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Abstract 
The database of molecular motions, MolMovDB (http://molmovdb.org), has been in 
existence for the past decade.  It classifies macromolecular motions and provides tools to 
interpolate between two conformations (the Morph Server) and predict possible motions 
in a single structure. In 2005, we expanded the services offered on MolMovDB. In 
particular, we have further developed the Morph Server to produce improved 
interpolations between two submitted structures. We have added support for multiple 
chains to the original adiabatic mapping interpolation, allowing the analysis of subunit 
motions. We also added the option of using FRODA interpolation, which allows for more 
complex pathways, potentially overcoming steric barriers.  We added an interface to two 
different hinge prediction approaches. These act on single structures and predict likely 
residue points for flexibility.  We also developed tools to relate such points of flexibility 
in a structure to particular key residue positions, i.e. active sites or highly conserved 
positions. Lastly, we have begun relating our motion classification scheme to function 
using descriptions from the Gene Ontology Consortium.

Introduction 
 
The study of macromolecular motions is important for the understanding of function.  
Motion is crucial for the mechanism of catalysis, signaling, and for the formation of 
complexes.  Also, knowledge of the accessible conformations can be used to improve the 
performance of docking codes.  For these reasons a server which receives pairs of 
structures and generates putative motion trajectories plays a unique role in structural 
biology.  The Database of Molecular Motions(1-5)  is not only a repository of such 
motions but also aims to characterize them systematically and provide tools for their 
analysis.  

MolMovDB is a resource for studying conformational changes in protein and other 
macromolecules, primarily through analysis of crystal structures.  It has been used to 



design and test a wide variety of structural analysis algorithms.  The Morph Server in 
particular has been used by many scientists to analyze pairs of conformations and 
produce realistic animations.

MolMovDB sits within a constellation of databases focusing on protein structure,  These 
include the Structural Classification of Proteins (SCOP)(6),  the Protein Data Bank 
(PDB)(7), CATH(8), and many others.  Most of these databases are designed as 
repositories of information or systems of classification for single protein structures.  
MolMovDB differs from most in that it focuses on motions.  

Early studies of domain movements based on comparison of two structures(9,10) led to 
the idea of creating a database of pairs of structures.  Initially a simple collection of web 
pages(10), MolMovDB soon developed into a proper database with a classification 
scheme(1,2,11).  An automatic pipeline for finding and morphing related proteins in the 
PDB followed(3).  Updates in recent years have included a normal mode analysis server 
to try to predict likely motions from a single structure(3), and automated graphs showing 
distribution of flexibility statistics(4). 

In the present work we describe recent improvements to MolMovDB.  We have begun 
relating our motion classification scheme to function classification using definitions 
provided by GO(12).  New tools have been added to relate motions to particular sites, 
namely active sites and highly conserved residues.  We have further developed the morph 
server to produce more realistic interpolations between two structures and handle larger 
motions.  Specifically, an option has been added to use FRODA(13) to find a sterically 
allowed trajectory, and a multiple chain option has been made available to obtain the 
trajectory of a complex using adiabatic mapping.  We have also added an interface to our 
flexibility prediction programs, FlexOracle(14) and ProMorph(15).

Improvements to the Morph Server 
 
The original morph server uses an adiabatic mapping approach to generate morphs for 
single chains.  Under this scheme, the distance between each atom on one structure and 
the corresponding atom on a second structure is evenly reduced.  After each reduction, 
the thus interpolated structure is subjected to an energy minimization step.  The 
usefulness of the trajectories generated has been limited by two factors.  First, previous 
versions of the server could not handle complexes.  This limitation stood in the way of 
large scale studies of interior voids in proteins, helix-helix packing, flexibility prediction, 
and many other large-scale structural analyses.  Second, we found that when the 
trajectory of conformational change strayed far from a linear interpolation, the morph 
server often gave unphysical results.    

To address these limitations, we added two new morph methods.  First, a new multiple 
chain option enables the morphing of complexes using adiabatic mapping(11).  Second, a 
new FRODA option gives our morph server the ability to circumvent the steric clashes 
that sometimes occur in adiabatic mapping.  



Multiple chain morphing using adiabatic mapping approach 
 
The new multiple chain option of the Morph Server was developed to aid in studies of 
conformational changes of large complexes, including mixed protein-nucleic acid 
structures.  

Although interpolations of complexes were possible with previous versions of the server, 
they were limited by the requirement for precisely matching sequences and limited gaps.  
Proteins with very distant homology could be morphed, but only single chains at a time.  
Our new server can determine consensus sequences and coordinates for an arbitrarily 
large number of chains, and has successfully been used with structures related by 55% 
sequence identity.  Compared to either of the previous versions, the output is more 
faithful to the original crystallographic data, preserving most atomic positions, residue 
numbering, and gaps.  Currently the processing of homologous structures results in 
alanine mutations for residue mismatches, but the design is sufficiently flexible to allow 
addition of other methods for obtaining a consensus sequence.

