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Abstract: We apply a skeletal animation technique developed for general computer graphics animation to
display the dynamic shape of protein molecules. Polygon-based models for macromolecules such as atomic
representations, surface models, and protein ribbonmodels are deformed by themotion of skeletal bones that
provide coarse-grained descriptions of detailed computer graphics models. Using the animation software
Blender, we developedmethods to generate the skeletal bones formolecules. Our example of the superposition
of normal modes demonstrates the thermal fluctuating motion obtained from normal mode analysis. The
method is also applied to display the motions of protein molecules using trajectory coordinates of a molecular
dynamics simulation. We found that a standardmotion capture file was practical and useful for describing the
motion of the molecule using available computer graphics tools.

Keywords: molecular dynamics; molecular visualization; normal mode analysis; structure of protein
molecule.

1 Introduction

Recent computer graphics technology has advanced the high-resolution rendering of large-scale geometrical
models with fine, smooth animation that is useful for molecular science. In fact, the consumer game industry
has driven the development of leading software and tools for polygon-based models that support universal
shape description. These graphical models can be used to describe hypothesized molecular mechanisms by
means of animations. In a molecular 3D model of cell components, hundreds of molecules may be integrated
into an animation using recent software. For example, ePMV [1] is a new-generationmolecular graphics plugin
that works as an add-on tool for general-purpose 3D computer graphics (CG) animation software such asMaya
(Autodesk Inc.) [2] and Blender (Blender Foundation). On the other hand, molecular dynamics simulation
results can be visualized bymolecular graphics programs such as UCSF Chimera [3], Cn3D [4] or BioBlender [5]
using atomic coordinates. However, it is not a trivial task to place many molecules in a graphics scene.
Eventually many protein models depicted in a virtual cell Atlas could be animated to demonstrate protein-
protein interactions.

To accomplish this goal, we used polygon mesh models of a coarse-grained molecular surface, and
displayed the dynamic conformational change of themolecules.We apply the skeletal animationmethod [6, 7]
for molecular graphics to demonstrate the results of molecular simulation. The skeletal animation method
takes advantage of recent advances in 3D CG hardware to render the shape changes of fine detailed polygon
mesh models. It has been used in the media industry for CG animation films and game software development.

To apply motions to the polygon mesh models of molecular objects, we introduce skeletal bones whose
movements deform the models. Figure 1 illustrates surface models of myosin made from atomic coordinates;
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hypothetical movements of the molecule described in molecular biology textbooks are applied by means of
skeletal bones. Bones can be superimposed on the polygon mesh models at arbitrary locations and with
arbitrary movements. This ability is useful for describing conformational changes in, and the flexibility of,
protein molecules. With typical 3D CG software, motions are described as sets of poses, and these sets are
defined as key frames with translation and rotation at the specified time, and saved as animation scripts.

Our approach is to first describe coarse-grained motions for the normal mode analysis of proteins [8].
These calculations give the inherent flexibility of protein molecules and the spectroscopic and physical
properties that are observed experimentally. Coarse-grained motion descriptions are useful because the
motions are mostly described with groups of atoms based on protein domains.

In this study we demonstrate that skeletal animation is a practical tool for visualizing molecular simu-
lation results at low computational cost. The method was used to place hundreds of molecules in a graphics
scene of molecules in a cell. Amotion capture file format supported by general-purpose animation production
software is introduced to describe the motions of molecular skeletons. Although the file contains only a single
motion at fixed length formaking amovie,many existing software programs already support the file format for
skeletal animation. We employed Blender, a 3D CG animation software package for movies that implements
various functions for skeletal animation using the motion capture file format. With our results for molecular
surfaces, protein ribbon models, and atomic models, we discuss possible performance improvements for the
rendering of animated models using our method.

2 Related works

The skeletal animation method is also called rigging in the animation industry. The Rigging Kit for Molecular
Maya (Digizyme Inc.) [9] was recently announced as an extension module to the animation construction
software Maya. The method described in this study may also be applicable for work with Maya, although the
cost of this commercial software is considerably high.

