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The massively parallel, highly uniform, and individually addressable femtoliter droplet array
technology offered a high-end standard and new possibilities for future diverse bioanalytical
applications. The integrated system also stressed the significance of the multidisciplinary
approach.

We cannot study what we cannot measure. This simple philosophy is the basic
driving force for analytical chemistry to move forward. This Early-Career Scientists study was also
planned and implemented based on this general interest. My research platform features high
throughput and deals with a massive number of single DNA molecules, which enabled: (1) cell-free
protein synthesis from every single DNA molecule; (2) genotype-phenotype linkage at the single DNA
molecule; (3) sorting and amplification for single DNA molecules; and (4) amplification-free single
DNA molecule detection. During the period of this research, | succeeded in obtaining the world"s
most active enzyme capable of hydrolyzing phosphate esters, establishing the novel digital
high—throughﬁut screening theory, and developing the world™s most sensitive method capable of
evaluating the performance of any DNA-cleaving enzymes.
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A vast majority of microorganisms called VBNC or “Viable But Non-Culturable” cannot
be cultured in the laboratory due to either the lack of knowledge about the growth
condition or the long doubling time making a cell culture within a reasonable period
of time impossible. Because the final purpose in most situations is not the cell
culture itself, how to skip the culture process to pursue the study using the unexplored
microbial dark matter is gaining considerable attention in recent years. Hence, a basic
question is whether a single piece of DNA molecule can be reliably and efficiently
amplified. If a single DNA molecule from a single cell can be amplified, the
microorganism studies can become independent of culture, which must boost our
comprehensive understanding of the survival, adaptation, and evolution of life in the
normal or extreme environment

The lack of rigorous interrogation of the absolute sensitivity of polymerase chain
reaction (PCR) at the single-molecule level can be attributed to the inability to
acquire exactly a single DNA molecule, while my proposed technology is able to take up
this challenge. Even for digital PCR that is considered to be the technique capable of
amplifying single DNA molecules, the scientific community still doubts the reliability
of digital PCR. The reliability and efficiency of single—-molecule DNA amplification
have long been the focus of dispute among researchers or end-users. Recently, it has
been known that VBNC microorganisms are present even in the deep subseafloor in an
extremely low abundance. It is necessary to solve the raised fundamental question,
prior to actual experiments dealing with such rare and valuable samples
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This research project aimed to establish a general methodology applicable to the PCR
reaction capable of amplifying a single DNA molecule, through rigorous validation based
on single—molecule identification and recovery techniques. This project was expected
to end the debate across the past decades about the limit of PCR. Meanwhile, the
project also intended to apply the newly established single-molecule PCR workflow to
a massively parallel cell-free protein synthesis and high—throughput screening.
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In contrast to traditional fluorescent staining and covalent modification of DNA itself,
the proposed approach confirms the true physical number of DNA molecules via a label-
free and cell-free protein expression system. DNA molecules are randomly distributed
into each microreactor to trigger the protein expression. Because proteins cannot be
synthesized unless the intact DNA is present, and the amount of protein synthesized
has been proved to be proportional to the number of DNA molecules, this is the only
non—invasive method to date to confirm the existence of DNA with single—molecule
resolution. The proposed approach can provide for the first time a controllable
validation system, making unambiguous discussions possible
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(1) A single DNA molecule can be recovered from a specified femtoliter droplet using
a microcapillary (Fig. 1).
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(2) Software development for automatic image analysis of the high-throughput droplet
array device (Fig. 2).
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Fig. 2. High-throughput assays require high—throughput analysis software. The newly
developed Fiji/Image]J-based plugin called “FemDA Analysis” enabled fast, reliable,
and reproducible image processing and statistical analyses. FemDA stands for femtoliter

droplet array. The coordinate of every droplet over the bright-field array can be
determined following (A) to (D) steps and (1) to (15) clicks on the GUI (graphic user
interface). The determined ROI (region of interest) mask is applied to the corresponding
fluorescence image, and the fluorescence intensity of every droplet over the array can
be extracted, analyzed, visualized, and output using FemDA Analysis.

