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1. Chapter 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 20" 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. If the
measurement were carried out slowly, we consider that the system remains in

quasi-static equilibrium.

Second, particular sequences of DNA molecules have a preferred bend
direction (anisotropic bending). For example, an A-tract 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. It 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.



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 (F) to the free end of a slender rod
that is fixed at the other end (Fig. 1-2). In 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.

M=z o

The bending moment (M) equals force (F) times the distance (x).The constantk 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 6(s). For small

2
angles and arc length, %: ‘;—z = %, 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 6(s).
/ X
|« , >
)
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Figure 1-2 Bending of a cantilevered beam. For the small angle and arc length, % = % = %, y

is the deflection of the beam, s is the arc length, and 6(s) is the tangent angle at each position s.



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

1 .d6.,

the beam equation, the bending energy per unit length is calculated as Z—IS] = EK(E ,

where k is the bending stiffness and % = % is the curvature of the arc. This equation

is analogous to the energy stored in a spring U = %xxz, 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 6 is expressed as
U=1fods(ﬁ)2=£92 [2]
2 Jy ds 2L \
If a rod is of isotropic homogenous material, the bending stiffness can be
separated into two terms: k = 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



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 WLC model. (A) Freely-jointed chain. A flament composed of n
segments of the same length. (B) Worm-like chain. A filament in 2 dimensions, the tangent
angles at the 2 ends 6(s) and 6(0) become uncorrelated as the arc length increases. {(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 Aobeys Hooke’s elasticity. The orientation correlation function of a WLC

reveals exponential decay (equation [3]). Figure 1-2B depicts the time average of the

10



cosine of 6(s) — 8(0) decreasing exponentially as the arc length s increases. The
characteristic distance L, is persistence length which describes the resistance of
DNA to thermal bending. Persistence length (L,) is the most important parameter in the
WLC model. The stiffer the polymer; the longer the persistence length. If the length of a
filament is much greater than the L, the tangent angle at the two ends 6(s) and 6(0) will

be uncorrelated.

(cossplb(s) ~ OO = exp(-) (3
p

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

the WLC is

Lo L
(R?) = 2Lp? [exp( > ) 1 +zﬂ [4]
P p

When the counter length Lo is much greater than L, (R?) = 2L, L.

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 stiffness

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

harmonic bending energy. Using equation [3],U— f ds (de 2=— 6%, and the

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

(cos[6(s) — 0(D)]) = eXp(kBkTS) [5]

By comparing with equation [3], we can obtain

11



L = K
P_kBT [6]

Thus, L, is directly proportional to the bending stiffness x of the chain L, = KKT

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

through angle @ can be also expressed as

L kgT
U = szB 62 (7]

1.3 Measurements of DNA persistence length
In 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.

12



Table 1: Experiments for measuring DNA persistence length

Methods Parameters for determining L,

Persistence length (L;)

Reference

Measurements based on the global properties of DNA
-Light scattering Scattering angle and intensity
Rotation diffusion constant D,
-Hydrodynamic methods Sedimentation velocity
Intrinsic viscosity n
-Transient electric birefringence Rotation diffusion constant Dy
(TEB)

-Transient electric dichroism

(TED)

Rotation diffusion constant D,

66 *+ 6 nm

60 £ 10 nm
57.5 nm
~60 nm (in 1 mM Na*)

D. Jolly et al (11)

J.B.Hays(12)
Kovacic(13)
P.J.Hagerman(14)

Measurements based on images of DNA
-Electron microscopy (EM) (cos@) = exp(—s/2L,) (2D)

-Atom force microscopy(AFM) (cos@) = exp(—s/2L;) (2D)

54 * 5nm (0.3-0.5M

ammonium acetate)

Bettini and
Frontali (15,16)

-Scan force microscopy (SFM) (cos@) = exp(—s/2L,) (2D) L, @py =106 nm_ Rivetti (17)
Lp @3D) = 53 nm i
Measurements based on ligase 32m3L,3 L, =50.7 nm Shore(18)

mediated cyclization Lg

2rL, 0.257L
p + 0)

(Torsional stiffness of DNA
C=24~3.0%x10" erg-cm
=240~300 pN-nm?)

13



Measurements 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 (R?)

and molecule weight.

L L
(R?) = 2Lp? [exp <— L—z) -1+ L—Z (8]

,where L, 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 + 10 nm was estimated (11). Visible light was used because
light in this wavelength provides information about the global conformation of DNA
(<R?>). Subsequently, the angular dependence of scattering intensity was also used to
measure the persistence length. The rotation diffusion coefficient of DNA, D,y, was
measured and then used to derive the radius of gyration Ry (R, = <R?>'), The
persistence length could be calculated from the value of Ry/L,, where L, is the contour

length of DNA (19).

14



(2) Hydrodynamic methods are based on the measurements of intrinsic
sedimentation and viscosity coefficient n 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 + 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,;. 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 L, of approximately 50 nm was determined (14).
Moreover, by using this method, the L, 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).

Measurements 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 the j factor. Determination of the j factor as
a function of length ‘allows estimation of persistence length. The kinetics scheme of

cyclization is proposed in Figure 1-4A.

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° 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 j 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(t), formed during the early stages

of fragment ligation:

¢ i C 4
J =MD [l

, where M, is the initial concentration of the fragments.

A O

Ligase

k12 k23 k34
L%Sc-i-EfESC— B4 P

AN
‘ “!i'll "

ii! 1 l

10':3 , A rli ‘ .

1

50 100 150 200 250 300 350

Length (bp)
Figure 1-4 (A) Cyclization reaction and the kinetic scheme. (B) Cyclization efficiency j factor
versus DNA length. The black line is the simulation curve predicted from the WLC model with
persistence length L, = 51 nm and torsional stiffness C=2.4 X 16" erg-cm. Under sharp bend
conditions, the j 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.

17



The theoretical calculation of the j factor treated with the WLC model was
presented by Shimida & Yamakawa (23). Figure 1-4B illustrates the simulation curve
of the j factor. The j factor oscillates for every ~10 bp of increased length due to DNA
torsional inflexibility. Practically, the j factor can be separated into the components jy.c
and jrw. Component jy.c 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).

32m3L,° 27l,  0.257Lq
] = ——exp(— + [10]
Jwre NiLo® p( Iy I, )
Compound jrw reflects the requirement of torsional alignment of the fragment
ends for DNA ligation (24). From the jrw value the torsional stiffness of DNA was

estimated as 240 pN nm?(25).

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 in vitro WLC model might help us

understand the detail of gene regulation inside the cell.

18



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)

Optical tweezers 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.1-5).

19



100

w  dsOMA

|
FIC )
WLC interpolated !
WL exact :
Hocka's law § {

Forcs (i)
1

o 0.2 04 0.8 0.8 1 12

Extznsion {uL)

Figure 1-5 Force—extension curve of dsDNA. Red crosses are data from A 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).

kT 1 1 2z

__+_

F

In this formula, DNA is treated as an purely entropic chain with fixed contour length. The
inextensible WLC model fits data at forces of up to 10 pN. Fitting data with high-force

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

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.
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2= Ly[1 _l<kB_T)2 +4 [12]

_ kBT 1 1+ VA F
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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 L kgT = EI. Thus, the quantities K, and L, are related

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

T o -2
Ko = 5 d°E = 16kgTL,d . [14]

The diameter of DNA is 2 nm; K; 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. It means that this idealization model might be a
realistic. Even though the persistenbe 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 Mg®* 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, | will 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.1-6).

A ~10nm B

Figure 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, roughly 1% times around the histone

octamer on this charged ramp (Fig. 1-6B). 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 = 2L,kgT/D [15]

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

contacts between positively charged residues on the histones and the negative charges

23



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 quahtitatively, 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 ¢29 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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F= ﬁ = Dz [16]

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. In 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

Wild type loop lengths

(bp)
Lac repressor Repression 92, 401
AraC Repression and activation 210
Gal repressor Repression 115
Deo repressor Repression 270, 599, 869
Nag repressor Repression 93
NtrC Activation 110-140
A repressor Repression and activation ~ ~2400
XylIR Activation ~150
Papl Activation ~100
B-globin locus Activation 40,000-60,000
RXR Activation 30-500
SpGCF1 Activation, domain 502500
intercommunication
HSTF Activation 23
P53 Repression and activation ~ 50-3000
Sp1 Activation ~1800
c-Myb and C/EBP Activation ~80

* Adapted from reference (35).

