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Key Sentence:

1. Development of novel conformational sampling methods for biomolecules

2. Molecular dynamics simulations of membrane proteins and phospholipids

3. Development of hybrid QM/MM calculations and applications to enzymatic reaction
4. Free energy analysis on protein complexes
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drug design, integral equation theory, amyloid protein, biological membrane

Outline

To understand biological functions of proteins or biological membranes, we study their structures and
dynamics using multi-scale simulations, which include all-atom molecular dynamics (MD) simulations,
coarse-grained MD simulations, quantum mechanics/molecular mechanics (QM/MM) calculations,
integral equation theories, and so on. By performing all-atom MD simulations with enhanced
conformational sampling techniques, we investigate hydration effect on protein folding and
denaturation. We also study conformational dynamics of membrane proteins and functional roles of
phospholipid molecules surrounding membrane proteins by all-atom or coarse-grained MD simulations.
Hybrid quantum mechanics/molecular mechanics (QM/MM) calculations are used to examine chemical
reactions occurred in enzymes. Furthermore, we develop novel simulation algorithms and new models
for biomolecules to overcome difficulties in the current computer simulations of biomolecules.

1. Rapid flip-flop motions of diacylglycerol and ceramide in phospholipid bilayers (Ogushi,
Sugita)

Lipid molecules are heterogeneously distributed in biological membranes according to region and
situation. Selective distribution is achieved through fast or slow diffusion along or across membranes.
The transverse diffusion between bilayer leaflets (flip-flop motion) is fundamental to the lipid
distribution and the membrane dynamics. We have investigated flip-flop motions of diacylglycerol and
ceramide in phospholipid bilayers using coarse-grained molecular dynamics simulations. In the
simulations, flip-flop motions of diacylglycerol and ceramide in the DAPC membrane are slower than
cholesterol. Rates correlate with the number of unsaturated bonds in the membrane phospholipids and
hence with fluidity of membranes. These findings qualitatively agree with corresponding experimental
data. Statistical analysis of the trajectories suggests that flip-flop can be approximated as a Poisson
process. The rate of the transverse movement is influ- enced by depth of the polar head group in the
membrane and extent of interaction with water.

2. Proton transfer pathway of NOR (nitric oxide reductase) (Andrei, Sugita)
Nitric oxide reductase (NOR) is a membrane protein that plays an important role in anaerobic
respiration. Their structure has been resolved only recently, while the structure and function of

cytochrome oxidase (COX), important in aerobic respiration, have been well studied. We performed
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all-atom molecular dynamics simulations of two types of NOR (gNOR and cNOR) to find water
channels that can serve as a proton transfer pathway for the catalytic reaction. The simulation showed
that the distribution of waters in the water channel is continuous from the entrance at the cytoplasmic
side up to the binuclear center, with no critical bottlenecks or gaps. In addition, the water molecules in
the channel are fairly mobile. This supports the suggestion that the hydrophilic channel from the
cytoplasm functions as a proton transfer pathway for the catalytic reaction. Our simulation suggests
that the gNOR hydrophilic channel is a potential catalytic proton transfer pathway.

3. Structural Diversity of oligosaccharides in solution. (Re, Nishima, Sugita)

Structural diversity of N-glycans is essential for specific binding to their receptor proteins. To gain
insights into structural and dynamic aspects in atomic detail not normally accessible by experiment, we
here perform extensive molecular-dynamics simulations of N-glycans in solution using the
replica-exchange method. The simulations show that five distinct conformers exist in solution for the
N-glycans with and without bisecting GIcNAc. Importantly, the population sizes of three of the
conformers are drastically reduced upon the introduction of bisecting GIcNAc. This is caused by a local
hydrogen-bond rearrangement proximal to the bisecting GICNAc. These simulations show that an
N-glycan modification like the bisecting GICNAc selects a certain “key”” (or group of “keys’) within
the framework of the ‘““bunch of keys” mechanism. Hence, the range of specific glycan-protein
interactions and affinity changes need to be understood in terms of the structural diversity of glycans
and the alteration of conformational equilibria by core modification.

4. Drug efflux pathway of multidrug transporter AcrB (Imai, Sugita)

AcrB is a membrane protein and a multidrug efflux transporter. Although the recently solved X-ray
crystal structures of AcrB provide a rough sketch of how drugs efflux, the pathway and mechanism
have not been completely elucidated. In this study, a ligand-mapping method based on the 3D-RISM
molecular theory of solvation, which we recently developed, is applied to AcrB in order to identify the
drug efflux pathway. We use a fragment-based approach as a strategy to map chemical functionality on
the internal surfaces. A few “multifunctional” ligand-binding sites, which recognize various types of
functional groups, are detected inside the porter domain. Spatial links between the multifunctional sites
indicate a probable multidrug efflux pathway. The frustrated environment of the protein cavity
constructed of weak interactions between ligand and protein may be a mechanism for allowing smooth
transportation through the protein. Guided diffusion appears to be the main mechanism for efflux.
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