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DNA replication, repair, and recombination in the cell play a significant role in the regulation of the inheritance,

maintenance, and transfer of genetic information. To elucidate the biomolecular mechanism in the cell, some molecular

models of DNA replication, repair, and recombination have been proposed. These biological studies have been conducted

using bulk assays, such as gel electrophoresis. Because in bulk assays, several millions of biomolecules are subjected to

analysis, the results of the biological analysis only reveal the average behavior of a large number of biomolecules.

Therefore, revealing the elementary biological processes of a protein acting on DNA (e.g., the binding of protein to DNA,

DNA synthesis, the pause of DNA synthesis, and the release of protein from DNA) is difficult. Single-molecule imaging

allows the analysis of the dynamic behaviors of individual biomolecules that are hidden during bulk experiments. Thus, the

methods for single-molecule imaging have provided new insights into almost all of the aspects of the elementary

processes of DNA replication, repair, and recombination. However, in an aqueous solution, DNA molecules are in a

randomly coiled state. Thus, the manipulation of the physical form of the single DNA molecules is important. 
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1. Introduction

Single-molecule imaging and DNA manipulation provide new analytical methods in molecular biology and biochemistry

. The advancements in microscope and fluorescence imaging technology for biomolecules enabled the direct

observation of DNA and proteins at the single-molecule level. Unlike electron microscopy (EM)  and atomic force

microscopy (AFM) , fluorescence single-molecule imaging technologies allow direct observation of fluorescently labeled

biomolecules in an aqueous solution. This makes the determination of the dynamic behavior of individual biomolecules

possible . Information obtained from single-molecule imaging and DNA manipulation contains not only the average

behavior of biomolecules but also the distribution of the dynamic behavior of individual biomolecules. For the past two

decades, single-molecule imaging and DNA manipulation have provided insights into biological processes based on the

dynamic behavior of individual biomolecules. Here, we describe the features and measurements of single-molecule

imaging and DNA manipulation.

 

2. DNA Manipulation

The conformation of DNA molecules in an aqueous solution flexibly fluctuates due to Brownian motion. The DNA

molecules behave as a wormlike chain, and voluntarily shorten the distance between the ends as their entropies increase.

Thus, fluorescently stained DNA molecules appear as bright spots under a fluorescence microscopic field. Therefore,

measuring the full length of the single DNA molecules under the relaxed state is difficult. Even though bright spots are

detected, it is difficult to determine the contour lengths between the bright spots of the protein bound to DNA and the DNA

terminus in randomly coiled DNA molecules. For this reason, the manipulation of the physical form of the DNA molecules

is necessary for obtaining information on the binding sites of proteins.

 

2.1. DNA Manipulation by Orientation Forces

The application of an electric field to linear DNA molecules results in the local induction of charges opposite to the closer

electrode on the DNA molecules. Figure 1 presents the orientation force exerted on DNA molecules. Each end of the

charged DNA molecules is attracted by the Coulomb force toward the near electrode, which results in the stretching of the

DNA molecules toward each electrode . However, when a direct current (DC) electric field is applied, fluid flow is

generated by bubbles with the electrode reactions, thus preventing the manipulation of DNA molecules. Conversely, when
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an alternating current (AC) electric field with cycling for the positive half-cycle and negative half-cycle is applied, the fluid

flow generation by bubbles with the electrode reactions is significantly suppressed. This is because the electrode

reactions generated during the positive half-cycle can be canceled by those generated during the negative half-cycle.

Therefore, the application of an AC electric field is suitable for DNA manipulation by orientation forces (Figure 1A) .

The dielectrophoretic force (the interaction between an induced dipole on the molecule and a nonuniform electric field) is

generated according to the dielectric properties of the molecule and medium. In a positive dielectrophoretic force, the

molecule, which is more polarizable than the medium, is attracted in a direction toward the region of high electric field

gradients. On the other hand, in a negative dielectrophoretic force, the molecule, which is less polarizable than the

medium, is attracted in a direction away from the region of high electric field gradients. By controlling the dielectrophoresis

force, single DNA molecules were manipulated by the application of an AC electric field with a frequency of 1 MHz at a

field strength of 1 MV/m (Figure 1B) . The application of an AC electric field enables the efficient alignment of hundreds

of individual DNA molecules under fluorescence microscopic fields. The field strength required for DNA manipulation, i.e.,

1 MV/m, is quite high; therefore, electrode miniaturization is necessary to generate a sufficient electric field. Electrode

miniaturization also suppresses heat generation by Joule heating, thus hindering the manipulation of DNA molecules. For

this reason, it should be noted that a higher salt concentration causes significant heat generation and electrode reactions.

