Lecture Notes in Bioinformatics 2666
Edited by S. Istrail, P. Pevzner, and M. Waterman

Editorial Board: A. Apostolico S. Brunak M. Gelfand
T. Lengauer S.Miyano G. Myers M.-F. Sagot D. Sankoff
R. Shamir T. Speed M. Vingron W. Wong

Subseries of Lecture Notes in Computer Science



Springer
Berlin
Heidelberg
New York
Hong Kong
London
Milan

Faris

Tokyo



Concettina Guerra Sorin Istrail (Eds.)

Mathematical Methods
for Protein Structure
Analysis and Design

C.I.M.E. Summer School
Martina Franca, Italy, July 9-15, 2000
Advanced Lectures

© Springer



Series Editors

Sorin Istrail, Celera Genomics, Applied Biosystems, Rockville, MD, USA
Pavel Pevzner, University of California, San Diego, CA, USA
Michael Waterman, University of Southern California, Los Angeles, CA, USA

Volume Editors

Concettina Guerra

Universita degli Studi di Padova
Dipartimento di Ingegneria dell’ Informazione
via Gradenigo 6a, 35131 Padova, Italy
E-mail: guerra@dei.unipd.it

Sorin Istrail

Celera Genomics, Applied Biosystems

45 West Gude Drive, Rockville, MD 20850, USA
E-mail: sorin.istrail @celera.com

Cataloging-in-Publication Data applied for
A catalog record for this book is available from the Library of Congress.

Bibliographic information published by Die Deutsche Bibliothek.
Die Deutsche Bibliothek lists this publication in the Deutsche Nationalbibliografie;
detailed bibliographic data is available in the Internet at <http://dnb.ddb.de>.

CR Subject Classification (1998): J.3, F.2, H.2, G.2,1.3.5, 1.4

ISSN 0302-9743
ISBN 3-540-40104-0 Springer-Verlag Berlin Heidelberg New York

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, re-use of illustrations, recitation, broadcasting,
reproduction on microfilms or in any other way, and storage in data banks. Duplication of this publication
or parts thereof is permitted only under the provisions of the German Copyright Law of September 9, 1965,
in its current version, and permission for use must always be obtained from Springer-Verlag. Violations are
liable for prosecution under the German Copyright Law.

Springer-Verlag Berlin Heidelberg New York
a member of BertelsmannSpringer Science+Business Media GmbH

http://www.springer.de

© Springer-Verlag Berlin Heidelberg 2003
Printed in Germany

Typesetting: Camera-ready by author, data conversion by Boller Mediendesign
Printed on acid-free paper SPIN: 10927403 06/3142 543210



Preface

The papers collected in this volume reproduce contributions by leading schol-
ars to an international school and workshop which was organized and held with
the goal of taking a snapshot of a discipline under tumultuous growth. Indeed,
the area of protein folding, docking and alignment is developing in response
to needs for a mix of heterogeneous expertise spanning biology, chemistry,
mathematics, computer science, and statistics, among others.

Some of the problems encountered in this area are not only important for
the scientific challenges they pose, but also for the opportunities they disclose
in terms of medical and industrial exploitation. A typical example is offered by
protein-drug interaction (docking), a problem posing daunting computational
problems at the crossroads of geometry, physics and chemistry, and, at the
same time, a problem with unimaginable implications for the pharmacopoeia
of the future.

The school focused on problems posed by the study of the mechanisms be-
hind protein folding, and explored different ways of attacking these problems
under objective evaluations of the methods. Together with a relatively small
core of consolidated knowledge and tools, important reflections were brought
to this effort by studies in a multitude of directions and approaches. It is
obviously impossible to predict which, if any, among these techniques will
prove completely successful, but it is precisely the implicit dialectic among
them that best conveys the current flavor of the field. Such unique diversity
and richness inspired the format of the meeting, and also explains the slight
departure of the present volume from the typical format in this series: the
exposition of the current sediment is complemented here by a selection of
qualified specialized contributions.

The topics covered in this volume pinpoint major issues arising in the de-
velopment and analysis of models, algorithms and software tools centered on
the structure of proteins, all of which play crucial roles in structural genomics
and proteomics. The study of 3D conformations and relationships among pro-
teins is motivated by the belief that the spatial structure, more than the
primary sequence, dictates the function of a protein. The largest repository of
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VI Preface

3D protein structures is the Protein Data Bank (PDB), currently containing
about 17,000 proteins. The PDB has experienced a sustained growth and is
expected to continue to grow at an increasing pace in the near future. The
available structures are classified into a relatively small number of families
and folds, according to their three-dimensional conformation. While the num-
ber of proteins will continue to grow, it is widely believed that the number
of new folds will remain relatively stable. Structural comparisons involving
these structures are at the core of docking and the classification of proteins
and sub-aggregates, and motif searches in sequence and protein databases,
and ultimately they contribute to understanding the mechanics of folding in
living organisms.

The first three chapters of this volume contain material that was pre-
sented at the school. The chapter entitled “Protein Structure Comparison:
Algorithms and Applications,” by G. Lancia and S. Istrail, focuses on the
algorithmic aspects and applications of the problem of structure comparison.
Structure similarity scoring schemes used in pairwise structure comparison
are discussed with respect to the ability to capture the biological relevance
of the chemical and physical constraints involved in molecular recognition.
Particular attention is paid to the measures based on contact map similarity.

The chapter “Spatial Pattern Detection in Structural Bioinformatics,” by
H.J. Wolfson, discusses the task of protein structural comparison as well as the
prediction of protein-protein, protein-DNA or protein-drug interaction (dock-
ing). Different protein shape representations are used in biological pattern
discovery. The paper discusses the shape representations best suited to each
computational task, then outlines some rigid and flexible protein structural
alignment algorithms, and discusses the issues of rigid bound versus unbound
and flexible docking.

The chapter “Geometric Methods for Protein Structure Comparison,” by
C. Ferrari and C. Guerra, discusses, from a theoretical point of view, geometric
solutions to the problem of finding correspondences between sets of geometric
features, such as points or segments. After reviewing existing methods for the
estimation of rigid transformations under different metrics, the paper focuses
on the use of the secondary structures of proteins for fast retrieval of similarity.
It also deals with the integration of strategies using different levels of protein
representations, from atomic to secondary structure level.

The chapter “Identifying Flat Regions and Slabs in Protein Structures,”
by M.E. Bock and C. Guerra, presents geometric approaches to the extraction
of planar surfaces, which is motivated by the problem of identifying packing
regions in proteins.

The two contributions, “OPTIMA: a New Score Function for the Detection
of Remote Homologs,” by M. Kann and R.A. Goldstein, and “A Comparison of
Methods for Assessing the Structural Similarity of Proteins,” by D.C. Adams
and G.J.P. Naylor, deal with the problem of protein comparison, focusing on
different similarity functions for sequence and structure comparison.



Preface VII

The next three papers, “Prediction of Protein Secondary Structure at High
Accuracy Using a Combination of Many Neural Networks,” by C. Lundegaard,
T.N. Petersen, M. Nielsen, H. Bohr, J. Bohr, S. Brunak, G. Gippert and O.
Lund, “Self-consistent Knowledge-Based Approach to Protein Design,” by A.
Rossi, C. Micheletti, F. Seno, A. Maritan, and “Learning Effective Amino-
Acid Interactions,” by F. Seno, C. Micheletti, A. Maritan and J.R. Banavar,
discuss techniques and criteria for protein folding and design.

The paper “Protein structure from solid-state NMR,” by J.R. Quine and
T.A. Cross, presents a mathematical analysis for solid-state nuclear magnetic
resonance (NMR). Finally, the contribution “Protein-like Properties of Simple
Models,” by Y.-H. Sanejouand and G. Trinquier, focuses on properties relevant
to the sequence-structure relationships.

The school was attended by 56 participants from 10 countries. Lectures
were given by Prof. Ken Dill, University of California (USA), Prof. Arthur
Lesk, University of Cambridge Clinical School (UK), Prof. Michael Levitt,
Stanford University School of Medicine (USA), Prof. John Moult, University
of Maryland (USA), and Prof. Haim Wolfson, Tel Aviv University (Israel)
Invited talks at the workshop were given by Prof. Mary Ellen Bock, Purdue
University (USA) and Dr. Andrea Califano, IBM Yorktown (USA).

Concettina Guerra
Sorin Istrail
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Protein Structure Comparison: Algorithms and
Applications

Giuseppe Lancia! and Sorin Istrail?

! Dipartimento Elettronica e Informatica, Via Gradenigo 6/A, Padova, Italia
lancia@dei.unipd. it

2 Celera Genomics, 45 West Gude Dr., Rockville, MD
sorin.istrail@celera.com

1 Introduction

A protein is a complex molecule for which a simple linear structure, given by
the sequence of its aminoacids, determines a unique, often very beautiful, three
dimensional shape. Such shape (3D structure) is perhaps the most important
of all protein’s features, since it determines completely how the protein func-
tions and interacts with other molecules. Most biological mechanisms at the
protein level are based on shape-complementarity, so that proteins present
particular concavities and convexities that allow them to bind to each other
and form complex structures, such as skin, hair and tendon. For this reason,
for instance, the drug design problem consists primarily in the discovery of
ad hoc peptides whose 3D shape allows them to “dock” onto some specific
proteins and enzymes, to inhibit or enhance their function.

The analysis and development of models, algorithms and software tools
based on 3D structures are heceforth very important fields of modern Struc-
tural Genomics and Proteomics. In the past few years, many tools have
emerged which allow, among other things, the comparison and clustering of
3D structures. In this survey we cannot possibly recollect all of them, and even
if we tried, our work would soon be incomplete, as the field is dynamically
changing, with new tools and databases being introduced constantly. At the
heart of all of them, there is the Brookhaven Protein Data Bank, the largest
world’s repository of 3D protein structures.

Two typical problems related with protein structure are Fold Prediction
and Fold Comparison. The former problem consists in trying to determine the
3D structure of a protein from its aminoacid sequence alone. It is a problem
of paramount importance for its many implications to, e.g., medicine, genetic
engineering, protein classification and evolutionary studies. We will not discuss
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2 Giuseppe Lancia and Sorin Istrail

the Fold Prediction problem here, if not marginally, but we will instead focus
on algorithms and applications for protein fold (structure) comparison. The
following are some of the reasons why the Fold Comparison problem is also
extremely important:

e For determining function. The function of a new protein can be determined
by comparing its structure to some known ones. That is, given a set of pro-
teins whose fold has already been determined and whose fuction is known,
if a new one has a fold highly similar to a known one, then its function will
similar as well. This type of problems imply the design of search algorithm
for 3D databases, where a match must be based on structure similarity.
Analogous problems have already been studied in Computational Geom-
etry and Computer Vision, where a geometric form or object has to be
identified by comparing it to a set of known ones.

e For clustering. Given a set of proteins and their structures, we may want
to cluster them in families based on structure similarity. Furthermore, we
may want to identify a consensus structure for each family. In this case,
we would have to solve a multiple structure alignment problem.

e For assessment of fold Predictions. The Model Assessment Problem is the
following: Given a set of “tentative” folds for a protein, and a “correct”
one (determined experimentally), which of the guesses is the closest to the
true? This is, e.g., the problem faced by the CASP (Critical Assessment
of Structure Prediction) jurors, in a biannual competition where many re-
search groups try to predict protein structure from sequence. The large
number of predictions submitted (more than 10,000) makes the design of
sound algorithms for structure comparison a compelling need. In particu-
lar, such algorithms are at the base of CAFASP, a recent Fully Automated
CASP variant.

The problem of Structure Similarity /Alignment determination is in a way
analogous to the Sequence Alignment problem, but the analogy is only su-
perficial and it breaks down when it comes to their complexity. There is a
dramatic difference between the complexity of sequence alignment and struc-
ture alignment. As opposed to the protein sequence alignment, where we are
certain that there is a unique alignment to a common ancestor sequence, in
structure comparison the notion of a common ancestor does not exist. Simi-
larity in folding structure is due to a different balance in folding forces, and
there is not necessarily a one-to-one correspondence between positions in both
proteins. In fact, for two homologous proteins that are distantly related, it is
possible for the structural alignment to be entirely different from the correct
evolutionary alignment [14].

By their nature, three-dimensional computational problems are inherently
more complex than the similar one-dimensional ones for which we have more
effective solutions. The mathematics that can provide rigorous support in
understanding models for structure prediction and analysis is almost nonex-
istent, as the problems are a blend of continuous, geometric- and combinato-
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rial, discrete-mathematics. Not surprisingly, various simplified versions of the
structure comparison problems were shown NP-complete [17, 18].

The similarity of two structures can be accessed on whole proteins or
on local domains (e.g., in a clearly defined multi-domain target). This is
analogous to global vs local sequence alignments, and different techniques
and similarity scores should be used for the two cases.

In this article we focus on the algorithmical aspects and applications of
the problem of structure comparison. We will pay particular attention to the
measures based on contact map similarity. For a more general treatment of
different algorithms and measures, the reader is referred to a good survey by
Lemmen and Lengauer [30].

An inherent difficulty in pairwise structure comparison is that it requires
a structure similarity scoring scheme that captures biological relevance of the
chemical and physical steric constraints involved in molecular recognition. In
this respect, contact maps seem to have many advantages over other represen-
tations. The information of contacts is relatively simple but complete, and it
provides a reliable first—approximation to the overwelming complexity of the
problem.

Among the classical measures (non contact map—based) for structure com-
parison, there is the RMSD (Root Mean Square Deviation) which tries to
determine an optimal rigid superpositioning of a set of residues of one struc-
ture into a predetermined set of corresponding residues of another. The RMSD
measure has many recognized flaws. Most notably, it is a global measure which
can be a very poor indicator of the quality of a model when only parts of the
model are well predicted. In fact, the wrongly predicted regions produce such a
large RMSD that it is impossible to see if the model contains ”well predicted”
parts at all. Despite its drawbacks, the RMSD measure is widely used, and
many other measures are based on it. We will see, e.g., the algorithms Max-
Sub and GDT, used in CAFASP, the algorithms MNYFIT and STAMP, used
by the database HOMSTRAD, 3dSEARCH, used in the database SCOP, the
server DALI, and others.

With some notable exception, (e.g. 3dSEARCH) of algorithms whose com-
plexity and properties were analized rigorously and in detail, these algorithms
are usually heuristic procedures using some sort of simple local search to op-
timize a certain objective function. These heuristics are typically based on
reasonable assumptions on the properties that the optimal solution should
have in order to heavily prune the search space. From a theoretical com-
puter scientist’s perspective, the analysis and foundation of these algorithms,
if present at all, are often unsatisfactoy, and we remain in doubt that different,
more sophisticated approaches (e.g. Branch-and-Bound, or Metaheuristics ad
hoc) may be able to compute solutions with a better value of the particular
objective function.

Every optimization model set up for a problem in molecular biology is
only an arbitrary representation of the natural process, and hence it is ar-
guable that its optimal solution is in fact the “right” one. This argument is
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usually employed to justify the use of simple heuristics instead of any rigor-
ous techniques or provable property of the model. However, after a heuristic
optimization, the so—called “global optimum” found is then used to draw
conclusions of biological meaning or support some theory on the biological
process. Hence, it is important for the quality of the solution to be as good
as possible, which justifies the use of sophisticated optimization techniques.
It is auspicable therefore an ever increasing cooperation of the community of
theoretical computer scientists, applied discrete mathematicians and molec-
ular biologists to address these problems starting from their computational
complexity, devising exact and approximation algorithms, studying lower and
upper bounds, and designing effective heuristics of many sorts.

The remainder of the paper is organized as follows. We start with a short
account on 3D structures, their properties and how they are determined. The
rest of the article is divided roughly in two parts. The first part focuses on ap-
plications of structure alignment problems, while the second part is centered
on algorithms. This second part is in turn divided in two, first talking about
measures which are not based on contact maps, and then focusing on contact
map problems. Among the applications of structure comparison, we describe
some databases based on structure similarity (PDB, SCOP, HOMSTRAD,
SLoop, CAMPASS, FSSP) and the problem of protein folding prediction as-
sessment, relevant, e.g., in the CASP and CAFASP competitions. We then
describe some of the main algorithms for structure comparison, and in partic-
ular those used by some of the applications previously mentioned. We survey
RMSD and its variants, DALI, MaxSub, Lgscore, GDT, Geometric Hashing
(3dSEARCH), MNYFIT and STAMP. In the final part of the article, we talk
about novel algorithms and problems based on the contact map representa-
tion of structures. We review the literature and some of our work on exact
and heuristic algorithms for the maximum contact map overlap problem. The
chapter is closed by a section on possible generalizations and directions for
future work.

2 Preliminaries

A protein consists of a chain of aminoacids, of length varying from about 50 to
3,000 and more. The chemical structure of a single aminoacid is comprised of
a carbon atom (called C,,) connected to a carboxyl group and an amine group,
a hydrogen atom and a part depending on the specific aminoacid, called the
residue. The amine group of one aminoacid is linked to the carboxyl group of
the next one, giving rise to the linear chain. The backbone of the protein is
the sequence of C,, atoms, to which the rest of the atoms are attached.

The chemical properties and forces between the aminoacids are such that,
whenever the protein is left in its natural environment, it folds to a spe-
cific 3-dimensional structure, called its native, which minimizes the total free
energy. Several experiments have confirmed that two proteins with the same
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aminoacid sequence have the same 3D structure under natural conditions, and
that, if a folded protein is artificially stretched to a chain and then released,
it will fold again to the same native.

The 3D structure of a protein is fully specified by the set of (x,y,z)—
coordinates of its atoms, with respect to an arbitrary origin. An alternative,
weaker description is the set of distances between either all atoms or only
the Cys. The main procedures used to to determine the 3D structure of a
protein are X-ray crystallography and Nuclear Magnetic Resonance. In X-ray
crystallography the 3D structure of a molecule is determined by X-ray diffrac-
tion from crystals. This technique requires the molecule to be first crystalized,
at perfect quality; then, its diffraction pattern, produced by X—irradiation is
studied. This involves the analysis of thousands of spots, each with a posi-
tion and an intensity. Obtaining good crystals and studying the phases of the
waves forming each spot are very complex problems. For these reasons, X-ray
crystallography is a very long and delicate process, which may take several
months to complete. The result is the set of spacial coordinates of each atom
in the structure. For a good description of this technique, see [47] or [5].

Nuclear Magnetic Resonance (NMR) is performed in an aqueous solution,
where the molecules tumble and vibrate from termal motion. NMR detects
the chemical shift of atomic nuclei with nonnull spin. In order to get an ad-
equate resolution, the molecule must tumble rapidly, which typically limits
the size of the proteins to which this technique is applicable. The result of
NMR is a set of (estimates of) pairwise distances between the atoms and
hence it yields a collection of structures (namely all those compatible with
the observed atom—to—atom distances) rather than a single one. According to
some studies, the results of NMR are “not as detailed and accurate as that
obtained crystallographically” [8].

For a protein we distinguish several levels of structure. At a first level, we
have its primary structure, given by the monodimensional chain of aminoacids.
Subsequent structures depend on the protein fold. The secondary structure
describes the protein as a chain of structural elements, the most important of
which are a—helices and [F—sheets. The tertiary structure is the full description
of the actual 3D fold, while the quaternary structure describes the interaction
of several copies of the same folded protein. Correspondingly, when comparing
two proteins, one may use algorithms that highlight differences and similarities
at each of these levels. Algorithms for the comparison of primary structures
are known as sequence alignment methods and are beyond the scope of this
paper. Here, we will focus mainly on algorithms based on the secondary and
tertiary structures.

The input to a generic structure alignment algorithm contains the de-
scription of the n—ary structures of two proteins (e.g., for n = 3, the set of 3D
atomic coordinates of two different molecules). Loosely speaking, the goal of
the algorithm is to find a geometrical transformation (typically rigid, made
of rotation and translation) which maps a “large” number of elements of the
first molecule to corresponding elements of the second. Such algorithms can
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be of two types, i.e. sequence order dependent or sequence order independent.
In the sequence dependent situation, the mapping must take into account the
“identity” of the atoms, i.e. an atom of one structure can only be mapped
to the same atom in the other. This way the problem is reduced to a 3D
curve matching problem, which is essentially a monodimensional case, and so
computationally easier. This approach can be useful for finding motifs pre-
serving the sequence order. A sequence order independent algorithm does not
exploit the order of atoms, that is, treats each atom as an anonymous “bead”
indistinguishable from the others. This is a truly 3D task, which can detect
non—sequential motifs and binding sites. It can be used to search structural
databases with only partial information and it is robust to insertion and dele-
tions. Consequently, it is also more challenging computationally.

In the remainder of this survey we will discuss algorithms of both types.
The most important sequence order dependent similarity measure is certainly
the Root Mean Square Deviation (RMSD). This is the problem of rigid super-
position of n points (a;) and n points (b;), by means of a rotation R and a
translation ¢ which minimize >, |Ra; + ¢ — b;|?, and can be solved in O(n)
time [55] by Linear Algebra techniques. As already mentioned, this measure
is not flawless: in fact, the RMSD for a pair of structures almost identical,
except for a single, small region of dissimilarity, can be very high.

3 Applications of Structure Comparisons

3.1 Databases Organized on Structure

The Protein Data Bank (PDB, [3]) is the most comprehensive single worldwide
repository for the processing and distribution of 3D biological macromolecular
structure data. As soon as a new 3D structure has been determined, it can
be deposited in the PDB, this way making it readily available to the scientific
comunity. Currently, the 3D structures of proteins in the PDB are determined
mainly by X-ray crystallography (over 80%) and Nuclear Magnetic Resonance
(about 16%). The remaining structures are determined by other methods, such
as theoretical modeling, which are not experimental in nature, but rather
based on computation and/or similarity to known proteins.

In this archive, one can find the primary and secondary structure infor-
mation, atomic coordinates, crystallographic and NMR experimental data, all
annotated with the relevant bibliographic citations, in a suitable text file for-
mat. Several viewers are available which interpret this format to give a 3D
graphic rendering of the protein.
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Fig. 1. The growth of the PDB.

The amount of information in the PDB has increased rapidly over the
past years, passing from the roughly one thousand structures of 1990 to over
14,000 of today (see Figure 3.1%). In order for this information to be usable and
accessible, it must be organized into databases which can be queried, e.g., for
global/local 3D similarity and/or complementarity, or for finding evolutionary
related homologs. A number of such databases has been created in the last
decade, each with its own special features. Common to all of them is the
use of structure comparison algorithms as the basic tool for clustering and
information retrieval. In the remainder of the section we survey a few of the
most known, i.e. SCOP, FSSP, HOMSTRAD, SLoop and CAMPASS.

SCOP

In the SCOP (Structural Classification Of Proteins, [42]) database, all pro-
teins of known structure are related to each other according to their structural
similarity and evolutionary relationships. The database was created by both
manual inspection and the use of algorithms and automated methods. It con-
tains detailed information on all known protein folds, and on all structurally
close relatives to a given protein. The SCOP database is also a starting point
for the construction of more specific databases, of which we will mention a
few later on in the survey.

As of 2000, the database contained information on some 12,000 entries from
the PDB, with relative folds, families and superfamilies statistics. A hidden
Markov Model for SCOP superfamilies has recently been proposed by Gough
et al [19]. One of the programs used in the partially automatic classification
process in SCOP is 3dSEARCH [51], a procedure based on Geometric Hashing,
which is a technique originally developed in the field of Computer Vision. We
will shortly describe the technique and the algorithm later in this paper.

3 Figure from http://www.rcsb.org/pdb/holdings.html
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HOMSTRAD

The HOMologous STRucture Alignment Database (HOMSTRAD, [39]) is a
curated database of structure-based alignments for homologous protein fami-
lies. It originated from a small database of seven family alignments [44], which
has been gradually extended and updated over the years. This database pro-
vides structural alignments in various formats, annotated and displayed by
using the program JOY [38] which was developed to highlight structural fea-
tures. These alignments have been carefully examined by manual editing and
are organized in homologous families, i.e., either having a common evolution-
ary origin, or a high percentage of sequence identity (most of the families
have on average more than 30 percent identity). The classification scheme
adopted by HOMSTRAD is a combination of many others, among which
those adopted by SCOP. The sequence alignment programs used to help in
the classification are BLAST and FUGUE. In HOMSTRAD, the known pro-
tein structures are clustered in evolutionary related families, together with a
sequence representative of each familiy. These representatives are computed
on the basis of common 3D features by using structure alignment programs
such as MNYFIT and STAMP, described later in this article. The database
also provides superimposed structures and links to other databases and align-
ment/comparison programs. The use of HOMSTRAD and JOY is suitable
for comparative modelling and accurate structure alignments, while SCOP is
more suited for the hierarchical classification of protein structures.

SLoop

The basis of the SLoop database [7] is in the work of Donate et al. [11], who de-
scribed a classification of protein loops and loop regions. SLoop is a database
of super secondary fragments, in which proteins are clustered according to
the similarity of their secondary structures, in particular the lenght and type
of loop regions. The clustering of structures derives form a two—stage pro-
cess. First, the program SSTRUC is used to identify the loop regions, and
each loop is separated into groups according to the length and type of the
bounding secondary structures. Then, the loops within each group are pair-
wise superimposed, the relative similarities are computed and then used in a
classical clustering scheme.

CAMPASS

The CAMbridge database of Protein Alignments organised as Structural Su-
perfamilies (CAMPASS, [53]) database is a collection of structure-based se-
quence alignments of protein(domain)s belonging to a set of superfamilies.
Currently, it is restricted to proteins sharing the same topology, and an arbi-
trary cut-off of 25% sequence identity has been used to eliminate homologous
entries within a superfamily. The superfamilies have been chosen according
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to the SCOP database and the literature. Individual domains within multi-
domains proteins have been considered separately. Altough this database is
founded on primary structure similarity, it fits within the scope of this survey
since for the distantly related members of each superfamily, simple multiple
sequence alignment procedures are not appropriate. Hence, the alignment of
superfamily members is based on the conservation of structural features like
the presence of secondary structures, hydrogen bonding and solvent accessi-
bility. For this type of alignments, the program COMPARER [49] has been
used, which takes into account structural information. In the present version,
the database consists of 52 superfamilies for which structure-based sequence
alignments are available.

FSSP

The Fold classification based on Structure-Structure alignment of Proteins
(FSSP, [26]) database provides all-against—all structure comparison of all cur-
rent PDB structures with more than 30 residues. The alignment and clusters
are updated continuously via the DALI search engine (described later in this
article). The classification is fully automatic. As of this writing, the database
contains some 2,700 sequence families, out of a population of roughly 25,000
protein structures.

The clustering of all proteins in the PDB is done by first identifying a
set of “representative” folds (which are highly dissimilar) and partitioning all
the remaining proteins into homologs of the structures in the representative
set (where a sequence is considered a homolog of another if they have at
least 25% sequence identity). Then, an all-againts—all comparison is performed
on the sequences in the representative set, this way inducing a clustering of
all structures and, implicitely, their homologs. The FSSP entries include the
resulting alignments as well as structure alignments of the representatives and
their homologs.

3.2 Fold Prediction and Assessment

The problem of protein fold prediction is perceived as one of the core ques-
tions, albeit extremely complex, for the molecular biology and gene therapy
of the 21st century. The amount of time and work required to determine a
protein structure experimentally makes the design of faster yet highly reli-
able methods a compelling need. One of the possibilities which is extensively
studied is the creation of algorithms capable of computing the final fold of
a protein from its aminoacid sequence. This is a challenging computational
problem and the prize for its solution includes, beyond the obvious scientific
and medical implications, also relevant economical interests. For this reasons,
some companies among which IBM, are devoting a good deal of research into
this problem. In 1999 IBM announced a $100 million research project, named
Blue gene [2], for the development of a system capable of more than one
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petaflop (10*® operations per second) which will tackle the problem of protein
folding by simulating the actual physical phenomenon in a massive, parallel,
computation.

The computational problem of protein fold prediction is beyond the scope
of this paper. For a good introduction to the topic see, e.g., [34]. What is
relevant for our purposes is the assessment of the prediction quality, i.e., how
can we judge if a prediction is “close enough” to a model? Clearly, we need
tools of structure comparison which, given a model determined experimentally,
and a prediction of the former, are capable to come up with a score (possibly,
a real number in the range [0, 1], with 0 meaning completely wrong, 1 meaning
completely right).

We now describe some of the situations where this problem occurs and
how it is currently solved.

CASP and CAFASP

The Critical Assessment of techniques for protein Structure Prediction (CASP
[40, 41]) is an international bi-annual exercise in which various research groups
try to predict the 3D structure of some proteins from their aminoacid se-
quences. The experiment consists of three phases: First the prediction targets
are collected from the experimental community; then the predictions are col-
lected from the modeling comunity; finally, the assessment and discussion of
the results takes place. Depending on the method used to predict, there are
different categories, i.e. Comparative Modeling, Fold Recognition or Thread-
ing, Docking and ab initio Folding. The rules of the exercise do not forbid
human intervention in making the predictions. In fact, the most successfull
teams so far are those who can annoverate some of the best experts in the field.
Similarly, the assessment of the results is not done automatically, but, again,
human expertise is required. Thus, for each prediction category, a group of
evaluators is asked to compile a ranking of the teams. Some automatic meth-
ods are employed as well, with the caveat that measures such as RMSD and
other rigid—body superposition methods have been found unsuited for the
recognition of well predicted substructures or domains. Since it has been so
far unclear even if a single, objective, quantitative assessment based on just
one measure can exist, in the CASP experiments a large number of scores
have been employed, but the final word is left to the expert evaluation and
human visualization. Some of the assessment techniques are described in [35].
The large number of models submitted (11136 in CASP4) underlines the ever
increasing importance of automatic measures.

CAFASP [12] is a Fully Automated CASP, in which human intervention is
forbidden. In this competition, held in parallel with CASP, both predictions
and evaluations must be performed by unsupervised programs. Although it is
widely believed that human-expert predictions and assessments can be signif-
icantly more accurate than their automatic counterparts, one of the goals of
CAFASP is to push the research for reducing the gap between the two. The
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main algorithm used in CAFASP for scoring the predictions is MaxSub, de-
scribed later in this paper. This algorithm was partially validated by scoring
some of the CASP3 Fold-Recognition (FR) models and comparing the rank-
ings obtained to the human—expert assessment carried out by CASP jurors.
Even if some differences were observed, the top six predicting groups ranked
by MaxSub were the same as those ranked by CASP3. On the other hand,
this algorithm had very little success in comparing hard FR targets to their
models, because it fails to detect local structural similarities. In the words of
CAFASP organizers [13], even for a target with a known fold, the fact that
MaxSub scored a prediction with zero does not necessarily imply that the pre-
diction is totally wrong. (...) Because of the relatively low sensitivity of our
automated evaluation, a “human expert” is required to learn more about the
prediction capabilities of the servers.

Live Bench

The Live Bench Project [6] is an effort aimed at the continuous benchmark-
ing of protein structure prediction servers. This project implements an au-
tomatic large—scale assessment of the performance of publicly available fold—
recognition/prediction servers, such as PDB-Blast, Gen THREADER, FFAS,
T98-1ib, 3D-PSSM and INBGU. The goal is to provide a consistent, automa-
tized framework in which such servers can be evaluated and compared. Every
week, all new PDB protein structures are submitted to all participating fold
recognition servers. For instance, in the period October 1999-April 2000, 125
targets were used for comparisons, divided into 30 “easy” structures and 95
“hard” ones. The results of the predictions are compared using similar algo-
rithms as in CAFASP, i.e., MaxSub and Lgscore. Note that, differently from
CASP and CAFASP, these “predictions” are in fact done after the struc-
tures are made known and available on the PDB, and hence the reliability of
LiveBench is based on the assumption that the evaluated servers do not use
any hidden feature directing the prediction towards the correct answer. One
of the main results of the LiveBench project was to recognize that the servers
largely disagree in many cases (they were able to produce structurally similar
models for only one half of the targets, and for only one third of the targets
such models were significantly accurate) but that a “combined consensus”
prediction, in which the results of all servers are considered, would increase
the percentage of correct assignments by about 50%.

4 Software and Algorithms for Structure Comparison

In this section we review some of the existing algorithms for protein struc-
ture comparison. We start with the RMSD measure, which is at the basis of
other algorithms described, such as MaxSub, GDT, 3dSEARCH and MNY-
FIT. The section includes both sequence order dependent and sequence order
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independent algorithms. In the latter we find DALI, Lgscore, 3dSEARCH and
STAMP.

