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1.  Introduction

Tremendous progress in our understanding of DNA metab-
olism in cells has been made through multi-disciplinary 
research endeavors [1]. Emerging techniques, such as sin-
gle-molecule approaches, start to reveal mechanistic details 
underlying DNA metabolic processes, e.g. DNA replication, 
transcription and DNA damage repair [2–8]. In contrast to 
traditional techniques based on ensemble averaging, single-
molecule approaches directly visualize transient biochemical 
intermediates and heterogeneous reactions in unprecedented 
detail, hence, offer a bright prospect for filling in our knowl-
edge of transient intermediate states during important biologi-
cal reactions.

Single-molecule biophysics [9] can be roughly classified 
into two groups: (i) fluorescence related approaches, e.g. single-
molecule fluorescence resonance energy transfer (smFRET) 

[10] and DNA curtains (figures 1 and 2) [11, 12]; and (ii) force 
related methods, e.g. optical tweezers, magnetic tweezers, and 
atomic force microscopy [13]. Compared with other single-
molecule approaches, the DNA curtains method has its distinc-
tive flavor. The first characteristic is high-throughput method. In 
contrast to the most single-molecule force related methods: one 
molecule at a time, DNA curtains use hundreds or even thou-
sands of molecules at a time. However, ‘high-throughput’ is not 
unique only for the DNA curtains method, single-molecule fluo-
rescence related approaches, like smFRET [10] and single-mol-
ecule pull down [14] are also high-throughput techniques. The 
second characteristic is long spatial range of DNA substrates. 
In contrast to smFRET or pull down methods in which only 
short DNA substrates can be used, the DNA curtains approach 
can use long spatial range of DNA molecules. So the DNA cur-
tains method is the key solution for many biological questions. 
For example, (i) helicase displaces dsDNA binding proteins on 
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long spatial range of dsDNA (sections 3.2 and 3.3) [15]; (ii) 
off-targets can be monitored directly when CRISPR associated 
protein 9–Ribonucleic acid (Cas9–RNA, and CRISPR is clus-
tered regularly interspaced short palindromic repeats) complex 
searches on dsDNA (section 3.1.3) [16, 17]; (iii) MutSα and 
MutLα search lesion on dsDNA by intersite transfer during 
mismatch repair (section 3.1.1) [18]. The third characteristic is 
the sticking problem. The position of the diffusion barrier (sec-
tion 2.1) can distinguish proteins on the DNA molecule from 
proteins stuck on the surface. However, smFRET or pull down 
methods are not easy to recognize in both cases.

This review focuses on the DNA curtains method [18–21], 
a powerful and flexible experimental platform firstly devel-
oped by Dr Eric Greene and his research team and capable 
of collecting statistically relevant information from hundreds 
or even thousands of individual reactions, allowing ‘high-
throughput’ data analysis on DNA–protein interactions at the 
single-molecule level. Herein, following the chronological 
order, we review the development of double stranded DNA 
(dsDNA) and single stranded DNA (ssDNA) curtains (section 
2), and their applications (sections 3 and 4) and conclude with 
a discussion of future prospects (section 5).

Figure 1.  Schematic of a flowcell for dsDNA curtains. (a) Schematic of a quartz microscope slide with diffusion barriers. There is a 3  ×  3 
matrix, and each unit on the matrix is a set of diffusion barriers. DNA substrates will be injected from the left, and pushed to the right.  
(b) Schematic of single-tethered dsDNA curtains. One end of DNA substrates (green line) are tethered in front of the diffusion barriers, and 
are extended with flow. (c) AT% dependence of Lambda DNA, which is the DNA substrate for DNA curtains. (d) Schematic of flowcell 
with Barrier 1.0 [24, 25]. Insert represents biotin–streptavidin interaction, tethering one end of DNA molecules before the diffusion 
barriers. (e) TIRFM imaging of DNA curtains with Barrier 1.0. (f ), (g), (i), ( j), (l) and (m) Schematic of flowcell with Barrier 2.0 [27], 
3.0 [26], and 4.0 [28]. Figures (e), (g) and (i) are for ST, and figures (f), (h) and ( j) are for DT. (h), (k) and (n) TIRFM imaging of DNA 
curtains with Barrier 2.0, 3.0, and 4.0. Insert of ( j) represents DIG–AntiDIG interaction, tethering the opposite ends of DNA molecules 
as they interact with the antibodies on the pentagons. Figure (c) is reprinted from [42], Copyright (2015), with permission from Elsevier. 
Figure (e) is reprinted with permission from [23]. Copyright (2006) American Chemical Society. Figure (h) is reprinted with permission 
from [26]. Copyright (2008) American Chemical Society. Figure (k) is reprinted with permission from [25]. Copyright (2008) American 
Chemical Society. Figure (n) is reprinted by permission from Macmillan Publishers Ltd: Nature Structural and Molecular Biology [27], 
copyright (2012).
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2. The DNA curtains setup

Setting up the dsDNA (figure 1 and supplementary video 1 
(stacks.iop.org/JPhysD/50/153001/mmedia)) and ssDNA (fig-
ure 2 and supplementary video 4) curtains has been elabo-
rated upon in other reviews [11, 12, 22]. In brief, the surface 
of a microfluidic sample chamber is coated with a fluid lipid 
bilayer, and biotinylated DNA molecules are tethered to indi-
vidual lipids within the bilayer through biotin–streptavidin 
interactions (insert in figure  1(d)). The bilayer renders the 
surface inert by shielding the sample material from the high 
uniform charge of the glass. The bilayer also mimics a cell 
membrane and is more ‘natural’ than other surfaces. The 
bilayer permits the movement of tethered DNA molecules 
in both dimensions while confining them near the flowcell 
surface. Hydrodynamic force is applied to align the DNA 
molecules along the leading edges of nanofabricated diffu-
sion barriers, allowing the visualization of hundreds of indi-
vidual DNAs in a field-of-view using total internal reflection 

fluorescence microscopy (TIRFM). The barriers are made by 
electron-beam lithography, and simple variations in barrier 
design allow precise control over the distribution and tether-
ing geometry of the DNA molecules [23–28]. To understand 
the setup of DNA curtains in greater detail, we will elaborate 
the manipulation of three important components, viz. diffu-
sion barriers, the microfluidic system, and DNA molecules.