For DNA manipulation by the electric fields, it is important to keep the solution under a low ionic strength condition in the

concentration range 1–100 µM for multivalent cations, such as calcium ions, magnesium ions, zinc ions and aluminum

ions, that reduce polarization by binding to the DNA backbone .

Figure 1. Outline of the stretching of the DNA molecule by orientation manipulation. The charge is induced on the single

DNA molecule by the electric field. The Coulomb forces are exerted on the induced charges, and then, the DNA molecule

is stretched by the Coulomb forces. (A) The stretching process for DNA molecule by the application of AC electric field.

(B) The stretching of DNA molecule by orientational force.

 

2.2. DNA Manipulation by Optical Tweezers

The physical principles of laser trapping were discovered by Arthur Ashkin in 1970  . In laser trapping, an extremely

bright and squeezed laser beam is refracted by a particle at the focal point. The photons that have momentum exert a

force on the microparticle during refraction. Due to this power, particles are trapped without physical contact around the

focal point of the laser beam. The manipulation technology for the particle position is called optical tweezers .

However, the manipulation of randomly coiled DNA molecules by optical tweezers is extremely difficult. Thus, by

attachment to a particle at one end of the linear DNA molecule, the single DNA molecule is indirectly manipulated by the

trapped particle by optical tweezers. The indirectly manipulated single DNA molecules can be stretched by the fluid flow or

an electric field  . However, the fluid flow cannot uniformly stretch the trapped single DNA molecules. To enable

the uniform stretching of single DNA molecules, they need to be physically stretched from one end to the other end using
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particles via laser trapping. Figure 2 demonstrates that one end of a single DNA molecule is immobilized on the surface,

whereas the other end is attached to a particle. The manipulation of the particle under this condition enables the uniform

stretching of the trapped single DNA molecules . The use of dual-beam optical tweezers can successfully stretch

DNA molecules whose termini are attached to different particles and control their tension based on the particle position

 . The development of optical tweezers has made it possible to determine the force in the order of piconewtons to

nanonewtons, which facilitates progressive analyses of the dynamic interaction between DNA and protein at a single-

molecule level .

Figure 2. Physical manipulation of a single DNA molecule attached to microbeads using optical tweezers. Conceptual

diagram of DNA manipulation by optical tweezers.

 

2.3. DNA Manipulation by Electric Field and Fluid Flow

In a microchannel device, individual linear DNA molecules with one end immobilized on a glass surface can be stretched

by the fluid flow or an electric field generated using miniaturized electrodes (Figure 3A,B). The application of a DC electric

field at 10 V/cm enabled the stretching of single DNA molecules without a fluid flow in a microchannel . However, the

single DNA molecules were not stretched without both the fluid flow and DC electric field, which resulted in the randomly

coiled state . This indicates that the negative charge of the phosphate backbone of DNA strands was attracted toward

the anode upon applying a DC electric field. In terms of the fluid flow, the individual linear DNA molecules can be

stretched by manipulating the fluid flow using a microsyringe pump in a microchannel (Figure 3B) . This is because the

fluid flow generates an external force to transform the physical form of the single DNA molecules from the randomly coiled

state to the stretched state. The solution can be controlled at the reaction field by exchanging with the solution that is

newly injected into the microchannel device. Upon applying the fluid flow and electric field, several dozens of stretched

single DNA molecules can be observed under the same fluorescence microscopic fields. This enables an efficient analysis

of the dynamic interaction between DNA and protein in a high-throughput manner. In particular, by using a simple micro-

or nanofabricated glass surface with lipid bilayer coating, a single-molecule technique, called DNA curtains, has been

developed to align the arbitrary patterns of thousands of single DNA molecules in a microchannel . This

technique has provided a powerful experimental platform for the concurrent observation of hundreds or thousands of

dynamic interactions between DNA and protein .

Figure 3. Conceptual diagram of the manipulation of single DNA molecules with one end immobilized on a surface. (A)

Stretching manipulation of single DNA molecules by a DC electric field. The DNA molecule is relaxed without the

application of electric field but stretched with the application of it. (B) Stretching of single DNA molecule by the fluid flow.

The DNA molecule is relaxed without the fluid flow but stretched with the fluid flow.
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2.4. DNA Manipulation by Magnetic Tweezers

Magnetic tweezers have been utilized to manipulate single DNA molecules and to conduct analysis of the mechanical

properties of the interaction between DNA and protein at a single-molecule level . A single DNA molecule is tethered

to a surface at one end and attached to a magnetic particle at the other end. By generating a magnetic field using external

magnets, a force is exerted on the single DNA molecule bound to the magnetic particle. The force applied to the single

DNA molecule can be determined from both the applied magnetic force and fluctuations of the magnetic particle position.

