Chapter 45
A Study of the Protein Folding Problem
by a Simulation Model

Omar Gaci

Abstract In this paper, we propose a simulation model to study the protein folding
problem. We describe the main properties of proteins and describe the protein folding
problem according to the existing approaches. Then, we propose to simulate the
folding process when a protein is represented by an amino acid interaction network.
This is a graph whose vertices are the proteins amino acids and whose edges are
the interactions between them. We propose a genetic algorithm of reconstructing
the graph of interactions between secondary structure elements which describe the
structural motifs. The performance of our algorithms is validated experimentally.

1 Introduction

Proteins are biological macromolecules participating in the large majority of
processes which govern organisms. The roles played by proteins are varied and
complex. Certain proteins, called enzymes, act as catalysts and increase several
orders of magnitude, with a remarkable specificity, the speed of multiple chemical
reactions essential to the organism survival. Proteins are also used for storage and
transport of small molecules or ions, control the passage of molecules through the
cell membranes, etc. Hormones, which transmit information and allow the regula-
tion of complex cellular processes, are also proteins.

Genome sequencing projects generate an ever increasing number of protein
sequences. For example, the Human Genome Project has identified over 30,000
genes which may encode about 100,000 proteins. One of the first tasks when
annotating a new genome is to assign functions to the proteins produced by the
genes. To fully understand the biological functions of proteins, the knowledge of
their structure is essential.
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In their natural environment, proteins adopt a native compact three dimensional
form. This process is called folding and is not fully understood. The process is a result
of interactions between the protein’s amino acids which form chemical bonds.

In this study, we propose to study the protein folding problem. We describe this
biological process through the historical approaches to solve this problem. Then,
we treat proteins as networks of interacting amino acid pairs [1]. In particular, we
consider the subgraph induced by the set of amino acids participating in the
secondary structure also called Secondary Structure Elements (SSE).We call this
graph SSE interaction network (SSE-IN). We begin by recapitulating relative works
about this kind of study model. Then, we present a genetic algorithm able to
reconstruct the graph whose vertices represent the SSE and edges represent spatial
interactions between them. In other words, this graph is another way to describe
the motifs involved in the protein secondary structures.

2 The Protein Folding Problem

Several tens of thousands of protein sequences are encoded in the human genome.
A protein is comparable to an amino acid chain which folds to adopt its tertiary
structure. Thus, this 3D structure enables a protein to achieve its biological func-
tion. In vivo, each protein must quickly find its native structure, functional, among
innumerable alternative conformations.

The protein 3D structure prediction is one of the most important problems of
bioinformatics and remains however still irresolute in the majority of cases. The
problem is summarized by the following question: being given a protein defined by
its sequence of amino acids, which is its native structure? In other words, we want
to determine the structure whose amino acids are correctly organized in three
dimensions in order to this protein can achieve correctly its biological function.

Unfortunately, the exact answer is not always possible that is why the research-
ers have developed study models to provide a feasible solution for any unknown
sequences. However, models to fold proteins bring back to NP-Hard optimization
problems [2]. Those kinds of models consider a conformational space where the
modeled protein tries to reach its minimum energy level which corresponds to its
native structure.

Therefore, any algorithm of resolution seems improbable and ineffective; the
fact is that in the absolute no study model is yet able to entirely define the general
principles of the protein folding.

2.1 The Levinthal Paradox

The first observation of spontaneous and reversible folding in vitro was carried
out by Anfinsen [3]. He deduced that the native structure of a protein corresponds
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to a conformation with a minimal free energy, at least under suitable environ-
mental conditions. But if the protein folding is indeed under thermodynamic
control, a judicious question is to know how a protein can find, in a reasonable
time, its structure of lower energy among an astronomical number of possible
conformations.

As example, a protein of 100 residues can adopt 2'% (=10°°) distinct conforma-
tions when we suppose that only two possibilities are accessible to each residue. If
the passage from a conformation to another is carried out in 10~ s (which
corresponds to time necessary for a rotation around a connection), this protein
would need at least 10'7 s, i.e. approximately three billion years, “to test” all
possible conformations. The proteins however manage to find their native structures
in a lapse of time which is about the millisecond at the second. The apparent
incompatibility between these facts, raised initially by Levinthal [4], was quickly
set up in paradox and made run enormously ink since.

Levinthal gives the solution of its paradox: proteins do not explore the integrality
of their conformational space, and their folding needs to be “guided”, for example,
via the fast formation of certain interactions which would be determining for the
continuation of the process.