1.4.2 Tightly 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
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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. Figure1-7 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.

Active
enzyme
ot Complementary

DNA =
—————
= Cry
o Substrate \ {\’, ”
a p ‘?

Substrate

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, j factor, measured in this
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study was several orders higher than predicted by the WLC model (Fig 1-4B). However,
Vologodskii and colleagues claim that the cyclization of the short DNA fragment agreed
with the WLC model, but with a smaller persistence length (L, = 47 nm) than that found
in other experiments (L, = 53 nm) (22). It 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. In 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 L, 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 12 mM M92+. (B) The chain of points was
determined by AFM. The angle distribution —In G (6, L) is the probability distribution of angles
between tangents (blue arrows) separated by L. Negative logarithm of the probability distribution
function —InG (6, L) for the angle 6 between tangents separated by contour length L, for L =5
nm (orange), 10 nm (purple) and 30 nm (blue). The dots are experimental data. 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 L, = 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 (KWLC 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 KWLC 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) (48). The energy potential
cannot be clarified by the KWLC model. Thus, they developed the LSEC model to clarify

these results (49).

The bending energy of LSEC model is derived as

Ursgc(0) = a|f|kgT [17]

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.

WLC modeI‘ KWLC moqel | SEC mode
u(e) u(e) Tu(e)
2 ) 0 ) 2 )
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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 L, 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

external force 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™") 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). It 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 mechanical force 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 Férster 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 (57-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 corresponds to a distinct construct. (C) Forces corresponding to
the data in B after correction for differences in Ro between constructs. The forces for the
indicated 57-mer data points are beyond the upper boundary because the corresponding Erget
values were below the calibration range of the FRET force sensor. (Adapted from reference

(52)).
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2. Chapter 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, | will introduce a novel
method to manipulate the local curvature of DNA. The uniqueness of our construction is
that the rotary motor protein F;-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, F;-ATPase, will be
introduced. Later, optical tweezers for applying force to DNA will be introduced. Finally, |
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, F;, and beads on a glass surface is the most difficult part of this

construction.

Magnetic tweezers

Optical tweezers

Polystryene bead
ONA —-} orce

glass

Figure 2-1 Experimental setup for winding DNA. One end of the DNA is wound around the
rotor of the rotary motor protein FfATPase. 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 F,-ATPase

2.1.1 F,F, ATP synthase
F,F1 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. F,F; ATP synthase composes two parts, a membrane
embedded portion called F, and membrane-extrinsic porfion called F4. F, is a rotary
motor driven by the proton motive force and F; is another rotary motor driven by ATP
hydrolysis (Fig. 2-2). The two motors have a common rotary shaft. In living cells, the
proton motive force is generally large, and the F, motor rotates the common shaft and

forcibly rotates F, to synthase ATP.

F, Motor (ab,Cyq.12)

H+
\A A a
B (171111}
Ml 3

i L A'l/)

H* H*

‘?.’j (;Ill"

ATP

ADP+Pi

ADP+Pi

Figure 2-2 Schematic images of F,F; ATP synthase. ATP synthase composes two rotary
motors. F, (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 (Ay) across the membrane. F; (lower right)
rotates with ATP hydrolysis. The subunit composition of bacterial F, is ab,c1¢.15. F, is embedded
in the cell membrane and rotates the c-ring against the ab, stator, driven by passive proton
translocation along the proton electrochemical potential that comprises the proton concentration
and membrane voltage across the membrane. Bacterial F4 is composed of azB;yde and is an
ATP-driven rotary motor in which the y subunit rotates against the asB; cylinder. The € subunit

binds to the protruding part of the y subunit. The & binds to the bottom of the asB; ring.

The first crystal structure of F;-ATPase was determined from bovine

mitochondria by Walker and colleagues in 1994 (53). The complex, with the minimum
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stability and functionality as an ATPase, is an a;B3y sub-complex. The crystal structure
showed that three a subunits and 3 three subunits are arranged alternately, forming a
cylinder (aB)s. The central y subunit forms an asymmetric coiled-coil structure. All a
subunits are bound to the ATP analogue AMP-PNP and exhibit near-identical
conformation. However, three B subunits have different conformations: The Be (empty)
has an open conformation; Brp (bound ATP analogue AMP-PNP) and Bpp (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. Crystal structure of mitochondrial F1-ATPase. Side view (A) and top view (B) of
F4-ATPase from bovine heart mitochondria (PDB: 1E79) (Blue: a, green: 8, red: y, yellow: 8,
purple: €).

2.1.2 Single molecule manipulation of F,; by magnetic tweezers

-Single molecule observation of F; rotation

The rotation of the y subunit in a single F; was directly visualized by optical microscopy
in the laboratories of Yoshida and Kinosita (55). F; 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 F, by magnetic tweezers

Single-molecule techniques not only allow observation of the rotation of F,, but also the
direct manipulate F,. Using magnetic tweezers, Hirono-Hara, et al demonstrated that
external force can mechanically activate pausing of the F; 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

F,-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 «;; stator ring is ~5 nm. The F;,
motor is powered by ATP hydrolysis and it is easy to manipulate the rotation of F; with

magnetic tweezers.

As a molecular reel, the torsional stiffness of F; is well characterized. Previous
study has shown that the torsional stiffness (k") of F, crosslinked between the rotor

and stator is 72 pN-nm/radian (59). The elastic energy (k" 6%2) stored in twisted
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streptavidin and F, was estimated to be 358 kgT per turn, which was much higher than

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

2.2 Optical tweezers

2.2.1 Introduction of optical tweezers

Ashkin and colleagues reported the first 3D optical tweezers or obtical trap in 1986 (60).
Optical tweezers use a focused laser beam to exert force on dielectric particles such as
a glass or polystyrene bead. The particle usually has diameter of 0.5~2 um. 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, | 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 » A1), the particle acts as a positive lens and refracts light. The
interaction of the radiation can be described using simple ray optics (Fig. 2-4A). 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.

dP
F= -A— [18]
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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Fe ="t T W;sin6;, F, = >~ L W; (1 - cos6;) [19]
, where c is the speed of light, 8 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 « 1), the particle can be treated as a Rayleigh scatter (Fig. 2-4B).
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

a
F= EV(EZ) [20]

, 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 Iineér—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 = kAx
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Figure 2-4 Tapping theory (A) A simple ray optics 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. |
(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 (1047 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 1/2 A waveplate and a polarizing beam splitter. By rotating the 1/2 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;

Obijective 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. It 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 Image 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, «, is based on the equipartition

theorem:

_ kT 21
T :
, where kgT is Boltzmann’s constant multiplied by the absolute temperature. (x2) 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 = énmnrv [22]
, Where F is the drag force, 7 is the viscosity of water, which is approximately 10° N
S/m?, 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 um/s 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-1024PCI, 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 +=10%. Second, the drag force method was
performed using polystyrene beads in distilled water by trapping 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 um/sec. Images of the bead were captured at 250 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-uym
polystyrene bead coated with 8.7-kbp dsDNA was measured using the Brownian motion method
at h = 0.5 ym (h: height from the glass surface, red circles) and at h = 1.0 um (green rhombuses),
respectively. The trap stiffness of a 0.5-um polystyrene bead was also measured using the drag
force method at h = 1.0 um (blue triangles). Laser power was measured before the objective lens.
Slopes of the linear fitting for 3 different methods coincided to within £5%. The red line
represents the linear fitting of the data shown by the red circles (Brownian motion method, h =
0.5 pym). This line was used to determine the trap stiffness in the winding and stretching

experiments.
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2.3 Assembly of F,, 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 F;-DNA-beads construction on a glass surface will be

introduced.
2.3.1 Introduction of bioconjugation methods

-Covalent conjugation methods

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 chain of lysine and
arginine residues. Carboxyl groups exist at the C-terminus of each polypeptide chain
and the side chains of aspartic acid and glutamic acid. Sulfhydryl groups exist in the
side chain of cyéteine. 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 wild-type 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.
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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) If
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-NH?> 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 (DIG).