Thus, by determining the applied force, the force of the action and behavior of protein with the single DNA molecule can

be determined by tracking the magnetic particle . In addition, magnetic tweezers can generate a rotating magnetic

field via a magnet rotation; therefore, they can induce supercoiling of a specified density in the single DNA molecule

(Figure 4). For these reasons, magnetic tweezers can be used to analyze the mechanical properties of the various

physical forms of DNA, which change in response to DNA-binding protein and enzyme activity . However,

tracking the behavior of magnetic beads makes it difficult to analyze the position of protein bound to a single DNA

molecule and that of the non-B DNA structures induced by supercoiling. By using a fluorescence microscope equipped

with magnetic tweezers in a microchannel, a single-molecule manipulation system has been developed . This system

can be used to control the supercoiling density of single DNA molecules. Single DNA molecules are supercoiled by

rotating the magnetic field generated by rotating a magnet above the microscope stage. By placing the magnet

downstream of the microflow channel, the supercoiled single DNA molecules are stretched, and this can be observed

under a microscope. By using magnetic tweezers, the full length of the supercoiled single DNA molecules can be directly

observed under a fluorescence microscopic field.

Figure 4. Induction of supercoiling in the single DNA molecules by magnetic tweezers.

 

3. Single-Molecule Imaging for Biological Processes

By manipulating DNA, the randomly coiled state of a single DNA molecule can be controlled toward stretched and

supercoiled states. Unlike in the randomly coiled state, the position of a protein bound to single DNA molecules under the

stretched state can be determined from the length information of the DNA molecules. Thus, single-molecule techniques

combining DNA manipulation and single-molecule imaging have successfully analyzed the dynamic interaction between

DNA and protein, thus providing a new insight into the elementary processes of DNA replication, repair, recombination,

and others.

 

3.1. Single-Molecule Imaging by Single-Molecule FRET

Förster resonance energy transfer (FRET) has been used as a powerful tool to quantify putative interactions between

neighboring biomolecules, such as protein–protein interactions, protein–DNA interactions, and also protein conformational

changes . For monitoring the interaction between two biomolecules, one of the biomolecules is fluorescently labeled
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as a donor fluorophore, and the other, as an acceptor one. When the donor and the acceptor biomolecules are separated

by less than approximately 10 nm, the excitation energy of the donor, which reaches an excited electronic state, is

transferred to the acceptor through the electronic resonance of molecular orbitals . By nonradiative energy transfer

between a donor and an acceptor molecule, thus, the FRET is able to identify interactions between the labeled

complexes.

Single-molecule FRET (smFRET) facilitates measurement for the dynamic interactions and behavior between a

fluorescently labeled donor and an acceptor, such as protein–protein and protein–DNA  interactions . In

addition, by labeling with a donor and an acceptor at different sites on the same single molecule, the conformation

changes within a single molecule are allowed to be observed . However, it is necessary to understand the overall

structure of the molecule or complex of molecules and the site-specific attachment of fluorophores and color of the

fluorophores.

SmFRET has been applied to the analysis of the DNA-unwinding mechanisms of various DNA helicases acting on single

DNA molecules. With one smFRET-based approach, the DNA-unwinding mechanisms of Mcm2–7 helicase in eukaryotic

DNA replication have been analyzed . Based on the closed Mcm2–7 ring structure, the Mcm2 and Mcm5 were

fluorescently labeled with a donor and an acceptor, respectively . This is because ATP binding at the Mcm2–Mcm5

interface is purported to close the Mcm2–7 ring by cryo-EM and negative-stain EM studies. For this reason, the opening

and closing of S. cerevisiae ring-shaped Mcm2–7 DNA helicases were monitored during the recruitment of the pre-

replicative complex (pre-RC) to the origin of replication. The application of smFRET provided new insights into the

mechanism of eukaryotic DNA replication. Through another smFRET-based approach, the DNA-unwinding mechanisms

of the WRN helicase of Werner syndrome (WRN), which is caused by mutations in the WRN gene encoding WRN

helicase, have been analyzed . To evaluate the DNA-unwinding properties of WRN helicase, the substrates of different

DNA structures, including forked DNA, overhanging DNA, and G-quadruplex-containing DNA, were fluorescently labeled

as a donor and an acceptor, respectively. The DNA unwinding of WRN helicase was not caused by complete dissociation

from and rebinding to substrates or by strand switching, but by the reciprocating of WRN moving along the same ssDNA

substrates. The repetitive movements were shown to behave differently for each DNA substrate, such as forked DNA,

3′/5′-overhanging DNA, and G-quadruplex-containing DNA. These functions of WRN helicase assist the access of other

enzymes acting during biological processes, such as DNA replication, repair, and recombination, resulting in it being

helpful for the inheritance and maintenance of genome stability.