A general comment which applies to almost all of the algorithms described
is a lack of rigorousness from a Theoretical Computer Science point of view.
That is, these algorithms are usually heuristic procedures using some sort of
local search to optimize a certain objective function. The algorithms that we
surveyed are not “approximate” as intended in Combinatorial Optimization
(i.e., there is no guarantee that the solution found will be within a certain
factor of the optimum, or of a bound to the optimum, which is never stud-
ied), but are mostly fairly simple heuristics which use “common sense” to
prune the search space. That is, they exploit some reasonable assumptions
on the properties that the optimal solution should have (which, however, are
not proved to always hold) to discard partial solutions from further consid-
erations. This way of proceeding makes certainly sense for hard problems
such as these, and in fact, the ideas on which Branch-and-Bound is based
are somewhat similar. However, Branch-and-Bound is an ezxact and rigorous
method, which guarantees an optimal solution or, if stopped before reaching
one, returns the maximum error percentage in the best solution found. We
think that Branch-and-Bound should also be considered, at least to tackle the
smaller instances, as a viable option for these problems. Also, in the realm
of local search heuristic procedures, there are several sophisticated paradigms
that have proved effective for many hard combinatorial problems. In partic-
ular, Genetic Algorithms, Tabu Search with its variants, Simulated Anneal-
ing, Randomized Algorithms and various Metaheuristics. Given the relatively
small effort required in implementing such searches (most of these procedures
are available as general purpose libraries and the user has to implement only
one or two core modules) we think that more work should be devoted into in-
vestigating which of these techniques is more suitable for a particular problem
at hand.

RMSD

Given n points (al,...,a"), with a® = (a%,a},a}) and n points (b',...,b"),
a “rigid body superposition”, is a composition of a rotation and a traslation,
that takes the points a’ into a ¢ and makes the sum of differences |a'* — bf| as
small as possible.

More specifically, let A be defined by

A% = mi Ra;+t—b;
i > 1R+ = bl

where R is a rotation matrix (i.e., det R = 1) and t a translation vector. The
Root Mean Square Deviation of a and b is A/y/n.

The optimal traslation ¢ is determined easily, since it can be proved that
it must take the center of mass of the a’ points into the center of mass of the
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b's. To determine the optimal R one must consider the correlation matrix A
defined by A;; = >;_, afb;?, as it can be shown that the optimal rotation
maximizes Tr(RA). One way to maximize Tr(RA), exploits the fact that the

problem is three dimensional. Represent the matrix R as

R=1+sin0M + (1 — cos§) M?

where
0 n —m
M=|-n0 1
m —1 1

and 0 represent the rotation angle around an axis in the direction of the
unit vector u = (I,m,n). It then follows that

Tr(RA) = Tr(A) + Tr(M A) sin 6 + (Tr(A) — Tr(M?A)) cos 6

and hence

max Tr(RA) = Tr(A) + \/ (Tr(MA))? + (Tr(4) — Tr(M2A)*

So, for a fixed axis of rotation, the calculation of the optimal angle € is
immediate [36].

Alternative ways of determining the optimal rotation matrix R, based on
the computation of the eigenvalues of AT A, or on the quaternion method, are
described in [31].

As previously mentioned the RMSD is widely used as a sequence depen-
dent measure of 3D similarity, i.e., to find an optimal mapping of points of a
structure into a predetermined set of corresponding points in another struc-
ture. Despite some known flaws, the RMSD measure is at the hearth of many
other measures. The main problem with RMSD is that it is more sensitive to
small regions of local differences than to large regions of similarity. In fact,
small distances between well-matched atoms have a much lesser impact on
the RMSD than do the very large distances between poorly matched Cls.

Another issue with RMSD is that it is not designed to be equivalent be-
tween different targets. For instance, the quality of a model with an RMSD
of a 4 A for a 40 residues long target is not the same as that of a model of 4
A RMSD over 400 residues.

The problem of local different regions affecting the total score is common
to other global measures, but for the RMSD value the effect is larger than for
other scores, e.g., the contact map similarity. In this situation, a solution is
typically to first calculate the similarity for segments of the protein and then
define a normalized score based on the number of residues in the segments.
However, the right relationship between the length of the segment and the
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value must be defined, and this is not a trivial problem. There are two con-
flicting issues: we are interested in large segments that are highly similar, but
the similarity and the length of the segments are inversely proportional.

Similar problems are faced by “trimming” methods which, given a current
alignment, re-define iteratively a core of pairs of residues that are matched
within a small distance, work on these only, and then try to extend the align-
ment. The threshold and the degree of trimming are to some extent arbitrary,
and this choice affects the final outcome.

DALI

In DALI [25], the structural alignment of two proteins is done indirectly, not
by comparing the actual structures, but their distance matrices. The distance
matrix of a folded protein P is the matrix D¥ = (df}) of the Euclidean dis-
tances between all pairs (i, j) of its residues. The matrix provides a 2D repre-
sentation of a 3D structure, and contains enough information for retrieving the
actual structure, except for overall chirality [22]. The idea underlying DALI is
that if two structures are similar, then their distance matrices must be similar
too. An analogous idea is used to compare structures via their contact maps
and is described later in this article. In order to find similarities between two
distance matrices, D4 and D®, DALI uses a heuristic trick, and looks for all
6 x 6 submatrices of consecutive rows and columns in D# and D? (that is, it
maps i4,i4+1,..., i +5into iB,iB+1,... B +5, and j4,j4+1,...,j4+5
into 52,58 +1,...,5% +5) to find patterns of similarity. This is done in the
first step of the algorithm. The set {i4,...,i4 + 5,54,...,74 + 5} with its
counterpart in B, is called a contact pattern. The second step attempts at
merging the contact patterns into larger, consistent, alignments. An align-
ment of two proteins A and B is a one-to-one function M of some residues
M4 (the matched ones) of A into some residues of B. DALI tries to determine
the alignment that maximizes the global objective function

S(M) = > (i, 4, M(i), M(5)).

i,jEMa

This objective function, which looks only at matched residues, depends on
the particular ¢ used, which in turn depends on the C,—C,, distances df} and
dﬁ(iL MG)- The two main forms for ¢ used by DALI are a rigid and an elastic
score. The rigid score is defined by ¢(i, j, M (i), M (j)) := 0 — |d{} — dﬁ(i)’M(j) l,
where @ = 1.5A is the zero level of similarity. The more complex elastic score
uses relative, other than absolute deviations, and an envelope function to
weigh down the contribution of long distance matched pairs.

Some heuristic rules are employed to speed up the search. For instance,
only a subset of all contact patterns is considered. Also, overlapping contact
patterns (they could possibly overlap by 11 out of 12 residues) are suppressed
by partitioning the protein in nonoverlapping structural elements and merging
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repetitive segments. Further rules to prune the search involve the suppression
of pairs of patterns for which the sum of distances of one is not within a given
interval of the same value in the other. Other rules of the same nature are
employed which we do not describe here. The final optimization is done via a
Monte Carlo algorithm, which is basically the local search strategy known as
Simulated Annealing. In this search a neighborhood of a solution is explored
for a good move, leading to a new solution. A move which takes into a solution
worse than the current one can be accepted, but with probability inverse to the
degradation in the solution quality. The temperature of the system is also used
to favour or make more difficult such non—improving moves. DALI uses two
basic moves, named expansion and trimming ones. Expansion moves try to ex-
tend a current partial alignment by adding to it a contact pattern compatible
with one of the currently matched residues (i.e., containing the same match),
and then possibly removing some matches that have become noncompatible.
Trimming moves simply remove from a current alignment any subalignment
of 4 elements that gives negative contribution to the total similarity score.
These moves are alternated as one trimming cycle every five expansion cycles.

DALI was used to carry out an all-against—all structure comparison for
225 representative protein structures from the PDB, providing the basis for
classification in the FSSP database. Also, the DALI server can be used to
submit the coordinates of a query protein structure which is then compared
against the PDB.

MaxSub

MaxSub [50] is an algorithm explicitely developed to be used for the automatic
assessment of protein structure similarity (in particular within the CAFASP
exercise). Therefore it was written with the goals of (a) being simple and
objective, (b) producing one single number (score) that measures the amount
of similarity between two structures and (c) performing similarly to human-
expert evaluations. These goals were partly met, and the measure was partially
validated when, on a particular category and subset of predictions, it ranked
in the top the same groups that were ranked in the top by the CASP human
evaluators. A prediction can be evaluated in different aspects. For example,
in the Homology Modeling category one may want to score the accuracy of
the loops or the side chain packing. Or, in the Fold Recognition category, one
may want to evaluate wether a compatible fold was recognized, regardless of
the quality of the alignment obtained. MaxSub, in particular, focuses on the
quality of the alignment of the models to the target. It is a sequence—dependent
assessment, i.e., only corresponding residues are compared. The result is a
single scalar in the range of 0 (completely wrong) to 1 (perfect model). The
scalar is a normalization of the size of the largest ”well-predicted” subset,
according to a variation of a formula devised by Levitt and Gerstein [32].
MaxSub is also similar to GDT, a method developed by Zemla et al. [59] for
being used in CASP3, which attempts to find a large set of residues which
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can be superimposed over the experimental structure within a certain error.
GDT is briefly described later in this survey.

The input to MaxSub are the 3D coordinates A = {a1,...,a,} and B =
{b1,...,b,} of the C, atoms of a prediction and a target. A solution is a
subset M C {1,...,n} (called a match) such that the pairs (a;,b;) for j € M
can be superimposed ”well-enough” (i.e., below a given threshold d) by a
transformation T (rotation and translation). The objective is to maximize
the size of M, i.e., find the largest subset of residues which superimpose well
upon their correspondents.

Given M, the value of the best superposition can be easily found, (analo-
gously to the RMSD determination previously described), by using the trans-
formation Th; which minimizes, over all T,

RMS(M \/ZJGM laj — T(b,)l

| M|

where || - || is the Euclidean norm.

The optimization of M is performed by a simple heuristic algorithm. This
algorithm is based on the reasonable (although not rigorous) assumption that
a good match must contain at least L > 4 consecutive pairs, i.e. {(a;,b;), i =
J,g+1,...,5+ L—1} for some j. So the idea is, for a fixed L, to look, in time
O(n), for all matches of L consecutive elements, and try to extend each of
them. The extension of a match M is also done heuristically, in 4 iterations,
where at each iteration k the pairs (a;,b;) for which ||la; — Tar(b;)|| < kd/4
are added to M.

Let M* be the best match found by the above procedure. In order to
return a single, normalized score, a final value S is computed as

1
S(M*) = < —) /n,
2 TP
where d; = ||a; — T+ (b;)||. In our opinion, there are several non rigorous
steps that should be addressed in evaluating MaxSub and its reliability. For
instance, although the basic objective optimized by the algorithm is mazimize
| M| such that d; < d for all i € M, the optimization of S (which is the score
eventually returned) calls ultimately for mazimize over all M, >, _,, - + Fraz
which is a different objective with possibly a different optimum. Also, there
are many arbitrary parameters, such as L, the number 4 of iterations in the
extension phase, and the threshold d. Some experiments have shown that the
algorithm does not depend on the choice of d too much, while the dependance
on the other parameters is not described with the same accuracy. As far as
how close the solution is to the optimum, a comparison to the best of a random
set of 70,000 matches was used. Given the astronomical number of possible
solutions, it is arguable if such method can be used to conclude anything
about the actual performance of the algorithm.
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Lgscore

The measure Lgscore [9] is used in LiveBench and CAFASP for the automatic
assessment of fold recognition problems. This measure is statistically based,
and relies on the following formula, by Levitt and Gerstein [32], for the simi-
larity of two structures, after a superposition in which M denotes the aligned
residues:

1 Ng
Sur(M) = K <ZA; T (dijdo)? 7) ’

where K and dj are constants (usually set to 10 and 5A), d; is the distance
between the aligned pairs i of C,, atoms, and N, is the number of gaps in the
alignment. The P—value of a similarity is the likelihood that such a similarity
could be achieved by chance. Levitt and Gerstein showed how to compute the
P—values for a distribution of Sg, depending on the length of the alignment.
Lgscore is the negative log of the P—value for the most significant subpart of
the alignment. In order to find such most significant segment, two heuristic
algorithms are used, i.e. “top—down” and “bottom—up”. The top—down ap-
proach consists of a loop in which (1) a superposition is done of all residues
that exist in the current model and the target; (2) the P—value of this super-
position is stored and the residues that are furthest apart are deleted in the
model and the target. The loop is repeated as long as there are at least still
25 residues. The alignment with the best P—value is returned. The bottom—up
approach essentially tries to match a fragment i, ...,i+j of j > 25 consecutive
residues in the model and the target, for different values of ¢ and j and re-
turns the best P—valued fragment. None of the two approaches dominates the
other, although the authors report that the bottom—up algorithm found the
best subset in most cases. The arbitrary value of 25 residues as a threshold for
fragment length is justified in [9] since “short segments are given unrealistic
good P—values”.

GDT

GDT (Global Distance Test, [59]) is an algorithm for identifying large sets of
residues (not necessarily continuous) in a prediction and a target which do
not deviate more than a given cutoff value. The algorithm is heuristic, and
similar to Lgscore. It consists of a loop, started from the alignment between
model and target of the longest continuous fragments within the cutoff value,
found by enumeration, and all three-residue segments. At each iteration, an
RMS transfom is computed for the given alignment, and the pairs of residues
whose distance is greater than the threshold are removed. The loop is ended
as soon as no residues are removed by one iteration.
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Geometric Hashing and 3dSEARCH

Comparing protein structures and, more generally, querying databases of 3D
objects, such as the PDB, can be regarded as special cases of Object Recog-
nition problems in Computer Vision. Therefore, algorithms originally devel-
oped in the field of Computer Vision have now found a suitable application
in Structural Genomics as well. Geometric hashing [28] is an example of such
a technique. Geometric Hashing can be used to match a 3D object (a pro-
tein structure) against one or more similar objects, called “models” (e.g. a
database organized on structure). The key idea is to represent each model
under different systems of coordinates, called reference frames, one for each
triplet of non collinear points of each model. In any such system, all points
of the model (which are vectors of reals) can be used as keys (i.e., indices
in a hash, or look—up, table) to store the information about the model they
belong to. In a preprocessing phase, all models are processed this way, and
an auxiliary, highly redundant, hash table is created. In the querying phase,
executed each time a target is to be matched against the models, the follow-
ing steps are taken. For each reference frame of the target, the points of the
target (in the coordinate system defined by the reference frame) are used to
access the hash table and hence retrieve some of the models. These models
define a match list for the particular reference frame. A match list gives a set
of alignments of the points in the target and in each of the models retrieved.
The match lists are then merged in order to find larger alignments. The final
step is to compute an RMSD transformation for each alignment obtained, so
as to find the model most similar to the target.

The program 3dSEARCH [51], used by the database SCOP, implements
the strategy of geometric hashing on the secondary structure representation
of each protein.

MNYFIT

The program MNYFIT [54], which is used by the database HOMSTRAD,
belongs to a suite of programs called COMPOSER, for homology modeling
of protein structures. With COMPOSER, one can work out the construction
of a predicted 3D structure based on one or more known homologous ones.
MNYFIT is a core module within this software collection, and can handle up to
10 molecules of about 500 residues each. It performs the superposition of two
or more related protein structures, individues structurally equivalent residues
and their location, and with this information is able to define a common
framework for a set (family) of proteins.

The main algorithm used by MNYFIT is the least squares fitting procedure
of McLaughlan [36] for rigid body superposition, akin to the RSMD procedure
discussed above.

The superpostion is performed initially using at least three atoms from
the C, backbones of each molecule, which occupy topologically equivalent
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positions in all the molecules to be fitted. For two or more superimposed
structures, a threshold is used to define which of the C, atoms are consid-
ered structurally equivalent (i.e. those whose distance in the superposition
is smaller than the threshold). Then, the alignment is iteratively updated
with the double objective of increasing the number of structurally equivalent
atoms while at the same time keeping a low Root Mean Square Deviation
between the equivalenced atoms in the superimposed structures. When more
than two molecules are superimposed, the objective is to determine a con-
sensus structure (called “framework”), which should be as close as possible
to all involved structures, and which represents the average positions of the
structurally equivalent atoms of all superimposed molecules. The framework
returned from the final step of the procedure is used by COMPOSER for
further model-building operations.

STAMP

One of the programs used by the database HOMSTRAD for the detection
of homologous protein families is STAMP [48], a program for the alignment
of protein sequences based on their 3D structures. The core of this program
contains an implementation the basic Smith and Waterman dynamic pro-
gramming procedure for sequence alignment [52], but using suitable similarity
scores which express the probability of residue-residue structural equivalence.
These scores are computed according to the equation by Argos and Rossmann
1]

2 52,

i i
—2i? P Topy

where d;; is the distance between the C, atoms of residues ¢ and j, and
s;; measures the local main chain conformation. The Smith and Waterman
procedure is embedded in a loop as follows: at each iteration, the output of
the dynamic program is a residue-residue equivalence (the sequence align-
ment). This list of equivalences is used to compute a best fit transformation
minimizing the RMSD, via the least square method of McLaughlan. The new
set of coordinates and residue-residue distances, obtained under this trans-
formation, are then used to recompute the similarity score values, which are
then used for another round of the Smith Waterman procedure. The loop is
repeated iteratively until the alignment becomes stable.

The method has proved experimentally effective, allowing the generation
of tertiary structure based multiple protein sequence alignments for a vari-
ety of protein structural families. However, the method is only effective for
proteins which share a good deal of global topological similarity, while fails if
applied to, e.g., proteins with common secondary structures but with different
connectivity, orientation or organization.

STAMP allows for the specification of a minimum number of equivalent
residues to be matched in two structures, the reversals of strand directions, the

Pij = exp
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swapping of sequence segments and more. The output contains two measures
of alignment confidence: a “structural similarity score”, which can also be used
to measure the functional and evolutionary relationship, and an “individual
reside accuracy” which is intended to measure the quality of the topological
equivalence of the pairs of aligned residues.

5 Problems Based on Contact Map Representations

A contact map [33, 21] is a binary version of the distance matrix representation
of a protein structure. More specifically, the contact map of a folded protein
of n residues is a 0-1, n X n matrix C, whose 1-elements correspond to pairs
of amino acids in three—dimensional “contact”. A contact can be defined in
many ways. Typically [37], one considers C;; = 1 when the distance of two
heavy atoms, one from the i—th aminoacid and one from the j—th aminoacid of
the protein, is smaller than a given threshold (e.g., 5A). The framework of the
contact map representation of proteins is very appealing, since this intuitive
and fairly simple representation is already complex enough to capture the
most important properties of the folding phenomenon. It has been shown
that it is relatively easy to go from a map to a set of possible structures to
which it may correspond [21, 56]. This result has opened the possibility of
using contact maps to predict protein structure from sequence, by predicting
contact maps from sequence instead. Vendruscolo and collaborators, among
others, have looked at the problem of devising an energy function based on
contacts, which should be minimized by the protein’s native state contact map
[57, 45]. For this purpose, they have set up a system of linear inequalities, with
20 x 20 variables Cy;, for all pairs of aminoacids a and b, which represent the
weight to give to a contact between the aminoacids a and b. The inequalities
are built as follows. Given the contact map of a correct structure r, there
is an inequality for any alternative structure w over the same sequence of
aminoacids, imposing that the energy of r is lower than that of w. Alternative
structures are obtained, e.g., by threading through other known folds. The
results are that “a simple pairwise contact energy function is not capable of
assigning the lowest energy to an experimentally determined structure” [45],
but by using corrective factors, such as a distinction between contacts on the
surface or in the core, and simple distance—dependant interaction weights, one
can achieve contact potentials which are in fact often stabilized by the native
contact maps. The use of energy function minimization to predict contact
maps is just one possible way. To the best of our knowledge, very little success
has been met so far in the contact map prediction problem. It is possible that
the research on this question will be boosted by the fact that the competition
CAFAPS has recently introduced the new “contacts” prediction category.
The statistics of contact maps have been studied as well, and it has been
shown that the number of contact maps corresponding to the possible config-
urations of a polypeptide chain of n residues, represented by a self-avoiding
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Fig. 2. An alignment of value 5

walk in the d—dimensional lattice, grows exponentially with n for all d > 2
[58].

5.1 Using Contact Maps for Structure Comparison

Besides their use for protein fold prediction, contact maps can be exploited
to compare 3D structures. The basic idea is fairly obvious: if two structures
are similar, we should expect their contact maps to be similar as well, and
conversely. Hence, we can use an indirect method for structure comparison,
i.e., contact map comparison instead. In our previous work [29] we have de-
signed an exact algorithm based on an Integer Programming formulation of
this problem, which we will now review.

We can regard the contact map of a protein p as the adjacency matrix of a
graph G,,. Each residue is a node of G}, and there is an edge between two nodes
if the the corresponding residues are in contact. The Contact Map Overlap
(CMO) problem, calls for determining a sequence—independent alignment of
some residues in the first protein (nodes in Gp) with residues of the second
protein (nodes in G2) which highlights the largest set of common contacts as
follows: The value of the alignment is the number of contacts (i.e., edges) in
the first map whose endpoints are aligned with residues that are also in contact
in the second map. This value is called the overlap for the two proteins, and
the optimization problem is to find the maximum overlap. Figure 5.1 shows
two contact maps and a feasible alignment.

This measure was introduced in [15], and its optimization was proved
NP-hard in [18], thus justifying the use of sophisticated heuristics or Branch—
and-Bound methods.

Some of the most powerful algorithms for finding exact solutions of com-
binatorial optimization problems are based on Integer Programming (IP) [43].
The IP approach consists in formulating a problem as the maximization of a
linear function of some integer variables and then solving it via Branch—and—
Bound. The upper bound comes from the Linear Programming (LP) relaz-
ation, in which the variables are not restricted to be integer, and is polyno-
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mially solvable. When the LP-relaxation value is close to the value over the
integers, then the bound, and hence the pruning of the search space, is effec-
tive. In order to obtain good bounds, the formulation is often reinforced by
the use of additional constraints, called cuts (from which the approach name,
Branch—and-Cut): these are constraints that do not eliminate any feasible in-
teger solution, but make the space of fractional solutions smaller, this way
decreasing the value of the LP bound. In many cases a good IP formulation
requires an exponential number of constraints and/or cuts. This would make
its practical solution impossible, unless there is a way to include all of them
only implicitely. This way exists, and works as follows. Given an LP fractional
solution z* and an inequality ax < b, we say that the inequality is wviolated
by x* if ax® > b. If we have an exponential number of inequalities, we can
solve the LP with only a (small) subset of them, obtain a solution z* and
then check if any of the (exponentially many) inequalities that were left out
is violated by z*. If not, the current solution is optimal with respect to the
full formulation, otherwise, we can add the violated inequality to the current
LP and iterate the process. The check for a violated inequality is called sepa-
ration and is carried out by a separation algorithm. By a fundamental result
of Grotschel, Lovdsz and Schrijver [20], the existence of a polynomial-time
separation algorithm is a necessary and sufficient condition for solving the
whole exponential-sized LP relaxation in polynomial time.

The CMO problem can be reduced to a (very large) Mazimum Indepen-
dent Set (MIS) problem on a suitable graph. An independent set is a set of
vertices such that there is no edge between any two of them. The MIS is a
classic problem in combinatorial optimization which has a definition nice and
simple, but is one of the toughest to solve exactly. However, by exploiting the
particular characteristics of the graphs derived from the CMO problem, we
can in fact solve the MIS on graphs of 10,000 nodes and more.

The natural formulation of the MIS as an IP problem has a binary variable
x, for each vertex v, with the objective of maximizing >, x,, subject to
Xy + 2, < 1 for all edges {u,v}. This formulation gives a very weak bound,
but it can be strengthened by the use of clique inequalities cuts, such as
ZWGQ z, < 1, which say that any clique @ can have at most one node in
common with any independent set. The addition of these constraints can lead
to tight formulations. This is exactly the case for the CMO problem. In [29]
we formulated the CMO problem as an IP and solved it by Branch-and—
Cut, where the cuts used are mainly clique—inequalities. Although there is an
exponential number of different clique inequalities, we can characterize them
completely and separate over them in fast (O(n?)) polynomial time. Note that
finding cliques in a graph is in general a difficult problem, but in this case
we can solve it effectively since it can be shown that the underlying graph
is perfect. The following section gives some details on the formulations and
results from [29]. Further details and full proofs can be found in the original

paper.
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IP Formulation

We can phrase the CMO problem in graph—theoretic language as follows:
We are given two undirected graphs G; = (V1, Fy) and G2 = (Va, E2), with
n; = |V;| for i = 1,2. A total order is defined on V} = {a1 < ... < an,} and
Vo ={b1 < ... <bp,}. It is customary to draw such a graph with the vertices
arranged increasingly on a line. We denote an edge by an ordered pair (3, j),
with a tail in the left endpoint and a head in the right endpoint.

A non—crossing alignment of V7 in V5 is defined by any two subsets of the
same size k, {i1,...,ix} C V1 and {u1,...,ux} C Vo, where i1 < ia... < ig
and similarly for the wup’s. In this alignment, up is aligned with ip for 1 <
h < k. Two edges (contacts) (i,7) € Ey and (u,v) € Es are shared by the
alignment if there are [,t < k s.t. ¢ = 4, j = 4, u = uw; and v = uy (see
Figure 5.1). Each pair of shared edges contributes a sharing to the objective
function. The problem consists in finding the non—crossing alignment which
maximizes the number of sharings.

An alignment corresponds to a set of lines connecting nodes of V; and V5
in the usual drawing with V; drawn on the top and V5 on the bottom. We
denote such a line for ¢ € V4 and j € V5 by [i, j]. We say that two lines cross
if their intersection is a point. The sharings (e, f1) and (ez, f2) can be both
achieved by an alignment if and only if they are compatible, i.e. no two of the
lines betweens the tails of e; and fi, the tails of es and fs, the heads of e;
and f; and the heads of es and fy cross. A set of sharings is feasible if the
sharings are all mutually compatible, otherwise it is infeasible. Similarly we
define a feasible and infeasible set of lines. If we draw the lines connecting the
endpoints of an infeasible set of sharings, we have an infeasible set of lines.

We denote by y.; a binary variable for e € Fy and f € Fs, which is 1 iff
the edges e and f are a sharing in a feasible solution. The objective function
of CMO is

max Y g, M)

ecEy,fEE>

and the constraints are

Yei f1 + Yes f2 <1, (2)

for all ey, eq € E1, f1, f2 € Ea s.t. (e1, f1) and (ea, f2) are not compatible.

It can be shown that the formulation made of constraints (2) gives a very
weak LP bound, and also contains too many constraints. To strengthen the
bound, we use a new set of variables and strong cuts. We introduce a new
set of binary variables x;, for i € V5 and u € V5, and constraints forcing the
nonzero x variables to represent a non—crossing alignment. We then bound
the y variables by means of the x variables, so that the edges (i, ) and (u,v)
can be shared only if ¢ is mapped to u and j to v. For ¢ € V4 (and analogously
for i € Vo), let 6t(i) ={j €i+1,....,n1:(i,j) € Ex1} and 6~ (i) = {j €
1,...,4—1:(j,i) € E1}. Then we have the following constraints:
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Z Y(i,5) (uw) < Tius Z Y, (upw) < Tiv (3)
JEST(4) JES(4)

for all © € Vi, (u,v) € Es, and analogous constraints for i € Va and
(u,v) € Ej. We call these activation constraints. Finally, the noncrossing
constraints are of the form:

foral1<i<j<n;, 1<v<u<ngst.i#jVuo.

Our IP formulation for the max CMO problem is given by (1), (3), and (4),
where x and y are all binary variables. The cuts in the x variables are described
next.

First, we make clear the connection to the independent set problem. We
define two graphs G, and G. In G, there is a node N;, for each line [¢,u]
with ¢ € V; and v € V, and two nodes N;,, and Nj, are connected by an edge
iff [¢,u] and [4,v] cross. Similarly, in G, there is a node N for each e € Ey
and f € E and two nodes N,y and N s are connected by an edge iff the
sharings (e, f) and (¢, f') are not compatible. Then, a selection of x variables
feasible for all noncrossing constraints corresponds to an independent set in
G, and a feasible set of sharings is an independent set in G,. The maximum
independent set in G, is the optimal solution to CMO. All cuts valid for the
independent set problem can be applied to the z and y variables, and, most
notably, the clique inequalities.

The separation of the clique inequalities works as follows. Given a frac-
tional solution z*, we look for the mazimum weight clique in G, where x7;
is the weight of IV;;. If the maximum weight clique weighs less than 1, then
there are no violated clique inequalities, otherwise, we can add at least one
such cut to the current LP.

Finding maximum weight cliques is a polynomial problem when the un-
derlying graph is perfect. We can prove that

Theorem 5.1. The graph G, is perfect.

There are algorithms for finding a max weighted clique in a weakly trian-
gulated graph (as G, can be shown to be) of time O(n®), due to Hayward,
Hoang, Maffray [23] and Raghunathan [46]. However, for this specific graph
we can do better and find max weighted cliques in time O(n?), thus making
a huge difference in the practical solution of the problem.

We start by chacterizing all cliques in G, i.e. sets of alignment lines which
are all mutually crossing. We define the following notion of a ¢riangle: this is
a set of lines with one common endpoint and a second endpoint in a range of
consecutive nodes, like T'(4, j|u) := {[i,u], [i + 1, u],...,[j — 1, u], [j, u]} where
i <jeViand u € Va, and T(i|j,u) := {[i, 7], [, 5 + 1],..., [i,u — 1], [¢, u]}
where i € V; and j < u € Va. For S a set of lines, by x(.S) we denote the value
2lijles Tij-
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by

Fig. 3. Left: A zigzag path P (bold) and the set T'(P). Right: Same path after
flipping V2.

Call a1, an,, b1, and b, the set of terminal nodes. Consider a path P which
passes through all the terminal nodes, and alternates nodes of V; and V5 in a
zig—zag fashion: That is, we can orient the path so that a; is the first of the
nodes of V; visited by the path, and if a; has been visited by the path, then
all of the nodes in V; visited after aj, are to its right. Similarly, b, is the first
of the nodes of V5 visited by the path, and if b, has been visited by the path,
then all of the nodes in V5 visited after b, are to its left. Note that any such
path must start and end at a terminal node (see figure 5.1, Left), and must
always include the lines [a1, b,,] and [ay,, b1]. For each node of degree two in
P, a triangle is defined by considering the set of lines incident on the node
and contained within the two lines of the path. Let T4(P) (Ts(P)) be the set
of triangles defined by P with tip in the nodes of V4 (V42) having degree two
in P. We define T(P) := T4 (P)UTg(P). The following theorem characterizes
the cliques of G,.

Theorem 5.2. A set Q of lines is a mazximal clique in G, if and only if there
exists a zigzag path P such that Q@ = T(P).

The inequalities z(T'(P)) < 1 for all zigzag paths P are therefore the
strongest clique cuts for this particular independent set problem. We now
show that to find the most violated such inequality in time O(n?). To make
the following argument easier, we rename the nodes of Vs as {c1,...,cn, }, S0
that the leftmost node ¢; is by, and the rightmost, ¢,,, is by (i.e., we flip the
nodes of V5 with respect to the usual drawing). A zigzag path P now looks as
a path which goes from left to right both in V3 and V5. We call such a path a
leftright path (see figure 5.1, Right).

With respect to the new drawing of W, orient each line [a,c] in the two
possible ways and, given a real vector 2*, define the length for each arc (a, ) €
VixVy and (¢, a) € VaxV as follows: I(a, c) = *(T'(a|1,¢))—2*(T(1, alc)) and
l(c,a) = 2*(T'(1,alc)) — z*(T(a|l, c)). The lengths of four special arcs are de-
fined separately, as l(ala Cl) =0, l(cla al) =0, l(anucnz) =z (T(an1|1a cnz))
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and I(cn,, an,) = 2*(T(1, an, |cny)). Now, consider a leftright path P starting
with either the arc (a1,¢1) or (1, a1) and ending with either the arc (an,, ¢n,)
or (Cpy,an, ). Call [(P) the standard length of this path, i.e. the sum of arcs
lengths. We then have the following lemma.

Lemma 5.1. For a leftright path P, l(P) = 2*(T(P)).

