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1. Ghapter 1 Introduction

1.1 Overview

The discovery of the double helix structure of DNA by Watson and Crick (1) in 1953 was

one of the most important discoveries of the 20th century. This structure elucidated the

basic mechanism of how genome information is stored in base pairs and copied in all

living cells. In Watson and Crick's structure, two DNA strands are held together by

hydrogen bonds and base pair stacking effects. The base pair stacking effects and the

electrostatic repulsions between the negatively charged phosphate backbones of DNA

lend it unusually high stiffness. Unlike other synthesized or natural polymers such as

single-stranded DNA (ssDNA), which are flexible polymers, double-stranded DNA

(dsDNA) is resistant to bending, containing over 100 base pairs.

The symmetric and highly regular structure of DNA in crystals is not really seen

in DNA in the cell. Inside the cell, the DNA molecule is subject to many different types of

mechanical forces: (1) Thermal force: DNA in solution is continually changing

conformation due to thermal vibration and collisions with water. (2) Protein-DNA

interactions: The interaction between DNA and protein also changes the conformation

of the DNA molecule. Mechanical forces cause numerous deformations of DNA

including bending, twisting and compression. In fact, DNA deformations control how

DNA can be packaged and regulated in the cell.

The mechanical properties of DNA are important for its function inside the cell.

Bending stiffness is especially important because many cellular processes such as DNA

packaging and transcriptional regulation require tight bending of DNA.



This thesis focuses on the study of DNA bending stiffness in tightly bent

conditions. The worm-like chain (WLC) model describes DNA properties in small

bending conditions very well. However, the behavior of DNA in tightly bent conditions is

still unclear. Several experiments under tight bending conditions suggest the presence

of non-harmonic elastic energy. The WLC model suggests that bending energy has

classic harmonic potential. One of the goals in this study was to distinguish the models

of DNA micromechanics in tightly bent conditions. Another goal was to directly measure

the magnitude of force required for bending DNA.

Before introducing this thesis in detail, two points must be mentioned to clarify

the discussion.

First, we focus on DNA mechanical properties at equilibrium. The bent DNA

structures have static bends, or kinks or dynamic isotropic and anisotropic flexibility.

Most experimental methods measure the average conformation of populations of

molecules and cannot distinguish between static and dynamic states. lf the

measurement were carried out slowly, we consider that the system remains in

quasi-static equi librium.

Second, particular sequences of DNA molecules have a preferred bend

direction (anisotropic bending). For example, an A{ract sequence motif, which contains

runs of four or more adenine residues in a row, adopts an intrinsic curve of DNA (2). The

intrinsic curve, or permanent bendedness, is a structural property of DNA. In contrast,

bendability is a dynamic mechanical property. lt is difficult to distinguish bendedness

and bendability experimentally; thus, this thesis will simply refer to the bending property

as bendability.
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Figure 1-1 DNA structure. (A) Double helix structure of DNA. (B) Two interactions contribute to

the stiffness of DNA bending. One is base pair stacking effects due to the hydrophobic effects.

Bending will increase the exposure of the polar and non-polar surfaces to solvents. The other is

the electrostatic repulsion between the negatively charged phosphate backbones.

1.2 Polymer mechanics of DNA

Biological polymers such as nucleic acids, actin and microtubes are semi-flexible; at

small length scales, the chain behaves as a rigid rod, and at large length scales, the

chain appears flexible.

In this section, the classic elasticity theory will be introduced first, since the

bending elasticity is important for biological polymers. A simplified slender rod model is

used for describing the bending of dsDNA. A slender rod is where the length is much

greater than the diameter. The bending of a slender rod is calculated based on Hooke's

law. Later, the statistic mechanics theory of the polymer, the worm-like chain model

(WLC model), will be introduced. This model describes the behaviors of polymers in

solution undergoing thermal fluctuation.

7



1.2.1 Bending of a slender rod

At small length scales, dsDNA behaves as a rigid rod. In mechanics and material

physics, the bending of a slender rod is described by beam theory (also known as the

elastic curve equation)(3). Suppose we apply a force (D to the free end of a slender rod

that is fixed at the other end (Fig. 'l-2). ln the small-angle deflection, the curvature of the

bend 1/R (R is the radius of curvature) will be in proportion to the bending moment, M.

K*=E tll

The bending moment (M) equals force (F) times the distance (x).The constant rc is

called bending stiffness or flexural rigidity. Beam equation is an analogue to Hooke's

law.

Beam equation can be used to calculate the shape of a beam. All the

information about the shape of the rod is contained in the tangent angle 9(s). For small

angles and arc length, i= # = ?*, if we know the bending moment at each point, as

well as the boundary condition, we can calculate the deflections of a beam and tangent

angle 0(s).

日gure l‐ 2 Bendng ofa can■にvered beam.Forthe smtt angle and arcね n゛h,讐 =穿 =静 y

is the delection ofthe beam,s is the arc length,and θ(S)iS the tangent angle at each position s.
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The beam equation can also be used to calculate the bending energy of a

beam. Consider a slender rod of length L, where the shape of the rod is specified by the

tangent angle 9(s) at each position s along the arc length of the rod (0 < s < L). Using

the beam equation, the bending energy per unit length is calculateO as ff =)*{g;t,

where rc is the bending stiffness and is the curvature of the arc. This equation

is analogous to the energy stored in a spring U =;rcx2, where k is the spring constant

and x is the displacement. The total energy U required to bend a segment of DNA of

length L through an angle 0 is expressed as

L fL de^ k
U =Z* Joilt(ar)" = Ut' l2l

lf a rod is of isotropic homogenous material, the bending stiffness can be

separated into two terms: rc = EI. E is the Young's modulus, which is a property of

material, and / is the second moment of inertia of the cross-section. For the bending of

DNA, however, the molecular structure is not isotropic. E and / have not independent

significances.

1.2.2 The worm-like chain model

At large length scales, dsDNA behaves as a flexible polymer. Like other polymers, DNA

resists being straightened because of the thermal fluctuation. The entropic stiffness of

DNA is remarkably great. The concept of entropic stiffness was introduced by the

freely-jointed chain model (FJC model), which was the first and the simplest mechanical

model for polymers. The FJC model was developed independently in the 1930s, by

Kuhn, Guth, and Mark (3-5). However, the more recent WLC model is more often used

for describing the mechanical properties of DNA. The WLC model was first proposed by

１
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Kratky and Porod (6) in 1949 and first treated numerically by Fixman and Kovac (7) in

1973.

The FJC model treats polymers as a chain composed of n statically

independent segments of length b (Kuhn length) with flexible connection (Fig. 1-3A). In

an FJC chain, the interaction among the segments can be neglected, thus the

orientation of a specific link is uncorrelated with the other links.

Figure 1-3 FJC model and WLG model. (A) Freely-jointed chain. A filament composed of n

segments of the same length. (B) Worm-like chain. A filament in 2 dimensions, the tangent

angles at the 2 ends 0(s) and 0(0) become uncorrelated as the arc length increases. f(s) is the

tangent vector at point s.

In contrast to the FJC model, the WLC model treats the chain as a continuum

elastic rod, by allowing the segment length b to go to 0, and the number of segments n

to infinity (Fig.1-3B). The WLC model suggests that the bending of small fragments of

the chain obeys Hooke's elasticity. The orientation correlation function of a WLC

reveals exponential decay (equation [3]). Figure 1-28 depicts the time average of the

10
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cosine of g(s) - 0(0) decreasing exponentially as the arc length s increases. The

characteristic distance Lo is persistence length which describes the resistance of

DNA to thermal bending. Persistence length (to) is the most important.parameter in the

WLC model. The stiffer the polymer; the longer the persistence length. lf the length of a

filament is much greater than the Lo, the tangent angle at the two ends 0(s) and 0(0) will

be uncorrelated.

(cosgp[9(s) - g(0)]) = ,*P(-) I3l

From this definition, the mean-square end-to-end distance calculated from

the WLC is

(R')=2Lr'l / to\ ''lolP.o(-;)-'* 4l t41

When the counter length Ls is much greater than Lo, (R2) = zLpLo'

Additionally, the force-extension relationship can be derived from WLC

model. The complete treatment for describe the force-extension relationship of DNA

was achieved by Marko and Sigia (8) in 1995 and reported by Bustamante et al (9) in

1994. For more detail description please refer to (3-5). The detail of force-extension

curve of WLC model will discussed in Chapter 1.3.2.

Persistence length and bending sfiffness

The WLC model assumes that the locat bending of a polymer has classical

harmonic bending energy.UJng equaJon[31,υ =:κイdS(讐)2=券θ2,and the

equipartition of energy (U) = ksT, the orientation correlation function can be derived as

(Cο S[θ (S)一θ(0)])=exp(生号:萱b

By compattng with equalon[3],we can Obtain

[5]



κ

Lp=扇
訂

Thus, Lo is directly proportional to the bending stiffness rc of the chain L, -- #

(deviation is shown in Appendix 2). The bending energy of a segment of length L bent

through angle 0 can be also expressed as

」(θ)=ι
pたBT 
θ2

1.3 Measurements of DNA persistence length

ln this chapter, both biochemical bulk measurements and single-molecule stretching

experiments for measuring the DNA persistence length will be introduced.

1.3.1 Ensemble methods (Bulk assay)

Early studies used various methods to measure the persistence length of dsDNA,

including optical methods to monitor the overall conformation of DNA in solution,

electron microscopy to observe the image of DNA, and the ligase-mediated cyclization

method (Table 1). The common point of bulk assays is that they sample large amounts

of DNA and analyze the average properties of molecules. Hagerman have reviewed

these bulk assays (10).

The bulk assay for measuring the persistence of DNA has several fundamental

limitations. First, bulk assays probe the average behavior of many molecules, and rare

events such as sharp bending conditions cannot be resolved. Second, the elastic

parameters are not directly observed in these measurements. Therefore, although a

great deal of mechanical information about DNA is studied using bulk assays, these

limitations hinder the further applications of these methods.

[6]

[7]
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Table 1: Experiments for measuring DNA persistence length

Methods Parameters for determining Lo Persistence length (l'o) Reference

Measurements based on the global properties of DNA

-Light scattering Scattering angle and intensity 66 t 6 nm D. Jolly et al (11)

Rotation diffusion constant D,.o1

-Hydrodynamic methods Sedimentation velocity 60 t 10 nm J.B.Hays(12)

Intrinsic viscosity 4 57.5 nm Kovacic(13)

-Transient electric birefringence Rotation diffusion constant D,'o1 -60 nm (in 1 mM Na.) P.J.Hagerman(14)

(rEB)

-Transient electric dichroism Rotation diffusion constant D,'o1

(rED)

Measurements based on images of DNA

-Electron microscopy (EM) (cosO) - exp( - s/ZLr) (2D) 54 + 5 nm (0.3-0.5 M Bettini and

ammonium acetate) Frontali (15,16)

-Atom force microscopy(AFM) (tot0) = exp( - s/21) (2D)

-Scan force microscopy (SFM) (cos?l - exp( - s /zLr) (2D) Lp eD) = 106 nm. Rivetti (17)

Lp (3D) = 53 nm

Measurements based on ligase 32T3Lo3 . ZnL, . 0.257Lo, Lp = 50.7 nm

mediated cyclization Jwr'c = /vo4u "*p1- l. * 4 ' (Torsional stiffness of DNA

C = 2.4-3.Ox 10-1s erg'cm

=240-300 pN.nm2)

Shore(18)
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Measuremenfs based on the overall conformation of DNA

Several methods including gel analysis, light scattering, hydrodynamic methods, and

electro-optics are based on the overall conformation of DNA to calculate its

persistence length. Physical properties such as viscosity coefficients and rotational

diffusion coefficient which are measured in those methods can provide information

about the overall conformation of the chain. In practice, these macromolecule

properties of are difficult to measure directly. Therefore, the usual approach is

combined with measurement of the molecular weight. From the following equation, the

persistence length can be estimated from the mean-squared end-to-end length (R2)

and molecule weight.

(R')=ZLr'l / ro\ ''Lol
fxo(-il- t *iJ I8l

,where Ls is contour length, which relates to the molecule weight.

The methods used in preliminary studies were as follows:

(1) Rayleigh scattering method: The quantitative measurement of DNA flexibility

was first obtained by measuring the intensity of Rayleigh scattering of DNA in solution.

A persistence length.of 66 t 10 nm was estimated (1 1). Visible light was used because

light in this wavelength provides information about the global conformation of DNA

(.fft). Subsequently, the angular dependence of scattering intensity was also used to

measure the persistence length. The rotation diffusion coefficient of DNA, Dy61, w€rS

measured and then used to derive the radius of gyration & (& = <R2>t/'). The

persistence length could be calculated from the value of RnlLs,where Ls is the contour

length of DNA (19).

14



(21 Hydrodynamic methods are based on the measurements of intrinsic

sedimentation and viscosity coefficient 11 of DNA molecules in a solution as a function

of molecular weight. By fitting results to a relevant theoretical model, a persistence

length of 60 t 10 nm was determined(12). A later measurement obtained a value of

57.5 nm(13).

(3) Electrooptic methods such as the transient electric birefringence (TBE) or

transient electric dichroism (TED) methods are based on the measurement of the

rotational diffusion coefficient D,.os. In the TBE method, a short electric pulse (several

microseconds) introduces optical anisotropy in the sample and gives rise to

birefringence. After the field is switched off, the characteristic relaxation time of

induced birefringence is measured. By fitting to an appropriate model, this relaxation

time can be used to measure the rotational diffusion coefficient and persistence length

of DNA. Using this approach an Lo of approximately 50 nm was determined (14).

Moreover, by using this method, the Lo was shown to have a weak dependence on

monovalent ion concentrations above 1 mM.

Measurements based on the local image of DNA

Electron microscopy (EM) and atomic force microscopy (AFM) can produce highly

magnified images of DNA molecules on 2-dimensional (2D) substrates. Tracing the

contours and using orientation correlation functions, enables estimation of the 2D

persistence length of DNA. By using the EM method, Frontali et al (15) reported a

persistence length of 54 + 5 nm.

The assumptions embodied in this approach were that (a) the 2D contour on

the grid is obtained by re-equilibration of the contour as the DNA is laid down on the

15



grid, not by projection of the 3D contour onto the grid. (b) The interactions between

DNA and other materials do not influence the intrinsic flexibility of the DNA.

Despite the concerns pointed out above, EM and AFM approaches have

several advantages: These approaches analyze individual molecules and allow

observation of the behavior of DNA on a small length scale. Recently, Nelson and

colleagues demonstrated that high resolution AFM can be used to visualize the

curvature of DNA molecules over distances as short as 5 nm (20).

Measuremenfs based on DNA associating proteins

DNA associating proteins have also been used to study the mechanical properties of

DNA (21). Two methods, ligase-catalyzed cyclization and lac repressor-mediated DNA

looping, will be discussed here.

Shore et al (18) carried out ligase-catalyzed cyclization experiments to

determine the persistence length of DNA. This method is based on analysis of the ratio

of monomeric circles versus linearly-ligated species by native polyacrylamide gel

electrophoresis. This ratio is also known as thei factor. Determination of thelfactor as

a function of length allows estimation of persistence length. The kinetics scheme of

cyclization is proposed in Figure 1-44.

The cyclization reaction converts a linear DNA molecule (L) with cohesive

termini into a circular substrate (Sc) for DNA ligase (E). When both E and S are less

than 10'e M, formation of the ES complex is slow compared to the dissociation rate of

the cohesive ends. This condition can be considered a rapid pre-equilibrium condition.

The I factor is determined as the ratio of the amounts of circular monomers, denoted

16



by C(f), and linear and circular dimer, denoted by D(f), formed during the early stages

of fragment ligation:

ノ=2Mol鶴
器

,where lⅥ o is the initial∞ ncentration ofthe fragments.

[9]

Ligase

-

LttiSc+E些
3ESc tt E+

Ｂ
　
　
　
（Σ
）
「

町
咄
出
喘
嗜 200   250

Length (bp)

Figure 1-4 (A) Cyclization reaction and the kinetic scheme. (B) Cyclization efficiency jfactor

versus DNA length. The black line is the simulation curve predicted from the WLC modelwith

persistencelength Lp=Sl nmandtorsionalstiffness C=2.4 X 10{eerg'cm. Undersharpbend

conditions, thei factor was 3 orders higher than predicted by the WLC model. Figure 1-4B was

adapted from reference (22).

The concern that should be addressed in cyclization studies is that the rapid

pre-equilibrilium conditions are required. Careful cyclization experiments require that

the fraction of each substrate type must be small and of high purity.
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The theoretical calculation of the 7 factor treated with the WLC model was

presented by Shimida & Yamakawa (23). Figure 1-4B illustrates the simulation curve

of the i factor. The j factor oscillates for every -10 bp of increased length due to DNA

torsional inflexibility. Practically, thelfactor can be separated into the components jtrvr_c

and 6r7y. Component 1arls reflects the bending energy of DNA and persistence length

can be calculated by using an interpolation formula (equation [10]). This formula yields

very accurate results for DNA fragments 150-250 bp in length (24).