 

3.2. Single-Molecule Imaging for ssDNA Molecules by Fluorescent ssDNA-Binding Protein

To directly observe DNA molecules under a fluorescence microscopic field, the biomolecules need to be labeled using a

fluorescent chemical compound. Intercalating dyes (e.g., YOYO-1 and SYTOX Orange), which are intercalated between

the base pairs of dsDNA, can be utilized to directly observe the double-stranded regions of DNA molecules (Figure 5A).

However, fluorescent intercalating dyes are not applicable for the direct observation of the single-stranded regions of DNA

molecules. However, in the elementary processes of DNA replication, repair, and recombination, single-stranded regions

of DNA molecules are generated by proteins acting on DNA, such as DNA helicase and DNA exonuclease. Thus, to

analyze the elementary biological processes, the single-stranded regions of the DNA molecules need to be directly

observed.

To enable the direct observation of the single-stranded regions of DNA molecules, ssDNA-binding proteins are used

(Figure 5B) . In particular, eukaryotic replication protein A (RPA), which is composed of the heterotrimeric subunits of

70, 32, and 14 kDa, is an ssDNA-binding protein that binds to the phosphate group of ssDNA . Using a fusion protein

between the ssDNA-binding domain of RPA and a fluorescent protein, the single-stranded region of a single DNA

molecule has been directly observed under a fluorescence microscopic field .  In single-molecule imaging using a

microchannel device, ssDNA molecules fluorescently labeled with ssDNA-binding proteins are stretched with the fluid flow,

whereas are they randomly coiled without the fluid flow . As an effect of the salt, the fluorescent ssDNA-binding protein,

RPA–YFP molecules bound to the ssDNA molecules are released by a high concentration of sodium chloride, and then,

the RPA–YFP molecules are rebound to the ssDNA molecules under a salt-free condition  (Figure 5C). In the presence

of free DNA-binding protein (e.g., RPA, SSB, and Rad51) in the solution, the RPA molecules dissociate from the single-

stranded regions of DNA molecules, which results in a rapid exchange between the free and bound states of RPA

molecules . Thus, single-molecule imaging has revealed that the ssDNA-binding affinity of RPA is not strong but that

RPA is reversibly bound to ssDNA. These results indicate that RPA protects ssDNA. However, RPA is easily displaced

from ssDNA; therefore, other proteins acting on DNA are allowed to access the ssDNA. Therefore, fluorescent ssDNA-

binding protein is highly effective for the single-molecule imaging of the elementary process of DNA replication, repair, and

recombination and others.​
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Figure 5. Labeling of the single-stranded regions of single DNA molecules with fluorescent ssDNA-binding proteins. (A)

Staining the double-stranded region of a DNA molecule with an intercalating dye. The single-stranded region is not

stained with an intercalating dye. (B) Labeling of the single-stranded regions of DNA molecules with fluorescent ssDNA-

binding proteins. (C) Schematic illustration of the dynamic behavior of the single-stranded DNA molecules labeled with

fluorescent ssDNA-binding protein. One end of ssDNA molecule was specifically immobilized on modified glass surface,

and then, fluorescent RPA molecules were injected into the flow cell, resulting in the binding of fluorescent RPA to the

ssDNA molecules. The dynamic behavior of the physical form of ssDNA molecule was monitored with and without fluid

flow. When salt was added at more than 200 mM, the fluorescent RPA molecules were released from the ssDNA

molecule. The ssDNA was restained with the fluorescent RPA after removing the salt. Refer to [58] for details.

 

3.3. Single-Molecule Imaging for Supercoiled DNA and DNA Secondary Structures​

It has been strongly suggested that the physical form of DNA affects the activity of enzymes acting on DNA .

