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Computer Simulation of Biomolecular Systems:
Where Do We Stand?

Wilfred F. van Gunsteren and Daan P. Geerke

Laboratory of Physical Chemistry, Swiss Federal Instiaft€echnology, ETH,
8093 Zurich, Switzerland
E-mail: wivgn@igc.phys.chem.ethz.ch

The four major aspects that determine the quality of therabieof molecular conformations
as obtained from biomolecular simulation are reviewed #ustiated with examples.

1 Introduction

Over the past three decades, simulation of the dynamicsoofiddecular systems at the
atomic level has developed from short-time simulationsrofpge molecular models [1, 2]
to orders of magnitude larger simulations based on detaildanuch more accurate molec-
ular models [3]. The improved accuracy has turned moleayaamics (MD) simulation
into a standard method for an atomic interpretation of eérpental data on biomolecu-
lar systems [4]. Yet, much progress is still to be made in otdeise MD simulation to
accurately predict various properties of biomoleculatays [5].

Definition of a model for molecular simulation
Every molecule consists of atoms that are very strongly bound to each other
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Figure 1.
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Figure 1 illustrates the four choices to be made when defiaingplecular model for
molecular simulation: (1) which degrees of freedom are teek@gicitly simulated; (2)
how are the forces governing the motion along these degffefieseniom calculated in a
necessarily approximative manner; (3) how is the motiomefdystem propagated in time
such that the relevant configurational space is widely afficently sampled; (4) how
are the spatial and thermodynamic boundary conditions sagapon the motion of the
system. In this short paper we illustrate the state of theidtrespect to these four aspects
of modelling using examples from our own work.

Conformational Dynamics of Proline Residues in Antamanide:
Effect of continuum versus explicit solvent
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Figure 2.

2 Choice of Degrees of Freedom

In Figure 2, the importance of explicitly including solvetggrees of freedom is illustrated.
It compares the puckering residence time of {hetorsional angle of residugsro and
"Pro in the cyclic polypeptide antamanide as obtained fropegrent [6] with that as
obtained from simulations using either a mean implicit eahf7] or explicit water solvent
molecules [8]. Using stochastic dynamics (SD) simulatidgtha friction coefficient of 19
ps~!, typical for water at room temperature and pressure, thkgring rate is ten times too
high compared to experiment. Using a mean solvation modaelitd only be reduced by
either using an artificially high friction coefficient of 10@s™! or by artificially increasing
the torsional barrier by about 2.5 kJ mdl These unjustified changes in the molecular
model can, however, be avoided by explicitly simulating Weter degrees of freedom,
which results in the correct puckering rate (see Figure 2).
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Free Energy of Solvation in Water

amino acid analogues (polar)
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Figure 4.
3 Choice of Interatomic Interactions

In Figure 3, it is illustrated that the free energy of aquesolsation of the side chains
of polar amino acid residues is insufficiently negative fome widely used biomolecu-
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lar force fields [9], which would lead to incorrect partitiog between polar and apolar
solvents and would over-stabilize folded protein struetufherefore, more recent force
fields, such as the GROMOS 53A6 one [10], lead to a better ightisar of the folding
equilibrium [11].

Figure 4 illustrates that inclusion of atomic polarisalilwill be essential to reach
an improved level of accuracy, i.e. beyond 1 kJ mél The experimentally observed
non-linear behaviour of the free enthalpy of solvation afaar in water-ethylene glycol
mixtures as function of the ethylene glycol mole fractiomigy reproduced in MD sim-
ulations using polarisable molecular models (COS modefsgreas a more or less linear
behaviour is obtained when using non-polarisable mod& [Qalculation of the solute-
solvent entropy of solvation shows that the non-lineastyn entropic effect, which cannot
be modelled using a mean or continuum solvent model.

Sufficient sampling of conformational space ?
Use of different starting structures and
temperatures

Atom-positional root-mean-square deviation from 2.5,,-P-helix

A 293K, Biue from E)fténtlen, green from 2.5‘2—"-#'\5'\\*

2.5,,-P-helix is 35% populated at 340 K and stable at 298 K,
but not found at 298 K starting from an extended structure

W F van Gunsteren/Juelich 200508/

Figure 5.

