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Abstract. Since empirical force fields computation requires a heavy computa-
tional cost, the simulation of complex protein structures is a time consuming
process for predicting their configuration. To achieve fast but plausible global
deformations of protein, we present an efficient and robust global shape based
protein dynamics model using an implicit volume preservation method. A trian-
gulated surface of the protein is generated using a marching cube algorithm in
pre-processing time. The normal mode analysis based on motion data is used as
a reference deformation of protein to estimate the necessary forces for protein
movements. Our protein simulator provides a nice test-bed for initial screening
of behavioral analysis to simulate various types of protein complexes.

1 Introduction

Since life and the development of all organisms are essentially determined by molecu-
lar interactions, the fundamental biological, physical, and chemical understanding of
these unsolved detail behaviors of molecules are highly crucial. With the rapid accu-
mulation of 3D (Dimensional) structures of proteins, predicting the motion of protein
complexes is becoming of increasing interest. These structural data provide many
insights on protein folding, protein-ligand interaction, protein-protein interaction and
aid more rational approaches to assist drug development and the treatment of diseases.
The analysis of deformation of proteins is essential in establishing structure-function
relationships because a structure actually carries out a specific function by movement.

Advanced computer graphics hardware and software can offer real-time, interactive
3D and colorful protein complexes to the screen instead of lifeless chemical formulas.
During the last decades, to discover and understand a wide range of biological phe-
nomena, computer simulation experiments using quantum mechanics, molecular
mechanics, and molecular dynamics simulation have opened avenues to estimate and
predict the molecular level deformation [1, 2, 3]. Several applications such as Amber
molecular dynamics [4] and CHARMM [5] have been developed. Quantum mechan-
ics has been widely used for molecular modeling and it calculates the behavior of
molecules at the electronic level. Although quantum mechanics provides accurate
prediction for molecular simulation, it is limited to small sizes of molecules due to the
expensive computational cost. Molecular mechanics calculates the energy of a
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molecular system from atoms centered on the nuclear position and an empirical force
field. Empirical force fields include bond related forces (bond stretching energy, bond
angle bending energy, and torsional energy) and non-bond related forces (electrostat-
ics interaction energy, hydrogen bonding energy, and van der Waals energy) to esti-
mate the energy of the molecular system. Experimental data such as atomic geometry,
bond lengths, and bond angles are obtained by X-ray crystal structures or NMR (Nu-
clear Magnetic Resonance) to set up the values of potential parameters. Molecular
mechanics minimizes the given empirical energy functions using initial conditions
and finds the minimum energy conformation. However, this method ignores kinetic
energy of molecular system.

Although molecular mechanics reduces the computational cost substantially, the
computational task is still time-consuming because proteins consist of large numbers
of atoms. In addition, the motions of proteins are not static and dynamics are impor-
tant for protein simulation. In a molecular dynamics simulation, the classical equa-
tions of motion for positions, velocities, and accelerations of all atoms are integrated
forward in time using the well-known Newton equations of motion. It computes the
time dependent deformation of protein structure. However, molecular dynamics simu-
lation also depends on the atomic representation to estimate the evolution of confor-
mations of protein complexes based on the interaction between atoms. Especially both

electrostatics interaction forces and van der Waals forces require O(N ) computa-

tional complexity for performing the direct calculation. Thus its computational com-
plexity is expensive for the high number of atoms which are required to predict the
deformation of protein structure. The constraint enforcement for bond lengths or bond
angles using nonlinear constraint equations at each time step such as SHAKE [6], and
RATTLE [7] to eliminate high frequency vibration motions also require heavy com-
putational cost for molecular dynamic simulation.

In this paper, instead of expensive bond lengths and angles constraints or non-bond
related forces computations, we provide a new global shape based volume preserva-
tion for protein deformation. The complexity of our volume preservation algorithm is
at a constant time and it requires virtually no additional computational burden over
the conventional mass-spring dynamics model. Our method incorporates the implicit
volume preservation constraint enforcement on a mass-spring system to represent
protein complexes, so it provides an efficient platform for user manipulation at an
interactive response rate. Therefore, the proposed method is well suitable for initial
screening of behavioral analysis for complex protein structures.

2 Related Works

The modeling of complex proteins based on the molecular dynamics simulation has
been one of the remarkable research areas. The canonical numerical integrations [8]
have been used for molecular dynamics simulations using thermodynamic quantities
and transport coefficients since they provide enhanced long-time dynamics [9, 10].
Nose-Hoover [11, 12] molecular dynamic is introduced using a constant-temperature
and Martyna et al. [13] improved stiff system problems with Nose-Hoover chain
dynamics. Jang and Voth [14] introduced simple reversible molecular dynamics
algorithms for Nose-Hoover chain dynamics by extension of the Verlet algorithm.
Constrained molecular dynamics simulation also has been used to remove numerical
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stiffness of bond length or bond angle potentials. In molecular dynamics, the length of
the integration time step for numerical integration is dictated by the high frequency
motions since hard springs can cause numerical instability. The high frequency mo-
tions of molecular dynamic simulation are less important than the low frequency
motions which correspond to the global motions.