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 oligonhcleotide (Sigma). B.
Dig-11-dUTP, (Roche # 11 093 088
910)

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 thése 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
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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 central fragment: The labeled
short fragments can be generated by PCR using digoxigenin-11-dUTP or by usiﬁg 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
Ni-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 K; = 10™"° M) is the
strongest known non-covalent interaction of a protein and ligand. Biotin, also known as
vitamin B, 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 (DIG) 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.

Ni-NTA and Hiss system: His-tag or polyhistidine-tag is an amino acid motif in
protein that consists of at least 5 histidines. His-tag is widely used in the purification of
proteins. The dissociation constant of single NTA to His-tag has been determined as 3 +
1 pM. In single—rhoiecule observation of F, rotation, His-tag is used to immobilize F,
proteins. However, a high concentration of free Ni** ions reduced the enzyme activity
(our data, not shown here) and the release of Ni** 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:

FIr
T(F) = 1(0) * exp(— KaT [23]
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, where F is applied force, Ir is the effective bond length and T (F) is the lifetime at the
given force. t (0) = koff_l. 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 His¢-tag
Ky : 10"3-10"°M 107-10""' M (3+1)X10°M
kot N/A 0.015s",456s" 0.067 s
Energy barrier width 0.5nm, 0.12 nm 1.15 nm, 0.35 nm 0.19 nm
Lifetime (force) N/A 67 s (zero force) 15 s (zero force)
17 ms (150 pN)
Unbinding force* 170 pN (~100 30 pN (0.1 nN/s) 150 pN (4.5 nN/s)
(loading rate) nN/s) 90 pN (63 nN/s) 194 pN (70 nN/s)
Reference (67) (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 F* plotted against loading rate. (Adapted from reference
(67))

2.3.2 Crosslink of DNA to F, by digoxigenin-antibody connection

-Crosslink of F; to anti-Dig antibody for DNA anchoring

In our winding experiment, the end of the DNA was connected to the rotor of F;-ATPase
(gamma subunit). To anchor of 5’ digoxiginin labeled DNA to F4, an anti-digoxigenin Fab
fragment was crosslinked to the gamma subunit of F1-ATPase. The amino groups of the
Fab fragment were used for both biotinylaﬁon 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 o;B3;y subcomplex of
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F,-ATPase from the thermophilic Bacillus PS3, a(Hisg in N-terminus/C193S); B(His1o in

N-terminus)s y(S108C/I1211C) was used. The cross-linked product was confirmed by

SDS-PAGE (Fig 2-11).

Figure 2-10 Cross-linking reaction with SPDP

a. Native-PAGE b. SDS-PAGE
12345 1 2 3 4
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Figure 2-11 Cross-linking reaction of Fab fragment and F; analysed by polyacrylamide gel
electrophoresis (PAGE).(a) Native-PAGE: Lane 1, marker; Lane 2, Fy; Lane 3, oxidized F;
forming a dimer; Lane 4, anti-DIG Fab fragment; Lane 5, anti-DIG Fab-F; cross-linked sample.
(b) SDS-PAGE: Lane 1, maker; Lane 2, purified Fy; Lane 3, anti-DIG Fab fragment; Lane 4,
anti-DIG Fab-F; 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 5'-biotin primer and the
5'-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 ug) was incubated with 100 pL streptavidin-coated polystyrene
beads (0.5 um 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 10,

-Assembly of magnetic beads, DNA coated beads and F; on glass.

The binding efficiency of magnetic beads and DNA coated beads to F; molecules are
very critical for assembly of the experimental constructs. First, we confirmed that even
at low F; molecule density on a glass surface (0.028 molecules per um?), we were able
to find rotating magnetic beads which attached on the y subunit of F4. The density of F;
molecule on glass surface was estimated by using fluorescent labeled F; (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 F; molecules, magnetic
beads and DNA coated bead. The number of F; 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%).

Figure 2-12 Controlling the density of F; molecules on a glass surface. Left : 50 pM
F,-Fab (Cy3), Right: 10 pM F4-Fab (Cy3) ROl size 10 um X 10 um. The density of the anti-DIG
Fab-F; complex immobilized on the glass surface was determined using Cy3-labled Fab-F;.

When 5 pM Fab-F; was infused into the flow chamber, the density was 0.028 molecules per pmz.
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The probability of neighboring Fab-F; molecules existing within 1 pm from the center of the
rotating magnetic bead was 4% based on the Poisson distribution P = 1-exp(-p1r)?; p is the
density of the Fab-F; complex; r = 1 um. DNA bead was rarely attached on the surface at the

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

from analysis.

Figure 2-13 DNA-coated beads can bind to F-Fab. 1 nM Fs-Fab, 50 pM Fs-Fab ROI size 64
pm X48 pm.

Table 5 F; density, and number of rotating beads and DNA-coated beads at different F

concentrations.

F, concentration Fab (Cy3)-F, Magnetic beads DNA coated
Rotating/attached beads

10 pM 258 5/28 1~2

100 pM 750 14/136 22

1nM N/A 1/219* 119

ROI size was 64x48um?>. F; was incubated for 15 min and washed with BSA buffer. Magnetic
beads and DNA-coated beads incubated for 1 hour. *At 1nM F; 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 F; molecule by diffusion. Therefore, a DNA-coated bead was trapped by
optical tweezers and moved close to a rotating magnetic bead to enhance the
conneétion to the specific rotating F; 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 F;

molecule 0.8 ym away from the trap center (Fig. 2-15B).
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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 F, 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, 1.5-kbp, 6.3-kbp, 8.7-kbp DNA to F,
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. |
present this method and results here in the event this approach might be used for other

purposes.
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-Crosslink of F, to sulfhydryl modified DNA

A cysteine mutant of F, was connect to sulfhydryl-modified DNA by a homobifunctional,
maleimide crosslinker BM(PEQO),. 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 sulfhydryl modified end of the DNA was
modified with an excess amount of the crosslinker, BM(PEG), (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, F,
was mixed with the crosslinker-activated DNA. Finally, free F; was removed by the

superpose 6 gel filtration column.

-Estimation of the crosslink efficiency

DNA and F; could be separated by gel filtration using a superpose 6 column. The first
peak was DNA and F;-DNA complex and the second was free F,. First, we analyzed the
ATPase activity of the DNA fraction. The results showed that the DNA fraction
contained F, molecules. Most probably, it was due to the connection of F; to DNA. For
further confirmation of the connection of F; 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 F,-DNA complex was
measured using biochemical assay. Using the ATP hydrolysis rate of F; measured
earlier, the F; concentration in the DNA fraction could be calculated. If all F; in the DNA
fraction were connected to DNA, the conjugation efficiency of F, to 0.46-kbp DNA would

be estimated as 16%.
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SDS-PAGE

The DNA fraction was analyzed by SDS-PAGE (Fig. 2-16). Two bands represent the
original DNA and B+DNA complex, respectively. When the density of these two bands
was compared, the conjugation efficiency of F to 457-bp DNA was measured as 46%

(analyzed by ImageJ). SDS-PAGE was stained by CBB protein stain.

FINCGRETHEADI e b.CBB protein stain

Py e

Figure 2-16 F,-DNA conjugation was confirmed by SDS-PAGE. F; 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 F, to 457-bp DNA was measured as 46% (analyzed by
ImagedJ). (b) SDS-PAGE stained by CBB protein stain. Lane 1 and lane 4 contain F; and
monomer which was used as a control. Lane 2 contains the DNA fraction after HPLC and lane 3

contains the F; fraction. In lane 2, a new band appears which is the DNA+@ 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 F4
molecules in the AFM image was 4.55 nm=1.13 nm, while the height of the DNA was
<0.5 nm. We counted the total number of F; and DNA molecules in the AFM image. The

conjugation efficiency derived was 7.7% (74 F, molecules and 691 DNA molecules,).
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« 457bp DNA

- <+ F1+DNA complex

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 F4
molecule (10 nm). In total 74 spots were measured, and the average height of F; 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

[F./[DNA] 16% 43% 7.7%

The conjugation efficiency of the 3 methods is summarized in Table 6. SDS-PAGE
analyzed the B-DNA complex, while the AFM and ATPase methods analyzed the
F,-DNA complex. After purification, the F; complex may dissociate into a, B, and y
subunits. Thus, the SDS-PAGE result might be an overestimation of the active F;. The
preparation of the AFM sample may cause further dissociation of the F; 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-F; 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 F; molecule. For
1.5-kbp DNA, 23 rotating beads were found and in 16 cases, DNA was located in the
same position as the rotating beads (about 70%). However, as DNA ‘Iength 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 F,. Furthermore, many beads that had co-localized with DNA did not
exhibit rotation. It might also have because of the steric effect of long DNA on bead

rotation.

