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Metadynamics
Filling the Minima of the Free Energy Surface (FES)

Free MD with an additional penalty potential

Particles always move in the direction that minimizes the total energy,
I.e. following the minimum energy path (Car-Parrinello)

«Continuous and smooth dynamics

Cf.
M. lannuzzi, A. Laio and M. Parrinello, Phys. Rev. Lett. 2003, 90, 238302

A. Laio and M. Parrinello, Proc. Nat. Ac. Sci. 2002, 99, 12562
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Reconstruction of Free Energy Surface

The (meta)dynamical gaussian potential V(s,t) has the shape
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and when it has completed its job (large t) and filled all the local
minima, then its shape is similar to the FES:

limV (S,t) =—F(S) +const.
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Practical implementation of CPMD

Plane wave expansion: yi(x) = 2.5 ¢(G) eiCx

For each electron i=1,...,N, G=1,...,M are the reciprocal space
vectors. The Hilbert space spanned by PWs is truncated to a
cut-off G_4/2 < Eeut
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Practical G space R space
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Double-metal-ilon Reaction Simulated via
Metadynamics

The proton of the
—0O?%-H group is only
temporarily transferred
to RNA, but eventually
Is donated to the
departing R-O° group
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Activation barriers in solution for various conditions

No One One TwWo One
metal | Mg?* Mg?* Mg?* Mg?*
jons | (closeto | (closeto + OH-
02?) 0>)
AE 60.1 | 57.3 | 55.2 | 46,5 | 51.6
(kcal/mol
)
AF 585 | 555 | 54.0 | 44.7 | 49.2
(kcal/mol
)

Boero, M., Tateno, M., Terakura, K., and Oshiyama, A., “Double-metal-ion/single-metal-
ion mechanisms of the cleavage reaction of ribozymes: First-principles molecular dynamics
simulations of a fully hydrated model system”, J. Chem. Theory Comput., 1 (2005), 925.

Cf.

Leclerc, F. and Karplus, M., “Double-Metal-lon Mechanims for Hammerhead Ribozyme
Catalysis”, J. Phys. Chem. B, 110 (2006), 3395.



Hammerhead
Ribozyme
(H,O not shown)

MM system: the
rest of the world
(50000 atoms)

QM subsystem
(80 atoms)

This QM/MM system
size canrun on a PC
cluster (16 PCs/2 CPU)
CPU time needed for

1 iteration:

QM 33.02 s
QOM/MM _Int  7.59s
MM 9.315s
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Glutamyl-tRNA
synthetase
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