With the ePMV software suite, skeletal animation using alpha-carbon atoms with the inverse kinetics
technique has been shown to support smooth handwork modeling. For example, morphing animation can
demonstrate interactions between two different conformations of proteins in a PDB file, as well as in UCSF
Chimera. Since the methods use the atomic coordinates described in the multiple model PDB file, increasing
numbers of atom will drastically reduce the performance of the rendering software. A similar function is also
available in Pyrite, a Blender plugin for molecular dynamics simulations [10].

Given an understanding of the molecular interaction of protein molecules, cellPACK [11] demonstrated
large scale construction of the protein molecular world in the cell. Although simple rigid body translational
motions showed realistic molecular behavior, the conformational changes to these molecules should also be

Figure 1: Amolecular surfacemodel ofmyosin (pdb 1MYS)
deformed by skeletal animation. The hypothetical
bending motion of the myosin, known as the power
stroke, can be examined by defining the translation and
rotation operations.
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demonstrated. Our study tries to provide such motions based on the normal mode analysis and molecular
dynamics. Among recent studies of biological visualization, such as those discussed in the Baaden review
article [12], one report that has generated intriguing discussion is a study using Blender to edit the molecular
behaviors of membrane proteins based on microscopic observations [13].

3 Methods

Figure 2 contains a work-flow chart of our method for using the skeletal animation feature available in Blender. We implemented
programs to define skeletal bones from the molecular structure and simulation data into files readable by Blender.

3.1 The skeletal animation method

A polygon mesh object is deformed by altering the vertex coordinates of the polygons. Once a skeleton consisting of a numbers of
bones is assigned to the polygonmodel, each vertex can be transposed according to themovements of related bones. Each bone has

two coordinates and an axis vector that is also defined as a rotation and translationmatrix. All vertices v
→
j describing themesh object

are translated by different matrices of the near bones, and the mesh object deforms from its original structure. Among the different
algorithms for mixing matrices, the simplest method is called “linear blend skinning”. Using matrix Mj for the jth bone, the

transformed coordinates of the vertices v
→
j are linearly mixed with those from several close bones [6]:

v
→
i
′ � ∑jwi, jMj v

→
i (1)

Weightswi,jwill be assigned to the ith vertices using the distance to the jth bone. Blender implements this method to automatically
calculate the weights, but then provides a graphical editor tomodify the weights. When the deformed polygonmesh objects are not
satisfactorily smooth, the weights can be modified manually using an interactive user interface. Figure 3 is an example of such a
user interface implemented in Blender. It allows the vertices to be painted at a specified weight value.

For the skeletal animation, a standard file format called BVH was proposed by BioVision Inc [14]. First the hierarchical bones
are defined with the top and bottom as the initial locations. A single sequence of motion data for the translations and rotations
follows. Currently, various BVHdata for human and other objects useful for moviemedia creation are available as both commercial
and free data. We employed the coordinate values scaled to 10 nm in the 3D Blender scene, as most protein renderings fit a default
CG scene.

Figure 2: Work flow for the proposed skeletal animation using blender. Molecular objects are built from the atomic coordinate
model PDB onto the polygon surface in the OBJ or STL format. They are animated in blender using skeletal animation according to
the definedbones. The twomethodsused for definingbones are described in the text: (1) DSSPand (2) k-means. Results of normal
mode analysis andmolecular dynamics calculation are converted to themotiondata saved in BVH file format to facilitate handling
with existing 3D CG animation software.
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3.2 Defining bones for the molecular object

3.2.1 Bones from the atomic model: Bones for the molecular objects made from the atomic model are considered a coarse-grained
model. In order such a model to yield natural movements, the normal mode analysis of thermal vibration based on molecular
mechanics is used [15]. We tested a simple method by grouping atomic coordinates, including information from the major normal
mode vectors. The atomic coordinates andmajorm-sets of the normalmode vector provide a 3m + 3 dimension vector for all atoms,
and they are grouped by k-means clustering. With k-group center coordinates, the closest pairs give (k−1) bones, the axes of which
are derived from the adjacent group center.