2.1.  Diffusion barriers

Preparing diffusion barriers (figure 1) on a fused silica slide 
is a key step of the DNA curtains approach. The lipid bilayer 
provides a ‘bio-friendly’ environment and the fluidic biomem-
branes allow rapid lateral movement of the lipids, causing teth-
ered DNA substrates to diffuse. Diffusion barriers can block 
one end of each DNA molecule (attached to a lipid, insert in 
figure 1(d)), aligning them into arrays with patterns. The first 
generation of diffusion barriers (Barrier 1.0) was created in 
2006 (figures 1(d) and (e)) [23, 24]. Afterwards Barrier 2.0 

Figure 2.  Schematic of ssDNA curtains. (a) Schematic of the rolling circle reaction. This reaction is used to prepare long ssDNA molecules 
for ssDNA curtains in (b) and (c). (b) Schematic of ssDNA curtains formation in a DT nanofabricated microfluidic flowcell. (c) Schematic 
of ssDNA curtains formation in a single-tethered nanofabricated microfluidic flowcell. RPA–eGFP is used to extend ssDNA molecules. 
Reprinted from [3], Copyright (2015), with permission from Elsevier.
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(figures 1(f ) and (h)) [26], Barrier 3.0 (the current version, fig-
ures 1(i ) and (k)) [25], and Barrier 4.0 (figures 1(l) and (n)) 
[27] were developed. Many reviews [11, 22, 24] have described 
the diffusion barrier designs very well, and here we just make a 
short summary and highlight the current version (Barrier 3.0).

Barrier 1.0 (figures 1(d) and (e)) [23, 24] is created on a 
quartz microscope slide. The quartz microscope slides were 
mechanically scratched with a diamond-tipped scribe to cre-
ate ridges and grooves (imagine a ‘V’ shape cross section, but 
with the edges elevated), which are essentially the glass walls. 
Although this method successfully provides DNA curtains, 
mechanical etching cannot guarantee that all DNA molecules 
that are blocked by the same glass wall have the same initial 
tethering positions. For properly measuring position distribu-
tions, the nanofabrication techniques ‘electron-beam lithogra-
phy and thermal evaporation’ are applied to produce Barrier 
2.0 (figures 1(f) and (h)) [26], which is a chromium wall with 
a straight line shape, 30 nm high, and 100 nm width. The prob-
lem of initial positions is fixed, however, another question is 
found: DNA substrates diffuse laterally along the straight 
barriers, making the measurements difficult. To answer this 
question, Barrier 3.0 (figures 1(i) and (k)) [25] is designed to 
have a ‘zig-zag’ shape, restricting DNA substrates’ lateral dif-
fusions perfectly. Barrier 3.0 is the current version, and most 
of the DNA curtains experiments are performed on this kind 
of barrier design. To perform high-throughput double-tethered 
(DT) experiments, the downstream pedestals (pentagons) are 
added in conjunction with Barrier 2.0–4.0 (figures 1(g), ( j) 
and (m)) [28]. Digoxigenin (DIG) on DNA molecule interacts 
anti-digoxigenin (antiDIG) on the surface of pentagons, teth-
ering another end of DNA substrates (Insert in figure 1( j)). We 
note that Gorman et al [29] already generated DT molecules 
with Barrier 1.0, however, his method is not high-throughput.

A serious concern about Barrier 1.0–3.0 is that individual 
DNA substrate is difficult to be distinguished. Initial con-
centration of DNA substrates has to be tested on DNA cur-
tains to determine an optimize experimental condition, which 
includes more cases with single DNA molecule per ‘zig-zag’ 
well. For this point, the continuous patterns can be changed to 
discontinuous patterns (Barrier 4.0, figure 1(l)), and the image 
of DNA curtains is shown in figure 1(n) [27].

2.2.  Microfluidic system

The microfluidic system consists of syringe pumps, 6-port 
rotary valves (SCIVEX/RHEODYNE IDEX), DuPont PFA 
tubing (IDEX), and appropriate connecting ports (IDEX). 
The system is shown schematically in figure  3(a). As many 
as ‘X number’ different buffers can be loaded individually 
by syringes to pass a 4-port switching valve (IDEX)., which 
enables an easy switch among working buffers. Moreover, by 
switching a 6-port rotary valve between two positions referred 
to as ‘Inject’ and ‘Load’ modes (figure 3(a)), this microfluidic 
system can accurately transport a very small amount of biolog-
ical samples into the flowcell to save sample. (i) in the ‘Load’ 
mode, the main microfluidic pathway is disconnected from the 
sample loop to allow the loading of biological samples. The 
sample loop is user-defined, and can accommodate almost any 

volume. 50 µl and 500 µl sample loops are diagrammed in 
figures 3(b) and (c); (ii) in ‘Inject’ mode, the main microfluidic 
pathway is connected with the sample loop, so the flow com-
ing from the pump will push the sample buffer out of the loop. 
After a short delay, the biological sample will reach the flow-
cell and then the buffer flow is turned off to retain the sample in 
the flowcell. The accurate measurement of ‘sample delay time’ 
for a particular microfluidic system guarantees that samples 
are properly injected into a flowcell, and this is a key factor for 
successful DNA curtain experiments. The sample delay time 
depends on the total tubing length before entering the flow-
cell (figure 3(a)), the sample loop volume, the flow rate (fig-
ures 3(b) and (c)), and the response time of the syringe pump 
(figure 3(d)). The response time is defined as the waiting time 
for a syringe pump to reach the designated flow rate after it is 
turned on. It is important to note that the syringe pump retains 
a residual pressure on the system even after it is turned off: it 
takes time for the pressure to equilibrate. Therefore, a stopcock 
is recommended in-line with the pump to enable the stopping 
and starting of a flow in a sharply defined manner.

