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The cellular interior is highly crowded with
proteins and nucleic acids. A simple calculation
tells that 20-40% in volume fraction is occupied
by the macromolecules, where average distance
between them is only their sizes, a few nm.
Dynamics and stabilities of macromolecules
under the crowded environment are expected to
be quite different from those in diluted

conditions which are often used in biochemical,
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biophysical, and theoretical studies in biology.
Therefore, we need to fill the gap between them
to get deep understanding of molecular/cellular
mechanisms of biological processes in cells.
All-atom molecular dynamics (MD) simulation is
a powerful technique to see macromolecular
dynamics and stability at atomic resolution.
Recent improvements of computational power
and algorithms in MD have raised limitations of
accessible simulation size and time scale.
Actually, our group has performed a MD
simulation of an intracellular system of a
prokaryotic cell for a hundred nanoseconds. In
order to extend time scale and special scales by
several orders of magnitude in molecular
simulations, we have tried to develop a
high-performance Brownian dynamics (BD)
simulator for coarse-grained (CG)
macromolecules.
RG22 FIINE, I
BD simulation is one of the most important
techniques to simulate CG macromolecules in a
fluid, where the dynamical effects of solvent
molecules on a solute are incorporated in a
stochastic manner consisting of hydrodynamics
instead of explicitly considering solvent
molecules. For N Brownian particles, the
propagation equation can be expressed as
r(t+At):r(t)+kA—_t|_DF+(V~D)At+\/ﬁBz
B
Here, r is the position vector of the N particles, ¢
is the time, Az is the time step, kB is Boltzmann’s
constant, 7'is the temperature, D is the 3N X 3NV
diffusion tensor representing hydrodynamic
interactions (HI), F is the 3V dimensional force
vector, and z is the 3V dimensional Gaussian
random noise vector, which has zero mean and
variance of 1. B is a 3N X 3N matrix that
satisfies the following relationship:
D=BB'.
TR
BD algorithm have been parallelized with

MPI/OpenMP and implemented in our molecular
simulation package “GENESIS”. Using the
software, we performed a series of BD
simulations of a bacterial cytoplasm modeled by
CG nparticles for 100 microseconds, where
macromolecules are represented by spheres
shown in Fig. 6. BD simulations and analysis

were performed on RICC.

Fig. 6. All-atom model for MD (left) and
coarse-grained model for BD (right) to
simulate a bacterial cytoplasmic space.

Relative diffusion coefficients of macromolecules
as a function of their Stokes radii is shown in Fig.
7. The results show that 1) normalized diffusion
coefficients of macromolecules decrease as
increase of their radii, 2) diffusion coefficients
obtained from CG-BD with HI are reasonably
close to those from all-atom MD simulation as
well as experimental values of some of proteins,
indicating diffusion of macromolecules inside of
cells is insensitive to their shape, and 3)
diffusion coefficients of macromolecules in BD
without HI are much larger than those in MD
and experiments, indicating importance of
hydrodynamic interactions for macromolecular

diffusion in intracellular environments.
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Fig. 7. Normalized diffusion coefficients, D/ Do,
for various particle sizes obtained from the BD
simulations with and without HI and all-atom
MD, where D is the diffusion coefficient
obtained from simulations and Db is the
diffusion coefficient at infinite dilution. In the
figure, the reductions in diffusion coefficients
of monomer GFP and a series of engineered
GFP oligomers are also shown.

For a further speed-up of BD, a FFT-based

hydrodynamic calculation algorithm is developed.

Our new parallelization scheme of 3D FFT bases
on two new volumetric decomposition schemes
with hybrid parallelization (MPI + OpenMP). In
this scheme, five all-to-all communications in
one dimension are carried out (scheme is
depicted in Fig. 8). The developed scheme is
particularly useful when used in conjunction
with domain decomposition in BD. Our method
shows very good parallel performance. Before
doing simulations on RICC, we first checked
performance on K computer for 5123 and 10243
grids, which is the grid size that is usually used
in BD simulations, and obtained the world best
speed (5123 grids : 3.5 ms, 10243 grids : 9 ms for
the sum of forward and backward FFTs).
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We have developed the parallelized BD
simulation program, which is implemented into
GENESIS simulation package, and new 3D FFT
scheme for a further speed-up of BD. Long-time
BD simulations of the modeled bacterial
cytoplasm showed that BD approach with CG
models could provide important insights into the
mechanism of how macromolecules behave
inside of cells, which cannot be obtained if we
used only all-atom MD method. We believe that
this i1s an important first step towards
multi-scale simulations of cells. We are now
preparing manuscripts to report the results.
SEDF I - EH

The FFT-based hydrodynamic calculation
algorithm is now developed. We are planning to

distribute the BD simulator for public.
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