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Key Sentence:

1. Clarify the dynamics of membrane and membrane proteins

2. Clarify the protein-glycan interactions

3. Develop new theory and computational method that integrates both theoretical chemistry and biophysics

Key Word:
Membrane, membrane protein, glycan, bioinformatics, biophysics, first principle quantum chemical calculation,
molecular simulation, molecular dynamics, enhanced sampling method, free energy analysis

Outline

Research in our group employs theoretical and computational methods to elucidate the structure and dynamics of
macro-molecular systems in biology and materials. The ultimate goal is to find new molecular functions relevant
to medical, environmental, and new energy applications. The group, being in an interdisciplinary area of chemical
and biophysical theory, involves development of new molecular model and computational algorithms. Our interest
is to provide a molecular level of understanding on various phenomena such as: large-scale structure
transformations in biomolecules (protein, nucleic acid, glycan, membrane, etc.); proton and electron transfer in
solution or biological environment; the electronic and vibrational structure; the effect of solvent and molecular
crowding on biological functions; 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 the super-computer “K”.

1. Dynamics and function of biological membranes and membrane proteins

Membrane proteins play important roles in a variety of biological functions, e.g. bioenergy generation and
conversion and transport of materials across membranes. Recent advances in X-ray crystallography have enabled
the structural studies of membrane proteins at atomic resolution. We perform extensive molecular dynamics
simulations, ranging from all-atom to coarse-grained level, to explore the dynamics of membranes and membrane
proteins at the biologically relevant time scales. Current topics include the ion/proton transport in membrane
proteins, ligand binding, protein-protein interactions (e.g. in complex formation), and properties of membrane
systems. (Kobayashi, Nishima, Pisliakov, Li, Komuro, Ogushi, and Sugita)

a. Proton transport in NOR (nitric oxide reductase)

Nitric oxide reductases (NORs) are membrane proteins that catalyze the reduction of nitric oxide (NO) to nitrous
oxide (N,0), which is a critical step of the nitrate respiration process in denitrifying bacteria. Their structure has
been determined only recently, while the structure and function of cytochrome oxidase (COX), important in
aerobic respiration, have been well studied. Using these crystal structures, we performed extensive all-atom
molecular dynamics (MD) simulations of two NORs within an explicit membrane/solvent environment to fully
characterize water channels that can serve as proton transfer pathways to the catalytic center. Our simulations
revealed that a water channel from the cytoplasm can serve as a proton uptake pathway in gNOR. In contrast, two
possible proton transfer pathways leading from the periplasm to the active site were found in cNOR. In addition,
one of the pathways in cNOR, which was newly identified in the MD simulation, is blocked in the crystal
structure and requires small structural rearrangements to allow for water channel formation. That pathway is
equivalent to the functional periplasmic cavity postulated in cbb3 oxidase, which illustrates that the two enzymes
share some elements of the proton transfer mechanisms and confirms a close evolutionary relation between NORs
and C-type oxidases.

b. Recognition of the presequence of mitochondrial precursor proteins by Tom20

Most of proteins in mitochondria are first synthesized as precursor proteins in cytosol, and thereafter are
transported to mitochondria. Tom20 is located in the outer membrane of mitochondria and functions as a receptor
for the N-terminal presequence of mitochondrial precursor proteins, ensuring the proper transport. Recently, three
atomic structures of the Tom20-presequence complex were determined using X-ray crystallography and classified
into A-, M-, and Y-poses in terms of their presequence binding modes. Combined with biochemical and NMR data,
a dynamic equilibrium model between the three poses has been proposed. To investigate this mechanism in further
detail, we performed all-atom molecular dynamics (MD) simulations and replica-exchange MD (REMD)
simulations of the Tom20-presequence complex in explicit water. Simulations revealed the energetics of the
multiple binding forms, suggesting that A-pose is more stable than Y-pose. A new pose, not yet obtained by X-ray
crystallography, was also revealed, nicely explaining the binding affinity of the complex in previous pull-down
assay experiments. The results help to detail the progressive conformational states in the dynamic equilibrium
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model.

c. Structure prediction of the complex between virus MIR2 and B7-2

Human tumor viruses MIR1 and MIR2 are homologous E3 ubiquitin ligases. They selectively ubiquitinate antigen
presenting molecules, such as MHC, and prompt their degradation to evade host immunity. Regarding substrate
recognition, it has been suggested that MIR recognizes a target molecule for ubiquitination by using two
transmembrane (TM) regions, although a precise understanding of how MIR recognizes a specific antigen
presenting molecule is still lacking. We performed REMD simulations of the complex formation between
Kaposi’s sarcoma-associated herpesvirus MIR2 (TM1, TM2, and intertransmembrane (ITM) regions) and B7-2
(TM and juxtamembrane (JM) regions) in a membrane environment to examine the recognition mechanism.
Simulations revealed that Phel19 and Ser120 in the MIR2 ITM region and Asp244 in the B7-2 JM region
contribute to the recognition of B7-2 by MIR2. This finding provides new insight into the molecular basis of
substrate recognition by MIR family members.

