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The Need for Speed

IBM Blue Gene
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The Future?
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® 64 hit Power GPU
® 912 kb Gache

® 8 Synergistic Processing
Units







The Protein Folding Problem

Francis
Crick

“folding is simply a
function of the the order
of the amino acids.”

Richard
Feynman

Christian Anfinsen

“...the conformation that a protein
assumes [...] is the one that is
thermodynamically the most
stable.”




DNA Genetic Code Dictates Amino Acid
Identity and Order

DNA
Sequence

Is

the
Genetic

GCA AGA GAT AAT TGT... Code.

EAIa Arg - Asn | Cys « « « GrOWing
1 2 3 4 5 Protein

Chain

Y-GA 98-648 Image: U.S. Department of Energy Human Genome Program, http://www.ornl.gov/hgmis




Molecular dynamics
simulations

Calculate energies and forces using a classical force
field

Solve Newton's equations of motion (F = m a)

Can in principle describe processes such as protein
folding

.
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Efficient software: GROMACS
(http://www.gromacs.org)
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Fig. 1 The total potential energy of any molecule is the sum of terms allowing for bond stretch-
ing, bond angle bending, bond twisting, van der Waals interactions and electrostatics. Many prop-
erties of a biomolecules can be simulated with such an empirical energy function.

M.Levitt, Nat. Struct. Biol. 8, 392-393 (2001)




Replica exchange MD simulations

« Run multiple copies of a simulation at different temperatures,
e.g. 280 K, 285 K, 290 K, etc.

« Exchange coordinates between adjacent temperatures every
N time steps, based on a Metropolis criterion.

 Enhanced sampling at many temperatures

Temperature

Time




Chignolin

The world’s smallest Protein?
10 amino acids long

Forms a stable B-hairpin in
solution

Honda et al,
Structure 2004

NMR solution structure derived
from 174 NOE interatomic
distance restraints




|8 NMR Structures of
Chignolin




MD Simulations of Chignolin

Long classical MD trajectories

*1.8and 2.0 ys @ 300 K, 0.5 ns @ 277 K, 367 K.
*Explicit solvent (TIP4P)

*Particle mesh-Ewald treatment of Coulomb interactions
*OPLS force field

REMD trajectories
*16 different T from 275 to 420 K
510 ns

Analysis of simulations
Distance violations <V> from experimental data
*Gibbs energy landscape




Convergence of MD simulations at T = 300 K

REMD Classical MD

0.3 . 0.3 .
£ 1 E :
EU.E -1 £02 —
= ] 4 i
V0.1 4 V01 -

D_Illllll I| III|II
0 100 200 300 400 500 0 200 1000 1500

o

400 ¥

p——

[
5,350
-

300

1 1 | 1 1 1 IIII|IIII|IIII|II
0 100 200 300 400 500 DD 200 1000 1500

Time (ns) Time (ns)




A Folding Event from
Classical MD




Energy landscape analysis @ 300 K

« Determine a suitable space (in this case in 3 dimensions)

« Make a histogram of the space and compute relative
probabilities P(x,y,z) of finding a protein conformation in the

bin
« Find most probable bin ==>P_._
e AG= -kBT In P(X,sz)/Pmin
« AG,_. =0
e g_sham program
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Thermodynamic hypothesis (Anfinsen)

AG (kJ/mol)

The free energy minimum
corresponds to thé hative structure
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M. Seibert et al. J. Mol. Biol. 354 (2005) 173-183




Amyloid A > B Conversion
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Secondary Structure
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Folding kinetics from MD

» Using (RE)MD we obtain many trajectories in which
proteins fold and unfold repeatedly

»+ Decide whether a protein is folded based on e.g.
RMSD to the native state

» Compute the change in fraction folded F(t) for
simulation m:

dF, (1)
dt

— ]lf( m( ) Auf'rn( )




Folding kinetics from MD

The rate constants are defined by:

R Ru _BE f
’Z{j’u — Aue jEA'J Af — Afe Pl




Folding kinetics from MD

Now make B = I/k,T time dependent:

dF,, (1)
dt

= ApefmWEAL () — Ao PrWESE (1)




Folding kinetics from MD

» Given a population of proteins in different states we
predict the change in fraction folded by numerically
integrating dF/dt averaged over many trajectories.

* From a numerical fit P(t) of the computed integral to

F(t) we can compute the four constants governing the
kinetics: E;, E , A A,

+ The four constants do not depend on temperature
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Folding Kinetics from MD

O pry

— F(

100

200 300 400
Time (ns)

500




Folding Kinetics from MD
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Folding kinetics from MD @ 300 K

Fold Unfold

A 9.3e-5(0.1) 0.094(0.01) (1/ps)

EA 11.2(1) 30.7(1) (kJ/mole)
Simulation EXxper.

Ty 1.0(0.3) (118)

Tu 2.6(0.4) (118)
AG 2.4(0.7) 1.1(0.7) (kJ/mole)
AH 19.6(2) 27.1(1) (kJ/mole)

TAS 17.1(1) 26.0(1) (kJ/mole)

T,, 340(9) 312(2) (K)
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Folding kinetics from MD

Based on the parameters E;, E , A;, A, we can predict the
folding equilibrium as a function of temperature




Folding kinetics from MD

d
3 |
©0.8
s |
LC 0.6
mhday|
S0.4
0.2
LL 0_ | | I. 1 1 | I. 1 | I. L 1 1 | L 1 1 I L
b ¢ —— Experiment
e ~ T T = —- Prediction |
@ 4r r —
O »L |
£ 2 _
= 0O 7
-~ i
o 2f "
2 -4r -

_6_ l 1 |. 1 1 l |. 1 1 l |. L 1 1 |. L 1 1 I L ]

280 300 320 340 360
T (K)

D. van der Spoel & M. Seibert, Phys. Rev. Lett. 96, 238102, 2006




Chignolin Summary

Chignolin’s native state can be predicted to an
accuracy of < 1.9 A (all-atom) RMSD by ab initio
molecular dynamics simulations.

The native state can be identified on a Gibbs free
energy landscape without direct reference to
experimental data.

Kinetics of folding can be predicted based on a
heterogeneous ensemble of (RE)MD trajectories,
giving information on longer time scales than what
was actually simulated

The temperature dependence of the folding/
unfolding equilibrium is reproduced quite well




Reduce Simulation Coupling
to Improve Performance

® Collect thermodynamic data instead of waiting
for rare events (scales 100%)

® VWeakly coupled simulations (10Mbit ethernet)
® Replica-Exchange - Works great in GROMACS
® Non-Coupled simulations:

® Distributed computing (dial-up/ADSL)




Distributed Computing

® Folding@Home




Distributed Computing
Protein Folding

Folding is approximately a Ist
order transition

BBAS: Folding time is ~10 ps

Probability of folding in short
simulation is small, but >0

Perform 10,000 independent
|Ons simulations instead of a
single 100 ps one

Run GROMACS as screensaver
in Folding@Home
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Fold Fraction over time

Folding time
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