3.2.2 Bones by the secondary structure of protein: For protein molecules, the widely used ribbon model preserves an alpha helix
by assigning a single bone. Moreover, the coarse-grained bone can also be derived from the secondary structure by DSSP analysis
[16], where successive secondary structure residues are assigned as a single bone. Small bones, except for helix and sheet bones,
can bemerged; typically, six residues represent theminimum size. For the α-helix, the three starting and three ending alpha carbon
positions are averaged to create the two-bone coordinates. The axis vector was derived from the alpha carbon position of the fourth
starting residue.

3.3 The superposition of normal mode motions

While the normal mode vibration analysis provides the major components of physical object motion, an arbitrarily linear super-
position is allowed to represent or reconstruct the practical motion of the object using coefficient Am and phase shift pm:

→
Wj(t) � ∑

mode

m
v
→
mj ⋅ Am ⋅ sin(2πwmt + pm) (2)

where, vmj is the mth vibration mode for the atom, and wm is the vibration frequency. While the individual motion provides direct
evidence of the object’s flexibility, in practice the motion should always be mixed. The obtained motion Wj(t) indicates
displacement vectors to the atomic coordinates to yield the animated motion of the atomic model. We used all 10 of the lowest
frequency normal modes providing vibration frequencies that dominate major dynamic motions of the protein available at the
ProMode Elastic server, following their calculation methods [15]. Changing the phase gives different aspects of motions that may
appear some time later in other compositions. There are also different calculation servers for the normal mode analysis, such as
ElNemo [17], which calculates more than 10 normal modes for further analysis about the important number of normal modes.

3.4 Assigning bones to a model in blender

Our method is not limited to use in Blender, but may also be applied in other 3D CG animation software such as Maya, Cinema4D
(MAXON Computer GmbH), and 3ds Max (Autodesk Inc.), as long as the BVH file format is supported. Here, we describe a typical

Figure 3: User interface provided by blender to adjust the
bone weight for each polygon vertex. For the flexible
tube representing a loop region of the peptide chain,
vertices are selected and the “weight paint” mode
allows bone-weight changes assigned to those vertices,
where the weight value is chosen on the left color panel
and painted using a mouse.
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operation in Blender. The polygon mesh models of the molecular model were saved in files by the molecular graphics package,
UCSF Chimera. Typically, the OBJ format contains color information that is useful for color models by atomic elements or chemical
properties. For protein ribbonmodels or a surfacemodel, the STL format ismuchmore compact. After loading the polygonmodel, a
corresponding bone file in BVH format is imported to Blender. Then, the “parent” command will assign the bone to the target
polygon mesh, where the “automatic weight” option is selected for the skeletal animation.

Creating animationusingBlender requires a lot of knowledge and experiencedue to the complexity of theworkflow required to
make movies using 3D polygon objects. Even with an improved graphical user interface and a variety of use case materials on the
Internet, Blender has not beenwidely utilized in scientific research. Therefore,we concluded that the animation script file should be
shared in order to ensure the reproducibility of the visualization method. We have identified useful tutorial materials to help
scientific researchers use Blender; for example, the BioBlender website [5], and CellBlender in MCell website [18] with useful
documentation. There is a modeling study for lipid bilayers that demonstrates the advanced use of Blender available on its website
[19].

4 Applications

4.1 Thermal vibration of proteins by normal mode analysis

The Promode-Elastic server provides the results of a normal mode analysis for the PDB protein atomic model
with graphical visualization for the individual vibrationmode. For an alternative visualization of the vibration
mode, we tried the arbitrary superposition of several normal modes to generate possible thermal fluctuations
of the molecule. After visual inspections, the amplitude Am was set to 2 and the phase shift pm was 0 for all
modes. Changing these parameters does not really affect the visualization of the overall non-periodic
fluctuation.