2.2 Motivations

To be able to understand how a protein accomplishes its biological function, and to
be able to act on the cellular processes in which the protein intervenes, it is essential
to know its structure. Many protein native structures were determined experimen-
tally — primarily by crystallography with X-rays or by Nuclear Magnetic Resonance
(NMR) — and indexed in a database accessible to all, Protein Data Bank (PDB) [5].

However, the application of these experimental techniques consumes a con-
siderable time [6, 7]. Indeed, the number of protein sequences known [8] is much
more important than the number of solved structures [5], this gap continues to grow
quickly.

The design of methods making it possible to predict the protein structure from
its sequence is a problem whose stakes are major, and which fascine many of
scientists for several decades. Various tracks were followed with an aim of solving
this problem, elementary in theory but extremely complex in practice.

3 Approaches to Study the Protein Folding Problem

The existing models for the protein folding problem study depend, amongst other
things, on the way that the native structure is supposed be reached. Either, a protein
folds following a preferential folding path [9], or a protein folds by searching the
native state among an energetic landscape organized as a funnel.
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The first hypothesis implies the existence of preferential paths for the folding
process. In the simplest case, the folding mechanism is comparable to a linear
reaction. Thus, when the steps are enough specifics, only a local region of the
conformational space will be explored. This concept is nowadays obsolete since we
know the existence of parallel folding paths.

The second hypothesis defines the folding by the following way (Dill, 1997):

a parallel flow process of an ensemble of chain molecules; folding is seen as more like
trickle of water down mountainsides of complex shapes, and less like flow through a single
gallery.

In other words, the folding can be described as a set of transitions between
structures whose energies become weaker. It allows guiding the protein by a funnel
effect toward the conformational state whose energy level is the minimum that is
the native conformation. Then, the polypeptide chain explores only a fraction of the
accessible states.

This last hypothesis is the one accepted in this chapter, the protein folding is a
process by which a large number of conformations are accessible and which leads a
sequence into its native structure with the lowest energy level (see Fig. 1).

Fig. 1 Evolution in the description of folding paths in an energy landscape. Top, the protein
folding according to the Anfinsen theory: a protein can adopt a large number of conformations.
Bottom-left, a protein folds by following only one specific path in the conformational space.
Bottom-right, from a denatured conformation, a protein searches its native structure whose energy
level is minimum in a minimum time
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3.1 Latest Approach

Many systems, both natural and artificial, can be represented by networks, that is,
by sites or vertices bound by links. The study of these networks is interdisciplinary
because they appear in scientific fields like physics, biology, computer science or
information technology.

These studies are lead with the aim to explain how elements interact with each
other inside the network and what the general laws which govern the observed
network properties are.

From physics and computer science to biology and social sciences, researchers
have found that a broad variety of systems can be represented as networks, and that
there is much to be learned by studying these networks. Indeed, the studies of the
Web [10], of social networks [11] or of metabolic networks [12] contribute to put in
light common non-trivial properties of these networks which have a priori nothing
in common. The ambition is to understand how the large networks are structured,
how they evolve and what are the phenomena acting on their constitution and
formation.

In [13], the authors propose to consider a protein as an interaction network
whose vertices represent the amino acids and an edge describes a specific type of
interaction (which is not the same according to the object of study). Thus, a protein,
molecule composed of atoms becomes a set constituted by individuals (the amino
acids), by interactions (to be defined according to the study) which evolves in a
particular environment (describing the experimental conditions).

The vocabulary evolves but the aim remains the same, we want to better
understand the protein folding process by the way of the modeling. The interaction
network of a protein is initially the one built from the primary structure. The goal is
to predict the graph of the tertiary structure through a discrete simulation process.

3.2 The Amino Acid Interaction Network

The 3D structure of a protein is represented by the coordinates of its atoms. This
information is available in Protein Data Bank (PDB), which regroups all experi-
mentally solved protein structures. Using the coordinates of two atoms, one can
compute the distance between them. We define the distance between two amino
acids as the distance between their C,, atoms. Considering the C, atom as a “center”
of the amino acid is an approximation, but it works well enough for our purposes.
Let us denote by N the number of amino acids in the protein. A contact map matrix
is a N x N 0-1 matrix, whose element (i, j) is one if there is a contact between amino
acids 7 and j and zero otherwise. It provides useful information about the protein.
For example, the secondary structure elements can be identified using this matrix.
Indeed, a-helices spread along the main diagonal, while B-sheets appear as bands
parallel or perpendicular to the main diagonal [14]. There are different ways to
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define the contact between two amino acids. Our notion is based on spatial
proximity, so that the contact map can consider non-covalent interactions. We
say that two amino acids are in contact if and only if the distance between them
is below a given threshold. A commonly used threshold is 7 A[1] and this is the
value we use.