(3) Proposal of digital HTS (high—throughput screening) theory (Fig. 3) as a new
category of digitalized biotechnologies.
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(4) Acquisition of the world’ s most active phosphatase using the proposed digital HTS
(Fig. 4).
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(5) Ultrasensitive measurement of restriction digest efficiency of DNA enzymes based

on PCR—free single-molecule DNA counting (Fig. 5).
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Fig. 5. Basic experimental procedure for quantifying the undigested DNA molecules in
a restriction digest. A defined volume of the digest solution is directly mixed with
CFPS (cell-free protein synthesis) aliquot. The mixture is introduced into FemDA. Only
intact (i.e., undigested) DNA in the droplets can produce functional proteins that can
be detected using fluorescence microscopy. The fraction of positive droplets over the
array is used to derive the concentration of the undigested DNA. Thus, the residual
template DNA that cannot be detected by gel electrophoresis (upper—-right scheme) can

be detected at the single—molecule level using FemDA.



4 4 0 3

Yi Zhang, Takuro Nunoura, Daisuke Nishiura, Miho Hirai, Shigeru Shimamura, Kanako Kurosawa, 15

Chieko Ishiwata, Shigeru Deguchi

A single-molecule counting approach for convenient and ultrasensitive measurement of 2020

restriction digest efficiencies

PLOS ONE e0244464
DOl

10.1371/journal .pone.0244464

Yi Zhang, Kanako Kurosawa, Daisuke Nishiura, Mika Tei, Mikiko Tsudome (160)

A Femtoliter Droplet Array for Massively Parallel Protein Synthesis from Single DNA Molecules 2020

Journal of Visualized Experiments 60945
DOl

10.3791/60945

Yi Zhang, Yoshihiro Minagawa, Hiroto Kizoe, Kentaro Miyazaki, Ryota lino, Hiroshi Ueno, 5

Kazuhito V Tabata, Yasuhiro Shimane, Hiroyuki Noji

Accurate high-throughput screening based on digital protein synthesis in a massively parallel 2019

femtoliter droplet array

Science Advances eaav8185
DOl

10.1126/sciadv.aav8185

Shingo Sakamoto, Toru Komatsu, Rikiya Watanabe, Yi Zhang, Taiki Inoue, Mitsuyasu Kawaguchi, 6

Hidehiko Nakagawa, Takaaki Ueno, Takuji Okusaka, Kazufumi Honda, Hiroyuki Noji, Yasuteru Urano

Multiplexed single-molecule enzyme activity analysis for counting disease-related proteins in 2020

biological samples

Science Advances eaay0888

DOl
10.1126/sciadv.aay0888




12 7 2

JAMSTEC

2018

2018

Yi Zhang, Takuro Nunoura, Daisuke Nishiura, Miho Hirai, Shigeru Shimamura, Shigeru Deguchi

A SINGLE-MOLECULE VIEW OF RESTRICTION DIGESTS

2019

Shingo Sakamoto, Toru Komatsu, Rikiya Watanabe, Yi Zhang, Hiroyuki Noji, Yasuteru Urano

Development of Novel Disease Diagnosis Platform based on Enzyme Activity Detection at Single Protein Level

The 56th Annual Meeting of the Biophysical Society of Japan

2019




19

2019

92

2019

Yi Zhang

A cell culture-independent approach for treasure hunting of marine microbial proteins

JAMSTEC International Day

2020

Yi Zhang

Large-scale femtoliter droplet array for ultrahigh-throughput protein screening

CAS KLSMN Forum No. 234

2020




97

2019

Toru Komatsu, Jun Onagi, Yuki Ichihashi, Shingo Sakamoto, Rikiya Watanabe, Yi Zhang, Hiroyuki Noji, Tetsuo Nagano, Yasuteru
Urano

Development of enzymomics approach to search for disease-related alternation of enzymatic functions

The 56th Annual Meeting of the Biophysical Society of Japan

2019

Yi Zhang

Accurate high-throughput screening based on digital protein synthesis in a massively parallel femtoliter droplet array

Fourth Microbial Single Cell Genomics Workshop

2019

Yi Zhang

Digital protein screening

2019




2019-232639 2019

https://www.jamstec.go.jp/sugar/j/research/20191003/

Blue Earth , 32 3 ( 165 )
http://www.jamstec.go.jp/j/pr/blueearth/pdf/BE165all.pdf




