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Understanding the functioning of living cells requires knowledge of structure and long-time
dynamics of proteins and other biological macromolecules,which information is not readily
available from experiment. The development of distributedcomputing has opened new avenues
for such studies. Further, reduction of the representationof polypeptide chains to the so-called
united-residue or coarse-grained representation enablesthe extension of the time scale of cal-
culations to micro- or even milliseconds. In this report, wedescribe recent developments of
the united-residue (UNRES) force field for large-scale simulations of protein structures and
dynamics carried out with the use of the resources at the Supercomputer Centre in Jülich.

1 Introduction

One of the major and still unsolved problems of computational biology is to understand
how interatomic forces determine how proteins fold into thethree-dimensional structures.
The practical aspect of the research on this problem is to design a reliable algorithm for the
prediction of the three-dimensional structure of a proteinfrom its amino-acid sequence,
which is of utmost importance because experimental methodsfor determination of protein
structures cover only about 10% of new protein sequences. Inthe case of protein structure
prediction, methods that implement direct information from structural data bases (e.g., ho-
mology modelling and threading) are, to date, more successful compared to physics-based
methods1; however only the latter will enable us to extend the application to simulate pro-
tein folding and to understand the folding and structure-formation process. The underlying
principle of physics-based methods is thethermodynamic hypothesisformulated by Anfin-
sen2, according to which the ensemble called the “native structure” of a protein constitutes
the basin with the lowest free energy under given conditions. Thus, energy-based protein
structure prediction is formulated in terms of a search for the basin with the lowest free
energy; in a simpler approach the task is defined as searchingfor the conformation with
the lowest potential energy3, and prediction of the folding pathways can be formulated as
a search for the family of minimum-action pathways leading to this basin from the un-
folded (denaturated) state. In neither procedure do we wantto make use of ancillary data
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from protein structural databases. Equally important is tosimulate the pathways of protein
folding, misfolding (which is the cause of prion diseases, cancer, and amyloid diseases)
and large-scale conformational changes which occur duringenzymatic catalysis or signal
transduction.

United-residue (also termed coarse-grained or mesoscopic) representations of polypep-
tide chains enable us to carry out large-scale simulations of protein folding, to study protein
free-energy landscapes and to carry out physics-based predictions of protein structure4.
Owing to the considerable reduction of the number of interacting sites and variables, the
cost of computations is reduced hundreds or thousand of times compared to an all-atom
representation of polypeptide chains in implicit and explicit solvent, respectively; this en-
ables micro- or even millisecond simulations of protein folding to be carried out. For the
past several years, we have been developing a physics-basedcoarse-grained UNRES model
of polypeptide chains and the corresponding force field5–14. Initially7, it was designed
for physics-based predictions of protein structure through global optimization of an effec-
tive potential-energy function of polypeptide chains plussolvent. With this approach, we
achieved considerable success in blind-prediction CASP exercises12. Recently15 we imple-
mented a mesoscopic dynamics method to the UNRES force field which enabled us to carry
out real-timeab initio simulations of protein folding. Subsequently, we implemented16 the
replica-exchange (REMD)17 and multiplexing-replica exchange (MREMD)18 extensions
of MD, which enabled us to study the thermodynamics of protein folding. However, the
new applications required reparameterization of the UNRESforce field to reproduce the
thermodynamic characteristics of protein folding.

2 Methods

2.1 The UNRES Model of Polypeptide Chains

(a) (b)

Figure 1. Illustration of the correspondence between the all-atom polypeptide chain in water (a) and its UNRES
representation (b). The side chains in part (b) are represented by ellipsoids of revolution and the peptide groups
are represented by small spheres in the middle between consecutive α-carbon atoms. The solvent is implicit in
the UNRES model.

In the UNRES model5–14, a polypeptide chain is represented by a sequence ofα-carbon
(Cα) atoms linked by virtual bonds with attached united side chains (SC) and united peptide
groups (p). Each united peptide group is located in the middle between two consecutive
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α-carbons. Only these united peptide groups and the united side chains serve as interaction
sites, theα-carbons serving only to define the chain geometry, as shown in Figure 1. The
Cα · · ·Cα virtual bond lenghts (i.e., the distances between neighbouring Cα’s) are 3.8Å
corresponding totranspeptide groups.

The effective energy function is a sum of different terms corresponding to interac-
tions between the SC (USCiSCj

), SC and p (USCipj
), and p (Upipj

) sites, as well as local
terms corresponding to bending of virtual-bond anglesθ (Ub), side-chain rotamers (Urot),
virtual-bond torsional (Utor) and double-torsional (Utord) terms, virtual-bond-stretching
(Ubond) terms, correlation terms (U (m)

corr) pertaining to coupling between backbone-local
and backbone-electrostatic interactions8 (wherem denotes the order of correlation), and a
term accounting for the energetics of disulfide bonds (USS). Each of these terms is multi-
plied by an appropriate weight,w, which must be determined by optimization of the energy
function by using training proteins. The energy function isgiven by equation 1.

U = wSC

∑
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USCiSCj
+ wSCp

∑

i6=j
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Upipj
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i
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∑

i
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+wb
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i

Ub(θi) + wrot
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, βSCi

) +
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w(m)
corrU

(m)
corr

+wbond

nbond∑

i=1

Ubond(di) + wSS

∑

i

USS; i (1)

The method of optimizing the force field developed in our laboratory is termedhierar-
chical method11, 14 and aims at obtaining such energy landscapes of selected training pro-
teins that the free energy of each of the training proteins decreases with increasing native
likeness. The conformational space is discretized into levels, each of which corresponds
to a certain degree of native likeness. In the present study we computed the free ener-
gies below, at, and above the folding-transition temperatures and extended the approach
by the requirements that the free-energy relations be inverted above the folding-transition
temperature. This is illustrated in Figure 2.

Given a set of training proteins, optimization of the force field consists of iterating
the cycles, each consisting of (i) simulations with currentparameters of the energy func-
tion, (ii) computing the free energies at selected temperatures from the simulation data,
and (iii) adjusting the parameters of the energy function toachieve the desired relations
between the free energies of the sub-ensembles of the training proteins (Figure 2). The
procedure is terminated when the required relations between free energies hold after a
new simulation with optimized parameters. The primary optimizable parameters were the
energy-term weights of equation 1. To generate the decoy sets for optimization at various
temperatures simultaneously, we implemented the multiplexing replica-exchange molec-
ular dynamics (MREMD)17, 18 in UNRES16. We developed a parallel well-scalable code
for the UNRES/MREMD method, which scales 75% up to 4096 processors (Figure 3).
To compute free energies and other ensemble-related quantities from simulation data, we
implemented the weighted-histogram analysis method (WHAM)19.
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Figure 2. Illustration of ordering of the energy levels, which is the goal of the algorithm for optimizing the
potential function14, using the 1EM7 protein of the IGG family, the structure of which consists of twoβ-hairpins
packed to a middleα-helix. Only one conformation has been selected to represent each of the structural levels.
Below the folding-transition temperature (Tf ), the non-native level (level 0) has the highest free energy, the
conformations with only the native C-terminalβ-hairpin forming (level 1) have a lower free energy, next are
the conformations in which the middle part of the N-terminalβ-strand joins theβ-hairpin and the middleα-
helix starts to form and, finally, the native-like structures with all structural elements formed have the lowest
free energy. Above the folding-transition temperature thefree-energy relations are reversed and at the folding-
transition temperature the free energies should be approximately equal.
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Figure 3. Speedup plots for the MREMD code using IBM Blue Gene/L (green circles) and Cray XT3 (red rect-
angles). For comparison, data from an ideally scalable series of independent canonical MD runs are shown. The
system is the 1SAP protein.

3 Results

Initially14 we applied the new optimization procedure to three proteinsseparately identi-
fied by the following PDB codes: 1E0L (a 28-residue anti-parallel three-strandedβ-sheet),
1GAB (a 47-residue three-α-helix bundle), and 1E0G (a 48-residueα + β protein). All
three force fields exhibited a heat-capacity peak corresponding to the folding-transition
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temperature. The force field optimized on 1GAB was fairly transferable to otherα-helical
proteins, whose native-like ensembles of structures were located within the five most prob-
able clusters of structures14.

As the next step, we carried out hierarchical optimization using two training proteins:
1ENH (a three-helix bundle; 56 residues) and the full 37-residue sequence of 1E0L. This
choice was motivated by the availability of the experimental temperature dependence of
the free energy20, 21 and by the fact that these proteins, although small in size, contain
significant regions with undefined secondary structure, which are hard to reproduce in
simulations. To generate a converged statistical ensembleof conformations for one protein,
typically 20,000,000 MREMD steps with 1024 processors are required, which means 1
rack-week of computation with Blue Gene/L. The total computational effort to optimize
the force field on 1E0L and 1ENH was 2 rack-months with Blue Gene/L.

The most probable conformations of the two training proteins calculated with the opti-
mized parameters of the UNRES energy function at room temperature are superposed on
the experimental structure on Figure 4. The experimental20, 21 and calculated free-energy
gaps vs. temperature are compared in Figure 5, while the calculated heat-capacity and
RMSD curves vs. temperature are shown in Figure 6.

R3

K55

(a)
G1

L36

(b)

Figure 4. The Cα traces of 10 most probable conformations at T=300◦K of 1ENH (a) and 1E0L (b) calculated
with the UNRES force field optimized on these two proteins (red lines) superposed on the Cα traces of the
corresponding experimental structures (black lines)20,21.

With the optimized force field, we carried out MREMD simulations of the mutants of
1E0L studied by Gruebele et al.20 (these mutations result in a shift of the folding temper-
ature). Subsequently, we calculated the heat-capacity curves of 1E0L mutants and deter-
mined their folding temperatures. All mutants studied except for the W30A mutant folded
to structures similar to that of the wild-type protein (withensemble-averaged RMSD at
room temperature from 3.5 to 4.5̊A). The calculated folding temperatures are compared
with their experimental counterparts in Table 1.

4 Conclusions

The results of our research demonstrated that it is possibleto obtain a coarse-grained force
field for protein simulations which reproduces thermodynamic properties of wild-type pro-
teins and their mutants, as well as is transferable to proteins outside the training set. Conse-
quently, large-scale simulations of protein structure anddynamics are at hand. Our current
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Figure 5. Calculated with optimized force field (lines) and experimentally determined (filled circles) free energy
of folding of (a) 1ENH and (b) 1E0L.
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Figure 6. Calculated heat-capacity curves (solid lines) and RMSD curves vs. temperature (short-dashed lines)
of (a) 1ENH and (b) 1E0L. The long-dashed curve shown in panel(a) is the experimental heat-capacity curve of
1ENH shifted vertically to match the tail of the calculated heat-capacity curves. The calculated and experimental
folding temperatures are also shown. The experimental heat-capacity curve of 1E0L has not been determined.

research is focused on improving the parameterization of UNRES and using the force field
to study the kinetics of protein folding, protein aggregation, and large-scale motions.
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Mutant T calc
f T exp

f

WT 339 337
W30F 334 339
W30A –a 328
Y11R 342 339
Y19L 319 328
DNY11Rb 335 339
DNDCY11Rc 325 328

Table 1. Experimental and calculated, with the optimized force field, folding temperatures of mutants of 1E0L.

aThis mutant did not fold in MREMD simulations.
bDeletion of the 6-residue N-terminal fragment.
cDeletion of the N-terminal and the C-terminal fragments.
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