Hence, to find the max—weight clique in G,, we just need to find the
longest leftright path. This can be computed effectively, by using Dynamic
Programming. Call VA_(¢, j) the length of a longest leftright path starting at
a; and using nodes of V5 only within ¢;, ¢j41,. .., cn,. Also, call V »(4, j) the
length of a longest zigzag path starting at c; and using nodes of V; only within
Gy Gig1,- - -, 0n, . Then we have the following recurrences:

VA3, 5) = max{l(as, ¢j) + V(i + 1, 5), W0, 7 + D},

V/(Zaj) = max{l(cjvai) + V\(Zvj + 1)aV/(Z + 1;.7)}

These recurrences can be then solved backwards, starting at (ni,n2), in
time O(n?).

Genetic Algorithms and Local Search

In a Branch—and—Cut algorithm, pruning of the search space happens when-
ever the upper bound ub to the optimal solution of a subroblem is smaller
than a lower bound [b to the global optimum. As described before, ub is the
value of the LP-relaxation. It is important then to have good (i.e., large) lower
bounds as well. Any feasible solution gives a lower bound [b to the optimum.
In our work we have developed heuristics of two types for generating good
feasible solutions, i.e. Genetic Algorithms and Steepest Ascent Local Search.

A generic Genetic Algorithm (GA, [24, 16]) mimics an evolutionary pro-
cess with a population of individuals that, by the process of mutation and
recombination, gradually improve over time. For optimization problems, an
individual is a candidate solution, mutation is a slight perturbation of the
solution parameters, and recombination is a “merging” of two candidate so-
lutions. The use of GAs for Structural Genomics problems is not new, e.g.,
GAs were used for protein fold prediction [27, 10].

Our application of the GA encodes the solutions as sets of alignment edges,
associating a residue in one contact map graph with a residue in the other. A
mutation will slightly shift one edge, and randomly add new edges in any avail-
able space, while recombination will pick edges out of two candidate solutions
and create a new candidate solution using those edges.

Figure 5.1 shows two mutations. The first mutation shifts the alignment
edges on the circled nodes to the right by one position, causing the right-most
edge to be removed and a new edge to be be inserted. The second mutation
shifts the circled edges to the left by one position, causing the left-most shifted
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RN PA

(a) Initial State

P

I

(b) After the first mutation

L

(c) After the second mutation

Fig. 4. The mutation operator. The top alignment shows the state before any
mutations, the middle alignment shows the state after the first mutation but before
the second mutation, the bottom alignment shows the state after both mutations.
Dotted lines are edges that have been removed by a mutation, dashed lines are edges
that have been added after a mutation is performed.

edge to be removed and a new edge to be randomly inserted on the right end
— exactly one of the dashed lines is inserted.

The recombination operator is used to create a new candidate solutions
(the child) from existing solutions. This is done by randomly selecting two
existing solutions (the parents) by a standard GA method, i.e., randomly, but
biased towards good solutions. A set of contiguous edges is randomly selected
from one of the parents and is copied directly to the child. Next, all edges
from the second parent that do not cross edges in the child are copied to the
child. Finally, new edges are added in any available positions, exactly as was
done with mutation.

Our Steepest Ascent Local Search heuristic algorithms follow the standard
approach: Let s be a feasible current solution. The neighborhood of s is the set
of solutions which can be obtained by applying a move to s. If all solutions
in the neighborhood are no better than the current solution s, s is a local
optimum and the search is terminated. Otherwise, the move that results in the
best solution value is applied to s, and the search continues. Since converging
to a local optimum is very fast, the search can be repeated many times, each
time starting from a random feasible solution.

A feasible contact map alignment solution is identified by a pair of lists
of the same size, (A, B), where A = (a; < ... < ag) are nodes from G; and
B = (b; <...<bg) are nodes from G2. The alignment maps residue a; in the
first graph to residue b; in the second graph (see Figure 5.1(a)).

Our two local search algorithms differ only in the definition of the moves
that generate a neighborhood. The first algorithm uses moves that add a
single specific line to the solution, removing any lines that cross the new line.
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al 32 33 a4 a5
° o0 o o (A XK X
b1 b2 b3 b4 b5
(a) Initial State (b) M(7.4)
° ° ® o000 °
(c) M+(7,4) (d) M-(6,3)

Fig. 5. Moves for the two algorithms. (a) Starting solution s. (b) A move from the
first algorithm applied to s. (¢) An increasing move applied to s. (d) A decreasing
move applied to s.

Formally, the move M (a,b) is defined for alla € G; — A and b € Gy — B and
will add the line [a,b], removing all lines [a;,b;] such that a < a; Ab > b;
or a > a; \b < b; (see Figure 5.1(b)). This moves allows for big “jumps” in
the solution space, by introducing very skewed lines and by removing many
lines at once, and is suitable for instances in which the contact maps are not
similar.

The second algorithm uses two types of moves, a decreasing move and an
increasing move. The decreasing move, M~ (a,b), defined for a € A and b € B,
simply removes a from A and b from B. Figure 5.1(d) shows the decreasing
move M~ (6,3), which removes ay and by from their respective lists. The
increasing move, M (a,b), where a and b are as defined for M (a,b) in the
first algorithm, adds a to A and b to B (see Figure 5.1(c)). These moves do
not introduce very skewed lines easily and so are suited for similar proteins,
in which good solutions are made of many parallel lines.

Computational Experiments

Our program has been implemented and run on some proteins from the PDB.
This is the first time that exact solutions have been found for real instances of
this problem. We have run our procedure on a set of 269 proteins, with sizes
ranging from 64 to 72 residues and 80 to 140 contact each. The set was chosen
to contain both a large number of similar proteins, as well as a large number
of dissimilar proteins. An all-against-all computation would have resulted in
36046 alignments; we selected a subset of 597 alignments, so that there would
be an equal number of similar pairs and dissimilar pairs.

In order to perform such a massive computation on a standard, single—
processor Pentium PC, we have limited the time devoted to each individual
instance to one hour (details can be found in [29]). Therefore, some prob-
lems have not been solved to optimality. However, even within the time limit
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[ JFold [Family [Residues[Seq. Sim.J[RMSD[Proteins |
1|Flavodoxin-like| CheY-related 124 15-30% | < 3A [1b00, 1dbw, 1nat, Intr,
lgmp, 1rnl, 3cah, 4tmy
2|Cupredoxins Plastocyanin/ 99 35-90% | < 2A [1baw, 1byo, 1kdi, 1nin,
azurin-like 1pla, 2b3i, 2pcy, 2plt
3|TIM beta/ Triosephosphate| 250 30-90% | < 2A [1lamk, law2, 1b9b, 1btm,
alpha-barrel isomerase 1hti, 1tmh, 1tre, 1tri,
lydv, 3ypi, 8tim
4 |Ferratin-like Ferritin 170 7-70% < 4A [1b71, 1bcf, 1dps, 1fha
lier, 1rcd

Fig. 6. The Skolnick set.

set, we have been able to solve 55 problems optimally and for 421 problems
(70 percent) the gap between the best solution found and the current upper
bound was less than or equal to 5, thereby providing a strong certificate of
near—optimality. The results also show the effectiveness of our lower bound-
ing heuristic procedures, and in particular, of our genetic algorithm. The GA
heuristic turned out to be superior to the others, finding 52 of the 55 optimal
solutions.

In a second test, we used our programs to cluster proteins according to
their Contact Map Overlap. L.e., given a set of proteins, we compute a nor-
malized score based on their best CMO alignment, and check if pairs with
high score are actually coming from the same family.

5.2 The Skolnick Clustering Test

A test set was suggested to us by Jeffrey Skolnick. The set contains 33 proteins
classified by SCOP into four families: CheY-related, Plasto—cyanin/azurin-
like, Triosephosphate isomerase and Ferratin (see Figure 5.1). Since this pro-
teins are relatively large (beyond the capability of Branch—and—Cut exact so-
lution, the problem is NP-hard after all), we used the heuristics that worked
well for providing lower bounds in the Branch—-and-Cut algorithm, i.e. GA
and Local Search.

We applied the heuristics to all 528 contact map pairs, and clustered the
proteinss based on the following similarity score:

S
min{mi, mj}

where m; and m; are the number of contacts in proteins ¢ and j, and c¢;;
is the number of shared contacts in the solution found. Note that 0 < s;; < 1.
A score of 1.0 would indicate that the smaller contact map is completely
contained in the larger contact map. We found that 409 alignments with
score between 0.0 and 0.313 were almost exclusively between contact maps
in different families; 1.3% of these were alighments within the same family.
The remaining 119 alignments, with score between 0.314 and 0.999, were all
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between contact maps in the same family. Hence, we validated the CMO score
for clustering with 98.7% accuracy (1.3% false negatives).

5.3 Conclusions

In order to promote the use of contact map overlap for structure comparison,
more work should be devoted into designing effective algorithms for proteins of
larger size than our current limit. Armed with such an algorithm, one could
run an all against all alignment of the PDB structures, and cluster them
according to their contact map similarity.

Our Branch-and-Bound and heuristic algorithms can be extended to new
contact map—based similarity measures. For instance, one can consider the
introduction of weights w,. on the contacts e = {i1,i2}. These weights can be
based on the residues appearing at positions i; and is, or on the distance be-
tween 41 and i in the folded protein. This would allow to model a situation in
which some contacts are “more important” to preserve than others. Similarly,
penalties u;; can be used to weigh each residue-residue z;; alignment. Finally,
the objective function could be made parametric in the number of residues
considered, so that the measure can be used, e.g., for local alignments. The
problem would then read: for a given k find the best contact map alignment
which maps exactly k residues of the first proteins in k of the second.

These and similar measures will be the object of our future research.
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1 Introduction

Geometric pattern detection and recognition appears as a major task in var-
ious fields such as Computer Vision ([27]), Biometrics ([35]), Medical Image
Processing ([29]), Classification of Anatomical Form ([7]) and more. In the
last decade a new major application of 3D geometric pattern discovery has
emerged in the rapidly developing field of Bioinformatics ([60]), which is deal-
ing with the development of algorithms for Molecular Biology applications.

In its early stages Bioinformatics dealt almost exclusively with pattern
discovery in DNA and protein sequences ([58]), which resulted in the devel-
opment of efficient algorithms for biological sequence and multiple sequence
alignment ([28]). These algorithms have become an indispensable tool in the
analysis and interpretation of novel genomic data supplied by the Human
Genome project ([18]). One of the key applications of pattern discovery is in
the elucidation of the function of novel proteins based on their global sequence
similarity to proteins of known function. Another key application is the detec-
tion of short sequential patterns (motifs), which are responsible for a similar
specific function in otherwise different proteins (e.g. the calcium binding EF
motif described in chapter 2 of [8]).

Elucidation of protein function is one of the key tasks of Molecular Biology.
Proteins are most versatile molecules, which are involved in major processes
of living organisms, such as catalysis, metabolism, signaling, transport, regu-
lation, detection and destruction of foreign invaders by the immune system,
assembly of new proteins and more. To quote A.M. Lesk ([44]) ”In the drama
of life on a molecular scale, proteins are where the action is”. Under natural
conditions, which depend on temperature and the solvent, protein molecules
possess (almost) unique stable three-dimensional structures, which are defined
by their amino-acid sequence. This structural information is significantly more
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informative for the deduction of protein function, than the sequence informa-
tion alone. Since protein structure is more conserved (during evolution) than
its sequence, we can detect proteins with less than 25% sequence similarity,
yet with roughly similar structure and function. It should be noted, though,
that sometimes functionally non related proteins might fold into similar stable
structures. Among the 15,000 structures in the Protein Data Bank ([4], circa
March 2002) there are only about 700 structurally different single chain pro-
tein folds. Since proteins function by association, the spatial arrangement of
certain residues on the protein molecular surface is crucial for their function.
The books by Lesk ([44]) and Branden & Tooze ([8]) give an excellent in-depth
introduction into protein structure, while lively descriptions and illustrations
can be found in the popular book of Goodsell ([26]).

Most of the protein structures known today have been detected by X-ray
crystallography and NMR based techniques. These methods are time con-
suming and cannot be applied to all proteins due to physical constraints.
The most challenging task is, naturally, to computationally detect the fold
of novel proteins from basic principles. The crucial role of protein structure
analysis in the elucidation of protein function has triggered the initiation of
the Structural Genomics ([9]) project as a natural follow up of the Human
Genome project. The aim of this project is to detect (mainly, by X-ray crys-
tallography) the structures of representatives from each cluster of sequentially
homologous proteins and, consequently, to model the structures of the other
proteins in the respective clusters based on sequence similarity to the detected
structural template. This project is expected to supply numerous novel protein
structures for subsequent structural and functional analysis, which requires a
computational infrastructure similar to the one that was developed for protein
sequence analysis. This algorithmic infrastructure, which gained the name of
Structural Bioinformatics, receives as input the 3D shapes of proteins and,
thus, from the mathematical viewpoint belongs to the discipline of Geomet-
ric Computing, which includes Computational Geometry, Computer Vision,
Robotics, Computer Graphics, Medical Imaging and more. In particular, the
structural analog of the classical protein sequence alignment tool, which is
protein structure alignment, is conceptually similar to the classic problems of
Object Recognition in Computer Vision ([51]). Both are problems of spatial
pattern detection.

In our discussion we shall distinguish between pattern recognition and pat-
tern detection or pattern discovery. While the term pattern recognition will be
used for the detection of an a-priori known pattern/template in a database
of shapes, the term pattern detection will apply for the detection of a-priori
unknown (structural) patterns, which appear in several shapes (or recurrently
appear in a single shape) of the database.

In Structural Bioinformatics spatial pattern discovery dominates the task
of protein structural comparison and the task of the prediction of protein-
protein, protein-DNA or protein-drug interaction (docking). In the general
case the individual molecular structures also posses internal degrees of free-
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dom, so we are faced with pattern detection in flexible spatial structures. In
this paper we shall shortly outline the major computational issues one is fac-
ing in the above mentioned tasks and survey some of the work done at the
Tel Aviv University Structural Bioinformatics group ([72]) on these topics.
We shall first discuss the shape representation issue of protein structures and
what are the relevant shape representations for the different computational
tasks, then we shall outline some rigid and flexible protein structural align-
ment algorithms, and discuss the issues of rigid bound versus unbound and
flexible docking.

2 Protein Shape Representation

Different protein shape representations are used in biological pattern discov-
ery. The choice of the proper representation depends (first of all) on the bio-
logical task at hand and (to a lesser extent) on the algorithmic methodology.

Like any molecule a protein can be viewed as a set of its individual atoms,
where each atom type is modelled as a ball of a given radius. Since the lengths
of these radii are restricted to a relatively small interval and there are also
stringent restrictions on the minimal distance between the centers of these
atomic balls, such molecular shapes can be very efficiently handled by vari-
ous Computational Geometry algorithms dealing with intersection and loca-
tion queries ([30]). The full volumetric representation is important in docking
studies, where one is fitting a pair of molecules, as if they were separate pieces
of a 3D jigsaw puzzle. There one tries, first, to detect complementary spatial
patterns on the surfaces of the shapes ([14]), and in a later stage has to verify
that the proposed fit does not cause intersection of the interiors of the two
volumes.

A protein can also be viewed as a folded 3-D curve of amino acids, the,
so called, polypeptide chain ([44]). Each amino acid is built from a central
C, atom to which are attached a hydrogen atom, carboxyl and amino groups
and a specific side chain residue, which differs from one amino acid to the
other. Usually, the proteins function via exposed surface residues, while the
internal residues supply the structural scaffold. Thus, if our aim is to detect
similar spatial patterns in the protein folds, we can often reduce a protein
representation to the set of its C,, atom centers, thus representing each amino
acid by a single 3D point. If the order of the amino-acids on the polypeptide
chain is relevant to the task at hand, we further reduce a protein to a 3D curve
sampled at the centers of its C,, atoms. This is, essentially, a one-dimensional
structure. Whether one should use the non-connected 3D point constellations
or could consider a protein as a curve depends on the biological problem that
we have to address. If one is looking for similar functional patterns of residues
appearing on the protein surface, then the unconnected 3D representation is
appropriate, while for evolutionary classification of protein folds the 3D curve
representation might be a natural choice.
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A much coarser representation of the polypeptide chain can be achieved by
viewing it as an ensemble of secondary structure elements. Each element is a
regular structure of consecutive amino acids, which are formed in the protein
interior. The most common secondary structures are the a-helices which have
a helical structure and [-sheets, consisting of §-strands ([44]). Both the -
helix axes and the (-strands can be modelled as roughly linear segments of
10-15 amino acids. Thus, one can reduce by an order of magnitude the size of
the point set representation by representing a protein as a set of line segments.
Here, as well, one might consider either ordered or unordered sets, depending
on the problem at hand ([38, 1]). Of course, one could consider mixed sets of
points and segments.

A major issue in protein shape representation is the modelling of flexibility,
or internal degrees of freedom. While the native protein structure is assumed
to be rigid, under different physical conditions or in association with other
molecules, the protein might change its 3D shape. One has to consider both
major changes, like domain movements ([25]), or minor frequently occurring
changes in the shape and location of the side chains lining the outer molecular
surface. This problem is especially acute in pattern discovery tasks associated
with the prediction of protein-protein interaction (docking). The tasks then
resemble articulated object recognition in computer vision ([71]) or matching
of non-rigid human organs in medical image processing.

To summarize, depending on the biological task at hand, proteins might
have very different shape representations, which directly affect both the size
of the input and the algorithmic complexity of handling these shapes. Pattern
detection in flexible shapes is obviously much more complex than in rigid
ones. Viewing a protein as a 3D curve, which is in essence a one-dimensional
entity, enables application of significantly more efficient algorithms than the
handling of a protein as a disconnected set of 3D points, and reduction to
secondary structures reduces the input size by an order of magnitude. Yet,
for the detection of functional patterns on protein surfaces and for docking
prediction, one needs to consider inherently 3D shape representations.

3 Protein Structural Alignment

3.1 Alignment of Rigid Structures

Assuming that proteins are rigid structures, the structural alignment of a
pair of proteins is defined by a three dimensional rigid transformation (rota-
tion and translation) which optimally superimposes their shapes. Naturally,
the meaning of optimal shape superimposition depends on the protein shape
representation. For comprehensive reviews on protein structural alignment al-
gorithms see [20, 42]. As was mentioned in section 2 proteins may undergo
conformational changes. These are generated by rotational movements around
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covalent bonds. Hinge and shear movements of protein domains have been ob-
served as a combination of such rotations ([25]). Thus, a more complicated
task is to discover structural similarity among molecules modulo internal de-
grees of freedom as well.

There are several applications where structural alignment plays a key role.
Among these applications are the classification of the proteins universe by
shape similarity ([47, 32, 14]), and the detection of three dimensional struc-
tural patterns, so called, structural motifs, which imply similar protein
function. Structural alignment has also key applications to Computer-Assisted
Drug Design, where one is trying to detect or design drugs which snugly fit
some functional active site of a protein (receptor) molecular surface. Detection
of structural similarity between the active site of a protein and a molecular
surface patch of a novel protein implies that the new protein is a candidate
receptor for the same drug. Likewise, if one detects other drugs having a cer-
tain structural similarity of functional groups to the original one, these drugs
become candidate inhibitors for the same receptor.

Let us formulate the rigid structural alignment task as a particular instance
of pattern detection, which is often called partial matching;:

Given two rigid sets of features in the 3-dimensional space and the group
of rigid 3D transformations, the partial matching task is to recover a transfor-
mation (or several transformations), which superimpose a large enough subset
of the first structure onto the second one.

Note that in partial matching not all the features of either structure will
have a matched counterpart. Moreover, one does not know in advance which
of the features will have a counterpart. One should also note that in biological
applications two features (e.g. atomic centers) are considered superimposed if
the distance between them (in some metric) is less than a predefined thresh-
old. Another practical observation is that we are not necessarily looking for
the maximally matching subsets. Due to inaccuracies and fuzziness of corre-
spondence the ”correct solution” might not achieve the maximal score of a
given algorithm. Moreover, even non-maximal matching substructures might
imply similarity in biological function. Thus, one is looking for large match-
ing subsets (and not only for the maximal one) each of which can represent a
correct solution.

In order to tackle the partial matching task, one has to address two prob-
lems - feature correspondence and corresponding feature superposition. The
correspondence problem is the difficult one. Once a correspondence hypoth-
esis is established, there are well known efficient methods to find the rigid
transformation which superimposes them with minimal least squares distance
among the matching feature points (see, e.g. [36, 33, 59]).

We have tackled the partial matching problems in Structural Biology by
methods which were originally developed for the object recognition task in
Computer Vision and Robotics [40, 71]. A major goal of computer vision
systems is to efficiently perform model-based object recognition in cluttered
scenes [5, 12]. Specifically, given a database of familiar objects (models) and a
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newly observed scene, the task is to detect all the appearances of the models
in the scene as well as the transformation between their pose in the model
database and the scene. The objects appearing in the scene may be partially
occluded and additional objects not appearing in the database may clutter
the scene. Objects are usually represented by feature sets, such as interest
points, line segments, surface patches etc.

One can notice that there is a striking conceptual similarity between the
two tasks. Actually, the model-based object recognition task, as formulated
above, is analogous to the structural alignment of a newly discovered molec-
ular structure against a database of such structures. The analog of the model
database is the molecular structural database, and the analog of the newly ob-
served scene is the new molecular structure. Partial occlusion and additional
scene clutter correspond to the fact that we are looking for previously unde-
fined structural patterns. This analogy is even more direct, when in Computer
Vision one is dealing with data acquired by a 3-D sensor, such as a range sen-
sor. In essence, both in Computer Vision and in Structural Biology we are
faced with the task of spatial pattern detection or partial matching . Guided
by this conceptual similarity we have introduced Computer Vision based ob-
ject recognition/matching techniques into Structural Bioinformatics [51].

Due to the need to compare databases of protein and DNA sequences,
algorithms for character string matching have been extensively applied in
Molecular Biology (see e.g. [58, 28]). Most of the methods are based on the
dynamic programming approach, although hashing techniques have been ap-
plied as well to speed up processing [46]. Consequently, dynamic programming
is deeply rooted in computational molecular biology and there have been sig-
nificant attempts to tackle the three-dimensional structural matching task
using this technique [63].

In order to apply the dynamic programming method, one has to exploit
the order of the amino acid residues on the polypeptide chain. Thus, as was
mentioned in section 2, from a purely geometric viewpoint the problem tack-
led is not that of 3D point set set partial matching, but of 3D curve partial
matching. This is a significantly easier problem, since a curve in any dimen-
sional space is just a one dimensional entity. The location of a point on a
curve is fully defined by only one parameter, which is the arc-length ([17]).
We shall see below that the sequence order constraint allows us to tackle the
flexible alignment task without prior knowledge of hinge positions in the pro-
teins ([61]). However, sequence order dependent matching algorithms cannot
detect geometric patterns which do not depend on such an order, especially,
molecular surface motifs.

Let us very shortly outline the sequence order independent protein struc-
tural alignment technique ([51, 2]). To facilitate the exposition we explain our
method for structural alignment of C, atom sets. We consider rigid objects,
which are constellations of points. Each such point is located at the center of
a C, atom and may have a label (e.g. a residue name, or a residue type).
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The technique we present is geared towards the efficient comparison of a
target molecule to a database of known molecules. The pairwise structural
comparison problem is just a particular case, where the database consists of
one model. To simplify the exposition we describe our method for the pairwise
comparison of point sets.

The three major steps of our approach are: detection of seed matches; clus-
tering of seed matches; extension and verification of the candidate matching
hypotheses.

1) Detection of seed matches. This is the heart of the algorithm. The goal
is to establish localized structural alignments, which we nickname seed
matches. The rationale of the localized approach is twofold - first, there
is a biological justification for a local search, since the amino acids of bio-
logically relevant structural patterns (e.g. active sites) are predominantly
in spatial proximity, and, second, localization reduces the complexity of
the computationally intensive step of the algorithm.

The Geometric Hashing Technique [40, 51, 2] is applied to generate these
seed matches. The localization is achieved by limiting the Geometric Hash-
ing only to points with pairwise distance below a certain predefined thresh-
old.

Seed matches which receive a relatively high Geometric Hashing score are
retained for further processing. Such a seed match is represented by a list
of matching pairs of atoms (match-list) and by a 3-D rigid transformation
(rotation and translation). The number of matching pairs should be above
a threshold (minimal match-list size). Each pair in the list specifies a
correspondence between an atom from one structure and an atom from
the other structure. The transformation represents the 3-D rotation and
translation, which superimposes the atoms of the first structure onto the
corresponding atoms of the second structure.

Note that this step may produce several candidate seed matches which
induce (almost) similar transformations, obtained from different localized
subsets. Thus, the next step clusters all these matching atoms together.

2) Clustering of seed matches. In the second step seed matches represent-
ing almost identical transformations are detected, and their match-lists
are merged. A rotation and translation of one set onto the other giving
the minimal least squares deviation of the matching points is computed
[36, 59]) .

3) Extension and verification of match hypotheses. The relatively re-
liable correspondence lists of the seed matches obtained after the cluster-
ing procedure are extended to contain additional matching pairs. First, the
structures are superimposed according to the transformation determined
by the seed match of the cluster. Then, pairs of atoms that are ”close”
enough after the superimposition become prospective additional matching
pairs. Since proteins are usually quite dense in space, each atom from one
structure may have several ”close” neighbors in the other structure. To
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choose the appropriate pairs a heuristic iterative matching algorithm is
applied, which minimizes the sum of the distances between all the matched
pairs.

Finally, the best extended matches are reported. The quality of the match
is determined mainly by the number of the matching pairs of atoms and,
in some extent, by the least squares distance between these matching atoms
sets. Naturally, one would prefer to incorporate in the final ranking biological
information, which could assist in the detection of the biologically meaningful
alignments, even if they are not large in size.

The algorithm was applied to the detection of a structurally non redundant
representation of the Protein Data Bank ([14]), as well as to the creation of
a structurally non redundant dataset of protein-protein interfaces ([65]). The
algorithm can be accessed via the WWW at ([72]).

3.2 Structural Alignment of Flexible Proteins

In the previous discussion we treated proteins as rigid shapes. However, pro-
teins do possess internal rotational degrees of freedom. In particular, as clas-
sified by [25], large proteins, which are built of several domains, often have
different conformations, which can be modelled as hinge or shear movements
of respective domains. These movements are important for protein function,
such as biomolecular recognition/docking. A flexible structural comparison
algorithm would enable us to perform the same searches as a rigid one with
the added strength of being able to detect partial matches, even if one of the
matching substructures has undergone conformational changes. This ability is
especially important in the search of drug molecules against a database, since
the vast majority of molecules have many potential conformations.

Flexible Alignment with Pre-defined Hinge Locations

For the sake of clarity let us discuss the following problem: one molecule is
rigid and the other is composed of two rigid parts (domains) which are joined
by a hinge. A hinge in this case is a rotational joint with full 3-D rotational
freedom. In practice, rotations are only around specific bonds, but we allow
this more general 3-D rotation model since it implicitly allows approximation
of several consecutive (or, nearby) bond rotations, as well. The fact that one
molecule is rigid can be assumed without loss of generality, while the intro-
duction of several hinges in the other molecule is a straightforward extension
of the algorithm that we present. Our flexible partial matching method is
based on the ideas that we have introduced for articulated (flexible) object
recognition in Computer Vision [71, 3]. It exploits an associative memory in-
dexing approach reminiscent of the one used in Geometric Hashing, except
that this time we have the additional task of handling the internal flexibility.
Of course, one can apply the rigid matching method to the individual rigid
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parts, and then check whether there is a pair of high scoring hypotheses, one
for each part, which are spatially consistent with the single flexible object
input. However, our aim is to handle the information obtained from all the
molecule rigid parts in an integrated manner, so that the whole is more than
just the sum of its parts. We achieve this goal by accumulating evidence on
the position of the hinge location of the model molecule relative to the target
molecule. Since the hinge belongs to both rigid parts and its location is not
influenced by the internal rotation, both parts contribute evidence which is
integrated in our algorithm.

Below we describe the algorithm in more detail. Assume that we have a
database of flexible model molecules, each consisting of two rigid parts joined
by a hinge at a known position. Given a target molecule, we want to find
a large partial match of the target with some model molecule allowing both
external rotation and translation and internal rotation at the hinge. Thus, we
are trying to detect a flexible spatial pattern. The molecules are represented
by their C,, backbone atoms.

We first preprocess the database of the flexible molecules, and then per-
form the pattern discovery (recognition) versus the target. For each database
(model) molecule the following preprocessing is done:

(a) The molecule is represented by its C, backbone atoms, as interest fea-
tures.

(b) The (known) hinge location is chosen as the origin of a 3-D reference
which is denoted as the ‘hinge frame’. The orientation of this frame is set
arbitrarily.

(c¢) Each ordered non-collinear triplet of atoms belonging to a single rigid part
and satisfying both proximity and non-degeneracy constraints is defined
as a ‘feature group’. An unambiguous 3D reference frame is defined for the
triangle. For example, given the non-collinear triplet of points pg, p1, p2,
one can set the origin of the reference frame at py. To set the reference
set axes, let us define two vectors v1 = p; — po; v2 = p2 — po . Define vy
as the direction of the x-axis, the cross product v; ® vy as the direction
of the z-axis, and the unit vector of the y-axis as the cross product of the
unit vectors of the x and z axes.

(d) The (rotation and translation invariant) triple of triangle side lengths
serves as an address to a (hash) table, where one stores the information
on the model molecules, rigid part, feature group and, especially, on the
transformation between the feature group reference frame and the hinge
frame.

In the pattern discovery/recognition stage we repeat a similar proce-
dure for the rigid target molecule exploiting the information accumulated in
the associative memory:
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(a) The target is represented by its C\, backbone atoms, as interest features.

(b) Non-collinear triplets satisfying the proximity and non-degeneracy con-
straints are tagged as feature groups. A 3D reference frame is defined for
each feature group as above. The triangle side lengths invariants serve as
an address to the table and the transformations stored there are applied
to the feature group reference frame. This transforms the reference frame
to a new frame, which is a candidate ‘hinge frame’. Votes are accumulated
for the location of candidate hinge frames.

(c) After completion of stage (b) we consider pairs (model molecule, hinge
location), which have received a high vote. (In an ideal situation, such a
candidate solution should exhibit two clusters of internal rotations repre-
senting the groups of the different molecule parts.)

(d) High scoring solutions can be further evaluated by different physico-che—
mical criteria as well as criteria requiring participation of both molecule
parts in the detected pattern etc. Finally, match-lists are derived and a
best least-squares match for each rigid part is computed.

In this algorithm we have exploited the fact that both parts incorporate
the same hinge by locating the global reference frame of the flexible model-
molecule at the hinge. In such a way, both parts contribute votes to a reference
frame at the same location, although at different orientations.

Although here, our algorithm is described for molecules with a single hinge,
it is extended to multiple hinges by the following enhancement. Instead of
having one ‘hinge frame’ one can define multiple ‘hinge frames’, each of them
centered at a different hinge. In the preprocessing stage, for each feature group
on a single part, one should encode the transformations from its frame to all
the ‘hinge frames’, which are located on that part. Thus, e.g., on a part with
two hinges, two transformations will be stored for each feature group, while on
a part with one hinge only, one transformation will be stored. The recognition
phase will remain as described above, except that each target feature group
votes for as many frames as the number of different transformations stored in
its table entry.

We have implemented variants of this technique for flexible protein and
small molecule structural alignment ([69] and the FlezMol algorithm of [61]),
and protein-ligand docking [55, 57].

Simultaneous Flexible Alignment and Hinge Location Detection

The previous exposition referred to the case where we have a-priori knowledge
of the candidate hinge positions on one of the molecules, or enumerate these
positions, if it is computationally feasible. To overcome this handicap, we
have recently developed a novel algorithm, which automatically detects both
the candidate hinge positions on one of the molecules and the largest aligned
flexible spatial patterns. The algorithm, FlexProt ([61]) accepts as input two
molecules, assuming that the first is rigid and the second is flexible (the sit-
uation is symmetric from the mathematical standpoint), and outputs lists of
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best alignments ranked according to the number of detected rigid parts, the
size of the overall alignment, the size of the individual rigid parts, the RMSD
of the alignment and some additional criteria. Thus, the algorithm overcomes
the requirement of prior partition of one of the molecules to rigid parts. Yet,
in order to accomplish this task efficiently, it exploits locally the amino acid
sequence order and is not fully sequence order independent as the algorithm
described above.