Table 7 Ratio of rotating beads with DNA on coverglass

Ratio 1.5-kbp DNA  6.3-kbp DNA  8.7-kbp DNA

Rotating beads with 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 Mg?* concentration. Another purpose was to correct the extension of

wound DNA (Chapter 4).

3.1 Experimental procedures

Optical tweezers

i —pForce
DNA /

Figure 3-1 Experimental setup.

The experimental geometry is presented in Figure 3-1. One end of the dsDNA was
attached to a coverglass through an anti-DIG Fab-F,. The other end was attached to a
polystyrene bead trapped in an optical trap. The density of Fab-F; was controlled by the
Fab-F; concentration. The DNA wés 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 £ 0.3 um). 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=

1
2
(%)

extension (z) with a slope of 3kgT/L,L,, whereas in a high force regime, the force

1
~ 3 + Li] In a low-force regime, force (F) grows linearly with
0

diverges as kBT/Lp[(l—%O)Z]‘l. 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 10-mM salt buffer. The interpolation formula is Iessk
accurate in the crossover regime. The error is typically of the order of 5%, 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 (L,) 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

L, =38 nm and L, = 568 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-DIG 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 + 0.3 um). 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 (L) 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 Ly. 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 L, = 38 nm and L, = 58 nm for comparison.
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4. Chapter 4 Persistence length of DNA measured by winding

experiment
4.1 Experimental procedures and results

4.1.1 Construction of reel system
The designed architecture of the molecular reel is shown in Fig. 4-1. An F; molecule
was used as a passive bearing to wind dsDNA. The molecular.reel was built using F4, a
magnetic bead, and the Fab fragment (radius of ~2.5 nm) of the anti-digoxigenin (DIG)
antibody. The anti-DIG antibody was covalently cross-linked to the y subunit of F; and
connected to the magnetic bead through biotin-streptavidin interaction. The complex of
the vy subunit, anti-DIG Fab fragment, and the magnetic bead acted as a rotor while the
a3P; 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-DIG 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 F{, a magnetic bead,
and the Fab fragment on Ni-NTA glass. A biotinylated anti-DIG Fab fragment (orange)
specifically linked the y subunit (red) of F-ATPase and the streptavidin-coated magnetic bead. A
dsDNA molecule (8.7 kbp) was bridged between the anti-DIG 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 (L) and the number of revolutions (n) as D = L/nm. The x; represents the center of the
optical trap; x; and x,+dx are the bead positions before and after winding. The length (L) 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-dx where k

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-DIG Fab-F; complex and magnetic beads
solutions into a flow cell. The density of F; on the glass surface was maintained at less
than 0.03 molecules per um®. 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 y subunit of a single F,
molecule. Next, DNA-coated polystyrene beads, which made of streptavidin-coated
polystyrene beads and 5%-biotin and 5'-DIG labelled DNA molecules, were also
introduced into the fl;JW cell. A floating DNA-coated bead nearby a rotating F, molecule
was captured and moved towards the rotating magnetic bead using optical tweezers
until the DNA-coated bead inhibited the rotation of F; through steric hindrance. For
establishing a connection between the 5-DIG end of DNA and the anti-DIG 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 F,; molecule. The connection was confirmed by observing
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that F, 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 ona 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 osp3; 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 F, (Fig. 4-2).
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 rotatihg 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).
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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 (xp). (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
obsérved 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, F; showed ATP-driven rotation (green data point in Fig.
4-2D) indicating F; molecules were still active after manipulation. In some cases, F1 did

not resume ATP-driven rotation, likely due to the exposure of F; to infrared light for
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optical trapping. However, inactivated F; 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)
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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 =
L/nz, 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 = 31%-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
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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. 4-3B 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 8 independent winding experiments represented by
different colors, with winding tension ranging from 0.9 pN to 6.0 pN and curvature
diameters ranging from 21.4 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:

=2z~ " pz [24]

F

where F is the winding tension, D is the curvature diameter of DNA loop, « is the
bending stiffness of dsDNA (also referred to as flexural rigidity), kgT is thermal energy
(4.1 pN-nm at room temperature), and L, is the persistence length of dsDNA. By fitting
the averaged data points of individual experiments (open squares in Fig. 4a and 4b),
persistence length L, of highly bent DNA was determined to be 54 £+ 9 nm (mean *
standard deviation; correlation coefficient R = 0.93). This value agrees well with
previously reportéd persistence length from stretching experiments (~50 nm)(75). 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.

0 10 20 30 40
D (nm)

Figure 4-4 Winding tension (F) versus wound DNA
diameter (D). Data points (n = 2027) were derived from 8
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 4-13%, 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 % standard

deviation).
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5. Chapter 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 (L,, 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 L,. 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 F,-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 dsSDNA 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 £ 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 Comparison of WLC model and 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 5-1B). As results, D versus 1/F plot (Fig.
5-1A) showed better linearity than D versus 1/F plot (Fig. 5-1B). Thus, it is evident that

the WLC model well fits with the present data over the SEC model.

0 L 10 1

0 05 T 15 0 05 1 15
1/F (pN™) 1/F (pN™)

Figure 5-1 Comparison of the WLC model and the SEC model. (A) The linear fit of D? 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, Mg?* 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, indicafing that sequence may affect the DNA persistence
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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 eiasticity 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 (11kgT).

-In P(6, AN,,,) (KT)

deflection angle, € (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(6, ANp,) of angles between tangents separated by
ANyp. For ANy,= 7 bp, the Flex and A-tract sequences exhibit a proclivity to form tight bends (6 >
1.2 rad), whereas Nuc and Stiff do not. The difference between sequence are disappear when

AN, 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.
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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 optical-tweezers can be accomplished by beam deflection, stage
movement or intensity modulation (Fig. 5-4). Several reviews have presented the
design and construction of a feedback system (78). Howe\}er, 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 demonétrated 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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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.
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Figure 5-6 Test of feedback system. A polystyrene bead was anchored to glass surface
through a 3 um 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 110 s (Cyan). The stage was moved by piezo to keep
the force as constant at 150 s.

75



5.2.2 Curvature 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.

e ', CAP protein
. labeled with Cy3

Fluorescent

Figure 5-7 Real time imaging of DNA-associating protein and study of the curvature

enhancement of binding affinity
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Appendix1 Protocols for experiments

Preparation of F; and DNA sample

-Protocol 1 Preparation of labeled DNA by PCR

-Protocol 2 Purification of F; protein from E.coli

-Protocol 3 ATPase activity analysis of F-ATPase

-Protocol 4 Crosslink reaction

Single-molecule rotation assay

-Protocol 5 Preparation of Ni-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 F; and DNA sample

-Protocol 1: Preparation of labeled DNA by PCR

-5'-biotin and 5'-digoxigenin labeled DNA

MATERIALS

e Extaq DNA polymerase (#RR001A, TaKaRa, Japan),

e Wizard® SV Gel and PCR Clean-Up System (#9280,Promega, USA)

e pRA100 plasmid (purified from E.coli)

e  5-biotin prime, 5'-digoxigenin (DIG) primer (Sigma Genosys, USA)

METHODS

1. PCR reaction (96 tube = 9.6 mL)

Takara Ex taq(5U/ul) 0.5 ul 24 ul 48 ul

10X Extaq buffer 10 pl 480 pl 960 pl
dNTP(2.5mM) 8 i 384 pl 768 pl
template pRA100 0.5l 24 yl 48 ul

5’ Biotin Primer (100uM) 0.5 ul 24 pl 48 ul

5" Dig Primer (100uM 0.5 ul 24yl 48 ul
Sterilized milliQ up to 100 ul Up to4.8 mL Upto 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-9 kb)
4°C =

2. Purification of PCR product

! Use Wizard éystem (Max 40 ug DNA per tube). Add equal volume of membrane

binding solution, 800 pl per tube.

