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ABSTRACT DNAconstructs for single-molecule experiments often require specific sequencesand/or extrahelical/noncanonical
structures to study DNA-processing mechanisms. The precise introduction of such structures requires extensive control of the
sequence of the initial DNA substrate. A commonly used substrate in the synthesis of DNA constructs is plasmid DNA. Neverthe-
less, the controlled introduction of specific sequences and extrahelical/noncanonical structures into plasmids often requires
several rounds of cloning on pre-existing plasmids whose sequence one cannot fully control. Here, we describe a simple and effi-
cient way to synthesize 10.1-kb plasmids de novo using synthetic gBlocks that provides full control of the sequence. Using these
plasmids, we developed a 1.5-day protocol to assemble 10.1-kb linear DNA constructs with end and internal modifications. As a
proof of principle,wesynthesize twodifferentDNAconstructswith biotinylated endsandoneor two internal 30 single-strandedDNA
flaps, characterize them using single-molecule force and fluorescence spectroscopy, and functionally validate them by showing
that the eukaryotic replicative helicase Cdc45/Mcm2-7/GINS (CMG) binds the 30 single-stranded DNA flap and translocates in
the expected direction.We anticipate that our approach can be used to synthesize custom-sequenceDNA constructs for a variety
of forceandfluorescencesingle-molecule spectroscopyexperiments to interrogateDNA replication,DNA repair, and transcription.
SIGNIFICANCE Single-molecule studies of DNA-protein interactions often require DNA constructs containing specific
sequence features. However, current methods to synthesize such DNA constructs lack full control of their sequence. We
describe a way to assemble 10-kb plasmids from custom-sequence gBlocks, providing full control of their sequence. Using
these plasmids, we developed a protocol to synthesize fully custom-sequence linear DNA constructs with biotinylated ends
and internal 30 flaps. Furthermore, we biophysically characterized these constructs and functionally validated them by
showing that the eukaryotic replicative helicase binds the internal 30 flap and translocates in the expected direction. We
anticipate that our approach will help the single-molecule biophysics community to study the effect of DNA sequence on
many important DNA-processing mechanisms with unprecedented control.
INTRODUCTION

Single-molecule studies of many DNA-processing mecha-
nisms often require DNA constructs with specific sequence
features important for the biological process being studied
(e.g., origins of replication, promoter regions, and nucleo-
some-positioning sequences) (1–8). Furthermore, such studies
may also require extrahelical and/or noncanonical structural
features at defined positions within the DNA construct (1,9–
15), the controlled incorporation of which often requires spe-
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cific restriction sites at defined locations within the starting
DNA substrate (1,11,14,16–20). Controlling the sequence of
the startingDNA substrate used to synthesizeDNA constructs
for single-molecule studies is therefore of utmost importance.

Several essential DNA-processing mechanisms, such as
DNA replication, transcription, and DNA compaction, are
carried out by protein complexes evolved to cruise through
thousands of base pairs (5,8,10,13,21–27). Therefore, to
study such processes at a biologically relevant spatial
scale, single-molecule experiments often require DNA
constructs of several kilobases in length (4,5,8,11,13,14,
18,21,23,24,27–30). In such long constructs, extrahelical
and/or noncanonical DNA structures can be used as a specific
binding site for the protein complex being studied (10–13) or
to study the outcome of their encounter by the protein
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complex after having established a baseline behavior of the
complex on long stretches of duplex DNA (1,14,15).

A commonly used starting substrate to synthesize DNA
constructs for single-molecule experiments given its length
of �48.5 kb and commercially availability is l phage DNA
(1,11,14,18,28,31–33). Nonetheless, engineering the sequ-
ence of the l phage genome requires complex molecular
cloning that is typically low in efficiency or requires the pu-
rification of specialized proteins (34–36). Furthermore, the
incorporation of internal modifications into the l phage
genome can only be done in dispensable genomic regions
(1,11). An alternative starting substrate to synthesize con-
structs for single-molecule studies is PCR-synthesized
DNA, which, combined with oligonucleotide-based structu-
res, has been used to successfully synthesize DNA constructs
containing internal noncanonical/extrahelical structures such
as hairpins (20), single-stranded DNA (ssDNA) flaps (37),
and Holiday junctions (15). These PCR-based methods,
however, either require multiple low-efficiency ligation
steps, thus having low overall yields of the desired final
product (20,37), or require the incorporation of abasic sites
into the final construct (15), which can affect the behavior
of DNA-binding proteins (38). An alternative starting
substrate for single-molecule DNA constructs is plasmid
DNA, which is commonly used given the ease with which
large amounts of it can be generated by bacterial propagation
(4,5,8,13,14,19,30,39–42). Although, using standard molec-
ular cloning techniques, plasmids are easier to engineer
than phage genomes, controlling the number and the position
of restriction enzyme sites within the plasmid (which are
required to introduce extrahelicalmodifications or noncanon-
ical DNA structures) often involves several rounds of multi-
day molecular cloning to either add desired restriction sites
or to remove unwanted ones. Furthermore, commonly used
plasmid substrates for single-molecule experiments are based
on l phage DNA (4,8,19,40–42), which can make cloning
particularly difficult as these plasmids are typically very large
in size and contain repetitive sequences. We currently lack a
way to fully control the sequence of the initial plasmid DNA
substrate used to synthesize DNA constructs for single-mole-
cule studies, which is particularly important for the site-spe-
cific incorporation of extrahelical and/or noncanonical
structures.