The goal of the FlexProt algorithm is to divide the two protein molecules
into a minimal number of separate consecutive fragments of maximal size, such
that the fragments which are matched will be almost congruent (e-congruent).
Two rigid fragments are e-congruent, if they have the same number of C,,
atoms and there exists a 3-D rotation and translation which superimposes the
corresponding atoms with an RMSD less than some pre-defined threshold e.
The arrangement of the matching fragments should be consistent with their
order on the protein chain. Flexible regions are located between the rigid
matching fragments. A trivial way to achieve a flexible alignment of maximal
size is to allow flexibility between each pair of neighboring amino acids (Cl,
atoms), thus aligning completely the two molecules, if they are of the same
length. Thus, to avoid such absurd ”optimal” solutions, our goal is to minimize
the number of flexible regions or rigid fragments. Clearly, the two goals of
maximal matching size and minimal number of flexible regions are conflicting
and some compromise heuristic should be applied.

The input to the algorithm are two protein molecules M; and Ms, each
being represented by the sequence of its C, atom coordinates. Assume that
molecule M; has undergone hinge bending movements at several locations
along its backbone. Further assume that between the flexible joint regions
there are fragments without a significant structural change. The resulting
hinge-bent molecule is denoted Ms. Under our assumptions there exists a set
of rigid fragments of M> that are e-congruent to the corresponding set of frag-
ments of M;. The model presented applies not only to different conformations
of a given molecule, but to the general case of flexible motif detection between
two molecules with different sequences.

The algorithm has the following major steps:

1. Detect all the large enough e-congruent rigid fragment pairs, one from
each molecule. This is done by aligning each atom pair (one atom from
each molecule) and extending the alignment to the left and to the right,
along the backbone chain, until the RMSD of the superposition of the two
fragments gets larger than e. The procedure is efficient, since (based on
the calculations of the previous steps) one can compute the RMSD of each
extension in O(1) time ([36, 59]). Thus, the procedure is linear in the size
of the matched C, atom pairs. As a by-product we also get the rotation
and translation, which best aligns the pair of fragments. At the end of this
step, we have recovered all the possible e-congruent rigid fragment pairs
together with the transformations, which superimpose them.
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2. Construct long enough flexible alignments by concatenating matching
rigid fragment pairs in a way that is consistent with the amino acid se-
quence order, and does not create too large gaps between consecutive frag-
ments. This is done by a graph-theoretic method reminiscent of the one
applied in the FASTA algorithm for sequence alignment ([28]). A graph
is built with the congruent fragment pairs as its vertices. A directed edge
joins a pair of vertices, if the fragments they represent might be consecu-
tive in the final alignment. Weights are assigned to the edges, rewarding
long matching fragments and penalizing big gaps as well as large discrep-
ancies in the size of the gaps for the pair of proteins. A virtual (source)
vertex, which is connected with a zero weight edge to each original vertex
in the graph, is added and a Single-Source Shortest Paths algorithm ([16])
is applied to the graph starting from the virtual vertex. This algorithm
detects the shortest paths from the virtual vertex to each other vertex
in the graph. The number of vertices in each such path represents the
number of rigid fragments in a potential flexible alignment. For each such
number, the candidate solutions are sorted according to the total size and
the RMSD of the fragment alignment.

3. For the leading candidate solutions the rotation and translation for each
fragment pair is recovered, and consecutive fragment pairs are joined into
epstlon-congruent regions, if their transformations are close enough. This
may happen, if between the fragments, one had insertions/deletions which
did not affect the overall 3D structure of the local region. Thus, the dis-
covered flexible pattern, appearing in both proteins is represented by a
number of epsilon-congruent region pairs, each consisting of one or of
several epsilon-congruent fragment pairs.

The theoretical complexity of the algorithm is bounded by O(n*) (where n is
defined as the size of the larger molecule), however in practice its performance
is much faster. We have done numerous experiments with FlexzProt, which can
be accessed via the WWW at [72]. The method proved to be robust and highly
efficient comparing a pair of flexible structures of about 300 amino acids each
in average time of 7 seconds on a standard desktop PC (400MHz, 256 Mb
RAM). For further reference see [61].

4 Protein-Protein Docking

Protein-protein interactions play a major role in all biological processes. In
addition, protein-drug docking is a major tool in computer assisted drug de-
sign. The binding affinity of the molecules is affected mainly by electrostatic,
hydrophobic and van der Waals interactions. Since these non-covalent inter-
actions are weak and act at short distances, in order to be effective the in-
teracting molecules have to be very close to each other. As a result shape
complementarity of the interacting molecules becomes a necessary condition
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for docking. Thus, the majority of the docking methods are searching, first, for
complementary spatial patterns on the molecular surfaces of the interacting
molecules ([43, 31]). The spatial pattern detection problem in docking is very
challenging, since molecules usually undergo conformational changes upon as-
sociation. This is aggravated by the fact that the residues on the molecular
surface, which take part in docking, are more flexible than the residues in the
protein interior.

When evaluating docking algorithms, one should distinguish between the,
so called, ‘bound’ and ‘unbound’ cases. In the ’bound’ case we are given the
co-crystallized complex of two molecules. The complex is artificially separated
by randomly rotating and translating one of the molecules. Now, the goal be-
comes to reconstruct the original complex. No conformational changes are
involved in the ‘bound’ case. Success in bound docking examples is a natural
pre-requisite for any docking algorithm, yet such a success does not ensure ad-
equate performance in ‘real life’ cases, which are ‘unbound’. In the 'unbound’
situation we are given two molecules in their native conformations. The goal
of the algorithm is to predict the ‘correct’ structure of the complex. In the
few tens of cases, where we do have an independently resolved structure of
the complex, one can verify the quality of the algorithm’s prediction. Most of
the docking algorithms encounter difficulties with the ‘unbound’ case ([31]).

As was mentioned above, significant geometric surface complementarity
is usually a prerequisite for successful docking. We shall discuss mainly this
geometric part of the docking methodology, where the task is to detect large
enough patches on the molecular surfaces of the docked molecules, which are
of complementary shape. Assuming that the molecules do not undergo large
conformational changes, we are faced again with the 3D rigid inexact partial
matching task.

Some of the algorithms approach this task by direct enumeration of the
six dimensional rigid transformation space, to detect a translation and ro-
tation, which best superimposes one molecule onto the surface of the other.
Most of these methods ([70, 66, 67, 68, 24, 10, 11]) use brute force search of
the 3 rotational parameters and the Fast Fourier Transform technique ([37])
for fast enumeration of the translations. Such algorithms are computationally
expensive. Other algorithms define discrete interest features on the molecular
surfaces and apply a partial shape matching algorithm on these features in a
way similar to protein structural alignment algorithms. The pioneering dock-
ing algorithm in this direction was suggested by Kuntz et al. [39], where the
problem was reduced to the detection of large enough cliques in the, so called,
docking graph. We have applied the Geometric Hashing technique ([21]) for
rigid docking as well as a variant of Geometric Hashing and Pose Cluster-
ing ([48, 49]), which proved to be relatively robust even for unbound docking
([50]). The flexible pattern detection method described in section 3.2 was ap-
plied to the docking of flexible molecules ([56, 57]). In protein-drug docking,
one is often looking for complementary patterns of hydrogen bond donors
versus hydrogen bond acceptors ( [52, 53]).
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Most of the geometric docking algorithms can be roughly divided into the
following major steps :

1. Molecular Surface Representation - a popular representation is that
of the solvent accessible surface as calculated by Connolly ([14, 13]).
Sparser discrete interest features, such a points and associated normals
([15, 45, 49]) are extracted in this stage.

2. Focusing on candidate binding (active) sites - in order to signifi-
cantly reduce the number of false positives and reduce computation time
it is desirable to focus a-priori on the approximate areas of the molec-
ular surface, where binding is likely to appear. Such candidate binding
sites are usually detected by biological and shape criteria. An excellent
example of "biologically’ defined binding regions are the complementarity
defining regions(CDRs) in antibodies ([44]). An example of a shape cri-
terion is the binding of drugs and small ligands in the large cavities of a
receptor. There one might restrict the receptor surface to be explored to
such cavities ([39]).

3. Complementary spatial pattern detection - this is the heart of the
geometric docking algorithm and usually applies a partial shape matching
algorithm on a set of discrete features, such as surface points with asso-
ciated normals, which should align in roughly opposite directions. The
output of this step is a set of candidate rigid transformations, which dock
one molecule to the other.

4. Geometric Complementarity Scoring and Ranking - since mole—
cules cannot penetrate into each other, candidate transformations from
the previous step are discarded if they cause a significant penetration.
Minor penetrations are allowed to reflect conformational changes of the
molecular surface upon docking. In this step one can also calculate the size
of the detected complementary surface (size of binding site) and score the
hypotheses according to this size. (The fact that candidate solutions can
be discarded due to penetration supplies a powerful false positives filter,
which does not exist in the structural alignment algorithms described in
section 3.)

5. Biological Scoring and Re-ranking- in this step one would like to
accept the high enough scoring hypotheses of the previous step and re-rank
them according to a free-energy function ([10]), which could discriminate
between the biologically valid hypotheses and decoy complexes, which
exhibit only geometric complementarity. To date this step seems to be the
real bottleneck in the performance of unbound rigid docking algorithms

([31])-

We have recently developed an efficient rigid docking algorithm, which per-
forms relatively well in the unbound docking task ([19]). The geometric part
of the algorithm is based on methodology developed for Computer Vision
applications and it extends the ideas presented in ([22, 50]). The algorithm
partitions the molecular surface of the molecules into convex, concave and
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flat local patches of almost equal size. Patches with higher probability of be-
longing to the binding site are considered, and complementary configurations
of pairs of interest points with associated normals are detected. Alignment
of such pairs induce rigid transformations, which are subsequently tested for
shape penetration and scored by geometric complementarity. The use of sur-
face patches reduces the number of potential docking solutions, while still (in
most tested cases) retaining the correct transformation. The algorithm can
treat receptors and ligands of variable sizes. It succeeds in docking of large
proteins (antibody with antigen) and small drug molecules. The running times
of the algorithm are on the order of seconds for small drug molecules and
minutes for large proteins. The algorithm was tested on most of the known
benchmark complexes (see e.g. [11]) with satisfactory results. Figure 4 illus-
trates a challenging antibody-antigen docking example. We briefly sketch the
outline of this algorithm, which is presented in [19].

Fig. 1. Unbound docking of the Antibody Fab 5G9 with Tissue factor (PDB codes
1FGN,1BOY). The antibody is depicted by ribbons and the CDRs by atomic balls.
The antigen is depicted as a bright backbone at the top of the figure. The dark
(antigen) backbone represents the best solution obtained by our program (which
was ranked 8'th by its score) superimposed on the complex with RMSD 2.27 A.

The algorithm follows the basic steps outlined above :

Molecular Surface Representation

We compute both a dense and sparse representation of the molecular surfaces
for both each molecules. The dense surface representation is calculated using
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the MS program [14, 13], which outputs, concave, convex and saddle patches
that are sampled with high density. In addition, the sparse surface representa-
tion of [45], which retains for each patch one point with its associated normal
is calculated.

Segmentation of the Molecular Surface by Convexity

The input to this step is the sparse set of critical points. The goal is to di-
vide the surface to patches of almost equal area. Each patch is of homogenous
shape, namely, we segment the surface into convexities, concavities and flats.
In order to decide the shape type in the vicinity of a single critical surface
point we apply the shape function used in [15, 48]. A sphere is centered at each
critical point and the shape function measures the ratio of the sphere volume,
which is occupied by the molecule interior. The radius of the shape function
sphere is selected according to the molecule size. We use 6A for proteins and
3A for small ligands. According to the histogram of the shape function values
for the molecule, two cut-values are calculated, which split the critical points
into three equal size sets of knobs (convex), flats and holes (concave). Using
graph-theoretic techniques followed by a split-and-merge algorithm the molec-
ular surface is divided into connected, almost equal size patches of concave,
convex and flat points.

Detection of Potential Active/Binding Sites

A docking algorithm should successfully detect the binding sites of both
molecules and their correct alignment. Knowledge of the binding site of at
least one molecule greatly reduces the space of possible docking interactions,
reducing both the run-time of the algorithm and the expected number of false
positives. There are major differences in the interactions of different types of
molecules. We develop filters for every type of interaction and focus only on
the patches that were selected by the filter.

e Protease-inhibitor interactions: Hot Spot Filtering. A number of experi-
mental and computational studies ([6, 34]) have shown that protein-protein
interfaces have conserved polar and aromatic ‘hot-spot’ residues. We have
used the results of these studies to select patches that have high probability
of belonging to an active site. The other patches are discarded.

o Antibody-Antigen interactions: Detection of CDRs. It is well known ([44,
8]) that antibodies bind to antigens through their hypervariable (HV) re-
gions, also called complementarity-determining regions (CDRs). The three
heavy-chain and three light-chain CDR regions are located on the loops
that connect the (§ strands of the variable domains. The CDRs are de-
tected by aligning the sequence of the antibody to a consensus sequence of
a library of antibodies. We restrict our docking algorithm to the patches
of the CDR regions.
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Matching of Complementary Patches

Given the patches of the pair of molecules we compute hypothetical docking
transformations based on local geometric complementarity. We try to match
convex patches with concave patches and flat patches with flat patches. We use
two techniques - single patch versus single patch matching and pair of patches
versus pair of patches matching. Single Patch Matching is used for docking of
small ligands, like drugs or peptides, while Pairwise Patch Matching is used for
protein-protein docking. Pairs of critical points with their associated normals
are used as basic feature sets for matching by applying a combination of the
Geometric Hashing ([40] and the Pose Clustering algorithm ([62]) techniques.
Each such feature has a rotation and translation invariant shape signature,
which includes the distance between the pair of points and the three angles
that the normals and the distance segment define. Only features with almost
similar shape signatures are aligned and the resulting transformation is stored.
The method is similar to the one applied in [48]. The motivation in pairwise
patch matching is that molecules interacting with big enough contact area
must have more than one patch in their interface. Therefore matching two
patches simultaneously will result in numerically more stable transformations.
We consider only neighboring patches and choose the two points of the basic
feature set from separate patches.

Pose Clustering.

Matching of local features may lead to multiple instances of similar pose.
Therefore clustering is applied to reduce the number of potential solutions.
We employ two clustering techniques. The first is clustering by the 6D trans-
formation parameters, which is coarse, yet very fast, and thus applied first.
The second is RMSD based clustering (similar to the one used in [54]), which
is more exact but also much slower.

Steric Clash Detection and Ranking by Size of the
Complementary Spatial Patterns

For each candidate transformation from the previous step, we superimpose the
molecules according to the transformation. Now, we have to detect and discard
those transformations, which cause unacceptable steric clashes (penetrations),
and rank the rest of the solutions according to their shape complementarity.
The detection of steric clashes and the scoring of shape complementarity re-
quires to know the distance of the molecular surface points of one molecule
from the molecular surface of the other. In general, points of one molecule,
which penetrate deeply into the interior of the other discard the transforma-
tion, moderately penetrating points are penalized, and points, which are close
to the molecular surface of the other molecule receive a positive score (binding
site area). In order to accomplish this task efficiently, we compute in advance
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the distance transform of the first (stationary) molecule and calculate the
score of each transformation using this distance transform. To further speed
up the penetration detection and geometric scoring calculation, we construct
a multi-resolution data structure for the transformed molecule. Only trans-
formations that have not been rejected and received a large enough score at
the lower resolutions, are re-scored at a higher resolution.

Refinement of the Candidate Transformations

The transformation from the matching step was computed based on aligning
pairs points/ normals. Since the interface includes a much higher number of
points, the transformation can be refined to improve geometric complemen-
tarity. Similar to the structural alignment algorithms described in section 3,
for each candidate transformation a new extended match-list is compiled and
the rotation and translation giving minimal RMSD for that match-list is cal-
culated. This can be done in several iterations.

5 Summary

We have presented several applications of spatial pattern discovery algorithms
to major tasks in Structural Bioinformatics, such as protein structural align-
ment and protein-protein docking. The exposition concentrated on algorithms
developed by the interdisciplinary Structural Bioinformatics Group of Tel
Aviv University and was not intended to review the enormous amount of
work on this topic, which is done elsewhere.

Among the challenging tasks ahead of us is the development of efficient
multiple structural alignment algorithms ([41]) and flexible multiple struc-
tural alignment algorithms. In docking, one should find better ways to handle
surface side chain flexibility, and, especially, detect new ways for biological
re-ranking of the geometrically ranked solutions. Our experience shows, that
even in unbound rigid docking, we almost always detect a solution, which is
very close to the ‘correct’ one, among the few hundred top ranked geome—tric
solutions. This implies that one needs an efficient and robust biologically based
score, which could successfully re-rank these top few hundred geome—trically
derived hypotheses.

Successful docking algorithms might have direct implications on auto-
mated protein folding as well. If one could derive from the protein sequence
partial structures of building blocks ([64]), then folding could be reduced to
the docking of these building blocks subject to some proximity constraints.
Work in this direction is underway.
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1 Introduction

Protein structural comparison is an important operation in molecular biology
and bionformatics. It plays a central role in protein analysis and design. As
proteins fold in three dimensional space, assuming a variety of shapes, a careful
characterization of their geometry is needed to study their function which
is known to be related to the shape. Moreover, the comparison of protein
structures is essential to infer evolutionary information.

The problem of comparing three-dimensional structures has been widely
studied in other disciplines such as computer vision and image processing,
robotics, astronomy and some core methods have migrated from these disci-
plines to bionformatics.

There are many instances of the protein comparison problem that have
been addressed; they include: 1) protein pairwise comparison, 2) protein clas-
sification, to organize all known structures in a biologically relevant groups,
3) searching for common folding patterns and three-dimensional motifs, 4)
studying of protein interaction to identify binding sites for drug design.

From the application point of view, it is important to mention how the
growth of the Protein Data Bank (PDB) asks for effective automatic pro-
cedures for classification and search of the database elements. Currently the
PDB contains more than 17,000 structures and this number is rapidly growing.

The protein comparison may involve different levels of representations of
the three dimensional protein structures, from the atomic level to the level of
secondary structures. Most methods presented in the literature deal with a
protein representation in terms of atomic coordinates

and therefore with a matching problem that uses as basic elements sets of
points (atoms).
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Other approaches are based on secondary structures, i.e. « helices and 3
strands, that play an important role in the functional behavior of a protein.
The secondary structure elements are represented as vectors in 3D space.

An alignment of « helices and ( strands may be used for fast retrieval of
folds or motifs from the PDB. On the other hand, the comparison of secondary
structures can be used as the first step in a two step comparison procedure
that first identifies possible candidate solutions in a fast way and then refines
the solutions taking into consideration the atomic descriptions of proteins.
Another advantage of a structural comparison of secondary structures is that
it allows to study the folding process by tracing the evolution of the fold from
the molden state.

Most of existing approaches allow to detect global similarity between entire
proteins as well as local similarity ([1], [20], [21], [23], [26], [27], [41], [46], [51]).

The integration of strategies operating at different levels of representations
appears very promising to achieve robustness and efficiency. Extensive surveys
on the subject of protein comparison exist enphasizing different aspects of the
general problem [6], [37], [50].

In this paper, we review some of the theoretical results on the computa-
tional complexity of the algorithms designed to obtain optimal solutions to
the problem of matching sets of points using specific metrics. From a theo-
retical point of view, the problem has been extensively studied in the area of
computational geometry, where it is often formulated as the problem of find-
ing correspondences between sets of geometric features (for instance, points or
segments). From these studies it appears that, in most practical cases, exact
algorithms are too time consuming to be useful. Thus, approximate algorithms
are considered that are computationally practical and at the same time are
guaranteed to produce solutions that are within a certain bound from optimal.

Furthermore, we discuss methods for the estimation of rigid transforma-
tions under different metrics such as the Root Mean Square Deviation (RMSD)
and the Hausdorff distance. Geometric indexing techniques prove their effec-
tiveness in searching large protein databases and they are presented in details.
Finally graph-theoretic protein modeling is reviewed as it is useful in designing
algorithms for substructure identification and comparison.

Throughout the paper, we will use pure geometric information, ignor-
ing other properties associated with atoms. Chemical properties, such as hy-
drophobicity, charge, etc. may be important in protein comparison and often
they can be easily incorporated in a matching procedure. The use of such
properties may help reduce the computation time by allowing pruning of the
possible associations at early stages of the processing. However, we will not be
consider these other properties in this chapter. Applications of protein com-
parison are an important subject; since they discussed in the two previous
chapters of this volume, they are not considered here.
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2 Protein Description

A protein is a sequence of aminoacids linked by peptide bonds. An aminoacid
consists of a carbon atom C, to which are attached a hydrogen atom, an amino
group, and a carboxyl group. The 20 aminoacids differ in the side chain or
residue attached to the C, atom. The peptide bonds between the aminoacids
in the chain join the carboxyl group of one aminoacid with the amino group of
the next eliminating water in the linking process. The sequence of aminoacids
is generally referred to as the primary structure of a protein. Its length varies
from a few tens to few thousands aminoacids. A different level of protein
representation, known as secondary structure, describes a protein in terms of
recurrent regular substructures, such as the « helices and the 8 strands. The
tertiary structure is the packing of the structural elements into the 3D shape.
The protein may contain several chains forming its quaternary structure. For
a survey of the protein architecture see [5], [38].

Fig. 1. The volumetric representation of protein lrpa

The volumetric representation of a protein is displayed in figure 1 where
all atoms are shown as balls; the secondary structure elements of the same
protein are displayed as ribbons in figure 2.

Arrangements of the secondary structures « helices and ( strands are the
basis for the protein structural classification of SCOP [44]. In the SCOP clas-
sification hierarchy, the fold level corresponds to the last level of the hierarchy,
the other two being family and superfamily. Proteins sharing a fold have the
same major secondary structures but do not necessarily have a common evolu-
tionary relationship, unlike proteins clustered into families and superfamilies.
The similarity in the arrangements of secondary structures in a fold may be
due to the physical and chemical properties of the packing of the proteins.
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Fig. 2. The secondary structure representation of protein 1rpa

Fig. 3. The ribbon representation of protein 1bxa showing a 3 sandwich

Fig. 4. The ribbon representation of protein 3por forming a 3 barrel



Geometric Methods for Protein Structure Comparison 61

Common structural arrangements of secondary structures or motifs have
been identified within the folds and they include, among others, the -
sandwich and the B-barrel, as seen in figure 3 and 4, respectively.

Approaches to protein comparison use different protein structural de-
scriptions. A complete structural description is given by the 3D coordinates
(x,y,z) of the individual atoms of a protein. Often only the C, atoms of the
aminoacids, that form the so-called backbone of a protein, are considered for
comparison.

A more compact description is in terms of the linear vectors associated to
the structural elements helices and (3 strands. While most of the comparison
approaches are based on the atomic description of a protein, the secondary
structure description may provide a fast method to retrieve substructures or
motifs from large protein databases. Furthermore, it is often used as a first
step when searching in a database for the most similar protein with respect
to a target protein. In fact, hypotheses of similarity for the target protein
are generated in a fast and efficient way based on secondary structures only;
such hypotheses are further verified by a more refined and costly process
that is only applied to those hypothesized proteins. This two-step procedure
may considerably speed up the protein comparison when large databases are
involved.

For most proteins in the PDB, secondary structures are annotated by
the original depositor who provides the starting and ending residue numbers
of all secondary structures. However programs have been designed for the
assignment of the secondary structures from the PDB files and for the analysis
of the overall and residue-by-residue geometry of a protein [10], [34], [35].

A
e

A Y
i

Fig. 5. The vectorial representation of protein kinase CK2

Several programs have also been developed to yield the vectorial represen-
tation of a protein [17], [41]. Singular-value decomposition (SVD) is a stan-
dard routine [4], [19] to find the axes of « helices and the best fit segments
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for the 3 strands. In this routine typically only C, atoms are used. Other
simpler methods derive the vector associated to a (3 strand either by directly
connecting the starting and ending residues of the [ strand assignments or
by connecting two points that are computed as the average points of few of
the extreme residues on both sides of the strand [51]. This second approach
is less sensitive to curved or kinked structures. Figure 5 shows the vectorial
representation of protein kinase CK2, where each segment is displayed as a
cylinder of fixed radius.

3 Structural Comparison: Problem Formulation

The general matching problem can be informally defined as follows: Given two
sets of geometric features, either points or line segments, determine the largest
common subsets, i.e. the subsets of maximum size, that are geometrically
similar. In the case of proteins, points correspond to atoms and segments are
the axes of the secondary structures.

There are many variants of the matching problem that have been consid-
ered in many different contexts. We now give more formal definitions of the
problem with varying degrees of computational complexity.

Problem 1. Consider two sets of geometric elements A = {a1,az2, - ,an}
and B = {b1,ba, - by} in three-dimensional space and assume that they
have the same cardinality, i.e. n = m, and that the element a; corresponds to
the element b;. Find the transformation g between the two sets that minimizes
a given distance metric D over all rigid body transformations T, i.e.
minyD(T(A), B)

Problem 2. Consider two sets of geometric elements A = {a1,a2, -+ ,an}
and B = {b1,ba, -+ , by} in three-dimensional space. Find the transformation
g between the two sets that minimizes a given distance metric D over all rigid

body transformations 7', i.e.
minpD(T(A), B)

This problem differs from the previous one because no correspondence is
known a priori between the elements of the two sets.

Problem 3. Given two sets A = {a1,a2, -+ ,a,} and B = {by,ba, -+ , by} in
three-dimensional space and a real number § > 0, find a maximum-cardinality
set of pairs of elements, one element in A and the second one in B, such that
the distance d between each pair of elements is at most §.

In this problem we are interested in the largest subset of corresponding ele-
ments of A and B (generally, in practical applications the sets are required to
be above a certain size).
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Different metrics have been used in the literature to determine the struc-
ture similarity between geometric objects. The most common metric is the
RMSD (Root Mean Square Deviation) defined for point sets as follows:

D(A,B) = RMSD(A,B) = (3. d(ai, b;)*)'/?

i=1,n

where d is the Euclidean distance between two points, and assuming that
the sets have the same cardinality n, a; corresponds to b;.

The RMSD distance is useful when comparing very similar structures,
as those produced during the christallographic analysis or NMR at different
stages of the process. Its disadvantage becomes apparent in the presence of
outliers when the proteins are not structurally close. The existence of even
few outliers may significantly alter the value of the distance and therefore the
determination of the optimal superposition of the two structures.

A second important definition between two point sets is based on the use
of contact maps [33]. The chapter by G. Lancia and Sorin Istrail in this book
deals extensively with contact maps and they are not further discussed here.

Another definition is the Hausdorff metric widely used in the area of com-
puter vision and image processing, in astronomy and extensively studied in
the field of computational geometry. The Hausdorff distance H(A, B) between
A and B is:

H(A, B) = max(h(A, B),h(B, A)))
where h(A, B) is the one-way Hausdorff distance from A to B given by:
h(A, B) = maxgq,ca (miny, e d(a;, b;))

In the following we discuss different approaches to solve the above three
problems with different metrics. Problem 1 and its solutions are presented in
section 5. Problem 2 with the Hausdorff distance as metric is considered in
section 6.Problems 3 is reviewed in sections 8.

4 Representation of Rigid Transformations

A large number of methods have been proposed in the literature to compute
the rigid body transformation between two sets of 3D points. They differ with
respect to the transformation representation, and the minimization procedure.
A survey by Sabata and Aggarwal [49] lists several representation of transfor-
mations and approaches to solve this problem using both closed form solutions
and iterative solutions. The book [16] gives a clear description of many issues
related to rigid transformations with enphasis on visualization aspects.

Here we describe several representations of rigid transformations while the
next section is devoted to review methods to compute them.

A rigid motion of an object is a motion that preserves the distances be-
tween object points. The net movement of a rigid body from one configuration
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to another configuration (via a rigid motion) is called a rigid displacement. A
rigid transformation applied to an object model represents a rigid displace-
ment of the object itself. Rigid transformations form the theoretical infras-
tructure both for studying actual objects motions and for predicting possible
(or hypothetical) motions. In the early 1800s Chasles and Poinsot proved
that every rigid body displacement can be realized by a rotation about an
axis combined with a translation parallel to that axis. This motion is what
it is usually referred as a screw motion. Different motion representations are
presently used (mainly in computer vision, computer graphics and robotics),
that can be roughly classified as local or global representations [43].

Let us start by formally introducing the definition of rigid body transfor-
mation. A rigid body transformation is a mapping g : R? — R3, that must
satisfy the properties:

| 9(q) — g(p) ||=]l ¢ — p || for all points p,q € R3
g(v x w) = g(v) x g(w) for all vectors v,w € R3

The former condition says that lengths are preserved and the latter con-
dition says that internal reflection is not allowed. As a consequence of the
above definitions, rigid body transformations also preserve the inner product,
in particular, orthogonal vectors are transformed to orthogonal vectors. In
general, a rigid body transformation takes right-handed orthonormal coordi-
nate frames to right-handed orthonormal coordinate frames. It is important
to point out that even if the distance between points and the cross product
between vectors are fixed, particles in a rigid body can move related to each
others, because they can rotate (but not translate) with respect to each other.
Then the motion of a body can be described by the motion of any one point
and the rotation of the body around this point. Hence a right-handed Carte-
sian coordinate frame can be attached to some point of the body and the
motion of individual points can be traced from the motion of the body frame
and the motion of the frame attachment point. Due to its importance we first
consider pure rotational motion.

Pure rotational motion in R3 can usually be described by a proper 3x3
matrix, that can be defined by stacking next to each other, the coordinates
of the principal axes of a coordinate frame B (the body frame) relative to a
coordinate frame A (the inertial frame). Such a matrix is called a rotational
matriz: its columns are mutually orthonormal and its determinant is +1. The
set of all 3x3 matrices that satisfy these two conditions is denoted by SO(3),
where SO stands for Special Orthogonal. SO(3) is a group under the matrix
multiplications, with the identity matrix I as the identity element. SO(3) is
the rotation group of R3. A 3x3 rotation matrix can be seen as

T11 T12 713
T21 T22 T'23
T31 732 T'33
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with nine different parameters, the orthonormality conditions (for the ma-
trix columns) add three more constraints, while the sign of the cross product
adds other three constraints. These six constraint equations, reduce the degree
of freedom to three, that is, only three parameters are needed to completely
represent a pure rotation in R3. The matrix coefficients r;; can be expressed
in term of these three parameters.

A rotation matrix R € SO(3) represents a rigid body transformation. In
fact it can be proved that it preserves distances and orientations, that is:

e ||Rg—Rp|/=|g—p| for all points p,q € R®
e R(vxw)=Rvx Ruw for all v,w € R3

Moreover a rotation matrix can be seen as an operator that takes the co-
ordinates of a point (or vector) from a frame to another. Let p;, the coordinate
of a point P with respect to the frame B, and R, the rotation matrix, the
coordinates of P with respect to the frame A are given as:

Pa = Rabpb

The pure rotation operator is a linear operator (with the additional con-
straint that it is orthonormal). A sequence of two (or more) rotations will
result in a single combined rotation and conversely a given rotation can be
decomposed using two or more rotations. Rotation matrices can be combined
to form new rotation matrices using matrix multiplication. If a frame C has
orientation Ry, relative to frame B and B has orientation R, from frame A,
then the orientation of C with respect to A is given by:

Rac = RabRbc

In particular, as we could expect, Rqp Rpq = I and Ry, = R;bl = RaTb.

An important result about rotations is the Euler Theorem that establishes
that any rotation R € SO(3) is equivalent to a rotation about a given axis
w€R? (| w|=1), by an angle @ € [0,27). In fact, it is possible to represent
the motion of a single point p rotating about w at a constant unit velocity,
with the following differential equation:

p(t) = w x p(t) = wp(t)

Solving this equation gives the expression for a single rotation about w by
0, that is R(w,0) = €. The matrix & is defined as follows:

0 w3 —Wwy
—Ww3 0 w1
wy —wp O

where w? = [w1, w2, ws] and it has the property that &T = —&. Such a matrix

is a skew-symmetric matrix. If || w ||= 1, @ is a unit skew-symmetric matrix.
It can be proved that the exponential e“’ can be rewritten in term of the
skew-symmetric matrix, resulting in the so-called Rodriguez’s formula:
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e?? =T+ @sinf + (1 — cosb)

This method represents rotations through the equivalent azxis representa-
tion . This is perhaps the most intuitive way of representing rotations. How-
ever, it has some disadvantages. The representation is not unique: in fact
choosing w = -—wand § =27 — 0 gives the same rotation as w and 0,
being the exponential map many-to-one. Moreover, singularities occur when
f# = 0 and the exponential equals I, in such a case w cannot be determined.
These singularities create problems when computing the rotations. Finally the
transformations resulting from the composition of multiple rotations cannot
be easily computed.