! Check PCR product by 1% agarose gel. Measure DNA concentration by 260 nm

absorbance (Abs260).
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{ [DNA ng] = Abs260 X 50 ng/pl, [DNA molar concentration]= [DNA ng]/ MW

*ds DNA MW = 660/bp; ssDNA MW=330.

! 1.5 kbp DNA MW= 0.99*10° 3446 bp = 2.29*10°, 6362 bp = 4.2*10°, 8688 bp =
5.73*10°
*0.6~0.8 pg/ul DNA can be purified. For 500 bp, ~2 uM DNA can be purified. For 6
kbp, ~0.2 uM DNA can be purified.

e_.

- Using thiol group labeled primer (DTT treatments)

DTT treatment of primer (200 uM 100 pl for 9.6 mL PCR reaction, two times)
5’ thiol-primer 200 uM 100 pi

DTT0.12 M 66 ul
KPi 0.5 M (pH8.0) 33 pl
RT 16 hour.

Nap5 equilibrate with TE or milliQ (10 mL). Add primer200 pl. Add 300 pl buffer. Elute
with 750 ul TE buffer.
[Oligo]=Abs 260/e-primer
Store at -20°C.

*After DTT treatment, primer can store at -20°C for one month. For longer time, thiol

(For 567-SH £ =0.314 pM™")

group will be oxidized.
*PCR reaction condition is as same as 5’-biotin and 5’-digoxigenin

Box: Extinction coefficient for primer
As0=0.89[Ax15480+C X 7340+Gx11760+T*x8850]

-PCR use Rhodamin or Dig-dUTP to label DNA (dTTP/dUTP=1/80)

Takara Ex taq(5 U/ul) 0.5 ul 24 pl 48 pl

10X Extaq buffer 10 pl 480 pl 960 pl
dNTP(ATCG2.5 mM) 8 pl 384 pi 768 pl
Rhodamine-dUTP 0.25 ul 12 pl 24

1mM

template pRA100 0.5 ul 24 ul 48 pl

5’ Biotin Primer (100 pM) 0.5 ul 24 yl 48 ul

5" Dig Primer (100 pM 0.5 pl 24 yl 48 ul
Sterilized up to 100 ul Up to4.8 mL Up to 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  5min ( < 3kb) 10min(3kb-9kb)

4°C =

*Rhodamine: £€551nm=65000cm™'M"

*For PCR 9kb, dTTP/dUTP=1/40, the label efficiency is about 100 rhodamin per DNA

molecule.

-Protocol 2: Purification of F, protein from E.coli

-Mutagenesis and purification of TF,

" Expression system for thermophilic Bacillus asBsy complex in E.coli was constructed in
1995(80). TF, 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 TF,

F. purification was based on histidine-tagged protein purification methods. Histidine
modified N-terminus of a and B have high selective affinity for Ni** metal ion. Nichel
nitrilotriacetic acid (Ni-NTA) column was use for purification. After Ni-NTA column, gel
filtration column superdex 200 was used in final purification for remove free a and B

subunits and other protein.

MATERIALS
¢ Protease Inhibitor Cocktail: Complete, Mini, EDTA-free, EASYpack (#4693159
Roche USA)
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1.

Ni-NTA agarose (#30230, QIAGEN, Germany)

Superdex 200 10/300GL (#17-5175-01 GE life sciences, USA)

MILLIPORE, Amicon Ultra-15, Ultracel 10K, 15 mL (UFC901008, Millipore, USA)
Biotin-PEACs-maleimide (B299, Dojindo, Japan)

METHODS

Culture and expression check

Expression check

! Streak the glycerol stock ( in JM103AuncB-uncD) on LB agar plate containing 100
Hg/mL Ampicillin

{ Incubate at 37°C for 16 hours (overnight generally)

{ Pick a single colony from the plate using autoclaved toothpick and add to the
LB/ampicilin tube (3 mL 4tube)

4 Incubate in a shaker at 37°C for at least 8 hours.

1 Take 200 pl of expression culture and centrifuge at 1,5000 rpm for 1 min (for
SDS-PAGE).

! Discard the supernatant and suspend the pellet in SDS-sample buffer (milliQ 15 pL,
4*SDS sample buffer 5 pL)

! Boil at 95°C for 5 min

l  SDS-PAGE analysis (30 mA, 50 min)

Main culture

! Add 1.25 mL of pre-culture (LB 1% tryptone, 0.5% yeast extract and 1% NaCl)to
1.25 L TB (1.2% tryptone, 2.4% yeast extract, 0.4% glycerol, 1.25% K,HPO, and
0.23% KH,PO,) medium containing 100 pg/mL of Ampicillin

1 Incubate at 37°C for at least 10 hours (overnight generally)

! Centrifuge expression culture at 7000 rpm for 15 min at 4°C and discard the
supernatant.

! Dispense the cells into the two 50 mL tube

1 Measure the cell weight

! Freeze in liquid nitrogen

| Store at-80°C

2. E.coli cell disruption by sonication
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4 Add 25 ml of E.coli wash buffer [50 mM Tris-HCI, 100 mM NaCl (pH 8.0)].
7,000 rpm. 10 min, 4°C.
Suspendin  [50 mM Imidazole,100 mM NaCi] 15 ml + Protease Inhibitor Cocktail
1/3 tablet

1 Sonication 5 min*2 on ice.

{ Standard Micro Tip,  “5", pulse 1 sec, off  0.5sec

! Sample 10 pL for PAGE

| Heat treatment at 60°C  for 30 min

I 60,000rpm 10min  4°C

4 Sup (sampling 10 pL for PAGE)

3. Purification by Ni-NTA column

{  Apply supernatant to Ni-NTA column : flow through fraction.

! [50 mM Imidazole,100 mM NaCl] 20 mL wash : 50 mM wash fraction

1 [100 mM Imidazole,100 mM NaCl] 10 mL wash : 100 mM wash fraction

! [200 mM Imidazole,100 mM NaCl] 10 mL wash : 200 mM wash fraction

4  [500 mM Imidazole,100 mM NaCl] 5 mix4 times elution : 500 mM elution D~@
, fraction

! [800 mM Imidazole,100 mM NaCl] 10 mL wash : 800 mM wash fraction

{  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 : 2gel (60 mA ~1hour) (during SDS-PAGE)add DTT to 100~800 mM
fraction (final 1 MM DTT) incubate for at least 1 hour at RT.

4. Purification by Gel filtration HPLC

1 HPLC buffer preparation(100mM KPi, 2 mM EDTA pH7.0) and column equilibration

! Bufferfilter with 0.22 or 0.44 pm filter and degassed
4  Equilibrate HPLC column (Superdex 200HR 10/30) with 50 mL(2CV) of HPLC
buffer(0.5 mL/min).

<Sample condensation>

{  Ni-NTA purified sample(elution fraction) condense to 1 mL with membrane filter
(Amicon Ultra-4 or 15, MW:50K or 100K)
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! Filtrate with 0.22 pm filter

<Sample loop wash>

R R R

Wash the sample loop with 5 mL of water by the syringe

Wash the sample loop with 5 mL of HPLC buffer by syringe

Sample injection

Inject 1 mL of sample to injection valve

Run

AKTA condition

column name
wave length 1
wave length 2
Pressure limit
Averaging Time
Flow Rate
Equilibrate with
Empty loop with
Elution Frac. Size
Peak Frac. Size
Peak Start Slope
Peak End Slope
Minimum Peak width
length elution

superdex 200 HR 10/30
280 nm

260 nm

1.50 MPa
5.12

0.5 mL/min
0.1CV

5mL

1.5mL

0.15 mL

100 mAU/min
75 mAU/min
1

1.5

5. F, protein quantification and biotinylation

J  Collect peak fraction (asBsy complex) and measure concentration by UV

e e

spectrometer.
OD280nm / 0.154 uM™ =
OD280nm * 2.2 =
*F4 extinction coefficient € = 0.154, MW=360000

Freeze in liquid nitrogen
Store F; at -80°C.

mg/mL

Prepare 10mM Biotin-PEACs-maleimide (1mg/17.9 uL DMSO)
Add 10mM Biotin-PEACs-maleimide to protein solution (F; : biotin = 1:3).
Incubate at RT for at least 1 hour.