ノwLC ≡
 ::[]卜 iexp(―

::::旦 革旦妥

i『
生
ぅ

Compound f1y7 reflects the requirement of torsional alignment of the fragment

ends for DNA ligation (2Q. From the 7.'* value the torsional stiffness of DNA was

estimated as 240 pN nm21Z5;.

The cyclization experiment provided a powerful tool for the study of DNA

elasticity. The cyclization efficiency is sensitive to strong bent conformations.

Therefore, this method was applied to analyze the bending stiffness of DNA in sharp

bend conditions(26). However, the results remain controversial(27). Details pertaining

to this point will be discussed in chapter 1.3.4.

The Lac repressor-based method provided not only an in vitro method but

also an in vivo assay to measure the transcription process dependent on DNA

flexibility (21). The bending and twisting flexibilities of DNA in vivo may be influenced

by supercoiling,. DNA-binding proteins, and ionic and osmotic conditions. Thus,

analyzing how the in vivo results differ from the rn vitro WLC model might help us

understand the detail of gene regulation inside the cell.

[10]
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1.3.2 Single-molecule methods

Single-molecule methods have in many cases replaced bulk assays and have become

the main methods of DNA mechanics over the past 20 years. 
. Single-molecule

techniques allowed the application of force to individual DNA molecules and

measurement of the extension (Table 2). Using these techniques, the mechanical

properties of DNA can be studied directly. More detail about single-molecule stretching

DNA experiments is provided in (28,29).

Table 2: Single-molecule manipulation methods and measurement of the force-extension

relationship of DNA

Methods Range of Minimum Reference

applicable force displacement

Hydrodynamic drag 0.1-1000 pN 10 nm M. Yanagida et al.,

(30)

Magnetic tweezers 0.01-100 pN 10 nm S.B. Smith et al.,

(31)

Opticaltweezers 0.1-100 pN 1 nm* S.B. Smith et al.,

(32)

Wang et al.,

Glass needle 0-500 pN 1 nm Cluzel,P. et al., (33)

AFM (atomic force 10-10000 pN 0.1 nm (34)

microsopy)

* Recently, Block's lab reported the sub-nanometer precision of optical tweezers.

The force-extension relationship was first measured by Bustamante and

colleagues using magnets and fluid flow (31). They first analyzed the force-extension

curve by the FJC model, as it was the only known analytical solution for the force-

extension relationship at that time. However, the data deviated greatly from the FJC

model and implied that the DNA was locally largely curved (Fig.l-5).
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Figure 1-5 Force-extension curve of dsDNA. Red crosses are data from tr phage dsDNA

(48,502 bp). (Adapted from (20)).

Marko and Sigia presented the first analytical treatment of the force-extension

relationship of DNA using the WLC model (8). The approximation formula for the

force-extension curve was also the most commonly used (derivation in Appendix 2).

F=(峠7たァー:+卵
ln this formula, DNA is treated as an purely entropic chain with fixed contour length. The

inextensible WLC model fits data pt forces of up to 10 pN. Fitting data with high-force

regime will lead to a small overestimate in the value of Lo.

For stretching forces above 10 pN, the enthalpic extension of DNA will cause

the deviation from equation [11]. By introducing a parameter called the elastic modulus,

K, Odijk.proposed the modified WLC model combining both entropic and enthalpic

theory.

20



Z=LO[1-:(争
賢:)2+鳥

]

The corrected equation[11]beCOmes:

F=(1=三 )

[121

LzF
-+---l4 ' Lo Ko' I13I

Ko equals approximately 1000 pN in 150 mM Na'. This formula is applicable at large

force regime.

Assuming DNA behaves like a cylindrical rod of homogeneous elasticity, the

elastic modulus K" actually relates to Young's modulus E. In the WLC model, E is

related to the persistence length LpkBT = EI. Thus, the quantities Ko and Lo are related

through Young's modulus E and the rod diameter d.

K。 = Id2E〓 16たBTLpα
~2     _

[14]

The diameter of DNA is 2 nm; Ks is 40 nm; from equation [14], the intrinsic persistence

length of DNA can be estimated. This value agrees with the value obtained from the

entropic elasticity measurements. lt means that this idealization model might be a

realistic. Even though the persistence length is related to experiment conditions such as

ion strength, the intrinsic persistence length yields a lower limit.

Other single-molecule techniques, such as hydrodynamic drag flow, magnetic

tweezers, optical tweezers and AFM have been used to stretch single molecule DNA.

The results and methods are summarized in the following table.
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Summary

The persistence length of dsDNA ranges from 50-60 nm in solutions of low ionic

strength and decreases to -45 nm in solutions containing 100 mM Na' or low

concentrations of Mg2* ions.

1.4 Mechanics of tightly bent DNA

The experiments introduced in Chapter 1.3, such as free DNA in solution and the force-

extension curve, agreed well with the WLC model; however, these experiments could

not reveal the micromechanics of tightly bent DNA. Stretching experiments typically

measure the ensemble-averaged stiffness over a long DNA strand, in which small

fragments may experience many small bending events influenced by thermal energy.

As thermal energy supplies only low forces of the order of -0.1 pN (28), it is rarely

possible to induce sharp bending of DNA with a nanometer-range curvature radius in

DNA stretch experiments. Therefore, methodology that controls the bending curvature

of DNA is required to explore the micromechanics of tightly bent DNA and its

physiological role.

The micromechanics of tightly bent DNA are very important for its cellular

function and remain'unclear. In this section, lwill first introduce several examples of

tightly bent DNA in the cell and in engineering. Following this, several studies that

described the fundamental mechanical features of tightly bent DNA will be introduced.

Based on these results, alternative models of DNA bending are proposed. However,

none of these experiments produced a final conclusion about tightly bent DNA.
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1.4.1 The role of tightly bent DNA in the cell

Many significant protein-DNA interactions involve sharp bending and looping of dsDNA

with a curvature radius of 2-20 nm (35) (Fig.l-6).

A ～10 ⊂ ～50 nm

Figulre 1-6 Tightly bent DNA inside cell. (A) Transcription factor lac repressor-mediated DNA

looping, (B) DNA packing in the nucleosome, (C) DNA packing in bacterial viruses. (Modified

from et al (35)). The original figure used 8.5 nm for nucleosome. We used 9 nm to represent the

curvature diameter of nucleosome DNA. The diameter of nucleosome is about 11 nm and the

diameter of DNA is 2 nm.

-DNA packing in the nucleosome

In eukaryotic cells, chromosomal DNA is sharply bent and packed in the nucleosome.

The nucleosome core consists of four core histone proteins (36) and a 147 bp DNA(37).

The DNA is wrapped in 147 bp segments, rought4 t=; times around the histone

octamer on this charged ramp (Fig. 1-68). The curvature diameter of DNA wrapped

around the histone is only 9 nm, which is much smaller than the persistence length.

Simply by invoking equation [7] applicable to circular loops of diameter D, the elastic

energy is yielded by

U = 2LpksT/D [15]

The energetic cost of bent DNA in the nucleosome can be calculated as 38 kaT. The

contacts between positively charged residues on the histones and the negative charges
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on the DNA phosphate backbone are considered essential to overcoming this energetic

barrier.

It was suggested that the sequence dependence of bending energy might

affect the localization of nucleosomes, thus affecting the gene expression (38). Whether

a DNA sequence affects its bending stiffness, which influences nucleosome positioning

and gene expression, is an important question in biophysics. Several experimental and

theoretical studies have attempted to solve this problem; the details will be introduced in

Chapter 5.1. However, to answer this question quantitatively, a.novel method is still

needed for precise measurement of DNA bending energy in tightly bent conditions.

-DNA packing inside viruses

DNA packaging in extremely small viral capsids (radius of 15-50 nm) is another

example of extensive winding or bending of DNA (39). Since the genome DNA of

viruses typically has a length in excess of 10 pm, DNA must be tightly bent to fit inside a

small protein capsid.

The packaging of DNA inside a virus is supplied by portal motors that consume

ATP. The force generated by the motor of bacteriophage Q29 has been directly

measured using optical tweezers to pull the end of the DNA as it was packaged, and the

value obtained was 57 pN (40).

Calculating the bending energy of tightly bent DNA and analyzing the force

required to bend. DNA tightly is important for understanding how DNA packing motor

function. Considering only the bending energy, inserting a DNA segment of length L into

a capsid, will require a force of:
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At R = 3 nm, a force of 12 pN is required. This is a high force; therefore, a strong

molecular motor is required simply to overcome the bending energy of the DNA. ln fact,

the energy of the DNA compressed within the capsid has two components: the bending

energy and DNA-DNA repulsive interaction. This can explain why motor proteins

generate forces -50 pN.

-DNA bending in transcriptional regulation

Transcriptional regulation of gene expression is carried out by a variety of

DNA-associating proteins known as transcription factors. Many transcription factors that

mediate transcriptional control bind at two sites on the DNA simultaneously, looping the

intervening DNA. For example, lactose repressor protein modulates transcription of the

Escherichia coli lactose operon by looping DNA in a -8 nm diameter loop. Garcia et al

summarized some of the best known examples of transcription regulation involving DNA

looping (35) (Table 3). In most cases, the relevant loops have lengths that are

comparable to or smaller than the persistence length. This bending or looping of DNA

plays an important role in the regulation of gene expression.

Measuring of the free energy of DNA loop formation in vitro is necessary for

understanding DNA looping in vivo. The free energy of loop formation has been

measured by single-molecule methods such as tethered particle motion (41). However,

in these approaches, the free energy reflects not only the mechanical properties of DNA,

but also the effect of protein flexibility and the binding energy exerted by protein. A new

method capable of generating tightly bent DNA without DNA-associating proteins is

required.
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Table 3 DNA looping in transcriptional regulation.

Molecule or locus Mode of action VVild type loop lengths

(bp)

Lac repressor

AraC

Gal repressor

Deo repressor

Nag repressor

NtrC

入repressor

XylR

Papl

β̈g10bin 10cus

RXR
SpGCFl

HSTF

P53

Spl

c¨Myb and C/EBP

* Adapted from reference (35).

1.4.2Ttghtly bent DNA in engineering

Measurement of DNA bending stiffness is also important for designing of DNA-based

nano-devices. The DNA molecule has become a popular material in nano-engineering.

DNA has been used as self-assembling materials (42), actuators (43), and even

programmable motors (44).

An important issue in nano-engineering is mechanical control of nano-meter

scale devices. The distinct mechanical properties of single and double DNA strands can

be utilized for this purpose. The elastic energy of a dsDNA molecule wound into a circle

Repression

Repression and activation

Repression

Repression

Repression

Activation

Repression and activation

Activation

Activation

Activation

Activation

Activation, domain

intercommunication

Activation

Repression and activation

Activation

Activation

92,401

210

115

270,5991869

93

110-140

～2400

～150

～100

40,000-60,000

30-500

50-2500

23

50-3000

～1800

～80
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is approximately 50 times higher than that of ssDNA. Simply annealing complement

ssDNA, allows active mechanical control of nano-devices.

The DNA spring is one of such device. Figurel-7 depicts the DNA spring

using the elastic energy of bent dsDNA to exert tension on enzyme molecules and

modulate catalytic activity (45). However, the lack of quantitative information regarding

the mechanics of DNA molecules under high bending forces limits the application of

dsDNA as a molecular spring in nano-engineering.
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Figure 1-7 DNA spring (A). Mechanical control of the enzyme guanylate kinase by the DNA

spring. The distance between the attachment points of the DNA spring on the protein is 4.5 nm.

In the double-stranded form, the DNA spring exerts a stress on the protein that tends to pull the

attachment points apart. (B). Hybridization of the complementary strand to the DNA arm stiffens

the molecular spring, which removes the inhibitor from the active site, activating the enzyme.

(Adapted from reference (45)).

1.4.3 Previous measurements in tightly bent conditions

As introduced in Chapter 1.3, all previous measurements were based on the thermal

bending of DNA, for which the tightly bent conformation is energetically unfavorable.

The Ligase-mediated cyclization method overcomes this difficulty by circular

ligation of short dsDNA to synthesize a sharply bent DNA loop. Recently, a short 94bp

DNA fragment was reported to have demonstrated unexpectedly higher flexibility than

predicted by the WLC model (26). The cyclization efficiency, y factor, measured in this

B
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study was several orders higher than predicted by the WLC model (Fig 1-aB). However,

Vologodskii and colleagues claim that the cyclization of the short DNA fragment agreed

with the WLC model, but with a smaller persistence length (Lp = 47 nm) than that found

in other experiments (Lo = 53 nm) (22\.lt seems plausible that the WLC model fails to

explain several results (20,22,26). Further investigation into this issue is still necessary.

Moreover, as introduced in Chapter1.3.2, this method is not at equilibrium

condition, and cyclization efficiency could be enhanced by the ligase binding and the

chemical potential of ATP hydrolysis. ln addition, the rapid pre-equilibrium conditions

require low starting concentrations of DNA and ligase. Decreasing the size of DNA and

increasing the curvature of the loop will decrease the yields of looped DNA.

Another way to overcome this difficulty is by using an AFM image to measure

the distribution of dsDNA bending angles directly. By sampling a large amount of

bending angles on a small length scale, the rare event of sharp bending can also be

observed. By using this approach, Wiggins and colleagues estimated the bending

energy of dsDNA on a short length scale (20). They found the number of highly bent

segments was much higher than predicted by the WLC model. In principle, EM or AFM

methods can be used to detect differences in Lo for various DNA molecule regions.

However, this study analyzed the average of a large amount of DNA, thus the deviation

of the distribution of the WLC model may have been caused by the sequence deference

of flexibility. Moreover, the immobilization of DNA on a surface for AFM imaging may

have biased the populations of individual DNA forms.
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Figure 1-8 (A) AFM image of DNA on mica with 12mM Mg2*. (B) The chain of points was

determined by AFM. The angle distribution -InG (0,tr) is the probability distribution of angles

between tangents (blue arrows) separated by L. Negative logarithm of the probability distribution

function -lnG (0,L) for the angle 0 between tangents separated by contour length L, for L = 5

nm (orange), 10 nm (purple) and 30 nm (blue). The dots are experimentaldata. Solid curves are

the Monte Carlo evaluation of this correlation function in a linear sub-elastic chain (LSEC) model.

Dashed curves were the Monte Carlo evaluation of the same correlation in the WLC model with

persistence length Lp = 54 nm. (Adapted from reference (20)).

1.4.4 WLC model vs. nonharmonic model

Previous studies such as ligase-catalyzed cyclization (26) and AFM studies (20)

suggested the bending energy in tightly bent conditions is lower than predicted by the

WLC model. The WLC model might fail when applying large force to dsDNA at the

elastic limit. This is similar to macroscopic materials: beyond the elastic limit, permanent

deformation will occur and Hooke's law will fail in high-force regions.

The WLC model suggested a harmonic bending energy function (equation [7]). In

contrast, several nonharmonic models were developed to describe the results that

differed from the WLC model.

The kinkable WLC model (I(WLC model): Several models have been proposed

to clarify the high cyclization efficiency of short DNA fragments (Fig. 1-4), including a
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local melting bubble (46) or kink (47) formation during sharp bending. Wiggins and

colleagues characterized the kinking behavior with a single parameter, the average

number of kinks per unit length. At low curvatures, the IOVLC model is in agreement

with the WLC. At high curvatures, cyclization experiments are described by softening by

kink formation.

The linear sub-elastic chain model (LSEC model): By observing the 2D image

of DNA on a short length scale by AFM, Wiggins and colleagues also showed that it

understates the prevalence of large-angle bends (Fig. 1-8) (a8). The energy potential

cannot be clarified by the I(VVLC model. Thus, they developed the LSEC modelto clarify

these results (49).

The bending energy of LSEC model is derived as

Ur.ssc(9) = al?lksT l17l

The LSEC model also adequately describes force-extension, solution scattering, and

long counter length cyclization experiments.

Figure 1-9 illustrates the energy potential of all three models discussed in this

thesis. In Chapter 4, we will analyze our data with these models.

LSEC m el
u(0)

KWLC modelⅥ′LC model
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Figure 1-9 Models for DNA bending energy. The WLC model has harmonic energy potential.

The KWLC model suggests DNA breakage at a critical angle. The LSEC model suggests linear

energy potential.

1.5 Summary and motivation of this study

1.5.1 Measurement of persistence length of tightly bent DNA

The most important issue discussed in this thesis is determining whether the bending

energy of tightly bent dsDNA follows the WLC model. Focusing the study on this

problem was hindered by the difficulties of generating tightly bent dsDNA. All previous

measurements were based on thermal bending. The average force for thermal bending

is in the order of 0.1 pN; thus tight bending is a rare event. In ligase-catalyzed

cyclization experiments, synthesis of a dsDNA loop less than Lo in circumference is

nontrivial because of the formation of such loops is energetically unfavorable. In this

study, our goal was to develop a new method to directly generate tightly bent DNA by

externalforce and to measure the persistence length in tightly bent conditions.