One type of extrahelical structure commonly incorporated
into single-molecule constructs is ssDNAflaps, which can be
used to load helicases and other proteins onto the DNA as it
mimics a DNA unwinding intermediate (10,12,13,29,37). To
date, ssDNA flaps are usually incorporated into DNA con-
structs in the form of pre-folded oligo-based Y-shaped struc-
tures ligated at the end of long (10–50 kb) DNA molecules
(10,13,19,29). Nonetheless, in correlative optical tweezer
and fluorescence single-molecule experiments (43), having
the binding site for, e.g., a fluorescently labeled helicase at
the end of theDNA is nonideal, as the end of theDNA is close
to the trapping laser, which decreases the lifetime of fluoro-
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phores (44). Additionally, the end of theDNA is in direct con-
tact with the protein-coated beads used for optical trapping
experiments, which may 1) decrease the accessibility of the
helicase binding site by steric hindrance and 2) result in
nonspecific adhesion of the helicase to the beads. Previous
PCR-based approaches have incorporated ssDNAflaps inter-
nally in shorter (�3.7 kb) DNA constructs via a time-
consuming method involving several rounds of ligations
(37). Alternatively, a nicking-based approach (16,17) has
successfully introduced an internal ssDNA flap into l phage
genomic DNA (11). This approach, however, requires com-
plex phage genome engineering, and the incorporation of ex-
trahelical structures is limited to specific dispensable regions
in the l phage genome (11). We therefore lack a method to
synthesize long (R10 kb) linear DNA constructs for sin-
gle-molecule studies with modified ends for surface attach-
ment, as well as internal extrahelical and/or noncanonical
structures, that 1) provides full control of the DNA sequence
and 2) takes less than a couple of days to complete.

Here, we describe an effective way to assemble two
different 10.1-kb plasmids de novo from synthetic frag-
ments with fully custom-made sequences. This provides
full control of the sequence without having to modify pre-
existing plasmids; the de novo synthesis and validation of
these plasmids takes 3–4 days. With this in hand, we
develop a 1.5-day-long method that uses these custom-
sequence plasmids to synthesize 10.1-kb linear DNA con-
structs with end and internal modifications, suitable for sin-
gle-molecule experiments. As a proof of principle, we
synthesize two linear 10.1-kb DNA constructs with three bi-
otins at each end and with either one or two internal 30

ssDNA flaps, and characterize them in bulk and with force
and fluorescence single-molecule spectroscopy. Finally,
we functionally validate our synthesized constructs at the
single-molecule level by showing that the eukaryotic repli-
cative helicase Cdc45/Mcm2-7/GINS (CMG) can specif-
ically bind the internal 30 ssDNA flap and then translocate
in the expected 30-to-50 direction. Although we focus here
on introducing 30 flaps, our fully custom-sequence and
versatile approach to the synthesis of DNA constructs for
single-molecule studies can be easily generalized to con-
structs with several other extrahelical and/or noncanonical
structures at desired sequences.
MATERIALS AND METHODS

Plasmid synthesis

gBlock design

All gBlocks used in this study were purchased from Integrated

DNATechnologies (Table S1 in the Supporting Material). gBlocks were de-

signed to contain overlapping sequences of 25–28 bp and a Tm of �60�C–
63�C at both ends for their assembly into custom-sequence plasmids.

Notably, at least one of the gBlocks used to assemble a plasmid de novo

must contain a bacterial origin of replication for bacterial propagation of

the plasmid as well as an antibiotic resistance marker.
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De novo assembly of pDRM1 and pDRM2 from custom-made
gBlocks

pDRM1andpDRM2were assembledby incubating 0.016pmolof gBlocks 1,

2, 3, and 4 (for pDRM1) or gBlocks 3, 5, 6, and 7 (for pDRM2) (Table S1) in

20 mL of 1� NEBuilder HiFi DNA Assembly Master Mix (NEB #E2621S)

and incubated at 50�C for 120min.The assembly reactionswere then directly

transformed into NEB 5-alpha Competent E. coli (High Efficiency) cells

(NEB # 02987). Transformed cells were plated on Luria-Bertani medium

(LB) agar plates supplemented with 50 mg/mL ampicillin and incubated at

37�C overnight. Individual clones were selected, grown overnight at 30�C
in LB medium supplemented with 50 mg/mL ampicillin with 180 rpm

shaking, and stored at �80�C in LB medium supplemented with 14% glyc-

erol.A swabof theglycerol stockswas inoculated into 200mLofLBmedium

supplemented with 50 mg/mL ampicillin and grown overnight at 30�C. Plas-
midswere then purified using aMacherey-NagelNucleoBondXtraMidi Plus

(Biok�e # 740412.50). The overlapping ends of the gBlocks used to assemble

pDRM1 as well as key regions in pDRM1 were sequenced with oligos

DRM_140, DRM_141, DRM_142, DRM_143, DRM_144, and DRM_145.

The overlapping ends of the gBlocks used to assemble pDRM2 as well as

key regions in pDRM2 were sequenced with oligos DRM_140, DRM_142,

DRM_143, DRM_144, DRM_177, DRM_180, DRM_181, and DRM_182

(Table S2 in the Supporting Material). Plasmid maps of pDRM1 (Data S1)

and pDRM2 (Data S2) can be found in the Supporting Material.

Test digestions of pDRM1 and pDRM2

Here, 400 ng of either pDRM1 or pDRM2 were digested for 2 h at 37�C in a

final volume of 25 mL of 1� CutSmart buffer (NEB #B7204) with 0.8 mL of

one, two, or three of the following enzymes: XhoI (NEB #R0146S), BsaI-

HFv2 (NEB #R3733L), BbvCI (NEB #R0601S), Nb.BbvCI (NEB

#R0631L), and AscI (NEB #R0558S). The reaction mixtures were then

incubated at 80�C for 20 min to inactivate the restriction enzymes and

then run on a 0.8% agarose gel stained with ethidium bromide.

Synthesis of pZL7

pDRM1 was linearized by PCR using primers Vector.FOR and Vector.REV,

and a 393-bp fragment was inserted using NEBuilder HiFi DNA Assembly

Master Mix (NEB #E2621S) to generate plasmid pER1. Then, NdeI, AscI,

and NcoI restriction enzyme sites were inserted into pER1 by amplifying

the plasmid by PCR using primers ZL3 and ZL4, followed by PCR ampli-

fication of the resulting plasmid using primers ZL7 and ZL8, and PCR

amplification of the resulting plasmid using primers ZL13 and ZL14, to

generate plasmid pZL1. A 3.1-kb fragment of pZL1 was duplicated twice

into the same plasmid using a previously reported protocol (45). Briefly,

pZL1 was digested with NcoI-HF (NEB #R3193S) to construct the plasmid

backbone for fragment insertion. Then, a 3.1-kb insert was generated by the

digestion of pZL1with NdeI (NEB #R0111S) and AscI (NEB #R0558S).