2.3.  DNA molecules

The DNA molecules used in DNA curtains can be either dsDNA 
or ssDNA. (i) lambda DNA (48 502 bp) is often used as dsDNA 
substrate because of two main reasons: (a) lambda DNA is com-
mercially available; (b) the sequence of lambda DNA shows 
a adenine-thymine (AT) content dependence (figure 1(c)): the 
first half region has a low AT%, and the second half with a rela-
tively higher value of AT content. This property can be used to 
directly test whether a dsDNA binding protein depends on DNA 
sequence or not. Lambda DNA has two 12-nt 5′ overhangs (5′ 
– GGG CGG CGA CCT – 3′ and 5′ – AGG TCG CCG CCC 
– 3′), which are part of the cos site, and are called ‘cos ends’. 
They are also called ‘cohesive ends’ albeit less prevalent, since 
other sequences can be ‘cohesive’. A 12-nt oligo labeled with 
a biotin or a DIG at the 3′ end is designed to anneal and ligate 
to the ‘cos end’, forming the dsDNA substrates for ST or DT 
dsDNA curtains experiments; (ii) For ssDNA curtains, rolling 
circle reactions (RCRs) (figure 2(a)) are used to produce long 
ssDNA substrates [30]. A biotinylated oligo (5′ – BIOTIN – 
TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT – GTA AAA 
CGA CGG CCA GT – 3′) is annealed to a M13 ssDNA circular 
template (M13mp18 from NEB) to form the RCR template, and 
then Φ29 DNA polymerase replicates multiple rounds on the 
RCR template in the presence of a deoxyribonucleotide (dNTP) 
mix (NEB) to produce a long ssDNA molecule.

3.  Double-stranded DNA curtains

The dsDNA curtains method [18–21] form a novel and high-
throughput experimental platform to study of protein–DNA 
interactions, by directly visualizing hundreds to thousands of 
individual binding reactions in real-time, thereby surmounting 
the one-experiment-one-data-point limit pervasive in single-
molecule methods [31]. This section will focus on the biologi-
cal applications of the dsDNA curtains method.

J. Phys. D: Appl. Phys. 50 (2017) 153001
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3.1. Target search

Target search means a protein or protein–DNA/RNA complex 
locate and bind to a specific sequence on DNA or RNA accu-
rately and efficiently. The distinction of mechanisms resides 
in the mode of action [27], viz. 1D sliding/hopping, 2D inter-
segmental transfer, or 3D diffusion. Considering functions of 
‘target search’ in cells, four different kinds of target searches 
are classified in this review: (i) a protein searching on dsDNA 
(figure 4(a.1)) [27, 32]; (ii) a protein–ssDNA complex search-
ing on dsDNA (figure 4(b)) [33]; (iii) a protein–RNA complex 
searching on dsDNA (figure 4(c)) [34, 35]; (iv) and a protein–
RNA complex searching on RNA [36, 37].

3.1.1.  A protein searches on dsDNA.  How a protein searches 
for its target site on dsDNA is an important question that has 
been investigated for many years. Multiple theoretical mod-
els have been established (figure 4(a.1)) [27, 32] and depicted 
below. (i) 1D sliding, which means the protein uses thermal 
energy to diffuse along the length of dsDNA; (ii) 1D hopping, 
which means the protein moves on dsDNA by a series of micro-
scopic dissociation and rebinding events; (iii) 2D interseg-
mental transfer, which means the protein can ‘jump’ between 
different dsDNA regions by a looped intermediate; (iv) and 3D 
diffusion, which means the protein will associate with different 
dsDNA regions directly out of solution, just by diffusion. For 
non-target regions the binding affinity is low, and only at the 
target region can the protein bind tightly. Models (i)–(iii) are 
forms of ‘facilitated diffusion’ that can accelerate the search 
relative to model (iv) 3D diffusion. In the 1970s, Riggs et al 
[38–40] used a nitrocellulose filter binding assay to study the 

mechanism of target search by the lac repressor. In this assay, 
the nitrocellulose filter can block the proteins, but not for the 
dsDNA molecules. dsDNA substrates labeled with radioactiv-
ity tags are pre-incubated with the dsDNA binding proteins for 
various time intervals, and then the total samples are loaded 
on the filter. Only the free dsDNA substrates can pass through 
the filter, and the protein-bound dsDNA substrates are retained 
on the top of the filter. Quantitatively monitoring the temporal 
change of free dsDNA substrates can provide the target search 
information. Using this assay, Riggs et al proved that the lac 
repressor locates and binds its target sequence faster than the 
3D diffusion limit. In 2006, Wang et al [41] used the fluores-
cence related single-molecule method (section 1) to confirm the 
same conclusion of the LacI repressor: LacI repressor proteins 
can perform 1D diffusion along dsDNA. Many researchers 
have maintained that the cell often entails facilitated diffusion 
during target search processes.

As an ensemble assay, the nitrocellulose filter binding 
assay cannot provide direct evidence of facilitated diffu-
sion. In contrast, the dsDNA curtains approach can directly 
monitor how a single protein moves on dsDNA by analyz-
ing the kymograms (figures 4(a.2) and (a.3)). A kymogram 
is a particular manipulation and representation of the image 
stacks, which are the raw data, thus serving as a powerful 
way to assess the mechanisms of target search. To gener-
ate a kymogram, the line images of one DNA substrate 
from each frame are projected in time and all the frames 
are plotted together. Then the x-axis corresponds to time, 
and the y-component represents the sequence of the DNA 
substrate. The protein is fluorescently labeled, and the sig-
nal (in this case represented as magenta lines) shows up on 

Figure 3.  Microfluidic system. (a) Schematic of microfluidic system. (b) and (c) The measurement of the sample waiting time. (d) The 
influence of the response time of the syringe pump on the sample waiting time.

