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ABSTRACT

The conformational dynamics data bank (CDDB,
http://www.cdyn.org) is a database that aims to
provide comprehensive results on the conform-
ational dynamics of high molecular weight proteins
and protein assemblies. Analysis is performed using
a recently introduced coarse-grained computational
approach that is applied to the majority of struc-
tures present in the electron microscopy data bank
(EMDB). Results include equilibrium thermal fluc-
tuations and elastic strain energy distributions
that identify rigid versus flexible protein domains
generally, as well as those associated with specific
functional transitions, and correlations in molecular
motions that identify molecular regions that are
highly coupled dynamically, with implications for
allosteric mechanisms. A practical web-based
search interface enables users to easily collect
conformational dynamics data in various formats.
The data bank is maintained and updated automat-
ically to include conformational dynamics results
for new structural entries as they become available
in the EMDB. The CDDB complements static struc-
tural information to facilitate the investigation and
interpretation of the biological function of proteins
and protein assemblies essential to cell function.

INTRODUCTION

High molecular weight protein assemblies are actively
involved in diverse cellular functions including transcrip-
tion, translation, protein folding and degradation, nuclear–
cytoplasmic translocation of biomolecules and cell
division. While the static structure of proteins provides
invaluable insight into their functional mechanism, their

conformational dynamics provide additional important
insight that often cannot be inferred from static struc-
ture alone. Examples include the collective motion of
molecular domains, allosteric coupling and the identifica-
tion of molecular regions that are important to complex
stability (1–5).
The conformational dynamics data bank (CDDB) dis-

tributes these results to the broader scientific community,
focusing on high molecular weight protein assemblies
whose structure is based on single-particle cryo-electron
microscopy (cryo-EM) reconstruction. More than 900
such structures are available at present in the electron mi-
croscopy data bank (EMDB) (6,7). Since its inception in
2002, the EMDB has been growing rapidly in recent years,
with a submission rate that has reached �150 structures
per year, paralleling early growth of the Protein Data
Bank (PDB) (8,9). While the conformational dynamics
of proteins stored in the PDB are publically accessible
through several data banks and servers (10–15), similar
data banks do not exist at present for entries in the
EMDB, despite their importance to molecular cell
biology and the fact that many of these structures are
not available in the PDB. The CDDB provides detailed
conformational dynamics information for the majority of
structures deposited in the EMDB, including conform-
ational flexibility (16–18), dynamical coupling between
distant domains that may be involved in allosteric mech-
anisms (2–4), and elastic strain energies associated with
specific functional motions that identify molecular
regions important for structural stability in these
motions (19–21). These data both support further compu-
tational analyses to gain insight into the biological
function of high molecular weight protein assemblies, as
well as serve as a basis set for classification in single
particle reconstructions (22).
Conformational dynamics are computed using a

well-established procedure called Normal Mode Analysis
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(NMA) (16,23,24), which achieves relative computational
efficiency over molecular or Brownian dynamics by
approximating molecular motions as a linear superpos-
ition of harmonic oscillations, called normal modes
(NMs) (16). In practice, only a subset (20–100) of the
lowest non-rigid body NMs is required to accurately
describe the dynamical motions of macromolecules
(25,26). NMA is performed using a recently introduced
coarse-grained computational framework based on the
finite element (FE) method (25) that is computationally
efficient, capable of reproducing atomic-level NMA
results quantitatively (25), and particularly well-suited to
the analysis of EM-based structures that lack atomic co-
ordinates because it is based on the molecular volume of
proteins (26). The data bank is updated actively in an
unsupervised manner as new depositions become available
in the EMDB. The data bank may be extended to incorp-
orate viral assemblies in the VIPERdb (27,28), as well as
structures from the PDB in the future.