Consider a graph with N vertices (each vertex corresponds to an amino acid) and
the contact map matrix as incidence matrix. It is called contact map graph. The
contact map graph is an abstract description of the protein structure taking into
account only the interactions between the amino acids.

First, we consider the graph induced by the entire set of amino acids participat-
ing in folded proteins. We call this graph the three dimensional structure elements
interaction network (3DSE-IN), see Fig. 2.

As well, we consider the subgraph induced by the set of amino acids participat-
ing in SSE. We call this graph SSE interaction network (SSE-IN) (see Fig. 2).

In [15] the authors rely on amino acid interaction networks (more precisely they
use SSE-IN) to study some of their properties, in particular concerning the role
played by certain nodes or comparing the graph to general interaction networks
models. Thus, thanks to this point of view the Protein Folding Problem can be
tackle by the graph theory.

To manipulate a SSE-IN or a 3DSE-IN, we need a PDB file which is transformed
by a parser we have developed. This parser generates a new file which is read by the
GraphStream library [16] to display the SSE-IN in two or three dimensions.

4 Folding a Protein in a Topological Space by Bio-Inspired
Methods

In this section, we treat proteins as amino acid interaction networks (see Fig. 2). We
describe a bio-inspired method we use to fold amino acid interaction networks. In
particular, we want to fold a SSE-IN to predict the motifs which describe the
secondary structure.

4.1 Genetic Algorithms

The concept of genetic algorithms has been proposed by John Holland [17] to
describe adaptive systems according to biological process.

The genetic algorithms are inspired from the concept of natural selection pro-
posed by Charles Darwin. The vocabulary employed here is the one relative to the
evolution theory and the genetic. We speak about individuals (potential solutions),
populations, genes (which are the variables), chromosomes, parents, descendants,
reproductions, etc.
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Fig. 2 Protein 1IDTP SSE-IN (top) and the 1DTP 3DSE-IN (bottom). From a pdb file a parser we
have developed produces a new file which corresponds to the SSE-IN graph displayed by the
GraphStream library [16]

At the beginning, we conserve a population among which it exists a solution
which is not yet optimal. Then, the genetic algorithm make evolves this population
by an iterative process. Certain individuals reproduce themselves, others mute or
disappear and only the well adapted individuals are supposed to survive. The
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genetic heritage between generations must help to produce individuals which are
better and better adapted to correspond to the optimal solution.

4.2 Motif Prediction

In previous works [18], we have studied the protein SSE-IN. We have identified
notably some of their properties like the degree distribution or also the way in
which the amino acids interact. These works have allowed us to determine criteria
discriminating the different structural families. We have established a para-
llel between structural families and topological metrics describing the protein
SSE-IN.

Using these results, we have proposed a method to deduce the family of an
unclassified protein based on the topological properties of its SSE-IN, see [19].
Thus, we consider a protein defined by its sequence in which the amino acids
participating in the secondary structure are known. Then, we apply a method able to
associate a family from which we rely to predict the fold shape of the protein. This
work consists in associating the family which is the most compatible to the
unknown sequence. The following step is to fold the unknown sequence SSE-IN
relying on the family topological properties.

To fold a SSE-IN, we rely on the Levinthal hypothesis also called the kinetic
hypothesis. Thus, the folding process is oriented and the proteins don’t explore their
entire conformational space. In this paper, we use the same approach: to fold a SSE-
IN we limit the topological space by associating a structural family to a sequence
[19]. Since the structural motifs which describe a structural family are limited, we
propose a genetic algorithm (GA) to enumerate all possibilities.

In this section, we present a method based on a GA to predict the graph whose
vertices represent the SSE and edges represent spatial interactions between two
amino acids involved in two different SSE, further this graph is called Secondary
Structure Interaction Network (SS-IN) (see Fig. 3).

0100 1
10101
[ o101
H1T —— H2 —— H3 —— H4 —— H5 00101

| 11110

Fig. 3 20UF SS-IN (left) and its associated incidence matrix (right). The vertices represent the
different a-helices and an edge exists when two amino acids interact
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4.3 Dataset

Thereafter, we use a dataset composed by proteins which have not fold families
in the SCOP v1.73 classification and for which we have associated a family in [19].

4.4 Overall Description

The GA has to predict the adjacency matrix of an unknown sequence when it is
represented by a chromosome. Then, the initial population is composed of proteins
of the associated family with the same number of SSEs. During the genetic process,
genetic operators are applied to create new individuals with new adjacency matri-
ces. We want to predict the studied protein adjacency matrix when only its
chromosome is known.

Here, we represent a protein by an array of alleles. Each allele represents a SSE
notably considering its size that is the number of amino acids which compose it.
The size is normalized contributing to produce genomes whose alleles describe a
value between 0 and 100. Obviously, the position of an allele corresponds to the
SSE position it represents in the sequence. In the same time, for each genome we
associate its SS-IN incidence matrix.

