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Abstract—Pebble game rigidity analysis is a combinatorial
method, implemented in our free web server KinariWeb, for
extracting protein rigidity and flexibility information without
performing costly molecular dynamics simulations. Due to the
idiosynchrasies of the data in the Protein Data Bank (PDB),
Kinari succeeds only on a fraction of the available files. Motivated
by large scale applications, aiming at processing almost all the
PDB files, we have recently developed a faster and more robust
version, the phased pebble game algorithm. It is specifically
designed to take advantage of the sequential structure of bio-
polymers. However, the structural data available in the Protein
Data Bank for proteins solved with X-ray crystallography is
very rarely complete: missing residues induce gaps in the atom
sequence, leading to incomplete rigidity analysis results. In this
paper, we describe the pre-processing component of the new
version Kinari-2, which fixes such gaps for the purpose of
producing a valid input for the phased pebble game algorithm
described in [19].

Index Terms—protein rigidity, flexibility, simulated unfolding,
dilution, rigid clusters,gaps, sequence, curation, pdb file.

I. INTRODUCTION

Proteins are vital components of living organisms, in-
volved in all cellular processes. The primary structure of
a protein consists of chains of amino-acids, connected by
strong covalent and peptide bonds. The weaker, non-covalent
interactions between these amino-acids are the reason for
protein folding and the formation of secondary, tertiary and
quaternary structures [3]. Protein folding remains an extremely
challenging problem to study, both experimentally and in
computer simulations. Recent studies have focused instead on
general protein flexibility and slow motions. Various coarse-
grained approaches have been proposed for gaining insights
into what might cause large conformational changes near
a protein’s native state, as these are evidence of important
functions. Rigidity analysis is one such method, which has
been successfully applied to extract useful flexibility and
simulated unfolding information from protein crystallographic
data.
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KINARI (KINematics And RIgidity Analysis of
biomolecules) is an on-going project in the group of
the senior author, aiming at overcoming many of the
limitations of previous rigidity-based implementations. The
first version was released in 2011 as a free open-access
web server at http://kinari.cs.umass.edu. We are currently
developing the second major revision of the software. For
comparison purposes, we refer to the 2011 version [10] as
Kinari-1 and use Kinari-2 for the new, on-going project.

Kinari-1 was tested and profiled on approx. 28000 entries
from the Protein Data Bank (PDB) [1]. It fails to run to
completion on many other entries, primarily because of the
idiosyncrasies of the PDB file formats, but also because of the
software implementation limitations in processing very large
size molecules. The goal of Kinari-2 is to make possible the
efficient large scale study of protein flexibility. The new design
has been described in [20], and various aspects of the new
system have been previously reported in [2], [8], [9]. Very
recently, we presented in [19] a key algorithmic improvement
engineered for speeding up the software kernel of Kinari-2.

The current paper focuses on the critical pre-rigidity anal-
ysis processing, or curation of PDB data, in order to make
it possible for the future users of Kinari-2 to automatically
and manually overcome the severe limitations due to gaps
and ommisions in the sequence, missing atoms, errors and
ambiguities in the experimentally-reported data available in
the PDB.

Overview. In this paper, we describe the new pre-processing
phase of Kinari-2, whose output is fed into the phased peb-
ble game Following an enhanced curation stage, this pre-
processing aims first at building an atom-bond network which
is as complete as possibly can be inferred from both the
sequence (SEQRES lines) and the structural data (atom coor-
dinates in ATOM/HETATM lines) available in the input PDB
file.

This paper focuses on ‘methods’ by describing the princi-
ples underlying the pre-processing outlined above, which is
necessary for completing the implementation and integration

http://kinari.cs.umass.edu


in Kinari-2 of our new phased pebble game for protein rigidity
analysis. The methods have been tested for correctness and
accuracy on a variety of PDB-native and PDB-engineered data,
but the idiosynchrasies of the data in PDB files offer new
surprises that can only be overcome through a large scale,
whole PDB survey of all the components described in this
paper. This process is under way, and the results are planned
to be reported in the long, journal version of this paper.

II. METHODS AND IMPLEMENTATION

We split the Kinari-2 pre-processing into three parts:
1) Curation: repair, build and extract. A pdb file is

enhanced with additional hydrogen atoms, if they are
missing (repair), then larger structures such as bio-
assemblies are built, if desired for further processing
and, finally, one or more chains of single models or
molecular conformations are extracted for further pro-
cessing.
The next two parts are described for a single chain, but
executed (taking symmetries into account for avoiding
repetitive calculations) for all existing chains in this
resulting pdb file.

2) Build a tree-structured atom-bond network of proper
and virtual atoms and bonds. The result is an xml-
formatted file of type .bnd (from bond).