Ryckaert et al. [6] introduced the SHAKE algorithm based on the Verlet method to
allow for bond constraints and is widely used for applying the constraints into mo-
lecular dynamic simulations. The SHAKE algorithm is a semi-explicit method. Al-
though the SHAKE iteration algorithm is simple and has a low memory requirement,
it requires a sufficiently small integration time step to converge to the solution. The
adaptive relaxation algorithm for the SHAKE algorithm as presented by Barth et al.
[15] iteratively determines the optimal relaxation factor for enhanced convergence.
Andersen [7] proposed the velocity level Verlet algorithm, RATTLE, for a velocity
level formulation of constraints. The SHAKE and RATTLE require solving a system
of nonlinear constraint equations at each integration time step thus they require sub-
stantial computational cost. On the other hand, we applied the implicit volume-
preserving constraint into protein simulations with our implicit constraint method to
achieve the globally meaningful deformation of proteins.

3 Protein Structure

The protein consists of the spatial arrangement of amino acids which are connected to
one another through bonds. Thus the protein is a set of atoms connected by bonds in
3D. Instead of using bonded and non-bonded empirical functions, we represent the
bond connectivity by simple mass-spring system. Fig. 1 illuminates the structure of
periplasmic lysine, arginine, ornithine binding protein (2LAO). The atoms (mass
points) are connected by springs which are colored by green lines to propagate the
energy. Although we generated springs for each amino acid, each amino acid is still
isolated from other amino acids in the protein. Two or more amino acids are linked
together by a dehydration synthesis to form a polypeptide. These characteristic
chemical bonds are called peptide bonds. Therefore two amino acids are connected
together by the carboxyl group and the amine group. Notice that a water molecule is
removed during this process.

Fig. 1. Simple mass-spring system for periplasmic lysine, arginine, ornithine binding protein
(2LAO)
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4 Protein Surface

Since proteins interact with one another and other biological compounds through the
surface, the protein surface is highly important to understand protein functions and
deformations. The concept of a surface for protein involves the geometric properties
of molecules, biophysics, and biochemistry. Usually the van der Waals surface is
simply computed by overlapping the van der Waals spheres of each atom.

Lee and Richard [16] estimated the solvent accessible surface using a water mole-
cule probe. The solvent accessible surface is determined by a water probe which
exactly contacts the van der Waals spheres. Connolly [17] improved the solvent
accessible surface using the molecular surface and reentrant surface and has been
widely used to represent the surface of proteins. The atoms are idealized as spheres
using the van der Waals radius and the Connolly surface is determined by the
inward-facing surface of the water probe sphere as it rolls over the protein
molecule.

Since fast and accurate computational geometry methods make it possible to com-
pute the topological features of proteins, we applied the marching cube algorithm [18]
to determine the surface of the protein. The marching cube algorithm has been widely
used in applications of medical imaging to reconstruct 3D volumes of structures
which can help medical doctors to understand the human anatomy present in the 2D
slices and also applied to the description of the surface of biopolymers [19]. The 3D
coordinates of every atom of the protein are obtained from PDB (Protein Data Bank)
[20]. Initially, each atom is created using the van der Waals radius. However these
standard values of the van der Waals radii create too many spatial cavities and tun-
nels. Thus we gradually increase the radius of atoms using a threshold until all atoms
are overlapped with at least one of the other atoms.

The marching cube algorithm is one of a number of recent algorithms for surface
generation with 3D volumetric cube data and it can effectively extract the complex
3D surface of protein. In addition, this algorithm provides the triangle mesh for the
surface which is essential for using our volume preservation scheme. This algorithm
detects not only the surface of the protein structure but also the cavities or tunnels of
the protein. We can readily expand the basic principle of the marching cube algorithm
to 3D.

We adopted the marching cube algorithm to generate the complex surface of pro-
teins as a pre-processing stage. The high resolution of the triangulated mesh surface
requires more computational cost and the resolution of the surface can be controlled
using a threshold value which defines the size of cubes. The Fig. 2 shows the created
refined surface of periplasmic lysine, arginine, ornithine binding protein (2LAO) and
Adenylate kinase (1AKE). The surface nodes which create the surface of the protein
are independently created from atoms. These surface nodes are connected by struc-
ture, bending, and sheer springs to preserve the physical properties. To represent the
correct surface according to the deformation of the protein, the surface should be re-
estimated by the marching cube algorithm at each time step, but it is a computation-
ally expensive and painful task.
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Fig. 2. The surface of proteins using marching cube algorithm: the left figure is periplasmic
lysine, arginine, ornithine binding protein (2LAO) and the right figure is Adenylate kinase
(1AKE)

5 Protein Volume

Volume changes of proteins on protein folding have been studied [21, 22] and their
results show that volume changes are very small (less than 0.5 percentage from
original volume) at normal pressure. To overcome the critical inherent drawback of
volume loss of a mass-spring system, this paper proposes a real-time volume preser-
vation method. Our volume preservation method maintains the global volume of a
closed mesh structure and guarantees the constant volume constraint at every time
step of a mass-spring simulation.

