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We study functions of biomolecules by theoretical calculations based on thermodynamics, statistical mechanics, and
guantum chemistry. In particular, we are interested in the conformational dynamics of proteins and its relationship with
the functions of proteins. Current research topics are protein folding and stability in solution, ion-transport by membrane
proteins, enzymatic reactions, and so on. We also develop new computational models and methods to overcome current
limitations of computational chemistry on biomolecules.

1. Development of new computational methods

(1) Conformational sampling methods for proteins (Miyashita, Yoda, Sato, and Sugita)
In the free-energy landscapes of proteins or other systems with rugged-energy surfaces, there are a huge number of
conformational substates. However, the conventional simulation techniques, such as molecular dynamics or Monte Carlo
methods often get trapped at one of the local-energy minima, and therefore cannot sample wide conformational spaces of
proteins. Generalized-ensemble algorithms can overcome the difficulty by performing a random walk in the potential
energy space, and also can evaluate the canonical ensemble averages at any temperature by a single simulation run. We
have developed new generalized-ensemble algorithms including replica-exchange molecular dynamics method (REMD) and
are trying to improve sampling efficiency of these methods.

(2) QM/MM methods for enzymatic reactions (Re, Ten-no, and Sugita)
To understand chemical reactions occurred in proteins or enzymes is one of the central issues in molecular biology or
biochemistry. To study the reactions theoretically, we have to calculate the conformational energies of the systems by
guantum chemical methods. However, the size-dependency of at-initio quantum chemistry is significant (proportional to,
at least, N4), indicating that it is impossible to apply the method to a full protein system with solvent molecules. Therefore,
we use QM/MM hybrid methods for the study of enzymatic reactions. One of the major technical problems in the QM/MM
methods was how to treat the boundary atoms between quantum and molecular mechanical regions. We have overcome the
problem by improving the generalized hybrid orbital (GHO) method. We are currently improving the algorithms for QM
and MM energy calculations for fast computations and applying the methods to several enzymatic reactions.

2. Molecular dynamics simulations of proteins in solution or membrane

(1) Molecular dynamics simulations on membrane proteins (Ishitani, and Sugita)
The concentration of ions or other substrates inside or outside of cells is strictly regulated. Membrane transporting proteins,
such as channels, pumps, or transporters, have essential roles to transport these substrates across biological membranes.
By using X-ray structures of membrane proteins, we have performed large-scale molecular dynamics simulations of
membrane proteins, including sarcoplasmic reticulum (SR) calcium pump. This protein transports two calcium ions from
the cytoplasm to SR lumen per ATP-hydrolyzed. By theoretical calculations, we have elucidated the roles of protons at the
ion-binding sites of the calcium pump. We are also simulating other membrane transporting proteins with biological
membranes to study their structural and functional relationships.

(2) € subunit in FoF1-ATPase (Tsuji, Muneyuki, and Sugita)
FoF1-ATPase is a membrane protein that can generate ATP from ADP and Pi by using electro-chemical potentials. This
membrane protein consists of three o and f, y, 3, and ¢ subunits. We study the effect of ATP on the structure of £ subunit.
X-ray crystallography and NMR spectroscopy showed that large conformational changes occur upon the ATP-binding or
release. Molecular dynamics simulations on the subunit in solution suggested that large conformational fluctuations exist
regardless of the ATP-binding. However, the large conformational changes from the folded form in the presence of ATP to
the extended form in the absence of ATP could not be observed in the current simulations. Much longer calculations or
better efficient conformational sampling may be required for simulating the large conformational changes.
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