Figure 4 is a ribbon model for α-amylase 1AMY in PDB with 37 overlapping skeletal bones. Figure 5 is a
snapshot with three superimposed conformations of the animated model showing that the overall shape
deformation of the protein with 4,088 atoms is well described by the skeletal animation. In particular, mobile

Figure 4: A sample skeleton introduced for α-amylase
(pdb 1AMY). These bones represent motions converted
for the normal mode analysis, and the molecular
dynamics trajectory is demonstrated on our web page
[20]. In the loop regions, bone motions frequently
become larger than those in the other regions. In that
case, smaller bones should be used for smoother
animation.

Figure 5: A snapshot of the animation display for
α-amylase (pdb 1AMY). Three conformations at different
time frames, depicted in yellow, cyan, andmagenta, are
simply superimposed to demonstrate the movement.
Overlapped regions then become gray.
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regions consisting of loop regions were well distinguished compared to more rigid portions, including alpha-
helix or beta-sheet components. The normal mode frequency was adjusted to make 0.02 radian sinusoidal
steps for a 1 cm−1 wave number, which is saved in a standard movie sequence with 24 frames per second (fps).
Sample movies and scripts are available from our website [20] with supplemental materials describing the
Blender script.

We also examined the discrepancy between the animated trajectory coordinates and the reference normal
mode displacement. The animated coordinates of the atomicmodel were retrieved by a script in Blender for the
lower 10 normal mode movements, and the root mean square difference of the animated coordinates was
0.004–0.012 nm when the amplitude was unity.

4.2 Coarse-grained trajectories of molecular dynamics simulations

In order to provide a quick preview of the molecular dynamics trajectory, we applied our method for the
coarse-grained trajectory of atomic movements. Once the skeletal bones are defined for the initial co-
ordinates, the molecular dynamics trajectory can be approximated by the motion of the skeletal bones. The
skeletal bones do not require accuracy in terms of grouping atoms; the subsequent motion data assigned to
the groups already contains the mean positions of atoms. The example molecule discussed above,
α-amylase, was also used in a simple molecular dynamics simulation in an aqueous environment. GRO-
MACS (ver 5.0) was used with the GROMOS96 (43a1) united-atom force field on an Ubuntu Linux, 32 GBytes
main memory, 8-thread Core i7-4765t processor. Based on a standard protocol for the constant number of
particles, pressure, temperature (NPT) ensemble, duration 8 ps dynamics at 300 K in atmospheric pressure,
4,000 frames at a 2 fps time step were calculated. Trajectory coordinates are saved at every 10th frame,
resulting in a total of 400 trajectories of 4,088 atoms, generating a PDB file 8 MBytes in size. Then a BVH
motion capture file of 704 KBytes was generated for the same skeleton with 37 bones, as in the previous
normal mode analysis.

Skeletal animation runs on a conventional personal computer with low computational cost. For example,
a molecular dynamics trajectory visualization using an atomic model of α-amylase like that in Figure 5 con-
sumes an additional 42 MB of main memory, while the molecular dynamics simulation trajectory requires a
viewer program. UCSF Chimera (ver 1.10.1), for example, required an additional 350 MB of main memory.

4.3 Motion parts for making scenes of the molecular world

Our main goal in this motion description method is to animate the protein molecules used in constructing
scenes of the molecular world in a cell. Examples of the script file available from the website [21] demonstrate
some of the basic biochemistry textbook contents, including: the model of motor protein myosin and actin
extended to the skeletal muscle filament; the treadmillingmotion of the actin filament; and an in vitromotility
assay for themovements of microtubules on kinesin proteins. Our work constructing a hypothetical animation
for the starch hydrolysis of α-amylase with flexible molecular motion is described in the supplemental
material.