Besides the canonical coordinates, there exist different coordinate systems
for representing the rotation group, mainly used in robotics systems. The fol-
lowing method of describing the orientation of the coordinate frame B relative
to A uses the Fuler angles. At the beginning frames A and B are coincident.
First, the frame B is rotated about the z-axis by an angle «, then it is rotated
about the (new) y-axis by an angle 8 and finally B is rotated about the z-axis
by an angle 7. The triple of angles («, 3,7) represents the overall rotation,
and the angles «, 3, are called the ZYZ Euler angles.

These three rotations occurs at principal axes and the global rotation
matrix can be computed from the three rotation matrices related to the three
elementary rotations, that is, giving the specific values for «, 8,7 it is easy
to compute both Ry, and Rp,. The converse question of whether the map
from SO(3) to «, 3, is surjective is important. It can be proved that for any
R € SO(3) it is possible to determine the Euler angles. This representation
suffers from the problem of singularity at R = 1.

In order to solve this problem new methods should be studied. Rotations
in a 2D space can be represented by complex numbers on the unit circle.
When moving to a 3D space, it is possible to generalize this idea, by in-
troducing quaternions . Formally a quaternion ) is a 4-tuple of the form
< qo,q1,q2,q3 >: Where qo is the scalar component of Q and ¢ = (q1,q2, g3)
is the vector component of Q. Hence, Q = (qo, ¢') with ¢o € R and ¢ € R3.
The set of quaternions is a 4D vector space over the reals and it forms a
group with respect to quaternion multiplication (denoted “”). Quaternions
multiplication is defined as follows:

Q- P=(qpo—"q -7, @P +poqd +q xP)

The wunit quaternions are the subset of all quaternions Q such that | Q ||=
Lwhere || Q |>= a3 + ¢ +¢3 + 3

Each rotation matrix R = ¢“? correspond to a unit quaternion defined
as Q = (cos(6/2),wsin(f/2)). It can be proved that if Q4 correspond to a
rotation of frame A to B and Q. correspond to a rotation of frame B to C, then
the rotation between frame A to C is given by the quaternion Q.. = Qup - Qpe-
An alternative representation of rotations, often used in computer vision, is
the unit quaternion, Given a unit quaternion @ = (qo, 7) the corresponding
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rotation is given by 8 = 2cos™!(qo) and w = k¢ with & = 1/sin(0/2), if
0 # 0,w = 0 otherwise.
The 3x3 rotation matrix R in terms of the unit quaternion is directly given
by:
q@*qn® —q2® —q3> 00
R = 0 10
0 01

Quaternions give a global parametrization of SO(3), at the cost of using four
numbers instead of three to represent a rotation. Since the quaternions space
has a group structure that directly corresponds to that of rotations, they
provide an efficient representation without suffering from singularities.

Rigid body displacements usually are not limited to pure rotations (even
if pure rotations represent an important subset), but they generally consist of
rotations and translations. Pure translations have a very simple representa-
tion: given two co-oriented frames A and B, with p,; the representation in A
of the origin of B, for any point ¢ € R3, ¢, = pap + ¢». Pure translations can
be represented by 3D vectors.

A rigid body motion (a rigid body displacement) then can be represented
by pay € R® and R € SO(3). The Cartesian product of R?® with SO(3),
represents all the rigid body motions and it is denoted as SE(3) (that stands
for special Euclidean group):

SE3)={(p,R):peR3 Re SO(3)}

Each element of SE(3) serves both as a specification of a rigid body place-
ment (with respect to a fixed environment frame) and as a transformation
taking the coordinates of a point from one frame to another. If a is a 3D point
and a’ is its corresponding point after a rigid transformation is applied, then
the following relation holds:

a’ = Rapa + pap
The above can be expanded into:

li

Ay T11 712 T'13 Pz
/

Ay | = [T21 T22 723 | + | Dy
I

a, 731 T32 T'33 p=

The transformation of points can be usefully represented using the homo-
geneous representation . The homogeneous representation maps points and
vectors in a 4D space, by adding a forth coordinate. The homogeneous coor-
dinates of a point ¢ = (q1, 2, q3) are ¢ = (¢1, 92, g3, 1), while the homogeneous
coordinates of a vector v = (v1,v2,v3) are ¥ = (v1,v2,v3,0). Then a rigid
transformation becomes:

o a/ _ Rabpab a = =
o= 3] 1] -

The 4 x 4 matrix ‘g,, is called homogeneous representation of g =
(Pab, Rap) € SE(3). Within homogeneous representation we obtain a linear
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representation of rigid body motions, and the standard matrix multiplication
is the composition rule for rigid body motion.

Homogeneous coordinates are useful for representing twists . A twist is a
couple (v, ), with v € R? and & a skew-symmetric matrix. A twist can be

written as:
- o
e [o0]

Of course é € R**_ while the twist coordinates ¢ = (v,w) € RS. It can be
proved that the exponential of a twist multiplied by a scalar, is an element
of SE(3), that is, it represents a rigid transformation. Conversely it can be
proved that every rigid transformation can be written as the exponential of
some twist, that is, given a g € SE(3), there exists a twist é and 0 € R such
that g = exp(éﬂ). It is important to remind the reader that the exponential
map is many-to-one and hence the choice of w and 6 may not be unique for
solving the rotational component of the motion.

The concept of twist helps us to show that every motion is a screw motion.
A screw motion is a motion which consists of a rotation about an axis in space
by an angle of 6, followed by a translation along the same axis by an amount
d. This motion is called a screw motion since it remind us to the actual motion
of a screw that rotate and translates about the same axis. A screw consists
of an axis [, a pitch h and a magnitude M, while a screw motion represents
rotation by an amount 8 = M, about the axis [ followed by a translation
parallel to the axis [ by an amount hf. The overall rigid displacement can be
computed and it results as:

e (I —e*%)q + hbw
9= 01

If we choose v = —w X ¢ + hw, the twist coordinates £ = (v,w) generate
the given screw motion. Going one step further it can be proved that it is
possible to define a screw associated with every twist. Finally it is possible to
conclude that every rigid body motion can be realized by a rotation about an
axis combined with a translation parallel to that axis.

5 Determination of 3D Rigid Transformations

In this section we review solutions for problem 1, as formulated in section 3.
Consider two sets of points A = {a1,a9, - ,a,} and B = {b1,ba, -+ ,b,,} in
3D space with the same cardinality. Assume that point correspondences are
known, i.e. that point a; corresponds to the point b;. The problem is to derive
the rigid body transformation that optimally maps A into B. This problem is
known as the absolute orientation problem. Points measurements are affected
by some noise and errors, due both to the estimation of the point coordinates
and to the determination of the point correspondences. Formally speaking
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this problem can be stated as a minimization problem, according to the least
square error criterion.

In the literature there exist a large numbers of algorithms that compute
3-D rigid transformation between two sets of geometrical features. For our pur-
poses, it is interesting to review some of the most popular closed-form solution
using correspondent points [39]. The rotational and translational components
are computed as solutions to a least square formulation of the problem. The
proposed approaches differ mainly in the transformation representation. The
first was developed by Arun, Huang and Blostein [4] and it is based on com-
puting the singular value decomposition (SVD) of a matrix.

The problem has been formalized as a particular version of the well-studied
orthogonal Procrustes problem , that can be stated as it follows:

minimize | A — BR || with respect to R, subject to RTR = I

where A, B € R™*3 are given by the set of 3-D vectors a;, and the set of 3-D
vectors b;, respectively, and R € R3*3, is orthogonal.
This problem is equivalent to the following one:

maximize trace(RT BT A) with respect to R, subject to RTR =T
In fact

(A— BR)(A — BR)T = trace(A” A) + trace(B” B) — 2trace(R* BT A)

This problem can be approached using “The Singular Value Decomposition
(SVD) Theorem”, that can be stated as follows: Theorem. If A is a real m-by-

n matriz then there exist two orthogonal matrices U € R™*™ and V € R™"*"
such that UT AV = diag(o1,...,0p),p = min{m,n} where o1 > g9 > ... >
» > 0. The problem of maximizing trace(RT BT A) can be solved through

the computation of the SVD of BT A. In fact let X be the SVD of BT A, that
is
¥ =U"(BTA)V = diag(c1,09,03)

and we define a new orthogonal matrix Z = VTRTU. Then we obtain:
trace(RT BT A) = trace(RTUUT (BT A)VVT = trace(RTUXVT) then

trace(RTUXVT) = trace(VIRTUZVTV = trace(ZX)

The previous expression can be rewritten as:
trace(RTUZVT) = trace(Z X)) Z 2ii0;

as Z is orthogonal the best choice for R is obtained when Z becomes the
identity matrix. Hence R = UV™T
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This general method proves itself useful for computing 3-D rigid transfor-
mation estimation between two sets of corresponding points. The algorithm
can be sketched as a two step algorithm. The first step computes the op-
timal rotation matrix R using the 3x3 correlation matrix H = Zivzl a;bl
through its singular value decomposition (H = Udiag(oy,02,03)VT) obtain-
ing R = VUT. The second step computes the optimal translation vector as
P =a— Rb.

A similar approach computes the eigenvalues of a proper derived matrix
(the orthonormal matrices ) instead. It was proposed by Horn, Hilden and
Negahdaripour [25]. With this method the correlation matrix H is firstly
computed. However, rather than computing its SVD, a polar decomposition
is used, such that H = RS, where S = (HHT)Y/2. The optimal rotation is
given by:

R=H" (Lu ul + Lu ul + Lu uT>
VATV T
where {)\;} and {u;} are the eigenvalus and eigenvectors of the matrix HH” .

Representing rotations using unit and dual quaternions gives two more
techniques that have been proposed respectively by Horn [28] and by Walker,
Shao and Voltz [56]. The former method asks to rewrite the minimization
problem in the quaternion framework. A new 4x4 matrix can be constructed
from the correlation matrix H as:

Hoo + Hi1 + Hao Hi2 — Hoy Ho — Ho2 Ho1 — Hio
K — Hizo — Ho Hoo — H11 — Hao Ho1 + Hio Hao + Hoo
Hao — Hoo Ho1 + Hio Hi1 — Hoo — Ha2 Hiz 4+ Hoy

Ho1 — Hio Hao + Ho2 Hiz2 + Hoy Hzs — Hy1 — Hoo

The optimal rotation is the eigenvector related to the largest positive eigen-
value of K.

The latter method is the most significantly different of the four. It was
designed ot minimize the equation;

52 =F o || mai— Rngi |2+ SN, Bi || a; — Rb; — P |2

where {nq;} and {no;} are two sets of corresponding unit normal vectors,
and {«;}, {8} are weighting factors reflecting data reliability. Dual quater-
nions for representing both rotation and translation are used and again the
minimization problem can be rewritten in this new framework, resulting in
new equations involving the parametrization of the dual quaternions. Again
optimal values for R and P can be computed.

These four algorithms can be compared with respect to their accuracy,
stability and efficiency [40]. Experimentations shows that no one algorithm
is superior in all case. In fact difference in accuracy (on nondegenerate 3-D
point sets) is almost insignificant. Stability is more discriminant instead. The
SVD and the unit quaternion method are very similar and usually the most
stable. In terms of efficiency, the orthonormal matrix looks quicker with small
data sets, while the dual quaternions method is superior with larger data
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sets (according to proper computer memory configuration). In conclusion, the
SVD should provide the best stability and accuracy, even if is not as efficient
as dual quaternions with large data set. Otherwise the unit quaternions can
be chosen on smaller data set for slightly better speed performance.

6 Geometric Pattern Matching

In this section we focus on the Hausdorff distance, defined in section 3, and
review both theoretical and practical approaches to compute it.

Much work has been done on the computation of the Hausdorff distance.
In the area of computational geometry exact algorithms have been studied for
the problem of deciding whether there exist a transformation that maps one
set of points into another set within a given distance. Fundamental robust-
ness issues are discussed in [3]. Chew et al. [10] have considered the problem
of matching point-sets in a d-dimensional space using the Hausdorff distance
under translation only. For the case d = 3, they provide exact solutions in
O(n®log? n) time. Extensions [11] to the more general case of Euclidean mo-
tion and of sets of segments have obtained exact solutions in O(n® log? n)
time. However they are limited to the case of planar sets.

Exact algorithms cannot be used in most practical applications where mea-
surement errors and noise are present; furthermore, the high computational
complexity of the exact algorithms make them impractical for use in real prob-
lems. For these reasons, approximate solutions for the case of point sets, both
in 2-dimensional and in 3-dimensional space, have been considered [15].

In the field of computer vision, an efficient multi-resolution technique for
comparing images using the Hausdorff distance has been presented in [29]
where the space of possible transformations is limited to translations and scal-
ing; in [48] the above technique is extended to affine transformations. Affine
transformations are used in [24] for matching point sets. Other approaches
to matching sets of segments in 3D space based on various techniques and
metrics are given in [9], [24], [31]

The computation of the Hausdorff distance does not necessarily produce
a one-to-one correspondence between the elements of the two sets; it may
happen, in fact, that multiple elements in one set are associated with a sin-
gle element of the other set. This is unlike most existing object recognition
methods that give an explicit pairing.

Approaches have been proposed for the computation of the Hausdorff dis-
tance between sets of segments associated to secondary structures [10]. The
standard Hausdorff distance provides a good metric over point sets but does
not preserve the notion of relevant subsets like the segments. To keep infor-
mation relative to the line segments in the definition of the distance function
an alternative definition of the Hausdorff metric between sets of segments has
been introduced in [23], together with efficient approximate algorithms for its
computation Given two sets A = {a1,a2, - ,am} and B = {by,ba, -+ , by} of
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line segments a; and b;, the Segment Hausdorfl distance Hg(A, B) between
A and B is:
Hs(A, B) = max(hs(A, B),hs(B, A))),

where hg(A, B) is the one-way Segment Hausdorff distance given by:

hs(A, B) = max (5,‘.2% H({ai}, {bj}))

The matching strategy is essentially an alignment that selects a few “rep-
resentative” segments of the set A and computes a rigid transformation based
on an hypothesized correspondence between the representative segments of A
and a group of segments of B. It then verifies the hypothesis by computing
the distance measure for such a transformation. The above steps are repeated
for all possible groups of segments of A. More precisely, the algorithm looks
for a rigid body transformation g (translation plus rotation) that minimizes
the distance between two sets of segments, A and B and it consists of the
following three main steps:

Step 1 determine a translation P;

Step 2 determine a rotation R;

STep 3 evaluate the distance between g(A) and B, where g is the combined
transformation.

The rigid body transformation is obtained by selecting three representa-
tives for each of the two sets A and B that are affine independent elements.

First, a representative segment a for A is randomly chosen. This repre-
sentative is paired with each element b of B. For each such pair (a,b), the
translation P is defined by taking the mid-point a,, of a into the mid-point
b, of b. This choice of the translation minimizes the distance between the
transformed segment P(a) and b.

To define the rotation, two additional independent elements of A are
needed. The second representative a’ is chosen as the segment containing
the point a’f farthest from a,,,. The third representative segment a’ is chosen

so that it contains the point a/] at maximum distance from the line m. It
is easy to see that the points a’f and a) must each be an endpoint of some
segment. The condition that is enforced is the affine independence of the three
points ay,, a’f and a/]. These choices bind the error due to the approximation.
The next step of the algorithm is to choose the segments b’ and b” of B in
all the m? possible ways. For each b’ and each endpoint of &', consider the
rotation that has origin in a,, and that makes a’f and a,,, to become collinear
with the endpoint of b’. Define R’ as the one of the above rotations that min-
imizes the distance between a'f and the endpoints of ’. Then define R” to be
the rotation about the axis a,,a’; that brings ay closest to an endpoint of b"”.
Apply the transformations R”R'P(A). Finally choose over all the triplets b,
b’ and b” the transformation g that resulted in the smallest distance.
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The time complexity of the overall algorithm is O(mn3logn). In fact,
using the Hausdorff metric, the nearest neighbor query in a set of segments
(to identify the segment of B “closest” to a segment of A), reduces to a nearest
neighbor query among points in R® that can be performed in optimal O(log n)
time within a known error bound. It is shown that the error introduced with
the approximation is within a bounded factor from optimal. This bound is
the same as the bound obtained in [15] for the simpler case of point sets.

Experiments have been conducted on several proteins and the results were
consistent with previous studies. As an example presented in [22], figure 6
shows the superposition of two sets of segments associated to proteins lrpa
and 1rpt, with very similar structures.

Fig. 6. The alignment of proteins 1rpa (red segments) and 1rpt (green segments)

7 Indexing Techniques

Indexing techniques, initially proposed in the field of computer vision by Wolf-
son et al., have found interesting applications in the area of bioinformatics.
Indexing or geometric hashing provides a way to efficiently search a large
database of proteins by storing redundant transformation invariant informa-
tion about the proteins in a hash table, from which this information can be
easily retrieved. The construction of the hash table, that constitutes the most
complex part of the entire process, is done off-line at a preprocessing stage.

Indexing techniques have been applied to compare proteins at different
levels of representations [2], [8], [13], [14], [32], [36], [55] (see also the chapter
by H. Wolfson of this volume).

One major distinction of the comparison approaches is whether they are
order dependent or order independent, in other words whether the use the
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order of the elements along the protein chain as a constraint in the correspon-
dence process. Indexing techniques do not take into consideration the order of
elements (either points or secondary structures) along the chain and therefore
fall into the category of order-idenpendent methods.

For matching 3D point sets, quadruples of points are used to define ref-
erence frames or bases in which the coordinates of all other points remain
invariant. Models are stored into the table by considering all possible combi-
nations of quadruples of points as bases and using the invariant coordinates
of the remaining points to index the table. At recognition time, if the correct
quadruple of points is chosen from the image points, the candidate matches
are efficiently retrieved from the corresponding entries of the hash table.

Here we concentrate on the application of hashing techniques at the sec-
ondary structure level involving transformation invariant properties of vectors
associated to the secondary structures. The programs 3dSEARCH [51] and
3d-Lookup [26], based on hashing, compute geometric properties of pairs of
secondary structures. They both construct the hash table by a procedure that
consists of the following steps for the insertion of a protein in the database:

Step 1. For each pair of vectors of the protein, compute a reference frame
or coordinate system identified by the two endpoints of one vector and by
the orientation of the other vector.

Step 2. For each remaining vector in the protein, compute its coordinates
in the reference frame defined in the previous step 1.

Step 3. The coordinates are quantized into fixed size interval and used to
access the entry of the table corresponding to those coordinates where the
following pair of information is stored: 1) name of the protein that hashed
into it; 2) identifiers of the two vectors used as reference frame.

Once the hash table is built, each secondary structure vector from the given
query structure is simultaneously compared to the entire library of target
structures by simply indexing into this table. Thus, to compare a query protein
to all target proteins the above step 1 and 2 are repeated for the query protein.
Step 3 is replaced by the following:

Step 3’ The coordinates are quantized into fixed size interval and used to
access the entry of a 3d table corresponding to those coordinates where a
vote is cast to every pair (protein name, two vector identifiers) present at
that entry.

At the end of the process the proteins in the table which obtained the most
votes are the candidates for matching.

A recently proposed approach [21] considers triplets of secondary struc-
tures rather than pairs to build the hash table. The three dihedral angles
associated to all triplets of secondary structures are used to index a hash ta-
ble. Let (s;, s, si) be a triplet of segments, where s corresponds either to an
a-helix or a (-strand. Let ay,- be the dihedral angle formed by two segments
s and r. The dihedral angle between two segments is the angle formed by
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the two planes perpendicular to the straight lines containing the segments
themselves and therefore is defined in the range [0, 180].

The triplet of segments (s;, s;,sx) is then described by the three angles
(0ij, ajk, ag;). The three angles, quantized into uniform intervals, provide
three indeces for the table; a fourth index triplet_type is used to access the
table; it depends on the types of the secondary structures in the triplets,
whether all « helices, one a helix and two § strands and so forth. Thus a
4-dimensional table is constructed during the set up phase of the method. No
explicit information is present in the tables about the order of the segments
along the polypeptide chain.

Each entry of the table keeps a record of each triplet hashed into it. The
record contains the following information: 1) the name of the protein, 2) the
identifiers for the three vectors, 3) the pairwise distances between the three
vectors. Such distances are used to filter incorrect hypotheses of associations
in the matching process, because false results could be obtained based on
angular information only. The distance is measured as the distance between
the middle points of two segments.

The construction of the table is computation intensive; it requires O(n?)
time, for n secondary structures. Once it is built it allows fast retrieval of
candidate matches between the query protein and the proteins stored in the
database. The space requirements for this approach may be high. However,
the table is only partially occupied since the three angles are related by the
triangular inequality.

The table can be queried to find similarities in the arrangement of the sec-
ondary structures of a query protein with the proteins stored in the database.
A protein P is matched against the database of proteins by the following
procedure:

Step 1 For each triplet (s;, s, si) of secondary structures of P, compute the
three angles («, 3,7) and the three distances of the associated segments.

Step 2 Access the cell of the hash table indexed by (a, 3,7, triplet_type)
and tally a vote for each entry in the cell with similar distance values.

Step 3 Formulate and rank hypotheses of matching by determining the
proteins with the highest number of votes.

The verification of the hypothesized matches may be performed by a pair-
wise comparison between the proteins, either at the level of secondary struc-
tures [23] or by extending the matching to residue level.

Once compiled, the table can be used for different types of comparisons,
for instance for all-to-all structure comparison.

Experiments have been conducted that consisted in building the hash table
for all proteins in the PDB (approx. 14.000) have shown that the approach is
both robust and efficient. The construction of such a table for approximately
350 representative proteins from the PDB has led to interesting observations
about the distribution of the angles of the secondary structures which deviate
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from the distribution of randomly chosen vectors more significantly than one
would have expected [47].

8 Graph-Theoretic Approaches

Here we give a brief description of the use of graphs to represent protein
structures and of the techniques used to identify common substructures within
proteins or to search for specific patterns in databases of molecules. Early work
on protein matching based on graph theory was done by Brint and Willett
[7]. To compare two or more structures, the method generates a graph of
correspondences where each node represents a pair of atoms, one for each
protein, and an edge connects two nodes (a,b) and (a’,d’) if the difference
of the distances d(a,a’) and d(b,b) is below a certain tolerance. Problem 3
defined in section 3, that is finding a maximum-cardinality set of element pairs
such that the distance between each pair is at most a given value §, can then
be restated as one of determining the maximal clique of a graph. Finding a
clique in a graph is a well known NP-complete problem.

In [57] graph isomorphism is used to search for pharmacophoric 3D pat-
terns in a database. The method of representation of a 3D structure is the
connection table, which contains the list of all atoms of the structure together
with the bond information that describes the way in which the atoms are
linked together. The connection table is basically a graph where the nodes
represent the individual atoms and the edges represent interatomic distances.
The graph is complete in the sense that there is an edge connecting every pair
of nodes. A variant of this graph is obtained by using angular information to
label the edges. The angle can be either the torsion angle or the valence angle
defined as the angle between three bonded atoms. The presence of a query
substructure in a database can be tested by means of a subgraph isomorphism.
Subgraph isormorphism is computationally expensive and therefore cannot be
used to test all entries in the database. Thus a screening strategy is suggested
to reduce the overall execution time by eliminating most of the entries of
the database from consideration by subgraph isomorphism. This screening is
analogous of an index technique in that it provides access to a small fraction
of the database by a preprocessing operation that groups all elements with
similar characteristics. An extension to flexible matching is provided as well.

The approach by Escalier at al. [12] finds the largest similar subsets of
atoms by recursively building subsets of increasing sizes, combining two sub-
sets of size k to build a subset of size k + 1. Two subsets can be combined
to form a larger one if they differ in one element only and their inter-atomic
distances are all below a given threshold. Thus, this problem is equivalent to
a clique finding problem. A suitable tree data structure allows an efficient im-
plementation of the merge operation. As stated by the authors, the approach
is suitable for small (less than 30 atoms) molecules. For larger structures such
as proteins, a brute force application of the algorithm may lead to unreason-
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able execution times. Heuristics have to be introduced to reduce the amount
of computation. One such heuristic is to split the problem in two parts: the
first is to identify local fragments and the second is to assemble them together.

A graph-based approach was used in [20], [41] to compare secondary struc-
ture motifs in proteins. Proteins and motifs are represented as labelled graphs
with the nodes corresponding to the segments associated s to secondary struc-
tures and the arcs to the angular and spatial relations between segments. Sub-
graph isomorphism is used to identify common structural patterns in pairs of
proteins or to search for motifs in the PDB. The Ullman’s algorithm for sub-
graph isosmorphism [54] was found to be sufficiently fast for the search of
small motifs from he PDB. Chains of lines segments, corresponding to ei-
ther secondary structures or to linear representation of other fragments of the
backbone have also been considered [1].

9 Integration of Methods for Protein Comparison Using
Different Representations

Different representations offer richer source of information that can be used
in the comparison. This approach has been already investigated in the litera-
ture resulting in effective tools. Alignment of superfamily members has been
obtained through conservation of structural features such as solvent accessi-
bility, hydrogen bonding and the presence of secondary structures [42], [45],
[50], [53].

An hierarchical protein structure superposition using both secondary
structures and backbone atoms was recently proposed by Singh and Brutlag
[561]. The local alignment of secondary structures is obtained by a variation of
the Smith-Waterman dynamic programming algorithm [52]. A score function
is used in the dynamic programming to measure the degree of similarity be-
tween pairs of vectors (linear segments) and is an attribute that may be either
orientation independent (like the angle between two vectors within the same
protein) or orientation dependent (like the angle between two vectors corre-
sponding to two structures each belonging to one protein of the pair). Other
attributes may relate distances between segments within the same or differ-
ent proteins. The expression for the score function S used in this approach,
similar to that used by Gerstein and Levitt [18], is given by:

§= 1+[?1%0]2 B
where M is a weighting factor for the attribute being measured, d the attribute
value and dj is the value at which the score should be 0. An important choice
of a dynamic programming approach is how to assign gap penalties. For sec-
ondary structure alignment it may be appropriate to decide to introduce no
penalty because often the deletion of a secondary structure is due to an incor-
rect assignment in the PDB or to a mutation that changed a single secondary
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structure element, say a strand, into two structures or converted a strand into
a turn.

Once an initial superposition of the secondary structures has been obtained
by the dynamic programming algorithm, it is refined by iteratively minimizing
the RMSD between pairs of nearest atoms from the two proteins. An inter-
esting feature of the approach is that it does not simply rely on RMSD for
judging the quality of the alignment but it takes into consideration also the
number of “well” aligned atoms. Well aligned atoms define the “core” of the
proteins and are selected as follows. Pairs of atoms, one atom from each pro-
tein, are selected so that each atom of the pair is the nearest atom of the other
atom of the pair in the other protein. Furthermore, to be included in the core,
such pairs of atoms have to satisfy the co-linearity property i.e. if (4,) and
(h, k) are two such pairs and ¢ < h then it must be j < k. Thus this method
is order-dependent, according to one major classification of protein compar-
ison approaches. The last step of the algorithm is to try to improve on the
superposition of the core atoms even at the cost of degrading the alignment
of the rest of the atoms.

The algorithm is efficient in terms of computational complexity and spends
most of the execution time on the secondary and atomic alignment and a small
fraction on the alignment of the core structures.

10 Conclusions

The problem of protein comparison can be successfully approached by first
considering the related geometric issues. In the paper, the power and limita-
tions of the different algorithms for protein structure comparison have been
reviewed and discussed. Most of them have already proved their utility in
computer vision and image processing, as well as in robotics, astronomy and
physics. Their use in molecular biology and bioinformatics opens new perspec-
tives for developing integrated methods for protein comparison, classification
and engineering. Even if the different methods have been introduced to be
used within different applications (characterized by different requirements),
they solve particular instances of a more general matching problem, as deeply
investigated in the area of computational geometry. The variety of protein
representations supports the reasoning both at the level of points (i.e. atomic
level) and at level of segments (or secondary structures). Estimation of rigid
transformations with different metrics is an important technique within the
protein structure comparison algorithms. Moreover geometric indexing tech-
niques prove their effectiveness in searching large protein databases. Finally,
graph-theoretic protein modeling helps in designing algorithms for substruc-
ture identification and comparison.

From the current research it has been recognized that the combination
of different methods and different protein representations may result in new
and effective algorithms with decreased computational complexity and better
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speed. Solvent accessibility, hydrogen bonding and the presence of secondary
structures can be considered together in the alignment of superfamilies, while
a hierarchical protein structure superposition can be obtained using both sec-
ondary structures and backbones atoms. For a better characterization of the
proteins functions and their evolutionary information, geometric reasoning
should be coupled with some proper chemical consideration involving hy-
drophobicity, charge, etc. The goal is to use domain-specific information for
allowing a better pruning of the possible association choices at a very early
stage of the matching process.
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Summary. Motivated by the problem of identifying flat regions in three dimen-
sional protein structures, we provide a new geometric approach for the extraction
of planar surfaces that compares favorably with existing approaches developed for
computer vision. Preliminary results obtained on proteins from different structural
classes are given.

Index Terms - Plane detection - Hough transform - Width - Protein Structure
analysis

1 Introduction

When we examine the 3D tangle of a protein string we sometimes observe
flat or planar regions. Certain large segments or groups of amino acids lie
roughtly in a plane or very narrow slab. The presence of these segments or
groups of amminoacids in a very narrow slab can be very useful for confirming
or suggesting potential secondary structures such as a (-strand. The episodic
occurence of this phenomenon motivated an interest in general algorithms
that quickly find flat regions in 3D point sets.

We formulate the problem of identifying flat regions as follows. Given a
set I" of n points in 3D space and a non-negative constant €, determine the
plane that is at a distance at most € from the maximal number of points of
I.

In other words, we want to determine a pair of parallel planes (slab) a distance
of 2e apart enclosing a maximal number of points of I'. The pair of planes is
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not necessarily unique. For the extraction of multiple planar regions from the
input data, the same problem is solved repeatedly after the removal of the
points that are found to belong to the best slab.

We present a new method for the detection of planar regions in point
sets; we also give some heuristics that can help speed-up the process while
maintaining a good quality for the solution. We show that our geometric
method has many advantages over the Hough transform, a popular technique
to extract parametric shapes, such as lines, planes, and circles from images.

Our detection algorithm solves the problem as a maximum coverage prob-
lem in the parameter space. A subset of three points of I" determines a region
in the parameter space containing the parameters of all planes within e dis-
tance from the three points. Consider the arrangement in the parameter space
formed by the regions determined by all subsets of three points of I'. Define
the depth of a point in the parameter space as the number of regions that
contain the point. This is in fact the number of points of I" within e distance
from the corresponding plane. The point of maximum depth is sought among
the vertices of the arrangement. Each such vertex gives the parameters of a
plane at distance either 4+¢e or —e from each of the three points.

The search for a vertex of maximum depth can be done by simply counting
for a plane corresponding to a vertex of the arrangement the number of points
of I' within € distance from it and then choosing the plane that has the largest
count. This computation requires O(n) time for each plane. A more efficient
solution to this problem is also presented that avoids the above computation
for all planes, by exploiting the structure of the arrangement of the regions in
the parameter space. The algorithm has a O(n®logn) time complexity.

The problem of detecting geometric primitives is a fundamental one in com-
puter vision; there it is often solved by the Hough transform, a method that
transforms the extraction problem into an intersection problem in the param-
eter space, that is is quantized in an accumulator array.

The most common application of the Hough transform in image processing
is for line detection. The method has been also applied to circle and ellipse
detection, and to the extraction of planes from range images. If storage space
is a concern this approach can be used only for parametric shapes with few pa-
rameters, since the accumulator array dimensionality grows with the number
of the parameters.

The plane extraction problem is related to a well-known problem in com-
putational geometry, the width problem, that is the determination of a pair of
parallel planes of minimum distance enclosing all points of a given set. Houle
and Toussain [9] give algorithms that produce the exact width of a point set
and run in O(nlogn)time in N2 and in O(n?) in N3. An efficient approxima-
tion to the width determination is given in [4], that can be used to perform the
metrology primitive of “flatness”. The requirement that all points are within
a single slab formed by the two parallel planes makes these approaches not
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suitable for applications that require the extraction of multiple slabs with a
predefined width.