The plasmid backbone was mixed with 1.2-fold molar excess of the 3.1-

kb insert in 1� NEBuilder HiFi DNA Assembly Master Mix (NEB

#E2621S). The reaction mixture was incubated at 50�C for 15 min, and

subsequently transformed into NEB 5-alpha Competent E. coli (High Effi-

ciency) cells (NEB # 02987) to propagate the assembled plasmid product,

named pZL3. The aforementioned digestion and insertion protocol was

repeated using pZL3 as the plasmid backbone and the 3.1-kb fragment

from pZL1 to generate pZL7. A plasmid map of pZL7 (Data S3) can be

found in the Supporting Material.
Synthesis of single-molecule constructs from
pDRM1 and pDRM2

Plasmid linearization

Here, 10 mg of either pDRM1, pDRM2, or pZL5 were linearized overnight

with 50 units of XhoI (NEB #R0146S) in 1� CutSmart buffer (NEB
#B7204) in a final volume of 50 mL. The reaction mixture was then incu-

bated at 65�C for 20 min to inactivate XhoI.

Biotinylation of DNA ends

Here, 50-mL XhoI linearization reactions were supplemented with 33 mM

dGTP (Invitrogen # 10218014), 33 mM Biotin-14-dATP (Invitrogen #

19524-016), 33 mM Biotin-14-dCTP (Invitrogen # 19518-018), 33 mM

Biotin-16-dUTP (Jena Bioscience # NU-803-BIO16), 15 units of Klenow

fragment (3’/5’ exo-) (NEB #M0212L), 4 mL of 10� NEBuffer 2

(NEB #B7002S), and water to a final volume of 90 mL and incubated at

37�C for 30 min. EDTA was then added at a final concentration of

10 mM to terminate the reaction, and the reaction mixture was incubated

at 75�C for 20 min to inactivate the Klenow fragment. Unincorporated nu-

cleotides were removed with a Microspin S-400 HR spin column equili-

brated in Tris/EDTA (TE) buffer (GE Healthcare # GE27-5140-01) as

follows: columns were vortexed and centrifuged for 1 min at 0.8 g, then

100 mL of biotinylation reaction was loaded onto the packed resin, centri-

fuged for an additional 2 min at 0.8 g, and the flowthrough collected in a

new tube.

Nicking of biotinylated DNA

Biotinylated DNA (�90 mL) was supplemented with 11 mL of 10�
CutSmart buffer (NEB #B7204), 50 units of nicking enzyme Nb.BbvCI

(NEB #R0631L), and water to a final volume of 110 mL and incubated at

37�C for 5 h. The reaction mixture was then incubated at 80�C for

20 min to inactivate Nb.BbvCI.

Fluorescent flap oligo annealing

Flap oligo DRM_186 (for construct C-DRM1), or DRM_159 (for

construct C-DRM2), or ZL_15 (for construct C-ZL7) was added in

100-fold molar excess to the nicked DNA. The mixture was then heated

to 80�C for 10 min and cooled down to 20�C at a rate of �1�C/min in

a thermocycler.

Ligation and purification

The annealed oligo was ligated overnight at 16�C in 1� CutSmart buffer

(NEB #B7204) supplemented with 1.5 mM ATP (Thermo Scientific

#R0441) and 1600 units of T4 DNA ligase (NEB #M0202L) in a final vol-

ume of 120 mL. The ligation reaction was then run on a 0.8% agarose gel

pre-stained with SYBR Safe (Invitrogen #S33102) and the final product

band was excised and purified using Promega’s Wizard SV Gel and PCR

Clean-Up System (Promega # A9282).

Oligo labeling efficiency measurements

Labeling efficiencies of flap oligos DRM_186 and DRM_159 were

measured to be 103% 5 5% and 105% 5 5%, respectively, by measuring

the absorption at 550 nm.
Protein purification and labeling

CMGCdc45-S6 purification

ySMG14 S6-iFLAG-CDC45 CBP-MCM3 strain was a gift from the labora-

tory of John Diffley (Francis Crick Institute, UK). CMGwas then expressed

and purified as previously reported (24).

CMGCdc45-S6 labeling

CMGCdc45-S6 protein was fluorescently labeled by adding equimolar Sfp

transferase and 4.5-fold molar excess of LD555-CoA fluorophore. The re-

action mixture was incubated at 25�C for 1 h followed by purification using

a Superose 6 3.2/300 column (Cytiva) equilibrated in CMG buffer (25 mM

HEPES-KOH pH 7.6, 2 mMmagnesium acetate, 0.02% Tween-20, 100 mM

NaCl, and 10% glycerol).
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Single-molecule imaging and force spectroscopy

Single-molecule fluorescence imaging and force spectros-
copy

Single-molecule experiments were conducted on an instrument that com-

bines optical tweezers and confocal microscopy (C-Trap, LUMICKS).

This instrument is equipped with a microfluidic flow cell with four inlets

and one outlet. Three of these channels are injected from the left and used

for bead trapping, DNA/DNA:protein complex trapping and imaging, respec-

tively. The other channel is used as a buffer exchange location. Before each

experiment, the microfluidic flow cell and the tubing of the instrument were

passivated for at least 30 min with 1 mg/mL bovine serum albumin (BSA,

NEB #B9000S) followed by 0.5% Pluronic F-127 (Sigma #P2443).

The channels contained the following solutions:

Channel 1: 1.76-mm-diameter streptavidin-coated polystyrene beads

(Spherotech) diluted 1:1000 in PBS.