1.5.2 Measurement of force required to bend DNA

Another issue is that the magnitude of force required to bend DNA is still unknown.

Previous study shOwed that the affinity of a transcription factor (TBP) for its binding site

was 300-fold higher (equivalent to a free energy change of 3.4 kcal mol-1) when the

sequence was pre-bent in the same direction as TBP-induced bending. Many studies

have demonstrated that mechanical force can modulate enzyme activities (50). lt was

reasonable to assume that the tension of looped DNA applied to DNA-associating

proteins might modulate the proteins activity. Quantitatively characterization of the

magnitude of force is important for revealing the details of the mechanics between DNA

and DNA-associating proteins.
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A lack of methods to measure the forces inside a nanometer-sized DNA loop is

the main problem. Conventional force-measurement technologies such as optical

tweezers and AFM are well suited for measuring tensile forces and are also better

suited for DNA molecules on a large length scale.

To our knowledge, the only experiment to measure the mechanicalforce inside

a DNA loop was by Shoff and colleagues (51,52). They used a ssDNA as a molecular

force sensor, both ends of which were linked to the ends of bent dsDNA (Fig. 1-10). The

force applied to the ssDNA ends was calibrated by single-molecule F6rster resonance

energy transfer (FRET). By varying the length of the loop and the proportion of dsDNA,

they modulated the internal force from 1 pN to >20 pN. In the smallest loop they

measured (S7-base DNA), the internal force exceeded the range of force that could be

measured by this method. The problem with this method is that the precision of the

force determination suffered from the intrinsic noise and nonlinearity of the FRET signal,

and the range of force that could be measured was also limited by the small dynamic

range of the FRET signal. Additionally, the mismatch between oligonucleotide also

made it difficult to determine the shape and actual curvature of the DNA loop.

To overcome the measurement difficulties, we will apply force actively to

generate sharply bent DNA. Our solution is to manipulate DNA mechanically by using a

small molecular reel (Chapter 4).By winding DNA, we would measure the tensile force

instead of the contraction force inside a DNA loop; thus we can use optical tweezers to

apply force precisely and over a wide range. The curvature of the wound DNA can also

be measured precisely from the position of the trapped bead.
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Figure 1-10 Measurement of mechanical forces inside short DNA loops by FRET (A)

Experimental schematic. ssDNA oligos containing force sensors are circularized with a

single-stranded ligase. Variation of internal force is achieved by annealing different lengths of

complementary DNA to the loops. (B) FRET for 3 different loop lengths, annealed to a variety of

complement lengths. Each point conesponds to a distinct construct. (C) Forces corresponding to

the data in B after conection for differences in Ro between constructs. The forces for the

indicated 57-mer data points are beyond the upper boundary because the corresponding Eppsl

values were below thd calibration range of the FRET force sensor. (Adapted from reference

(52)).
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2. Ghapter 2 Material and methods

Previous mechanical manipulations of DNA molecules were limited to large-scale

attempts, such as stretching or twisting dsDNA. In this thesis, I will introduce a novel

method to manipulate the local curvature of DNA. The uniqueness of our construction is

that the rotary motor protein Fr-ATPase was used as a molecular reel to wind dsDNA

(Fig. 2-1 please refer to Chapter 4 for details). This chapter focuses on the construction

of the experimental system. First, the rotary motor protein, F1-ATPase, will be

introduced. Later, opticaltweezers for applying force to DNA will be introduced. Finally, I

will introduce the assembly techniques. Both the optical and magnetic tweezers used in

our system require the attachment of micron-sized beads to the molecule. The

assembly of DNA, F1, ?hd beads on a glass surface is the most difficult part of this

construction.

Figure 2-l Experimental setup for winding DNA. One end of the DNA is wound around the

rotor of the rotary motor protein F1-ATPase. The other end of the DNA is connected to a

polystyrene bead and stretched by optical tweezers. Please refer to Figure 4-1 for details.

2.1 Introduction: A molecular reel made of F1-ATPase

2.1.1F"Fi ATP synthase

FoFl ATP synthase is an enzyme that synthesizes ATP from ADP and phosphate by

using the energy of a downhill proton flow across the membranes of mitochondria,
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chloroplast and bacteria. FoFl ATP synthase composes two parts, a membrane

embedded portion called Fo and membrane-extrinsic portion called Fr. Fo is a rotary

motor driven by the proton motive force and F1 is another rotary motor driven by ATP

hydrolysis (Fig. 2-2). The two motors have a common rotary shaft. ln living cells, the

proton motive force is generally large, and the Fo motor rotates the common shaft and

forcibly rotates F1 to synthase ATP.

Fo Motor(ab2C10‐ 12)

H+ 
―
  H+:

FoFl ATP synthase

J十   
一

Figure 2-2 Schematic images of FoFl ATP synthase. ATP synthase composes two rotary

motors. Fo (upper right) is embedded in the cell membrane and rotates with the translocation of

protons, driven by the proton motive force. The proton motive force is formed by the difference in

proton concentration (ApH) and membrane potential (Atp) across the membrane. F1 (lower right)

rotates with ATP hydrolysis. The subunit composition of bacterial Fo is ab2c1s-,'u. Fo is embedded

in the cell membrane and rotates the c-ring against the abz stator, driven by passive proton

translocation along the proton electrochemical potentialthat comprises the proton concentration

and membrane voltage across the membrane. Bacterial Fr is composed of o3fuyde and is an

ATP-driven rotary motor in which the y subunit rotates against the qgpg cylinder. The e subunit

binds to the protruding part of the y subunit. The 6 binds to the bottom of the o3B3 ring.

The first crystal structure of F1-ATPase was determined from bovine

mitochondria by Walker and colleagues in 1994 (53). The complex, with the minimum

峰 ψ

Fl Motor(α3β 3Vδε)

ー

ADP+Pi

ADP+Pi
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stability and functionality as an ATPase, is an qsFsy sub-complex. The crystal structure

showed that three q subunits and 3 three subunits are arranged alternately, forming a

cylinder (qp)s. The central y subunit forms an asymmetric coiled-coil structure. All q

subunits are bound to the ATP analogue AMP-PNP and exhibit near-identical

conformation. However, three B subunits have different conformations: The Fe (empty)

has an open conformation; Frp (bound ATP analogue AMP-PNP) and Fop (bound ADP)

have close conformation. (Fig.2-3). The crystal structure supported "binding change

mechanism" of ATP synthase proposed by Boyer (54).

Figure 2-3. Grystal structure of mitochondrial F1-ATPase. Side view (A) and top view (B) of

F1-ATPase from bovine heart mitochondria (PDB: 1E79) (Blue: o, green: B, red: y, yellow: 6,

purple: e).

2.1.2 Single molecule manipulation of Fr by magnetic tweezers

-Srngte molecule obseruation of h rotation

The rotation of the y subunit in a single F1 waS directly visualized by optical microscopy

in the laboratories of Yoshida and Kinosita (55). F1 molecules from a thermophilic

bacterium (Bacillus strain PS3) were fixed on the Ni-nitrilotriacetric acid modified glass

surface, and a large marker, a fluorescently labeled actin filament, was attached to the y
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subunit. Instead of an actin filament, latex beads have often be used as rotational probe

in recent experiments.

-Single molecule manipulation of h by magnetic tweezers

Single-molecule techniques not only allow observation of the rotation of Fr, but also the

direct manipulate Fr. Using magnetic tweezers, Hirono-Hara, et al demonstrated that

external force can mechanically activate pausing of the Fr motor (56). Later, magnetic

tweezers were used to reveal the coupling between gamma rotation and synthesis of

ATP (57). Recently, Watanabe and colleagues demonstrated that the catalysis of

F1-ATPase substates can by enhanced by mechanical manipulation (58).

2.1.3 Molecular reel

Many efforts have been devoted to designing controllable nano-machines to miniaturize

macroscopic mechanical devices such as gears, bearings and motors. However,

applications for artificial nano-devices are limited due to the lack of force-exerting

capabilities and the difficulties in motion control.

As a molecular reel, F, has an ideal size and good force-exerting capabilities

and advantages in manipulation of the rotation on a glass surface. The radius of the

central shaft of the y subunit is -1 nm and that of the cr3B3 stator ring is -5 nm. The F1

motor is powered by ATP hydrolysis and it is easy to manipulate the rotation of Fr with

magnetic tweezers.

As a molecular reel, the torsional stiffness of Fr is well characterized. Previous

study has shown that the torsional stiffness (Kto'"'on) of F1 crosslinked between the rotor

and stator is 72 pN'nm/radian (59). The elastic energy (rtorsion 02i2) stored in twisted
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streptavidin and Fr was estimated to be 358 ksT per turn, which was much higher than

the elastic energy stored in wound dsDNA (approximately 30 ksT).

2.2 Optical tweezers

2.2.1 lntroduction of optical tweezers

Ashkin and colleagues reported the first 3D optical tweezers or optical trap in 1986 (60).

Optical tweezers use a focused laser beam to exert force on dielectric particles such as

a gfass or polystyrene bead. The particle usually has diameter of 0.5-2 pm. Recently,

optical tweezers have become a very powerful tool that is widely used in biology, to

manipulate single cells, DNA, or proteins such as single motor proteins. For more

details on the recent advanced optical tweezers system, please refer to Block (61) and

Bustamante (62).

The full theory of optical tweezers is quite complex. Here, I will illustrate the

theory in a simple manner with two cases(63).

1. When the dimension of the dielectric particle is much larger than the wave

length of light (d >> 7), the particle acts as a positive lens and refracts light. The

interaction of the radiation can be described using simple ray optics (Fig. 2- A. In the

actual case of a Gaussian laser beam, the intensity profile of the laser beam in a plane

perpendicular to the direction of propagation is a 2D Gaussian beam.

r= _t{
dt

, where dP represents the change in momentum.

This equation can be used to calculate the restoring force of optical tweezers by dP

from the intensity of light (W).W can be directly measured with a photodetector.
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F, =7 X flzi sin or, Fy = ] X wi (1 -cosd;) [19]

, where c is the speed of light, 0 is the deflection angle, n is the refractive index of liquid

and W is the intensity of light.

2. When the dimension of the dielectric particle is very small compared to the

wavelength of light (d << l), the particle can be treated as a Rayleigh scatter (Fig. 2-aB).

The force can be approximated as a dipole that feels a Lorentz force due to the gradient

in the electric field. The attraction force toward the focus is

p = lv@r) I2oI

, where a is the polarizability, E is the electric field. As a is proportional to the particle

volume, the force holding the particle in the trap is proportional to the particle size, as

well as the beam intensity gradient.

It is difficult to calculate the restoring force of optical tweezers from current

theory, since the optical forces are sensitive to small perturbations in geometry. By

measuring the changes in light momentum flux based on equation [23], Bustamante's

lab developed a method for calculating the trap force. However, the more commonly

used method is assuming a linear-spring restoring force and pre-calibration of trap

stiffness experimentally. We will introduce the detail of calibration trap stiffness in

Chapter 2.2.3.

F = rcAx
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Figure 2-4 Tapping theory (A) A simple ray optacs diagram. A parallel beam of light with a

gradient in intensity shines through a transparent sphere. The brighter ray conveys more force

than the dimmer ray. The sum of all rays in the beam tends to pull the sphere towards the right. I

(B) Small particles experience a Lorentz force. Dielectric particles much smaller than the

wavelength of light can be considered as perfect dipoles. The gradient in intensity exerts a

Lorentz force on the particle directed towards the laser focus.

2.2.2 Construction of optical tweezers

Our single-beam gradient optical tweezers consisted of a tightly focused laser beam, a

sample manipulating system and an imaging system. The design is illustrated in Figure

2-5.

An infrared laser (1Q47 nm, Nd:YLF, 1 W, IPG Photonics, USA) was used to

reduce the photo damage to the sample. A high NA objective lens (PlanSAPO 100x,

NA1.3, Olympus, Japan) was used. When the N.A of the lens increased, the dimension

of the focal spot decreased and the gradient strength increased. The laser power was

controlled by a 112 A waveplate and a polarizing beam splitter. By rotating the 112 A

waveplate, the polarization of the input light could be controlled, and some of the laser

power can be divert into a beam block with the polarizing beam splitter.
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Figure 2-5 Optics of single-beam optical tweezers. DM: Dichroic mirror; L: lens; M: mirror;

Objective lens, PlanSApo 100x; PBS: polarizing beam splitter.

The manipulation was carried out by translating the sample using a stepping

motor controlled stage. The x- and y- movements of the sample stage were manipulated

using stepping motors (SGSP-13ACTR, Sigma Koki, Japan) controlled by custom-made

software (ActOperator, Sigma Koki).

The quadrant photodiode (QPD) or position sensitive detector (PSD) was

usually used to record the bead position due to the high frequency and nanometer-size

precisions required. However, this setup required a high-NA condenser lens to be

placed in the back focal plane. lt was very difficult to combine this setup with the

magnetic tweezers placed above the sample. Thus, a high speed CCD camera was

used instead of a QPD or PSD. Bead position was measured as the centroid of the

bright field image by lmage J (National Institutes of Health, USA) and custom-made

plug-ins (K. Adachi, Gakushuin University, Japan).
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2.2.3 Calibration of optical tweezers stiffness

The easiest method for calibrating the trap stiffness, rc, is based on the equipartition

theorem:

keTK= 6 I21l

, where ksT is Boltzmann's constant multiplied by the absolute temperature. (xz) is

the standard deviation of the bead position. This method requires accurate distance

measurement at high bandwidth. Therefore, a high-speed camera, QPD or PSD is

needed.

The other method of stiffness calibration applies a viscous drag force to the

trapped bead. The drag force exerted on the trapped bead was calculated using Stokes'

law:

F = 6rnrv l22l

, where F is the drag force, 4 is the viscosity of water, which is approximately 10-3 N

S/m2, r is the radius of the sphere, and v is the velocity of stage movement. For a 500

nm diameter bead, the drag force at 200 pmis is approximately 0.9 pN. In our

experimental setup, the nearer the trapped bead is to near the coverslip, the higher the

drag coefficient increases. The drag force method was performed far from the glass

surface where viscous coupling to the glass surface was essentially negligible.

In our study, both these methods were used to calibrate the trap stiffness. First,

the position of a bead undergoing thermal Brownian motion around the trap center was

captured using a high-speed camera (FASTCAM-1024PC1, Photron, USA) at 27,000

frames/s. Stiffness was determined from the data of bead trapping at 0.5 and 1.0 Um
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from the glass surface. The 2 values of the stiffness coincided to within +10%. The

stiffness of the DNA-coated polystyrene bead in BSA buffer and the polystyrene bead in

distilled water also coincided to within *10o/o. Second, the drag force method was

performed using polystyrene beads in distilled water bytrapping at a height of 1.0 pm

The microscope stage was moved using a stepping motor (SGSP-13ACTR, Sigma

Koki) at a speed of 200 ;rm/sec. lmages of the bead were captured a1250 frame/s using

the same high-speed camera. The results of both measurements are summarized in

Figure 2-6 where stiffness was plotted against the laser power of the optical tweezers.

The linear fit of the data points for the 2 measurements coincided to within + 5%.
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Figure 2-6 Optical tweezers stiffness versus laser power. The trap stiffness of a 0.5-pm

polystyrene bead coated with 8.7-kbp dsDNA was measured using the Brownian motion method

at h = 0.5 pm (h: height from the glass surface, red circles) and at h = 1.0 pm (green rhombuses),

respectively. The trap stiffness of a 0.5-pm polystyrene bead was also measured using the drag

force method at h = 1.0 pm (blue triangles). Laser power was measured before the objective lens.

Slopes of the linear fitting for 3 different methods coincided to within f5%. The red line

represents the linear fitting of the data shown by the red circles (Brownian motion method, h =

0.5 pm). This line was used to determine the trap stiffness in the winding and stretching

experiments.
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2.3 Assembly of F1, DNA, and beads

In this section, a general introduction about bioconjugation techniques of proteins and

DNA, including covalent methods and non-covalent methods, will be stretched. Later,

the assembly process for F1-DNA-beads construction on a glass surface will be

introduced.

2.3.1 Introduction of bioconjugation methods

-Cova I e nt co nj u g ati o n m eth od s

Covalent methods can be used to directly crosslink proteins and DNA or to label a

special group among the target molecules. A crosslinking or labeling reaction depends

on the availability of particular chemicals that are capable of reacting with the specific

groups existing in proteins or DNA. Many commercial crosslinkers are available for

linking specific functional groups (64).