2 A Geometric Algorithm

Given a set I' of n points in 3D-space and a non-negative real value €, we
want to determine a plane P in ®3 that is at a distance at most e from the
largest number of points of I

Let the equation of plane P in R3 be

ax+by+cz+d=0
where (a,b,c,d) is the 4-dimensional vector of parameters of P satisfying
a’?+ b+ =1.

We solve the 3D plane detection problem by solving an intersection prob-
lem in the R* parameter space. To each three-dimensional point p; € I" we
associate a region R; € R* (as shown below). Each of the four-dimensional
points in R; corresponds to the parameters of a plane in R> at a distance at
most € from p;. If (a, b, c,d) is a four-dimensional point in the intersection of
the two regions R;, R; associated to the three-dimensional points p;, p;, then
the corresponding plane in i3 given by the equation ax + by + cz +d = 0 is
at a distance at most € from both points p; and p; in 3. We define the depth
of a point in R* to be the number of regions R; that contain it and look for
a point in $* with maximal depth. (The point is not unique.) Another way
of looking at this problem is to view it as a coloring problem. Each region is
colored by a different color; we say that a point is colored by a given color if
it belongs to a region with that color. The objective is to find a point that is
covered by the maximum number of different colors.

The region R; in R* associated to point p; = (4,¥:,2;) in R can be
obtained as follows. First if a plane P’ in %3 has parameters (a’,V’,¢’,d’) and
if the plane contains p; then it satisfies:

a'zi+ by +cdz+d =0.

The above equation also describes in ®* a hyperplane Q,° through the
origin with coefficient (z;,y;, 2, 1,0). Let dp, p be the distance in 3 of point
p; from the plane P with parameters (a,b,c,d). That is,

dp; p = |az; + by; + cz; + d (1)
since a? 4+ b2 + 2 = 1.

The region R; in R* consists of points (a, b, ¢, d) satisfying:

ax; +by; +czi+d+e€>0
ar; +by; +cz; +d—e <0 (2)
A+ +32=1
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R; has boundaries given by the two hyperplanes Q; ¢ and Q; ¢ with
respective coefficients (x;,y;, 2, 1, +€) and (z;,y;, 2,1, —€) and the hyper-
cylinder

A+ +ct=1 (3)

The points (a,b,c,d) in Q; ¢ satisfy:

ar; +by; +czi+d+e=0
The points (a,b, ¢, d) in Q; € satisfy:

ax; +by; +cz;+d—e=0

Note that the two above hyperplanes Q; 7 and Q; ¢ are parallel to the hy-
perplane ;% and enclose it. Furthermore, both Q,; 7€ and Q,; ¢ have distance

from Q;° given by: \/W

We consider the arrangement of all regions R; in R*. It is easy to see that
region R; cannot be contained in R;, ¢ # j. This is because there always
exists a plane within e distance of p; that is farther than e from p;. Further-
more, the intersection of any three regions R; N R; N Ry, i,5,k = 1,..n, is
non empty. In fact the intersection contains at least the point corresponding
to the parameters of the plane through the three points. The boundaries of
three regions intersect in at most 8 vertices, each obtained by intersecting
three hyperplanes, one for each region, and the hypercylinder. As far as the
depth information is concerned only the boundaries of the regions are rele-
vant. Thus we look for a point with maximum depth among the vertices of
the arrangement.

Consider the 8 vertices in ®* determined by R;, R;, and Ry. They corre-
spond to 8 candidate solution planes in 2. However the triple of points p;,
pj, and py in 3 corresponding to the three regions does not lie in any of the
candidates planes. Each candidate plane can be described as the middle plane
of a pair of parallel planes a distance of 2 € apart that encloses the maximum
number of points of I'. This middle plane is parallel to the two members of
the pair and halfway between them. In the first two of the 8 cases, the triple of
points lies on one of the members of the pair, i.e. the first candidate optimal
plane is at distance € and the second at distance —e from each of the three
points p;, p;, and pg. In the last 6 cases, two points of the original triple lie
on one member of the pair of enclosing planes while the third point lies on
the other member of the pair. In other words, by choosing an unordered pair
of points from the triple (and there are three possible choices), two planes are
determined that are between the pair of points and the remaining member of
the triple and that are at distance e (in absolute value) from each of the three
points.

The problem of finding a vertex of maximum depth has a simple solution
in the original space. For each vertex count the number of points in R3 within
€ distance from the corresponding plane. Then select the vertex with maxi-
mum count. Since there are O(n3) vertices in the arrangement this procedure
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takes O(n?) time. In the next section we present a more efficient algorithm
that exploits the structure of the arrangement of the regions and achieves
O(n®logn) time complexity. We have implemented the algorithm also using
random sampling, that is the selection of a small number of triplets of points
from the input data set. The results are satisfactory in most cases; we do not
however discuss them here for lack of space.

For the template matching cost function, methods which generate only
the first two cases above for the candidate planes, i.e. the triple of points
always lies in one of the two planes which form the enclosing pair, can miss
25% of the points as seen in example 2.1. Again for the template matching
cost function, methods which always place each triplet of points in the middle
plane (and form the potentially optimal pair of planes by creating parallel
planes on either side of the middle plane a distance of € away) can miss (25%
) of the points as seen in example 2.2.

Example 2.1. Counsider the following four points: P;(0,.75,0), P»(0, -
.75,0),P3(1,0, .75), and P4(1, 0, -.75). Let € = 0.5. The pair of parallel planes,
one with coefficients (1,0,0, —1) containing P; and P4 and the second parallel
to it and containing P, encloses all four points (in fact P, belongs to the
second plane). The solution generated by our method is the middle plane of
this pair with coefficient (1,0,0,—.5) and it is within distance 0.5 from all
four points.

On the other hand, restricting one of the two planes which form the pair
to always contain three of the four points misses one point. The middle plane
of such a pair has always distance greater or equal to 0.7 from the remaining
point. See for example, the plane (0.6,0, —0.8, —0.5) which is middle plane of
a pair with one member containing P;, P> and Ps. Thus the maximal number
of points within distance 0.5 from such planes is 3.

Example 2.2. Consider the same four points as in the previous example:
P;(0,.75,0), P»(0, -.75,0),P5(1,0, .75), and P4(1, 0, -.75). Let ¢ = 0.5. The
planes containing three of the four points always have the distance 1.2 from
the remaining point. Again the maximal number of points within distance 0.5
from such planes is 3.

An interesting feature of the algorithm is that its time complexity is in-
dependent of €. Therefore it is the same even when high precision is required
(very small values of €). This is unlike the methods based on the Hough trans-
form for which the complexity in time and memory increases with the degree
of required precision.

3 An Improved Geometric Algorithm

In this section we present an efficient algorithm for finding a vertex of maxi-
mum depth in the arrangement of the R; regions. We recall that a vertex is
determined by the intersection of three hyperplanes at the boundary of three
distinct regions R; and the hypercylinder.
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We first observe that the vertices of the arrangement lie on the O(n?)
ellipses e;; formed by the intersection of two hyperplanes Q"¢ and Qj+6,
1,7 = 1,...,n, and the hypercylinder. More precisely, of the 8 vertices generated
by Ri, R; and Ry 4 belong to the ellipse e;; and 4 to the ellipse e;;. (or to
the ellipse e;;) On e;; (e ) one pair of vertices is obtained by intersecting
eij with Q¢ and the second pair with Q¢ (Q; ¢ and Q; ¢ ). Each pair of
vertices on e;; defines an arc consisting of points in R; N R; N Ry. Consider
all arcs on e;; obtained for all different values of k. The depth of a vertex is
clearly given by 2 plus the number of arcs it belongs to.

Thus the problem of finding the vertex of maximum depth becomes that of
computing the maximum overlap in a set of arcs. This problem can be solved
using standard geometric techniques in O(klogk) time for k arcs [5]. Since
this step is repeated for each ellipse corresponding to a pair of regions R; R;,
the algorithm has an overall O(n®logn) time complexity.

The equation of the ellipse e;; can be obtained as follows. Let

ax; +by; +cz;+d+e=0
ar; +by; +czj+d+e=0
a?+b2+c2=1

be the equations of the hyperplanes Q; ", Q]-JrE and the hypercylinder, re-
spectively.
The intersection of the two hyperplanes in R* can be represented by:

a = Sug + tv,

b = sup + tuy

c = Suqg + tve

d= —€+ sug + tvg
where s and t are parameters and u = (ug, Up, te, ugq) and v = (vg, Vb, Ve, Vq)
are orthogonal unit vectors. We can choose the vector v so that vy = 0. The
intersection of the above plane with the hypercylinder a?+b%+¢? = 1 is given
by:
(u2 + ui 4+ u?)s® + (ugva + upvy + ucve)s -t + (V2 + v + 22 =1

Since vg = 0 and u L v the equation above is rewritten as:

as’+t2 =1

where o =1 — u? < 1. The above is the equation of the ellipse on the plane.

4 Hough Transform

The Hough transform is a powerful technique developed in the area of image
processing for the detection of parametric curves in an image. It was originally
proposed for line detection from gray-level images [8] and later extended to
other parametric curves (circles, ellipses, etc.) [3] and to the recognition of
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arbitrary shapes. There exist several variants of the basic Hough transform;
for recent surveys on the subject see [13], [16].

The standard formulation of the Hough transform for line detection is as
follows. Suppose we are given a set of image points - for instance edge points
or some other local feature points - and we want to determine subsets of
them lying on straight lines. The Hough transform associates an image point
with a line in the parameter space. The method is based on the property that
collinear points are transformed into lines intersecting at the same point in the
parameter space. The problem is then solved as an intersection problem in the
parameter space, that is quantized in an array of cells, called the accumulator
array. Specifically, the Hough transform consists of the following steps.

step 1. For each image point, determine the parameters of all lines through
it and accumulate the corresponding cells in the parameter space.

steo 2. Find the maximum (or the local maxima) in the accumulator array.
The corresponding parameters describe the detected line (lines).

An important property of the Hough transform is its insensitivity to noise
and to missing parts of lines. The disadvantages are its high computational
and memory requirements which increase with the resolution of the accumula-
tor array. Furthermore, since the array dimensionality grows with the number
of the curve parameters, this approach is applicable only to curves with few
parameters. To overcome these limitations, many approaches have been pro-
posed for image and vision vision applications, including probabilistic [11],
randomized [12] and fast [15] Hough approaches.

Some of these approaches formulate the Hough transform as a many-to-
one mapping from the original set of points into the parameter space, instead
of a one-to-many mapping as in the standard formulation. For example, in
the case of line detection that means determining for any two points of the
set the line passing through them and incrementing the corresponding entry
of the array in the parameter space. In general, for the detection of a curve
represented by m parameter equations, the original approach maps one point
into a m— 1 hypersurface into the parameter space, while the second approach
maps m points which define a curve into one point of the parameter space.
The second approach is generally used in conjunction with random sampling
[6], that is the random selection of few subsets of n points from the original
input to reduce storage and computation time.

The Hough transform is easily extended to the detection of planes in a set
I of points in 3D space. A plane is parametrized by the following expression,
containing three parameters o, 8 and d:

cos v cos fx + cosasin fy +sinaz +d =0 (4)
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Note that if we let

a = cos a.cos 3 (5)
b = cosasin 3 (6)
¢ =sina

we have a® + b2 + ¢ = 1, that is the same constraint used in the previous
section.

The parameter space is quantized into h X k x t cells that form the ac-
cumulator array A; each entry of the array corresponds to a triple («, 3,d).
In other words the parameters o and (3 are discretized into h and k values,
respectively, taken at regular intervals in the range [0,7]. The parameter d,
which represents the distance of the plane from the origin, is discretized in ¢
values; the range of ¢ values is chosen according to the point set.

The plane detection algorithm proceeds in two steps. Step 1 constructs
the accumulator array. It does so by computing for each point of the set I’
and for each pair («,3) the d value from equation 4 and incrementing the
corresponding entry in the accumulator array.

Step 2 of the algorithm determines the maximum in the accumulator array
A, that corresponds to the detected plane.

For a set with n points, the Hough transform requires O(n x h x k) time
for step 1 and O(h x k x t) for step 2.

Alternatively, the Hough transform for plane detection can be formulated
as a many-to-one mapping from the set of points into the parameter space.
For each triple of input points the plane through them is determined and only
the corresponding entry in the accumulator array is incremented. For this
alternative approach, the time for the construction of the accumulator array
is O(n3), while the time for searching the array to determine its maximum
value is still dependent on the quantization of the array, that is O(h x k x t).
As pointed out in the section 2, this method may fail to detect the best plane,
defined as the plane within a given distance from the maximal number of
points.

5 Performances of the Two Algorithms

The time and space complexity of the Hough transform depends on the num-
ber of points as well as on the quantization of the parameter space. For a
coarse quantization of the accumulator array the algorithm is very efficient.
There are however many applications requiring high resolution and therefore
a fine discretization of the parameter space. The time complexity of the geo-
metric algorithm is instead dependent only on the number n of input points
and independent of e.

We have compared the two approaches on several input sets of varying sizes
and for different values of €. To compare the two approaches in terms of time,
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we have first experimentally determined the quantization of the parameter
space in the Hough approach that allows us to obtain results of the same
quality as the geometric algorithm. The quality of the result is expressed
by the number of points detected within e distance from the best plane. In
all experiments we observed that, with a proper choice of the quantization
of the accumulator array, the standard Hough transform obtained the same
maximum value as the geometric algorithm.

In Tables 1 and 2 the execution times of the two algorithms for small
sets of points are reported. The sets of points consist of fragments of varying
sizes of the backbone of the proteins 1IKDU and 3PGM. For each of the two
€ values, the required quantization step in the accumulator array for each of
the three parameters oiep, Bstep and dstep is shown along with the overall
execution time Toygn. The execution time Tyeom of the geometric algorithm,
which is the same for all € values, is shown in column 2.

In all our tests the geometrical algorithm outperformed the Hough trans-
form. The time for the Hough transform is dominated by the complexity of
the second phase, i.e. finding the maximum in the accumulator array. As the
size of the set increases, the memory requirements of the Hough transform
increase significantly, and so does its time complexity. This is also because in
our examples the space occupancy of input points (in terms of the diameter)
increases with n requiring larger values for the parameter d.

There can be cases (depending on e ) where the Hough transform runs
faster. However, given a set of points it seems that is always possible to find a
value of € for which the geometrical algorithm outperforms the Hough trans-
form.

1KDU e=1 e=2
Num. of points||Tgeom || THough |Ostep Bstep dstep || THough |Xstep Bstep dstep
20 0.1 17.7 2 2 0.2 3.9 3.5 3.5 0.7
25 0.2 17.7 2 2 0.2 3.5 3.5 3.5 0.7
2 2
2 2

30 0.5 17.7 0.2 5.7 3.5 35 07
35 0.9 21.0 0.2 4.3 3.5 3.5 0.7
40 1.5 36.0 1.8 1.8 0.2 10.3 3 3 0.7

45 3.1 >3000 | 1.2 1.2 0.2 21.5 25 25 07

Table 1. Execution times of the two algorithms for fragments of the protein 1IKDU.

3PGM e=1 e=2
Num. of points||Tgeom || THough |@step Bstep dstep || THough |Qstep Bstep dstep
20 0.1 0.3 9 9 0.5 0.4 9.9 9.9 0.6
30 0.6 1.4 7.2 7.2 0.3 0.5 9 9 0.5
40 1.8 10.6 3 3 0.2 2.8 5.6 56 0.3
50 4.4 36.2 1.8 1.8 0.2 27.9 2 2 0.5

Table 2. Execution times of the two algorithms for fragments of the protein 3SPGM
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6 Plane Detection in Proteins

One application of the above method is in improvement of protein secondary
structures assignment from atomic coordinates. This is an important task be-
cause it is often a preliminary step in the analysis of the protein structures; for
instance secondary structures can be used in protein structural comparison
to identify largest common substructures or to search for structural motifs
in the Protein data Bank (PDB) [1]. The task of assigning secondary struc-
tures may be based on different criteria which may lead to slightly different
solutions; they include hydrogen bond pattern, backbone torsion angles, and
inter-Ca atoms distances [7], [10], [14]. A recent comparison of three different
procedures for the assignment of secondary structures shows that they agree
in only about 60 % of the sequence sites in several proteins [2].

The algorithm we have presented may be used in identifying wrong as-
signments or, more importantly, in deriving properties that can be useful in
secondary structure prediction.

We have determined the widths of the S-strands and a-helices of a small set
of representative protein structures from the PDB database. The set includes
the following protein structures:
laei leur lemd lgga 10vi 1pal 1tie lacp lazu lbgt lcbn lcdg 1lcll 1dat 1dfn 1fha
lgca 1gdl 1gpv lhev 1hpi 1ifb 1ligf ligm 1paz 1pml 1pyk 1rbp lrpa lrpr lrpt 1sbp
1stp 1sve 1tim 1ttf lutg 2mhr 2aza 2bop 2bpa 2cpl 2ctc 2cyh 2dri 2hla 2hng 2liv
2paz 2pf2 2plh 2plt 2spt 2taa 3por 8paz
where the four-symbol strings represent the identifiers in the PDB.

Table 4 shows the different width values obtained for any given length of
the B-strands. Only the Ca atoms are included in the analysis. The lengths of
the [-strands considered range from 6 to 23 residues. Table 3 has the same
meaning except that the a-helices are considered. The lengths of the helices
range from 6 to 23 residues. Short helices and strands have not been considered
in this analysis. Repeated secondary structures in different chains of a protein
have been counted only once.

In table 3 there are only two values that are far from the average width
value. One such value (6.9) corresponds to the a-helix in figure 4. The pic-
ture clearly indicates a bad secondary structure assignment. The other value
corresponds to the a-helix in figure 3. On both a-helices the geometric al-
gorithm that finds the maximum number of points within ¢ distance from a
plane was applied. For the a-helix of figure 3 the algorithm with a value of ¢
equal to the average width of all helices correctly identified the last fragment
of the secondary structure as being outside of the slab of average width. For
the a-helix of figure 4 the algorithm found one “outlier”, i.e. the residue with
a darker color in the figure. Figure 5 shows a (-strand with a width value
above average, and again the geometric algorithm found the extreme residues
outside the best slab of average width.

We believe that this analysis can be of help in the study of the relations
between residue-related parameters (such as the volume, etc.) and the 3D



Identifying Flat Regions and Slabs in Protein Structures 93

geometry of the secondary structures that can help predict the secondary
structures from the sequence of amino-acids.

We have also applied the algorithm to the detection of slabs of given widths
enclosing the maximum numbe of points to several proteins from different
structural classes. In figures 6 and 7 we show the results for 6 proteins from
the PDB; in all cases we have considered the Ca atoms only.
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Fig. 1. Widths of helices. (helix length on horizontal axis)
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Fig. 2. Widths of S-strands. (strand length on horizontal axis)
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Fig. 3. Protein lemd has an helix with width larger than average

Fig. 4. Protein ladb has an helix with width larger than average
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Fig. 5. A B-strand of protein 2bpa with a width value larger than average

Fig. 6. (left)protein 2pf2: e =1 (24 % of points,width= 18); (middle) protein 2bop:
e = 2 (41 % of points, width=16); (right) protein 1cbn: ¢ = 1 ( 36 % of points,
width= 12)
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Fig. 7. (left) protein lacp: € = 1 (23 % of points,width= 18); (middle) protein
4mdh: € = 1 (10 % of points,width= 46); (right) protein 2bpa: ¢ = 2 (17 % of
points,width= 57)
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1 Abstract

A new method to derive a score function to detect remote relationships be-
tween protein sequences has been developed. The new score function, OP-
TIMA, was obtained after maximization of a function of merit representing
a measure of success in recognizing homologs of the newly sequenced pro-
tein among thousands of non-homolog sequences in the databases. We find
that the new score function obtained in such a manner performs better than
standard score functions for the identification of distant homologies.

2 Introduction

The amount of sequence data from the rapidly progressing genome projects
keeps growing exponentially. The similar fast growing speed of computers
has make computer aided tools to infer structure and function of the newly
sequenced proteins an integral part of modern molecular biology. In order
to understand the evolutionary history of the new sequences, aligning the
primary structure of the probe sequence with others in the database using so-
phisticated software such as FASTA [1], BLAST |[2, 3], and SSEARCH [1, 4]
is one the most significant and widely used techniques. Sequences with a
high similarity score usually share a common structure and might have simi-
lar functions or mechanisms. For any pair of proteins, the optimal alignment
that maximizes the total score can be done quickly, using standard dynamic
programming techniques [5]. The maximum possible score for a given pair
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100 Maricel Kann and Richard A. Goldstein

of proteins is then used to determine whether the pair of proteins are homol-
ogous. This is often done by computing such quantities as p(S, > z), the
probability that a random pair of proteins of the same length would have that
score or higher, F/, the expected number of random proteins in the database
that would have at least that score, and P, the probability that there is at
least one random pair with a higher score. Smaller values of p(S, > x), E,
and P indicate a higher likelihood that the given pair is in fact homologous.

The first commonly-used score matrices were the PAM (percent accepted
mutations) series developed by Dayhoff and co-workers [6]. Others such as
those developed by Gonnet et al (GCB) [7] and Jones et al. (JTT) [8] have
applied Dayhoft’s method to larger sequence datasets. Henikoff and Henikoff
used a dataset of aligned sequence blocks to construct his popular BLOSUMG62
matrix [9]. Overington and coworkers used Henikoffs’ cluster method to create
a score matrix (STR) where the protein sequences were aligned based on their
observed structures [10].

The matrices described above, represent considerable improvements in the
search procedure, allowing the immediately detection of similarities among
approximately half of all the newly discovered genes. However, there is still a
challenging problem to overcome, when sequence similarity is low with those
score functions (below 25% sequence identity) distant relationships among
protein sequences that are in fact homologs, are impossible to detect.

In this paper, we describe a new procedure to generate a score function
optimized to detect distantly related pairs of protein sequences. Results with
the independent test sets demonstrate the superiority of the resulting score
function compared with other commonly-used score functions for the detection
of distant homologies.

3 Methods

Theory

We sequentially align a target protein A; with each of the proteins in a dataset
of size D, achieving a distribution of scores {5, } of the form

S = Z”m Vi,j T Ngap—1 Ygap—1 T Ngap—E Vgap—E (1)
i,

where n; ; refers to the number of times that amino acid type 4 is aligned with
amino acid type j, ngap—1 is the total number of gaps in the alignment, ngap—g
is the total number of residues in each gap beyond one, ; ;, also known as
the score function, substitution matrix, or exchange residue matrix, represents
the contribution to the score for any amino acid match or mismatch, while
the gap penalties are given by vYeap—1 and 7gap—g initialization and extention
of a gap, respectively . The score for the alignment of the target protein
and a putative homolog is z. To estimate the significance of this score, we
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calculated the probability that this score or higher would be obtained by a
random match. We first compute the Z-score, defined as

7 - e —(5) 2)
(S2) — (Sr)?

where the averages are over the alignments of the target protein with the
ensemble of random non-homologous proteins in the dataset. By using the
Z score, we automatically account for variations in the expected score with
the length of the proteins. We can represent the distribution of scores for
ungapped [3, 14, 15] and gapped alignments [16] by an extreme value distri-
bution (EVD) [17]. In this case, the probability that a given random score S,
would be equal or greater than x is

Sy
p(Sr>z)=1 —/_ plx)dx
=1—exp(—exp(—aZ —f3)) (3)

a =1.282and § = 0.5772... for a perfect EVD [18], although these parameters
are generally adjusted based on the observed distribution. For a search of a
database of size D, the expected number of scores between the target protein
and random pairs is equal to E = D p (S, > x). In this paper, we use a
value of D = 100,000. Assuming a Poisson distribution, the probability P of
observing at least one alignment with score equal to or greater than x is given
by

P=1—-exp(—F) (4)

Both the E-value and the P-value depend upon the size of the database being
searched. E-values range from 0 to D, while P-values range from 0 to 1.

We are interested in optimizing the ability of a score function to discrimi-
nate between homologous and non-homologous pairs of proteins. That is, we
are interested in identifying a true homolog, and in having confidence in this
identification. Our confidence in a putative match is equal to the number of
correct matches divided by the number of matches, both correct and incor-
rect, with the same score or higher. Assuming that we have one true homolog
in the dataset, the average confidence C' can be quantified as

- - _ _—exp(—aZ-p) -1
071+E7(1+D<1 ¢ )) (5)
A C value close to 1 indicates a confident alignment, with C' decreasing to
1/(1 4+ D) as the confidence of the alignment decreases. This represents our
average relative chance the match is to a true homolog. In this paper we
optimize the score function by maximizing (C) averaged over the training set.
By optimizing (C) we automatically focus on homologous pairs at the limit of
detection, reducing the dependence of the score function on homologies that
are either easily detectable (E < 1) or overly distant (E ~ D).
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Database Preparation

We are interested in optimizing our score functions for the detection of distant
homologs, beyond the capability of current score functions. We therefore need
a set of known homologs whose homology cannot be reliably determined with
standard pairwise sequence comparisons. For this purpose, we took advantage
of the Cluster of Orthologs Genomes (COG) database of Koonin and co-
workers [13]. A 900-pair training set was constructed of pairs of proteins
in the same COG that share less than 25% sequence identity. A 177-pair
disjoint test set was constructed in a similar manner from the COG database,
excluding all COGs that contributed to the training set, with each pair of
proteins again having less than 25% sequence identity. We also constructed
a test sets independently of the method used to construct the training setby
taking pairs of proteins identified as homologs in the PFAM database release
5.2 [19] 1In order to avoid overlap with the training and test sets derived
from the COG database, we ran a BLAST search [2] (using BLOSUMG62 [9]
with -12,-2 for the gap penalties) of all the sequences in the PFAM database
against the 1077 pairs from the COGs that we were using either as the training
set or first test set, and excluded all PFAM families with any member with
similarity to these proteins (i.e. E < 10). From this set of protein sequences,
we selected 103 pairs that share less than 25% sequence identity as a second
test set of distantly related sequences.

Optimization of the Score Function

We are interested in maximizing the confidence value (C) averaged over pro-
teins in the training set, where the calculation of C involves the distribution
of scores for the optimal alignment of the target proteins with homologous
and non-homologous proteins in the dataset. These optimal alignments are
themselves dependent upon the value of the score function. Thus an iterative
scheme is required.

We started with the BLOSUMG62 matrix [9] and used the local dynamic
programming algorithm [5] to align each of the target proteins in the training
dataset against a homolog and a set of non-homologous proteins with a large
number of different gap penalties. We then calculated Z and C for each
pair of homologs, and averaged over the pairs in the training set to yield (C).
The highest C values were obtained with gap penalties of ygap—1 = —12.0 and
Yeap—E = —2.0. This scoring scheme (BL62(12,2)) was then used to gener-
ate an initial set of alignments of the target proteins with homologous and
non-homologous proteins. The observed distributions of the non-homologous
proteins were used to adjust the values of @ = 1.31 and 8 = 0.74, similar to
the values expected (o = 1.282 and 8 = 0.5772) for a perfect EVD [18].

As multiplication of the score function by any constant does not change
Z or any of the other statistics, we fixed one score function (ygap—1) equal to
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—2.0, resulting in 211 adjustable parameters corresponding to the 210 possi-
ble pairs of amino acid types and the remaining gap penalty. Starting with
the BL62(12,2) score scheme and the corresponding set of aligned sequences,
we analytically calculated the approximate direction of a steepest descent for
the adjustable parameters assuming the alignments remained unchanged. We
then adjusted the parameters along that direction, realigning the sets of se-
quences at every point, until Armijo’s rule was satisfied [20]. The next appro-
priate direction of steepest descent was then recalculated. Approximately 10
cycles of optimization and re-alignments were performed until the score func-
tion converged. Performance was monitored by simultaneous calculations of
(C) averaged over the proteins in the test set of distant homologs derived from
the COG database. The statistics with the optimized score function indicated
that the appropriate values of a and § did not appreciably shift.

Results

The values of (C) as averaged over the training set and distant COG homolog
test set during the optimization process are shown in Figure 1. The resulting
score function (OPTIMA) obtained after 10 iterations is shown in Table I.
Figure 2 shows the cumulative distribution of C' values for COG distant-
homolog test set with the different score functions. As shown, the greater
discriminatory power of the OPTIMA score function is represented by the
larger fraction of the protein sequence pairs having larger values of C. That
implies a substantial improvement in our ability of making confident predic-
tions compared with other standard score functions. The optimal value for

36
-9 56

-19 4 59

-20 -18 18 65

6 -29 -30 -30 99

-3 12 2 2 -30 46

-10 3 3 20 -39 19 40

4 -18 7 -10 -29 -20 -23 67

-19 3 12 -7 -29 3 2 -18 86

-5 -28 -32 -34 -6 -30 -33 -41 -28 35

-7 -20 -32 -43 -6 -23 -31 -42 -27 28 32

-10 31 1 -4 -29 15 14 -18 -7 -31 -21 37

-9 -10 -19 -30 -8 1 -21 -30 -19 12 24 -12 51

-19 -30 -29 -33 -18 -29 -32 -32 -8 8 17 -29 2 57

-5 -18 -17 -7 -30 -11 -7 -18 -18 -30 -33 -10 -21 -39 74
12 -11 10 4 -10 0 -1 2 -9 -20-22 3 -10 -19 -8 36

o -8 0 -10 -7 -7 -6 -17 -20 -8 -13 -8 -7 -18 -11 18 48

-29 -29 -39 -40 -18 -19 -29 -19 -18 -28 -15 -30 -8 14 -38 -29 -19 110

-19 -15 -19 -20 -18 -9 -21 -29 20 -8 -2 -17 -9 37 -28 -19 -17 22 69

6 -32 -31 -31 -6 -19 -28 -30 -29 35 18 -23 10 0 -18 -22 6 -28 -9 38
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Table 1. OPTIMA score matrix achieved at the tenth iteration. The elements are

multiplied by ten to increase precision; corresponding gap penalties are -120 and
-20.

Yeap—1 Was —11.97 with veap—g fixed at —2.0. The small change in the gap
penalties indicates that most of the improvement comes from refinements of
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Score Matrix Gap penalties [COGs Distant Homologs| PFAM Distant Homologs
(Initiate/Extend)| (C) |(p(Sr>z))| (P) | (C) [(p(Sr>x))| (P)

OPTIMA -11.97/-2.0 0.736 0.004 0.283 |0.710 0.007 0.311

1 |BLOSUMS62 [9]| -12/-2 0.652 0.009 0.372 10.645 0.016 0.376
2 [BLOSUMSG62 [9]| -8/-0.5 [22] 0.248 0.024 0.800 |0.312 0.033 0.737
3 |PAM250 [6] -12/-2 0.480 0.017 0.549 |0.669 0.012 0.359
4 |PAM250 [6] -6/-1.3 [22] 0.013| 0.072 | 0.999 {0.035| 0.061 | 0.988
5 |GCB [7] -12/-2 0.647 0.007 0.377 10.703 0.022 0.324
6 [GCB [7] -7.5/-0.4 [22] 0.023 0.061 0.997 10.030 0.042 0.987
7 [STR [10] -12/-2 0.515 0.035 0.509 |0.575 0.033 0.450
8 [STR [10] -8/-0.5 [22] 0.172| 0.041 | 0.866 |0.281| 0.034 | 0.774
9 |JTT [8] -12/-2 0.517 0.009 0.516 |0.642 0.022 0.392
10{JTT [8] -10.5/-0.4 [22] 0.076 0.035 0.958 10.127 0.036 0.916

Table 2. Comparison of the various score matrices and gap penalties on PFAM and
COG test sets of distant homologs (percentage identity less than 25%) as evaluated
with average confidence value ((C)), average probability that a random score would
be higher than the known homolog ((p(Sr > x))), and average probability that at
least one of the random scores in a dataset of 100,000 proteins would be higher than
the known homolog ((P)). For the purpose of these comparisons, we use both the
standard default gap penalties as well as the gap penalties derived by Argos [22].