4 Sufficient Searching and Sampling of Conformational Space

In Figure 5 itis illustrated that even 100 ns of MD simulata@fran eight-residug-peptide
in methanol at room temperature may be insufficient to findrbst stable 2.5-P-helical
fold [13]. Starting the MD simulation at 298 K from this hadicstructure shows a low
root-mean-square deviation (rmsd) from this fold, whemsasting at 298 K from an ex-
tended conformation the helical structure is not populatétl 340 K the sampling of
conformational space is much widened: a large number ofdldifg events is observed
and the helical conformation is present 35% of the time. €k&mple illustrates the need
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for search and sampling enhancement techniques, of whgrd=6 classifies the most
important ones [14].

Techniques to enhance the searching and
sampling power of simulation methods

1. Deformation or smoothening of the potential energy surface

a. omission of high-resolution structure factor data in structure refinement based on ¥-ray
diffraction data

b. gradual introduction of longer-range distance restraints in variable target structure
refinement based on NMR NOE data

=) saftening of the hard core of atoms in the non-bonded interaction {soft-core atoms)

d. redluctlon of the ruggedness of the energy surface through a diffusion-equation type of
scaling

. avaiding the repeated sampling of an energy well through local potential energy
elevation or conformational flooding

f. softening of geometric restraints derived from experimental (NMR, X-ray) data through
tirme-averaging of these

g. circurmvention of ener S barriers through an extension of the dimensionality of the
Cartesian space (4D-MD)

h. freezing of high-frequency degrees of freedom through the use of constraints

i coarse-graining the model by reduction of the number of interaction sites

2. 8caling of system parameters

a. temperature annealing

b. tight coupling to heat bath
[ mass scaling

d. mean-field approaches

Multi-copy searching and sampling

a. genetic algerithms

b, replica-exchange and multi-canonical algorithms
[ cooperative search: SWARM

Review: 7. Comput, Chem, 28 (2007) 157-166
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Figure 6.

5 Choice of the Appropriate Thermodynamic State Point

Figure 7 illustrates the effect of pH on the folding equilibin of a seven residué-peptide
in methanol [15]. The only protonisable groups of this pegtivith aliphatic side chains
are the amino- and carboxy-termini. The backbone atomtipoal root-mean-square de-
viation of the MD trajectory structures from the most stafiieth computationally and
experimentally) 3;-helical fold shows that only if the protonation state cepends to the
experimental pH, the helical fold is the most populated one.

6 Conclusion

We have briefly illustrated that the following factors areesstial to obtain a high quality
ensemble of molecular conformations in a molecular sinat

1. Inclusion of the relevant degrees of freedom: solventa@msdolvents.

2. Use of a thermodynamically calibrated force field, wittobvent model that is com-
patible with the solute one, and possibly inclusion of piskility.

3. Sufficient and Boltzmann-weighted sampling of confoiiovel space.
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pH Dependence of the Folding Equilibrium

05 0.5
041 104 Low pH
0.3 03 Corresponds
02 Joa to
e 8 experiment
E 0.1 0.1
E <
a o 0
7 [
Z 04 04
303 03 High pH
g N
2 0.2 0.2
2
£ 0.1 0.1
€
S 0 0
= L
04 04 .
o3k 03 Intermediate
3 3 pH
0.2 02
0.1 0.1

. . . . . P B
0 10 20 30 40 50 10 20
Time [ns] Frequency [%]
.7 Gee & W.F, van Gunsteren, Proteins 63 (2006) 136-143

WF.van Gunateren/uelich 2005087

Figure 7.

4. Use of the appropriate (experimental) thermodynamie gtaint and spatial boundary
conditions: temperature, pressure, pH, ionic strengtfsateents, etc.

Acknowledgments

Financial support from the National Centre of Competendedasearch (NCCR) in Struc-
tural Biology and grant number 200021-109227 of the SwissoNal Science Foundation
is gratefully acknowledged.