The total volume of a protein is estimated by summing the surface triangles of the
protein using the Divergence Theorem. The surface of the protein is represented by
flat triangular patches with coordinates (x,y,z) varying linearly on these patches. It

is convenient to introduce the natural coordinates Ly , L, , and L3 and express the
surface integral as

3
3V=[3 (K LN, + LN, + N, )dA (1)
i=1

Note that the unit normal vector is constant on the triangular surface patch. The inte-
gral is easily evaluated using the following equation for integrating polynomials in L;
ala,las!

L L2 L5 dxdy = 2A )

(a,+a, +a;+2)!

where a,,a,, and a, are non-negative integers, and A is the area of a triangle. We
have the three cases: a, ,a,, and a, are a, =1 a,=a,=0, a,=1 a,=a,=0,

anda, =1 a, = a, =0. The three integrals we need are given by

[ Lidxdy =] Lydxdy =[ Lydxdy =§ 3)
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The total volume V can be obtained by
A
V= Z?{nx(xl +x, +)c3)+ny(yl vty tn (g +z,+ z3)} )

where i is the volume contribution of surface triangle i . This volume must remain a
constant over the entire simulation, so we cast this condition as a constraint in a dy-
namic system.

Let ®(q,r) be the constraint to representing an algebraic constraint. To preserve the
volume of object, the difference between Vv, (original volume) and V (current volume)
should be 0 during the simulation.

®(g,1) =V, -V =0 (5)

We applied the implicit constraint method [23] to maintain the volume constraint.

@, (q.t) M} (q.nA = é@(q,t) +@, (q,t)(iq'(t) +M7'FAqn)  (6)

where F*are applied, gravitational and spring forces acting on the discrete masses,
M is a diagonal matrix containing discrete nodal masses, A4 is a vector containing the

Lagrange multipliers and @, = B_V is the Jacobian matrix. In equation (6), 4 can be
q

calculated by a simple division thus our volume preservation uses the implicit con-
straint method to preserve the protein volume with a mass-spring system at virtually
no extra.

6 Force Generation for Protein Movement

Recently NMA (Normal Mode Analysis) [24, 25, 26] has been widely used to infer
the dynamic motions of various types of proteins from an equilibrium conformation.
NMA is a powerful theoretical method for estimating the possible motions of a given
protein. To analyze the necessary external forces for protein movement, we used the
Yale Morph Server [26] which applied NMA to achieve the movements of proteins as
a reference deformation of the protein. We calculated the necessary forces based on
the series of motion data files which are achieved from [26].

Vil =V +dt(F/m), 1 =4 +dtvn+l (N
Equation (7) is the simple Euler integration to estimate the next status of positions and

velocities. Here v is the velocity of atom, ¢ is position of atom, F is the net force of

system, mis the mass of atom, and dtis the integration time step. We already know
the all position information of atoms for each time step, thus we can calculate the
necessary force to move all atoms using equation (8).

Vor = (qn+1 _qn)/dt . F :n/l(vn+1 _Vn)/dt (®)

Since the atoms of the protein and surface nodes are not connected to each other,
when atoms are moved by estimated external forces in equation (8), the surface of the
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protein will not move. Instead of creating extra springs to follow the movement of
atoms or regenerating the surface using the expensive marching cube algorithm at
each time step, the surface nodes of the protein are moved according to the displace-
ment of the closest atom to reduce computational requirements. Unlike the Yale
Morph Server which only provides 2D motion of proteins with a fixed view point, our
protein simulation provides 3D motion of protein deformation with a controllable
view point.

7 Conclusion

Although we are using the current state-of-the-art computing power, it is still not
computationally feasible to perform atomic molecular dynamics simulation for huge
protein structures at an interactive response rate, partly due to the large conformation
space. Instead of expensive and complicated force calculations at each time step to
achieve the detail deformation of proteins, we applied the simple and fast mass-spring
system. The stable and effective global shape based volume preservation constraint is
applied to the protein simulation with the marching cube algorithm. Although our new
global shape based volume preservation method sacrifices the micro level of dynam-
ics in the protein movement, the proposed efficient platform of protein simulator can
provide the globally correct (low-frequency motion) and biologically meaningful
deformation of the protein complexes at an interactive level. Therefore, our simulator
can be utilized as a nice test-bed for initial screening of behavioral analysis of protein
complexes.