In addition to the globular molecular shape changes, we also demonstrated an animated atomic model of
the active site of α-amylase reported by EzCatDB, a database for enzyme catalytic mechanisms [22]. Using
several atomicmodels of the active site investigated by X-ray crystallography, interpolated atomic coordinates
between several conformations were generated by UCSF Chimera. Currently, this animation is a series of
atomic coordinate models that we were not able to describe by skeletal bones. Figure 6 shows an example of
the handwork illustrations for atomic models in the chemical context.
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5 Discussions

5.1 A superposition of normal mode

The normal mode movements of a globular molecule have been visualized using illustrations of individual
components, where the corresponding frequency provides the spectroscopic property of the molecule. We
attempted to visualize these modes by combining major normal modes. The movement looks very similar to a
thermal fluctuation, and is thus a reasonably demonstratedmobilemolecular segment. There are also different
superposition coefficients that would make it possible to distinguish specific movements of the normal mode
vibration. In comparisons with the molecular dynamics trajectory, the fast motion components are mostly
smoothed out and only global shape changes give a different impression. Usually detailed motions of the
molecular dynamics tend to differentiate into random motions; the normal mode fluctuations show
unchanging characteristic views of the movements. These fluctuations would be preferable for the general-
purpose scientific visualization.

5.2 Coarse-grained molecular dynamics trajectory

The increasing data size obtained from large-scale molecular dynamics simulations yields huge amounts of
data on the dynamics trajectories of macromolecules. In particular, even with a united-atom force field to
reduce hydrogen atoms as in our example, protein complex structures are extremely large. Efficientmethods to
compress these trajectory data have been reported [23, 24], supporting the accurate conservation of simulation
results. While these algorithms ensure a certain precision, our method may also be employed to visualize
overall shape changes and domain motions where detailed atomic coordinates have an insignificant visual
effect.

Additional bones may also be used for detailed rotational motions of protein side chains. When large
changes in the atomic structure of the trajectory data exist, the automatic generation of such detailed bones
would be possible.

5.3 Improving the performance of recent graphics hardware

The skeletal animationmethod could be improved by using a vertex buffer with recent graphics hardware that
allows rapid change of vertices for rendered polygons. The hardware vertex buffer technique is supported by
the OpenGL standard as an extension of functionality, and is further reinforced by other graphics libraries:
DirectX (Microsoft), Vulkan (Khronos Group), orMetal (Apple). Because implementations of skeletal animation
using graphics hardware are increasing in various application domains, molecular graphics software tools

Figure 6: A possible skeletal
animation for the atomic
model of guanine. The groups
of atoms for macromolecules
may be defined and moved by
bones to provide intuitive
modeling such as dihedral
rotations, which we plan to
address in future work.
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would also benefit from this technology. We began implementing our own rendering code with the vertex
buffer in our original viewer program [25] to take advantage of graphics hardware for skeletal animation.

5.4 Understanding protein motions and scientific visualizations

We found that the BVH file format is useful for describing the motions of protein molecules using 3D CG tools
with skeletal animation. Our future work will employ this molecular animation method for EzCatDB, a data-
base for enzyme catalytic mechanisms [22]. In addition, various web-based bioinformatics tools may benefit
from this method for displaying animated proteins.

In scientific visualization studies, molecular mechanisms can be demonstrated by movies of proteins at
work [12]. It is important for those movies to present the natural motions of molecules that cannot be captured
by the experimentalmethod. Skeletal animation is useful for describing the conformational change of a protein
based on ahypothesis deduced from the structural biology literature. Such shape changes ofmolecular surface
models have been studied previously [26]; however, they involved complex geometry calculations. When
handworks attempt to illustrate arbitral deformations, the skeletal bone of the coarse-grained model is useful.
Ourmethodwill also support suchmoving parts as the skeletal bones saved in the BVH format. Notably, it runs
with very little computational cost, so it is possible to integratemanymolecular complexes on the 3D CG scene.
Meanwhile, BVH is a standard file format that is widely supported by a number of existing graphics software
suites for 3D animation.

6 Conclusions

While scientific visualizations can now include portrayal of the motions of proteins at work, we studied a
practical way to visualize the molecular simulation results of the thermal vibration on general-purpose 3D CG
software. In addition to the hypothetical protein motions proposed to understand a protein’s function, it is
important for such movies to present the natural motions of molecules, which cannot be adequately captured
by the experimentalmethod.Ourmethodof using themotion capture file format for proteinmotion canbeused
with modern computer graphics software tools that are fully supported by recent graphics hardware. Source
code and animation scripts for this study are available on our website [20] at https://github.com/uenoyt/
skelmol.
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