-Protocol 3 ATPase activity analysis of F;-ATPase

ATPase activity of F;-ATPase was measured by ATP regeneration system. The
mechanism of ATP regenerating system is shown in Figure A-1. When F;-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.

MATERIALS
e PK: Pyruvate Kinase (PK) from rabbit muscle (#10109053001, #10109045001,
Roche)

e LDH: L-Lactate Dehydrogenase (#10127221001, #10127230001,Roche)

e PEP: Phospho(enol)pyruvic acid tri(cyclohexylammonium) salt (P7252#,
Sigma-Aldrich)

e ATP: Adenosine 5 -triphosphate disodium salt hydrate (#A3377, Sigma-Aldrich)

e NADH (#10107735001, Roche)

e LDAO

e UV/VIS Spectrometer (VP-550, Jasco)

F,—ATPase
Measure ATP K , ADP++PI
absorbance P & h

yruvate

at 340nm \ (ENEVE) PK PEP

Pyruvate Kinase (phosphoencipyruvate)

NADH
L.LDH

(Lactate DeHydrogenase)
NAD*
Lactate

Figure A-1 ATP regenerating system

ATPase (t -ty o D100 dilbs/dane (s"tem™)
ase (turn over:s °J) = £200 (cm-1M-1) - F; conc(M)
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METHODS

!l Prepare 20 mM NADH solution: 2 mg NADH to 141 pl milliQ
!  Prepare 100 mM ATP

!l Prepare assay mixture (5 mL for 3~4 times measurements)

Stock solution volume (in 5 mL)

50 mM MOPS-KOH (pH7.0). 1™ 250 uL
50 mM KClI 2M 125 L
2 mM MgCi2 1M 10 L
0.2 mM NADH 20 mM 50 L
200 pg/mL PK 10 mg/mL 100 pL
50 pg/mL LDH 10 mg/mL 25 L
2.5 mM PEP 100 mM 125 L
MilliQ 4315 pL

! Set the cell-holder and circulate temperature controlled water (25°C) to the
cell-holder.

{ Place the cell into the cell-holder.

4 Auto-zero calibration

Measurement condition

I\ > Rig(band width) 2.0 nm

I AR > A(response) Medium
I E §5 B (time range) 0-600 sec
F— & B Y A A [ BR(data acquisition interval) 0.5 sec
HI%E 1% £ (wavelength) 340 nm

¢ Add 1.2 mL of assay mixture and magnetic stirring bar.

|l  Start measurement with stirring.

1l Add ATP stock solution (final 1 mM) at 30 sec.

1 Add F;-ATPase (final 5 nM) at 60 sec.

4 Add LDAO (final 0.3%) at 300 sec.

{ End measurement (after 600 sec)

! Repeat measurement 3-times.

! Calculate ATPase activity from the slope (initial, steady state, after LDAO)

*During measurement, if all NADH was converted to NAD+, add additional 12 pL of 20
mM NADH
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Protocol 4 Crosslink reaction

MATERIALS

Cy3 Mono reactive Dye (PA23001, GE life sciences, USA)

Nap 10 column (17-0853-02, GE life sciences, USA)

Nap 5 column (17-0854-02, GE life sciences, USA)

Biospin 30 column (#732-6231, Life Science Research, USA)

EZ-Link Sulfo-NHS-Biotin, No-Weigh Format (#21326, Thermo Fisher Scientific, USA)
SPDP (#21857, Thermo Fisher Scientific, USA)

Anti-digoxigenin (DIG) Fab fragment from sheep (#11093274910 Roche, Switzerland)
KPi buffer: 10 mM KPi (pH7.0).

1 Biotinylation of Fab fragments

! Anti Dig Fab 1 mg/ml (40 pM) in 100 mM KPi (pH7.0) 2 mM EDTA
! Fab: biotin-PEG-NHS=1:20

40 uM Fab 500 pl
20 mM NHS-PEG-biotin 20 u! (final 800 uM)
| RT 1.5 hour

! Remove NHS-PEG-Biotin by Nap5 column. 500 pl-> 1 mL, Kpi buffer (pH 7.0)

2. Crosslink reaction of Fab and F-ATPase

J Biotin labeled anti-dig Fab (Roche) (1 mg/ml = 40 uM) in 100 mM KPi (pH7.0) 2 mM
EDTA

! 2mgSPDP (thermo) to 320 ul DMSO (20 mM) 10X dilute to 2 mM 100 mM KPi
(pH7.4)

1:10 Fab 20 uM 225 pi
SPDP 2 mM 15 pl (final 100uM)
KPi (pH8.0) 0.5M 60 pl

RT 30 min

Quench by 1 M Tris-HCI (pH8.0) 6 ul (final 20 mM) RT 10 min

BioSpin 30 column

Mix Fab 10 yM 300 pl and XP 18.7 uyM 50 pl (Fab:XP=3:1)

RT overnight

e

86



3. Cy3 labeling of proteins

! Dissolve protein to 2 mg/mL (around 500 pl) in 100mM KPi buffer(pH 7.0).
Add the protein solution to the dye vial, cap the vial, and mix thoroughly.

F

{ Incubate the reaction at room temperature for 30 minutes with additional mixing
approximately every 10 minutes.

{ ICare should take to prevent foaming of the protein solution.

{ Remove of free dye from protein by Nap5 column, 500 ul to 1 mL

Jd  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

[Cy3]=Assznm/ 150 000 (extinction coefficients of Cy3 is 150 000 M'ecm™)

[Protein] = (Azsonm-0.08A552nm) / €protein

A1.2 Single-molecule rotation assay

-Protocol 5 Preparation of Ni-NTA glass slide
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Figure A- 2 Silanization and coupling with NTA-C3-Maleimide
MATERIALS

e Glass coverslips 24X32mm (Matsunami)
e Glass holder and PMP beaker.

e Mercaptopropyltrimetoxysilane (LS-1390,)
e NTA-C;-maleimide (Dojindo)
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e DTT, KOH, chloroform, toluene, ethanol (Wako).

METHODS

Cleaning glass coverslips (chemical cleaning)

! Put 24 X 32 mm glass coverslips on a glass holder and place into 10N KOH solution
overnight. (To form hydroxyl groups on the glass surface)

! 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.

(_

Place the substrates into the reactive ion etcher.
d  Perform O, plasma treatment (10 min).

*Both chemical cleaning and plasma cleaning method can be used for clean the glass.

Silanization (Ethanol method)

{  Remove water on cover glass by air blow, and rinse by ethanol two times in order to
remove remained water completely.

V  Immerse coverslips in 100 mL of ethanol.
*Each coverslips should be separated and the surface should be exposed to the
reaction solution.

{  Add 100 pL 3-mercapto-propyltrimethoxysilane with stirring. React for 30 min at RT
with stirring.

d  Pick up coverslips from silanization solution. Blow away reaction solution; wash
with ethanol two times and then wash with MilliQ water 6 times.

Coupling with NTA-Cs-Maleimide

{  Put the coverslips into the beaker containing 100 ml of DTT solution (10 mM DTT in
milliQ) and incubate for at least 1 hour at room temperature.

{ Wash 5 times by milliQ.
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I Immerse 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

Ni?*

! Prepare 1 ml of NTA solution (50 mM MOPs buffer pH7.0, 5 mg/ml
maleimide-C3-NTA) and 80 ul of solution was coated on a substrate at room
temperature for at least 1 hour.

I 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 squtjon 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 x 24 mm).
MATERIALS

Sera-Mag magnetic beads (#30152105010150, Thermo Scientific, USA)

METHODS 1

J 10 pL magnetic beads

d  sonication for few second
d  fill milliQ up to 1 mL
{3000 rpm for 1 min
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Take the supernatant (800~900 pL)

15000 rpm for 1 min

Discard the supernatant (avoid as practically as possible to discard pellet)
Suspend pellet in 20 pL buffer (60 mM MOPS/KOH, pH 7.0, 50 mM KCI). Beads
solution is available for several days.

— — —

2. DNA beads preparation

MATERIALS

e  Streptavidin coated microspheres (#CP0O1N, 0.5 ym diameter, 1% w/v, Bangs
Laboratories, USA) :
e 9 kb DNA (prepared as protocol 1)

METHODS

! 50 pL beads (streptavidin coated microspheres)

1| Wash beads with 450pL KPi buffer (100 mM KPi, pH7.0, 2 mM EDTA).
{15000 rpm for 5 min

4 Add 9 kb DNA and KPi buffer up to 500uL. Mixed at RT overnight.

4 15000rpm for 5 min, discard supper.