<C>

0.6 — —

| | |
10 15
iteration

20

Fig. 1. Value of (C) averaged over the training dataset and test dataset of distant
homologs during the optimization procedure.

the values of 7; ;. As shown in Table II, OPTIMA has a significantly im-
proved average confidence ((C)) value compared with other commonly-used
score matrices . This improvement is not confined only to values of C; both
(p(S, > x)), the average probability that any random score would be higher
than the homolog, as well as (P), the average probability that at least one
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random score is higher than the homolog, are both substantially decreased
compared with other matrices.

Fraction of protein sequences

Fig. 2. Cumulative distribution of the C values for the various score matrices,
showing the fraction of all protein pairs in the COGs test set of distant homologs
with less than a given value of confidence. The various lines refer to the OPTIMA
score matrix ( — ); BLOSUM62 (12/2)[9] (------ ); GCB (12/2)[7] (— — —); STR
(12/2)[10] (=« = - —-=); JTT (12/2)[8] (— - - — - - —); and PAM250 (12/2)[6] (-).

Figures 3 A and B show the coverage or fraction of true positives vs. the
estimated number of false positives per query for the distant homolog COGs
and PFAM test sets, respectively, where the estimated number of false posi-
tives per query represents the expected number of random sequences with a
score greater than the pair of homologous sequences. The better performance
of OPTIMA can be seen from the large number of homologous pairs with
lower estimated number of false positives.

As a further test, we constructed a parametric plot where we calculated
the fraction of true positive homologs identified (coverage) and the fraction
of non-homologous pairs identified incorrectly as homologies (fraction of false
positives) as a function of the cut-off value of E. The results are shown for
the distant homolog COGs and PFAM test sets in Figures 3 C and D, respec-
tively. While this parametric plot may be compromised by the presence of
true homologs incorrectly labeled as non-homologs (false false-positives) in the
test sets, the qualitative agreement with the previous plots further supports
the performance of OPTIMA compared with the other score functions.
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Fig. 3. A) Expected number of false positives of different score matrices as a
function of the number for protein sequences pairs (Coverage) for the COG test
dataset of distant homologs. The plots show the fraction of the homologous pairs
with fewer than a given number of false positives of higher score (E) expected for
D =100,000. B) Similar plot for the PFAM test dataset of distant homologs. C)
Coverge vs. number of false positives for the COG test dataset of distant homologs.
For this plot, we calculated the E values for each homologous and non-homologous
pair of proteins in the test set, and then ranked these values from lower to higher. We
then considered all matches with a value of E lower than a given cut-off value, and
calculated the fraction of the true positives included in this set (Coverage) as well
as the fraction of non-homologous pairs also included (Fraction of false positives).
These two values were then plotted as a parametric plot. This approach, applied
to homology detection by Brenner et al. [11], is related to the Receiver Operating
Characteristic (ROC) measure [23, 24]. D) Similar plot for the PFAM test dataset
of distant homologs. All of the curves are designated as in Figure 2

Discussion

Most methods for constructing a score function rely on creating a dataset
of reliably-aligned sequences or sequence fragments and gathering statistics
on the relative number of times that each possible pair of amino acids are
aligned. In practice, however, we are interested in distinguishing optimally
(but possibly incorrectly) aligned homologs from optimal alignments of non-
homologs. Our approach towards generating a score matrix is to optimize
the ability of this matrix to do what we want to do: discriminate between
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homologs and non-homologs. In order to do this we derived a measure of merit
of the score function, the average confidence of the homolog identification, and
maximized this measure over a set of homologous and non-homologous pairs
of proteins. Different measures of merit can be handled in a similar way. Our
score function still represents statistics derived from real homologous protein
sequences, and can be analyzed in terms of evolutionary substitutions and
the physical-chemical properties of the amino acids. In contrast to standard
derivations, the gap penalties can be treated as additional parameters to be
optimized. In tests with two disjoint set of test proteins, we are able to
demonstrate that this score function achieves greater success at discriminating
between homologs and non-homologs compared with standard score matrices.
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A Comparison of Methods for Assessing the
Structural Similarity of Proteins

Dean C. Adams and Gavin J.P. Naylor*
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1 Introduction

The link between biological form and function is well known, and is assumed
to hold true at the molecular level. Since identifying similar protein struc-
tures is the first step in identifying similar functions, much effort has been
placed in developing methods to detect structural similarity. Several methods
exist, including: SCOP [8], the DALI algorithm (from the FSSP Database
[6]), the VAST algorithm (from the MMDB database [5]), and Root Mean
Square (RMS) superimposition [9]. The latter three provide quantitative met-
rics describing protein similarity on an objective, continuous scale. Statistical
analyses can then be performed on similarity scores for a set of proteins, to
obtain a plot of 'protein structure space’ [7]. Before such analyses are done
however, one must be sure that the metric used accurately represents similar-
ity.

In this paper, we describe the DALI Z-score and RMS-distance (Dgrss)
metrics, and discuss their shortcomings. We then present a novel means of
comparing protein structures using Geometric Morphometric (GM) methods:
statistical shape methods borrowed from anatomy. Finally, we compare results
from these three methods for a data set of globin structures, and show that
the more intuitive GM method markedly outperforms existing techniques.

2 The DALI Algorithm

The DALI algorithm [6],[7] compares protein structures using two-dimensional
matrices, where each element in the matrix (d;;) is the Euclidean distance

* Work supported in part by a National Science Foundation Postdoctoral Fellowship
in Biological Informatics: DBI-9974207 to DCA.
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between the 7" and j" residues for that protein. Distance matrices are aligned

in pairwise fashion, and n homologous residues are identified. The structural
similarity for the two proteins (A and B) is then calculated as:

A _gBN (2
S=ZZ(O.2—|dijd7*d”>e (m) (1)
i g ij

where dJ; is the mean distance for those residues (a standardized version of S,
the Z-score, is also calculated). Z-scores are calculated for all protein pairs, and
the best three-dimensional ordination of the structure space is found through
an eigen-decomposition (correspondence analysis) of the Z-score matrix, where
similar proteins are close together, and dissimilar proteins are far apart.

Though Z-scores quantify some aspects of structural similarity, details of
this metric warrant careful scrutiny. First, Z-scores are generated from pair-
wise alignments, so different residues can be used for each pair. Thus, values
in the Z-score matrix represent different aspects of structural similarity, and
are not directly comparable. Second, the metric contains a dissimilarity cut-off
(0.2) to eliminate protein comparisons > 20%. However, most protein com-
parisons in a large database are > 20%, yielding negative scores, which are
arbitrarily truncated to zero. An eigen-analysis of such data will explain little
of the variation in few dimensions, and a low dimensional ordination from
this analysis will fail to capture the essence of ’structure space.” Finally, the
exponential term in the metric downweights contributions from residues far
from one another. This results in Z-scores for self-comparisons that are not the
same for each protein, implying that some proteins are more 'perfectly’ similar
to themselves than others, which is nonsensical. Thus, DALI Z-scores are not
a true similarity metric, and statistical analyses of them are unpredictable.

3 The Root Mean Square Algorithm

Root Mean Square (RMS) methods assess structural similarity using a least
squares (LS) criterion. First, two proteins (X & Y) are structurally aligned
to identify the set of n homologous residues [4]. Next, they are translated to
a common location, and are rotated so that homologous residues line up as
closely as possible [9]. Finally, the Euclidean distance (Dgass) between them
is calculated:

n 3
Drus = \| YD (Xi —Yi;)? (2)
1

i=1 j=

where X;; and Y;; are the coordinate sets for the ith residue. Drysg is cal-
culated for all protein pairs, and the best three-dimensional ordination of the
structure space is found through an eigen-decomposition (principal coordi-
nates analysis) of the Dpass matrix.
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RMS methods are appealing because Dgjsg makes intuitive sense: unlike
proteins have a large Dgass, while similar proteins align quite well and have
asmall Dryss. It is also a true distance measure, because all self-comparisons
of proteins yield an identical value of zero (no structural differences). Like Z-
scores however, Drasg is calculated in pairwise fashion, so different residues
can be used for each protein pair, rendering Dgass scores incomparable.

4 Geometric Morphometrics

Both DALI Z-scores and D gjss can be used to generate a map of protein struc-
ture space. However, both have methodological difficulties which limit their
utility. Interestingly, these same difficulties have already been addressed in a
completely different discipline: Geometric Morphometrics (GM). GM meth-
ods were originally developed to analyze anatomical structures (e.g., skulls),
but may easily be adapted to compare macromolecular structures. First, a set
of homologous points recorded on all specimens are superimposed using gen-
eralized Procrustes analysis (GPA), which translates specimens to a common
location, scales them to unit size, and optimally rotates them (in a LS sense)
[3],[10]. Shape variables are then generated for each specimen, which may be
used in statistical analyses [2]. Additionally, Procrustes distance (Dproc)
between two specimens (X & Y) can be calculated as:

n 3

Dproc = 2sin”! ( > 1(Xij - Yz‘j)2/2) (3)

i=1 j=

where X;; and Y;; are the aligned coordinates for the it" residue. Dproc is
calculated for all protein pairs, and the best three-dimensional plot of protein
shape space is found through an eigen-decomposition (principal coordinates
analysis) of this data. Although GM and RMS are quite similar, they differ
in two important respects. First, size is mathematically held constant in GPA
(not in RMS), and second, GPA superimposes all specimens simultaneously.

5 Comparison of Methods

To compare the three methods described above we used a representative set of
protein structures. We extracted all globin sequences (as of 12/10/1999) from
the Protein Data Bank, and separated them into their individual chains, so
that monomeric and non-monomeric globins could be used. Structural simi-
larity among the 560 chains was then assessed using each of the three methods
(Z-scores, Drays, Dproc). Pairwise structural alignments were calculated in
the DALI domain dictionary [7] (http://www2.ebi.ac.uk/dali) and both DALI
Z-scores and Dprpss scores were obtained for each protein pair. For GM, we
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aligned the amino acid sequences with Clustal W [11] and deleted all gaps,
yielding 96 homologous residues [1]. We then superimposed the structural data
for these residues with GPA, and generated Dproc for each protein pair.

The ability of each metric to capture structural variation was assessed
using multivariate ordination methods. The DALI Z-score matrix was sum-
marized using correspondence analysis (as per [7]), and the Dgass and Dproc
matrices were summarized using principal coordinates analysis. The percent-
age of variation explained by the first three dimensions from the ordination
analysis was compared for each method, and their ability to identify bio-
logically meaningful clusters was assessed through a visual inspection of the
ordination plots.

Using Drass, the 15 three dimensions of structure space explained 76.1%
of globin chain variability. Inspection of this ordination plot revealed separa-
tion of a few individual chains (mostly hemoglobin chains), but no obvious
groups were identifiable (Fig. 1). Thus, although Dgyss explained much of the
variation, it was unable to identify any biologically meaningful globin clusters.

Fig. 1. Three-dimensional view of globin structure space from Dgrars.

Using DALI Z-scores, the 1% three dimensions of structure space explained
33.5% of globin chain variation, and to describe an equivalent amount of vari-
ation to Dgas (76%), 56 dimensions of the ordination were needed. Further,
the ordination plot revealed no obvious clusters of globin chains (Fig. 2). Thus,
DALI Z-scores were much less effective at summarizing structural variability,
and were unable to reveal biologically interpretable clusters of proteins.

Using Dproc, the 1t three dimensions of the GM shape space explained
76.6% of the variation, which was similar to that found with Dgpss. How-
ever, the ordination plot revealed remarkable separation of globin chains into
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Fig. 2. Three-dimensional view of globin structure space from DALI Z-scores.

identifiable groups. These groups corresponded to meaningful biological par-
titions of the data set, including: bacterial hemoglobins, clam hemoglobins,
ferric hemoglobins, hemoglobin « (& (3)-chains, lamprey hemoglobins, leghe-
moglobins, and myoglobins (Fig. 3). Thus, much more biological information
is obtained using GM, as compared to either DALI Z-scores or Dgrass.

Fig. 3. Three-dimensional view of globin shape space from Dproc. Labels corre-
spond to the following groups: 1: bacterial hemoglobins, 2: clam hemoglobins, 3: fer-
ric globins, 4: hemoglobin a-chains, 5: hemoglobin (-chains, 6: lamprey hemoglobins,
7: leghemoglobins, and 8: myoglobins.

6 Discussion

In this paper we described two metrics used for assessing structural similar-
ity (DALI Z-scores and Dgrpss), and described how geometric morphometric
(GM) methods, commonly used in anatomical studies, may also be employed
to compare protein structures. We then compared the ability of three metrics
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to summarize structural variation in a set of globin structures. DALI Z-scores
explained very little (33.5%) of the total variation in three dimensions, and
were unable to identify any globin clusters. Dgjss explained significantly more
variation (76.1%) in three dimensions, but it too was unable to identify clus-
ters of globins. On the other hand, Dproc explained a large proportion of
the variation (76.6%) in three dimensions, and was able to identify biological
clusters of globins (e.g., bacterial hemoglobins, leghemoglobins, myoglobins,
etc.). Further, all but 1 globin chain was correctly classified to its biological
group (1 hemoglobin a-chain was classified as hemoglobin 8-chain).

These results suggest that GM methods may be more useful for extracting
meaningful biological information from protein structures than are either the
DALI or RMS methods. Why might this be the case? It seems that DALI
Z-scores are predisposed not to identify meaningful structural variation: they
are calculated in pairwise fashion, and are not a true similarity measure. Fur-
ther, the arbitrary similarity cut-off predisposes them to identify many protein
comparisons as ‘'maximally’ different. Explaining the performance of Drass
however, is more difficult. Dgpss is a true distance measure, so it does not
suffer the same problem as Z-scores. Further, Dgras and Dproc differ algo-
rithmically in only two respects: Drass is a linear distance (where Dproc is
curve-linear), and the Dproc protocol standardizes the size of each specimen
(but for globins, size accounts for a tiny portion of variation). The only other
difference between the RMS and GM methods is that Dgjss is calculated from
homologous residues from pairwise structural alignments, whereas Dproc is
calculated from homologous residues common to all structures (found from a
multiple alignment). This assures that the information contained in Dproc is
consistent among comparisons, which is an explicit requirement of any statis-
tical analysis. It appears then, that the GM protocol, using homology defined
for all proteins simulataneously, provides the best chance for identifying nat-
ural clusters of structurally-similar proteins.

References

1. D. C. Adams and G. J. P. Naylor: A new method for evaluating the structural
similarity of proteins using geometric morphometrics. in S. Miyano, R. Shamir,
and T. Takagi (eds.) (Currents in computational molecular biology). Universal
Academy Press, Tokyo 2000.

2. D. C. Adams and F. J. Rohlf: Ecological character displacement in Plethodon:
biomechanical differences found from a geometric morphometric study. Proc.
Natl. Acad. Sci. U.S.A. 97 (2000) 4106-4111.

3. F. L. Bookstein: Morphometric Tools for Landmark Data: Geometry and Biol-
ogy. Cambridge University Press, Cambridge 1991.

4. M. Gerstain and M. Levitt: Comprehensive assessment of automatic structural
alignment against a manual standard, the scop classification of proteins. Protein
Sci. 7 (1998) 445-456.

5. J.-F. Gibrat, T. Madej, and S. H. Bryant: Surprising similarities in structure
comparison. Curr. Opin. Struct. Biol. 6 (1996) 377-385.



10.

11.

Comparison of Methods for Assessing Protein Structures 115

. L. Holm and C. Sander: Protein structure comparison by alignment of distance

matrices. J. Mol. Biol. 233 (1993) 123-138.

L. Holm and C. Sander: Mapping the protein universe. Science 273 (1996) 595—
602.

A. G. Murzin, S. E. Brenner, T. Hubbard, and C. Chothia: SCOP: A struc-
tural classification of proteins database for the investigation of sequences and
structures. J. Mol. Biol. 247 (1995) 536-540.

S. T. Rao and M. G. Rossman: Comparison of super-secondary structures in
proteins. J. Mol. Biol. 76 (1973) 241-246.

F. J. Rohlf and D. E. Slice: Extensions of the Procrustes method for the optimal
superimposition of landmarks. Syst. Zool. 39 (1990) 40-59.

J. D. Thompson, D. G. Higgins, and T. J. Gibson: Clustal W: Improving the
sensitivity of progressive multiple sequence alignment through sequence weight-
ing, position specific gap penalties and weight matrix choice. Nucl. Acids Res.
22 (1994) 4673-4680.



Prediction of Protein Secondary Structure at
High Accuracy Using a Combination of Many
Neural Networks

Claus Lundegaard!, Thomas Nordahl Petersen!, Morten Nielsen!,
Henrik Bohr?, Jacob Bohr?, Sgren Brunak?, Garry Gippert!, and Ole Lund!

! Structural Bioinformatics Advanced Technologies A/S, Agern Allé 3, DK-2970
Hgrsholm, Denmark
2 Structural Bioinformatics Inc., SAB, San Diego, California

1 Summary

A protein secondary structure prediction protocol involving up to 800 neural
network predictions has been developed by SBI-AT. An overall performance
of 80% is obtained for three-state (helix, strand, coil) DSSP categories. Input
to primary-layer neural networks includes sequence profiles, relative residue
position, relative chain length, and amino-acid composition. Secondary struc-
ture predictions are made for three consecutive residues simultaneously — a
technique which we describe as ‘output expansion’ — which boosts the perfor-
mance of second-layer structure-to-structure networks. Independent network
predictions arise from 10-fold cross validated training and testing of 1032 pro-
tein sequences at both primary and secondary network layers. Network output
activities are converted to probabilities. Finally, 800 different predictions are
combined using a novel balloting procedure.

2 Introduction

Prediction of three-dimensional protein structure from primary amino-acid
sequence is one of the biggest challenges in structural biology today. One
step toward solving this problem is by increasing the accuracy of secondary
structure predictions for subsequent use as input to ab initio calculations or
threading algorithms. The predictions are of significant importance to pro-
tein fold recognition and homology modeling, and the degree to which the
secondary structure can be determined has become a benchmark for protein

C. Guerra, S. Istrail (Eds.): Protein Structure Analysis and Design, LNBI 2666, pp. 117-122, 2003.
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Fig. 1. Architecture of first-layer neural networks used for secondary structure
predictions (A) without output expansion, (B) with output expansion.

structure prediction. The most successful method of secondary structure pre-
diction so far has been the use of artificial neural networks. Early methods
for these predictions relied on the use of a single protein sequence [5, 3].
However, a significant increase in performance can be obtained by using se-
quence profiles as demonstrated with the PHD method developed by Rost and
Sander [12, 13]. This method performed best in the CASP2 experiment with
a mean Q3 (three state prediction: helix, strand, coil) of 74%. In CASP3 the
PSI-PRED method [7] performed best with a Q3 performance approximately
seven percentage points better than a version of the PHD method similar to
the one used in CASP2 [10]. The major difference between theese two meth-
ods is that Rost and Sander used probability scores obtained by a single Blast
search [1], whereas Jones used the probability scores obtained from several
iterative search rounds using PSI-Blast [2]. Studies have shown that an in-
creased performance in secondary structure prediction can also be obtained
by combining several estimators, such as neural networks [12, 6]. A combina-
tion of up to eight neural networks has been shown to increase the accuracy,
but a saturation point was reached in the sense that adding more networks
would not increase the performance substantially [4]. The present paper is a
description of the performance of an improved procedure for combining up to
800 predictions generated using differently trained neural networks [11].

3 Methods

3.1 Neural Networks

A feed-forward neural network architecture was used, with input, hidden and
output layers (Figure 1). Input consists of sequence profiles in window sizes
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of 15, 17, 19 and 21 residues surrounding position i, relative residue position,
relative chain length and per-chain amino-acid composition. Hidden layer sizes
of 50 and 75 units were used.

In conventional networks the output layer (Figure 1A) consists of sigmoidal
activities for H, E and C only for position i. Using output expansion the output
layer (Figure 1B) consists of HEC activities also for positions neighboring i.
First-layer network output is fed into a second-layer structure-to-structure
network using an input window size of 17, hidden size 40, and output HEC
activities for residue 1.

3.2 Data Set Used for Network Training

Network training data was prepared from the PDB version of August 1999.
A set of 1168 protein chains remained after an extensive quality check [11],
application of a strict pairwise sequence similarity threshold [9], and removal
of transmembrane spanning chains. Eight-category DSSP secondary structure
assignments [8] were reduced to three-category H (helix), E (extended strand)
and C (all other) for use in network training. Sequence profiles were obtained
using iterative BLAST searches [2]. The set of 1168 protein chains was fur-
ther homology reduced against the evaluation set prior to network training,
yielding a set of 1032 chains representing ~200,000 amino-acid residues.

3.3 Evaluation Data Set

Prediction performance was measured using a benchmark set of 126 protein
chains [12]. Several sequences in the 126 set were found to contain structural
gaps (missing residues) in the corresponding PDB entry. Missing segments
obtained from SWISS-PROT sequences were included as context information
for residues with DSSP structural assignments.

3.4 Balloting Procedure

Balloting consists of taking the weighted average of the subset of predictions
with ‘confidence’ greater than a specified threshold, expressed as a Z-score
with respect to the mean. The subset of networks is in general different for
each query chain. Per-chain, per-prediction confidence is the mean difference
between highest and next-highest probability among three-category predic-
tions [11].

4 Results

A performance of 80% mean per-residue secondary structure prediction accu-
racy was obtained using a benchmark set of 126 protein sequences [11, 12].
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Fig. 2. Distribution of per-chain secondary structure prediction accuracy for SBI-
AT (red), PSI-PRED (black) and PHD (green) methods.

Per-chain accuracies range from 55-100% (Figure 2) with an overall mean of
80.5%. Competitive prediction servers yield a mean of 78.8% (PSI-PRED, [7])
and 76.3% (PHD, [12, 13]).

4.1 Probability Transformation

HEC probabilities are obtained from network output activities via matrix
transformation, which provides an additional 1.2% in performance over un-
transformed activities. A conversion matrix is obtained for each of 800 network
combinations by processing the training data set.

4.2 Output Expansion

Output expansion is a procedure developed at SBI-AT which provides training
hints to neural networks by predicting the secondary structure for more than
one residue at a time. Predicting for three contiguous residues provides an
additional 0.5% in performance over single-residue predictions.
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Fig. 3. Performance vs. Number of predictions and balloting threshold. Mean and
standard deviations were obtained using random selections with ‘replacement’, which
tends to underestimate performance.

4.3 Combinations of Many Predictions

Prediction accuracy increases asymptotically (Figure 3) as more predictions
are combined to obtain HEC probabilities. Using more than 200 predictions
provides an additional 0.2% in performance over using only 10 predictions [4].
An efficient balloting procedure was developed in which ‘confident’ predic-
tions dominate in a weighted average of secondary structure probabilities.
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1 Introduction

Two of the most investigated problems in molecular biology are protein fold-
ing and design. These problems stem from Anfinsen’s discovery [1] that the
sequence of amino acids of a naturally-occurring protein uniquely specifies
its thermodynamically stable native structure. The protein folding challenge
consists of predicting the native state of a protein from its sequence of amino
acids, while in protein design one is concerned to identify the amino acid se-
quences folding into a pre-assigned native conformation. This last issue, hav-
ing obvious practical and evolutionary significance, has attracted considerable
attention and effort of experimentalists and theorists [2, 3, 4, 5, 6, 7, 8].

The difficulty of the protein design problem is enormous because, in prin-
ciple, a rigorous approach [3, 7] would entail a simultaneous exploration of
both the family of viable sequences and the family of physical conformations.
By doing so, it would be possible to find the sequences having lower energy in
the target structure than in any other conformation. Stated mathematically,
to design a target structure I', one needs to identify the sequence of amino
acids, s, that maximizes the “occupation probability” according to Boltzmann
statistics:

_ ep(-BH(I) _ exp(=BHL(D)) (1)
vy o (-GHL(I7) &

evaluated at a suitable physiological temperature, 1/5 = kgT'. {I"’} denotes
the family of conformations that can house the sequence s and H, (I /) is the
energy of the sequence in the conformation I" "

A first obstacle in using Eq. (1) is the difficulty of determining H(I").
However, even assuming the correct knowledge of H, it would be impossible
to carry out an exhaustive search of the sequence maximizing Ps(I"), due to

Py(I)
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the computational difficulty of determining of Z, accurately. By writing Z; =
exp(log Z;) and taking the first order term in its cumulant (high-temperature)
expansion, the condition of maximizing P yields

WS(F)EHS(F)7<HS> <0 ) (2)

where the average (---) is carried out over all the conformations I" that can
house s. Two main problems remain unsolved before the minimization of
W,(I') in sequence space can be exploited in automated contexts to design
protein structures. In fact neither the functional form of the effective energy
H, is known, nor its average, (---), is easily computable being dependent on
a large set of unknown conformations. In the next section we will introduce
a plausible simple form for H, and will determine the corresponding Wy by
using data from a set of real proteins.

2 The Design Strategy

To represent a protein we shall use the common coarse-grained modelling
where each amino acid is identified by a centroid placed on the § carbon («
carbon for Glycine).

Furthermore, we shall also partition the 20 types of amino acids into a
restricted number of classes. More precisely we will adopt the partition where
Ala, Tle, Leu, Met, Phe, Pro, Trp, and Val are in the same class ( hydrophbic),
Asn, Cys, Gln, Gly, Ser, Thr, and Tyr are in the class of the neutral polar
and, finally, Arg, His, Lys, Asp, and Glu are in the charged polar class.

This simplification stems mainly from the observation that most amino
acids in natural proteins can be substituted by “chemically equivalent” ones
without disrupting native folds [9]. Hence, within the present design scheme
we aim at predicting the classes of amino acids designing a given structure.
As in ref. [8], the putative solution could then be fine-grained into 20 amino
acids alphabet by using steric packing and solvation constraints.

Finally, we introduce a suitable (free) energy scoring function. The most
popular choice adopted in simplified models is the pairwise-interaction form

Hy(I') =Y Aiy(I)B(si,55) 3)

i<j

where 7, j are the positions along the sequence of the amino acids and the sum
is taken over all possible pairs. B(s;, s;) represents the interaction strength
of the amino acid pair s; and s;. However, only amino acids that are close
enough will interact in a non-negligible way. This is enforced with a suitable
weight function, or contact map.

Due to the linear dependence of the energy H on the contact map (the
only factors that contain geometric information about structures), the r.h.s.
of Eq. (2) can be re-casted into the following forms:
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(Hy) = > (Ai)B(sis5) (4)

i<j

The average contact map, (A(4,7)), was obtained by collecting data on the
contact map of a variety of naturally occurring proteins. It turns out that
(A(4, 7)) is well reproduced as a (decreasing) function of the sequence sep-
aration, |¢ — j| when |i — j| < 16. Contacts between residues with sequence
separation larger than 16 are rather rare hence were modeled by assuming a
constant frequency of occurrence, A, The value of A is a free parameter
that is to be tuned separately for each protein length so that the average
number of overall contacts, i A<, matches the one observed in nature.

By using Eqgs. (2) and (3), the scoring funcion Wy defined in Eq. (1) can
be re-written as:

WilI) = Y (A1) = {Aij))B(sis s5) . ()

i<J

where the B(s;,s;) are parameters that have been set by requiring that the
scores Wy (I") associated with the native sequences of 30 proteins on their own
native state be as small as possible, consistently with Eq. (2).

3 Results and Discussion

The design of a target structure, I', is carried out by minimizing the score,
W,(I') over the possible sequences of amino acids classes. The exploration of
sequence space is carried out within a stochastic scheme (simulated annealing,
the elementary move being the random mutation of a fraction of residues from
one class to another).

The minimization of W;(I") is achieved by varying a control parameter,
T, that influences the rate at which sequences with lower and lower values
of Ws(I') are accepted. It is instructive to carry out our design scheme on
naturally occurring target structures. By doing so, it would be possible to
compare the putative design solution with the one adopted by nature. A
possible complication comes from the fact that proteins with sequence identity
as low as 30 % can share the same fold [10, 11]. After the coarse graining into
the three classes mentioned before, this threshold value for homology becomes
55 %. Thus, at the simplest level, a match of about 55 % between our design
solution and the one adopted by nature can be considered succesful. This value
is remarkably close to the best design scores achieved with our procedure (data
not shown). This does not imply automatically that our solutions are viable.
Site-directed mutagenesis experiments [13] have shown that a few protein sites
do not tolerate any substitutive mutation at all (otherwise the native state
would be destabilized). It should then be checked whether such key residues,
which are conserved in homologous proteins, are conserved also by our design
strategy.
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Fig. 1. The success as a function of the cost function W (s, It) = Hs(I}) — (Hs) per
site. Success is defined here by majority rule on a sampling of hundred (decorrelated)

sequences. The value of the cost function for the respective wild-type sequences is
between —0.48 and —0.78.

A further difficulty may stem from the fact that naturally occurring se-
quences may not have evolved to provide maximum thermodynamic stability,
Ws(I') . Under these circumstances, one would observe that design solutions
which extremize W,(I") give a worse match with the natural protein than se-
quences with a higher W (I") score. For this reason we chose to test the success
rate not only for the minimum value of W(s), but also for other sequences. In
particular it is interesting to compare all the sequences s with W(s) < W (s*),
where s* is the wild-type sequence. For each annealing temperature we extract
100 decorrelated sequences and make statistical analysis on this sequence set.
We evaluate the average of W(s) for this set and a “super-sequence” by ap-
plying a pointwise majority rule to this set: for each site we assign the most
frequent amino acid class observed in this sequence set at the given location.
It appears that, indeed, the highest matching with the native sequence, is not
obtained for the lowest value of W (I") , but for higher ones as shown in Fig. 1
. Furthermore one can see (figure not shown, see [12] for details) that the sites
that are assigned unambiguosly already at high values of W (I") (i.e. early in
our stochastic minimization), have a high probability to match the natural
solution (for protein lerv for the top 40 sites, there are 32 correct matches!).
It is tempting to conjecture that the residues that are assigned with very
little uncertainty by our design procedure (conserved design residues) could
also correspond to conserved residues in nature, i.e. amino acids that play a
fundamental role in the folding process.

This hypothesis is confirmed by the results of design attempts on two
heavily investigated proteins: barnase and chymotrypsin inhibitor [13, 14, 15].
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Fig. 2. Scatter plot of the threshold value of the control parameter, T', at which
the designed class of each residue in barnase (sequentially labelled on the z axis) is
assigned with uncertainty less than 50 %. Lower values on the y axis correspond to
early locked sites in our design procedure. Circled dots represent sites belonging to
corel, core2 or cores .

For each of them several experimental results are available which pinpoint the
key folding sites. For both proteins we found a striking agreement between
the conserved residues in our approach and the ones identified in mutagenesis
experiments. For example (see Fig. 2), for barnase, the residues for which the
class-locking occurs at high values of the control parameter, T', (i.e. large val-
ues of W,(I") ) correlate very well with the hydrophobic core! which Fersht[14]
identified as the initiator of the folding transition. Analogous results hold for
CI2, where the top six conserved residues in our scheme contain the three
residues (ALA35, ILE76, LEUGS) indicated by Itzhaki et al.[15] as the most
important in the folding process.

These striking results serve a two-fold purpose. On one hand they confirm
the validity of the present design approach; on the other they also show some of
its possible applications, in connection with the prediction of folding nucleus.

4 Summary

To summarize, we carried out automated protein design attempts over some
PDB conformations by introducing several novel strategies to identify optimal
energy-cost functions and select putative design solutions. A mere comparison
of designed sequences with the PDB ones gives a success rate between 40% and
55% when working with three classes of amino acids: a value well above the
random-guessing threshold. This success rate is not improving by introduc-
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ing more sophisticated energy functions, suggesting that important features
of real proteins are neglected by short range Hamiltonians. Nevertheless, a
statistical analysis of a wider set of possible solutions, shows how the design
procedure could be used to predict, with a high confidence, at least a sub-set
of protein sites. These residues can be related to the conserved sites obtained
by a statistical analysis of naturally occurring homologous sequences. More-
over, for two specific proteins (barnase and chymotrypsin inhibitor), these
highly predictable sites correspond with a very good precision, to the folding
nucleus, which is crucial for the folding process.
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Protein Structure from Solid-State NMR

John R. Quine and Timothy A. Cross

Florida State University and National High Magnetic Field Laboratory

Summary. This article deals with mathematical questions arising from the deter-
mination of protein structure from data obtained by solid-state nuclear magnetic
resonance (NMR). Solid-state NMR holds the promise of revealing the structure of
membrane proteins in a lipid bilayer. The derivation of protein structure from NMR,
data has most often been done using proteins in liquid state, and the mathematical
analysis has been done using distance geometry and distance matrices. The math-
ematical analysis for solid state NMR uses orientational constraints rather than
distance constraints, and matrices of inner products rather than distance matri-
ces. Solving the structure from the data requires supplying a sequence of signs, a
situation somewhat analogous to the necessity to supply the phases to solve a struc-
ture from x-ray crystallographic data. Other problems in solving for the structure
arise from the condition that the gram determinants be non-negative, and this is
analogous problem in distance geometry that the distance matrix must satisfy the
conditions of the Cayley-Menger theorem.