Channel 2: 5 pMDNA in PBS (in the cases of C-DRM1 and C-DRM2) or

10 pM DNA prebound by CMG in CMG imaging buffer (250 mM potas-

sium glutamate, 25 mM HEPES-KOH pH 7.6, 10 mM magnesium acetate,

0.02% NP40, 1 mM DTT, 0.1 mg/mL BSA, 2 mM 1,3,5,7 cyclooctate-

traene, 2 mM 4-nitrobenzyl alcohol, 2 mM Trolox, 0.2 mM ATPgS, and

10% glycerol).

Channel 3: PBS supplemented with 2 mM Trolox (in the cases of

C-DRM1 and C-DRM2) or CMG imaging buffer in the case of CMG.

Channel 4: CMG unwinding buffer (250 mM potassium glutamate,

25 mM HEPES, 10 mM magnesium acetate, 0.02% NP40, 1 mM DTT,

0.1 mg/mL BSA, 2 mM 1,3,5,7 cyclooctatetraene, 2 mM 4-nitrobenzyl

alcohol, 2 mM Trolox, 5 mM ATP, and 10% glycerol).

A detailed description of the single-molecule data acquisition will shortly

be published by our group (Z.L., E. van Veen, H. Sánchez, B. Solano, F. Pal-

mero Moya, K.A. McCluskey, D.R.M., T. van Laar, and N.H.D., unpub-

lished data). At the beginning of each experiment, the trapping laser

power was adjusted to achieve a stiffness of 0.3 pN/nm in both traps

(24,46). Then, two beads were trapped in channel 1. Subsequently, individ-

ual DNA molecules/DNA:protein complexes were trapped between two

beads in channel 2, and we confirmed the tethering of individual DNA mol-

ecules by analyzing the force-extension curve (47). The DNA was then

transferred to channel 3, the distance between both beads fixed to achieve

a tension of 2 pN, and the DNA was illuminated without flow with a

561-nm laser at a power of 7.8 mW (in the case of C-DRM1 and

C-DRM2) or 2 mW (in the case of CMG experiments) as measured at the

sample plane. Fluorescence signal was detected using a single-photon

counting detector. The 2D confocal scans were obtained over an area of

80 � 20 pixels, which covered the entire DNA and the edges of both beads

(Z.L., E. van Veen, H. Sánchez, B. Solano, F. Palmero Moya, K.A. McClus-

key, D.R.M., T. van Laar, and N.H.D., unpublished data). Pixel size was set

to 50 � 50 nm, illumination time per pixel was set to 0.2 ms, and the frame

rate was set to 600 ms. The microscope outputs HDF5 files storing the

confocal scan data, force data, and bead location data monitored during

the scan, as well as the force-extension curves. In the case of DNA:CMG

complex experiments, the confocal scan sizes were 124 � 24 pixels and

the pixel size was 50 � 50 nm. Illumination time per pixel was set to

0.2 ms, and the frame rate was set to 10 s.

Data acquisition automation

All single-molecule data were acquired in an automated manner. We used

the Lumicks Harbor experiment automation scripts (https://harbor.

lumicks.com/scripts) as a starting point (specifically, Joep Vanlier’s auto-

mation script for trapping beads, trapping DNA, and making force-exten-

sion curves) and added the functionality to acquire confocal images after

successfully trapping DNA. A detailed description of the automation

code steps will shortly be published by our group (Z.L., E. van Veen, H.

Sánchez, B. Solano, F. Palmero Moya, K.A. McCluskey, D.R.M., T. van

Laar, and N.H.D., unpublished data).
4 Biophysical Journal 122, 1–11, December 19, 2023
Data analysis

Data analysis software and code

We used Python 3.8 with several libraries for image processing. We used the

Laplacian of Gaussian (LoG) detector from Python’s ‘‘scipy’’ for spot detec-

tion. We used the Linear Assignment Problem method (48) and the ‘‘scipy’’

solver ‘‘linear_sum_assignment’’ to track spots (Z.L., E. van Veen, H. Sán-

chez, B. Solano, F. Palmero Moya, K.A. McCluskey, D.R.M., T. van Laar,

and N.H.D., unpublished data). Bleaching trace analysis was done with the

‘‘ruptures’’ library (Z.L., E. van Veen, H. Sánchez, B. Solano, F. Palmero

Moya, K.A. McCluskey, D.R.M., T. van Laar, and N.H.D., unpublished

data). The exact Python libraries used and their versions are as follows:

numpy ¼ ¼ 1.19.5; matplotlib ¼ ¼ 3.2.2; lumicks-pylake ¼ ¼ 0.7.1;

streamlit ¼ ¼ 0.74.1; scipy ¼ ¼ 1.6.1; scikit-image ¼ ¼ 0.16.2; scikit-

learn ¼ ¼ 0.23.1; pyyaml ¼ ¼ 5.3.1; pandas ¼ ¼ 1.0.5; pillow ¼ ¼
7.2.0; tifffile ¼ ¼ 2021.1.11; jupyterlab ¼ ¼ 2.1.5; notebook ¼ ¼ 6.0.3;

ruptures ¼ ¼ 1.1.6; pykalman ¼ ¼ 0.9.5.

Overview of data analysis

After acquiring confocal scans, raw image data were processed to generate

a table containing the spot detections in each frame. Spot detections are

then connected between frames to produce traces that contain location

and intensity information over time (Z.L., E. van Veen, H. Sánchez, B. Sol-

ano, F. Palmero Moya, K.A. McCluskey, D.R.M., T. van Laar, and N.H.D.,

unpublished data). A detailed description of the data analysis steps will

shortly be published by our group (Z.L., E. van Veen, H. Sánchez, B. Sol-

ano, F. Palmero Moya, K.A. McCluskey, D.R.M., T. van Laar, and N.H.D.,

unpublished data).

