-

View metadata, citation and similar papers at core.ac.uk brought to you byj’f CORE

provided by Juelich Shared Electronic Resources

John von Neumann Institute for Computing | NIC Im'

Modeling Protein Structure, Dynamics and
Thermodynamics with Reduced Representation
of Conformational Space

Andrzej Kolinski, Dominik Gront, Sebastian Kmiecik,
Mateusz Kurcinski, Dorota Latek

published in

NIC Workshop 2006,

From Computational Biophysics to Systems Biology,
Jan Meinke, Olav Zimmermann,

Sandipan Mohanty, Ulrich H.E. Hansmann (Editors)
John von Neumann Institute for Computing, Julich,
NIC Series, Vol. 34, ISBN-10: 3-9810843-0-6,
ISBN-13: 978-3-9810843-0-6, pp. 21-28 , 2006.

© 2006 by John von Neumann Institute for Computing

Permission to make digital or hard copies of portions of this work for
personal or classroom use is granted provided that the copies are not
made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise
requires prior specific permission by the publisher mentioned above.

http://www.fz-juelich.de/nic-series/volume34


https://core.ac.uk/display/35010189?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Modeling Protein Structure, Dynamics and
Thermodynamics with Reduced Representation of
Conformational Space

Andrzej Kolinski, Dominik Gront, Sebastian Kmiecik,
Mateusz Kurcinski, and Dorota Latek

Laboratory of Theory of Biopolymers, Faculty of Chemistry
Warsaw University, Pasteura 1, 02-093 Warsaw, Poland
E-mail: kolinski@chem.uw.edu.pl

In this contribution we describe a successful approach dtepr modeling which is based on
reduced representation of protein conformational spdleatan-refinement, evaluation and se-
lection of the best molecular models. During the sixth CASHtical Assessment of protein
Structure Prediction) community-wide experiment our mdtilogy (referred further as CABS)
proven to be one of the best performing methods for proteircstre prediction, applied both
for comparative modeling and tte novofolding. The newest applications of the CABS mod-
eling technology include: study of protein folding therrgadmic, dynamics in the denatured
state and folding pathways, structure prediction basedparss and inaccurate experimental
data and prediction of protein-protein interactions oriliexligand docking. The CABS re-
duced model could be easily integrated with the all-atonr@aghes providing solid starting
point for reliable multiscale simulations of large biommléar systems.

1 Introduction

Due to the systematic sequencing of numerous genbthesnumber of recognizable
gene products, and therefore protein sequences, growsenpally in the recent years.
The number of known protein sequences exceeds 30 milliomslet$tanding of protein
biological function, from enzymatic activity, through trgport and signaling, to mecha-
nisms and thermodynamics of complex macromolecular adgsnbequires knowledge
of proteins’ three dimensional structures. For many pugpdssis also important to know
protein folding mechanism and the dynamics near the natite,sas well as the dynamics
at denatured state. Understanding protein dynamics mayédreraore challenging than
theoretical prediction of protein structure. Neverthslet the moment protein structure
prediction seems be the most urgent and the most advancedagjgoal of theoretical
structural biology. It has an increasing impact on ratiahralg design, development of
new biotechnologies, and on many other areas of biomediaices and technology.

Theoretical approaches are important regardless the gregtess in experimental
methods of protein structure determination. In spite of thiogress the X-r&y? or NMR
based methods for structure determination remain verylycastd time-consumirfy
As a result, the number of good-quality experimental stmes, although impressive,
is still very small in comparison with the number of known gences, and is now
range of 30 thousands. It is not quite clear if we know alretodymajority of possible
protein folds, i.e. loosely defined distinct three-dimensil structures. This is an
important issue, since the most advanced and the most aeauethods of theoretical
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prediction of protein structures employ already determlis&uctures as templates in
the framework of comparative modeling techniques. Redseneomparative model-
ing can be now done for some 50-60% of newly identified prateotepending on a
genomé. For the remaining proteins it is difficult, or even impossilio find structural
templates and different approaches need to be applied. cim cases varioude novo
modeling techniques could be helpful. A number of distinppr@aches to thele
novo structure prediction have been recently proposed and &emlu In general, the
most advanced techniques are quite successful when applieglatively simple and
small proteins, although dependable structure predictiterger proteins remains elusive.

In principle, the simplest and the most straightforward rapph to thede novo
folding would be to use a detailed all-atom-representatiguolypeptide chain immersed
in a proper number of water molecules with a proper numbero§ iaround. Such
systems could be sampled using Molecular Dynamics or MoatdoGechniques. This
is unfortunately still limited to very small proteins or digfes. The conformational space
of proteins is enormous, and in reality a typical foldingéimf globular proteins (in vivo
as well as in vitrio) is range of milliseconds to minutes. §time frame is few orders of
magnitude too large for the contemporary computers. Thesyéometrical representation
of proteins, their interactions and sampling techniquesdrte be simplified in order to
make the task feasible. Up to the date the two distinct, redispace, approaches to
the de novofolding simulations of proteins seem to be the most sucaéssfhe first
one, adopted in the Rosetta model of Baker and collabofat@msploys short structural
fragments excised from the known protein structures. Tlregpnents are 3-9 residues
long and their representation in the algorithm is limitedthe main chain and single
united atoms for the side groups. During the sampling pottessmodel chains undergoes
a long series of deletion/insertions of such building blockhe acceptance criteria for
these modifications include short range geometrical riest;aa simplified model of side
chain interactions and a model of main chain hydrogen boritise final models are
subject to a clustering procedure, rebuilding of the atameitails and final selection of the
best models. A different class of models assumes even a rimopéifed representation
of the main chain backbone, where only the alpha carbonsraatetl in an explicit
fashion, although the sampling process allows for a broaaglege of conformations,
controlled by properly designed force fields. Good examilsuzh model of protein
folding is UNRES, designed by Scheraga and cowofk&rsThe UNRES force field is
carefully designed and optimized, and is derived from basigsical principles. The
conformational space of UNRES is continuous. In order tthierrspeed-up the sampling
process discretized space models have been developedw, Betobriefly describe the
CABS model® which besides the grid-type representation employs kedge-based
force field derived from statistical analysis of structuradularities observed in known
proteins. Rosetta and CABS based methods proven to be amemgdst successfth 12
during the last round of the CASP (Critical Assessment otdnoStructure Prediction)
community-vide experiment. The summary of the CASP restdis be found in our
homepagéttp://biocomp.chem.uw.edu.pl or at the CASP homepage.

The reduced representation of the CABS médemploys up to four interaction
centers per residue (alpha carbon, beta carbon, the cehtaass of the side group
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and the center of peptide bond). Carefully designed, tumetitasted force fiefd of
CABS consists of several potentials of mean-force derivedhfstatistical analysis of
structural regularities seen in known protein structurBise sampling of conformational
space of the model proteins employs various variants of tlmnt® Carlo method,
including very efficient muticopy simulated tempering aitfuoms'#6. A number of
supplementary bioinformatics tools have been developdthiulle data processing and
analysis of the large scale simulations of protein systesisguthe CABS modeling
system. CABS methodology proven to be one of the best penfigrmethods for protein
structure prediction, from comparative modeling to de nfalding. It has been clearly
demonstrated during the sixth CASP (Critical Assessmeptatkin Structure Prediction)
community-wide experiment. The groups employing the CABSed methodology
scored among the best. The design of the CABS model has beentlsedescribed in
great detaf®. In the next section, the most typical recent applicationsrbtein structure
prediction, refinement of NMR data and study of protein dyitanand interactions are
presented.