Proteins

All proteins comprise 20 amino acids; thus only 4 functional groups in proteins are

commonly used in a crosslinking reaction. There are primary amine groups (-NH2),

carboxyl groups (-COOH), sulfhydryl groups (-SH) and carbonyl groups (-CHO). Most

common used crosslinkers react with these groups (Fig.2-7). Primary amine groups

exist at the N-terminus of each polypeptide chain and in the side ehain of lysine and

arginine residues. Carboxyl groups exist at the Cterminus of each polypeptide chain

and the side chains of aspartic acid and glutamic acid. Sulfhydryl groups exist in the

side chain of cysteine. Carbonyl groups can be created by oxidizing carbohydrate

groups in glycoproteins. Amine groups and carboxylate groups are widely used for

non-specific modifying proteins, because one protein contains many amine and
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carboxylate groups. The cysteine residue is the most commonly used target for special

labeling of an amino acid, because the number of cysteine residues in wildtype proteins

is limited and those residues are usually in oxidized form (S-S).
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Figure 2-7 Most commonly used reaction schemes for modifying proteins. (A)Amine and

NHS-ester reaction. (B) EDC coupling reaction. (C) Sulfhydryl and maleimide reaction. (D)

Sulfhydryl and pyridyl disulfide reaction. Modified form Crosslinking Reagents Technical

Handbook, Thermo Scientific Pierce.



The following should be considered for crosslink reaction: (1) Micromolar

concentrations of proteins and DNA are required. (2) A proper molar ratio is required.

(3) Proper pH conditions are required as the reaction generally takes place in water

solution. (4) Accessibility of the crosslink reagent to the specific target is important. (5) lf

amine or carboxylase groups are used as reaction targets, the excess reagent should

be removed or typical blocking reagents used to preserve the activity of the proteins. (6)

The activity of nucleophilic reactions for those residues is R-S- > R-NH2 > R-COO- =

R-O-.

To specifically label proteins in vivo, special amino acid sequences such as

SNAP-tag, CLIP-tag, GST tag or avi-tag are introduced to the target protein (65). These

tags can be recognized by enzyme in vivo or in vitro and be labeled specifically. They

might also be used in single-molecule experiments.

Nucleotide

The targets of nucleotide modification could be the sugar portion, the base residues, or

the 5' phosphate groups. In this thesis, the end of the dsDNA to wind was specifically

labeled by digoxigenin (DlG).

At least 3 methods were used to introduce the special group at the end of the

DNA:

PCR methods using 5' labeled primers: Using different 5' labeled primers

(Fig 2-8A) (oligonucleotides) in PCR reaction, it was easy to introduce digoxigenin,

biotin, thiol or other groups to the end of long dsDNA. Many commercial labeled primers

are available. This method can be applied to DNA lengths ranging from 200 bp to 30

kbp. For long DNA, the yield is limited by the polymerase activities.
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Figure 2-8 Modifying a nucleotide

with digoxigenin. A. 5' Digoxigenin

labeled oligonucleotide (Sigma). B.

Dig-11-dUTP, (Roche # 11 093 088

e10)
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3' Labeling of DNA using T4 DNA polymerase: T4 DNA polymerase has 3'

- 5' exonuclease activity in the absence of dNTP and polymerase activity in the

presence of dNTP. By utilizing these properties, DNA can be labeled with two steps

reaction. First, DNA is incubated with T4 DNA polymerase alone. The 3' base will be

removed. Second, digoxigenin-11-dUTP (Fig 2-8B) is added into the reaction mix. Then,

the 3'thymine will be replaced by digoxigenin-11-dUTP. This method can introduce

multiple labels in one DNA molecule and can be applied to various lengths of linear

DNA. The number of digoxigenin introduced to the end of the DNA depends on the

reaction time and enzyme concentration. By using dATP dCTP and dGTP instead of a

dNTP mixture, it is also possible to introduce a single label at the 3' end to replace the

47



first thymine with digoxigenin-11-dUTP. with this method, both 3'ends of one DNA

molecule are labeled with the same group.

Ligation of labeled fragments with unlabeled centralfragment: The labeled

short fragments can be generated by PCR using digoxigenin-11-dUTP or by using a

complementary oligonucleotide with 5' labeled digoxigenin. For bacteriophage A DNA

(48,502 bp), the 12-base sticky end can be used for labeling.

-Non-covalent conjugation methods

Non-covalent conjugation by small ligands and protein receptors such as the antibody

and antigen connection (Dig and anti-dig), avidin and biotin system, and His-tag and

N|-NTA interaction has been widely used. Non-covalent conjugation methods are very

highly efficient and specific even when substrate concentrations are very low. Moreover,

the binding affinity is not sensitive to buffer conditions. Therefore, non-covalent

conjugation methods were used for assembly of the target complex under

microscopy in this study.

The biotin and avidin system is the most useful ligand interaction. The

extraordinary affinity of avidin for biotin (dissociation constant Ka = 10-15 M) is the

strongest known non-covalent interaction of a protein and ligand. Biotin, also known as

vitamin 87, is a small molecule (MW = 244.3) that is present in all living cells. Avidin is a

tetrameric protein. The labeling of protein or DNA with biotin, also called biotinylation, is

used as an important laboratory technique. Many commercial biotinylation chemical

compounds are available.

Digoxigenin and anti-digoxigenin antibody system: Digoxigenin (DlG) is a

hapten, a small molecule with high immunogenicity. Digoxigenin is found exclusively in
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only a few plants cells in nature, so it is usually introduced chemically into a biomolecule.

The dissociation constant of antibody for DIG depends on the antibody, but is usually

around several nano-molars.

N|-NTA and His6 system: Histag or polyhistidine-tag is an amino acid motif in

protein that consists of at least 5 histidines. His{ag is widely used in the purification of

proteins. The dissociation constant of single NTA to His{ag has been determined as 3 t

1 ttM. ln single-molecule observation of F1 rotation, His-tag is used to immobilize F1

proteins. However, a high concentration of free Ni2* ions reduced the enzyme activity

(our data, not shown here) and the release of Ni2* ions will cause the dissociation of

protein to an NTA labeled surface.

In contrast with the covalent bonds that usually cannot break, non-covalent

bonds are not stable, especially when force is applied. The stability of a non-covalent

interaction is important for single-molecule mechanical manipulation. The energy

landscapes of receptor-ligand bonds and the dynamic strength of molecular adhesion

bonds have been studied by measuring the rupture force at different loading rates by

using AFM or optical tweezers. General information about the non-covalent bonds used

in this study is summarized in Table 4.

The theory about the dynamic properties of non-covalent bonds was described

by Bell (66)using Kramers' transition state theory. The lifetime of non-covalent bonds

exponentially decreases when force is applied:

τ(F)=τ (0)*exp(―
等
) [23]
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, where F is applied force, /r is the effective bond length and t (F) is the lifetime at the

given force. t (01 = kof f .Another important conclusion from this model is that the

distribution of rupture forces depends on the loading rate. Figure 2-9 showed one

example of the measurement of biotin-stretpavidin strength.

Table 4 Non-covalent interactions used in single-molecule conjugation

Biotin¨ avidin      Dig‐ anti dig       Ni‐ NTA His6… tag

Kd 10-13_10-15M 10-7_10-11 M (3 i 1)X 10-6 M

た雨                 NノA              O.0150‐
1,4.56s‐ 1   0.067s‐ 1

Energy barHer width  O.5nm,0.12 nm   l.15 nm,0.35 nm  O.19 nm

Lifetime (force) N/A 67 s (zero force) 15 s (zero force)

17 ms(150 pN)

Unbinding force・       170 pN(～ 100      30 pN(0.l nN/s)   150 pN(4.5 nN/s)

(loading rate) nN/s)

Reference (67)

90 pN (63 nN/s) 194 pN (70 nN/s)

(68) (69,70)

*The unbinding force represents the most probable rupture force.
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Figure 2-9 Biotin-streptavidin bond strengths. (A) Histogram of rupture force of single

biotin-streptavidin bond. The peak location shifts to higher forces and increases in width with the

rising loading rate. (B) Rupture force P plotted against loading rate. (Adapted from reference

(67))

2.3.2 Crosslink of DNA to Fr by digoxigenin-antibody connection

-Crosslink of h to anti-Dig antibody for DNA anchoring

In our winding experiment, the end of the DNA was connected to the rotor of Fr-ATPase

(gamma subunit). To anchor of 5' digoxiginin labeled DNA to F1, an anti-digoxigenin Fab

fragment was crosslinked to the gamma subunit of Fr-ATPase. The amino groups of the

Fab fragment were used for both biotinylation and the crosslink reaction. The Fab

fragment was activated by the crosslinker SPDP and then reacted with the cysteine

residue at the gamma subunit (Fig. 2-10). A mutant of the cr3B3y subcomplex of
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Fl―ATPase from the thermophilic Bacillrus PS3,α (HiS6 in N― terminus/C193S)3β(HiSlo in

N―terminus)3γ(S108C川21l C)waS used.The crossJinked product was conirmed by

SDS― PAGE(Fig 2‐ 11).

b.SDS― PAGE
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Figure 2-10 Cross-linking reaction with SPDP
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Figure 2-11 Cross-,tn,nn reaction of Fab fragment and Fr analysed by polyacrylamide gel

electrophoresis (PAGE).(a) Native-PAGE: Lane 1, marker; Lane 2, Fr; Lane 3, oxidized F1

forming a dimer; Lane 4, anti-DlG Fab fragment; Lane 5, anti-DlG Fab-F1 cross-linked sample.

(b) SDS-PAGE: Lane 1, maker; Lane2, purified Fr; Lane 3, anti-DlG Fab fragment; Lane 4,

anti-DlG Fab-Fr cross-linked sample. SDS-PAGE was conducted under non-reducing conditions

to avoid cleavage of the Fab-y cross-linking.

-DNA construction

The 8,688-bp dsDNA was prepared by PCR using Ex-Taq DNA polymerase (TaKaRa,

Japan) and the pRA100 plasmid as the template (71). The S'-biotin primer and the

S'-digoxigenin primer (Sigma Genosys, USA) were used in the PCR reaction. PCR

products were purified using the Wizard PCR Clean-Up System (Promega, USA).
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Purified DNA (12.5 pg) was incubated with 100 pL streptavidin-coated polystyrene

beads (0.5 pm diameter, 1%, Bangs Laboratories, USA) suspension overnight, and

unbound DNA was removed by washing several times using buffer (100 mM KPi, pH

7.0). The number of dsDNA strands bound to each bead was 1.7 x 102.

-Assemhly of magnetic beads, DNA coated beads and Fl on glass,

The binding efficiency of magnetic beads and DNA coated beads to Fr molecules are

very critical for assembly of the experimental constructs. First, we confirmed that even

at low Fr molecule density on a glass surface (0.028 molecules per pm2;, we were able

to find rotating magnetic beads which attached on the y subunit of Fr. The density of F1

molecule on glass surface was estimated by using fluorescent labeled Fr (Fig. 2-12).

Second, the connection of DNA-coated beads to the anti-digoxigenin antibody was

confirmed (Fig. 2-13). Table 5 lists the number of Cy3-labeled F1 molecules, magnetic

beads and DNA coated bead. The number of Fr molecules was much higher than that of

the magnetic beads and DNA coated beads, indicating that the binding efficiency is not

high (less than 10%).

Flgure 2-12 Controlling the density of Fr molecules on a glass surface. Left : 50 pM

F1-Fab (Cy3), Right: 10 pM F1-Fab (Cy3) ROI size 10 um X 10 um. The density of the anti-DlG

Fab-F1 complex immobilized on the glass surface was determined using Cy3-labled Fab-Fr.

When 5 pM Fab-Fl was infused into the flow chamber, the density was 0.028 molecules per pm'.
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The probability of neighboring Fab-Fr molecules existing within 1 pm from the center of the

rotating magnetic bead was 4% based on the Poisson distribution P = l-exp(pnr)z; p is the

density of the Fab-Fl complex; r = 1 pm. DNA bead was rarely attached on the surface at the

position over 1 pm away from the rotation center of the magnetic bead. Such data was omitted

from analysis.

Figure 2Ⅲ 13:〕 NA‐coated beads can bind to Fl‥Fab.l nM Fl―Fab,50 pM Fl‐Fab ROl size 64

μm ×48 μm.

Tabie 5 Fl density,and number of rotating beads and DNA‐ coated beads at difFerent Fl

concentrations.

Fr Gonc€fltration Fab (Cy3)-Fr Magnetic beads DNA coated

Rotating/attached beads

10 pM

loo pM

l nM

258

750

NノA

5/28

14/136

1ノ219・

1～2

22

119

ROI size was 64x481rm2. Fr was incubated for 15 min and washed with BSA buffer. Magnetic

beads and DNA-coated beads incubated for t hour. "At 1nM F1 concentration, almost all

magnetic beads were attached to the glass. The low number of rotating beads might due to

multiple-binding.

Due to the low binding efficiency, it was extremely difficult to connect 2 beads

to the same F1 molecule by diffusion. Therefore, a DNA-coated bead was trapped by

optical tweezers and moved close to a rotating magnetic bead to enhance the

connection to the specific rotating F1 molecule (Fig. 2-14). We examined the

enhancement of the DNA-coated beads and found that the attachment probability was
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improved (Fig. 2-15A). The trapped DNA coated bead could attach to the target F1

molecule 0.8 pm away from the trap center (Fig. 2-158).

1. Find a rotating molecule in the 2. Connect DNA to Fr reel
presence ofATP

Figure 2-14 Assembly of magnetic bead and DNA-coated bead to F1
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Figure 2-15 (A) Probability of trapped DNA beads attaching on the glass. DNA coated

beads 6kb were trapped for 1 min. The probability was calculated from 20 trails. (B) Distance

between the trap center and anchor point. 6kb DNA were used.

2.3.3 Crosslink of DNA to Fr by covalent bond

Covalent cross-linking of a DNA handle to protein was used to study the folding and

refolding process of RNase H (72). The protocol was presented by Cecconi et al (73).

We used the same approach to connect 0.46-kbp, 1.S-kbp, 6.3-kbp, 8.7-kbp DNA to Fr

molecules. The connection efficiencies were assessed and the yield was very low for

DNA longer than 1.5 kbp. Moreover, the efficiency of finding a rotating F1 molecule was

very low. Thus, we did not use this approach in the final construction for winding DNA. I

present this method and results here in the event this approach might be used for other

purposes.

x (nm)
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-Crosslink of Fl to sulfhydryl modified DNA

A cysteine mutant of Fr was connect to sulfhydryl-modified DNA by a homobifunctional,

maleimide crosslinker BM(PEO)2. A sulfhydryl reacting to the maleimide group results

in the formation of a stable thioether linkage. To improve the connection efficiency, this

reaction was processed in 2 steps. First, the sulftydryl modified end of the DNA was

modified with an excess amount of the crosslinker, BM(PEG)2 (DNA:BM(PEG), = 1:10).

As there was excess of crosslinker, the formation of DNA dimmer could be ignored.

Then, the free crosslinker was removed by the size exclusion column Nap5. Second, Fr

was mixed with the crosslinker-activated DNA. Finally, free Fr wos removed by the

superpose 6 gelfiltration column.

-Estimation of the crosslink efficiency

DNA and Fr could be separated by gel filtration using a superpose 6 column. The first

peak was DNA and F1-DNA complex and the second was free F1. First, we analyzed the

ATPase activity of the DNA fraction. The results showed that the DNA fraction

contained Fr molecules. Most probably, it was due to the connection of Fr to DNA. For

further confirmation of the connection of F1 and DNA, we also analyzed the DNA fraction

by SDS-PAGE and AFM.

ATPase activity

The ATPase activity at high ATP concentration (2 mM) of the F1-DNA complex was

measured using biochemical assay. Using the ATP hydrolysis rate of Fr In€"SUr€d

earlier, the Fr concentration in the DNA fraction could be calculated. lf all Fr in the DNA

fraction were connected to DNA, the conjugation efficiency of Fr to 0.46-kbp DNA would

be estimated as 16%.

56



SDS-PAGE

The DNA fraction was analyzed by SDS-PAGE (Fig. 2-16). Two bands represent the

original DNA and F+ONR complex, respectively. When the density of these two bands

was compared, the conjugation efficiency of Fr to 457-bp DNA was measured as 46To

(analyzed by lmageJ). SDS'PAGE was stained by CBB protein stain.

b.CBB protein stain

U.'iU-

Figure 2-16 F1-DNA conjugation was confirmed by SDS-PAGE. F1 was conjugated to 457 bp

DNA and after HPLC the fraction was analyzed by SDS-PAGE. (a) SDS-PAGE stained by SYBR

Safe DNA stain. The DNA fraction displayed 2 bands after HPLC: the bottom band is original

DNA and the top band is the DNA+ B complex. When the density of these 2 bands was

compared, the conjugation efficiency of F1 to 457-bp DNA was measured as 460/o (analyzed by

lmageJ). (b) SDS-PAGE stained by CBB protein stain. Lane 1 and lane 4 contain F1 and B

monomer which was used as a control. Lane 2 contains the DNA fraction after HPLC and lane 3

contains the Fr fraction. In lane 2, a new band appears which is the DNA+B complex.

AFM

The DNA fraction was analyzed by AFM image (Fig.2-17). The length and height of the

filaments corresponded with the 0.46-kbp DNA molecules. The average height of 74 F1

molecules in the AFM image was 4.55 nm -F 1.13 nm, while the height of the DNA was

<0.5 nm. We counted the total number of Fr and DNA molecules in the AFM image. The

conjugation efficiency derived was7.7Yo (T4Fl molecules and 691 DNA molecules,).

