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Analysis of DNA-protein interactions by single-molecule DNA observation
and manipulation
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This thesis entitled as “Analysis of DNA-protein interactions by single-molecule DNA observation and|
manipulation” described mainly two subjects. One is single-molecule analysis of DNA hydrolysis reaction by
[E.coli exonuclease III. The other is development of fluorescent labeling technique for single-stranded
DNA-binding protein and single-molecule imaging of DNA-protein complex. In a conventional assay for|
DNA-protein interaction based on biochemistry and molecular biology, it is impossible to analyze the dynamics|
of an individual DNA or enzyme because it can only observe the average behavior of a number of molecules. On|
the other hand, single-molecule imaging and single-molecule detection techniques have been investigated to
analyze various biochemical reactions. Real-time fluorescent observations are particularly helpful for
understanding single-molecule phenomena since the positions of individual protein or DNA molecules can be
directly detected by fluorescent labeling. In this thesis, 1 applied single-molecule techniques to analyze|
DNA-protein interactions.

In chapter 3, at first, I observed single-molecule DNA digestion by exonuclease III (Exolll), which has 3’ to
5’ exonuclease activity. Prior to this single-molecule experiment, I evaluated the effect of YOYO-1, a
fluorescent dye, as well as anti-fade reagents on the ExolllI reaction. It was found that YOYO-1 and the anti-fade
reagents did not inhibit hydrolysis, and the digestion rate of Exolll was estimated. For the single-molecule
experiments, I designed a single-molecule experiment based on an optical trap and two-layer laminar flow, in
which mixing between the two layers was negligible. First, a DNA-bead complex was optically trapped in one|
layer in the absence of Exolll permitted the DNA to be stretched by the laminar flow. The Exolll reaction was
initiated by moving the trapped DNA-bead complex to another layer of flow which contained Exolll. As the
reaction proceeded, the fluorescently-stained DNA was observed to shorten. The process was photographed;
examination of the photographs showed that the DNA molecule shortened in a linear fashion with respect to the
reaction time. The digestion rate obtained from the single-molecule experiment was compared to that measured
from a bulk experiment and was found to be ca. 28 times higher than the bulk digestion rate. I concluded that the
disagreement between the result of bulk experiments and single-molecule experiments might be the cause of the]
difference of DNA/enzyme ratio and physical form of DNA in both experiments. In the present study,
single-molecule DNA fluorescence experiments were conducted using a distributive enzyme with low digestion
rate and its effectiveness as an exonuclease was confirmed.

In chapter 4, I studied the effect of physical form of DNA on Exolll reaction. In chapter 3, the observed
digestion rate from the single-molecule experiment was much faster than bulk experiments. I supposed that the
physical form of DNA molecules affected digestion by Exolll. In bulk experiments, all DNA molecules are in|
random coil structure and always change their shape randomly. On the other hand, individual DNA molecules
were stretched by buffer flow. The effect of DNA tension on Exolll activity can be demonstrated only by
single-molecule experiments that can control tension of DNA. In this chapter, I immobilized one-ends of}
fluorescently stained DNA on a glass surface, and then they were digested by Exolll under both conditions:
stretched state by flow and relaxed state. The sequentially captured photographs demonstrated that the digested
DNA molecules were linearly shortened with the reaction time. The digestion rate obtained from the stretched|
condition was two times higher than the relaxed condition. I clearly demonstrated that the physical form of DNA|
affects Exolll activity. I think that it is very important for understanding the mechanism of DNA-protein|
interactions to compare Exolll digestions both by bulk assay and the single-molecule approach. Single-molecule
measurement that can control the physical form of individual DNA molecules is a powerful method for
obtaining new knowledge about the correlation between DNA-tension and enzyme activity.




In chapter 5, I developed a fluorescent labeling technique for Replication Protein A (RPA), which is af
eukaryotic single-stranded DNA (ssDNA)-binding protein. RPA binds to and stabilizes single-strand DNA]
generated during DNA replication and repair. Fluorescent labeling sometimes damage the proteins seriously|
resulting in very low activity. This problem may be caused by the binding of fluorescent dye to functional site of|
the protein. In my method, RPA bound to single-stranded DNA immobilized on cellulose was chemically|
conjugated with amine-reactive fluorescent dye Alexa succinimidyl ester. In the next step, fluorescent dye was
washed out from the chromatographic column and RPA were released from single-stranded DNA with the buffer
containing high concentration of sodium chloride. DNA-binding activity of fluorescently labeled RPA was not]
affected. 1 observed single-molecule ssDNA-RPA complexes. Fluorescent-labeled RPA bound to ssDNA
generated by Exolll in fluorescent microscopic field. As a result of fluorescent observation, ssDNA-RPA|
complexes were stretched or aggregated in flow of solution.

I conclude that single-molecule techniques are effective in analyzing DNA-protein interactions. Especially I
think single-molecule DNA manipulation technique is necessary to demonstrate the effect of physical form on
DNA-protein interactions. Further single-molecule experiments should elucidate the mechanism of DNA-protein
interactions and provide additional insight into these interactions in living cells.




