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Fundamental Principles Underlying the Hierarchy of Matter:
A Comprehensive Experimental Study

* Organization

This project is being carried out as a collaboration involving eight participating laboratories, in which
we treat the hierarchy of matter from hadrons to biomolecules with three underlying and interconnected
key concepts: interaction, excitation, and heterogeneity. The project consists of experimental research
conducted using cutting-edge technologies, including lasers, signal processing and data acquisition, and
particle beams at RIKEN RI Beam Factory (RIBF) and RIKEN Rutherford Appleton Laboratory (RAL).
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* Physical and chemical views of matter lead to major discoveries

Although this project is based on the physics and chemistry of non-living systems, we constantly keep
all types of matter, including living matter, in our mind. The importance of analyzing matter from
physical and chemical points of view was demonstrated in the case of DNA. The Watson-Crick model of
DNA was developed based on the X-ray diffraction, which is a physical measurement. The key feature of
this model is the hydrogen bonding that occurs between DNA base pairs. Watson and Crick learned about
hydrogen bonding in the renowned book “The Nature of the Chemical Bond,” written by their competitor,
L. Pauling, who was a leading authority on chemical bonding. This important lesson in history teaches us
that viewing matter from physical and chemical perspectives can lead to dramatic advances in science.

L. Pauling
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« Hierarchy of Matter: Universality vs. Diversity

We believe that the behavior of matter, including biological systems, can be understood through
physical laws. P. Dirac, a great physicist, stated this universality as follows: “once we know the
underlying physical laws, the rest is chemistry.” On the other hand, P. W. Anderson, another great



physicist, claimed that the interactions among multiple components in complex systems create entirely
new properties in each layer of the hierarchy, with his famous phrase “More is different”. This means that
the science governing each layer is different, and it is not until we understand this diversity that we
understand the universal principles completely. Therefore, we have selected “interaction” as the first key
concept of this project. In addition, we selected “excitation” and “heterogeneity” as the other important
key concepts to understand diversity in the hierarchy.

® The rest is chemistry

The underlying physical laws necessary for the mathematical
theory of a large part of physics and the whole of chemistry are
thus completely known, and the difficulty is only that the exact
application of these laws leads to equations much too
complicated to be soluble.

The behavior of matter including biological systems
can be understood through physical laws.

e More is different

The behavior of large and complex aggregates of elementary
particles is not to be understood in terms of a simple
extrapolation of the properties of a few particles. Instead, at
each level of complexity entirely new properties appear.

SR

The interactions among multiple components in
complex systems create entirely new properties in
each layer of the hierarchy,

P. W. Anderson

* Three Key Concepts: Interaction, Excitation, and Heterogeneity

The importance of these three key concepts is well illustrated by the photochemical reaction system,
involved in photosynthesis. First, the photosynthesis proceeds in the thylakoid membrane, which has a
heterogeneous structure. This heterogeneity is essential for the emergence of the functionality of the
membrane. Excitation by light is the most important step in photosynthesis. Finally, important processes,
including electron transport and ATP synthesis, are controlled by various interactions.

Photochemical reaction system CYSEDBARKM)

Stroma 4 “H

,"Ei.éclron -'\_'\I
Excitation GRS Fxcitation

Light Light

NADP*+H' NADRH

. B T
Thylakoid n ] |

membrane X P it rogeneity

.....
..............

NADP* ATP
reductase Synitlgse

H0 30,+2H" \ /
\\\. H‘ _.-'/'.

PO Cytochrome
PQH;

Important functions, including electron transport and ATP synthesis,

are controlled by various JIVENS:¥Xea (o] B

* Three Key Concepts and Sub-projects

The three key concepts are associated with three sub-projects: “Interaction in matter” lead by Dr. Ueno,
“Excitation in matter” lead by Dr. Azuma, and “Heterogeneity in matter” lead by Dr. Kim. As mentioned,
the “Interaction” sub-project is the core of this project. To comprehensively understand the nature of
interactions that take place in each layer, it is essential to collaborate with theory groups. The knowledge
obtained by the “Interaction” sub-group will be applied toward the basic science of excitation. The
“Interaction” sub-project investigates the ground state of systems, and the “Excitation” sub-project



focuses on the excited states of systems. The results obtained by these two sub-projects will be expanded
towards the development of functional materials by the “Heterogeneity” sub-group. A unique point of this
project is that almost all members participate in more than two sub-projects, which enhances
comprehensive understanding of these concepts.
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* Interaction in Matter

The “Interaction” sub-group investigates the diversity of phenomena caused by interactions that occur
in each level in the hierarchy of matter. The strong interaction and the electromagnetic interaction give
rise to a variety of phenomena depending on many-body effects, geometry, dimensionality, external
conditions and so on. The interactions studied by each team range from the strong interaction between
quarks to the van der Waals interaction between single-stranded DNA molecules, with a focus on how
interactions in systems with multiple degrees of freedom lead to a diversity of phenomena. This means
that many-body effects and multiple degrees of freedom are key issues in every layer of the hierarchy.