1 Discrete Curves

It is convenient to think of a protein as a collection of discrete curves. A
discrete curve is a sequence of points po,..., P, in three dimensional space,
which can be thought of as atomic coordinates. The backbone is naturally
a discrete curve consisting of points representing the atoms —C;—-N-C,—C;—
proceeding from N-terminus to C-terminus. Although the atoms in side chains
have no natural sequential order, side chains are also formed from collection
of discrete curves.

A version of the Frenet frame for differentiable space curves can be given
for discrete space curves. Let

8j = |Pj+1 — Pyl

and define a unit tangent vector at p;, 7 =0,...,n — 1, by
ty = PP M
Sj
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The discrete curve can be reconstructed from the sequences {t;} and {s;} by

k=1
Pk — D1 = Y s;t;. (2)
j=1

If t;_; and t; are not parallel, binormal and normal vectors can be given by

ti_1 Xt
b, = 21—~ n; =b; xt; 3
J |t]71 Xt]| J J J ( )
and a Frenet frame by
F; = (tj,n;,b;). (4)

Generally, vectors will be thought of as column vectors, and frames as a se-
quence of three linearly independent column vectors considered as columns
of a non-singular 3 x 3 matrix. Orthogonal frames correspond to orthogonal
matrices and right-handed orthogonal frames to rotation matrices.

(From crystallographic studies of small molecules [2], geometric parame-
ters related to the discrete Frenet frame, such as the sequences {t;_; -t;} and
{s;}, are known to be independent of the particular protein, and dependent
only on the types of atoms involved in the bond. Thus, bond angles C;— N—
Cq and C1—C-N are approximately trigonal, 120°, and bond angles N-C,—C;
approximately tetrahedral, 109°, and bond lengths have standard values in
the range 1 to 1.5 Angstroms, depending on the types of atoms in the bond.

These standard values of bond angles and lengths were of key importance
in the initial investigations of protein secondary structure by Pauling and his
co-workers. It is also of key importance in structure determination by solid
state nuclear magnetic resonance (ss-NMR). The information available from
ss-NMR experiments concerns the values of t; - B, i.e., the cosines of the an-
gles of unit bond directions with the unit vector B giving the direction of the
magnetic field. We refer to these as bond direction cosines. An equation in one
or more bond direction cosines is referred to as an orientational constraint.
Each observation gives an orientational constraint which is a quadratic equa-
tion in one or two of these bond direction cosines. Orientational constraints
can be combined with information about the standard values for bond angles
and bond lengths to get structural information about the protein.

Since the observation of hydrogens is a key NMR tool, bond angles involv-
ing hydrogen atoms are also important in ss-NMR structure determination,
and standard values are used also for these bond angles involving hydrogens
[6]. This is a major difference from x-ray crystallography where hydrogen
atoms are not seen.

The discrete Frenet frames are also related to the usual torsion angles
used in molecular structure. The relationship of one Frenet frame to the next
is given by

Fji1 =F;Rs(0;41) Ri(7)) (5)
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where 6; = —arccos(t;j_1 - t;), and 7; is the torsion angle about the bond
direction t;, and where

1 0 0 cosf —sinf 0
R1(0) = | 0 cos® —sinf Rs3(0) = [ sinf cosf 0 (6)
0 sinf cosé 0 0 1

are rotations about the x and z axes respectively. Note that §; is the exte-
rior bond angle at p;. Thus the discrete curve can be reconstructed up to a
Euclidean motion from the sequences {s;}, {t;—1 - t;} and the torsion angles
sequence {7;}, the bond lengths, bond angles and torsion angles.

The discrete Frenet frame at p; is related to one or more molecular frames
that can be defined there. A molecular frame can be defined for an atom
bonded to two others. Suppose atom B is bonded to atoms A and C, then a
right-handed orthogonal molecular frame M can be constructed by setting

PA —PB Pc — PB u; X ug
u = 2= = (7)
P4 — P&l lpc — 5| lup X uy|
and forming the frame
M:(ul,bxul,b). (8)

This molecular frame is especially useful if the electron cloud is considered to
be symmetric the the plane of the three atoms, as is the case in the peptide
plane. In this case the local chemical and electric properties, as they relate to
NMR, are often assumed to be symmetric in the plane of u; and us.

The frame M is related to the Frenet frame for the sequence p4, pp and
Pc or the sequence pco, pp by a rotation leaving the plane of u; and us fixed.

2 Tensors and NMR

The physics of NMR is quantum mechanics. An NMR experiment is the ob-
servation of the precession of nuclear spins in the presence of a magnetic field.
The equation for this precession is derived from the Zeeman Hamiltonian. A
typical solid-state NMR observable ¢ is described by a symmetric tensor T
so that ¢ = B'TB, where B is the unit direction of the magnetic field. The
analytical expression for this tensor comes from a perturbation of the Zeeman
Hamiltonian for the magnetic field, and only the second order perturbation is
significant. This is why the observable is given by a quadratic function of the
coordinates of B.

In NMR the signal from an ensemble of molecules is observed. In solid-
state NMR, the molecular frames are fixed with respect to the the direction
B, as opposed to liquid state NMR, where the molecular frames are randomly
oriented with respect to B. In our solid-state NMR experiments, the molecules
are held fixed in membrane bilayers that are pressed between glass plates [1].
Thus in ss-NMR, for each piece of data there is an ensemble of tensors fixed
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with respect to the magnetic field direction. This is in contrast to liquid state
NMR, where for each piece of data there is an ensemble of tensors T = R'DR
where D is a fixed diagonal tensor and R is a random rotation with respect
to the laboratory frame. This rotation is random function both in the time
variable and in the statistical measure of the ensemble.

Because the NMR observable is a change in spin precession frequency
principally due to the chemical environment of the observed nucleus, each of
these tensors can be thought of as fixed in a molecular frame. Thus M'TM is
constant and can be determined by powder experiments where the ensemble
of tensors is kept fixed with respect to time, but random with respect to the
statistical measure of the ensemble.

Generally, one of the principal axes of T is aligned with u; x us and

M'TM = Rs(3) diag(o1, 02, 03) R3(3)’ 9)

where diag indicates a diagonal matrix and o1, 03, and o3 are the principal
values of the tensor. The principal values and the parameter 3 are determined
from the powder experiment. A consequence of (9) is that for fixed bond angle,
and hence fixed u; - us, the NMR observable B'TB is a quadratic in u; - B
and ue - B, and setting it equal to its observed value gives and orientatioal
constraint.

The most common observables in our ss - NMR experiments are the
quadrupolar splitting, the dipolar splitting, and the chemical shift. The
quadrupolar and dipolar splittings give rise to zonal harmonic tensors with
201 = —09 = —o03, and for these there is a unique principal major axis along a
bond direction. For the chemical shift tensors, the principal values are usually
distinct with o7 the largest value, so that the maximum chemical shift occurs
in the uy, us plane of the molecular frame.

3 Structure from Orientational Constraints

We turn to the question of whether it is possible to solve for a structure from
orientational constraints. In fact, the analytical solution includes some unde-
termined signs, +1. The situation is somewhat analogous to crystallography,
where the analytic solution for the electron density map as an inverse Fourier
transform includes a collection of undetermined absolute value 1 complex
numbers, or phases.

As shown above, orientational constraints come from the expression of
NMR observables as quadratic tensors, giving quadratic equations in the
bond-orientation cosines {B - t;} where {t;} are unit tangent vectors along a
discrete curve and B is the unit direction of the magnetic field. With enough
of this kind of data, the quadratic equations can be solved up to undetermined
+1 signs coming from quadratic formula. We refer to these signs as quadratic
indices
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Let
Rj :B'tj ﬁj :tj—l 'tj (10)

Proceeding under the assumption that the quadratic indices are known and
the sequence x; has been found, we solve for the unit vectors {t;}. Once the
unit tangent vectors are found, the atom coordinates can be found from the
sequence {s;} of bond lengths using (2).

We can solve recursively for {t;} under the condition that m? # 1 for all
7. Recall that we also assume that the bond angles are known, so that the
sequence (3; is known.

To solve for the sequence {t;}, let

1 Rj—1 KRj
Gj=|rj-1 1 0 (11)
Hj 6]' 1

be the matrix of inner products (gram matrix) of the vectors (B, t;_1,t;). Let
g; = det Gj =1- Hifl - H? - BJQ + 2I€j,1I€jﬂj, (12)

be the sequence of determinants. Now choose a lab frame (i, j, k) with B =k,
then check that

to = \/1—I€3i+ﬁ0k
1
t; = -2 ) ((B) = wjRj—1)tj1 + (k) = B wj—1) k+ /G tj-1 X k) .
j—1
(13)
where ¢; = £1 solves (10) recursively for the sequence {t;} of unit vectors
[7]. Note that

B(tj thfl):Ej\/g_j, (14)

i.e., €; is the sign of the above triple product. The ¢; are referred to as chi-
ralities.
The requirements for solving for the sequence {t;} using (13) are

L ki#1forj=1,...,n
2.9g;>0forj=1,...,n—1,
3. the choice of a sequence ¢; of chiralities.

Each of these requirements can lead to some problems in practice. The first
requirement can be a problem if one of the unit bond vectors to be determined
is parallel to B. In this case the sequence {t;} cannot be determined uniquely.
If, for example, one unit tangent vector is parallel to B then all of the sub-
sequent unit vectors can be rotated about B by the same rotation without
changing the bond angles or orientation constraints.

The second requirement is due to the fact that the gramian determinant
of three linearly independent vectors must be positive definite, since it gives
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the metric tensor. If some of the g; are computed to be negative, then some of
the data is bad, or the assumption about the bond angle is bad. The situation
is analogous to distance geometry where the distance matrix must be positive
semi-definite by the Cayley-Menger Theorem [3].

The third requirement indicates again there is another choice of signs re-
quired to solve for the structure from the orientational constraints.

The method of dealing with these problems varies. Occasionally the data
is good enough so that a sequence of orientations and bond angles can be sup-
plied so that 1. and 2. above are satisfied. The chiralities and the quadratic in-
dices must then be supplied and an initial structure obtained. There may be a
set of reasonable choices for these indices and several intitial structures. These
structures should then be refined using an energy penalty and a stereochem-
ical energy function in a way analogous to x-ray crystallographic refinement
4] [5).
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(b)

(©)

Fig. 1. The recursion formula (13) for j = 2 is illustrated in the figure. The sphere
represents the set of unit vectors. The equations k2 = B-t2 and B2 = t; - t2 indicate
that given t1, the the vector t2 lies on both of two circles about B and t;.

a) If g2 < 0 the circles do not intersect and there is no solution.

b) If go = 0 then the circles intersect at one point and there is only one possibility
for to.

c) If go > 0 then there are two possibilities for t2 distinguished by the chirality
€2. The vector tél) corresponds to €2 = —1 and the vector tg)
ea = 1.
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1 Introduction

1.1 Background

Proteins are heteropolymers of 20 amino acids with genetically determined
sequences. Most proteins assume specific globular conformations under physi-
ological conditions. Several experiments indicate that this unique native state
is thermodynamically stable and encoded unambiguously by the sequence of
amino acids [1].

Two challenging problems arise from these facts: protein folding and pro-
tein design. Protein folding consists of predicting the native state from the
known sequence of amino acids; protein design addresses the possibility of pre-
dicting which sequence admits a pre-assigned biologically viable conformation
as its native state[l]. Tackling these problems with a “first principles” entail-
ing the correct treatment of the quantum mechanical behaviour of the large
number of atoms constituting a protein and its surrounding solvent is beyond
the present computational capabilities. A natural way to avoid dealing with
too many microscopic degrees of freedom is to introduce a reduced represen-
tations where each amino acid is represented by one or a few interaction sites.
The main difficulty with such simplified representations is the introduction
of an effective energy function that captures the essential qualitative physical
and chemical features of the folding process. This involves both choosing the
right form for the energy function as well as determining the precise value of
the coarse-grained interaction potentials between the amino acids.

In this study we describe a method that allows to determine of these
potentials and to verify the reliability of the chosen parametrisation of the
energy function.

C. Guerra, S. Istrail (Eds.): Protein Structure Analysis and Design, LNBI 2666, pp. 139-145, 2003.
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1.2 Determination of Interaction Potentials

Let us consider a coarse-grained description of a protein whose energy is de-
scribed by an unspecified effective energy function depending on a set of p
parameters (e.g. interaction potentials, chemical potentials etc.) (a1, ..., ap).
The particular parametrisation is crucial: one would like to capture the key
ingredients such as size and steric constraints, the polar or hydrophobic na-
ture of the amino acids, electric charge and hydrogen bonding with as few
parameters as possible. Assuming that a physical parametrisation is avail-
able, one could extract the parameters by observing[2, 3] that, given a protein
sequence S, the correct set of {a} ought to recognize its native state I" as
having lower energy than any arbitrary, though physically viable and distinct
from I, conformation I'? of the same length (decoy conformations), namely:

H(S,Ia) < H(S,I'Y,a) I'#TI¢, (1)

where H(S, T, «) is the energy of the sequence S mounted on I' obtained
with the energy function H and the parameters {a}. In other words, the
correct potentials must be chosen from the region of parameter space satisfying
inequalities (1) for any choice of viable decoys, {I"?}.

The Protein Data Bank (PDB) contains the native state structures of a
large number of amino acid sequences. For each of them we could, in principle,
collect a large set of inequalities such as (1) as long as we are able to find
suitable decoy conformations. The goal is then to infer the energy function
and the set of parameters that satisfy these inequalities for all native states
and associated decoys. These scheme has the appealing feature of showing
whether the chosen parametrisation of H can be appropriate or not. In fact,
the impossibility of finding parameters recognizing the native states as the
lowest energy ones with respect to the decoys would signal that the form
for the energy function is unsuitable. The key difficulty to implement this
approach is the generation of relevant decoys, i.e. structures that are really
competitive with the native one to be ground-states of S. In the next section
we introduce a new procedure to generate significant competitive structures.

1.3 An Iterative Strategy

The key idea [4] of our method is the observation that the native states of
proteins must at least satisfy the requirement of being located at the bottom
of a smooth free energy minimum with a wide basin of attraction [5, 6] . This
suggests a straightforward approach:

a) begin with an initial guess of the potential parameters;

b) start from the native states of several proteins and carry out an unbiased
Monte Carlo (or molecular dynamics) simulation (say at zero temperature)
and determine several accessible local minima for each of the proteins.

c) Modify the potential parameters in such a way as to destabilize these
conformations in favour of the known native state, according to eq. (1).

d) Tterate this procedure by returning to (b).
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After several iterations, one would expect to converge to a set of potential
parameters which best capture the shape of the free energy landscape in the
vicinity of all the native state structures. Our method adopts the thermody-
namic stability scheme described before but with the proviso that the decoys
would be generated by an explicit and simple dynamical process. The struc-
tures so generated are guaranteed to be stringent competitors of the native
structure. Since the scheme is both flexible and optimal, it can be used to
compare the performance of many different scoring functions or parametriza-
tions and hence select the most promising one for ab initio folding simulations.
There are obviously many ways of implementing this idea and we will present a
few schemes here that we have tried and which yield remarkably good results.

2 Models and Techniques

2.1 The Model and the Dynamics

We have used a highly simplified model of a protein in which the amino
acid residue backbone is represented by a self-avoiding chain of connected C'*
atoms. The C'“ positions of a real protein are mapped on suitably chosen
sites of an FCC lattice[7, 8] with unit spacing equal to the typical separation
of subsequent C* atoms (3.8 A). This framework (XFCC model) allows for
a faithful representation of protein backbones, since the coarse-grained C'
positions are typically within 1 A of the crystallographic positions [7]. The
choice of the proper FCC sites is done at the expenses of slight variations in
the peptide bond lengths but it allows to preserve the typical torsion angles
found in real protein molecules. For each amino acid we then define also the
position of the side centroid (C” atom) using standard geometrical rules[9].

We used a pairwise energy function, involving only interactions between
pairs of amino acids:

A2(riz) (2)

Tij

H=> Arij)-e(Si,S;) +10- e, - [(4'65)2 -1

6.5—r
2

where: 2(r) = 60(4.65 —r) Ar) = % + %tanh (3)
O is the step function and r;; is the distance (in Angstroms) between the
C, atoms of the i-th and j-th amino acid. A denotes the distance-dependent
strength of interactions between the i-th and the j-th amino acids along the
sequence mounted on the structure I', € is the interaction matrix and .S;
denotes the type of the ¢th amino acid in the sequence. Finally, €, is a repulsive
term that penalizes cases where two non-consecutive pairs of C'*’s are closer

than 4.65 A.
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The dynamics in conformation space is carried out using a Monte Carlo
technique. A new conformation is accepted according to the Metropolis rule.
At each attempted MC step, we move up to 2 of consecutive protein residues
to unoccupied positions. The new positions have to satisfy suitable physical
constraints that we deduced by the analysis of the CA and CB positions of an
ensemble of over hundred single-chain proteins. More precisely: the separation
d between two consecutive C® atoms (measured in A) must remain in the
range 2.6 < d < 4.7; two non-consecutive C” atoms must not be closer than
2 A; two non-consecutive C* and C# atoms must not be closer than 2 A; the
chain length is allowed to fluctuate by up to a maximum value of 4 A.

2.2 Perceptron Learning

A convenient way to find the optimal potentials (given the decoys confor-
mation) is the use of the perceptron algorithm [10] for the optimization of
a set of linear inequalities. In our case, the inequalities are of the form:
H(S,I") — H(S, ;) < 0. This expression can be rewritten as

20 20

Z (n?j —ni)e(i, j) + er(nd —nt) = Z a;ij(I'q) - €(i,7) + ar - €
i>j=1 i>j=1

= Q(Iy,€) > 0. (4)

.d . . . . .
where n?j denotes the number of native/decoy contacts involving amino acids

of types i and j and n™9 denotes the strength of the native/decoy repulsive
term. Given the native state I" and the sequence S, the 211 entries of a; ;(Iy)
plus a, depend on the geometrical properties of the decoys. For a given set of
M inequalities to be satisfied simultaneously, it is convenient to identify the
one (denoted with 1) that, with the trial potentials is the worst satisfied one:

Ql,e) < QUk,e) k=1,....M, k#m (5)
The selection of the conformation ! can be done both when O(I7,¢) is
negative (not all the inequalities are satisfied) and when it is positive (all
the inequalities are satisfied). Once [ has been determined, one updates the
trial potentials, €(z, j) (or €.) by adding a quantity proportional to (a;;(I7))
(or a,(I7). With these new potentials, each inequality is re-valuated and the
cycle repeated. This method can be shown to converge to the optimal solu-
tion: Q(I7,€) reaches a constant value [10], which can be of either sign. If it
is negative, no set of potentials can be found that consistently satisfies all
inequalities in the set (unlearnable problem).

3 Results

We began by considering a single protein, PDB code: 1lvcc, which has 77
residues. Starting from a set of random potentials, we generated 30 decoys for
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which we computed the average root mean square deviation (RMSD),g native
structure and its variance Ag. With these decoys, we found the potentials by
applying the perceptron algorithm. With the new interaction parameters, we
generated 30 more decoys and kept repeating this procedure.

In Fig. 1 we show the g, as a function of the number of iterations. It is
remarkable that, with such a simplified model, g can be decreased dramatically
from the initial value of about 6 A to around 1.5-2.0 A, which is just over the
order of the experimental uncertainty! This provides a nice demonstration of
the fact that it is possible to stabilize the native state in the native basin
within a low uncertainty.

6
2af .
) = i
n L i
el ]
oL L Ll Ll Lol
5 10 15 20
Iteration

Fig. 1. Results of the iterations on the single protein 1vcc: we show the asymptotic
RMSD of the decoy structures as a function of iteration.

Next, we attempted a task considerably more difficult: to stabilize the
native states of twenty proteins simultaneously. The proteins were chosen
among a list of non-redundant representatives of the main protein folds.

At each iteration step, we generated 5 decoys for each of them. We saw
an improvement as the iterations went on, although not as pronounced as for
the single 1vee protein with § decreasing to a value of 3.8 + 0.5 A.

As recommended by Lazaridis and Karplus [11] as an independent test of
the quality of our potentials we assessed their performance on a set of seven
proteins (PDB codes: 1ctf, 1r69, 1sn3, 2cro, 3icb, 4pti, 4rxn) unrelated to
those used for extracting the potentials and for which more than 600 stringent
decoys structures (for each protein) have been derived[9]. This study ought
to reflect the portability of our potentials, i.e. their applicability in contexts
different from which they have been derived. For each protein we compute
the energy of the the native state F, and the energy of all the decoys E;
(i=1,...,M) (where M is the number of decoys for each single protein) by
using our potentials. With the correct potentials, F; should be always lower
than any other E;. The native state is always among the best 5 to 10 %. This is
a highly non-trivial result since it is generally difficult to get such correlations
even employing specially designed energy scoring functions [9].
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As a final test we introduced a slightly more sophisticated model where
we consider interactions between all possible pairs of CA and CB. Using this
second model, we get a clear improvement[4] of the results. This example is
helpful in illustrating the possibility of using our novel optimization technique
in selecting the “most physical” energy parameterization.

4 Conclusions

We have demonstrated how one may extract effective interaction potentials
between amino acids in a coarse-grained description of a protein. The method
relies on the possibility of finding a set of competitive decoys of the native
state. We outlined an iterative procedure to generate these decoys which at-
tempts to stabilize, at least locally, the native state. The results obtained
with simple forms of the energy function are very promising — we were able
to stabilize a set of 20 proteins to an average distance of less than 4 A and
moreover, the potentials, when tested on completely unrelated decoys, yield
results which are remarkably good especially in view of the simplicity of the
approach.
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Proteinlike Properties of Simple Models
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During the last decade, it has been shown that several properties of natural
proteins can be captured by simple models, such as 2-D or 3-D lattice models
[1,2,5,6,9, 11, 13]. In these models, the protein is figured as a chain of beads
occupying the sites of a lattice in a self avoiding way.

1 The 3x3x3 Cubic Lattice Model

Fig. 1. One of the 103346 possible compact conformations of sequence
PHP,HPHPHP:5H. The hydrophobic (H) residues are the darkest ones.

In this section, we will focuss on some of the proteinlike properties exhibited
by the compact conformations of chains of 27 monomers located at all sites
of a 3 x 3 x 3 cubic lattice, when only two kinds of monomers are considered,
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either hydrophobic (H) or polar (P) ones. Within the frame of this model,
there are 227 = 1.3.10% sequences and 103346 conformations[2], that is, 103346
different ways for a chain to go through all 27 lattice sites, going from a
site to a neighboring one at each step. One of these so-called hamiltonian
paths is shown in Fig. 1, for the following sequence: PHP,HPHPHP5H. Of
course, Fig. 1 can also be viewed as showing another possible conformation, the
reverse-labeled one, for the corresponding reverse-labeled sequence, namely,
HPsHPHPHP4HP. If such pairs of conformations are assumed to be identical,
the number of different compact conformations drops to 51704[6].

The fact that a sequence can be ”threaded” in a given structure in two different
ways, the position of the first residue in the first way being the position
of the last residue in the other way, is certainly not a property of natural
proteins, which are made with asymetric building blocks, namely, amino acids
of the L-series. As a consequence, the a—helix, one of their major structural
elements, is right-handed, and left-handed helices have not yet been observed
in the tridimensional structures of natural proteins. Note that the reverse-
labeled sequence of a given protein could quite well be synthesized. If buildt
with amino acids of the D-series, its tridimensional structure should be the
same as that of the natural protein, as far as the positioning of the amino
acid sidechains is concerned, except for proline residues, whose sidechain is
involved in a five-member ring with the backbone. However, while complete
syntheses of all-D proteins have been performed, to our knowledge, up to
now, following the seminal work of Shemyakin and its collaborators [12], only
small reverse-labeled all-D peptides, now called "retro-inverso” peptides[3],
have been synthesized.

In order to study the sequence-structure relationship in the case of a given
model, it is necessary to choose an energy function. For lattice models, the
most usual one has the following form:

H=Y EjA(ri—r))

1<J

where A(r; — r;) = 1 if monomers ¢ and j are close neigbors in the lattice,
and A(r; — ;) = 0 otherwise, and where E;; depends on the nature of the
interacting monomers. A popular choice for the E;; values has been E;; =
Ergg = —e, when monomers ¢ and j are both hydrophobic, and E;; = 0
otherwise[2]. However, it has been noted that the effective interaction between
amino acids in natural proteins is nearly additive[7], that is:
Eij = E,L + Ej

where FE; is a characteristics of the amino acids, strongly correlated with
their hydrophobicity. When the strictly additive case is considered, with for
instance F; = Ey = —1 and E; = Ep = 0, the sequence-structure relationship
in the model exhibits some remarkable features. Noteworthy, if the energy is
determined for all sequences and for all 103346 conformations, it is found that
only 122750 of the sequences (0.09%) have non-degenerate ground states, that
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Table I. 60 remarkable sequences of the 3 x 3 x 3 cubic lattice model. When the
additive potential is used, the ground state of each of them is one of the remark-
able structures known for this model. The 60 remaining remarkable sequences are
the reverse-labelled of these ones. These 120 sequences are the only ones with five
hydrophobic residues and a non-degenerate ground state. For the sake of clarity, P
residues are indicated by dots.

............... HHHH.H .H..
............. HH.HH.H WHe.
........... H...HHH.H WHe.
......... H......HHH.H ..H..
......... H..H.HH.H WHe.
......... H..HHH.H.... WHe.
......... HH...HH.H .H..
......... HH.H....H..H WHe
......... HH.H..H..H H.....
......... HHH..H.H H....
......... HHH..H...H H........
......... HHH..H.H... H......
......... HHHH....H H....
....... H....HHH.H..... WHe
....... H.H.H....H.H WHe
....... HH.H....HH JHe
....... HH.H..H... H WHe
....... HHH.H....H S

....... HHHH... H.. JH...

...... H.HHHH...... WHe.

..... H.....HHH.H... JH...
JHe H..HHH H...
JHeo . H...HHH.... CWH..
JHHG HHH H.H
JHO HGCHHH.LLL H.H

JH HHH. H...... HHHH
JHOHG HHH Ho.
JHUH. HHH.... H........
JHUOHHG H.H H.......
JHOHH.G H..H H..HHH

is, for each of them, a given conformation is the lowest-energy one, while, for all
of them, A, the energy gap between this conformation and the second lowest-
energy one, is: A = 2. Strikingly, out of the 103346 possible conformations,
only 120 (0.11%) are found to be possible ground states. All of these so-
called remarkable structures are characterized by a large ”designability”[6],
as measured by N, the number of sequences they are the ground state of, N,
ranging between 513 and 2306.
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In Fig. 1 the top structure[6] is shown, that is, the conformation which is
the ground state of the largest number of sequences. Among these 2306 se-
quences, PHP,HPHPHP5H has the smallest count of hydrophobic residues.
As a matter of fact, each remarkable structure is the ground state confor-
mation of a single five-hydrophobic residues sequence (all given in Table I),
and the corresponding five residues are always located as shown in Fig. 1,
that is, one of them being at the cube center, the four other ones being at
the center of facets that are non bonded to the residue at the cube center.
Furthermore, in all sequences sharing a given ground state, these five residues
are always hydrophobic[13]. The latter point helps to clarify why there are
120 remarkable conformations. Indeed, if a sequence like PHP,HPHPHP5H
has a non-degenerate ground state, this means that, out of the 103346 pos-
sible ones, there is only one way to bring its five hydrophobic residues close
together, so that each of them can interact with at least another hydrophobic
one[13]. In other words, it is from a topological point of view that the 120
remarkable conformations of the 3 x 3 x 3 cubic lattice model are atypical[8].
This is a quite satisfactory property of the model, since it means that the
same 120 conformations are also expected to be remarkable when different
E;; values are chosen. For instance, with F;; = Egyg = -2 -, F;; = Egp =
—1,E;; = Epp = 0, and v = 0.3, the conformation shown in Fig. 1 is still the
top structure, but with Ny = 3794[6], and the picture is now more complicated
than in the case of the additive potential. The difference between the additive
and nearly additive cases comes from the fact that the departure from addi-
tivity lifts the degeneracy of many sequences. Now energy gaps of A = 0+ nvy
and A = 2+ ny are observed, with n = 1, 2, etc[4]. For instance, with v = 0.3,
nearly half of the sequences whose ground state is one of the remarkable con-
formations have energy gaps lower than 1.0[13]. Moreover, while 4.75% of the
sequences have a unique ground state, for the vast majority of them it is not
one of the remarkable conformations, and the corresponding energy gap is, on
average, close to 0.3, i.e., the v value[6]. When only sequences with energy
gaps larger than 1.0 are considered, the picture obtained with the additive
potential is restored, despite a few minor differences arising from the overlap
of the energy gaps splitting around the A =0 and A = 2 cases[13].

An interesting proteinlike property of the model allows for the determination
of all large gap sequences (i.e., with A = 2, in the case of the additive po-
tential) whose ground state is a given remarkable conformation, without the
need of any huge enumeration[13]. To do so, starting for instance from the
corresponding remarkable five hydrophobic residues sequence given in Table
I, all 27 singly-mutated sequences are generated. Then, among them, those
with the same single ground state are retained. Next, for each sequence of this
subset, all 27 singly-mutated sequences are generated, and so on, until no new
sequence can be retained. What is shown through the success of such a proto-
col is that the Ny sequences of each of the 120 remarkable structures belong
to a "neutral island” of the sequence space[13]. Note that such a property has
also been found in the case of square lattice models[1].
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2 N-Soft-Spheres Models

Fig. 2. One of the possible compact conformations of sequence Po HoP4H3PyHoPs.
Note that such a geometry is close to the cubo-octahedral one found to be the
average architecture of residue packing in protein structures[10].

Despite its many successes, the 3 x 3 x 3 cubic lattice model has several
drawbacks. In particular, the cubic geometry is a very unlikely one for a
polymer. Moreover, with such a geometry, one of the most spectacular prop-
erty of proteins, namely, their ability to fold into a given structure within a
limited amount of time, has to be studied during the course of Monte Carlo-
Metropolis processes[9, 11], that is, with a set of elementary displacements
chosen a priori. Noteworthy, with standard sets of displacements, it is diffi-
cult for a polymer to jump from a compact conformation to another, since
such a collective motion, during which several monomers are displaced, has
to be performed with local moves only, one or two monomers at a time. To
overcome this latter difficulty, and to allow for the study of the folding pro-
cess during the course of Molecular Dynamics simulations, it is necessary to
consider off-lattice models. However, with such models, one of the most ap-
pealing advantage of the 3 x 3 x 3 cubic lattice model is usually lost: the ability
to know, after some simple enumeration, which is the ground state and the
energy gap of any given sequence. The off-lattice model shortly introduced in
this section has been designed so as to retain most of the advantages of the
3 x 3 x 3 cubic lattice model. In this model, the polymer is represented as
a chain of N Lennard-Jones spheres of radius %, linked by bonds of length
R, and the sequence of the polymer is specified by ¢;;, the well depth of the
interaction energy between two monomers. For instance, one can consider the
following case: €;; = F;;, where Ej;; is the same as in lattice models. Thus,
the energy function is as follows:
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H=Y —(E;+ Ec)(g12 - 256)

o
i<j K K

where r;; is the distance between monomers 7 and j, and where E, is a ”com-
paction term”, large enough to make sure that the lowest energy conformations
can be only one among the most compact. Such a term was also used in order
to study the folding process of 27-mers on a cubic lattice[11]. While in this
latter case the most compact geometry is the 3 x 3 x 3 cubic one, in the case
of N Lennard-Jones spheres, though usually more complicated, it is often a
very well defined one[14], like in the N = 19 case, shown in Fig. 2.

For such a family of models also, all the hamiltonian paths can be determined,
as well as the energy gap of any given sequence, and folding simulations of
large gap sequences can be performed. Such simulations are currently under
way.
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