Spot detection and tracking

To detect fluorescence spots, we employ the scikit-image implementation

of a LoG blob detector (Z.L., E. van Veen, H. Sánchez, B. Solano, F. Pal-

mero Moya, K.A. McCluskey, D.R.M., T. van Laar, and N.H.D., unpub-

lished data) (49). We set the detection radius rLoG to 5 pixels (250 nm);

the LoG sigma parameter is given by sLoG ¼ rLoG=
ffiffiffi
2

p
. We set the detec-

tion threshold to 0.3 ADU/pixel (for experiments with C-DRM1 and

C-DRM2) or 0.5 ADU/pixel (for experiments with C-ZL7 and

CMGLD555) (4,8). Spots are then localized with subpixel resolution by

fitting a Gaussian profile on spot intensity projections in both x and y

directions. To track spots frame by frame, we use our own implementa-

tion of the Linear Assignment Problem framework (48) using a

maximum spot-linking distance of 6 pixels (300 nm) and a maximum

frame gap of three frames (for experiments with C-DRM1 and

C-DRM2) or a maximum spot linking distance of 10 pixels (500 nm)

and a maximum frame gap of one frame (for experiments with C-ZL7

and CMGLD555).

Determination of number of fluorophores per diffraction-
limited spot

To determine the number of fluorophores contained within each diffraction-

limited spot, we count the number of photobleaching steps within each spot

(Z.L., E. van Veen, H. Sánchez, B. Solano, F. Palmero Moya, K.A. McClus-

key, D.R.M., T. van Laar, and N.H.D., unpublished data).

Data filtering

The resulting data tables of traces with number of fluorescent proteins per

spot was filtered to reduce noise, outliers, and data that are not suitable for

further motion analysis.

1) Diffraction-limited spots containing more than five fluorophores, likely

aggregates, are filtered out.

2) Traces starting or ending within 1 kb from the beads are filtered out to

exclude fluorophores likely stuck to the beads from entering the dataset.

https://harbor.lumicks.com/scripts
https://harbor.lumicks.com/scripts
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3) Traces starting after frame 3 (in the case of experiments with C-DRM1

and C-DRM2) or 1 (in the case of experiments with CMG) are also

filtered out, as we do not expect any fluorescently labeled molecule to

bind the DNA during the scan.

Positional analysis

In all plots that show the positions of diffraction-limited fluorescent spots,

we plot the average position of the first three frames of each trace. The bin

size of the position histograms was set to 700 bp, a value close to the

diffraction limit that takes into account the absolute error in the position co-

ordinate that results from the offset between the brightfield and the confocal

channels and the relative error in the position coordinate as measured with a

static fluorescent standard (8).

Force-distance analysis

The force-extension curves of individual DNA molecules were fitted in the

force range of 5–25 pN using the extensible worm-like chain model (50):

CxD ¼ Lc

"
1 � 1

2

�
kBT

FLp

�1
2

þF

S

#
(1)

where CxD is the end-to-end distance of the DNA, Lp is the persistence length
of the DNA, Lc is the contour length of the DNA, S is the stretch modulus of
the DNA, kB is Boltzmann’s constant, T is temperature, and F is the pulling

force. From the fit, we obtained the parameters Lc, Lp, and S (Figs. 3 D–G,

K–N, and S3 A–D in the Supporting Material).
RESULTS

Synthesis of fully custom-sequence 10.1-kb
plasmids for single-molecule experiments

To have full control of the sequence of the plasmids used to
synthesize DNA constructs for single-molecule experiments,
we designed two sets of four custom-sequence 2.5-kb
gBlocks. Notably, these gBlocks were designed to contain
overlapping sequences of 25–28 bp and a Tm of �60�C–
63�Cat both ends (Fig. 1A). These overlapping end sequences
allowed for the unidirectional and scarless assembly of both
sets of four gBlocks into two different 10.1-kb plasmids by
Gibson Assembly (51) (Fig. 1 A, see section ‘‘materials and
methods’’), which we named pDRM1 and pDRM2, respec-
tively. Both these plasmids contain a bacterial origin of repli-
cation as well as an ampicillin resistance gene to allow for the
bacterial propagation of the newly synthesized plasmids. The
assembly reactions were directly transformed into E. coli,
clones were grown in selection medium, and each plasmid
was isolatedgivingyields of 300–900ngDNA/mLofbacterial
culture (see section ‘‘materials and methods’’). The most
important feature of both custom-sequence plasmids is the
number and location of specific restriction enzyme sites that
are used to introduce specific features into the single-molecule
constructs (Fig. 1 B and D): pDRM1 contains a unique XhoI
restriction site to allow for linearization of the plasmid, five
tandem Nb.BbvCI nicking sites separated by 16-bp spacers
for the incorporation of one 30 ssDNA flap, and two BsaI sites
separated by 100 bp for the optional cloning of additional
DNA sequences into the plasmid via Golden Gate assembly
(20) (Fig. 1B). pDRM2also contains a uniqueXhoI restriction
site to allow for linearization of the plasmid, but it contains two
sets of three tandem Nb.BbvCI nicking sites separated by
16-bp spacers for the incorporation of two 30 ssDNA flaps
(1,16,17) (Fig. 1 D). To confirm that both sets of gBlocks
were assembled scarlessly and in the right order,we sequenced
the overlapping regions of the gBlocks as well as the restric-
tion enzyme sites in both plasmids. Furthermore, we carried
out test digestions of the plasmidswith the restriction enzymes
described above and saw either the expected band patterns or
bands that can be explained by the incomplete cleavage by
some of the enzymes (Fig. 1 C and E). A full assignment of
all the bands can be found in Fig. S1 in the Supporting Mate-
rial. Taken together, our data show that the two sets of designed
gBlocks were successfully and scarlessly assembled in the
right order, generating two different 10.1-kb fully custom-
sequence plasmids. Thewhole de novo assembly and plasmid
validation procedure takes 3–4 days.
Synthesis of linear 10.1-kb DNA constructs
containing an internal ssDNA flap for single-
molecule experiments