This indicates that the physical forms of DNA, such as supercoiling and supercoiling-induced non-B-DNA structures, may

play significant roles in the regulation of DNA replication, repair, recombination, and others. To induce supercoiling of a

specified density in a single DNA molecule, magnetic tweezers have been used. The superhelicity of single DNA

molecules has been controlled using magnetic tweezers under a fluorescence microscopic field . Single-molecule

imaging has revealed the following: (i) plectonemes were induced by supercoiling; (ii) plectonemes were moved along a

single DNA molecule by diffusion; (iii) new plectonemes were induced at a distant position via a fast hopping process. It

has been suggested that the dynamic behavior of plectonemes may enhance protein binding and gene expression as

follows . In single-molecule imaging, the plectonemes on single DNA molecules were simply observed by the

intercalating of SYTOX Orange between base pairs of DNA. It was shown that plectonemes were induced upstream of

promoters in several prokaryotic genomes.

It has been proposed that DNA looping with DNA supercoiling plays critical roles in the spatial organization of

chromosomes. Structural maintenance of chromosome (SMC) protein complexes such as condensin and cohesion play

key roles in restructuring genomes during the cell cycle . The formation and processive extension of DNA loops by

yeast condensin on single DNA molecules was directly observed via single-molecule imaging . The elegant single-

molecule experiment demonstrated that by the action of a condensin complex, tens of kilobase pairs of DNA were

extruded as a loop structure, at a force-dependent speed of up to 1500 base pairs per second. Single-molecule imaging

has shown that the induction of DNA loop extrusion by SMC complexes may be the key principle for the organization of

genome architecture.

In single-molecule imaging for DNA secondary structures induced by supercoiling, local structure denaturation of single

DNA molecules was frequently induced under a high negative supercoiling density but was almost not induced under a

low negative supercoiling density . Local structure denaturation was often observed at the initiation region for DNA

replication on single DNA molecules under a high supercoiling density. These results indicate that negative supercoiling

enhances the initiation of DNA replication.​
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3.4. Single-Molecule Imaging for the Initiation of DNA Replication​

DNA replication is initiated from replication origin . The consensus sequence of replication origin is highly conserved

among bacteria and budding yeast; however, it is not completely conserved in some eukaryotes, such as flies, frogs, and

mammals . However, in bacteria and eukaryotes, the initiation of DNA replication is promoted by the

negative supercoiling of DNA . It has been suggested that the physical form of DNA plays a significant role in

regulating the initiation of DNA replication. The large T antigen (Tag) of Simian virus 40 (SV40) has been utilized as a

model of DNA replication in eukaryotic cells. SV40 Tag is crucial for SV40 DNA replication and is the only replication factor

encoded by a viral gene. The multifunctional protein SV40 Tag acts as a replication initiator and simultaneously exhibits a

DNA helicase activity during DNA replication. Thus, it is assembled at the SV40 replication origin and unwinds duplex

DNA .

The initiation of DNA replication using SV40 Tag has been analyzed via single-molecule imaging . In the single-molecule

technique, the unwound DNA on the single DNA molecules was labeled by fluorescent ssDNA-binding protein, whereas

the double-stranded regions of the single DNA molecules were labeled by fluorescent intercalating dyes. SV40 Tag

assembled on the SV40 origin efficiently unwound DNA as a single hexamer translocated on the ssDNA of the lagging

strand in the 3′-to-5′ direction. The translocation of SV40 Tag is the same as that of the Mcm2-7 helicase . These

results indicate that the replicative DNA helicase in eukaryotes unwinds a ssDNA on a lagging strand in the 3′-to-5′

direction. The effect of negative supercoiling on the initiation of DNA replication initiated by SV40 Tag has been analyzed

by combining DNA manipulation and single-molecule imaging . The increase in the negative supercoiling density

stimulated the DNA unwinding more strongly. Furthermore, negative supercoiling was associated with an increased

probability, from the assembly of Tag on the SV40 origin, of DNA unwinding. These results indicate that negative

superhelicity facilitates the initiation of DNA replication.​

 

4. Conclusions

Single-molecule techniques are maximally utilized through integration with microfluidic devices. Microdevices used in

single-molecule analysis have many advantages in terms of reduced sample volumes and the reaction field to be

controlled. In particular, the detection frequencies for the biological events between DNA and protein are significantly

improved by the reduced distance of molecular diffusion. The further improvement of DNA manipulation and single-

molecule imaging techniques will significantly enhance the dynamic analysis of the behavior of and interaction between

biomolecules and provide new insights into the mechanisms of elementary biological processes such as DNA replication,

repair, and recombination. A knowledge of DNA replication, repair, recombination, and others at a single-molecule level is

helpful for not only predicting behaviors at the cellular level but also understanding the inheritance and maintenance of

genome stability and diseases associated with DNA replication, repair, and recombination (e.g., aging and cancer). Thus,

these single-molecule studies will play important roles as bridges to close the gaps between the research at the molecular

level and the research at the cellular level in the fields of biochemistry and molecular biology.
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