New FRODA option for the morph server 
 
To address the potential clashes inherent in non-linear trajectories, we used the newly 
developed FRODA (13) module that is part of the FIRST5 software suite. Our 
submissions page now offers a “FRODA lite(16)” option, which invokes a “directed 
dynamics” FRODA run with a set of default parameters. In this “lite” mode, only 
covalent bond lengths and angles are maintained, along with appropriate van der Waals 
radii on all atoms to avoid collisions(13). Since no hydrogen-bond constraints are 
considered in the “lite” mode, there is no need for the input structure to have hydrogens 
added. A full-feature version of FIRST5 with FRODA is available for download and 
online usage at http://flexweb.asu.edu, which also includes added hydrogen atoms, as 
well as hydrogen bond constraints and hydrophobic tethers(13).

The central concept behind FRODA is the use of geometric simulation to explore 
conformational space. The simulation begins by mapping a set of ghost templates onto 
the protein such that every atom belongs to at least one template. These templates overlap 
each other only at rotatable dihedral angles. Figures 2a and 2b respectively show the 
atoms and the two ghost templates, colored yellow and blue, FRODA assigns to an 
ethane molecule. The two carbon atoms belong to both ghost templates because the 
carbon-carbon bond is rotatable (flexible). Initially, these templates map onto the 
structure perfectly, with each edge of a template mapping to a covalent bond in protein. 
Noncovalent interactions are not included in the morphing procedure of FRODA lite.

Once the ghost templates have been mapped to the protein atoms, the simulation proceeds 
through a series of displacement and matching steps. The result of each step is a new 
conformation. One of these simulation steps is depicted for an ethane molecule, shown 
with green carbon spheres and white hydrogen spheres in Figure 2a. Figure 2b shows two 
ghost templates, yellow and blue, mapped onto the ethane molecule such that each 
hydrogen atom is associated with a single vertex while each carbon atom is associated 
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with two vertices, one in each ghost template. Each step begins with random 
displacement of every atomic position (Figure 2c), essentially breaking all of the bonds. 
Now begins an iterative procedure to realign the atoms and their associated template(s). 
First, the ghost templates are fit as best as possible to the new positions of the atoms 
(Figure 2d). The position and orientation of each ghost template is computed by a least-
squares fit to the new positions of the atoms. The displaced atoms are then fit onto the 
new position of the ghost templates (Figure 2e). The hydrogen atoms fit exactly onto 
their respective ghost template positions because they each belong to only one template. 
The carbon atoms, however, each belong to two templates, and are thus positioned 
equidistant from each of their associated ghost template points. This concludes one 
iteration of atom-ghost template fitting. A predefined fitting tolerance determines 
whether the templates have been adequately realigned, thus concluding one step in 
FRODA. The templates in Figure 2e are outside of the fitting tolerance, and so iteration 
of the ghost template-atom fitting continues. Figures 2f and 2g respectively show refitting 
of the templates to the atoms, and the atoms back onto the templates. It can be seen that 
the second iteration, Figure 2g, results in templates that are much better aligned 
compared the result of the first iteration in Figure 2e. The procedure continues until the 
atoms and the ghost templates are aligned within tolerance. Alignment is measured by the 
distance between atoms and vertices. The tolerance in FRODA lite is ≤ 0.125Å. One 
complete step of FRODA produces a new conformation of the ethane molecule (Figure 
2h). 

The morphing procedure used by FRODA lite is directed from an initial structure to a 
target and so differs slightly from the example given in Figure 2.  During morphing, the 
initial random displacement of the atoms at the beginning of each step is now biased to 
move the atoms toward their respective position in the target structure. The result is a 
gradual transition from the initial structure to the target structure. It is important to note 
that steric overlaps are computed during each iteration so that the atoms move during 
fitting both to match the ghost templates and to obey excluded-volume constraints.

If the structure finds itself in a jammed position, such that the tolerances cannot be 
satisfied, it will revert to a previous conformer and continue the morph. The random 
element in the atomic displacements provides for a degree of simulated annealing so that 
the structure can find its way around small obstacles. The paths produced by FRODA 
therefore avoid sterically impossible trajectories

Interfaces to Hinge Prediction Servers 
 
Ultimately, most studies of flexibility are oriented towards the goal of predicting specific 
conformational changes.  To this end we built interfaces to two flexibility prediction 
methods accessible from the front page of MolMovDB -- FlexOracle and ProMorph.  The 
goal of these servers is to provide hinge predictions for structures submitted by the 
public.  FlexOracle, ProMorph, and the Normal Mode Analysis server(3) differ from the 
morph server in that the first three operate on a single structure submitted by the user, and 
the fourth operates on a pair of structures.