DATABASE ARCHITECTURE

The CDDB is driven by the MySQL open source relational
database management system (http://dev.mysql.com/doc/
refman/5.1/en/index.html), and all search queries via the
client browser are implemented on the server in PHP
(http://www.php.net/manual/en/). Table columns contain
in-house conformational dynamics data corresponding to
five major categories: Molecular Surface, Root Mean
Square Fluctuations, Correlations in Molecular Domains,
Elastic Strain Energy Distributions, and FE Model and
Results (26). In addition, there is an overview category
with columns corresponding to visualization and sample
information present in the EMDB. These data are auto-
matically downloaded from the EMDB FTP (Rutgers)
site and integrated into the CDDB on a weekly basis.
Figure 1 displays the information flow from the database
to the visiting user at cdyn.org. Individual database tables
have been normalized to provide users with a simple search
interface where they may search by any key word. Further,
advanced search filters are presented to the user in a drop
down box. These advanced search fields essentially
constrain the user to create queries more closely aligned
to the actual tables of the database.

DATA GENERATION

Conformational dynamics results are computed and main-
tained using an unsupervised procedure (26) that consists
of several distinct computational steps ranging from EM
density map retrieval from the EMDB to NMA results
processing (Supplementary Data). The EMDB is moni-
tored regularly for suitable new entry depositions, for
which NMA and results processing are automatically per-
formed. Entries that are excluded from analysis include
electron tomograms, entries for which neither contour
level nor molecular weight are provided thereby
precluding molecular surface calculation, entries that
consist of multiple disconnected bodies and entries with
defective surface meshes (26).

NMs and resultant dynamical properties are computed
using the FE framework for proteins, which treats mol-
ecules as homogeneous isotropic elastic bodies defined by
their closed molecular surface (25,26). Computation and
discretization of the molecular surface from the EM
density map is performed using the marching cubes al-
gorithm (29) implemented in UCSF Chimera (30) based
on the suggested contour level provided in the EMDB.
The triangulated molecular surface is then processed by
several surface mesh filters available in Meshlab (31) to
remove defective triangles that hinder generation of the
3D volumetric FE mesh. The commercially available FE
analysis program ADINA (ADINA R&D, Inc.,
Watertown, MA, USA) is used to generate the 3D volu-
metric FE mesh and calculate the lowest 100 NMs using
NMA.

Root mean square fluctuations (RMSFs) are calculated
in results processing by weighting NMs according to the
equipartition theorem of statistical thermodynamics (32),
which states that the mean equilibrium elastic energy cor-
responding to each NM is 1

2 kBT, where kB is the
Boltzmann constant and T is temperature, assumed to
be 298 K (Supplementary Data). Weighted NMs can add-
itionally be used to calculate dynamical coupling between
distinct molecular regions using a mutual information
metric (26,33,34), and corresponding elastic strain energy
distributions associated with each NM are computed and
stored, indicating rigid versus flexible regions correspond-
ing to distinct functional motions (26).

Figure 1. Schematic illustration of information flow from the database
to the user. The user interface of cdyn.org is designed using HTML5
(HyperText Markup Language), CSS3 (Cascading Style Sheets) and
jQuery, and is compliant across all major web browsers (Firefox,
Safari, Internet Explorer, Chrome and Opera). HTML provides the
base structure of each page, CSS provides the styling of fonts, colors
and layouts and jQuery is used for animations such as the slide down
boxes under ‘Additional search parameters’. When the user clicks on
the Search button, another language, PHP (PHP: Hypertext
Preprocessor), is used to query the database for information. This
database houses all of the data needed to drive cdyn.org, and is imple-
mented using the MySQL relational database management system.
PHP processes the returned results from each of its queries to
MySQL and outputs them as dynamically generated web pages to the
user. The database itself contains all of the NMA data, as well as data
from the EMDB. Data in the EMDB is available via the FTP site at
ftp://emdb.rutgers.edu/. The integration of EMDB data into the local
database allows the user to specify both NMA and EMDB search
parameters in cdyn.org.
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DATA ACCESS AND CONTENT

The CDDB offers a practical web-based search interface
for conformational dynamics data. Users already familiar
with the EMDB can search for any entry using the corres-
ponding EMDB ID. A keyword search is additionally
provided for an advanced search using the sample name,
author last name, aggregation state and resolution. The
search leads to the search results page that lists all
matching entries with basic identifying information
including the EMDB ID, the sample source, the reso-
lution, the title and authors of the primary citation and
the EM density map release date. Clicking on an entry
header on the search results page shows the corresponding
entry page where conformational dynamics results are
available for download in various formats (Figure 2).