d. Flip-flop motions of a lipid molecule in phospholipid bilayers

Lipid molecules are heterogeneously distributed in biological membranes according to region and situation. A
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 membrane
dynamics. We performed coarse-grained molecular dynamics simulations of diacylglycerol (DAG) and ceramide
(CER) in phospholipid bilayers to investigate their flip-flop motions. Simulations revealed that flip-flop rates
differ among different types of lipids (namely, CHOL>>DAG>CER). The predicted rates correlate with the
number of unsaturated bonds in the membrane phospholipids and hence with fluidity of membranes. These
findings qualitatively agree with the corresponding experimental data. Statistical analysis of the MD trajectories
suggests that flip-flop events can be approximated as a Poisson process. The rate of the transverse movement is
influenced by depth of the polar head group in the membrane and extent of interaction with water.

2. Protein-glycan interactions

Glycans are called the third chain of life following nucleic acids and proteins. A rapid progress on the glycan
analysis revealed their functional roles in a wide range of biological phenomena and diseases: cell differentiation,
multiplication, immune response, cancer, virus infection, etc. However, flexibility and heterogeneity of glycans
make experimental structure determination quite difficult, thereby hampering a precise investigation of their
functional roles. To predict glycan structures and their recognition by proteins, we develop and apply new
methods that are based on advanced molecular simulation techniques. Our goal is to establish, in close
collaboration with experimentalists, the structure-function relationships of glycans and to design new glycan
functions for therapeutic purposes. (Re, Nishima, Watabe, Sugita)

a. Structure prediction of glycans in solution using the enhanced sampling method

Structural diversity of glycans is essential for specific binding to their receptor proteins. All-atom molecular
dynamics (MD) simulations provide the atomic details of glycan structures in solution, but fairly extensive
sampling is required for simulating the transitions between different rotameric states. This difficulty limits
application of conventional MD simulations to small fragments, like di- and tri-saccharides. We apply the
replica-exchange molecular dynamics (REMD) simulation, which was originally developed for the protein
conformational search, to predict glycan conformers in solution. REMD simulations on N-glycans successfully
revealed a family of glycan conformers. The experimental NMR data are well reproduced by taking into account
the multiple conformers. The results provide new insights into the conformational equilibria of N-glycans and
their alteration by chemical modifications.

b. Prediction of IMMS (ion mobility spectrometry-mass spectrometry) data

Mass spectrometry is an indispensible tool for the glycan analysis. However, a large number of possible isomeric
forms of a glycan, all having the same mass, hampers a precise analysis. Recent advances in the mass
spectrometry combined with ion mobility spectrometry (IMMS) have enabled a separation of isomeric forms, and
thus a precise identification of the glycan structure. We developed a method to predict the experimental data
(cross section and drift time) by using the replica-exchange MD simulation. The predicted values for two isomeric
forms of N-glycan are in good agreement with the experiment. In addition, we demonstrated that the separation is
due to the difference in the three-dimensional structure of two isomeric forms.

3. Development of new molecular simulation methods and applications (Yagi, Re, Sugita)

The accuracy of the molecular simulation is heavily dependent on the underlying modeling of the interaction
potential between atoms and molecules. In theoretical biophysics, the interaction is provided by the molecular
force field, which is parameterized, empirical functions. The force field, constructed based on the physical
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intuition, incorporates in its functional form the molecular vibrations, and electrostatic and van der Waals
interaction, and has been widely used with a lot of successes. However, the drawback is that the force field is
incapable of describing the charge transfer and the alternation of chemical bonds, which limits the range of
application. On the other hand, recent progresses in theoretical chemistry have made feasible to compute the
interaction from the first principles based on the molecular orbital and density functional theory. The aim of this
project is to establish a new theoretical model, which integrates the concept of biophysical and chemical theories,
namely, the force field and the first-principle calculations.

a. Development of the QM/EFP-MD method and application to the hydrated ion pairs

The dynamic behavior of ions (e.g. Na*, K*, and Ca") in solution is of interest in conjunction with a wide range
of functionality of biological systems. There are many theoretical calculations on the ion-water dynamical
interactions. However, previous calculations mostly relied on molecular mechanics force fields that do not take
the effect of charge transfer and electronic polarization into account. In collaboration with Prof. Choi (Kyungbuk
Nat. Univ.), we developed an effective and practical quantum mechanical molecular dynamics method that
combines hybrid quantum mechanical/effective fragment potential (QM/EFP) with the well-developed traditional
molecular dynamics (MD) techniques. We applied the method to analyze the formations of like ion pairs,
Na+-Na+ and CI--ClI-, in solution. Simulations suggested a possible formation of the Na+—Na+ pair, which is in
sharp contrast to the results from the classical MD simulations. The preferred formation of the Na+ like ion pair in
solution appears to come from a significant charge transfer and strong orbital overlap between ions and
surrounding water molecules.
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