J. Phys. D: Appl. Phys. 50 (2017) 153001
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the kymogram (figure 4(a.2)), revealing how the protein 
searches for its target. If the fluorescent signals move in 
the y-component (the top figure in figure 4(a.2)), it suggests 
that the protein undergoes 1D diffusion. However, if the 
signals are just short straight lines (transient sampling) or 
long straight lines (stable captures), it suggests the protein 
is using 3D diffusion to bind DNA (the bottom figure in fig-
ure 4(a.2)). In 2013, Wang et al [27] used dsDNA curtains 
method to measure the diffusion coefficients of Escherichia 
coli RNA polymerase (RNAP), and the data is shown in fig-
ure 4(a.3), which is a real kymograms. To be surprised, the 
conclusion is that RNAP performs target search mainly by 
3D diffusion. This is the first time to find a target search 
inside a cell is dominated by 3D diffusion.

Many different protein candidates have been assayed to 
study the mechanisms of their target search. For example, in 
eukaryotic replication initiation, the origin recognition complex 
(ORC) searches for the autonomously replicating sequence 1 
(ARS1) origin sequence by using both 3D and 1D searching 

[42]; during DNA mismatch repair, the important protein factor 
MutSα, which takes charges of recognition of mismatches, also 
used both 3D and 1D searching mechanisms to find the mis-
matches [18]. Wang et al [27] even found that the concentra-
tion of protein determines the fastest target search mechanism: 
facilitated diffusion matters at low concentrations and 3D diffu-
sion dominates at high concentrations.

3.1.2.  Protein–ssDNA complex searches on dsDNA.  A 
typical example of a protein–ssDNA complex searching for 
a target on dsDNA is the homology search (figure 4(b)) [3, 
33] during homologous recombination (HR) mediated DNA 
break repair. The RecA/Rad51 family of recombinases can 
form nucleoprotein filaments on ssDNA, which is termed as 
presynaptic complex (PC) and catalyzes searching on DNA 
templates to find the complementary region using the ssDNA 
sequence as a guide [43]. ssDNA curtains approach has been 
applied to study this problem and the details will be reviews in 
section 4.4 and figure 10(d).

Figure 4.  Schematic of a target search. (a) Protein target search on dsDNA. (a.1) Theoretical models for the target search [27]. (a.2) 
Schematic of dsDNA curtains kymograms for distinguishing different models. (a.3) The real data of kymograms for RNAP searching on 
dsDNA [27]. (b) A protein–ssDNA complex searching on dsDNA. Figure (b) shows the early stages of HR [43], and homology search [3, 
33]; inside is one example for this case. (c) A protein–RNA complex searching on dsDNA. Figure (c) shows a CRISPR-Cas9 system [16, 
17], which is a good example for this case. Figures (a.1) and (a.3) are reprinted by permission from Macmillan Publishers Ltd: Nature 
Structural and Molecular Biology [27], copyright (2012). Figure (b) is reprinted by permission from Macmillan Publishers Ltd: Nature 
Reviews Molecular Cell Biology [43], copyright (2006). Figure (c) is reprinted from [93], Copyright (2014), with permission from Elsevier.

J. Phys. D: Appl. Phys. 50 (2017) 153001
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3.1.3.  Protein–RNA complex searches on dsDNA.  An impor-
tant example of a protein–RNA complex searching dsDNA is 
the CRISPR-Cas9 system, a powerful tool in genome engi-
neering (figure 4(c) and supplementary video 2) [34, 35]. 
Cas9 is one kind of RNA binding proteins. The Cas9 protein 
binds a short RNA to form a protein–RNA complex, and the 
short RNA is complementary to a target sequence. This com-
plex needs to search for the target sequence on dsDNA. It was 
shown that Cas9–RNA finds targets by 3D diffusion [17], and 
a similar 3D random collision mechanism has been demon-
strated to direct target search by a closely related system [16].

3.1.4.  Protein–RNA complex searches on RNA.  Examples of 
protein–RNA complexes that search for targets on RNA are 
short non-coding RNAs, like small interfering RNA (siRNA) 
or microRNA [36, 37]. One of the important functions of 
siRNA/microRNA is: each siRNA/microRNA has a target 
sequence, and will find the complementary target sequence 
on messenger RNA. However, RNAs cannot complete these 
searches independently, and siRNA/microRNA has to bind a 
protein to form a protein–RNA complex. As this target search 
involves RNA molecules, the dsDNA curtains method cannot 
be directly used. Recently other single-molecule methods [44, 
45] have been used to explore the mechanism for this kind of 
target search. However, to better understand this mechanism, 
we will need to develop a new curtain method for RNA mol-
ecules (figure 10(e)). We will discuss this in section 5.

3.2.  Protein moving and diffusing on long dsDNA

Some proteins, like helicases/translocases and nucleases, can 
move on dsDNA on a specific direction (5′  →  3′ or 3′  →  5′) 
with adenosine triphosphate (ATP) hydrolysis. Some other 
proteins can bind and diffuse on dsDNA without ATP hydro-
lysis. The dsDNA curtains method can visualize these behav-
iors. For example, (i) fluorescently labeled heterotrimeric 
translocase RecBCD displayed rapid movements on dsDNA 
[15]; (ii) single fluorescent human Rad51 showed the ability 
to bind and diffuse on dsDNA [46].

3.3.  Protein–protein collisions on long dsDNA

Genomic DNA is not naked on both eukaryotes and pro-
karyotes. It wraps histone proteins to form nucleosomes and 
then higher order chromatin in eukaryotes, and there are also 
many different dsDNA binding proteins dynamically coating 
it. DNA helicases or other motor proteins, for an example, 
when translocate or unwind a DNA molecule, will likely col-
lide with other protein molecules, such as histones or DNA 
binding proteins.

The DNA curtains approach has been shown to an effec-
tive way for studying protein–protein collisions because long 
DNA substrates confined to the excitation region of the eva-
nescent wave can be used. Different dsDNA binding proteins 
can be pre-bound to the DNA molecule to form roadblocks, 
and the movement of fluorescently labeled motor proteins can 
be monitored. With these setup, multiple protein–protein col
lisions on dsDNA have been examined. One great example is 

the recent study on cohesins [47]. Cohesins are ring shape mol-
ecules physically embracing sister-chromatids for their faithful 
mitotic segregation. As a slider along dsDNA (figure 5(a)), it 
has been shown that whether cohesins can pass through road-
blocks or not depends on the size of roadblocks. Figures 5(b) 
and (c) show that cohesins can pass through a DIG (~1–2 nm) 
but fail to pass through a roadblock of DIG  +  QD (~20 nm). 
QD means quantum dot, a nanoscale particle (~15–20 nm) 
made of semiconducting materials. Cohesins can also pass 
though DNA bound EcoRIE111Q (figures 5(d)), a catalytic null 
mutant of EcoRI restriction enzyme that binds to DNA, but is 
unable to cleave it. Cohesins can also pass though single pro-
tein dCas9 binding to dsDNA (figure 5(e)). However, it fails 
again to pass through a roadblock of dCas9  +  QD (figure 5(f )).  
Other examples of protein–protein collisions on dsDNA include: 
(i) E. coli translocase FtsK [48] that can separate chromosome 
dimers by translocating on dsDNA, where FtsK encounters 
many roadblock proteins that typically occupy the bacterial 
chromosome; (ii) E. coli RecBCD complex, a helicase-nuclease 
ensemble that can remove the core RNAP from dsDNA [15]. 
Although less studied, protein–protein collisions may also occur 
on RNA, an interesting topic to be discussed in section 5.

3.4.  Assembly order

A third application of the dsDNA curtains method is to study 
assembly order. Initiation of eukaryotic replication [49], as a 
good example, involves four key components, viz. ORC, Cdc6, 
Cdt1, and the Mcm2-7 helicase. The function of ORC, Cdc6, and 
Cdt1 is to recruit Mcm2-7 to origin sequences during a process 
called pre-replicative complex (pre-RC) formation. By directly 
monitoring pre-replicative complex assembly on dsDNA cur-
tains, Duzdevich et al [42] provided direct evidence on the order 
of pre-RC assembly. They found that ORC binds dsDNA first, 
followed by Cdc6 in strict sequence. Together, ORC and Cdc6 
recruit Mcm2-7 and Cdt1. The order of binding is tightly regu-
lated and important for the assembly of an active pre-RC.

3.5.  Chromatin curtains

Histone protein octamers can be reconstituted on dsDNA 
substrates to form chromatin curtains. Visnapuu et al (supple-
mentary video 3) [50] did this kind of DNA curtains experi-
ments in 2009. The probabilistic nucleosome distributions can 
be experimentally determined, distinguishing weakly versus 
strongly bound nucleosome particles. These in vitro single-
molecule results were compared with three theoretical mod-
els for yeast system, Segal et  al [51], Field et  al [52], and 
Kaplan et al [53]. To our surprise, the theoretical predictions 
from Field et al [52] and Kaplan et al [53] have strong cor-
rection with these in vitro experimental data. However, Segal 
et al [51] has a strong anti-correction relationship. Field et al 
[52] and Kaplan et al [53] can also match some in vivo exper
imental data, but not all [54]. Subsequently, relevant bioinfor-
matic studies on nucleosome positioning on dsDNA have been 
done, e.g. Teif et al [55] and Beshnova et al [56]. Chromatin 
curtains can provide relevant in vitro experimental data for 
these studies, comparing with in vivo data.
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The DNA curtains method is a low-resolution method [12]. 
EMCCD (Andor Technology, iXon Ultra 897, 512  ×  512, 
16 µm, 56fps@Full Frame) was applied to detect fluores-
cent signal. Spatial resolution is 0.27 µm per pixel and 
temporal resolution is 18-ms. On the monitor window (512  
pixels  ×  512 pixels), one pixel occupies a length of 794 
base pairs (bp) dsDNA (1 bp  =  0.34 nm for B-form dsDNA), 
which can reconstitute four nucleosomes (assume a nucleo-
some octamer takes 147 bp, and the linker region between 
two nucleosomes is 50 bp). For the current method, Lambda 
DNA (48 502 bp) is used, occupying 61 pixels. The mini-
mum length of DNA substrate is 5 pixels, which is 3970 bp, 
and the maximum length is 512 pixels, which is 407 kbp. 
The nucleosome assembly on dsDNA substrate takes 20 h by 
a salt dialysis [50]. This step is performed before the DNA 
curtains experiment. The molar ratio between histone pro-
teins and dsDNA substrate determine dsDNA packing den-
sity in the lattice. We can optimize this condition to monitor 
1 or 2 nucleosomes per dsDNA substrate, or nucleosomes 
coating everywhere. Once the nucleosomes bind on DNA, 
they will be very stable. The DNA curtains experiment can 
take several hours.

4.  Single-stranded DNA curtains

Besides dsDNA, many DNA metabolic processes, such as HR 
[3], also involve ssDNA as intermediates, which is a research 
focus in the Greene lab. Indeed, the first biological application 
on dsDNA curtains [23] was the study of human RAD51 [46], 
which belongs to the RecA/Rad51 family of recombinases 
(RecA in bacteria, RadA in archaea, Rad51/Dmc1 in eukary-
ote, and UvsX in bacteriophages). Compared with dsDNA 
curtains and other single-molecule methods, a curtains setup 
with ssDNA substrates, which is called ssDNA curtains, is 
a better tool for studying HR. ssDNA curtains were firstly 
developed in 2012 (figure 2) [30]. In contrast to dsDNA, 
ssDNA has a very short persistence length, and is difficult to 
be extended by simply a buffer flow. Gibb et al [30] confirmed 
that ssDNA binding protein, replication protein A (RPA), can 
be used to extend ssDNA into the curtains conformation and 
simultaneously visualize its structures by the fusion of a green 
fluorescent protein (GFP) to RPA. Thus, the DNA substrate in 
ssDNA curtains method are RPA–ssDNA complexes, coinci-
dently mimicking the biological conditions in cells, where the 
crucial initial step of genome maintenance processes [57–59] 