2 Structure Prediction Based on Sparse NMR Data

NMR based protein structure determination is a time consgrand costly process. How-
ever, some sparse NMR data as Chemical Shifts (CS), Redijpalar Coupling (RDC)
and some sparse NOE’s are relatively easy to obtain at e@mdes of structure determi-
nation process. Such data are usually insufficient for nutdeenodel building using the
standard computational procedures. The restraints dkfiven sparse experimental data
(NMR in this case) are easy to implement in the CABS modeloal.t The first appli-
cations focused on the CS and RDC datarhe CS data provide loose restrictions on a
fraction of &, U angles of the protein backbone. Due to the reduceddpresentation of
the main chain in the CABS algorithm it was necessary to dgvaltranslating procedure,
where the?, ¥ angles are transformed inpy angles of the G -trace.é is the planar an-
gle of the trace, while is the dihedral angle defined by three consecutiugp€eudobonds
(Figure 1a). The ranges of experimental inaccuracies nised@be properly translated.
The#, v restraints are easy to implement in the CABS simulationsrotied by the sim-
ulated tempering MC scheme. It has been shown that for netdotplex structures CS
experimental data are often sufficient for a moderate réisolstructure prediction. It
has been also demonstrated that a proper combination of $héa@ with the artificial
intelligence based secondary structure predictions f&ignitly increases the accuracy of
the generated molecular models and increase the range lidadplity of the method -
larger proteins could be modeled. Using simulated (exdéhfrtbm known PDB structures)
CS data it was demonstrated that increase of the fractiossifiaed phi-psi angles from
around 60% to some 80% improves qualitatively the accurddpe obtained molecu-
lar models. It points onto a possible way of improving andesiieg-up the NMR based
structure prediction procedures. Increasing the accusfitlye CS measurements or/and
supplementing the CS data with the local NOE’s (or other mesments of the short range
angular correlations) would be extremely beneficial forsa émputational model build-
ing with the CABS algorithm.

While the CS data are of the local nature the RDC data proviolead although very
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Figure 1. (a) Translation from®, ¥ angles (obtained from NMR chemical shifts) to the CABS repreation
(6, v angles).(b) De-novo assembly of ROP homodimer: theoretical model saypesed on NMR structure (pdb
code: 1RPR) with cRMSD equall to 2.9V. (c) Predicted model of vitamin D receptor bound with short ppti
co-activator fragment, superimposed on crystallogragtiiccture (pdb code: 1RJK). Accuracy of obtained model
is 0.61A. (d) Example snapshots from folding simulation, illustratirg ffolding pathway of chymotrypsin

inhibitor 2. The portions of the protein that forfiastrands in the native state are highlited in magentagthelix
is colored in cyan.

inaccurate, restraints. The RDC data need to be also pyojpanislated onto the CABS
geometry. Preliminary computational studies show thaRB€ based restraints are very
useful in guiding the simulations for more complex struetiathey provide a bias towards
the right fold topology. The local details are tuned by theBSXorce field, eventually sup-
plemented by the CS-based restraints. Finally, even veall smamber of the long range
restraints from NOE'’s (range of N/12, where N is the numbsidtges in the chain) allows
for the proper fold assembly even for quite complex struegur
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In summary, CABS based modeling could be a powerful tool fiarcsure determination
from sparse (and of low accuracy) experimental data. Itecbelalso used as a part of the
full process of structure determination using the NMR teghes. Namely, the initial data
(CS, RDC, etc.) could be used for building an initial modelaocnumber of alternative
models. These models could be subsequently used as a guite assignments of the
NOE signals.

3 Flexible Docking with CABS

At present, the CABS force field is applicable only to proseémd peptides. This allows
studies of protein complexes and docking of peptide liggodsactors, etc) to proteins.
The docking procedure can be performed in various regimas; Eompletely unrestrained
simulations of two or more polypeptide (peptide) chainsitoutations with partially re-
strained internal coordinates of the interacting macremks. It has been shown that
unrestrained simulations of protein dimers (GCN4 leucippers, ROP-dimer, etc) lead
to a rapid assembly of the correct dimeric structures (Fdur). Weak restraints superim-
posed onto internal coordinates of the interacting mok=cidad to a higher resolution of
the obtained assemblies.

