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Outline

Theoretical and computational chemistry is essential research tools to elucidate structure-dynamics-function
relationship in biology and material sciences. Our ultimate goal in research is to find new molecular functions
relevant to pharmaceutical, medical, and environmental applications. The group, being in an interdisciplinary area
of chemical and biophysical theory, involves development of new multi-scale molecular models and efficient
computational algorithms. By combining molecular dynamics (MD) simulation and ab initio quantum chemistry,
we aim to answer many unresolved questions in the area, for instance, large-scale conformational changes of
biomolecules upon the ligand binding/dissociation, dynamics of biological membranes and other high-density
polymers, enzyme reaction dynamics, and so on. We highly appreciate collaboration with experimentalists, in which
active discussion with them helps our research stand out from others. Furthermore, we challenge the breakthrough
of current limits of simulation in terms of both size and time embracing supercomputer K.

1. Molecular dynamics simulations of macromolecules in cellular environments (Yu, Wang, Sugita)
Macromolecular structures are usually determined in dilute solution, crystals, or low-temperature frozen solution
for solution NMR, X-ray crystallography, or electron cryo-microscopy. The real cellular environments, such as the
cytoplasm, cellular membrane, and cellular nuclei, are largely different from those experimental conditions and are
crowded with many macromolecules, lipid molecules, metabolites, ions, and so on. How proteins and other
macromolecules behave in such macromolecular crowding environments is one of the essential questions in
molecular and cellular biology. To assist the understanding of the relationship between structure, dynamics, and
functions of macromolecules in cellular environments, we carry out molecular dynamics simulations of atomistic
models of the cytoplasm or protein crowding solution.

In this year, we focused on rotational diffusion of proteins in crowded solution to understand the molecular
mechanisms for the slow-down of the rotational diffusion in the condition. Molecular dynamics simulations showed
that the standard force-field parameters overestimate protein-protein interaction. We, therefore, modified the force
field to have a better balance between protein-protein and protein-solvent interactions. Using the modified force
field, we observed that tentative oligomer formation is a major reason of the slower rotational diffusion of proteins
in the crowded environments.

2. Enhanced molecular dynamics simulations by data-driven calculations and free-energy calculations (Mori,
Kulik, Matsuoka, Niitsu, Sugita)

Atomistic molecular dynamics simulation is useful for understanding the structure-dynamics-function relationships
of proteins, nucleic acids, or other macromolecules. The major drawback of the simulation is a short simulation
time scale due to the limited computational resources. By the conventional molecular dynamics methods, molecular
motions slower than ten or hundreds of microseconds are not able to be investigated routinely. To overcome the
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issue, we develop and utilize free-energy calculation methods based on enhanced conformational sampling
algorithms. The generalized-ensemble algorithms, namely, replica-exchange molecular dynamics (REMD) or its
variants (such as replica exchange with solute tempering (REST), replica-exchange umbrella sampling (REUS)) are
well-known enhanced sampling methods for evaluating free-energy changes. We recently developed a new REST
method (generalized REST (gREST)) and applied it to protein-protein association in membranes, protein-ligand
interactions in solution. RNA conformational dynamics was also studied by REMD simulations.

Experimental data can be combined with molecular simulations to examine large-scale conformational changes of
macromolecules. We developed a flexible fitting method to determine a new structure based on the electron cryo-
microscope images and a known structure of the same target molecule. In our method, extensive parallelization was
implemented to speed up the flexible fitting simulation and allowed us to perform the flexible fitting of large
biomolecular complexes, such as ribosome or other protein-nucleic acid complexes.

3. Accurate description of molecular motions by classical molecular dynamics and e guantum chemistry (Yagi,
Yamada, Surblys, Bo, Yuasa, Sugita)

Molecular vibrational analysis is a popular experimental method to study atomic structure and dynamics of various
molecular systems. We developed a new method to construct anharmonic potential using quantum chemistry
calculations, and anharmonic vibrational analysis based on such potential. Furthermore, we developed a method to
incorporate the structural fluctuation by taking a weight average over structures found in MD trajectory. We applied
the new methods to calculate the vibrational spectrum of polymer membranes upon water uptake. The infrared
spectra of Nylon6 and other polymers were predicted by using the anharmonic vibrational analysis method. We
obtained good agreements with experiments.

To describe short-time molecular motions accurately, combinations between classical molecular dynamics and ab
initio quantum chemistry calculation are quite useful. A combined quantum mechanics/molecular mechanics
(QM/MM) is one of the most popular approaches, where only the active site of a protein is treated quantum
mechanically and the rest of the system is computed using classical molecular mechanics. We recently implemented
this algorithm in our molecular dynamics program, GENESIS, and combined our QM/MM program with the
anharmonic vibrational analysis and reaction-path calculations, namely, string method and the nudged-elastic band
method.
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