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Dynamic analyses of DNA metabolic enzymes and
effects of DNA supercoiling on theinitiation of DNA replication by
single-molecule observations

Abstract

This doctoral thesis entitled as “Dynamic analyseBNA metabolic enzymes and effects of
DNA supercoiling on the initiation of DNA replicat by single-molecule observations” described
mainly two subjects. One is direct single-molealdservations of dynamic characteristics for DNA
and DNA metabolic enzymes. The other is effecteegfative supercoiling on the regulation of the
initiation of DNA replication. Several millions aholecules have been subjected to conventional
biochemistry and molecular biology analytical melhsuch as agarose gel electrophoresis and
two-dimensional gel electrophoresis. The resulttaiobd are averages for a large number of
molecules. However, the actual behaviors of indigidbiomolecules and the elementary processes
of DNA metabolic reactions, such as binding andatisation rates of DNA metabolic enzymes,
have not been adequately elucidated using thelytae methods. Such problems can be solved
by visualizing the actual behaviors of individuabriolecules and the elementary processes of
DNA metabolic reactions in single-molecule levehus, this studies have carried out by direct
observations for the reaction processes of a DNA®sis and DNA digestion, and an initiation of
DNA replication under a negative supercoil stat®IsfA.

In this study of chapter 3, developed two labeling methods for the direct olston of
single-stranded DNA (ssDNA), using a ssDNA bindprgtein and a ssDNA recognition peptide.
The first approach involved a protein fusion betwebe 70-kDa ssDNA-binding domain of
replication protein A and enhanced yellow fluoregcprotein (RPA-YFP). The second method
used the ssDNA binding peptide B$cherichia coli RecA labeled with Atto488 (ssBP-488). The
labeled single ssDNA molecules with RPA-YFP and €IB8 were visualized over time in
microflow channels, and furthermore, the RPA-YFBPMNA complexes were much more flexible
than the rigid ssBP-488d3NA complexes. These results characterize the alveling methods by
observing the dynamic behaviors of single ssDNAauooles in microflow channels.

In this study of chapter 4, | directly observed BAsynthesis reaction as a template single
ssDNA labeled with RPA-YFP under a stretched andralom coiled states via buffer flow in
microflow channelsand applied to analysis of DNA synthesis reacbgrthe Klenow Fragment
(3'-5’ exo-). Because the Klenow Fragment (3’-50ek lacks both 5-3’ and 3'-5’ exonuclease
activities, DNA digestions due to the exonucleagesities of the DNA polymerase was negligible.
The obtained results successfully visualized theAD¥ynthesis reactions under a stretched and a
random coiled states, and their rates were estératbe 91 bases/sec and 52 bases/sec. In addition,



the DNA synthesis reaction rate under the stretctatk was approximately 75% higher than that
under random coiled state. The DNA synthesis reaatf the Klenow fragment (3’-5’exo—) was
promoted by DNA stretching with buffer flow.

In this study of chapter 5, | directly observed EXonuclease (T7 Exo) DNA digestion
reactions by staining double-stranded DNA (dsDN&gions with SYTOX Orange and staining
ssDNA regions with ssBP-488. Furthermore, DNA digesreactions were directly observed both
under pulse-chase conditions and under continuodigerbflow conditions with T7 Exo. These
obtained results successfully visualized the DNAedtion reactions, and the average rate and
processivity were estimated to be 5.5 bases/sec 5882 bases. Thus, the labeled ssDNA
visualization method by ssBP-488 was an effectimalygic method for investigating DNA
metabolic processes.

In this study of chapter 3~5, direct observatioh®NA metabolic reactions were carried out
for both random coil and stretched DNA molecules. farther analysis to reflect of chromosomal
DNA in cell nucleus, a supercoil was induced t@dnDNA. In this study of chapter 6, | developed
a manipulation system to control the superheliofysingle linear DNA molecules using a
fluorescent microscope equipped with magnetic teeean a flow cell. Using the developed
system, | investigated effects of a negative suplkon the local denaturation of tHeNA double
helix in single-molecule level. As a results, tledl denaturation ciDNA and SV40orixDNA
under negative supercoil states was induced at-ahr&eh region in thel replication origin of
ADNA and an A+T-rich sequence in the SV40 replicatwigin of SV400riADNA, respectively.
The probability of occurrence of the local denatfioraincreased with negative superhelicity for
both ADNA and SV40orixDNA. These results suggested that the inductiotocd! denaturation
under negative supercoil states is involved in lsgg the initiation of DNA replication.

In this study of chapter 7, | investigated effeoctsnegative supercoiling on the unwinding
activity of Simian Virus 40 (SV40) Large Tumor Agéin (TAg) at the single-molecule level.
Supercoiling density in linear DNA templates wasntcolled using magnetic tweezers and
monitored using a fluorescent microscope in thevfell. DNA unwinding by SV40 TAg under
relaxed and negative supercoil states was analpgedirect observation of both single- and
double-stranded regions of single DNA moleculesigher negative superhelicity stimulated DNA
unwinding by SV40 TAg more than a relaxed statel famthermore, a negative superhelicity was
associated with increased probability of DNA unvinmgdby SV40 TAg. These results suggest the
involvement of negative superhelicity in regulatthg initiation of DNA replication.

In various aspects of biological phenomena, theseeldped single-molecule analysis
techniques will be powerful methods for providingwninsights into the elementary processes of
DNA metabolic reactions and the physiological robéssupercoiling on the regulations of DNA
metabolic reactions, such as DNA replication, repad recombination.