A number of test docking experiments have been performathdag a limited flexibil-
ity of a receptor and the full conformational mobility of tivgeracting peptides. No
knowledge of the binding sites was assumed. At the beginairgimulations peptides
were placed at random position at a large distance from tepters. In all studied cases
the peptides attached correctly to various nuclear recgfagure 1c). In about half of
cases the accuracy was range AfRMSD, as measured for the alpha carbons of the pep-
tide after the best superposition of the model receptoctitra onto its crystallographic
structure. In other cases the resolution was range of A2Fhis implies, that always the
pattern of the side chain interactions was correctly ptedic Thus, it has been demon-
strated that the new modeling tool is already capable ofywid) correct high-resolution
structures of protein - peptide complexes and of propemalslseof protein mutimers (in
the last case the process is computationally expensivafget structures). This should
be very important for better understanding of protein iat&ions, signaling pathways and
for computer aided design of new drugs.

4 Modeling of Protein Dynamics and Folding Pathways

The force field of CABS has been designed basing on stalistiedysis of structural reg-
ularities observed in known protein structuf®8> Thus, it may appear that the model is
applicable only to structure prediction, but not to studypadtein dynamics in the dena-
tured state, or modeling the folding mechanisms. This isdv@wnot the case. Apparently,
the nature of the mean field interactions in the denaturee staery similar to these in the
compact native structures. For a number of small proteinstaildd data describing the
nature of the denatured state and the folding mechanisnvaikalasle. Using the CABS
model isothermal simulations just above the folding terapee were performed and the
degree of exposure to the solvent for all residues compuited the resulting trajecto-
riest®. These correlated extremely well with the measurementssgpiotection factors for
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the burst intermediates. The unfolded model proteins éwdulthe features of the molten
globule stat&, believed to be a common folding intermediate for globulatgins. In-
terestingly, the most frequently observed long range atsiia the simulated denatured
conditions overlapped with the folding nuclei observed xperiments. Thus, it seems
to be safe to conclude, that the CABS model could be used rgtirstudies of pro-
tein folded structures, but also in semiquantitative miogedf protein dynamics, folding
pathways (Figure 1d) and mechanism of macromolecular ddgem

5 Conclusions

CABS is a high resolution, lattice based model of proteincttire and protein stochastic
dynamics. The force field of the model consists of severdistitzal potentials of mean
force, derived from the regularities seen in the known pnos¢ructures. The solvent in
this force field is treated in an implicit fashion. Due to cartgional speed CABS can
be used in a large scale protein modeling (large scale ireot$p the size of the modeled
system, as well as in respect to the number of proteins thed de structurally annotated
in a reasonable time). Recent applications include prateicture predictionde novgas
well as supported by sparse experimental data), modelipgotéin interactions in macro-
molecular assemblies and study of protein dynamics andniplshechanisms. Finally, it
should be noted that CABS is compatible with the classidadtaim modeling tools. The
spatial accuracy of the CABS models is sufficient for a megiuireconstruction of the
atomic details. Thus multiscale simulations at variouglewf resolution become fea-
sible. Future extensions of the model will include inteiats$ with non-peptide ligands,
membranes and nucleic acids.

Acknowledgments

This work was partially supported by the grant # PBZ-KBN-0884/2003

References

1. R. D. Fleischmann, M. D. Adams, O. White, R. A. Clayton, EKkkness, A. R.
Kerlavage, C. J. Bult, J. F. Tomb, B. A. Dougherty, and J. M.riié&. Whole-
genome random sequencing and assembly of haemophilusnnfleed. Science
269(5223):496-512, July 1995.