* Excitation in Matter

Excitation is a key step for the emergence of functionality, but knowledge on this topic is surprisingly
limited. Thus, in this sub-group, we carry out three types of research on excitation, “Exploration of
undetected excited states” in deformed nuclei, “Verification of fundamental principles through excited
states” in kaonic nuclei, and “Observation of excited state dynamics” in excited molecules in liquids, on
surfaces, and in vacuum. We study excitation over a wide range of energies, sizes, and time scales. At the
same time, we study universality as indicated by the large-scale deformations observed in both
excited-state nuclei and proteins.

* Heterogeneity in Matter

Heterogeneity is an important spatial property for the emergence of functionality as well as a
challenging research target that drives the development of cutting-edge measurement technologies. This
sub-group will apply the results of the “Interaction” and “Excitation” sub-groups toward the development
of functional materials. In this sense, the “Heterogeneity” sub-group is closely tied to practical
applications. The main topics investigated are superconducting doped diamond (as “Heterogeneity by
Atomic Scale Doping”), electrical double layers in the field effect transistors (as “Heterogeneity at
Molecular Interfaces”), and lipid membranes in solution (as “Heterogeneity in Biological Systems”),
which are tackled through a wide range of collaborations.

* Goal of the Project
The most important goal of the project is the construction of a new cross-disciplinary research network
based on the bottom-up style research activities at RIKEN, which will drive a dramatic evolution of



science and lead to unpredictable by-products. This network includes ExpRes Dojo where we share, learn,
and report information on cutting-edge experimental technologies, primarily laser and signal processing
and data acquisition technologies. This consists of school-type meetings and workshops. An important
output of the ExpRes Dojo is the application of new technologies developed thorough the physics and
chemistry research to biological systems. At the same time, we nurture young researchers with wider and
deeper views of matter. We believe that the scientific community is one where innovative discoveries are
frequently achieved by newcomers in different research fields. The present project will maintain the
diversity of science at RIKEN and ensure an environment in which young researchers with high
ambitions can easily cross over the boundaries between disciplines.

Lead researcher
Dr. Reizo Kato
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Study of the lightest kaonic nuclei at J-PARC : :
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[1] T. Nakatsukasa et.al, Rev. Mod. Phys. 88, 045004 (2016).
[2] M. Lucchini et.al, Science 353, 916 (2016).

[3] A. Sommer et.al, Nature 534, 86 (2016).
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[1] A. Abragam and B. Bleany “Electron paramagnetic resonance of transition ions” Oxford University
Press. 1970

[2] FriEFAT & [TEFAC M) EEAE

[3] UPyE ZF  TEEAILIE-ESR B AE 005 A= &4t
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[3] C. Boerigter, U. Aslam, S. Linic, ACS Nano 10, 6108-6115 (2016).

[4] C. Boerigter, R. Campana, M. Morabito, S. Linic, Nat. Commun. 7, 10545 (2016).
[5] E. Kazuma et al. J. Am. Chem. Soc. 139, 3115-3121 (2017).
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Laboratory

Characterizing nitric oxide diffusion in a nitrite reductase:nitric oxide
reductase complex

Nitrite reductase (NiR) and Nitric oxide reductase (NOR) are two important enzymes in the
microbial denitrification. This process sequentially reduces nitrogen-containing compounds: NO; —
NO, — NO — N,O — Ny[1]. In this process, NiR produces nitric oxide (NO) from nitrite while NOR
catalyzes the reaction using NO as a substrate. While NO is regarded as an important integral signaling
molecule in eukaryotes and bacteria[2,3], it is also highly cytotoxic and reactive. How NO molecules
can diffuse from periplasmic NiR into water and membrane, and from membrane to membrane-bound
NOR remains a question. This is intriguing that almost no NO is detected in the membrane, suggesting
an effective NO decomposition system in denitrification[4]. In this study, we characterize NO diffusion
in this complex system using molecular dynamics (MD) simulations. We carried out multiple 100-ns
independent simulations with a system consisting of NiR, NOR, NO, membrane, water, and
counterions. We have found that the NO molecules released from the active site of NiR are able to
diffuse out of NiR and enter into the membrane via water. Some NO molecules even reached the active
site of NOR within 100 ns simulation timescale. Such rapid NO migration inside and between proteins
provides a novel insight into how NiR and NOR functionally regulate and direct NO into the
designated region inside protein.

