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ABSTRACT

A novel approach for similarity search on protein structure
databases is proposed which incorporates the three dimen-
sional coordinates of the main atoms of each amino acid and
extracts a geometrical signature along with the direction of
the given amino acid. As a result, each protein is presented
by a series of feature vectors representing local geometry,
shape, direction, and secondary structure assignment of its
amino acid constituents. Furthermore, a residue-to-residue
distance matriz is calculated and is incorporated into a lo-
cal alignment dynamic programming algorithm to find the
similar portions of two given proteins and finally a sequence
alignment step is used as the last filtration step. The opti-
mal superimposition of the detected similar regions is used
to assess the quality of the results. The proposed algorithm
is fast and accurate and hence could be used for the analysis
of large protein structure similarity.
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1. INTRODUCTION

Protein structure similarity has been extensively used to
highlight the similarities and differences among homologous
protein structures. The corresponding applications include
drug discovery, phylogenetic analysis, and protein classifica-
tion which have attracted tremendous attention and have
been broadly studied within the past decade. The pro-
teins have a primary sequence, which is an ordered sequence
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of amino acid molecules, e.g., AKHFDDYAAGDTHKLFED.
However, they also appear to conform into a three dimen-
sional shape (fold) which is highly conserved in the pro-
tein evolution. The fold of a protein strongly indicates its
functionality and the potential interactions with other pro-
tein structures. Meanwhile, the protein sequences as well
as their structures may change over time due to mutations
during evolution or natural selection. Extensive sequence
similarity implies descent from a common ancestral family
and the occurrence of many topologically superimposable
substructures provides suggestive evidence of evolutionary
relationship [5]. This is because the genetic mechanisms
are less likely to produce topological permutations. For two
given proteins, if the sequences are similar then the evolu-
tionary relationship is apparent. However the problem be-
comes much more challenging when the sequences are very
different from each other while the given proteins appear to
demonstrate substantial functional similarities. The three
dimensional structures of proteins due to structural, confor-
mational and functional restraints placed on them, are much
more resilient to mutations than the protein sequences. As a
result, the inspection of structural similarity among various
protein fragments may help to better understand the differ-
ences in the observed functionalities and potentially their
evolutionary relationships. There are two main problems in
the study of protein structure similarity:

o Complexity. The problem of structure comparison is
NP-hard and there is no exact solution to the protein
structure alignment [6]. A handful of heuristics [2, 3,
4, 5, 8, 9, 10] have been proposed in which, for the
best result, the similarity might need to be evaluated
using a series of techniques in conjunction. However,
none of the proposed methods can guarantee optimal-
ity within any given precision. There are always cases
where one heuristic fails to detect, while some of the
others succeed!

e Curse of Dimensionality. The total number of dis-
covered protein structures has been growing exponen-
tially. Currently’ the Protein Data Bank (PDB)[1]
contains 27,112 protein structures. The growth in the
content of PDB demands faster and more accurate
tools for structure similarity and the classification of
the known structures.

as of September 7", 2004.



In this paper, we consider both the geometrical features
and the corresponding amino acid sequences of the pro-
tein chains for more efficient similarity comparison. The
main goal of protein structure similarity is to superimpose
two proteins over the maximum number of residues (amino
acids) with a minimal distance among their corresponding
matched atoms. Distances between the atom coordinates,
residual feature vectors or molecular properties are often
used to compare protein structures. The molecular proper-
ties (e.g., physical properties, local conformations, distance
from gravity center, position in space, global/local direction
in space, side chain orientation, and secondary structure
type) or their corresponding relationships are considered ei-
ther separately or in combination with each other as a basis
for structural comparison.

2. THE PROPOSED METHOD

We have proposed a novel method for fast and accurate
protein structure similarity using geometrical signatures. The
algorithm not only exploits the topological properties of the
amino acid and protein structures, but also incorporates the
biological properties of the amino acids into account. The
algorithm starts by identifying the geometrical properties of
each amino acid of the given proteins along with their direc-
tions and the corresponding biological features. As a result,
each protein structure is represented by a series of direc-
tional shape signature feature vectors, one for each amino
acid. In the next step, a score matrix is constructed on
the corresponding feature vectors. A local structural align-
ment [11] based on shape, direction and biological features,
detects the optimal local matching regions among the two
proteins. For each of the locally matched regions (pertain-
ing to length and score constraints), a sequence alignment
is performed to facilitate a visualization of the sequence
similarities. Thereafter, the best locally matched regions
are topologically superimposed. The corresponding RMSD
(Root Mean Square Distance) value, length of the aligned
fragments, and sequence alignment score are reported for
the assessment of the quality of the match. A linear time
least-square solution to superimpose the ordered sets of pro-
tein feature vectors is applied. We sort the results based on
their extent(L) and RMSD value and report a list of top
alignments with the best scores ¢, where ¢ = L/RMSD.

3. EXPERIMENTAL EVALUATIONS

We implemented our proposed technique using Java 1.4.1
and ran experiments on an Intel Xeon 2.4 GHz with 1GB of
main memory. Our experiments incorporated a representa-
tive of the PDB database using the PDBSELECT? method
[7] which does not contain any homologue protein pairs. The
PDBSELECT database is an archive of 2216 non-homologue
protein chains with a total number of 352855 residues (as of
December 2003). Each of the protein pairs from the PDBS-
ELECT protein database has less than 25% sequence iden-
tity (non-homologue). Protein pairs with low sequence sim-
ilarity may not be efficiently compared solely based on a
sequence-level similarity procedure and therefore introduce
a challenging problem where the combination of structure
and sequence alignment may be very helpful. We incorpo-
rated a combination of structural and sequence alignment

2For more information please refer to http://homepages. fh-
giessen.de/ hg12640/pdbselect/

for efficient protein similarity comparison. In the experi-
ments, we discovered motifs not reported by other align-
ment tools such as CE [10], DALI [8], and CTSS [3]. One
such motif discovered by our technique was between 1AKT:_
(made of 147 residues and 1108 atoms) and 1CRP:_ (made
of 166 residues and 2619 atoms) protein chains (having 8.9%
sequence identity) with RMSD 0.58 A. The results were re-
ported after finding the best similar fragments, followed by
the optimal superimposition of the structures of the corre-
sponding matched fragments. The fragment score (¢) was
incorporated to denote the quality of the matched fragments
and the best aligned fragment is the one with the highest
fragment score. One interesting observation was that the
matched fragment pairs using our technique with high ¢
were those having a higher level of similarity to their corre-
sponding aligned fragments in DALI. We incorporated DALI
to validate the quality of our results, while DALI is designed
with very insightful domain expertise and is expected to re-
turn biologically meaningful results. Our results were either
similar to that of DALI, or consisted of the combination of
some consecutive fragment pair outputs of DALI. In gen-
eral, the experimental evaluations depicted highly accurate
and consistent results compared with DALI, CE, and CTSS
protein structure similarity methods, while running only in
fractions of a second.
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