3) Build a tree-structured body-bar-hinge-pin mechani-
cal model from a single chain .bnd file. The result is an
XML-formatted file of type .bbh (from body-bar-hinge).

The .bbh file is sent to the new phased pebble game
described in [19] and the properly grouped tree and not-tree
information is processed in one of the two phases of this new
algorithm.

The next sections give an overview of these three parts of
Kinari-2 pre-processing, along with some minimal theoretical
explanation justifying the use of the mechanical model. A
more detailed description is outside the scope of this extended
abstract, and can be found in the references describing the
previous version of our software, Kinari-1 [5], [7], [10]–[16],
[21], in the case studies and educational resources available
from Kinari-1 web site [18] and in the overview of the new
Kinari-2 design from [2], [8], [9], [20].

III. CURATION OF A PDB FILE

Curation of data for using in Kinari-2 While developing
the next version of Kinari software, the first, most basic and
possibly the most tedious challenge we faced was the data
quality bottleneck: the large and often poorly documented
variations in format and available information recorded (or
not) in molecular structure files, and the difficulty of automat-
ically extracting some of this information. To respond to the
need for reproducible curation results, the new software tools
(interactive or automated) should record the curator’s decisions
and generate quality measurements suitable for integration
in further method-comparison or validation steps. In this
category, we identified a need for going beyond existing tools

for repairing molecular structures by developing or integrating
third-party tools for handling missing parts (loops, residues,
atoms), “fixing” low resolution protein structures or Cα-only
backbones, modeling and quantifying the impact of alternative
conformations, detecting “defects” such as gaps in the protein
structure (compared to the known protein sequence), or per-
forming structural “repairs” in proteins.

The curation process. Unless ran with predefined default
options, curation is meant to be an interactive phase consisting
of a series of steps, in which the user may perform in silico
surgery on the molecular complex present in the PDB file,
by deleting solvent or ligands, selecting specific chains, or
building an entire molecular bio-assembly or crystal fragment,
if the user opts to work with such larger structures. Some
necessary repairs are also performed, such as adding missing
Hydrogen atoms (using the third-party software Reduce [22])
to structures solved by X-ray crystallography: the hydrogens
are needed for computing the hydrogen bonds. Finally, a
network of various types of bonds and interactions between
the atoms is computed. An energy value is calculated for
each particular bond or interaction, according to its type,
and the user specifies a cutoff value for hydrogen bonds and
hydrophobic interactions.

In Kinari-2 we are placing maximum emphasis on the
management and reproducibility of curation experiments [2].
Fig. 1 illustrates the difference between the original pdb file
and one that has been pre-processed with Reduce for placing
its missing hydrogen atoms. Significantly different rigidity
results will be reported on these two files, although they
represent the same protein.

Fig. 1. Highlighted in magenta, the hydrogen atoms in the original PDB file
1AZ5 (left) and after repairing them with Reduce (right).

Reproducibility of protein data curation. It is well known
that the files deposited in the Protein Data Bank are not
of uniform quality: to help with judging the quality of the
experimental data deposited in the PDB, resolution and B-
factors are parameters recorded with X-ray solved protein data.
A number of entries in the PDB have been declared obsolete
and replaced by others. Tools for checking the quality of
crystallographic data are also available, such as MolProbity
[4], [6]. The accuracy of the molecular model is relevant dur-
ing the preprocessing of PDB files (prior to rigidity analysis)



because of its implications on bond calculations. Some types
of bonds are computed with third party software, and different
software performing the same task may produce different
results, which may in turn lead to different rigidity analysis
results. The critical steps include: adding the hydrogen atoms
if the data come from an X-ray crystallography experiment;
pruning the hydrogen bonds according to a user-selected cut-
off value; selecting the model from among several available
in a file containing data from an NMR experiment; computing
the hydrogen bonds and hydrophobic interactions; building a
biological assembly or, possibly, a small crystal, etc.

A curated molecule is next processed to compute the set
of all relevant bonds and interactions. They are recorded in
separate categories, including covalent (single and double)
bonds, peptide bonds, disulphide bonds, hydrogen bonds, and
hydrophobic interactions. For comparison purposes, alternate
methods have been explored or some will be integrated in
Kinari-2, including bond calculations with third-party software
such as JMol, HBPLUS, and bndlist. Some scripts used in
Kinari-1 are adapted to be used in Kinari-2, but there are some
important differences, described next.