[1]W.G. Zumft, Microbiol. Mol. Biol. Rev. 61, 533 (1997).
[2]D.S. Bredt, S.H. Snyder, Neuron 8, 3 (1992).

[3]L.-M. Nisbett, E.M. Boon, Biochemistry 55, 4873 (2016).
[4]C. Braun, W.G. Zumft, J. Biol. Chem. 266, 22785 (1991).
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Nature 543, 647 — 656 (2017).
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Eur. J. 2014, 20, 17420. [3] G. Wang, Y. Akiyama, S. Shiraishi, N. Kanayama, T. Takarada, M. Maeda,
Bioconjugate Chem. 2017, 28, 270. [4] Y. Akiyama, H. Shikagawa, N. Kanayama, T. Takarada, M.
Maeda, Small 2015, 11, 3153.
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Vibrational Analysis of Aromatic Polyamide Reverse Osmosis Membranes

Aromatic polyamide reverse osmosis (RO) membranes that possess a high salt rejection rate of over
99 % are presently the most widely used desalination method. However, membrane fouling and high
operational pressure is incurring the running cost of filtration plants, preventing further spread of this
technology. To provide insight that would lead to better design of RO membranes, weight averaged
vibrational analysis method developed by us is used on model RO membranes constructed by
molecular dynamics simulation. With this method, we obtain the IR spectra of RO membranes at
various moisture conditions. This allows the investigation of how water and polyamides interact inside
the RO membranes and assignment of IR spectra obtained experimentally from commercial filtration
membranes, which offers insight into the mechanism and factors that determine membrane filtration
properties.
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Organic Superconductor A-(BETS),GaCl, Study by Muon Spin Rotation

The appearance of two bands crossing the Fermi level and the short coherence length of organic
superconductors (SC) lead to the observation of two gaps. However, recent experimental studies give
differently debatable results, especially on A-(BETS),GaCl, which has the highest T, = 5 K among
reported A-type organic SC containing Se atoms. A bunch polarized muon injected to the bulk
A-(BETS),GaCl, sample is very sensitive to the field distribution of superconducting flux line lattice
in fields of 30 G and 60 G down to the temperature at 0.3 K. From this muon spin rotation (uSR)
spectroscopy conducted at RIKEN-RAL Muon Facility in the UK we observed the possibility of
mixture s- and d- wave pairing symmetry of this compound and will report the results.
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Self-organization of DNA-coated Gold Nanoparticle Assemblies through

Non-crosslinking Aggregation

Highly ordered assemblies of gold nanoparticles (AuNPs) with manipulable configurations
are expected as dynamic nanodevices. A linear assembly of DNA-coated AuNPs, which is
prepared wusing a long template DNA, undergoes structural shrinkage through
non-crosslinking aggregation with complementary DNA. This gives rise to the structural
conversion from linear to island-like configuration on the substrate surface, suggesting that
the constraint effect by the template DNA plays a significant role. This finding could
contribute to the novel method to readily construct two-dimensional AuNP arrays.
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Observation of the anomalous antiferromagnetic
resonance in A-(BETS),FeCl,

A-(BETS),FeCl, consists of the conducting z-electrons of BETS molecules and the localized
d-electrons of Fe** ions, and strong z-d interaction is expected owing to the short contacts between
BETS molecules and FeCl,. Although A-(BETS),FeCl, shows simultaneously a metal to insulator
transition and antiferromagnetic long-range order at 8.3 K, the origin of this antiferromagnetic
insulating (AFI) phase is under debate for the past few decades. We have performed ESR
measurements in the AFI phase A-(BETS),FeCl,, and have observed anomalous behavior of the
antiferromagnetic resonance where the easy-axis seems to change with temperature and field. In my
poster, | will introduce our measurement results and discuss about the AFI ground state.
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