2. W. A. Hendrickson. Synchrotron crystallograpfiyends Biochem Sc?5(12):637—
643, December 2000.

3. A. Schmidt and V. S. Lamzin. Veni, vidi, vici - atomic regtibn unravelling the
mysteries of protein function. Curr Opin Struct Bio] 12(6):698-703, December
2002.

4. D. Vitkup, E. Melamud, J. Moult, and C. Sander. Complessnia structural ge-
nomics. Nat Struct Bio) 8(6):559-566, June 2001.

5. M. A. Marti-Renom, A. C. Stuart, A. Fiser, R. Sanchez, Fldjand A. Sali. Com-
parative protein structure modeling of genes and genodesu Rev Biophys Biomol
Struct 29:291-325, 2000.

26



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. C. Bystroff and D. Baker. Prediction of local structurepioteins using a library of

sequence-structure motif§.Mol Biol, 281(3):565-577, August 1998.

. C. A. Rohl, C. E. Strauss, K. M. Misura, and D. Baker. Prowructure prediction

using rosettaMethods EnzympB83:66—93, 2004.

. A. Liwo, S. Oldziej, M. R. Pincus, R. J. Wawak, S. Rackoyskyd H. A. Scheraga.

A united-residue force field for off-lattice protein-sttuge simulations. i. functional
forms and parameters of long-range side-chain interagi@®entials from protein
crystal data.Journal of Computational Chemistr§8(7):849-873, 1997.

. A. Liwo, C. Czaplewski, J. Pillardy, and H. A. Scheragan@ilant-based expressions

for the multibody terms for the correlation between local atectrostatic interactions
in the united-residue force field.The Journal of Chemical Physic415(5):2323—
2347, 2001.

A. Kolinski. Protein modeling and structure predictiith a reduced representation.
Acta Biochim Pql51(2):349-371, 2004.

J. Moult. A decade of casp: progress, bottlenecks amghpisis in protein structure
prediction. Curr Opin Struct Bio] June 2005.

A. Kolinski and Janusz M. M. Bujnicki. Generalized piiatstructure prediction
based on combination of fold-recognition with de novo folgliand evaluation of
models.Proteins September 2005.

D. Gront and A. Kolinski. A new approach to prediction bbg-range conforma-
tional propensities in protein®ioinformatics 21(7):981-987, April 2005.

C. J. Geyer. Markov chain monte carlo maximum likelihobtdComputing Science
and Statistics: Proceedings of 23rd Symposium on the biterinterface Foundatign
pages 156-163. Fairfax Station, 1991.

U. H. E. Hansmann. Parallel tempering algorithm for comiational studies of
biological moleculesChem. Phys. Let281:140 1997.

D. Gront, A. Kolinski, and J. Skolnick. Comparison of@éarmonte carlo confor-
mational search strategies for a proteinlike homopolymedeh Folding thermody-
namics and identification of low-energy structur@se Journal of Chemical Physics
113(12):5065-5071, 2000.

D. Plewczynska and A. Kolinski. Protein folding with aloeed model and inaccu-
rate short-range restraintslacromolecular Theory and Simulatigris}(7):444—451,
2005.

H. M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T. N.aBhH. Weissig, I. N.
Shindyalov, and P. E. Bourne. The protein data baxilcleic Acids Re28(1):235—
242, January 2000.

S. Kmiecik, M. Kurcinski, A. Rutkowska, D. Gront, and Aokhski. Denatured
proteins and early folding intermediates simulated in aiced conformational space.
Acta Biochim PalDecember 2005.

D. Ekonomiuk, M. Kielbasinski, and A. Kolinski. Proteinodeling with reduced
representation: statistical potentials and protein fajdinechanism. Acta Biochim
Pol., 52(4):741-748, 2005.

M. Kurcinski and A. Kolinski. Steps towards flexible dawdc Modeling of threed-
imensional structures of the nuclear receptors bound véafiige ligands mimicking
co-activators’ sequencesJournal of Steroid Biochemistry and Molecular Biology
(submitted)

27