References

1. A. Warshel, M. Levitt,Theoretical Studies of Enzymatic Reactions: DielectriecEl
trostatic and Steric Stabilization of the Carbonium lonlire tReaction of Lysozyme
J. Mol. Biol. 103 227-249, 1976.

2. J. A. McCammon, B. R. Gelin, M. KarpluBynamics of Folded Proteindlature267,
585-590, 1977.

3. W. F. van Gunsteren, J. DolenBjomolecular Simulation: Historical Picture and
Future PerspectiveBiochem. Soc. Trang86, 11-15, 2008.

4. W. F. van Gunsteren, J. Dolenc, A. E. Malkolecular Simulation as an Aid to Ex-
perimentalistsCurr. Opin. Struct. Biologyl8, 149-153, 2008.

5. W. F. van Gunsteren, D. Bakowies, R. Baron, |. Chandrasekfl. Christen,
X. Daura, P. Gee, D. P. Geerke, A. Glaettli, P. H. HuenenliehdeA. Kastenholz,
C. Oostenbrink, M. Schenk, D. Trzesniak, N. F. A. van der VelgB. Yu, Biomolec-

54



10.

11.

12.

13.

14.

15.

ular Modelling: Goals, Problems, Perspectivesngew. Chem.118 4168-4198,
2006; Angew. Chem. Int. Edi5, 4064—4092, 2006.

. Z.L.Madi, C. Griesinger, R. R. ErnsgEonformational Dynamics of Proline Residues

in Antamanide. J Coupling Analysis of Strongly Coupled Sgystems Based on
E.COSY Spectra. Am. Chem. Socl12 2908-2914, 1990.

. R. M. Brunne, W. F. van Gunsteren, R. Brueschweiler, R. iRsEMolecular Dy-

namics Simulation of the Proline Conformational Equilibm and Dynamics in An-
tamanide Using the GROMOS Force Figltl Am. Chem. Soc.115 4764-4768,
1993.

. J. W. Peng, C. A. Schiffer, P. Xu, W. F. van Gunsteren, R. RsElnvestigations

of Peptide Hydration Using NMR and Molecular Dynamics Satiahs: A study of
Effects of Water on the Conformation and Dynamics of Antadead. Biomol. NMR
8, 453-476, 1996.

. M. R. Shirts, J. W. Pitera, W. C. Swope, V. S. Partebdremely Precise Free Energy

Calculations of Amino Acid Side Chain Analogs: Comparisb@@mmon Molecular
Mechanics Force Fields for Proteind. Chem. Physl19 5740-5761, 2003.

C. Oostenbrink, A. Villa, A. E. Mark, W. F. van Gunstergxpiomolecular force
field based on the free enthalpy of hydration and solvatibe: GROMOS force-field
parameter sets 53A5 and 53A6 Comput. Chen25, 1656-1676, 2004.

C. Oostenbrink, T. A. Soares, N. F. A. van der Vegt, W. R. @ansterenyalidation

of the 53A6 GROMOS force fielHur. Biophys J34, 273—-284, 2005.

D. P. Geerke, W. F. van Gunster&hg performance of non-polarizable and polariz-
able force-field parameter sets for ethylene glycol in makcdynamics simulation
of the pure liquid and its aqueous mixturésol. Phys.105 1861-1881, 2007.

A. Glaettli, W. F. van Gunsteredyre NMR-derived model structures for peptides
representative for the ensemble of structures adoptedlitisn? Probing the fourth
helical secondary structure gf-peptides by molecular dynamics simulatiémgew.
Chem.116, 6472-6476,2004; Angew. Chem. Int. Ed. Eng, 6312-6316, 2004.

M. Christen, W. F. van Gunstere@n searching in, sampling of, and dynamically
moving through conformational space of biomolecular systea reviewJ. Comput.
Chem.29, 157-166, 2007.

P. J. Gee, W. F. van Gunsterdierminal-group effects on the folding behaviour of
selected beta-peptideRrotein®3, 136143, 2006.

55