Figure 5.  Cohesin-roadblock collisions. (a) Schematic of Cohesin-roadblock collisions. (b) Cohesins pass through DIG. (c) Cohesins 
cannot pass through DIG-QD. (d) Cohesins pass through EcoRIE111Q. (e) Cohesins pass through dCas9. (f ) Cohesins cannot pass through 
dCas9-QD. Reproduced from [47]. CC BY 4.0.
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like DNA replication, repair, and recombination, is always 
separating the double-stranded genomic DNA into its comp
onent ssDNA [60]. Once the nascent ssDNA [61] appears, 
SSB (the name in prokaryotes) or RPA (the name in eukary-
otes) monomers are generally the first to bind the ssDNA and, 
among other functions [61, 62], safeguard the ssDNA from 
degradation, reduce its secondary structure, regulate helicase 
unwinding activity [63, 64], and recruit repair enzymes to 
DNA damage sites [65, 66]. The second step usually involves 
exchanging RPA/SSB with other proteins, like RecA/Rad51 
recombinases during HR [43].

The ssDNA curtains method has been successfully applied 
to study the early stages of HR (figure 4(c)) [12, 67, 68]. Both 

eukaryotes and prokaryotes have the DNA genome that can 
be damaged by genotoxic agents in the environment, e.g. car-
cinogenic chemicals or ionizing radiation, or even by natural 
cellular process [69]. Double-stranded DNA breaks (DSBs) 
are among the most toxic DNA lesions (figure 4(c)) because 
they can lead to chromosomal rearrangements, a hallmark of 
all forms of cancer [70]. Fortunately, rather than simply suc-
cumbing to this onslaught of damage, the cells have the ability 
to repair broken chromosomes. HR [43] is an important error-
free pathway that allows the cells to use sequence informa-
tion encoded by the homologous chromosome as a template 
to guide the repair of broken chromosomes. However, for this 
to occur, members of the RecA/Rad51 family of recombinases 

Figure 6.  PC formation. (a) Schematic of scRad51 exchanging scRPA–eGFP on ssDNA. (b) Kymograms of raw data: (b.1) DT molecule 
without scRad51; (b.2) DT molecule with scRad51; (b.3) single-tethered molecule with scRad51. (c) The scRad51 concentration affects the 
exchange rate. Reproduced from [73]. CC BY 4.0.
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must first exchange RPA to form PCs (sections 4.1–4.3) and 
search through vast amounts of DNA to align the broken chro-
mosome ends with the undamaged template (section 4.4).

4.1.  PC formation

ssDNA curtains have been used to visualize how Rad51/
RecA exchanges RPA and assembles PCs (figure 6) [3, 
30, 71]. ssDNA substrates are extended to form an RPA–
ssDNA complex in the presence of RPA–eGFP (figure 2) 
[3, 30, 71]. Saccharomyces cerevisiae Rad51 (scRad51) 
at different concentrations is injected into the flowcell to 
exchange RPA–eGFP, forming PCs (figure 6(a)) [3, 30, 71]. 
The exchange rate can be measured from the kymograms 
(figures 6(b) and (c)). Figure  6(b.2) shows that the eGFP 
intensity rapidly decays due to the exchange of previously 
bound RPA–eGFP with the unlabeled scRad51 molecules. 
In the absence of scRad51, the RPA–eGFP signal remains 

constant (figure 6(b.1)). The titration experiments in fig-
ure 6(c) demonstrate that the exchange rate depends on the 
scRad51 concentration, suggesting an assembly mechanism 
for scRad51 that can be studied in the future. PC forma-
tion extends the average nucleotide–nucleotide distance of 
ssDNA [72, 73], causing the DNA substrate to extend. The 
single-tethered experiment in figure 6(b.3) demonstrates this 
stretching effect. Since both ends are fixed in the case of a 
DT molecule, this stretching effect causes ssDNA molecules 
to become ‘floppy’ (figure 6(a)).

4.2.  PC Stability

To study downstream reactions of HR, a crucial question has 
to be answered: ‘How long can PCs remain stable in vitro?’ 
Following the PC assembling, an interesting question is to 
examine the stability of PCs. To test this, a set of ssDNA 
curtain experiments was designed to test PC stability in vitro 

Figure 7.  PC stability. (a) Wide-field TIRFM image of the RPA–eGFP–ssDNA complex. (b)–(f ) Kymograms of PCs under different buffer 
conditions (1st chase): (b) ATP; (c) no nucleotide; (d) ATPγS; (e) ADP; (f ) AMP-PNP. (g) The RPA–eGFP signals versus time during the 
1st chase. Reprinted from [73], Copyright (2015), with permission from Elsevier.
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(figure 7) [3]. After the formation of stable RPA–ssDNA com-
plexes (figure 7(a)), scRad51 and ATP are injected into the 
flowcell, assembling active PCs. Afterwards, different buf-
fers, including buffer containing 1 nM RPA–eGFP (same as 
the starting condition), 30 mM Tris-Acetate (pH 7.5), 20 mM 
Mg-Acetate, 50 mM KCl, 1 mM DTT, 0.2 mg ml−1 BSA in 
the absence or presence ATP, or its analogues (2.5 mM ATP 

in figure  7(b); no ATP in figure  7(c); 2.5 mM ATPγS in  
figure  7(d); 2.5 mM ADP in figure  7(e); 2.5 mM AMP-PNP 
in figure 7(f)) are loaded into the flowcell. All these buffers 
are free of scRad51 to monitor binding of RPA–eGFP upon 
scRad51 turnover from ssDNA. The eGFP intensity plotted 
against time for each case is shown in figure 7(g). The results 
showed that PC remains stable in presence of ATP or AMP-
PNP, but not stable in the presence of ADP or ATPγS, in the 
absence of nucleotides.