References

1. T. Schlick, Molecular modeling and simulation, Springer, New York, 2002.
A. R. Leach, Molecular modeling principles and applications, Addison Wesley Longman
Limited, 1996.
3. L. Pauling, and E. B. Wilson, Introduction to quantum mechanics with applications to
chemistry, Dover, New York, 1985.
4. Amber Molecular Dynamics, http://amber.scripps.edu/
5. CHARMM Development Project, http://www.charmm.org/
6. J. P. Ryckaert, G. Ciccotti, and H. J. C. Berendsen, Numerical integration of the Cartesian
equations of motion of a system with constraints: Molecular dynamics of n-alkanes, Jour-
nal of Computational Physics, 23, pp. 327-341, 1977.
7. H.C. Andersen, Rattle: A velocity version of the SHAKE algorithm for molecular dynam-
ics calculations, Journal of Computational Physics, 52, pp. 24-34, 1983.
8. D. Okunbor and R. D. Skeel, Canonical numerical methods for molecular dynamics simu-
lations, Journal of Computational Chemistry, 15(1), pp. 72-79, 1994.
9. P.J. Channell, and J. C. Scovel, Symplectic integration of hamiltonian systems, Nonlin-
earity, 3, pp. 231-259, 1990.
10. D. Okunbor, Canonical methods for hamiltonian systems: Numerical experiments, Physics
D, 60, pp. 314-322, 1992.
11. S. Nose, A molecular dynamics method for simulations in the canonical ensemble, Mo-
lecular Physics, 52(2), pp. 255-268, 1984.

N



19.

20.

21.

22.

23.

24.

25.

26.

Protein Simulation Using Fast Volume Preservation 315

W. G. Hoover, Canonical dynamics: Equilibrium phase-space distributions, Physical Re-
view A, 31(3), pp. 1695-1697, 1985.

G. J. Martyna, M. L. Klein, and M. Tuckerman, Nosé—Hoover chains: The canonical en-
semble via continuous dynamics, Journal of Chemical Physics, 97(4), pp. 2635-2643,
1992.

S. Jang, and G. A. Voth, Simple reversible molecular dynamics algorithms for Nosé—
Hoover chain dynamics, Journal of Chemical Physics, 107(22), pp. 9514-9526, 1997.

E. Barth, K. Kuczera, B. Leimkuhler, and R. D. Skeel, Algorithms for constrained mo-
lecular dynamics, Journal of Computational Chemistry, 16, pp. 1192-1209, 1995.

B. Lee and F. M. Richards, The interpolation of protein structures: Estimation of static ac-
cessibility, Journal of Molecular Biology, 55, pp. 379-400, 1971.

M. L. Connolly, Solvent-accessible surfaces of proteins and nucleic acids, Science, pp.
709-713, 1983.

W. E. Lorensen, and H. E. Cline, Marching Cubes: A high resolution 3D surface con-
struction algorithm, Proceedings of SIGGRAPH 1987, ACM Press / ACM SIGGRAPH,
Computer Graphics Proceeding, 21(4), pp. 163-169, 1987.

A. H. Juffer, and H. J. Vogel, A flexible triangulation method to describe the solvent-
accessible surface of biopolymers, Journal of Computer-Aided Molecular Design, 12(3),
pp- 289-299, 1998.

The RCSB Protein Data Bank, http://www.rcsb.org/pdb/

P. E. Smith, Protein volume changes on cosolvent denaturation, Biophysical Chemistry,
113, pp. 299-302, 2005.

M. Gerstein, J. Tsai, and M. Levitt, The volume of atoms on the protein surface: Calcu-
lated from simulation, using voronoi polyhedra, Journal of Molecular Biology, 249, pp.
955-966, 1995.

M. Hong, M. Choi, S. Jung, S. Welch, and Trapp, J. Effective constrained dynamic simu-
lation using implicit constraint enforcement. In IEEE International Conference on Robot-
ics and Automation, 2005.

P. Dauber-Osguthorpe, D.J. Osguthorpe, P.S. Stern, J. Moult, Low-frequency motion in
proteins - Comparison of normal mode and molecular dynamics of streptomyces griseus
protease A, J. Comp. Phys., 151, pp. 169-189, 1999.

A. D. Schuyler, and G. S. Chirikjian, Normal mode analysis of proteins: A comparison of
rigid cluster modes with Ca coarse graining, Journal of Molecular Graphics and Model-
ling, 22(3), pp. 183-193, 2004.

Yale Morph Server, http://molmovdb.mbb.yale.edu/



	Introduction
	Related Works
	Protein Structure
	Protein Surface
	Protein Volume
	Force Generation for Protein Movement
	Conclusion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.01667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU ()
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice




