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PREFACE

PROTEIN STRUCTURE PREDICTION

Proteins play a crucial role in governing several life processes. Stunningly
complex networks of proteins perform innumerable functions in every living
cell. Knowing the function and structure of proteins is crucial for the develop-
ment of better drugs, higher yield crops, and even synthetic biofuels. As such,
knowledge of protein structure and function leads to crucial advances in life
sciences and biology. The motivation behind the structural determination of
proteins is based on the belief that structural information provides insights as
to their function, which will ultimately result in a better understanding of
intricate biological processes.

Breakthroughs in large-scale sequencing have led to a surge in the available
protein sequence information that has far outstripped our ability to character-
ize the structural and functional characteristic of these proteins. Several
research groups have been working on determining the three-dimensional
structure of the protein using a wide variety of computational methods. The
problem of unraveling the relationship between the amino acid sequence of a
protein and its three-dimensional structure has been one of the grand chal-
lenges in molecular biology. The importance and the far reaching implications
of being able to predict the structure of a protein from its amino acid sequence
is manifested by the ongoing biennial competition on “Critical Assessment of
Protein Structure Prediction” (CASP) that started more than 16 years ago.
CASP is designed to assess the performance of current structure prediction
methods and over the years the number of groups that have been participating
in it continues to increase.

This book presents a series of chapters by authors who are involved in the
task of structure determination and using modeled structures for applications
involving drug discovery and protein design. The book is divided into the fol-
lowing themes.
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viii PREFACE
BACKGROUND ON STRUCTURE PREDICTION

Chapter 1 provides an introduction to the protein structure prediction problem
along with information about databases and resources that are widely used.
Chapters 2 and 3 provide information regarding two very important initiatives
in the field: (i) the structure prediction flagship competition (CASP), and (ii)
the protein structure initiative (PSI), respectively. Since many of the approaches
developed have been tested in the CASP competition, Chapter 2 lays the
foundation for the need for such an evaluation, the problem definitions, sig-
nificant innovations, competition format, as well as future outlook. Chapter 3
describes the protein structure initiative, which is designed to determine rep-
resentative three-dimensional structures within the human genome.

PREDICTION OF STRUCTURAL ELEMENTS

Within each structural entity called a protein there lies a set of recurring sub-
structures, and within these substructures are smaller substructures. Beyond
the goal of predicting the three-dimensional structure of a protein from
sequence several other problems have been defined and methods have been
developed for solving the same. Chapters 4-6 provide the definitions of these
recurring substructures called local alphabets or secondary structures and the
computational approaches used for solving these problems. Chapter 6 specifi-
cally focuses on a class of transmembrane proteins known to be harder to
crystallize. Knowing the pairs of residues within a protein that are within
contact or at a closer distance provides useful distance constraints that can be
used while modeling the three-dimensional structure of the protein. Chapter
7 focuses on the problem of contact map prediction and also shows the use of
sophisticated machine learning methods to solve the problem. A successful
solution for each of these subproblems assists in solving the overarching
protein structure prediction problem.

TERTIARY STRUCTURE PREDICTION

Chapters 8-11 discuss the widely used structure prediction methods that rely
on homology modeling, threading, and fragment assembly. Chapters 8-9
discuss the problems of fold recognition and remote homology detection that
attempt to model the three-dimensional structure of a protein using known
structures. Chapters 10 and 11 discuss a combination of threading-based
approaches along with modeling the protein in parts or fragments and usually
helps in modeling the structure of proteins known not to have a close homolog
within the structure databases. Chapter 12 is a survey of the hybrid methods
that use a combination of the computational and experimental methods to
achieve high-resolution protein structures in a high-throughput manner.
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Chapter 17 provides information about the challenges in modeling transmem-
brane proteins along with a discussion of some of the widely used methods
for these sets of proteins.

Chapter 13 describes the loop prediction problem and how the technique
can be used for refinement of the modeled structures. Chapters 14 and 15
assess the modeled structures and provide a notion of the quality of structures.
This is extremely important from a biologist’s perspective who would like to
have a metric that describes the goodness of the structure before use. Chapter
19 provides insights into the different conformations that a protein may take
and the approaches used to sample the different conformations.

FUNCTIONAL INSIGHTS

Certain parts of the protein structure may be conserved and interact with
other biomolecules (e.g., proteins, DNA, RNA, and small molecules) and
perform a particular function due to such interactions. Chapter 16 discusses
the problem of ligand-binding site prediction and its role in determining the
function of the proteins. The approach uses some of the homology modeling
principles used for modeling the entire structure. Chapter 18 introduces a
computational model that detects the differences between protein structure
(modeled or experimentally-determined) and its modeled mutant. Chapter 20
describes the use of molecular dynamic-based approaches for modeling
mutants.
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CHAPTER 1

INTRODUCTION TO PROTEIN
STRUCTURE PREDICTION

HUZEFA RANGWALA
Department of Computer Science
George Mason University
Fairfax, VA

GEORGE KARYPIS
Department of Computer Science
University of Minnesota
Minneapolis, MN

Proteins have a vast influence on the molecular machinery of life. Stunningly
complex networks of proteins perform innumerable functions in every living
cell. Knowing the function and structure of proteins is crucial for the develop-
ment of improved drugs, better crops, and even synthetic biofuels. As such,
knowledge of protein structure and function leads to crucial advances in life
sciences and biology.