After confirming the successful assembly of the desired
plasmids, we developed a fast (1.5-day long) and efficient
method to use these plasmids to synthesize two different
10.1-kb linear DNA constructs containing three biotin moi-
eties at each end for surface attachment and either one (in
the case of pDRM1) or two (in the case of pDRM2) inter-
nally located ssDNA flaps for helicase binding (see section
‘‘materials and methods’’; Fig. 2). This method, which we
describe step by step in Fig. 2 A and C, is as follows: we first
linearized plasmids pDRM1 and pDRM2 with the restric-
tion enzyme XhoI (Fig. 2 B, lanes 1–2; Fig. 2 D, lanes
1–2). Digesting the plasmids with XhoI generates 4-nt 50

overhangs at both ends of the linearized DNA. These over-
hangs were then biotinylated via a blunting reaction with
Klenow fragment DNA polymerase in the presence of bio-
tinylated nucleotides (Fig. 2 B, lane 3; Fig. 2 D, lane 3),
which resulted in the incorporation of three biotin moieties
at each end of the DNA. After biotinylation, excess nucleo-
tides were removed by chromatography (see section ‘‘mate-
rials and methods’’) and the biotinylated DNA constructs
were nicked with the nicking enzyme Nb.BbvCI. After the
nicking reaction, we detected some unexpected bands in
addition to the expected 10.1-kb band (Fig. 2 B, lane 4;
Fig. 2 D, lane 4). We hypothesized that these additional
bands corresponded to products of star endonuclease activ-
ity of the nicking enzyme Nb.BbvCI, as their sizes matched
what we would expect from full endonuclease activity of
Nb.BbvCI: two bands of �3.3 and �6.8 kb in the case
of the construct derived from pDRM1, and three bands of
�2.5,�5.0, and �7.5 kb in the case of the construct derived
from pDRM2. To test this hypothesis, we digested both bio-
tinylated DNA constructs with full BbvCI endonuclease and
Biophysical Journal 122, 1–11, December 19, 2023 5
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found the same band patterns that we found when we nicked
the biotinylated DNAwith Nb.BbvCI (Fig. 2 B, lanes 4 and
5; Fig. 2 D, lanes 4 and 5). After nicking, we heated up the
DNA substrates to remove the 16-bp ssDNA spacers be-
tween the nicking sites and slowly cooled down the reaction
(see section ‘‘materials and methods’’) in the presence of an
excess of 30 Cy3-labeled ssDNA oligos to replace the nicked
spacers (11,16,17); these Cy3-labeled oligos are fully com-
plementary to the nicked regions but contain an additional
40-nt 30 poly-dT to create ssDNA flaps. Of note, to confirm
the incorporation of the fluorescent oligos, we scanned the
DNA gel with a green laser and saw fluorescent bands at
the expected locations (Fig. 2 B, lane 6; Fig. 2 D, lane 6).
After the annealing reaction, we ligated the 50 end of the
fluorescent ssDNA flap(s) overnight with T4 ligase (Fig. 2
B, lane 7; Fig. 2 D, lane 7), and purified the 10.1-kb bands
(Fig. 2 B, lane 8; Fig. 2 D, lane 8). Finally, in the case of
the DNA construct derived from pDRM2 (Fig. 2 C), we
further confirmed the incorporation of both fluorescent
ssDNA flaps by digesting the purified 10.1-kb construct
with AscI. The AscI restriction site was engineered to be be-
tween the location of both fluorescent forks but off-centered,
thus yielding two bands of different sizes (�3 and �7.1 kb).
As seen in Fig. 2 D, lane 9, both bands contained the fluo-
6 Biophysical Journal 122, 1–11, December 19, 2023
rescent ssDNA flap, showing that both forks were success-
fully incorporated into the construct derived from
pDRM2. After the final purification, we consistently had
yields of �10%–15% relative to the initial amount of
plasmid DNA, which are significantly higher than typical
multi-ligation-based protocols. We henceforth call the syn-
thesized constructs C-DRM1 and C-DRM2, respectively.
Single-molecule characterization of DNA C-DRM1
and C-DRM2

We then proceeded to characterize both synthesized DNA
constructs at the single-molecule level. For this, we used a
combination of dual optical trapping and confocal scanning
microscopy (43) to monitor the presence of fluorescent
ssDNA flap diffraction-limited spots on single DNA mole-
cules held in an optical trap (Fig. 3 A andH; see section ‘‘ma-
terials and methods’’). First, we monitored the efficiency of
fluorescent ssDNA flap incorporation by counting the num-
ber of fluorescent spots in each DNA molecule. We found
that, in the case of C-DRM1,�82% of the trapped DNAmol-
ecules contained one fluorescent spot (Fig. 3 B) and, in the
case of construct C-DRM2, �79% of the trapped DNA mol-
ecules contained two fluorescent spots (Fig. 3 I). These fork
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incorporation efficiencies likely reflect the actual ssDNA flap
incorporation efficiency, as our measured labeling effi-
ciencies of the flap oligos were �100% (see section ‘‘mate-
rials and methods’’). Of note, we counted the number of
photobleaching steps within each diffraction-limited spot
and found that all the detected spots photobleached in one
step (Fig. S2 A and B in the Supporting Material), confirming
that we incorporated one ssDNA flap at each nicking location
(Fig. 2 A and C). We next proceeded to analyze the position
of the fluorescent ssDNA flaps along the DNA. Notably, as
we cannot differentiate between the two possible orientations
that the DNA can have in the optical tweezers, we display the
position of the fluorescent spots as distances from the DNA
center (4,8). This analysis confirmed that the forks were
incorporated at the expected locations on the DNA (Fig. 3
C and J). We also obtained force-extension curves for both
DNA constructs (47) and fitted the obtained curves with an
extensible worm-like chain model (50) (Fig. 3 D and K).
From this model, we obtained three parameters: contour
length, persistence length, and stretch modulus (50). The
average contour lengths obtained for both constructs agreed
with the expected values within experimental error (Fig. 3
E and L), and the average persistence length and stretch
modulus for each of the two DNA constructs in the buffer
conditions employed agreed with previously reported values
(52,53) (Fig. 3 F, G,M, and N). This single-molecule charac-
terization confirmed that we synthesized the expected DNA
constructs in an efficient manner.
Demonstration of ssDNA flap binding and
unwinding by a helicase