The fitness function we use to evaluate the performance of a chromosome is the
L, distance between this chromosome and the target sequence.

4.5 Genetic Operators

Our GA uses the common genetic operators and also a specific topological operator.

The crossover operator uses two parents to produce two children. It produces
two new chromosomes and matrices. After generating two random cut positions,
(one applied on chromosomes and another on matrices), we swap respectively the
both chromosome parts and the both matrices parts. This operator can produce
incidence matrices which are not compatible with the structural family, the topo-
logical operator solve this problem.

The mutation operator is used for a small fraction (about 1%) of the generated
children. It modifies the chromosome and the associated matrix. For the chromo-
somes, we define two operators: the two position swapping and the one position
mutation. Concerning the associated matrix, we define four operators: the row
translation, the column translation, the two position swapping and the one position
mutation.

These common operators may produce matrices which describe incoherent
SS-IN compared to the associated sequence fold family. To eliminate the wrong
cases we develop a topological operator.
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The topological operator is used to exclude the incompatible children generated
by our GA. The principle is the following; we have deduced a fold family for the
sequence from which we extract an initial population of chromosomes. Thus, we
compute the diameter, the characteristic path length and the mean degree to
evaluate the average topological properties of the family for the particular SSE
number. Then, after the GA generates a new individual by crossover or mutation,
we compare the associated SS-IN matrix with the properties of the initial population
by admitting an error rate up to 20%. If the new individual is not compatible, it is
rejected.

4.6 Algorithm

Starting from an initial population of chromosomes from the associated family, the
population evolves according to the genetic operators. When the global popula-
tion fitness cannot increase between two generations, the process is stopped, see
Algorithm 1.

Algorithm 1: Genetic algorithm for SS-IN adjacency
matrix determination.

Data:

pop: Current chromosome population

parents: Set of parents

children: Set of children

begin

pop < setInitialPopulation()

while fitness(pop) is increasing do
parents «— parentExtraction(pop)
children «— parentCrossing(parents)
children «— childrenMutation(children)
children «— exclusionByTopology(children)
pop «— selection(pop, children)

end

The genetic process is the following: after the initial population is built, we
extract a fraction of parents according to their fitness and we reproduce them to
produce children. Then, we select the new generation by including the chromo-
somes which are not among the parents plus a fraction of parents plus a fraction of
children. It remains to compute the new generation fitness.

When the algorithm stops, the final population is composed of individuals
close to the target protein in terms of SSE length distribution because of the
choice of our fitness function. As a side effect, their associated matrices are
supposed to be close to the adjacency matrix of the studied protein that we want
to predict.

In order to test the performance of our GA, we pick randomly three chromo-
somes from the final population and we compare their associated matrices to the
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sequence SS-IN adjacency matrix. To evaluate the difference between two matri-
ces, we use an error rate defined as the number of wrong elements divided by the
size of the matrix. The dataset we use is composed of 698 proteins belonging to the
All alpha class and 413 proteins belonging to the All beta class. A structural family
has been associated to this dataset in [19].

The average error rate for the All alpha class is 16.7% and for the All beta class
it is 14.3%. The maximum error rate is 25%. As shown in Fig. 4, the error rate
strongly depends on the initial population size. Indeed, when the initial popula-
tion contains sufficient number of individuals, the genetic diversity ensures better
SS-IN prediction. When we have sufficient number of sample proteins from the
associated family, we expect more reliable results. Note for example that when
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Fig. 4 Error rate as a function of the initial population size. When the initial population size is
more than 10, the error rate becomes less than 15%
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the initial population contains at least ten individuals, the error rate is always less
than 15%.

5 Conclusions

In this paper, we present a simulation model to study the protein folding problem.
We describe the reasons for which this biological process is a problem not yet
solved.

We summarize relative works about how to fold an amino acid interaction
networks. We need to limit the topological space so that the folding predictions
become more accurate. We propose a genetic algorithm trying to construct the
interaction network of SSEs (SS-IN). The GA starts with a population of real
proteins from the predicted family. To complete the standard crossover and muta-
tion operators, we introduce a topological operator which excludes the individuals
incompatible with the fold family. The GA produces SS-IN with maximum error
rate about 25% in the general case. The performance depends on the number of
available sample proteins from the predicted family, when this number is greater
than 10; the error rate is below 15%.

The characterization we propose constitutes a new approach to the protein
folding problem. Here we propose to fold a protein SSE-IN relying on topological
properties. We use these properties to guide a folding simulation in the topological
pathway from unfolded to folded state.
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