ごゞざざ
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Figure 2-17 Example of AFM image, The AFM image show some filaments and spots on the

surface. The length and height of the filaments correspond with that of 0.46-kbp DNA molecules.

The spots are connected with DNA filaments and the height of the spots corresponds to the F1

molecule (10 nm). In total 74 spots were measured, and the average height of F1 molecules in

the AFM image is 4.55 nm + 1.13 nm, where the height of DNA is <0.5 nm.

Table 6: Conjugation efficiency of 0.46-kbp DNA

ATPase SDS‐PAGE AFM

lFll/[DNA] 16% 43% 7.7o/o

The conjugation efficiency of the 3 methods is summarized in Table 6. SDS-PAGE

analyzed the F-DNA complex, while the AFM and ATPase methods analyzed the

F1-DNA complex. After purification, the F1 complex may dissociate into o, B, and y

subunits. Thus, the SDS-PAGE result might be an overestimation of the active F1. The

preparation of the AFM sample may cause further dissociation of the F1 complex. Thus,

the AFM result might be underestimation of the conjugation efficiency. ATPase activity

analysis yielded the correct estimation of conjugation efficiency.

-Rotation assay of DNA-ft complex

Simultaneous observation of DNA by fluorescence image and bead by bright field

imaging showed that some DNA and rotating beads were colocalized on the glass
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surface, indicating that the DNA and beads connected to the same F1 molecule. For

1.S-kbp DNA, 23 rotating beads were found and in 16 cases, DNA was located in the

same position as the rotating beads (about 70%o). However, as DNA.length increases

(6.3 and 8.7-kbp DNA) the frequency of finding rotating beads bound with DNA

decreased (Table 7). The steric effect of DNA might have reduced the binding of

magnetic beads to Fr. Furthermore, many beads that had co-localized with DNA did not

exhibit rotation. lt might also have because of the steric effect of long DNA on bead

rotation.

Table 7 Ratio of rotating beads with DNA on coverglass

Ratlo 1.5¨kbp DNA 6.3‐kbp DNA  8.7‐ kbp DNA

Rotaung beads wnh DNA 70%(16/23) 21%(8/39)  9%(1/11)
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3. Chapter 3 Persistence length of DNA measured by stretching

experiment

In this chapter, the force-extension curve for single-molecules DNA was measured. The

persistence length of DNA at small bending condition was measured based on the fit of

force-extension curve. Verification of the experimental system was one purpose of this

experiment, since the persistence length was sensitive to buffer conditions such as ion

strength and Mg2* concentration. Another purpose was to correct the extension of

wound DNA (Chapter 4).

3.1 Experimental procedures

Opticaltweezers

Figure 3-f Experimental setup.

The experimental geometry is presented in Figure 3-1. One end of the dsDNA was

attached to a coverglass through an anti-DlG Fab-Fr. The other end was attached to a

polystyrene bead trapped in an optical trap. The density of Fab-Fr was controlled by the

Fab-Fr concentration. The DNA was subsequently stretched by moving the coverglass

with in relation to the trap using a stepping motor-controlled microscope stage. The

anchoring point of DNA on the glass was roughly estimated as the center of the

Brownian motion of the beads before they were trapped with optical tweezers (precision

of t 0.3 pm). The extension was measured as the distance between the trapped bead

and anchoring point, accounting for the movement of the stage. The strain exerted on
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the DNA strand was calculated as bead displacement from the trap center times trap

stiffness.

3.2 Results

3.2.1 Fit of force-extension curve with WLC model

As introduced in Chapter 1.3,2, the most commonly used WLC model is equation [11],

f - (V)l+- i + ?]. ," a low-force regime, force (F) grows linearly with' Lp "*(r_fr)- 4 Lo'

extension (z) with a slope of 3ksT/LrLo, whereas in a.high force regime, the force

diverges as kBr/Lp[(L-1ro)'l-t. For moderate extensions, a crossover occurs

between these 2 regimes. Comparisons of the force-extension curve with equation [11]

have been limited to the low-force regime. Equation [11] correctly describes the

experimental data by Smith et al in a 1O-mM salt buffer. The interpolation formula is less

accurate in the crossover regime. The error is typically of the order of 5o/o, but will

actually depend on the range of extension spanned and the statistical error of each

point (31,74).

The force-extension curve obtained by our measurement is shown in Figure 3-2.

The experimental data points from 0 pN to 5 pN were fitted according to the Marko and

Siggia WLC model (equation [11]). The counter length (Ls) was set as a constant value

of 2950 nm assuming 0.34 nm per base pair. The fitting was sensitive to the noise of the

bead positions, which come from Brownian motion. The equilibrium positions of the

beads are calculated from time averages of over 2 sec. We obtained a persistence

length of 48 nm. This value was consistent with that of a previous study. The black solid
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line represents the fitting curve. The dashed line represented the calculated curve with

Lp = 38 nm and Lp = 58 nm for comparison.
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Figure 3-2 Force-extension curve of 8.7-kbp DNA. One end of the dsDNA was attached to a

coverglass through an anti-DlG Fab-F1. The other end was attached to a polystyrene bead

trapped in an optical trap. DNA was stretched by moving the microscope stage. The anchoring

point of DNA on the glass was roughly estimated as the center of the Brownian motion of the

beads before they were trapped with optical tweezers (precision of t 0.3 pm). The extension was

measured as the distance between the trapped bead and anchoring point, accounting for the

movement of the stage. The strain exerted on the DNA strand was calculated as bead

displacement from the trap center times trap stiffness. The experimental data points from 0 pN to

5 pN were fitted according to the Marko and Siggia WLC model (equation [11]). The counter

length (L6) was set as a constant value of 2950 nm assuming 0.34 nm per base pair. The error in

the anchoring point of DNA was also set as a fitting parameter to obtain the best fit with Ls. The

persistence length for the stretching experiment was determined to be 48 nm. The inset

represents the data point from 0.1-6 pN. The black solid line represents the fitting curve. The

dashed line represents the calculated curve with Lo = 38 nm and Lo = 58 nm for comparison.
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4. Chapler 4 Persistence length of DNA measured by winding

experiment

4.1 Experimental procedures and results

4.1.1 Gonstruction of reel system

The designed architecture of the molecular reel is shown in Fig. 4-1. An Fr molecule

was used as a passive bearing to wind dsDNA. The molecular reel was built using F1, a

magnetic bead, and the Fab fragment (radius of -2.5 nm) of the anti-digoxigenin (DlG)

antibody. The anti-DlG antibody was covalently cross-linked to the y subunit of Fr and

connected to the magnetic bead through biotin-streptavidin interaction. The complex of

the y subunit, anti-DlG Fab fragment, and the magnetic bead acted as a rotor while the

cr:F: stator was immobilized on the glass surface. DNA molecules of 8.7 kb labelled with

DIG and biotin at distal 5' ends were grabbed through the anti-DlG Fab fragment of the

reel and a streptavidin-coated polystyrene bead that was trapped using optical tweezers.
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Figure 4-1 Experimental setup. The molecular reel was constructed of F1, a magnetic bead,

and the Fab fragment on N|-NTA glass. A biotinylated anti-DlG Fab fragment (orange)

specifically linked the y subunit (red) of F1-ATPase and the streptavidin-coated magnetic bead. A

dsDNA molecule (8.7 kbp) was bridged between the anti-DlG Fab fragment and a
streptavidin-coated polystyrene bead trapped using optical tweezers. The dsDNA was wound by

rotating the magnetic bead using the magnetic tweezers. The stretching force was nearly parallel

to the glass surface; the angle of the DNA strand against the coverglass was less than 10

degrees. (B) The diameter of the wound DNA (D) was calculated from the total length of wound

dsDNA (t) and the number of revolutions (n) as D = Unr. The xs represents the center of the

optical trap; x1 and x;f,v are the bead positions before and after winding. The length (t) of the

wound dsDNA corresponds to the sum of the bead displacement (dx) and the increase of

tethered dsDNA's extension (Supplementary data). The winding tension (F) equals k'dxwhere x

is the trap stiffness. Experiments were carried out at a low revolution rate (0.1 rps).

Procedures for constructing the system were carried out as follows. First, reel

complexes were built by infusing the anti-DlG Fab-Fr complex and magnetic beads

solutions into a flow cell. The density of Fl on the glass surface was maintained at less

than 0.03 molecules per pm2. Some reel complexes showed continuous rotation at

rotation speed faster than 5 revolutions per second (rps) in the presence of ATP (2 mM),

indicating that the magnetic bead was tightly bound to the rotor T subunit of a single F1

molecule. Next, DNA-coated polystyrene beads, which made of streptavidin-coated

polystyrene beads and S'-biotin and s'-DlG labelled DNA molecules, were also

introduced into the flow cell. A floating DNA-coated bead nearby a rotating F1 molecule

was captured and moved towards the rotating magnetic bead using optical tweezers

until the DNA-coated bead inhibited the rotation of Fr through steric hindrance. For

establishing a connection between the s'-DlG end of DNA and the anti-DlG Fab

fragment on the rotor, the bead was held adjacent to the reel complex for 5-30min. More

than 340 experimental trials were conducted. Only 44 cases showed the connection of

the DNA bead to a rotating F1 molecule. The connection was confirmed by observing
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that Fr rotation was stalled when the stretching tension was exerted on DNA strand

trapped with optical tweezers. In the most of failure cases, the DNA bead was simply

not connected. In some failure cases, the DNA bead was anchored on a glass surface

but at apparently distant point from the rotation centre of the magnetic bead. These

cases were omitted from analysis. The experiment was often terminated by the

detachment of the magnetic bead from glass surface, probably due to the detachment

of His-tag or the dissociation of the y subunit from the crrp: stator ring. The released

magnetic bead always accompanied the DNA-coated bead, which ensured the

connection of the reel complex to DNA-coated bead.

4.1.2 Winding DNA by magnetic tweezers

After establishing the connection, the DNA molecule was stretched by horizontally

moving the microscope stage using a stepping motor, and then an arbitrary level of

tension was applied to the DNA strand to stall the ATP-driven rotation of Fr Fig. a-4.

To minimize stage drift, the system was held for several seconds after applying the

tension. Stage drift was typically within 10 nm per minute, which was measured using

the polystyrene bead non-specifically attached to the glass in the same observation field

or from the centroid of the rotating magnetic bead. Data exhibiting large drift were

omitted from analysis. After holding the stage, the magnetic bead was rotated at 0.1 rps

in a counterclockwise direction using the magnetic tweezers to wind the DNA. Upon

winding, the polystyrene bead in the optical trap moved towards the rotating magnetic

bead. In most cases, experiments were terminated due to detachment of the magnetic

bead from glass surface as described before due to the developed tension. At

detachment, the trapping force immediately decreased to zero (asterisk in Fig. 4-2A

and B).

65



↓
Φ
つ
∽
０̈
コ
（Ｏ
Ｚ
）

０

　

　

０

　

　

０

８

　

　

４

言
ｃ
）
一５
Ｅ
８
〇
一，
５

Ｈ
Φ
５
聟
０
５
⌒Ｏ
Ｚ
）

３

２

１

０

０

　

　

　

０

　

　

　

０

８

　

　

　

４

（Ｅ
ｃ
）
“ｃ
ｏ
Ｅ
Φ
ｏ
聖
α
２
０

４

　

２

　

０

の
Ｃ
〇
一
コ
一０
＞
Φ
匡

0

9
0
ビ 20   40   60   80

Time(Sec)

Figure 4-2 Time courses of winding experiments. An example of the time course of the

displacement of an optically trapped polystyrene bead during the winding procedure. Trap

stiffness was 0.040 pN/nm. dsDNA was stretched at around 1 .5 pN force for 8-18.5 s. (B) Time

course of magnetic bead rotation during the winding experiment for (A). The magnetic bead was

rotated from 18.5 s at 0.1 rps (orange line). The optically trapped bead was moved concomitantly

with the magnetic bead rotation. After 2.5 revolutions, the magnetic bead detached from the

glass surface (showed by asterisk). The optically trapped bead immediately returned to the trap

center (xo). (C), (D) Time course of another winding experiment. Trap stiffness was 0.022 pN/nm.

The magnetic bead was forcibly rotated for 5 revolutions. The optically trapped bead was

constantly pulled toward the rotating magnetic bead. The sudden decrease at 63 s occurred for

unknown reason; it might be due to structural relaxation of the DNA wound up around the

molecular reel. The magnetic field was turned off at 66 sec (gray arrowheads), and then, beads

showed backward rotation (blue part). At 75s, after reducing the tension exerted on DNA by

moving stage, F1 resumed ATP-driven rotation (green line).

In some cases, the system was able to withstand the stretching. When the

magnetic tweezers were turned off (grey arrowheads in Fig. 4-2C and D), the magnetic

bead exhibited fast backward rotation, turning the same number of rotations as was

observed in the forcible wind up process. The speed of this backward rotation was 0.4-

1.7 rps (n = 3). When the tension exerted on the molecular reel complex was completely

removed by moving stage, F1 showed ATP-driven rotation (green data point in Fig.

4-2D) indicating Fr molecules were still active after manipulation. In some cases, F1 did

not resume ATP-driven rotation, likely due to the exposure of F1 to infrared light for
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optical trapping. However, inactivated Fr molecules still acted as a molecular bearing;

the magnetic beads showed rotational Brownian motion after the experiment (data not

shown).

A Figure 4-3 Wound DNA length versus revolutions. (A)

Displacement of optically trapped bead (dx) versus

revolutions (n). (B) Total length of wound dsDNA (L) versus

revolutions (n). L was determined from dx and the

force-extension curve'of the same dsDNA. Considering the

precision of dx determination or steric interaction with other

wound DNA region, the data points between 1.0 and 2.0

revolutions were subjected to the data analysis (indicated

by grey dashed line and arrow).
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4.1.3 Analysing tension and diameter

To draw a curve of winding tension (F) versus curvature diameter (D) of wound DNA, we

determined the tension exerted on the DNA and the length of the DNA wound around

the reel complex (L). Force was determined based on the displacement of the DNA

bead from the trap center of the optical tweezers. The stiffness of the optical tweezers

used was 0.01-0.05 pN/nm. The diameter of wound DNA was calculated using D =

Llnn where n is the number of forced rotations. Because the displacement of the DNA

bead upon winding was partly compensated by the extension of the trapped DNA strand

(extension/L = 31o/o-88%), total length of the DNA wound around the reel complex (L) is

represented as the sum of displacement of DNA-bead (dx) and DNA extension. Here,

DNA extension was determined based on the force applied on the DNA in winding

［̈
一̈0.5  1  1.5Revolutions
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experiment, and the force-extension curve of the same DNA obtained from the

stretching experiment (Fig. 4-3A before correction, Fig. 4-38 after correction). For

precise measurement, only the data points from 1.0 to 2.0 revolutions were analysed;

data points of less than 1.0 or greater than 2.0 revolutions did not provide reproducible

values, likely due to the low precision of diameter estimation for less than 1.0 revolution

and steric interactions between wound DNA strands for greater than 2.0 revolutions.

4.1.4 Fit of force-diameter data with WLC model

Fig. 4-4 shows the results of I independent winding experiments represented by

different colors, with winding tension ranging from 0.9 pN to 6.0 pN and curvature

diameters ranging from 2L4 nm to 8.5 nm. Diameters were larger than the size of

nano-reel (-5 nm). Thus, this value represents the mechanical property of dsDNA

without steric interaction with the reel. Based on the WLC model, the relationship

between winding tension and loop diameter of dsDNA can be expressed as follows:

F _+_2Lpk-sr a24l-p2p2

where F is the winding tension, D is the curvature diameter of DNA loop, r is the

bending stiffness of dsDNA (also referred to as flexural rigidity), keT is thermal energy

(4.1 pN'nm at room temperature), and Lo is the persistence length of dsDNA. By fitting

the averaged data points of individual experiments (open squares in Fig. 4a and 4b),

persistence length Lo of highly bent DNA was determined to be 54 t 9 nm (mean +

standard deviation; correlation coefficient R = 0.93). This value agrees well with

previousty reported persistence length from stretching experiments (-50 nmX75). This

agreement suggests that sharply bent dsDNA retains the same mechanical properties
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as dsDNA in the relaxed state, implying that deformation of dsDNA, such as local

melting or kinking, does not occur in the present condition.

D (nm)

Figure 4-4 Winding tension (F) versus wound DNA

diameter (D). Data points (n = 2027) were derived from I
individual measurements represented by different colors

(open circles). Open squares represent the averaged

values of each experimental trial, where the coefficient of

variation (standard deviation/mean) for F was 4-13Vo, and

for D was 14-35%. Black solid line is a fit of averaged

data points with WLC model with Equation (1) and the fit

parameter was Lp = 54 + 9 nm (mean t standard

deviation).
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5. Ghapter 5 General conclusions

5.1 Discussion and conclusions

The bendability of double-stranded DNA (dsDNA) on a small length scale (5-100 nm) is

important for understanding genomic DNA packaging, transcriptional regulation, and the

fabrication of DNA nanostructures. In terms of mechanical properties, the classical

worm-like chain (WLC) model describes DNA as a rod that is smoothly bent by thermal

energy. The persistence length (Lp, 40-50 nm) has been used to characterize DNA

bending stiffness. However, the WLC model is refuted when DNA is tightly bent and its

curvature diameter is smaller than the Lo. Recent experiments have suggested that the

breakdown of the WLC model for tightly bent dsDNA might be caused by deformations

such as kinks or melting bubbles, but those findings are still controversial.