Having validated the DNA synthesis method, we sought to
assess whether the incorporated 30 ssDNA flap can be bound
by the 30-to-50 eukaryotic replicative helicase CMG
(10,13,29,54) and whether the helicase could then translo-
cate in the expected direction. To this end, we used
pDRM1 as a template and cloned into it a �6.5-kb duplex
region (Fig. 1 B; see section ‘‘materials and methods’’),
yielding a longer version of plasmid pDRM1 that we named
pZL7. Following the same method described above, we used
plasmid pZL7 to synthesize DNA construct C-ZL7 (Fig. 4
A). Of note, to prevent any artifacts caused by the presence
of a 30 fluorophore in the binding site of the helicase, C-ZL7
contains a non-fluorescently labeled ssDNA flap. We first
characterized C-ZL7 by force spectroscopy (47,50)
(Fig. S3 A) in the same way that we did for C-DRM1 and
C-DRM2, and obtained an average value for the contour
length that agreed with the expected value within experi-
mental error (Fig. S3 B), and average persistence length
and stretch modulus values (Fig. S3 C and D) that agree
with previously reported values in the buffer conditions em-
ployed (52,53). We then incubated construct C-ZL7 with
fluorescently labeled CMGCdc45-LD555. We first incubated
CMGCdc45-LD555 with C-ZL7 in bulk in the presence of the
slowly hydrolyzable ATP analog ATPgS to allow
CMGCdc45-LD555 to bind to the 30 ssDNA flap in C-ZL7
Biophysical Journal 122, 1–11, December 19, 2023 7
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without unwinding it (12,29) (see section ‘‘materials and
methods’’). We then diluted the reaction and flowed it into
our optical tweezers. Notably, our optical tweezers are
equipped with a microfluidic flow cell that allows us to
buffer exchange the trapped DNA:protein complex in situ
(4,8,43). Using this flow cell, we moved the trapped
DNA:CMGCdc45-LD555 complexes into buffer solution con-
taining ATP and immediately started to image CMGmotion.
We found that 78.3% of the trapped DNA contained
CMGCdc45-LD555 diffraction-limited spots (Fig. 4 B), which
is consistent with our measured ssDNA flap incorporation
efficiency in pDRM1 (Fig. 3 B). Of these spots, 74.5% con-
tained one CMG complex (Fig. 4 C). As can be seen in
Fig. 4 D, the vast majority of the CMG spots were initially
located at the expected position of the ssDNA flap. Further-
8 Biophysical Journal 122, 1–11, December 19, 2023
more, as seen in Fig. 4 D and E, we detected motion of
CMGCdc45-LD555 that started at the expected 30 ssDNA flap
location and proceeded in the expected 30-to-50 direction,
thereby showing that our method to synthesize DNA con-
structs results in a 30 ssDNA flap that can be bound and
translocated from by a helicase. The observed long-range
translocation also shows that the ssDNA flap is successfully
ligated, as CMG has been previously reported to dissociate
from DNA at nicks (30).
DISCUSSION

We describe a method to synthesize fully custom-sequence
DNA constructs for single-molecule studies. For this, we
useGibsonAssembly (51) to assemble fully custom-sequence
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gBlocks into two different 10.1-kb plasmids (Fig. 1) using a
simple and fast in vitro protocol that takes 3–4 days. This
approach allowed us to generate large amounts of plasmid
by propagation in standard E. coli strains (see section ‘‘mate-
rials andmethods’’). In this work, we assembled two plasmids
of 10.1 kb in length, as this length sufficed for the downstream
production of linearDNAmolecules suited to single-molecule
experiments. However, Gibson Assembly has also been used
to efficiently clone genomic fragments of up to 100 kb in
length into plasmids using overlapping sequences of similar
lengths to the ones used in this study (55), suggesting that
the de novo synthesis of much larger plasmids may be easily
achievable. Further studies to determine the length limit in
these assembly reactionswill be of interest. The use ofGibson
Assembly to assemble fully custom-sequence plasmids from
gBlocks alone, as done in this study, provides a novelmethod-
ology in the field of single-molecule biophysics. We believe
that the protocol of plasmid assembly we describe will allow
other scientists working on awide variety of DNA-processing
mechanisms to design more biologically relevant DNA con-
structs as well as to investigate the role of DNA sequence on
many of these processes with unprecedented control.

Using our de novo assembled plasmids, we developed a
fast (1.5-day long) and efficient approach to synthesize
two different linear constructs containing end and internal
modifications for single-molecule force and fluorescence
spectroscopy experiments (Fig. 2). As a proof of principle,
we incorporated either one or two internal ssDNA flaps
into our constructs and characterized them in bulk (Fig. 2)
and at the single-molecule level (Fig. 3). Finally, we func-
tionally validated our approach at the single-molecule level
by showing that the incorporated ssDNA flaps can be bound
by the eukaryotic replicative helicase CMG, which then
translocates in the expected direction (Fig. 4). Notably, the
CMG that we employed in this study has been previously
studied in correlative optical tweezers and fluorescence ex-
periments after loading it onto l phage DNA in a nonspecific
manner after generating ssDNA regions in the otherwise
double-stranded DNA (dsDNA) construct by the use of
high force (24); this approach does not only lack control
of the loading site of the helicase but also lacks control of
the number of helicases that can be loaded at the long
stretches of ssDNA generated, and could also have force-
related artifacts. The new approach that we developed in
this study will not only allow us and others to site-specif-
ically bind CMG to the DNA without the use of high force
but also allow us and others to study the motion of CMG
along a DNA substrate with a fully controlled sequence.

