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Extending the time scale
of molecular dynamics
simulations

Roberto Olender
and
Ron Elber

Hebrew University

Shekels: Israel Science'

Foundation

lecul mics:

Propagation in tim? -
Given X(t), v(t) find
X(t+At) , V(t+At)

Verlet algorithm:

X(t+At) = X(t) + V(t)At
+ 1/2M 1AL2F (t)

V(t+At) = V(t) +
1/2M 1At [F(t) +F (t+At) ]

To maintain stability
At mvst be small

At 10715-10-1* seconds
t~ 10°-10"% seconds



NOT ACCESSIBLE TO BIRECT
MOLCULAR DYNAMIC

(*) Ion transpor
through channelsgnn

membranes.

(*)Large confo tional
transitions an§] enzyme
activations 4

(*) Protein 33 ding
Statistical appr@ximations (?!)

# Reaction coofginates

# Quasi-equilibBum

y 3

I ics Simulation

(*) No systematic approximations,
NO approximations at all(!)

(*)Chaotic trajectories, high
accuracy impossible.

(*) Selection of relevant trajectories

In ¢contrast to...

Electronic structure calculation
() Many approximate techniques
(*) Accuracy: As desired

(*) Ground state and energy
minima



The Onsager Machlup action:

Enables computations of
trajectories between two
coordinate sefs §xed in
space, and with a fixed
length of time. ¢

(*) The solution & stable for
almost an arbitrfry time step.

(*) High fretiuency motions are
automatically eliminated,
adding to the stability of the
solution.

(*) A weight for indiviudal
trajectories enables selection
of more important trajectories
and to bias the sampling in
computations of averages.

LONG TIME DYNAMICS

VIA PATH INTEGRAL
CALCULATION

THE
ONSAGER-MACHLUP
ACTION

Program:

1. Theory and assumptions

2. Why large time step possible

3. Consequences of large At

5. Simple examples: HO, dipeptide

6. A more complex example: 10us
hemoglobin trajectory



PROPAGATION WITH ERRORS
Y(t) = Propagator(X(t))
X(t+At) = Y(t+At) + €

(€ = error)
(O
e/

@ X(t+At)

ASSUMPTION: € a Gaussian

random vector of errors.
E.g. Langevin equation

P(X(t+At)IX(1)) <
exp[ -(X(t+At)-Y(1))2/ 2<€>]

EXAMPLE: The Langevin eq.
X(t+At) = X(t) + V(t)At +
1/2M-'At-dU/dX(t)-yV(t)+R]
Y({t) = X(t) + V(t)At +
1/2M- At-dU/dX(t)-yV(1)]
PIX(t+AYIX():AY] oC
exp[-((X(t+At)-Y(t))2[1/2<2M/At2R>2]

At At

t At N



Probability of a whole trajectory
At

- At
| WN
X

1

P(X,IX; X(t))
TTPIX(t+Ab)IX(t);At] =

exp(-X X(t +At)-Y(t))4206?) =
exp(—Z (2 1262)

Error also equal to the local value
of the differential equation:

Md2X/dt2+ydX/dt + dU/dX = £

A weight for a trajectory
— P(X,IX;X(t) oC

exp[--1IIZGQSYMdZXIdtzde/deUldX)2dt]

|

)1('?1)3 Is the weight of a specific trajectory
t

exp[-1//262 §)



THE RELATION BETWEEN THE
PROBABILITY AND THE ACTION - S

PO, X X()) % exp[-1/1262 §]

S =|(Md2X/dt2+ydX/dt+dU/dX)2dt

S is always positive, easy to optimize.

A minimum of S provides the most
probable path.

There is an analogy between the weight

of a trajectory - exp[-1//2528]
and the energy for a single structure -

exp(-BE).
Q =\(exp(—BE) dX

P(X,IX\;t) = | exp[-1//252S] DX(t)

- e e . )

Analogy between the energy E -
and the action §:

E(X) - at a minimum the
most probable strueture

AE\IJ é-é'/-ar
«

S({X(t)}) - at a minimum

most probable trajectory
- S/aet
min @




SHORT TIME APPROXIMATIONTO §
ELIMINATES HIGH FREQUENCIES
W > 1/At

S ¥ { MIX(t+At)+X(t-At)-2X(t)/At2
+ dU/dX(t) }2At

Use exact expansion of X(t) :

X(1) = X(t=At) + [X(t+At)-X(t-At)}/2At T +
[X(t+At)+X(t-At)-2X(t)/At2 1212
+ %, a sin(knt/At)

TO BE CONTINUED ...

Elimination of high frequencies.
continuation...

with dU/dX ~, dU/dX(t) = constant

S = { M[X(t+At}+X(t-At)-2X(t)/At2
+ dU/dX(t) }2At
+ T APY ka2
IS/Ja=2n4/ Atk a,

— a(min)=0

MAINTAIN STABILITY
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Onsager-Machlup action

Roberto Olender

Example: Conformational
transition in a dipeptide |

CH3 -com(ir‘&com:- ~CH3 .

o9

(CH3)CH(CH3)




The R->T
Transition in
HEMOGLORIN

A conformational transition
from an oxygen binding
structure to a structure with

. | significantly lower oxygen
e 1 j affinity




There are teriary
changes (within the
subunits)

and quatlernary
changes (in the

packing of the
different subunits).

.: mm
"'
I

WHICH ONE IS
FIRSTY



T jiecto .stor
100 structures used to
approximate the path
Integral.

100 nanosecond is the time
step.

10 us total trajectory.

Initial point R.
Final point T.

- No oxygens.
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Hemoglobin:

(*) Tertiary changes slow

and continuous at all times.

s

(*) Changes in packing of
the subunits abrupt.
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OM path optimization
uggests itself as o tool for
(omputing very long
atomically detailed
frajectories,
even for very large ystems,

Other things we know:

(*) How to formulate rate theory In
terms of the OM.

(*) Run in parallel.

*) Computations of relative rates
e.g. enzymatic reaction of mutant:
enzymes)

(*) Re-formulation and a new
algorithm to compute the steepest
descent path.

Things we work on
(*) Exact estimation of errors

(*) Simple approximations for the
rate via path linearization.