4.3.  Protein dynamics on PCs

ssDNA curtains provide a good experimental setup to directly 
monitor protein dynamics on the PCs. Gibb et al [74] recently 
investigated how S. cerevisiae RPA (scRPA) and S. cerevisiae 
Rad52 (scRad52) complexes, a mediator protein that inter-
acts with both scRad51 and RPA and promotes scRad51 PC 
formation (figure 8). Once stable RPA–ssDNA complexes 
are formed on DT curtains (figures 8(a) and (b.1), scRad52 
complexes are injected into the flowcell (figures 8(a) and (b)), 
and scRad52 complexes can interact with ssDNA or ssDNA-
bound RPA molecules. To confirm the binding mode of 
scRad52 complexes, the same experiment is also repeated on 
single-tethered curtains (figures 8(c) and (d)). In this experi-
ment, after scRad52 complexes bind to RPA–ssDNA curtains, 
wild type scRad51 molecules with ATP are injected into this 
single-tethered curtains. Three possible models are depicted 
in figure 8(c): (i) scRad51 forms a PC by displacing all scRPA 
and scRad52 on ssDNA; (ii) scRad51 forms a PC by displac-
ing all scRPA monomers on ssDNA; (iii) scRad51 forms a PC 
by only displacing the scRPA monomers that do not bind with 
scRad52 complexes. The result is shown in figure 8(d). The 
analysis in figures 8(e) and (f) shows that the third model is 
correct. The green color signal and red color signal co-localize 
together, confirming that scRad52 complexes (green color) 
bound to the local RPA molecules (red color) remains on the 
single-tethered curtains.

4.4.  Homology search mechanism

In a recent study, Qi et al [3] used ssDNA-curtains (figure 9)  
to visualize scRad51-catalzyed alignment and pairing with 
homologous DNA sequences in real-time. When active 
scRad51 PCs are formed (figure 9(a)), 70 bp dsDNA with dif-
ferent lengths of microhomology are injected into the flowcell 
(figure 9(b)). After a short (~10 min) incubation, the flow is 
turned on to wash out all free dsDNA (figure 9(b)). Then the 
data acquisition is started to monitor how PCs interrogate the 
dsDNA with different lengths of microhomology (figure 9(c) 
and supplementary video 5). The dsDNA is labeled with a fluo-
rescent dyes (Atto565). A typical kymograph showing dsDNA 
dissociation is in figure  9(d). The results demonstrated that 
microhomology sampling is the key point to direct homology 
search: (i) during interrogating dsDNA, RecA/Rad51 family 
members enable robust kinetic selection of 8-nucleotide tracts 
of microhomology, which kinetically confines the search to 
sites with a high probability of being a homologous target; 

Figure 8.  Protein dynamics on PCs. (a) Schematic of scRad52-
SNAP488 complex (green color) binding on RPA-mCherry (red 
color). (b) Wide-filed images of scRPA curtains with scRad52 under 
different conditions: (b.1) scRPA-mCherry curtains without Rad52; 
(b.2) scRPA-mCherry curtains with 50 pM scRad52-SNAP488; (b.3) 
WT scRPA curtains with 50 pM scRad52-SNAP488; (iv) WT scRPA 
curtains with 1 nM scRad52-SNAP488. (c) Schematic of three 
models of the scRad52 and scRPA dynamics on PC assembly. (d) A 
representative single-tethered kymogram. (e) and (f ) Data analysis 
to confirm the colocalization of scRad52 with scRPA. Reprinted by 
permission from Macmillan Publishers Ltd: Nature Structural and 
Molecular Biology [76], copyright (2014).
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(ii) RecA/Rad51 family members rapidly sample and reject 
dsDNA with less than 8-nucleotide tracts of microhomology 
through a mechanism characterized by its distinctive power-
law dependence; (iii) successful pairing with a 9th nucleotide 
coincides with an additional reduction in binding free energy 
and subsequent strand exchange occurs in precise 3-nucleo-
tide steps, reflecting the base triplet organization of the PC. 
This conclusion is also shown in [2] (iv) dsDNA binding on 
the PC by a short length of microhomology can be disrupted 
by other dsDNA molecules with an equal or longer micro-
homology length. This process is termed facilitated exchange, 

and it depends on the microhomology length and sequence. 
These findings provide crucial new insights into the physical 
and evolutionary underpinnings of DNA recombination.

5.  Conclusions and future directions

By removing ensemble averaging, single-molecule techniques 
can explore heterogeneity across molecules and reactions, and 
monitor transient intermediate states in real-time [75]. The 
dsDNA and ssDNA curtains approaches have powerful tools 
in single-molecule biophysics for studying protein–DNA 

Figure 9.  Homology search mechanism [3]. (a) Schematic of scRad51 PC assembly. (b) Schematic of the first method. (c) Wide-field 
image of PCs bound to 70 bp dsDNA with a fluorescent dyes (Atto565). (d) A representative kymograph showing dsDNA dissociation. 
Reprinted from [3], Copyright (2015), with permission from Elsevier.

Figure 10.  Schematic of curtains. (a) dsDNA curtains with a specific target sequence; (b) ssDNA–dsDNA hybrid curtains; (c) chromatin 
curtains [50]; (d) RPA–ssDNA curtains [30]; (e) short RNA–dsDNA curtains; (f ) long RNA–dsDNA curtains.
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interactions. We have reviewed the past and present of the 
DNA curtains method, including development of nanofabri-
cation techniques for the high-throughput analysis of reac-
tions involving individual DNA molecules, the applications 
of dsDNA curtains method to study the target search, protein 
movement, diffusion, and protein–protein collisions on long 
dsDNA, and the order of reaction center assembly, and how 
the applications of the ssDNA curtains method has been used 
to study PCs during HR.

Besides the Greene lab, another two labs are doing dsDNA 
curtains experiments: (i) the O’Donnell lab (Rockefeller 
University). They applied dsDNA curtains to monitor E. 
coli replisomes in real-time [76, 77]. The replisome is a 
team of proteins that takes charge of DNA replication;  
(ii) the Finkelstein lab (University of Texas at Austin): (1) pro-
tein moving on long dsDNA (section 3.2). They studied how 
Exonuclease 1 (Exo1) moved and digested on dsDNA [78]. (2) 
Protein–protein collisions on long dsDNA (section 3.3). They 
studied how DNA repair factor MutSα bypassed different 
roadblocks, like EcoRI mutant E111Q and nucleosomes [79].