Each entry page begins with an overview of the
molecule with images including a surface rendering of
the molecule from the EMDB, EM density map surface
renderings at the suggested contour level prior to FE mesh
generation, molecular surfaces after preparation for FE
mesh generation and molecular surfaces colored by

RMSFs. Several sections follow as drop down boxes
where users can access various results. The molecular
surface section provides deformed molecular surfaces cor-
responding to each NM, as well as the initial molecular
surface used for NM calculation in STL file format, which
is native to the stereolithography CAD software created
by 3D Systems, Inc., Rock Hill, SC, USA. These files are
useful for animation of thermal fluctuations of the mol-
ecule using programs such as Molecular Maya (http://
www.molecularmovies.org/toolkit/) and Maya
(Autodesk, Inc., San Rafael, CA, USA). Several such
movies are available in the ‘Examples & Applications’
page in the CDDB. The entry sections for RMSF and
elastic strain energy distributions also provide the initial
molecular surfaces, whose vertices are colored by relative
values of RMSFs and elastic strain energy densities in
PLY file format, also known as the polygon file format
or the Stanford triangle format, supported by many
computer graphics software packages.
The last section of the entry page is devoted to all other

data formats including the FE model used for

Figure 2. CDDB web interface. (A) A practical search interface is provided in the main page of the CDDB where users can search by EMDB ID or
keyword. (B) Search results when EMDB ID 1080 is entered, corresponding to the chaperonin molecule GroEL solved at 11.5 Å resolution (37). (C)
Entry page corresponding to EMDB ID 1080, beginning with an overview of the molecule and followed by surface renderings that illustrate the EM
density map rendered at the contour level suggested in the EMDB entry, the filtered molecular surface mesh used for generation of the FE model,
and the RMSF-colored molecular surface obtained from NMA. Several sections follow as drop down boxes where users can access specific results in
various formats for download.
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conformational dynamics analysis, which may be further
used to simulate mechanical response properties of the
molecule. Eigenvectors and their magnitudes, correspond-
ing elastic strain energy densities for each NM and total
RMSF amplitudes at FE nodal points are stored in ASCII
format. These results are additionally interpolated to each
voxel of the original electron density map and stored in
MRC electron density map format (http://www2.mrc-
lmb.cam.ac.uk/image2000.html). Users may view both
the original density map and result maps simultaneously
using, for example, Chimera. Molecular animations that
illustrate the dynamical motions associated with each NM
are also available for download in both high (640� 480
pixels) and low (320� 240 pixels) resolutions.

CONCLUSIONS

The CDDB distributes for the first time to the molecular
cell biology community conformational dynamics results
for supramolecular protein assemblies. Many of these
results are uniquely available from the EM-based struc-
tures employed because high molecular weight complexes,
as well as some other lower molecular weight proteins and
complexes, are not amenable to crystallography. EM has
the additional advantage over crystallography that
samples are prepared in their native, physiological state,
including effects of pH, salt concentration and ligand con-
centration on structural states. It is well-established that
the presented NMA-based conformational dynamics
results are useful in identifying and understanding allo-
steric mechanisms that mediate signal transduction and
catalysis in proteins (2), molecular regions and residues
that are key to functional transitions in proteins (26),
as well in the analysis of protein stability and mechanics
(34–36). While the present rendition of the data bank is
focused on structures deposited in the EMDB, the
approach employed is generally applicable to atom-based
structures present in other structural databases including
the VIPERdb and PDB. Conformational dynamics results
from these databases may be included in the CDDB in
the future, providing a single database for dynamical
information related to proteins and protein assemblies.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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