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Liquids and biological systems show complicated dynam-
ics because of their structural flexibility and dynamical hierar-
chy. Understanding these complicated dynamics is indis-
pensable to elucidate chemical reactions and relaxation in
solutions and functions of proteins. We have been investigating
complex dynamics in supercooled liquids=3) and chemical
reactions in biological systems using molecular dynamics
simulation and electronic structure calculation. In addition, we
have been analyzing liquid dynamics by using multi-dimen-
sional spectroscopy.*5)

1. Multiple Time Scales Hidden in
Heterogeneous D;/namics of Glass-
Forming Liquids?

A multi-time probing of density fluctuations is introduced
to investigate hidden time scales of heterogeneous dynamics in
glass-forming liquids. Molecular-dynamics simulations for
simple glass-forming liquids are performed and a three-time
correlation function is numerically calculated for general time
intervals. It is demonstrated that the three-time correlation
function is sensitive to the heterogeneous dynamics and that it
reveals couplings of correlated motions over a wide range of
time scales. Furthermore, the time scale of the heterogeneous
dynamics Thetero iS determined by the change in the second
time interval in the three-time correlation function. The present
results show that the time scale of the heterogeneous dynamics
Thetero DECOMes larger than the o-relaxation time at low tem-
peratures and large wavelengths. We also find a dynamical
scaling relation between the time scale Theeero and the length
scale & of dynamical heterogeneity as Thetero ~ & With z = 3.
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2. Slow Dynamics in Random Media:
Crossover from Glass to Localization
Transition?

We study slow dynamics of particles moving in a matrix of
immobile obstacles using molecular dynamics simulation. The
glass transition point decreases drastically as the obstacle
density increases. At higher obstacle densities, dynamics of
mobile particles changes qualitatively from glass-like to a
Lorentz-gas-like relaxation. This crossover is studied by the
density correlation functions, non-ergodic parameters, mean
square displacement, and nonlinear dynamic susceptibility.
Our finding is qualitatively consistent with results of recent
numerical and theoretical studies on various spatially hetero-
geneous systems. Furthermore, we show that slow dynamics is
surprisingly rich and sensitive to the obstacle configurations.
Especially, reentrant transition is observed for a particular
configuration, though its origin is not directly linked to the
similar prediction based on the mode-coupling theory.

3. Conformational Changes and
Fluctuations of Molecular Switch Ras

Ras superfamily works as a molecular switch for cell
growth. Ras is cycled between two states of guanine nucleo-
tide, the GTP- and GDP-bound states, by hydrolysis. Ras binds
to effectors for regulation of cell proliferation in the GTP-
bound state, whereas it is inactivated in the GDP-bound state.
X-ray crystallography studies revealed conformational changes
of two regions, i.e. switch | and switch I, around a nucleotide
binding site in these two states. We analyze the conformational



changes and fluctuations between these states by carrying out
molecular dynamics (MD) simulation. We find that the change
in the coordinations of Thr35-Mg%* and Gly60-y-phosphate
due to the hydrolysis of GTP induces the changes in the
conformations of sidechains as well as the backbone in the
GTP- and GDP-bound states. We perform the principle coordi-
nate analysis of the structural change between these states and
indeed find the important structural change arising from the
switch regions.

In addition to the GTP-bound state with the function of the
cell growth, another GTP-bound state with different con-
formation has been observed experimentally. The GTP-bound
state with the function is called state 2, while the other state is
referred to as state 1. It is known that state 2 is a predominant
form of Ras and interacts with effectors. 3P NMR spec-
troscopy of some mutants shows the absence of the coor-
dination of Thr35-Mg?* in state 1. It is also shown in X-ray
structural analysis that the coordination of Gly60-y-phosphate
is lost in the state 1 of another mutant. We investigate the
conformational changes and fluctuations in these two kinds of
state 1 by using MD simulation. It is found that the breaking
of the coordination of Thr35-Mg?2* causes the large scale
structural change in the switch I region followed by the steric
hindrance between Pro34 and y-phosphate and then the break
of hydrogen bond between ribose in GTP and switch | region.
We also find that the conformational fluctuation in the switch |
region is substantially large in state 1. We show that the global
structural changes of loop4 and o2 helix in the switch 1 region
are induced by the loss of the coordination between Gly60 and
v-phosphate. The presence of multiple states with different
conformations in the GTP-bound state is consistent with the
experimentally observed interconversion between multiple
conformations and with the low affinity to effectors.

We also analyze the GAP-GTP-bound state to understand
the role of GAP. We find that the binding of GAP significantly
suppressed the unnecessary thermal motions of the water
molecule which is involved in the hydrolysis of GTP.

In addition to the above analyses based on MD simulation,
we are currently analyzing the reaction pathway of hydrolysis
of GTP in the GAP-GTP-bound state, by using the so-called
QM/MM method.

4. Molecular Dynamics Simulation of
Nonlinear Spectroscopies of
Intermolecular Motions in Liquid Water4>)

Water is the most extensively studied of liquids because of
both its ubiquity and its anomalous thermodynamic and dy-
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namic properties. The properties of water are dominated by
hydrogen bonds and hydrogen bond network rearrangements.
Fundamental information on the dynamics of liquid water has
been provided by linear infrared (IR), Raman, and neutron-
scattering experiments; molecular dynamics simulations have
also provided insights. Recently developed higher-order non-
linear spectroscopies open new windows into the study of the
hydrogen bond dynamics of liquid water. For example, the
vibrational lifetimes of stretches and a bend, intramolecular
features of water dynamics, can be accurately measured and
are found to be on the femtosecond time scale at room tem-
perature. Higher-order nonlinear spectroscopy is expressed by
a multi-time correlation function, whereas traditional linear
spectroscopy is given by a one-time correlation function. Thus,
nonlinear spectroscopy yields more detailed information on
the dynamics of condensed media than linear spectroscopy. In
this Account, we describe the theoretical background and
methods for calculating higher-order nonlinear spectroscopy;
equilibrium and non-equilibrium molecular dynamics simu-
lations, and a combination of both, are used. We also present
the intermolecular dynamics of liquid water revealed by fifth-
order two-dimensional (2D) Raman spectroscopy and third
order IR spectroscopy. 2D Raman spectroscopy is sensitive to
couplings between modes; the calculated 2D Raman signal of
liquid water shows large anharmonicity in the translational
motion and strong coupling between the translational and
librational motions. Third-order IR spectroscopy makes it
possible to examine the time-dependent couplings. The 2D IR
spectra and three-pulse photon echo peak shift show the fast
frequency modulation of the librational motion. A significant
effect of the translational motion on the fast frequency modu-
lation of the librational motion is elucidated by introducing the
“translation-free” molecular dynamics simulation. The iso-
tropic pump-probe signal and the polarization anisotropy
decay show fast transfer of the librational energy to the
surrounding water molecules, followed by relaxation to the hot
ground state.
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