As a new single-molecule method, DNA curtains has a 
bright future. Here we discuss three short-term future directions 
and one long-term future direction. The first short-term future 
direction is to develop new DNA/RNA substrates to delineate 
many other biological reactions that demand single-molecule 
approach to reveal their molecular underpinnings (figure 10):

	 (i)	dsDNA curtains with a specific target sequence (figure 
10(a)). The short specific target sequence can be cloned 
into the dsDNA molecule. This substrate can be used to 
study the specificity of protein–DNA interactions [80], 
especially the transcription factors (TFs) binding on its 
target sequence, which is called ‘response elements’ 
(REs) [81]. How to search and bind on correct REs by 
TFs is a crucial cell process for transcription. Many 
high-throughput experimental methods [80], e.g. the 
mechanically induced trapping of molecular interactions 
(MITOMI) and surface plasmon resonance (SPR), are 
developed to determine REs by measuring the binding 
constants of TFs on dsDNA. However, these ensemble 
methods can not directly observe how TFs finds REs, 
which maybe includes: (1) TFs binding on non-specific 
sites; (2) TFs sliding on dsDNA; (3) TFs finding and 
tightly binding on REs; (4) TFs dissociating from REs 
and keeping slide on dsDNA or completely dissociating 
from dsDNA. To monitor all these short intermediate 
states, single-molecule techniques, especially dsDNA 
curtains with a specific RE is a better method. However, 
no dsDNA curtains experiments have been published 
until now, suggesting the difficulties. One of the most 
difficult points is that the normal TFs are not stable in 
vitro, increasing the hardness of protein expression and 
purification. Monitoring the recognition of REs by TFs in 
vitro is not easy for some unknown reasons. For example, 
another fluorescence related single-molecule method was 
applied to study the tumor suppressor p53 [82]. Only p53 
diffusion on dsDNA were monitored, and little evidence 
to display p53 can find and stop on its RE. We really 

hope dsDNA curtains with different REs can be used 
to successfully observe the recognition of REs by TFs, 
measuring the binding constants of TFs on REs and non-
REs, and also the diffusion coefficient of TFs on dsDNA.

	(ii)	ssDNA–dsDNA hybrid curtains (figure 10(b)) could be 
used to study proteins that bind dsDNA and ssDNA at the 
same time, like the RecA/Rad51 family of recombinases.

	(iii)	Chromatin curtains (section 3.5 and figure  10(c)). 
Chromatin curtains [50] can be used to study nucleo-
some–protein interactions, which are of greater biological 
relevance than naked DNA substrates.

	(iv)	Short RNA–dsDNA hybrid curtains (figure 10(e)). 
These substrates can be used to study siRNA/microRNA 
searching for targets on messenger RNA (section 3.1.4).

	(v)	Long RNA–dsDNA hybrid curtains (figure 10(f )) could 
be used to study protein–protein collisions on RNA.

	(vi)	Protein curtains. DNA substrates can be exchanged with 
proteins. Actin is one of the most important cytoskeletal 
proteins, forming actin filaments. Actin filaments inside 
living cells can also form bundles or 3D networks, pro-
viding mechanical support for cell shape and surface. 
Lieleg et  al [83] applied the confocal microscopy to 
directly observe the formation of cytoskeleton networks 
of actin filaments in vitro. To apply the curtains method, 
Courtemanche et al [84] used actin filaments as the sub-
strates to form actin filament curtains and studied actin 
monomer assembly. However, actin filament curtains is 
an in vitro method now, and we cannot directly apply this 
detection method inside living cells, which is our long-
term future direction.

The second short-term direction is to update the flowcell 
preparation: (i) testing other nanofabrication methods for dif-
fusion barrier preparation. Electron-beam lithography can pro-
vide the best resolution with 100 nm barrier width. However, 
the procedure is complicated and expensive. Recently, the 
Finkelstein lab showed that UV lithography could replace of 
electron-beam lithography to generate diffusion barriers [85]. 
UV lithography is easier to use, however, it sacrifices resolu-
tion. The barrier width increases to more than 1000–2000 nm. 
Further work is needed to improve this method to get the bar-
rier width closer to 100 nm; (ii) producing a multichannel 
flowcell. The Finkelstein lab developed a new multichannel 
flowcell [86], to allow ATP titration experiments can be per-
formed in a single flowcell experiment.

The third short-term direction is to mimic the internal mac-
romolecular crowding of living cells [87]. The DNA curtains 
method is an in vitro assay, and the normal working buffer 
prepared for the single-molecule experiments is too simple 
to mimic the realistic conditions inside living cells. A living 
cell can be assumed as a molecule factory in which the space 
inside is highly crowded. To mimic the internal macromo-
lecular crowding, two methods are used: (i) adding biologi-
cal elements of living cells into the working buffer gradually. 
The advantage of this method is the working buffer condition 
is explicit. However, it will take long time to reach the final 
living cell condition because there are still many unknown 
elements, e.g. proteins; (ii) adding a cell extract. Cell lysis 
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is applied to damage and remove cell membrane, and the 
free solution inside is the cell extract that remain the most 
elements. The cell extract can be used as a working buffer, 
mimicking the realistic conditions inside living cells. This 
method has been developed, e.g. (1) Xenopus laevis cell-free 
extracts are applied to research DNA replication [88]; (2) 
whole-cell extracts are used for single spliceosomes assembly 
[89]. The benefit of this method is pushing in vitro single-
molecule biophysics towards physiological complexity faster 
[31]. However, the unknown elements inside the cell extract 
are still the difficulty, which needs to be faced with.

Some single-molecule techniques have been developed 
to monitor protein–DNA interactions at realistic conditions 
inside living cells [90–92]. However, DNA curtains is still an 
in vitro method now. As a longer-term goal, we hope to lever-
age DNA curtains to develop systems that will allow research-
ers to address the physical nature of these crucial biological 
reactions, as well as gain an understanding of precisely how 
they occur inside of living cells.
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