes of a B pestle.
5. Sonicate cells on ice three times for 30 s each time with a 30 s
recovery on ice.
6. Centrifuge the mixture at 100,000  g for 1 h at 4  C to obtain
soluble extract. Keep a small aliquot for analysis.
7. Incubate supernatant with 8–10 mL of equilibrated Ni-NTA
resin for 1 h at 4  C with gentle rocking.
8. Centrifuge the sample at 500  g for 2 min. Keep a small
aliquot for analysis.
9. Transfer Ni-NTA resin to a disposable column.
10. Wash the resin with 50 mL of BLM Lysis Buffer three times.
11. Add 15 mL of Ni2+ B Buffer: to resin and incubate for 30 min
at 4  C.
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12. Collect the 15 mL of sample from the Ni-NTA resin. Keep a
small aliquot for analysis.
13. Add sample to 0.8 mL of equilibrated anti-FLAG M2 affinity
resin and incubate for 30 min at 4  C.
14. Transfer FLAG resin to a disposable column.
15. Wash the resin with 15 mL of A Buffer three times.
16. Add 5 mL of A Buffer +100 μL of 3 FLAG peptide (5 mg/
mL) and incubate for 30 min at 4  C.
17. Collect the 5 mL of sample from FLAG resin. Keep a small
aliquot for analysis.
18. Run sample through a 1 mL Hi-Trap SP using A Buffer and B
Buffer on an AKTA FPLC. Perform a linear gradient over
10 CVs to elute protein. Collect 1 mL fractions.
19. Pool aliquots containing BLM from the SP column and dialyze
overnight in A Buffer.
20. Determine proteins concentration using Bradford assay.
21. Aliquot sample and snap-freeze with liquid nitrogen and store
at 80  C.
22. The typical yield from 2 L of Sf21 cells is ~75–100 μg of
~300–400 nM protein.
3.3.2 Single-Molecule
Analysis of BLM Helicase
Activity with RPA

1. Follow flowcell assembly protocol for single-tethered DNA
curtains as previously described for EXO1 (see Note 7) (see
Subheading 3.1.3 above).
2. Dilute a biotinylated anti-FLAG M2 antibody 1:100 in Lipids
Buffer.
3. Incubate an 8:1 ratio of diluted antibody to streptavidinconjugated QDs for 10 min on ice.
4. Add 40 nM FLAG-BLM to the antibody-QD mixture and
incubate for another 10 min on ice (see Note 8).
5. Dilute mixture to 200 μL Imaging Buffer and add 2 μL of
saturating biotin (~10 μM).
6. Inject BLM at 200 μL per minute in a 100 μL loop.
7. Increase the flow rate to 400 μL per minute after loading and
switch to Imaging buffer containing 1 nM RPA-GFP.
8. Experiments are performed at 37  C. Images are collected
using Nikon Elements (Nikon). Data is acquired with a
488 nm laser (~100 mW), 200 ms frame rate collected every
2 s, 10 MHz camera readout mode, 300 EM gain, and 5
conversion.
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1. Collect imaging data and export data into a TIFF (taggedimage file format) stack.
2. Adjust for imaging drift by picking out a stationary particle on
the flowcell and track its x and y positions by fitting the pointspread function to a 2D-Gaussian. Shift every frame of the
original movie using the tracked data (FIJI script available
upon request).
3. Select moving BLM molecules and fit a 2D Gaussian to the
frames using a custom-written FIJI plugin (code available upon
request).
4. Tracked data can be used to calculate the velocity, processivity,
and DNA-binding lifetimes of individual molecules.
5. Calculate RPA intensity as a readout of helicase activity by
summing the total pixel intensity over a defined area over
every frame in ImageJ (Fig. 4d).

4

Notes
1. Quantum dots (QDs), while having a high quantum yield, also
have batch-to-batch variation in the percent of “dark” QDs.
One estimate indicates that 25–75% of QDs in a particular
batch may not be fluorescent [68, 69].
2. EXO1 will load onto nicks and blunt ends with roughly equal
affinity. Avoid centrifugation and pipette gently with wide-bore
tips to avoid accumulating unwanted nicks in the 48.5 kb-long
DNA substrate. Even with the gentlest handling, we routinely
observe ~3–5 nicks in freshly prepared DNA substrates. We
find that addition of the 78-nt long 30 ssDNA overhang stimulates loading of ~60% of the EXO1 molecules at the DNA ends
as opposed to internal nicks.
3. EXO1 loading on DNA ends is salt sensitive. We did not
observe efficient protein binding to the DNA above ~80 mM
NaCl (total ionic strength: 103 mM). Preloading the EXO1
and then switching to a buffer at 120 mM NaCl (total ionic
strength: 143 mM) retained most of the EXO1 molecules. We
typically inject 4 nM of EXO1 in Imaging Buffer supplemented
with 60 mM NaCl, resulting in ~1 EXO1 molecule per DNA
substrate.
4. Movement of the FLAG tag to the N-terminus of DNA2
results in low protein expression (personal communication).
5. DNA2 activity is inhibited when an anti-Flag antibody-conjugated QD is appended to the C-terminus. This suggests that
both termini may be important for regulating helicase/nuclease activity.
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6. BLM binding to DNA is nucleotide-dependent. We observe
that BLM loads onto DNA curtains nonspecifically in the apo
(no nucleotide) or ADP-bound states. To promote specific
DNA end binding, 1 mM ATP is added to the reaction buffer.
7. Unlike EXO1, BLM can also load onto DNA substrates containing a blunt end or a 12 nt 50 -overhang.
8. BLM helicase activity and fluorescent labeling efficiency are
highest when it is preincubated with the fluorescent antibodies
prior to injection onto DNA curtains.
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