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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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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. Folding simulations of Villin headpiece subdomain HP36 in water (Yoda, Sugita)



Chicken villin headpiece subdomain HP36 is one of the most extensively studied
molecules in protein-folding research. Despite its small size (36 amino-acid residues),
HP36 folds into the native structure within several microseconds, forming a stable
hydrophobic core. How the small protein keeps up its conformational stability and fast
folding kinetics in solution is an important issue in understanding the molecular
mechanisms of protein folding. In this study, we performed multicanonical
replica-exchange MD simulations of HP36 in explicit water, starting from a fully extended
conformation. Within the production run, we observed at least four independent folding
events toward the native-like conformations. The smallest backbone RMSD from the
crystal structure of HP36 was 1.1 A. In the most native-like conformation, the
hydrophobic core is stably formed, kicking out surrounding water molecules around the
core. This simulation suggests that dehydration of the hydrophobic residues has critical
importance in the formation of a hydrophobic core of the protein.

2. Pressure denaturation of Ubiquitin by micro-second MD simulations (Imai, Sugita)

Water penetration into the hydrophobic interior of proteins has been postulated to
be a primary force driving pressure-induced denaturation of proteins. The water
penetration model is supported by several theoretical and simulation studies, although its
direct evidence is lacking. In this study, 1 microsecond all-atom MD simulations of
ubiquitin in explicit water at high and low pressures were performed to examine the water
penetration model. The high-pressure simulation started from a crystal structure at
atmospheric pressure and successfully reproduced the main characteristics of a
high-pressure structure obtained by NMR. Water penetrated into a specific hydrophobic
core of the protein and was ejected from the interior several times. The structural
transition resulted from the relative stabilization of a preexisting metastable structure
applying pressure.

3. Molecular mechanisms underlying the early stage of protein translocation through the
Sec translocon. (Mori, Sugita)
The Sec translocon, a protein-conducting channel, consists of a heterotrimeric complex
(SecYEG in bacteria and Sec61 in eukaryotes) that provides a pathway for secretary
proteins to cross membranes, or for membrane proteins to integrate into the membrane.
The Sec translocon alone is a passive channel and association with channel partners
including ribosome or SecA ATPase in bacteria is needed for protein translocation. Recent
three crystal structures of SecY are considered to represent the closed (resting state),
pre-open (transitional state solved with bound Fab fragment mimicking SecA interaction),
and SecA-bound forms. In order to elucidate mechanisms of transition between closed and
pre-open forms, we performed all-atom molecular dynamics simulations for the pre-open
form of Thermus thermophilus SecYE and the closed form of Methanococcus janaschii
SecYE in explicit solvent and membrane. We found that the closed form of SecY is stable,
while the pre-open form without Fab fragment undergoes large conformational changes
towards the closed form. The pre-open form of SecY with Fab remains unchanged,
suggesting that the cytosolic interaction mimicking SecA-binding stabilizes the pre-open
form of SecY. Importantly, a lipid molecule at the lateral gate region appears to be
required to maintain the pre-open form in the membrane. We propose that the
conformational transition from closed to pre-open states of SecY upon association with
SecA facilitates intercalation of phospholipids at the lateral gate, inducing initial entry of
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the positively-charged signal peptide into the channel.

4. QM/MM study of phosphoryl transfer reaction in phoshoserine phophatase (PSP) (Re, Sugita)
Phosphoserine phosphatase (PSP) is a member of the haloacid dehalogenases (HAD)
family, which is one of the largest phosphotransferase families characterized to date. PSP
catalyzes the hydrolysis of phospho-L-serine (pSer) via double phosphoryl transfer
reactions: the phosphoryl group is transferred from pSer to the nucleophile Asp1l to form
a phosphoenzyme intermediate (pPSP) and then there is a subsequent dephosphorylation
reaction (Fig. 1). To understand molecular mechanisms underlying these two enzymatic
reactions, we performed hybrid gquantum mechanics/molecular mechanics (QM/MM)
calculations of PSP. The two-dimensional energy surface along the phosphoryl and proton
transfer coordinates revealed early protonation of the leaving group oxygen of pSer, prior
to the transition state (TS). It triggered subsequent phosphoryl transfer reaction. The
calculated TS has a compact geometry (associative TS) yet electronically
metaphosphate-like (dissociative) character. These features result from the proton
transfer coupled with the phosphoryl transfer in the active site and contradict neither the
structural evidences nor physical organic studies.
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Figure 1. Schematic representation of the proposed catalytic cycle of PSP.
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Figure 2. The potential energy curves of PSP along with the phosphoryl transfer
coordinate (a) and the two-dimensional potential energy surface along with the
phosphoryl and proton transfer coordinates (b).
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