This thesis described a novel method for winding single dsDNA molecules and

to study the bending stiffness of dsDNA. In our experimental system, a rotary motor

protein F1-ATPase was used as a unique protein reel. By combination with an optical

tweezers and magnetic tweezers system, dsDNA was wound around the molecular reel.

The bending stiffness of dsDNA was determined from the winding tension (0.9-6.0 pN)

and the diameter of the wound loop (21.4-.8.5 nm). Our results were in good agreement

with the conventional WLC model and a persistence length of 54 t 9 nm was estimated.

This molecular reel system offers a new platform for single-molecule study of the

micromechanics of sharply bent DNA molecules and is expected to be applicable to the

elucidation of the molecular mechanism of DNA-associating proteins on sharply bent

DNA strands.
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5.1.1 Gomparison of WLG modeland non-harmonic models

The SEC model assumes the curvature diameter to be inversely proportional to the

tension, while the WLC model assumes the square of the curvature diameter to be

inversely proportional to the tension as represented by the equation [25]. To test which

model is consistent to the present results, the observed curvature radius was plotted

against the inverse of tension (Fig. 5-1A and 5-18). As results, Dl2 versus 1/F plot (Fig.

5-1A) showed better linearity than D versus 1lF plol (Fig. 5-1B). Thus, it is evident that

the WLC model wellfits with the present data over the SEC model.
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Figure 5-1 Gomparison of the WLG modet and the SEG model. (A) The linear fit of D2 versus

1/F, corresponding to the WLC model. Same data shown in Fig4-4 was analyzed. (B) The linear

fits of D versus 1/F corresponding to the SEC model.

5.1.2 Explanations: sequence dependence of DNA flexibility

To explain this discrepancy, various factors can affect the DNA flexibility, including ion

strength, Mg2* concentration, temperature, and sequence of DNA. We will mainly

discuss the effects of sequence on the DNA flexibility in this section. In Cloutier and

Widom's report, several verifications of 94bp DNA sequence showed lower cyclization

efficiency than 94 bp DNA, indicating that sequence may affect the DNA persistence

1.5
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length. Use a small value of persistence length - 40 nm can explain Cloutier and

Widom's results. Recent cyclization experiment reported different persistence length of

different sequences(24). Thus, some sequences of DNA may have higher cyclization

efficiency than calculated from the average persistence length. Moreover, recently

theoretical study based on dynamic simulations showed sequence might influence

DNA's ability of forming kinks (76). Four DNA segments were analyzed, and only one

segment of DNA showed the breakdown of harmonic elasticity model at sharply bent

condition. Therefore, it is possible that different sequence required higher energy to

form kinks than calculated from Cloutier and Widom's results (11kBT).

0.5 | t.5 2 2.5

deflection angle. 9(rad)

Figure 5-2 Sequence effects on the DNA flexibility analysed by coarse-grained model.

Four segments of DNA were analysed: Nuc, A-tract, Flex, and Stiff. Negative logarithm of the

observed probability distribution function P(0, ANbp) of angles between tangents separated by

AN6o. For ANuo= 7 bp, the Flex and A-tract sequences exhibit a proclivity to form tight bends (0 >

1.2rad), whereas Nuc and Stiff do not. The difference between sequence are disappearwhen

AN6o increased.
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5.2 Future work

5.2.1 Sequence dependence of DNA flexibility

Sequence dependence and nucleosome positioning

Eukaryotic genomes are packaged into the nucleosomes that regulate the access of

other proteins to DNA, thus regulating gene expression. Special sequence motifs such

as AA-TT-TA have been shown to be more likely to form nucleosomes (77) (Fig.5-3).

The sequence dependence of DNA bending stiffness is vital for understanding

nucleosome positioning. The affinity of histones for different DNA sequences is differ by

as much as 100-1000 fold (>4 kcal/mol in free energy) (38). The crystal structures of

nucleosomes indicate no contacts between DNA bases and histones (37), leading to the

proposal that the sequence could influence nucleosome positioning indirectly by

facilitating the tight bending required to wrap DNA around histones.

^^^-- ---zo -50 -30 -10' 10 30 50 70

Figure 5-3 AA-TT-TA bp steps are more likely to be found at the DNA-histone interface.

(Adapted from reference (77)).

In Chapter 4.2.2, we discussed the effects of sequence on the DNA bending

stiffness in that it might explain the difference between our data and previous

measurement. The fact is, whether a DNA sequence affects its mechanical properties is
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a central question in biophysics. Our experimental system might offer a tool to measure

DNA bending stiffness of different sequences.

To analyze the sequence dependence of bending stiffness, candidate

sequences that might have different bending stiffness are required. In collaboration with

Prof. Maeshima at the National Institute of Genetics, we prepared two other types of

DNA: GC (with high GC content) and AT-track (with high AT content). The AT-track

sequence form a scaffold-attachment region (SAR) sequence.

Construction of force-clamp optical-tweezers

In the present study, an error in the estimation of the DNA extension could largely impair

the precision of measurement of the diameter of the wound DNA. The precision can be

improved by introducing a feedback control system to apply constant force to the DNA

strand.

Force-clamp opticaltweezers can be accomplished by beam deflection, stage

movement or intensity modulation (Fig. 5-a). Several reviews have presented the

design and construction of a feedback system (78). However, these optical tweezers

require expensive equipment such as a computer-controlled acousto-optical deflector

(AoD).

Here, we developed a piezo controlled sample stage to construct feedback

system. The program diagram is presented in Figure 5-5. We tested the response of

the feedback system by using a stepping motor to move the stage and increase the

force applied to the DNA (Fig. 5-6). Our results demonstrated the response time for this

system was approximately several tens of seconds. After improving the speed of the

feedback loop, this system might be used in DNA winding experiments.
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Ax trap   AX bead
XO

X1

Figure 5-4 Two types of force clamp. (A) Force clamp based on beam deflection or stage

movement. (B) Force clamp based on intensity modulation.

Figure 5-5 Program flow chart. This program was built based on LabVlEW.

Time (sec)

Figure 5-6 Test of feedback system. A polystyrene bead was anchored to glass surface

through a 3 pm length of DNA. By moving the stage, force was applied to the tethered bead. The

stage movements were monitored by bead that was adhered on the glass surface. The force was

increased by moving the stepping motor in 1 10 s (Cyan). The stage was moved by piezo to keep

the force as constant at 150 s.
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5.2.2 Cuwature dependence in the affinity of DNA-associating protein

The binding affinity of transcription factor is related to the bending energy of DNA. An

experimental demonstration of the curvature dependent affinity was conducted by

creating a pre-bent DNA minicircle (79). When a binding sequence for transcription

factor was pre-bent in the same direction as the transcription factor induced bending,

the affinity of the transcription factor for the binding site was 300-fold higher relative to

pre-bending in the opposite direction.

Our nano-reel system allows the systematic control of the curvature of wound

DNA in wide range and in real time. By combining single-molecule imaging techniques

such as fluorescence microscopy, the effect of DNA topology on the affinity of

DNA-associating proteins can be directly studied.

CAP protein
iabeled with Cy3

Figure 5-7 Real time imaging of DNA-associating protein and study of the curvature

enhancement of binding affinity

Fluorescent
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Appendixl Protocols for experiments

Preparation of F1 and DNA sample

-Protocol 1 Preparation of labeled DNA by PCR

-Protocol 2 Purification of Fr protein from E.coli

-Protocol3 ATPase activity analysis of Fr-ATPase

-Protocol 4 Crosslink reaction

Single-molecule rotation assay

-Protocol 5 Preparation of N|-NTA glass slide

-Protocol 6 Preparation of magnetic beads and DNA beads

-Protocol 7 Rotation assay and DNA winding experiment

Single-molecule fluorescence observation

- Protocol 8 Fluorescence observation of DNA or Cy3 labeled protein

Optical tweezers and Magnetic tweezers

-Protocol 9 Arrangement of optics for single-beam optical tweezers

-Protocol 10 Calibration of optical tweezers stiffness

-Protocol 11 Calibration of magnetic tweezers
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A.1.1 Preparation of F1 and DNA sample

-Protocol 1: Preparation of labeled DNA by PCR

-S'-biotin and 5'-digoxigenin labeled DNA

MATERIALS

. Extaq DNA polymerase (#RR001A, TaKaRa, Japan),

. Wizard@ SV Geland PCR Clean-Up System (#9280,Promega, USA)

o pRA100 plasmid (purified from E.coli)

o S'-biotin prime, 5'-digoxigenin (DlG) primer (Sigma Genosys, USA)

Mernoos

1. PCR reaction (96 tube = 9.6 mL)

Takara Ex taq(SU/ul) 0.5 pl 24 Vl 48 pl

10X Extaq buffer 10 Pl 480 Pl 960 ttl

dNTP(2.SmM) 8 Pl 384 Pl 768 Pl

template pRA100 0.5 Pl 24 ttl 48 Pl

5' Biotin Primer (100pM) 0.5 pl 241t1 48 pl

5' Dig Primer (100UM 0.5 pl 24 Vl 48 pl

Sterilized milliQ up to 100 ul Up to4.8 mL Up to 9.6 mL

Program:

98'C 1 min

(98'C 10 sec, 55'C 30 sec,72'C 1 min/kb) 40 cycle

72"C 5 min (< 3kb) 10 min (3 kb-g kb)

4"C o

2. Purification of PCR product

J Use Wizard system (Max 40 pg DNA per tube). Add equal volume of membrane

binding solution, 800 pl Per tube.

J Check PCR productby 1% agarose gel. Measure DNA concentration by 260 nm

absorbance (Abs260).
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↓ [DNA ng]=Abs260 X 50 ngノロ|,[DNA molar concentralon]=[DNA ng]/MW

↓ ・ds DNA MW=660/bp;ssDNA MW=330.

↓  1.5kbp DNA MW=0.99・ 106,3446 bp=2.29・106,6362 bp=4.2・ 106,8688 bp=

5.73・ 106

'0.6～0.8 μg/μ l DNA can be purified.For 500 bp,～2 1JM DNA can bё  purified.For 6

kbp,～ 0.2 μM DNA can be purified.

―Using thio:group:abe:ed primer(DTT treatrnents)

DTT treatment of p‖ mer(200 μM 100 μlfor9.6 mL PCR reactlon,two‖ mes)

5'thio卜 primer 200 μM 100 1JI

DT丁 0.12M      66 μl                              、

KPi O.5M(pH8.0) 33 μl

RT 16 hour.

Nap5 equilibrate with TE or milliQ(10 mL).Add pttmer200り |.Add 300 μl bufFer.Elute

with 750 μl TE bufFer.

[01igOl=Abs 260た―pttmer            (For 567-SH ε=0.314 μM‐
1)

Store at-20° C.

キ
After DTT treatrnent,primer can store at-20° C for one r71onth.Forlonger time,thiol

group wi‖ be oxidized.

'PCR reaction condition is as same as 5'― biotin and 5'― digoxigenin

Box:Extinction coefficient for prlmer

A260=0・ 891AX15480+C× 7340+GXl1760+TX8850]

-PCR use Rhodamin or Dig-dUTP to label DNA (dTTPIdUTP=1180)

Takara Ex taq(5U/ul)        0・ 5μ1          24μ 1          48 μl

1 0X Extaq bufFer             10口 1           480μ 1          960 1JI

dNTP(ATCG2.5mM)       8μ 1         384μ 1        768 μl

Rhodamine― dUTP          O.25μ 1        12μ 1         24111

lmM

template  pRA100          0.5μ 1          24μ 1          48 μl

5'Biotin Primer(100 1JM)      0.5μ 1          24口 1          48 μl

5｀ Dig Pttmer(100 μM        O.5μ 1          24μ 1          48 μl

Sterilized                  up to 100 ul     Up to4.8 mL    Upto 9.6 mL

milliQ
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*Rhodamine-dUTP (Roche #11534378910) 1 mM 25 pl

PCR Program:

98'C 1 min

(98'C 10 sec, 55'C 30 sec,72"C 1.5 min/kb) 40 cycle
* for Rhodamine-dUTP, use longer extension time than normal

72"C Smin ( < 3kb) 10min(3kb-9kb)

4"C oo

*Rhodamine: e551 nm=65000cm-t M-'

*For PCR 9kb, dTTP/dUTP=1/40, the label efficiency is about 100 rhodamin per DNA

molecule.

-Protocol 2: Purification of F1 protein from E.coli

-Mutagenesis and purification of TF1

Expression system for thermophilic Bacillus qspsy complex in E.coli was constructed in

1995(80). TF1 was expressed in JM103 strain E. coli(AuncB-uncD). Expression plasmid

was drive from pKK223-3. Our modification of mutant and purification methods are all

based on their work.

-Expression and purification of TFr

F1 purification was based on histidinetagged protein purification methods. Histidine

modified N-terminus of q and B have high selective affinity for Ni2* metal ion. Nichel

nitrilotriacetic acid (N|-NTA) column was use for purification. After N|-NTA column, gel

filtration column superdex 200 was used in final purification for remove free q and B

subunits and other protein.

MlreRrals
o Protease Inhibitor Cocktail: Complete, Mini, EDTA-free, EASYpack (#4693159

Roche USA)
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o  N卜NttA agarose(#30230,QIAGEN,Germany)

o  Superdex 200 10/300GL(#17-5175-01 GE life sc:ences,USA)

o  MILLIPORE,Amicon U‖ ra-15,Ultrace1 1 0K,15 mL(UFC901008,Millipore,USA)

●  Bioln― PEAC5~maleimide(B299,DoiindO,Japan)

METHODS

l. Cuiture and expression check

Expression check

↓  Streak the glycerol stock(in」 M103△uncB― uncD)on LB agar plate containing 1 00

μg′mL Ampicillin

↓  lncubate at 37° C for 16 hours(overnight genera‖ y)

↓  Pick a single colony from the plate using autoclaved toothpick and add to the

LB/ampicilin tube(3 mL 4tube)

↓  incubate in a shaker at 37° C for atleast 8 hours.

↓  Take 200 1J1 0f expression culture and centrifuge at l,5000 rpm forl min(fOr

SDS―PAGE).

↓  Discard the supernatant and suspend the pelletin SDS― sample buffer(m‖ liQ 15 μL,

4・SDS sample buffer 5 μL)

↓ Boil at 95° C for 5 min

↓  SDS― PAGE analysis(30 mA,50 min)

Main cuLure

↓ Add l.25 mL ofpre― culture(LB l%tryptone,0.5%yeast extract and l%NaCI)to

l.25 L TB(1.2%tryptone1 2.4%yeast extract,0.4%91ycero11 1.25%K2HP04 and

O.23%KH2P04)medium containing 100 μgノmL of Ampicillin

↓  lncubate at 37° C for atleast 1 0 hours(OVernight genera‖ y)

↓  Centrifuge expressiOn culture at 7000 rpm for 1 5 rrlin at 4° C and discard the

supernatant.

↓  Dispense the ce‖ s into the two 50 rnL tube

↓  Measure the ce‖ weight

↓  Freeze in liquid nitrogen

↓  store at-80° C

2. Eco″ ce‖ disruption by sonication
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J Add 25 ml of E.coli wash buffer [50 mM Tris-HCt, 100 mM NaCt (pH 8.0)].

J 7,000 rpm. 10 min. 4'C.

J Suspend in ISO mtr,t lmidazole,100 mM NaCl] 15 ml+ Protease lnhibitor Cocktail

1/3 tablet

J Sonication 5 min*2 on ice.

+ Standard Micro Tip, "5", pulse 1 sec, off 0.S sec

J Sample 10 pL for PAGE

J Heat treatment at 60'C for 30 min

+ 60,000 rpm 10 min 4"C

J Sup (sampling 10 prl for PAGE)

3. Purification by Ni-NTA column

J Apply supernatant to N|-NTA column : flow through fraction.

J [50 mM lmidazole,100 mM NaCl] 20 mL wash : S0 mM wash fraction

J [100 mM lmidazole,100 mM Nacl] 10 mL wash : 100 mM wash fraction

+ [200 mM lmidazole,100 mM NaCl] 10 mL wash : 200 mM wash fraction

J [500 mM lmidazole,100 mM NaCl] 5 mlx4 times elution : 500 mM elution O-@
fraction

+ [800 mM lmidazole,100 mM NaCl] 10 mL wash : 800 mM wash fraction
.t Sampling each fraction (10 pL for SDS-PAGE. Native-PAGE and 10 pL for BCA

analysis)

Analysis fraction by SDS-PAGE and Native-PAGE and stained by Quick CBB (Wako)

SDS-PAGE : 2 gel ( 60 mA -1hour) (during sDS-PAGE)add DTT to 100-800 mM

fraction (final 1 mM DTT) incubate for at least t hour at RT.