1 Wash beads with 1 mL KPi buffer

4 15000 rpm for 5 min, discard supper. 6 Times

1 Suspend pellet in 50 pL buffer (50 mM MOPS/KOH, pH 7.0, 50 mM KCI).Store at

4°C. Beads solution is available for months.

-Protocol 7 Rotation assay and DNA winding experiments

MATERIALS

e Ni-NTA coverslip

e Cover glass 18X18mm (MATSUNANI)

e Silicone grease (DOW CORNING)

e Mops buffer: 50 mM MOPS-KOH pH 7.0, 50 mM KCl)

o BSA buffer: 5 mg/ml BSA (Wako), 50 mM MOPS-KOH pH 7.0, 50 mM KCI. (5
mg BSA+1 mL MOPS buffer)

o ATP buffer:

Pyruvate kinase (PK) 10ug/ul 5 pl Final 0.1 pg/ul
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Phosphoenolpyruvate (PEP) 100mM 10 Final 2 mM
ATP 200mM 5l 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. ‘

METHODS

1. Preparing flow chamber

! Wash Ni-NTA glass by milliQ, dry it in air.
4 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)

! Add BSA buffer to flow cell, incubate 5 min.

! Add 10 pM~100 pM F; (dilute by Mops buffer), incubate 15 min, wash by 100 pl
BSA buffer to remove the unbound F,.

J  Add Magnetic beads, incubate 30 min (For low F, concentration 10 pM, increase
the incubation time to 1 hour)

4 Wash by 100 pl BSA buffer to remove the unbound magnetic beads.

{  Add 200 pl ATP buffer, observation.

*Add BSA in all step for reduce the non-specific binding.

*Dilute of F, before use. Fy cannot store at low concentration maybe due to the

dissociation of complex.

3. Winding DNA (use magnetic tweezers)

! 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.

d  Find rotating magnetic beads
{ Capture a floating DNA-coated bead with optical tweezers



! Move DNA-coated bead towards the rotating magnetic bead until the DNA-coated
bead inhibited the rotation of F, through steric hindrance.

{  Stretch DNA by horizontally moves the microscope stage using a stepping motor.

*For smoothly move the stage, | used ActOperator software (Sigma Koki) and set

division=5, the speed as S1F1S1.

1 Check if the rotation was stopped by external force.

{ Held the system for several seconds to minimize stage drift.

! 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 observation of DNA or Cy3 labeled proteins

MATERIALS

e  532-nm diode-pumped Nd:YVO4 laser (CL-2000, CrystalLaser,USA)
e Image intensifier (VS4-1845, Video scope, USA)
e Monochrome CCD camera (WAT-120N, Watec, Japan)

EXPERIMENT CONDITION FOR DNA

¢ 532 nm laser Power=20.4 pw / 100 um?
¢ Intensifier gain: 600
e Camera: Frame = 2, gain = Hi

EXPERIMENT CONDITION FOR CY3-PROTEINS

e 532nm laser Power = 180 pw / 100 ym?
e Intensifier gain 500
e Camera: Frame = 2, gain = Hi

A1.4 Optical tweezers and magnetic tweezers
-Protocol 9 Arrangement of optics for single-beam optical tweezers
MATERIALS

Microscopy
e Inverted microscope (IX71, Olympus, Japan)
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100x objective lens (PlanSAPO NA1.3, Olympus, Japan)

Microscopy stage (KS-0,Japan)

Optical table: TDI high-performance three-dimensional six-degree-of-freedom
Vibration Isolation System (TDIS-168LA, Herz, Japan)

Stepping motors (SGSP-13ACTR, Sigma Koki, Japan)

Stage controller (SHOT-202, Sigma Koki, Japan), DMINIS cable (DMINIS-CA-2,
Sigma Koki, Japan)

Optical trap

Infrared(IR) laser (1047 nm, Nd:YLF, 1 W, IPG Photonics, USA)

Laser power meter (#407A, Newport,USA)

Infrared(IR) viewer (Electroviewer 7215, Electrophysics, USA)

1064 nm polarizing beamspliter cube (PBS) (#PBS253, Thorlabs, USA)

Half wave plate (M2)

Side port for introduction of an external laser beam (IX2-RFACB2-R, Olympus,
Japan)

Lens: achromatic doublets (DLB-15-50PM, Sigma Koki, Japan)

Filter (Chroma technology)

Mirror (TFMHP-2633R03-1064)

Other optics form Thorlabs: C mount adapter (SM1A10, SM1A9),Stackable lens
tube forlin (SM1L05, SM1L20), 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 (ERG6)

Camera

High-speed camera (FASTCAM-1024PCl, Photron, USA)
IR cut filter: short pass Filter/IR 900 nm @25 mm (Asahi Spectra, Japan)

METHODS

I 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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{  Set the height of the laser collimator at 10-15 cm above the optical bench.

4 Place an adjustable diaphragm in the optical ray and close to the laser set the
height is as same as the laser collimator.

! Move the diaphragm along the optical ray to ensure that the collimated beam runs
parallel to the surface of the optical bench.

{  Place mirror M2 in the optical ray. Adjust the direction of M2 by use the diaphragm.

N

Control of the power

4 To control the power of the single-beam optical trap, insert a half wave plate (A/2) in
front of a rotation mount and a PBS after laser. Rotating the A/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.

ot

Adjust lenses

J  Use two lenses (L1 and L2) to expand the laser beam.
*The beam is expand to overfill the back aperture of the object by around 10%.We
use lenses L1 and L2 to form a beam expander that expander the collimated laser
beam.

1 For align the lenses, insert only L1 first, and observe the output laser (Fig. A-3 B)

{ Insert L2 and put it f1+f2 distant from L1. 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

! Adjust the z-axial position of an optical tweezers by move the L2 (Figure A-3).

*In my experiment, | want to focus on the rotation of magnetic bead at h = 0.2-0.4 ym

from glass surface by using halogen lamp. The trapping position at h = 0.5 pm. We also

need consider that different 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. Imaging from high speed CCD camera

4 Put the IR cut filter in front of CCD camera.

{  Set Olympus condenser at bright field mode. (No1 or No5)

4 Set the camera gain = 8, gamma = 1

* This setup is for calibration of optical trap stiffness. The Maximum frame rate for
observing 0.5um bead is around 27000fps.
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Figure A-3 (A) Insert only Objective and adjust the optical ray B) Insert lens L1, 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.
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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 stiffness

1. Drag force methods (Stock’s law)

Viscous force F = énnrv

. 6TNTV

Stiffness k =——
Ax
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If the beads are very close to glass surface, the drag force will increase by glass

surface.

6mnrv

ﬂ:
1-%@) +5(3) - @ - ®

, where r is beads radius, h is the distance from surface. From the h/a, 8 can calculated

using Table A-1.

Table A-1 Drag on a sphere near a planar surface (Faxen’s Law)

(h/a) B (Fn'/Fo)
1.01 2.97
1.10 2.36
1.25 1.92
1.50 1.62
1.75 1.47
2 1.39
3 1.23
4 1.16
5 1.10
10 1.06
50 | 1.01
= 1.00

*Variables: h, distance above surface of center of sphere; a, sphere radius. The drag
on the sphere at h = o is given by Stokes’ Law, 3 = é6nra.

*For 500nm diameter beads, move stage as speed 200um/s (the speed of stage
measured by 10X lens or by stuck beads),

F = 6m x 1073Pas x 0.25 um x 200 um/s = 0.94 pN, Ax= 1.5 pixels = 126nm,

Thus, k = 0.007 pN/nm.
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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 Image J, centra3.
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Figure A- 7 (A). Stiffness measured by moving stage at different speed: 40 ym/sec, 80 pm/sec,
160 um/sec, 200 um/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

Mm/sec)

2. Equipartition theorem methods
1 ]
EkBT=Ek<x2> (4)

At room temperature,1kzT = 4.14 pN - nm, k = 4.14 pN - nm/< x% >
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Here, < x? > can be calculated from the trajectory of trapped bead (Fig.A-8). Use
kaleidaGraph program, Statistics->Std deviation. When Ax = 2 nm, stiffness k = 1

pN/nm; Ax = 6.4 nm, k =0.1 pN/nm; Ax =20 nm, k =0.01 pN/nm.