Although in this proof of concept study we introduced 30

ssDNA flaps, the directionality of the ssDNA flaps can
easily be reversed without modifying the DNA sequence
through the use of the complementary nicking enzyme to
the one used in this study (16,17). Additionally, we
expect/anticipate that the same protocol can be used to
easily incorporate other DNA modifications relevant to
the study of DNA repair and DNA secondary structure
processing, such as ssDNA/dsDNA junctions, hairpins,
and G-quadruplexes (16,18,56–58). Furthermore, our syn-
thesis strategy can easily be used to incorporate noncanon-
ical nucleotides in the form of modified oligos (1,16,17),
allowing for the introduction of a wide range of chemical
moieties that in turn facilitate the site-specific covalent
and noncovalent attachment of other molecules of interest
(e.g., protein crosslinks, streptavidin, fluorophores) (1,12,
14,16,17,59) to the DNA, all within a fully controlled
sequence context. Finally, even without the introduction of
extrahelical/noncanonical structures, we anticipate that our
method will benefit the field by allowing full control of
Biophysical Journal 122, 1–11, December 19, 2023 9
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the sequence background used to study a wide range of
DNA:protein interactions.
DATA AND CODE AVAILABILITY

Raw and processed ensemble and single-molecule data sup-
porting the findings of this study have been deposited in the
4TU.ResearchData repository and can be found at https://doi.
org/10.4121/fe506b56-0ae0-4b89-9a5d-654b8b222cb0. The
repository contains a table with an overview of experiments;
force-distance tables sorted by experimental condition; spot
position and intensity tables sorted by experimental condi-
tion; filtered spot tracking tables, with connected spot detec-
tions for each frame in each scan, each row having a scan_id
and trace_id; and example TIFF files. All the code used in the
current study is available at https://gitlab.tudelft.nl/
nynke-dekker-lab/public/flapped-DNA-synthesis.
SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.

2023.11.008.
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Figure S1. Full assignment of bands observed in Figure 1. A Diagram of plasmid pDRM1 
together with an agarose gel showing all the test digestions of pDRM1 (gel is the same gel shown 
in Fig. 1C, shown here for clarity). B  Assignment of every DNA band observed in the gel in A. C 
Diagram of plasmid pDRM2 together with an agarose gel showing all the test digestions of pDRM2 
(gel is the same gel shown in Fig. 1D, shown here for clarity). D  Assignment of every DNA band 
observed in the gel in C.
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Figure S2. Distribution of numbers of Cy3 fluorophores within each 
diffraction-limited spot of DNA constructs C-DRM1 and C-DRM2. A. 
Distribution of numbers of Cy3 fluorophores within each diffraction-limited spot found 
in DNA construct C-DRM1 (Fig. 3B). B. Distribution of numbers of Cy3 fluorophores 
within each diffraction-limited spot found in DNA construct C-DRM2 (Fig. 3I). 
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Figure S3. Single-molecule characterization of DNA construct C-ZL7. A. 
Example force-extension curves of construct C-ZL7 (gray) together with the fitted 
extensible worm-like chain (eWLC) model plotted in the force range used for fitting 
(orange). B-D. Probability density function of contour lengths (B), persistence 
lengths (C), and stretch moduli (D) obtained from the extensible worm-like chain 
model fits of force-extension curves of C-ZL7; black lines show a Gaussian fit of 
the data, and μ and σ are the mean and the standard deviation of the data, 
respectively. Dotted orange line in panel B shows the expected contour length of C-
ZL7. 
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Supplementary Tables 

Table S1. gBlocks™ used in this study. 

See additional Excel file. 

Table S2. List of oligonucleotides used in this study. Name and 5’-to-3’ sequence 
of all oligonucleotides used in this study. 

Oligo 
name 5' to 3' sequence
DRM_140 AGATTGTACTGAGAGTGCACCATAAAATTG 
DRM_141 CACTTTATGGCTAACAACAAGGCG 
DRM_142 CCGAACATCGGTCTGATCAACTC 
DRM_143 GAGTGAATCTTCTATGGCAAACGAGTC 
DRM_144 GATGACGTGAACGGTCGTACC 
DRM_145 GCAGTATGACGAACTGAAACACGAG 

DRM_159 
[5’Phos]TGAGGTGATTGTAGGCTGAGGCTAGCTCTGCTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTTTTTT[3’Cy3] 

DRM_177 CGGCCTATTGGTTAACAAATGAGCTG 
DRM_180 GAAGGCCACTTCGTAGAAGACCTG 
DRM_181 CTGGAACCAGTTCTGGGATTTCC 
DRM_182 GAAGGCCACTTCGTAGAAGACCTG 

DRM_186 
[5'Phos]TGAGGTGATTGTAGGCTGAGGCTAGCTGAGCTGAGGGTCAAGTGTGCTG
AGGATGACATGAGCTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT[3’Cy3] 

Vector. 
FOR GATATATACATCCTGTATTTGACCCCAGAAGAAAAACTGCT 
Vector. 
REV CTATCCACGCAGCGGCAATCAGCTGAGTTTCACCTTTCGGCGT
ZL1 GGAGCTCGGTACCCGATCC
ZL2 CGGCGCCTGATGCGG
ZL3 GTTTAAACATATGACCAGACCTATAGACCAGACC
ZL4 GGTCTGGTCATATGTTTAAACTTTAAGATAGGCG
ZL5 [5' Phos]GTATTTGACCCCAGGTAAAGACGCCTTGTTGTTAGCCATAAAGTG
ZL6 AGGATGTATATATCTGACACCATGGGGTCTGCTCTTTATGTAGTGTCTTTAGGTC
ZL7 [5'Phos]GGCGCGCCGAAGAAAAACTGCTGCGTGCG
ZL8 TGGGGTCAAATACAGGATGTATATATCTG
ZL9 [5'Phos]TGACCAGACCTATAGACCAGACCTAAAG
ZL10 TATGTTTAAACTTTAAGATAGGCGTTCGGG
ZL11 GAACGTCGATAACCGTACCGG
ZL12 CTCTCGATGGCTGTAAGTATCCTATAGG
ZL13 [5'Phos]GTATTTGACCCCGGTAAAGACGCCTTGTTGTTAGCCATAAAGTG

ZL14 
[5'Phos]AGGATGTATATATCTGACACCATGGGGTCTGCTCTTTATGTAGTGTCTTTAG
GTC 

ZL15 

[5’Phos]TGAGGTGATTGTAGGCTGAGGCTAGCTTTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTTGGTGAGGGTTGGGAAGTGGATTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTT*T*T*T 
*Indicates phosphorothioate backbone linkages
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