Detecting gaps and other missing atoms. A new and
important goal in Kinari-2 is to repair residue and atom-level
errors in PDB files. The structure data (atom coordinates) is
in general noisy, often incomplete and sometimes presented
in a non-standard manner. This noise has detrimental effects
on the quality of rigidity analysis results, and in some cases
it is impossible to run the Kinari pipeline to completion
without some prior repair work. For this purpose, Kinari-
2 uses both the SEQRES and ATOM/HETATM lines. The
SEQRES entries provide information about the sequence of
residues in each chain, corresponding to the primary protein
structure. The ATOM/HETATM entries give the 3D coordi-
nates of experimentally observed atoms, but those that have
not been experimentally ’solved’ are omitted. Ambiguities
and experimental noise thus lead to omissions or multiple
reported coordinates for atoms in ATOM/HETATM entries.
But implicit in SEQRES are the identities and strong (covalent)
connectivities of all the atoms in a given chain. Kinari-2 makes
use of this information in ways that are relevant for the graph-
theoretic model used by our software.

IV. REPAIRING GAPS AND MISSING ATOMS

For the sake of a simpler presentation, we discuss how the
repairing process works on a single protein chain. The goal is
to reconstruct the entire strong (covalent) atom-bond network.

SEQRES reconstruction of an atom-bond network. This is
a three-step process: 1) Using the SEQRES sequence, we build
a virtual atom-bond network of the protein chain consisting
in all atoms (without explicit coordinates) and strong bonds
that should be present along the protein’s backbone and
residues, annotated by type (single, double, peptide bonds,
etc.). 2) Using the ATOM/HETATM lines, fill in the previously
constructed model with the coordinates for all the atoms that
are present. These are referred to as proper atoms, and are

distinguished from the remaining virtual ones, for which no
coordinates are known. 3) Using third-party software and code
from Kinari-1, we calculate the weak, distance dependent
interactions, such as hydrogen bonds or hydrophobics. We add
them to the atom-bond network, to obtain an XML-formatted
file of type .bnd (from bond).

Fig. 2. Histidine (His, H)

V. ATOM-BOND NETWORK AND UNDERLYING TREE

We now make use of the linearity of the protein backbone
and the almost tree-structure obtained by attaching the residues
to it. With the exception of five residues which have cycles
in their atom-bond network (HIS, PHE, PRO, TRP, TYR), the
standard amino-acids lead immediately to such a tree structure.
The exceptions are treated separately by breaking the cycles
arbitrarily and remove some bonds. These loop bonds will
be processed along with the weak bonds. This resulted tree
is referred to as a covalent atom-bond tree. Fig. 3 illustrates
the procedure. Combining all the bonds, we will have the full
atom-bond network resulted from a (h-repaired) PDB file. This
includes both proper and virtual atoms.

Putting everything together, there are two categories of
bonds. The first category is the bonds from the covalent tree,
or tree bonds. Every other bonds in the chain belongs to the

Fig. 3. The Proline residue (left) with colored bonds (left). Removing one
loop edge, we obtain a covalent tree, and orient its edges towards the backbone
(right).



second category. It consists of every other bonds, such as
covalent bonds from SEQRES network to break their loops,
and weak bonds (for example h bonds).

Direction of bonds. If the tree bonds are in the backbone,
they are oriented from N terminus to C terminus, and if they
are hanging residues in the tree, they are oriented towards the
backbone. For the other bonds in the molecule, the direction
is towards the covalent tree.

Phased pebble game. A direct usage for atom-bond network
is in phased pebble game, introduced in [19]. The directed
atom-bond tree is processed in the first phased of the game
in linear time, which is one order of magnitude faster that the
original algorithm [17]. The rest of the atom-bond network
will be passed to the second phase

VI. RESULTS

The methods described in this paper have been implemented
and tested for correctness and accuracy on a variety of PDB-
native and PDB-engineered data. Along the way, we have
discovered many poorly documented or simply undocumented
aspects of the PDB format, and the idiosynchrasies of the data
in PDB files offered sufficient surprises to make us understand
the challenges implicated in running large scale, whole PDB
surveys for all the components described in this paper. In
particular, the examples chosen to illustrate this paper have
been created with the current, not-yet-released implementa-
tion of Kinari-2. We are confident that after integrating the
components described here into the full Kinari-2 pipeline, we
will cover a much larger fraction of the PDB than previous
implementations have done (in particular, significantly more
than Kinari-1). This process is under way, and the results are
planned to be reported in the long, journal version of this
paper.

VII. CONCLUSION

Rigidity analysis is a promising method for protein flex-
ibility analysis, but it requires a large scale validation to
demonstrate its full potential.

Large scale surveys, e.g. of the entire Protein Data Bank,
require not only more efficient algorithms and software imple-
mentations, but also significantly improved methods for curat-
ing and pre-processing the data. In this paper, we presented a
methodology for automating the curation and pre-processing
steps of rigidity analysis, with the goal of taking advantage
of a carefully engineered algorithms designed to integrate
the specificities of protein structures in order to improve the
performance of the new version of Kinari-2. A comprehensive
testing and profiling of the new implementation is currently
under way and the results will be reported in the full version
of this paper.
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