Table A-2 Spatial resolution of stuck beads.

SD x SD vy
Ultrahigh speed 1000 fps
camera 561 nm 5.36 nm
High speed camera 250 fps 3.2nm 5.4 nm
400 fps 4.0 nm 5.7 nm
1000 fps 3.8 nm 8.6 nm
Normal camera 30 fps 2.8 nm 3.4 nm

3. Measure form trap potential
1 ~U(x)\ 1 —kx?
Pla) = exp ( kT ) —g v <2kBT>

-— Y Pises -’rp'

80MW~-400Fps-500nm bead-03 80mw-400Fps-500nm bead-03

Y Pixel
-InP(x)

14.5 g Jo 5
15 155 16 165 17 175 18 15

X Pixel Histogram X (Pixel)

Figure A- 8 (A) xy trajectory of a bead in the trap center. (B) x axis histogram of trapped bead

4. Power spectrum methods

@ (0)
Bff)=—r
1+ ()"
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Figure A- 9 power spectral of trapped beads.

- Protocol 11 Calibration of magnetic tweezers

MATERIALS

e Gaussmeter Lakeshore 421 Probe : XMNT-1341
e BNC cable
e Power supply

METHODS

1. Calibrate the output voltage of PC and angle (Figure A-1.A).

2. Calibrate the output voltage of PC and PWR (Figure A-1.A).

3. Calibrate the magnetic flux versus angle using gaussmeter.

! Put gaussmeter probe on the top of objective lens (Figure A-1.B)
d{  Set the angle of magnetic tweezers using cerely program.
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Figure A- 10. (A) Calibration of the output voltage of PC and angle (left). Calibration of the
output voltage of PC and PWR (right). (B) Calibrate the magnetic flux by gauss meter.
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Appendix2: Derivations and calculations

A.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?) = nb?. For flexible polymers, the Kuhn length is same order as chemical
bonds, ~v2a, (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 FJC 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

%) =1 <%) [25]

, where z is the extension of polymer, Lo is the counter length of polymer, and L(%) is
B

the Langevin function.

The equation [25] described the force-extension relationship of DNA measured
in single-moleculé 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

3kgT
bLy °

constant However, the FJC model was failed at intermediate force range.
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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(@) = —Fbcos @

2. The probability of finding a segment of the polymer making an angle between 6 and

0+dg is
8)de = ! VON 6de
p( = Zexp kT sin
, where Z is the partition function
14
Z= j p (0)-do

0

3. (cos @) can be calculated using the partition function

z ‘ 1 ‘ Fb
(cosG)=(L—)=fcose-p(6)-d9 = Ef cosB-exp(———cosG)sinG-dG
0
5 _

kgT
0

1
exp(xy) - d e*+e™ 1
_ JLayewy)-dy _ ~—= L(Fb/kgT)

[l exp(xy)dy — e*—e’*

Fb
, where x = —,y = cos#.
kgT

This equation can be inverted to give:

M L'l(@)

F== L
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For small force, ere” o §+ g — -, 80 L(Fb/kgT) = Fb/3kgT,

eX—e=X

3kgT
F =
L.b (z)
e 4@ _q_1 keT, 1
For large force, pr 1, A 1 = F Tz S0 ZX 1/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

2
exp(—>-73)

3
P,(R) = (W)2 .

The end-to end distance of free jointed chain at zero force is (R?) = nb? = Lyb. In the

WLC, the end to end distance is (R?) = 2L,L,. s0 b = 2L,. 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 L, 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 6. The end to end vector of the chain is R.

Then the average of the projection of R to the first vector is

n—-1
1
Rty =7 > (b 1) [26]
1
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For two vector, t, and &, is (t, - t,) = b? cos 8. Similarly to this, the average projections
of each of the segment vectors on the first segment vector is (t; - t;) = b?(cos @)~

Therefore, using the formula of geometric series, we have

1 - (cosO)™

27
1+ cos@ [27]

(R-ty) =
Consideringn — o,b —» 0, and 6 — 0, (cos@ approaches 1) and assuming the contour

length of L, held as constant.

b b
1 . —_— e —— e = 28
&l_{l;(R t) 1+cosg 2 Lp [28]

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.

A.2.2 Relationship between persistence length and bending stiffness

Derivation of the equation [6]:
Let f(s) = (cos[B(s)])

%As = f(s+ As) — f(s) = {cos[8(s + As)] — cos[6(s)])

= (cos[A8 + 8(s)]) — {cos[A(s)])
Where A8 = 0(s + As) — 8(s)

gAs = (cos[0] cos[Af] — sin O sin[AB]) — (cos[B])

= (cos[@]) - {{cos[AB]) — 1}

ﬂ - (cos[A@] — 1)

ds As fls)= -

1 /A6? (AU)
2 As

N
z —>f(s)=‘§<(rs) AS)/’(S):‘E—I'“‘)
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do

Here, we used the elastic energy calculated from beam equation Z—Z =% El (E)Z,

and equipartition of energy (AU) = kgT (3D), thus

df  1kgT

as- 2m "

Solving the differential equation give

kBTS
2E1

(cos[6(s) — B(D)]) = exp(— )

Use the definition of L,

LP
(cos[0(s) — 6(0)]) = exp(~ D)

El K

" kel kT

A.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 curve. Here we will introduce more detailed about the

deviation of equation [11].

1. Potential energy of the chain in the absent of force is

gl JLd de_,
- 2" 0 S(ds)

2. Potential energy resulting from a force F to the end of the molecular chain is
L
U= f ds (2y2 _Fcost
= | dsG;(5)? — F cos (s))
0
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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,

At large force, (z) = L,
z 4FL, )
(O =1- 1D
z < 1/+/F for WLC model at large force, this is different from FJC model. For the WLC,
when DNA extension is close to the counter length of DNA, larger force required to
extend the DNA.

FL, 1
TR

Summarizing these results, an approximate interpolation formula was obtained for

force-extension relationship.

FL, 1 1 z
kBT_4(1__z_)2 4 Ly

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;
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LoksT ,  2LpkgTL

UwLc(6) = o1 0°=—7%3

, where 0 is the bending angle, L is the total length of wound dsDNA. L ksT is the
bending stiffness, also called flexural rigidity. The elastic energy per unit length is

y% = E‘l’)';—BT . Wind a segment of length AL DNA against force F, the change of elastic

2LpkgT
D2’

energy is AUyc = AL the force applied on the DNA rod can be caiculated as:

_ AUwyc _ 2LpkgT

F AL ~  D?-

Therefore, F is proportional to D™

In the LSEC model(49), the elastic energy E is linearly proportional to the bending

angle;

2L
Upsec(0) = al6kT = “‘D—kBT

F_AULSEC_ZakBT_ﬁ
T AL ~ D D

, where a and B are constant. Therefore, F is proportional to D™.

A 2.5 Torsional stiffness of DNA
In chapter 1.3.1, we mentioned about the torsional stiffness of DNA in cyclization
experiment. The torsional stiffness of spring can be calculated with equipartition

theorem:

KBT
Kg = ——
7] 0_62

The torsional stiffness of dsDNA is related to its counter length:
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2

Lc - kgT
Jg~ =

c

, where Lc is the counter length of DNA. C is the effective torsional persistence length. C

has the unit of pN-nm?.

KgpDNA = Ic

Appendix3: sequence of DNA used in winding experiments
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Position (kbp)

The sequence in the wounded end:

TTGGAGTCGGTCATTTCGTGGTAGAAGTCGTTACCCTCACGAGTACGTTCACCTA
CGCCCGCAAACACAGAGTAACCGGAGTGCTCGATCGCGATGTTACGAATGAGCT
CCATCATGTTTACGGTTTTACCTACACCCGCACCACCGAACAGACCAACTTTACCG
CCCTTAGCGAACGGACACATCAGGTCGATAACTTTGATACCGGTTTCCAGCAGTT
CCTGAGAGTTTGACAGCTCTTCGTAGGAAGGTGCTGCGCGGTGAATCGCCCAAC
GCTCTTCTTCACCGATCTCGCCTTTC
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