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(1) Development of novel conformational sampling methods for biomolecules
(2) Molecular dynamics simulations of membrane proteins and phospholipids
(3) Development of novel QM/MM methods for enzymatic reactions
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Purpose of Research

We study protein structures and dynamics to understand their functions, using molecular dynamics
(MD) simulations and quantum chemical (QM) calculations. Current research topics in our laboratory
are protein folding and stability, ion-transport by membrane proteins, enzymatic reactions and so on.
For better understanding of these issues, we also develop new computational methods and structural
models for biomolecules to overcome current limitations in the field of computational biochemistry.

1. Development of new conformational sampling methods for biomolecules (Miyashita, Yoda, Sugita)
Free-energy landscapes of proteins or other systems with rugged-energy surface contain a huge
number of conformational substates. The conventional simulation techniques, however, get trapped at
one of the local-energy minima and therefore cannot sample wide conformational space 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. Molecular dynamics simulations of membrane proteins and phospholipid bilayers (Mori, Ogushi,
Ishitani, Muneyuki, Sugita)
Recent advances in structural biology provide us atomic structures of membrane transporting proteins
at the atomic resolution. We performed all-atom molecular dynamics simulations of sarcoplasmic
reticulum Caz+*-ATPase, the Sec translocon, and amyloid precursor proteins with solvent and
phospholipid molecules. Because of the large sizes of the simulation systems, the simulations became
computationally expensive tasks. Using the massively parallel supercomputers or PC-clusters, we
successfully simulated the conformational transitions of the Ca2+-ATPase and the Sec translocon in the
membrane. We also investigated the biological membrane systems that contain various types of
phospholipid molecules, cholesterols, and membrane proteins. By using all-atom or coarse-grained
representations of the phospholipid bilayers and solvents, we are studying highly dynamic features of
the biological membrane systems.

3. Development of new QM/MM calculations for enzymatic reactions (Re, Ten-no, Sugita)
Understanding the molecular mechanisms of enzyme reactions that control a wide variety of biological
functions is a central issue in molecular biology. Our goal is to calculate the free energy changes of
enzyme reactions based on the hybrid QM/MM methods, in which the active site of the system is
treated quantum mechanically and the rest of the system is evaluated by molecular mechanics. We
have recently improved the Generalized Hybrid Orbital (GHO) method for the rigorous treatment of
the boundary between QM and MM regions. We are applying the method to the phosphorylation
reaction of enzymes, the most important class of the chemical reactions underlying biological functions.
We observed that the phosphorylation reaction is strongly correlated with the proton transfer reaction
that occurs at the early stage of the process in the reactant state of the enzyme.
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