4. Purification by Gelfiltration HPLC

J HPLC bufter preparation(100mM KPi,2 mM EDTA pH7.0) and column equilibration

J Buffer filter with 0.22 or 0.44 pm filter and degassed
J Equilibrate HPLc column (superdex 200HR 10/30) with 50 ml(2cv) of HpLC

buffe(0.S mUmin).

<Sample condensation>

J NI-NTA purified sample(elution fraction) condense to 1 mL with membrane filter
(Amicon Ultra-4 or 15, MW:50K or 100K)

82



.t Filtrate withO.22 pm filter

<Sample loop wash>

J Wash the sample loop with 5 mL of water by the syringe

J Wash the sample loop with 5 mL of HPLC buffer by syringe

J Sample injection

J Inject 1 mL of sample to injection valve

J Run

AKTA condition
column name superdex 200 HR 10/30
wave length 1 280 nm

wave length 2 260 nm

Pressure limit 1.50 MPa
Averaging Time 5.12
Flow Rate 0.5 mL/min
Equilibrate with 0.1 CV
Empty loop with 5 mL
Elution Frac. Size 1.5 mL
Peak Frac. Size 0.15 mL
Peak Start Slope 100 mAU/min
Peak End Slope 75 mAU/min
Minimum Peak width 1

length elution 1.5

5. F1 protein quantification and biotinylation

J Collect peak fraction (qspsy complex) and measure concentration by UV

spectrometer.

OD280nm 10.154 uM-1 = uM

OD280nm*2.2= mg/mL
*Fn extinction coefficient t = 0.154. MW:360000

J Prepare 10mM Biotin-PEAC5-maleimide (1mg/17.9 uL DMSO)

J Add 1OmM Biotin-PEAC5-maleimide to protein solution (F1 : biotin = 1:3).

J Incubate at RT for at least t hour.

J Freeze in liquid nitrogen

J Store Fr at -80oC.
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-Protocol 3 ATPase activity analysis of FrATPase

ATPase activity of Fr-ATPase was measured by ATP regeneration system. The

mechanism of ATP regenerating system is shown in Figure A-1. When F1-ATPse

hydrolyzes one ATP molecule, pyruvate kinase will remove the Pi group from PEP and

synthesize one ATP. The LDH will catalyze pyruvate to Lactate. During this reaction,

NADH will be converted to NAD*. Since one ATP hydrolysis is coupled with one NADH

dehydrogenate, ATP hydrolysis activity can be monitor from the absorbance decrease

of NADH at 340 nm.

MnteRrlls
. PK: Pyruvate Kinase (PK) from rabbit muscle (#10109053001, #10109045001,

Roche)

. LDH: L-Lactate Dehydrogenase (#10127221001, #10127230001,Roche)

. PEP: Phospho(enol)pyruvic acid tri(cyclohexylammonium) salt(P7252#,

Sigma-Aldrich)

r ATP:Adenosine 5' -triphosphate disodium salt hydrate (#A3377, Sigma-Aldrich)

. NADH (#10107735001, Roche)

. LDAO

. UVA/IS Spectrometer (VP-550, Jasco)

F, -ATPase

Figure A-1 ATP regenerating system

Slope dAbs/dsec (s-1cp-r;
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Mernoos

J Prepare 20 mM NADH solution: 2 mg NADH to 141 pl milliQ

J Prepare 100 mM ATP

J Prepare assay mixture (5 mL for 3-4 times measurements)

50 mM MOPS-KOH (pH7.o). 1 M

Stock solution volume (in 5 mL)

250 1JL

125 μL

10 μL

20 rnM         50 μL

10 rng/rnL      1 00 1JL

10 rng/rnL      25 1JL

100 rnM        125 μL

4315 μL

50 mM KCI
2 mM Mgc12

0.2 mM NADH

200 μg/mL PK

50 μg/mL LDH
2.5 mM PEP
MilliQ

2M
lM

↓  Setthe cel卜 holder and circulate temperature contro‖ ed water(25° C)to the

cel卜 holder.

↓  Place the ce‖ into the cel卜 holder.

↓ Auto¨zero calibraJon

Measurement condition

バンド幅(band Width)                  2.Onm
レスポンス(respOnse)              Medium
測定範囲(Ime range)              0_600 sec
データ取り込み間隔(data aCqtts面 on htervJ)     0.5 sec

測定波長(wavelength)              340 nm

↓  Add l.2 rnL of asSay rnixture and magnetic stirring bar.

↓ start measurement with s‖ r‖ ng.

↓ Add ATP stock soluuon(lna1l mM)at 30 sec.

↓  Add Fl― ATPase(lna15 nM)at 60 sec.

↓ Add LDAO(lna1 0・ 3%)at 300 sec.

↓  End rneasurement(after 600 sec)

↓ Repeat measurement 3-‖ mes.

↓  calculate ATPase aclvly from the slope(inttial,steady state,after LDAO)

'During measurement,if a‖ NADH was converted to NAD+,add additiona1 1 2 μL of 20

mM NADH
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PrOrOcO′ィcross′′
"々
react′ o■

MATER:ALS

Cy3 Mono reaclve Dye(PA23001,GE life sciences,USA)

Nap 10 column(17¨ 0853-02,GE life sciences,USA)

Nap 5 oolumn(17-0854-02,GE life sciences,USA)

Biospin 30 column(#732-6231,Life Science Research,USA)

EZ… Llnk Sulfo―NHS… Biotin,No―VVeigh Format(#21326,Thermo Fisher Scientific,USA)

SPDP(#21857,Thermo Fisher Scientific,USA)

AnI―di9oxigenin(DIG)Fab fragmentfrom sheep(#11093274910 Roche,Switze‖ and)

KPibuffer 10 mM KPi(pH7.0).

l Biotinylation of Fab fragments

↓ AnI Dig Fab l mg/ml(40 μM)in 100 mM KPi(pH7.0)2 mM EDTA

↓  Fab:biotin― PEG― NHS=1:20

40 μM Fab       500 μl

20 mM NHS―PEG… bioin 20 μl(lna1 800 μM)

↓  R丁 1.5 hour

↓  Remove NHS― PEG― Bioln by Nap5 column.500μ 卜>l mL,Kpi buffer(pH 7.0)

2.Crosslink reaction of Fab and Fl‐ ATPase

↓ BiOIn labeled anI―dig Fab(Roche)(l mg/ml=40 uM)in 100 mM KPi(pH7.0)2mM

EDTA

↓ 2 mg SPDP(thermO)t0320 μl DMSO(20 mM)10X diluteto 2 mM 100 mM KPi

(pH7.4)

1:10   Fab 20 μM 225 μl

SPDP2 mM 15 μl(lna1 100uM)
KPi(pH8.0)0.5M  60 μl

↓ RT 30 min

↓ Quench by l M丁 画s¨HCI(pH8.0)6 μl(lna120 mM)RT 10 min

↓  BiOsp:n30 ciDlumn

↓  Mix Fab 10 μM 300 μland XP 18.7 μM 50 μl(Fab:XP=3:1)

↓  RT overnight
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3. Cy3 labeling of proteins

J Dissolve protein to 2 mgimL (around 500 pl) in 100mM KPi buffer(pH 7.0).

J Add the protein solution to the dye vial, cap the vial, and mix thoroughly.

+ Incubate the reaction at room temperature for 30 minutes with additional mixing

approximately every 10 minutes.

J lCare should take to prevent foaming of the protein solution.

J Remove of free dye from protein by Nap5 column, 500 pl to 1 mL

J Two pink bands should develop during elution. The faster moving band is

Cy3-labelled protein while the slower band is free dye.

J Estimation of final dye/protein ratio

ICy3]=A552nm/150000 (eXInCJOn coefFicients of Cy3 is 150 000 M‐
lcm‐1)

[PrOtein]=(A280nm~0.08・A552nm)/ε pЮbin

Al.2 Single口 rno:ecule rotation assay

‐Profoco′ 5 Prepara″ o,oFNルNM grass slide

|  |  |      I  Ho
HO―SI O― St-0-S, OHく   HO― SI―OH`
OH OH  OH  潟含   6H

0い   OH  OH

需曖7●

1 1 1   1 1 1
HO一S-0-Si-0-Si OH  )HO一 Si― O―S-0-S―OH

点  点  a        l   l   点
イ`
H 

イ`
H 
:`H        i   i  」`H

篤曖●科           麻機材料

水素絡合           化学烙合

０

Ｖ
‐‐，
”
‐い

一

(2)MaeimidO.C3‐ NTA

帆

Ψ
F°

つ`

K[」F°

Figure A・ 2S‖ anizat:on and coup:ing with NTA‐ C3・Maleinnide

MATERIALS

Glass coversli ps 24X32mm (Matsu nam i)

Glass holder and PMP beaker.

Mercaptopropyltrimetoxysilane ( LS- 1 390, )

NTA-C3-maleimide (Dojindo)

●

●

０

０
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. DTT, KOH, chloroform, toluene, ethanol (Wako).

Merxoos

Cleaning glass coverslips (chemical cleaning)

J Put24 X 32 mm glass coverslips on a glass holder and place into 10N KOH solution

overnight. (To form hydroxyl groups on the glass surface)

J Remove the glass with the glass holder from the KOH solution and sonicated in

MilliQ water to clean the surface

J Wash glass in milliQ over 6 times.

Cleaning glass coverslips (plasma cleaning)

+ Put the coverslips on a glass slide holder and place into the Teflon beaker

containing 250 ml of ethanol.

J Sonicate the substrates in a bath sonicator for 15 min (repeat this wash-step 2

times).

J The substrates are dried under nitrogen stream.

J Place the substrates into the reactive ion etcher.

J Perform 02 plasma treatment (10 min).

*Both chemical cleaning and plasma cleaning method can be used for clean the glass.

Silanization (Ethanol method)

J Remove water on cover glass by air blow, and rinse by ethanol two times in order to

remove remained water completely.

J lmmerse coverslips in 100 mL of ethanol.
*Each coverslips should be separated and the surface should be exposed to the

reaction solution.

J Add 100 pL 3-mercapto-propyltrimethoxysilane with stirring. React for 30 min at RT

with stirring.

J Pick up coverslips from silanization solution. Blow away reaction solution; wash

with ethanoltwo times and then wash with MilliQ water 6 times.

Coupling with NTA-C3-Maleimide

.t Put the coverslips into the beaker containing 100 ml of DTT solution (10 mM DTT in

milliQ) and incubate for at least t hour at room temperature.

J Wash 5 times by milliQ.
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J lmmerse coverslip one by one to 1 mL of 10 mg/ml maleimide-C3-NTA solution (in

50 mM MOPS/KOH, pH 7.0, 50 mM KCI Buffer) for over 3 hour
*Maleimide-C3-NTA is expensive. Reduce reaction volume as far as possible. 1mL

solution is enough for prepare 15 coverslips.
*Other buffer at pH 7.0 can be used instead of MOPs

Ni2*

J Prepare 1 ml of NTA solution (50 mM MOPs buffer pH7.0, 5 mg/ml

maleimide-C3-NTA) and 80 pl of solution was coated on a substrate at room

temperature for at least t hour.

J Wash with milliQ six times and then immersed into the nickel solution (20mM nickel

sulfate in water).

J Stored at 4'C to suppress fluorescent background.

-Protocol 6 Preparation of magnetic beads and DNA beads

1. Magnetic beads preparation

Before infusing the beads into flow cell, beads solution is sonicated for few second and

centrifuged by capsulefuge (chibitan) for few second. Then sup (thin brown color

solution) is available. (When there are many aggregated beads in the solution, beads

are difficult to bind) Depending on the volume of the flow cell, <8 pL beads solution is

sufficient for experiment when 3 flow cells were made on one glass (34 x24 mm).

Marenrels

Sera-Mag magnetic beads (#30152105010150, Thermo Scientific, USA)

Mersoos 1

J 10 pL magnetic beads

J sonication for few second

J fill milliQ up to 1 mL

J 3000 rpm for 1 min
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↓  Take the supernatant(800～ 900 μL)

↓ 15000 rpm forl min

↓  Discard the supernatant(avoid as practica‖ y as possible to discard pe‖ et)

↓ suspend pelletin 20 μL bufFer(50 mM MOPS/KOH,pH 7.0,50 mM KCI).Beads

solution is available for several days.

2.DNA beads preparation

MATER:ALS

o Streptavidin coated microspheres(#CP01N,0.5 μm diameter,1%w/v,Bangs

Laboratories,USA)

o  9kb DNA(prepared as protoco1 1)

METHODS

↓  50 μL beads(streptavidin coated microspheres)

↓ wash beads with 450μ L KPi buffer(100 mM KPi,pH7.0,2 mM EDTA).

↓ 15000 rpm for 5 min

↓  Add 9 kb DNA and KPibufFer up to 500μ L.Mixed at R丁 overnight.

↓ 15000rpm for 5 min,discard supper.

↓ llvash beads with l mL KPi bufFer

↓  15000 rpm for 5 rnin,discard supper.      6 Times

↓ suspend pelletin 50 μL buffer(50 mM MOPS/KOH,pH 7.0,50 mM KCI).StOre at

4°C.Beads solution is available for months.

‐Profoco′ 7 Rorar′。■assay and DNA"ind:ng experrmenfs

MATER:ALS

o  Ni… NTA coverslip

e Cover glass 18X18mm(MATSUNANI)

o Silicone grease(DOW CORNING)

● Mops buffer 50 mM MOPS― KOH pH 7.0,50 mM KCI)

● BSA buffer 5 mg/ml BSA(Wako),50 mM MOPS¨ KOH pH 7.0,50 mM KCI.(5

mg BSA+l mL MOPS buffer)

・   ATP buffer:

Pyruvate kinase (PK) 1Opg/pl 5 trl Final 0.1 pg/pl
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Phosphoenolpyruvate (PEP) 100mM 10 pl Final 2 mM

ATP 200mM 5 ttl Final 2 mM

Mops-Buffer Up to 500 pl

*Prepare ATP stock and measure the concentration by Abs260, stored at -30'C.
*Prepare 1 mM phosphoenlpyruvate, stored at -30'C.

Mernoos

1. Preparing flow chamber

.t Wash NI-NTA glass by milliQ, dry it in air.

J Cut the paper of parafilm into 2.5 X 25 mm slice; spread with grease; put it on

Ni-NTA glass.

J Put a cover glass (18X18 mm) over the slide. Push and make sure the cover glass

attach to slide. Then a 10-20 pl volume sample chamber formed.

2. Rotation assay (driven by ATP)

J Add BSA buffer to flow cell, incubate 5 min.

J Add 10 pM-100 pM Fr (dilute by Mops buffer), incubate 15 min, wash by 100 pl

BSA buffer to remove the unbound Fr.

J Add Magnetic beads, incubate 30 min (For low Fr conc€ntration 10 pM, increase

the incubation time to t hour)

J Wash by 100 pl BSA buffer to remove the unbound magnetic beads.

J Add 200 pIATP buffer, observation.
.Add BSA in all step for reduce the non-specific binding.
*Dilute of Fr before use. Fr G?nnot store at low concentration maybe due to the

dissociation of complex.

3. Winding DNA (use magnetic tweezers)

I Infuse DNA-coated polystyrene beads (0.5 pm) in flow chamber. Beads was 1/50

dilute in BSA buffer containing 2 mM ATP and 5 mM Biotin-PEG-NH2 (MW3400,

Creative PEG Works, USA).
*Biotin-PEG-NH2 was used to block the nonspecific binding of DNA to magnetic bead.

J Find rotating magnetic beads

J Capture a floating DNA-coated bead with optical tweezers
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J Move DNA-coated bead towards the rotating magnetic bead untilthe DNA-coated

bead inhibited the rotation of F1 through steric hindrance.

J Stretch DNA by horizontally moves the microscope stage using a stepping motor.
*For smoothly move the stage, I used ActOperator software (Sigma Koki) and set

division=S, the speed as 51 Fl 51.

J Check if the rotation was stopped by external force.

J Held the system for several seconds to minimize stage drift.

J Rotate the magnetic tweezers by Celery software. The rotation rate is set as 0.1

rps.

