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Chapter 1 Introduction

Many significant protein-DNA interactions involve sharp bending and looping of double-stranded DNA
(dsDNA) with curvature radius of 2-20 nm. A remarkable example is the histone-DNA complex in eukaryotic
cells; genomic DNA is wrapped around histone complexes with radii of 4.5 nm. The mechanistic properties of
the histone-DNA complex are thought to be involved in the control of transcription activity. Most transcription
factors also deform DNA by bending or looping DNA strands to regulate gene expression. DNA condensation
occurs in extremely small viral capsids (radius of 15-50 nm) and is another example involving extensive
winding or bending of DNA. Thus, revealing the mechanical properties of DNA is crucial for understanding the
molecular mechanisms of DNA-protein systems, and has been a focal issue in the physicochemical research on
DNA

Mechanical property of DNA has been described by the worm-like chain (WLC) model as a rod that
is smoothly bent by thermal energy. The resistance of DNA to thermal bending is characterized by single
parameter called persistence length (Lp, 40-50 nm). However, the WLC model is refuted when DNA is tightly
bent and its curvature diameter is smaller than the Lp. Recent experiments have suggested that the breakdown
of the WLC model for tightly bent DNA might be caused by deformations such as kinks or melting bubbles, but
those findings are still controversial.

Fundamental aspects of DNA bending mechanics have been studied using biochemical bulk
measurements and by pioneering single-molecule DNA stretching experiments. However, previous
measurements were based on the analysis of thermal bending of DNA, tight bending to curvature radius of 2-20
nm was rarely occurred thermally. Therefore, methodology that controls the bending curvature of DNA is
required to explore the micromechanics of tightly bent DNA.
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Chapter 2: Material and methods

Chapter 2 focuses on the construction of the experimental system. Conventional mechanical manipulation of
DNA was limited to large-scale attempts, such as stretching or twisting DNA. Bending or looping of DNA on
small scales has been difficult to achieve. The uniqueness of our construction is that the rotary motor protein
F;-ATPase was used as a molecular reel to wind DNA. In this chapter, F;-ATPase structure and
single-molecule manipulation of F; was introduced first. As a molecular reel for DNA winding, F, has an ideal
size; the radius of the central shaft of the y subunit is ~1 nm. Later, optical tweezers technique for applying
force to DNA was introduced. Finally the assembly methods of DNA and F;-ATPase and beads was introduced.

Chapter 3: Persistence length of DNA measured by stretching experiment

In this chapter, the force-extension curve for single-molecules dsDNA was measured. The persistence length of
dsDNA 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
dsDNA in winding experiment. We obtained a persistence length of 48 nm, which is consistent with previous
measurement.

Chapter 4: Persistence length of DNA measured by winding experiment

The molecular reel was built using F;, a magnetic bead, and the Fab fragment 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 y 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. By
manually rotate the magnetic bead using a magnetic tweezers system, dsSDNA was wound around the molecular
reel.

The bending stiffness of dsDNA was determined from the winding tension (0.9-6.0 pN) and the
diameter of the wound loop (21.4-8.5 nm). Our results were in good agreement with the conventional WLC
model and a persistence length of 54 + 9 nm was estimated. This value agrees well with persistence length
measured from stretching experiment (~48 nm). This agreement suggests that sharply bent dsDNA retains the
same mechanical properties as dsDNA in the relaxed state, implying that deformation of dsDNA, such as local
melting or kinking, does not occur in the present condition.

Chapter 5: General conclusions

The data of this study was analyzed with other non-harmonic models for comparisons with WLC model. The
data fit better with WLC model than other models. The potential applications of our experimental system are
also discussed, such as sequence-dependent bendability of dsDNA and the effect of dsDNA topology on the
affinity of DNA-associating proteins. Our molecular reel system is expected to be applicable for the elucidation
of the molecular mechanism of DNA-associating proteins on highly bent dsDNA strands.
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DNA IR OB EERILEN L TROFAHFTHD. MEOF TR MO LZENTNS. #
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W BEFAA Y FOIRETEIRNF—RmOERY - BRiERO T EHII Lz, 51T, FERBFELLS
FU—IIZDNA ST D 1 HTFHERIE. DA DA 7 OAN =T AOPFRICH L REEEREL TS, DNA OFFI& S
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