The hinge-prediction server submission form is linked to from the front page of 
MolMovDB.  Users are invited to submit a single  PDB(7) file containing a single chain.  
Upon submission, both FlexOracle and ProMorph are run on the structure.  The user is 
sent an email with the URL at which the results may be viewed.   

FlexOracle hinge predictor interface 
 

In the FlexOracle hinge prediction algorithm(14),  a cut is introduced into the structure 
after a residue i. The resulting N-terminal fragment with residues 1 to i – 1 is separated 
from the C-terminal fragment with residues i to N.  The intra-molecular potential energy 
of each fragment is calculated using CHARMm(17).  The implicit solvent model is used 
to account for the protein-solvent interactions.  An alternate method used in our research 
but not offered on our public server uses the average intra-molecular plus protein-solvent 
interaction energies calculated from a short GROMACS(18) MD run, using a separate 
water box for each fragment.  The energies corresponding to the two fragments are 
summed.  The process is repeated for i = 2 to N.  The procedure is similar to that used by 
Janin and Wodak in their solvent exposed area calculations(9).  Continuing that 
comparison, values of i that result in lower energy are taken to correspond to residues 
more likely to be in hinges.   As implemented on our server, the predictor only works 
when the submitted chain represents the biological molecule (i.e. does not occur in 
complex), and is soluble.  For these cases the predictions compare well with known 
hinges.

For proteins that have had FlexOracle run on a submitted structure, we have made 
available buttons to highlight the first 10 hinge predictions (Fig. 1 g) These highlight the 
residues corresponding to the results from the hinge prediction run, in ascending order of 
energy. Thus the first residue listed is most likely to be a hinge, the next less so, and so 
on.  We also link to a graph of energy vs. i (Fig. 1 f).  

In order to compare the predicted to actual hinges, we have prepared a small set of 
morphs that had FlexOracle run on the first of the two submitted structures.  These can be 
viewed on our galleries page(2) by selecting ‘Featured FlexOracle Set’ from the drop-
down list.  Some morphs have had the explicit solvent version of FlexOracle run on them, 
some implicit solvent, and some both.

ProMorph hinge predictor 
 

A second available hinge predictor is ProMorph (15), which is based on the FIRST 
algorithm as implemented in ProFlex(16,19,20).  This predictor uses graph theory 
methods to find the two largest rigid domains of the protein.  Flexible regions between 
these two domains are taken to be hinges.

ProFlex analyzes the bond network of a protein to categorize regions of the protein as 
either rigid or flexible.  By default, this network is formed using very permissive criteria 
for hydrogen bonds; however, this tends to make the protein overly rigid.  In order to find 
hinges, the protein must be flexible enough to bend freely.  Rader, et al(19), determined 
that proteins rapidly transition between rigid and flexible when the bond network has an 



average coordination level of 2.41, or when all heavy atoms in the protein form an 
average of 2.41 bonds.  As such, ProMorph dilutes the protein’s hydrogen bonds until an 
average coordination of 2.41 is reached(15).  ProMorph then finds the two largest rigid 
clusters at this coordination level.  Flexible domains between these two rigid clusters are
taken to be hinges.  These hinges are highlighted on the morph page where available.

Improvements to the underlying classification 
 
In addition to improving the two-structure and single-structure servers, we also made 
improvements to the underlying classification in MolMovDB.  These improvements have 
been oriented towards relating structure to function and allowing us to group related 
morphs together with their homologs. 

GO annotation 
 
We have integrated a subset of the dataset from the EBI Gene Ontology Annotation 
(GOA) project(12), into the server. In particular, we have implemented the lookup and 
display of GO terms for PDB identifiers that feature in a given motion or morph. Terms 
from each of the three GO organizing principles - molecular function, cellular component 
and biological process - are displayed when available (at the time of writing, there were 
191040 references to 24703 PDB structures), and links are provided to reveal the 
definition of individual terms. For example, for the motion in DNA polymerase I from 
Th. aquaticus (database motion 'taqpol', PDB codes 2ktq and 3ktq), the motion report can 
be annotated with six GO terms: DNA binding, nuclease activity, 5'-3' exonuclease 
activity, DNA-directed DNA polymerase activity (all molecular function), intracellular 
(cellular component) and DNA replication (biological process) - all appropriate terms for 
this enzyme.
The addition of the GOA dataset for the annotation of the motion and morph reports is 
not only useful in itself, as the addition of the GO terms also facilitates searching the 
database in a broader fashion than was previously possible. Furthermore, we have added 
some interesting new subsets for use with the automatic plotter(3) derived from searches 
with GO terms. Figure 4 shows the distribution of one particular statistic, maximum Cα
displacement of the second (moving) core of the structure for two subsets derived in this 
manner, and a third included for comparative purposes, showing the distribution for the 
same statistic across all canonical morphs in the database. These plots are a first step in 
addressing the question of whether particular types of motion are associated with a 
particular function or role in a biological system. 