With recent advances in large-scale sequencing technologies, we have seen
an exponential growth in protein sequence information. Protein structures are
primarily determined using X-ray crystallography or nuclear magnetic reso-
nance (NMR) spectroscopy, but these methods are time consuming, expen-
sive, and not feasible for all proteins. The experimental approaches
to determine protein function (e.g., gene knockout, targeted mutation, and
inhibitions of gene expression studies) are low-throughput in nature [1,2]. As
such, our ability to produce sequence information far outpaces the rate at
which we can produce structural and functional information.

Consequently, researchers are increasingly reliant on computational
approaches to extract useful information from experimentally determined
three-dimensional (3D) structures and functions of proteins. Unraveling the

Introduction to Protein Structure Prediction: Methods and Algorithms,
Edited by Huzefa Rangwala and George Karypis
Copyright © 2010 John Wiley & Sons, Inc.



2 INTRODUCTION TO PROTEIN STRUCTURE PREDICTION

relationship between pure sequence information and 3D structure and/or
function remains one of the fundamental challenges in molecular biology.

Function prediction is generally approached by using inheritance through
homology [2], that is, proteins with similar sequences (common evolutionary
ancestry) frequently carry out similar functions. However, several studies [2—4]
have shown that a stronger correlation exists between structure conservation
and function, that is, structure implies function, and a higher correlation exists
between sequence conservation and structure, that is, sequence implies struc-
ture (sequence — structure — function).

1.1. INTRODUCTION TO PROTEIN STRUCTURES

In this section we introduce the basic definitions and facts about protein struc-
ture, the four different levels of protein structure, as well as provide details
about protein structure databases.

1.1.1. Protein Structure Levels

Within each structural entity called a protein lies a set of recurring substruc-
tures, and within these substructures are smaller substructures still. As an
example, consider hemoglobin, the oxygen-carrying molecule in human blood.
Hemoglobin has four domains that come together to form its quaternary
structure. Each domain assembles (i.e., folds) itself independently to form a
tertiary structure. These tertiary structures are comprised of multiple second-
ary structure elements—in hemoglobin’s case o-helices. o-Helices (and their
counterpart B-sheets) have elegant repeating patterns dependent upon
sequences of amino acids.

1.1.1.1. Primary Structure. Amino acids form the basic building blocks of
proteins. Amino acids consists of a central carbon atom (C,) attached by an
amino (NH,), a carboxyl (COOH) group, and a side chain (R) group. The side
chain group differentiates the various amino acids. In case of proteins, there
are primarily 20 different amino acids that form the building blocks. A protein
is a chain of amino acids linked with peptide bonds. Pairs of amino acid form
a peptide bond between the amino group of one and the carboxyl group of
the other. This polypeptide chain of amino acids is known as the primary
structure or the protein sequence.

1.1.1.2. Secondary Structure. A sequence of characters representing the
secondary structure of a protein describes the general 3D form of local regions.
These regions organize themselves independently from the rest of the protein
into patterns of repeatedly occurring structural fragments. The most dominant
local conformations of polypeptide chains are o-helices and B-sheets. These
local structures have a certain regularity in their form, attributed to the hydro-
gen bond interactions between various residues. An a-helix has a coil-like
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structure, whereas a B-sheet consists of parallel strands of residues. In addition
to regular secondary structure elements, irregular shapes form an important
part of the structure and function of proteins. These elements are typically
termed coil regions.

Secondary structure can be divided into several types, although usually at
least three classes (o-helix, coils, and B-sheet) are used. No unique method of
assigning residues to a particular secondary structure state from atomic coor-
dinates exists, although the most widely accepted protocol is based on the
Dictionary of Protein Secondary Structure (DSSP) algorithm [5]. DSSP uses
the following structural classes: H (o-helix), G (3;¢-helix), I (n-helix), E (B-
strand), B (isolated B-bridge), T (turn), S (bend), and — (other). Several other
secondary structure assignment algorithms use a reduction scheme that con-
verts this eight-state assignment down to three states by assigning H and G
to the helix state (H), E and B to a the strand state (E), and the rest (I, T, S,
and —) to a coil state (C). This is the format generally used in structure
databases.

1.1.1.3. Tertiary Structure. The tertiary structure of the protein is defined
as the global 3D structure, represented by 3D coordinates for each atoms.
These tertiary structures are comprised of multiple secondary structure ele-
ments, and the 3D structure is a function of the interacting side chains between
the different amino acids. Hence, the linear ordering of amino acids forms
secondary structure; arranging secondary structures yields tertiary structure.

1.1.1.4. Quaternary Structure. Quaternary structures represent the interac-
tion between multiple polypeptide chains. The interaction between the various
chains is due to the non-covalent interactions between the atoms of the dif-
ferent chains. Examples of these interactions include hydrogen bonding, van
Der Walls interactions, ionic bonding, and disulfide bonding.

Research in computational structure prediction concerns itself mainly with
predicting secondary and tertiary structures from known experimentally
determined primary structure or sequence. This is due to the relative ease of
determining primary structure and the complexity involved in quaternary
structure.

1.1.2. Protein Sequence and Structure Databases

The large amount of protein sequence information, experimentally deter-
mined structure information, and structural classification information is
stored in publicly available databases. In this section we review some of the
databases that are used in this field, and provide their availability information
in Table 1.1.

1.1.2.1. Sequence Databases. The Universal Protein Resource (UniProt)
[6] is the most comprehensive warehouse containing information about protein