A1.3 Single-molecule fluorescence observation

-Protocol 8 Fluorescence obse rvation of DNA or Cy3labeted proteins

MlteRrlls

o 532-nm diode-pumped Nd:WO4 laser (CL-2000, Crystalaser,USA )

r lmage intensifier (VS4-1845, Video scope, USA)

. Monochrome CCD camera (WAT-120N, Watec, Japan)

EXPERIMENT CONDITION FOR DNA

o 532 nm laser Power=2O.41tw | 100 prm2

e lntensifier gain: 600

. Camera: Frame = 2, gain = Hi

ExpeRrmenr coHornou ron Cv3-PRorerns

. 532nm laser PoWer = 180 pw / 100 pm2

o Intensifier gain 500

. Camera: Frame = 2, gain = Hi

A-1.4 Optical tweezers and magnetic tweezers

-Protocol 9 Arrangement of optics for single-beam optical tweezers

Marenrats

Microscopy

r Inverted microscope (1X71, Olympus, Japan)
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r 100x objective lens (PlanSAPO NA1.3, Olympus, Japan)

. Microscopy stage (KS-0,Japan)

o Opticaltable:TDl high-performance three-dimensional six-degree-of-freedom

Vibration lsolation System (TDIS-168LA, Herz, Japan)

. Stepping motors (SGSP-13ACTR, Sigma Koki, Japan)

. Stage controller (SHOT-202, Sigma Koki, Japan), DMINIS cable (DMlN|S-CA-2,

Sigma Koki, Japan)

Opticaltrap

. lnfrared(lR)laser (1047 nm, Nd:YLF, 1 W, IPG Photonics, USA)

. Laser power meter (#407A, Newport,USA)

. lnfrared(lR) viewer (Electroviewer 7215, Electrophysics, USA)

. 1064 nm polarizing beamspliter cube (PBS) (#P8S253, Thorlabs, USA)

. Half wave plate (A/2)

. Side port for introduction of an external laser beam (|X2-RFACB2-R, Olympus,

Japan)

. Lens: achromatic doublets (DLB-15-50PM, Sigma Koki, Japan)

. Filter (Chroma technology)

. Mirror(TFMHP-2633R03-1064)

o Other optics form Thorlabs: C mount adapter (SM1410, SMIAg),Stackable lens

tube forlin (SM1105, SMlL20), Lens tubes couplers(SM1T1, SM1T2), Threaded

cage plate (CP02/M), Right angle kinematic cage block (KCB1),25.4 mm dia round

mirror 3.2 mm Thick (ME-P01), Extension Rod 6 in (ERO)

Camera

. High-speed camera (FASTCAM-1024PC1, Photron, USA)

. lR cut filter: short pass Filter/lR 900 nm <p25 mm (Asahi Spectra, Japan)

METHoDS

! CAUTION: always use laser safety goggles when you use the optical tweezers. Never

use the microscope oculars for direct viewing with the naked eye when the optical

tweezers is in use.

1. Place and adjust the laser collimator:

+ Place the optical ray,
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J Set the height of the laser collim ator at 10-15 cm above the optical bench.

J Place an adjustable diaphragm in the optical ray and close to the laser set the

height is as same as the laser collimator.

J Move the diaphragm along the optical ray to ensure that the collimated beam runs

parallel to the surface of the optical bench.

J Place mirror M2 in the optical ray. Adjust the direction of M2 by use the diaphragm.

2. Control of the power

J To control the power of the single-beam optical trap, insert a half wave plate (N2) in

front of a rotation mount and a PBS after laser. Rotating the )r/2 wave plate will

change the polarization direction of the linearly polarized input beam and thus result

in a change in the relative power in each output arm of the PBS.

3. Adjust lenses

+ Use two lenses (Ll and L2) to expand the laser beam.
*The beam is expand to overfill the back aperture of the object by around 1O%.We

use lenses L1 and L2 to form a beam expander that expander the collimated laser

beam.

J For align the lenses, insert only Ll first, and observe the output laser (Fig. A-3 B)

J lnsert L2 and put it f1+f2 distant from Ll . Adjust the height and center of L2 by use

a thin paper put on the top of objective. For more careful adjustment of L2, put a

coverslip on the top objective. Adjust the focus of objective to make sure the

coverslip is at focal plane. Observe the reflected laser light from CCD camera.

4. Adjust the z-axial position

J Adjust the z-axial position of an optical tweezers by move the L2 (Figure A-3).
*ln my experiment, I want to focus on the rotation of magnetic bead at h = 0.2-0.4 pm

from glass surface by using halogen lamp. The trapping position at h = 0.5 pm. We also

need consider that dffierent wavelength of light have different focal lengths due to the

chromatic aberration of lens. So the adjustment is conducted by observe both beads

stuck on glass surface and trapped bead.

5. lmaging from high speed CCD camera

+ Put the lR cut filter in front of CCD camera.

J Set Olympus.condenser at bright field mode. (Nol or NoS)

J Set the camera g€rio = 8, gamma = 1

" This setup is for calibration of optical trap stiffness. The Maximum frame rate for

observing 0.5pm bead is around 27000fps.

94



(A)

Coverslip Obi Detect form
ccD
camera

Obi

Coverslip Obi Detect form

CCD
camera

Figure A-3 (A) lnsert only Objective and adjust the optical ray B) Insert lens Ll, adjust by

observe the laser beam pass through objective lens. (C) Insert lens L2, adjust the position of L2

by observe the reflected laser light on CCD camera.

Ll
(C)
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parrallel

devergent

convergent

obj L1 L2

Figure A- 4 Adjustment of the axial position of an optical tweezers by change L2 position.

Adjustment of the collimation of the input laser changes the position of the focus relative to the

image plane (dashed line).

Figure A- 5 Microscopy. Diagram of optics was presented in Figure 2-5.

-Protocol 10 Calibration of optical tweezers sfiffness

1. Drag force methods (Stock's law)
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Stiffness

F = 6nnrv
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lf the beads are very close to glass surface, the drag force will increase by glass

surface.

β=
6m7rv

1-f:(1)+:(1)3_轟
 (1)4_会  (1)5

, where r is beads radius, h is the distance from surface. From the h/a, F can calculated

using Table A-1.

Table A-1 Drag on a sphere near a planar surface (Faxen's Law)

(hノa) β(Fh'ノ FO)

1.01

1.10

1.25

1.50

1.75

2

3

4

5

10

50

*Variables: h, distance above surface of center of sphere; a, sphere radius. The drag

on the sphere at h = oo is given by Stokes' Law, F : 6rcra.
*For 500nm diameter beads, move stage as speed 200um/s (the speed of stage

measured by 10X lens or by stuck beads),

F = 6tt x 10-3Pas x0.25umx200um/s = 0.94 pN, Ax= 1.5 pixels = 126nm,

Thus,k=0.007pN/nm.

2.97

2.36

1.92

1.62

1.47

1.39

1.23

1.16

1.10

1.06

1.01

1.00
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Figure A- 6 Trajectory of trapped beads. Flow was applied by moving the stage. Red arrow

showed the Ax. Data analyzed by lmage J, centra3.
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Figure A- 7 (A). Stiffness measured by moving stage at different speed: 40 pm/sec, 80 pm/sec,

160 pm/sec, 200 pm/sec (B) Stiffness measured at different power. (50 mw, 100 mw, 200 mw

results from fitting. 250 mw, 300 mw and 400 mw only measured by moving stage at 200

pm/sec)

2. Equipartition theorem methods

:た37==:た
く(χ2>

At room temperature,1たB7=4.14 ρⅣ・mm,た =4.14 ρⅣ・ηttι/<χ
2>

(4)

Drag force-beads displacement
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Here, < x2 > can be calculated from the trajectory of trapped bead (Fig.A-8). Use

kaleidaGraph program, Statistics->Std deviation. When Lx = 2 nm, stiffness k = 1

pN/nm; Lx = 6.4 nm, k = 0.1 pN/nm; Ax = 20 nm, k = 0.01 pN/nm.

Table A-2 Spatial resolution of stuck beads.

SDχ SD  ッ
Ultrahigh speed

camera

1000 fps

5.61 nm 5.36 nm

High speed camera 250 fps

400 fps

1000 fps

3.2 nm

4.0 nm

3.8 nm

5.4 nm

5.7nm

8.6 nm

Normal camera 30 fps 2.8nm 3.4nm

3. Measure form trap potential

P(夕)=:exp(f)=:eXp(募
)

A

コ 165

HIst●gram X(P欧 0り

Figure A- 8 (A) xy trajectory of a bead in the trap center. (B) x axis histogram of trapped bead

4. Power spectrum methods
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Figure A- 9 power spectral of trapped beads.

- Protocol 11 Calibration of magnetic tweezers

MRreRrnts

o Gaussmeter Lakeshore 421 Probe : XMNT-1341

o BNC cable

. Power supply

METHoDS

1. Calibrate the output voltage of PC and angle (Figure A-1.4).

2. Calibrate the output voltage of PC and PWR (Figure A-1.A).

3. Calibrate the magnetic flux versus angle using gaussmeter.

J Put gaussmeter probe on the top of objective lens (Figure A-1.8)

J Set the angle of magnetic tweezers using cerely program.
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Figure A- 10. (A) Calibration of the output voltage of PG and angle (left). Galibration of the

output voltage of PG and PWR (right). (B) Galibrate the magnetic flux by gauss meter.
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Appendix2: Derivations and calculations

4.2.1 Freely jointed chain model

The freely jointed chain model (FJC model) is the first and the simplest mechanical

model described the behavior of polymers (3-5). The FJC model treats the polymer as a

chain composes of n statically independent segments with a fixed length. The segment

length b called the Kuhn length is a parameter relates to DNA's flexibility. A significant

conclusion in this model is that the mean-square end-to-end distance of the chain

(variance of the end-to-end length) is proportional to the number of the independent

segment (R') = nbz. For flexible polymers, the Kuhn length is same order as chemical

bonds, -,J2a, (a is the length of chemical bond). However for semi-flexible polymer like

DNA, the Kuhn length is hundreds base pair, around 100 nm.

The force-extension relationship of FJG model

The FJC model assumes that the elastic restoring force of the polymer results from the

entropy change. Force (F) required for extending the chain to an averaged distance (z)

is

讐=乙曙) 125]

, where z is the extension of polymer, Lo is the counter length of polymer, and f (f-1 is

the Langevin function.

The equation [25] described the force-extension relationship of DNA measured

in single-molecule stretching experiments(31) in the small forces regime (F < 0.08pN)

with a good accuracy. In this regime, DNA act as a spring with an effective spring

constant tj,tt. Ho*ever, the FJC model was failed at intermediate force range.
bLo
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Deviations in intermediate force regime suggest that DNA has significant local curvature

in solution.

Equation [25] can be derived as follow:

1. The potential energy of the free jointed chain is

U(e) = -Fb cos 0

2. The probability of finding a segment of the polymer making an angle between 0 and

0+d0 is

p (Dde = )"*o( ffi) sinodo

, where Z is the partition function

z- lp@'ae
J
o

3. (cos 6) can be calculated using the partition function

(COS θ)==(:7)=∫ COS θ・ρ(θ )・ dθ = 
ラ:∫
COS θ・exp(拳 COS θ

)Sin 
θ .dθ

0                           0

_ Jllyexp(χ
y)。

i;Z〓
 :i{l:[:― :≡

L(Fb/た BT)
∫Llexp(χ y)d

,where χ≡
拳
,y≡ COS θ.

This equation can be inverted to give:

F= 1整」EL_1ごF2)
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Forsma‖ force, 
θχ_θ
_χ ～ i・ :―

…・,SO L(Fb/た BT)笙 Fb/3たBT,

'=ffi<"t
F_-f___._r^__- ex+e-x - (z) . L - keT 1 __Forlargeforce, #= 1, ;- 7- =, F = t'r_;;, so zx 7/F.

End to end distance

The end-to-end distance of FJC obeys Gaussian statistics, so this FJC also called

Gaussian chain. The probability density function is

3  3     3R2
島(R)=(所高ρ

フ・exp(―
″

The end-to end distance of free jointed chain at zero force is (R2) = nb2 = Lob.In the

WLC, the end to end distance is (R2) = ZLpLo. so b = 2Lo. These two parameters were

both used for described DNA bending property.

The relationship of WLC model and FJC model

The WLC model can be considered as a modified FJC model in restricted condition.

The persistence length Lo is considered to be one half of the Kuhn length b. We

assume a freely joined chain composed of n segment of lengths b with fixed bond

angles 0. The end to end vector of the chain is R.

Then the average of the projection of R to the first vector is

[26]
【▼＞ん
・

１

一
ｂ〓

ｔＲ
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For two vector, f1 and f2 is (t, 'tzl = b2 cos0. Similarly to this, the average projections

of each of the segment vectors on the first segment vector is (tr'til = bz(cosO)t-1.

Therefore, using the formula of geometric series, we have

(R'tr) =t: !'?")" 1271' L*cos?

Considering n -t o,b --r 0, and 0 + 0, (cosQ approaches 1) and assuming the contour

length of Lo held as constant.

bb
lg*(R'tr)= L+r"re=r=t, t28l

The persistence length equals the average projection of the end-to-end vector on the

tangent to the chain contour at a chain end in the limit of infinite chain length.

4.2.2 Relationship between persistence length and bending stiffness

Derivation of the equation [6]:

Let /(s) = (cos[0(s)])

! o, = f (s* As) - /(s) = (cos[9(s + As)] - cos[9(s)])ds'

= (cos[Ag + 9(s)]) - (cos[9(s)])

Where A0 = 0(s + As) - 0(s)

讐
△S笙 にOSF]COSい切 ― Jnθ shい硼 )― にOSF])

〓 (COS[θ ])・ ((COS[△θ])-1)

讐
笙皇I萱二
:1:三
l二上f(s)笙 _:1今〔:|ノ (S)=― :|(聟 )2△

slノ(S)=-1生聖2.f(s)
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Here, we used the elast:c energy ca:culated from beam equation二三=:Jf(1震
:)2,

and equipartition of energy (AUl = vt7 (3D), thus

讐
=― :写 ノ(s)

Solving the differential equation give

(Cο S[θ (S)一 θ(0)])=exp(― T)

Use the definition ofと p

(εοS[θ (S)― θ(0)])=exp(―
丁
)

, =EI = 
*

"P-keT-ksT

4.2.3 Force-extension curve calculated by WLC model

The Marko-siggia WLC model introduced in chapter 1.3.2 is the most common used

form of the force-extension curye. Here we will introduce more detailed about the

deviation of equation [11].

'koT71.z
r = (i)[---.----- _..,- -;*;]Lp +(t - ?\" 4 Lo-

\ L6,r

1. Potential energy of the chain in the absent of force is

u =;* 
lo'o, 

rf*r

2. Potential energy resulting from a force F to the end of the molecular chain is
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It is difficult to calculate the force-extension relation for the WLC chain analytically. The

approximation formula was calculated as follow:

At low force, extension follows Hooke's law,

囁)=碧

At large force, (zl = Lo

申… /фψ

z∝ 1/輌F for wLC model atlarge force,this is different from F」 C model.Forthe WLCl

when DNA extension is close to the counter length of IDNA, larger force required to

extend the DNA.

FLp_

Summarizing these results, an approximate interpolation formula was obtained for

force-extension relationsh ip.

,ro _ _!*"
keT- n(.r _a\' 4' Lo

'\' Lo)

A.2.4 Elastic energy and restoring force calculated from the WLC

model and SEC model.

In the classic WLC model, the energy required to bend a thin flexible rod into an arc of

circle of diameter D is given by;

ヽ

ｌ

ノ
ニ
島一

１
／

１

ヽ
４

７
Ｂ
た
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賄 LC(θ)=Lpた
BT 
θ
2=:生塾
:;F三
生

, where I is the bending angle, L is the total length of wound dsDNA. LpkBT is the

bending stiffness, also called flexural rigidity. The elastic energy per unit length is

ry ='# . Wind a segment of length AL DNA against force F, the change of elastic

energy is AUy7r. = LL'#, the force applied on the DNA rod can be calculated as:

AUwrc _zLpkBT

In the LSEC model(49), the elastic energy E is linearly proportional to the bending

angle;

F_

Therefore, F is proportional to D2

△L

AUr,ssc _ZaksT _F

″LSEC(θ)=α lθ lたB7=α
lア
たB7

F〓
△L     D

, where q and B are constant. Therefore, F is proportional to D1.

A2.5 Torsional stifFness of DNA

ln chapter l.3.1, we mentioned about the torsional stlffness of DNA in cyclization

experiment. The torsional stiffness of spring can be calculated with equipartition

theorern:

.- - 
KsT

xA = ----" oe'

The torsional stiffness of dsDNA is related to its counter length:
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2_ C・ κBT

, where Lc is the counter length of DNA. C is the effective torsional persistence length. C

has the unit of pN'nmz.

Ic6,pI.rR
σ

一比
〓

Appendix3: sequence of DNA used in winding experiments
1()C)

801

洲|______」
1  17 3ろ  う2  69 ST

Posi.tion (libp)

The sequence in the wounded end:

TTGGAGTCGGttCATTTCGTGGTAGAAGttCGTTACCCTCACGAGTACGTTCACCttA

CGCCCGCAAACACAGAGTAACCGGAGTGCTCGATCGCGATGTTACGAATGAGCT

CCAttCATGTTttACGGT丁丁丁ACCTACACCCGCACCACCGAACAGACCAACTTTACCG

CCCTTAGCGAACGGACACATCAGGTCGATAACTTTGATACCGG丁 丁TCCACCAGTT

CCTCAGAGTTTGACAGCTCTTCGTAGGAAGGttGCTGCGCGGTCAATCGCCCAAC

GCTCTTCTTCACCGATCTCGCC丁 丁TC

:|:lν
w中wし爛iV中りF蜘虐

可
1嘲ぃψ呻
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