PDB ID vs. morph ID BLAST features 
 
The front page of MolMovDB has long provided a feature to search by PDB ID.  This 
feature was limited by the fact that many users uploaded structure files directly rather 
than providing PDB identifier.  Also, the submitted structures were often unpublished and 
therefore absent from the PDB altogether.  For these morphs, no PDB ID was assigned, 
therefore it was impossible to find them with this search method.  



In order to overcome these shortcomings, it was necessary to assign a PDB ID to such 
morphs.  To do so, we searched the PDB for structures with greater than 99% sequence 
identity to the morphs in our database.  This information was then used to provide an 
additional search option on our front page.  It is also possible to use this feature to 
connect to our database by providing a PDB ID, as has been done on LinkHub(21).  
Conversely, it is possible to search for PDB ID’s with high sequence identity to a given 
morph (Figure 1 a).  As an additional benefit, it is possible to transfer annotation from 
closely related PDB structures to the corresponding morph.  We took advantage of this 
capability to assign active site annotation to our morphs from the Catalytic Site Atlas(22).

Tools relating Motion to Sites on Structure 
 
Users often want to relate the motion of particular residues in a structure to particular 
structural sites and features, e.g. the position of active sites or highly conserved residues.  
We built tools that now allow us to do both of these things.

Catalytic site highlighting 
 
We related our morphs to active sites identified in the Catalytic Site Atlas(22).  The CSA 
is manually curated, thus avoiding the various pitfalls of using the PDB’s SITE records.  
We obtained the active site residue numbers and corresponding PDB ID’s from a table 
provided by the Thornton group.  We annotated all the morphs that were linked by our 
homology table to an entry in the CSA.  When annotation is available, a button appears 
on the morph page to highlight the active site residues.  This can serve as a visual aid to 
understanding the link between catalysis and motion.  

For easier browsing of this feature we've added a new gallery(2) named “Catalytic Site 
Atlas”.  Every morph in this gallery has active site information available for viewing. 

Conservation score viewer 

Since highly conserved residues are more likely to play an important role in the function 
of a protein, we implemented a tool to calculate the conservation score for each residue of 
a submitted sequence.  The server highlights the top 5% of the most conserved residues 
(i.e., the residues with the highest conservation scores). 

To calculate these conservation scores we first performed a BLAST search of the input 
sequence against nrdb90, a non-redundant sequence database in which protein sequences 
have no more than 90% sequence identity with each other(23). Next we extracted up to 
50 top-aligned sequences to a given morph to generate a multiple sequence alignment 
using Clustal W(24). For each position in the multiple sequence alignment, we used 
information content to evaluate the consensus of each of the 20 types of amino acids at 
this position(25). Then we ranked each position according to the magnitude of the 
information content.
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Figure 1

The new morph page.  The previous page, now called morph-classic.cgi, can still be 
accessed by a link.  Features:  a. A page with links to PDB entries with >99% sequence 
homology.  b.  Highlight active sites from the CSA database, if entries exist in any close 
homologs.  c. Torsion angle plots can be useful in guiding your hinge selection efforts.  c. 
If you wish to contribute to our hinge research, use the arrow buttons to manually select 
up to three hinges by visual inspection.  e. Submit your hinge selection, plus any 
comments.  Comments appear in our public bulletin board.  f. If our FlexOracle hinge 
prediction program has been run on the first frame of the morph, the energy vs. residue 
number plot can be viewed here.  g. The ten best (lowest energy, in ascending order of 
energy) hinges can be highlighted in the viewer. 
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Figure 2
The motion of an ethane molecule as determined by geometric simulation in FRODA. a) 
initial atomic positions; b) ghost templates; c) random atomic displacement; d) fitting of 
ghost templates to atoms; e) refitting of atoms to ghost templates; f), g) further iterations 
of d), e); h) until a new conformer is found(13). 





Figure 3
Example plots of the distribution of maximum Cα displacement of the moving  
component (2nd core) in structures annotated with Gene Ontology terms (‘DNA 
binding’ – top; ‘metabolism’ – centre), compared with the reference dataset 
(bottom, all canonical morphs). 
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