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ABSTRACT

The biological role of a protein is defined through the specific structure of this protein, which is
known as the native structure. The challenge of protein structure prediction (PSP) is the identifi-
cation of the native structure of proteins from their amino acid sequences. Although a number of
experimental methods have been successfully applied to solve some small instances or those with
specific properties of the protein structure prediction problem, they require huge computational
time and resources. Given the limitations of existing experimental methods, computational me-
thods have become the key to solving this problem. Several optimization algorithms have been
successfully applied to solve the PSP in simplified models. In this paper, we propose an effi-
cient hybrid genetic algorithm to predict the three-dimensional conformation of the protein in
the hydrophobic-polar model.

keywords : protein structure prediction, minimal energy conformation, genetic algorithm, hill-
climbing algorithm.

1. INTRODUCTION

Proteins are defined as biological macromolecules present in all living cells. They consist
of one or more polypeptide chains. Each of these chains consists of a sequence of amino acid
residues linked together by peptide bonds. Proteins fold in the space to adopt a unique native
three-dimensional structure that determines their biological properties and functions [1]]. Deter-
mining the structure of a protein is an essential part of understanding its biological roles. In
addition, predicting the native structure of proteins can help solve several diseases that result
from misfolding of protein structures including Alzheimer’s disease, Piron’s disease, and Par-
kinson’s disease [2}13]. In 1950, Christian Anfinsen was the first to propose the theory of protein
folding, finding that the native conformation of a protein is determined by a set of interactions
that occur at the atomic level and thus by the chemical properties of its specific amino acid se-
quence [4]. The protein structure prediction (PSP) problem is an NP-hard problem that aims to
identify the structure of the protein from its amino acid sequence that has the minimum free
energy to ensure the stability of the protein in its native state [S]. The experimental approaches
such as X-ray crystallography [6]], and nuclear magnetic resonance (NMR) spectroscopy [7I,
are the main techniques for determining the structure of proteins. However, these methods are
expensive, time-consuming and are generally limited in their application to small proteins or
to those with specific properties. As a result, computational approaches have become funda-
mental tools for protein structure determination and thus play a major role in developing our
knowledge of these essential elements of life. Given the huge number of possible conformations
even for small proteins, simplified models have been developed to reduce the complexity of the
PSP problem. One such reduced representation that has been widely used in the resolution of
the (PSP) is the so-called polar hydrophobic (H-P) model [8]. This model is based on the fact
that the native structure of a protein is the conformation that minimizes the overall free energy.
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This energy is essentially determined by the number of hydrophobic contacts that exist in this
structure. Maximizing this type of contact leads to the minimum free energy that stabilizes the
protein in its native (i.e. optimal) structure [9]. Thus, based on this assumption, the PSP pro-
blem can be considered as a combinatorial optimization problem where the goal is to finding the
structure that maximizes the number of topological contacts between hydrophobic amino acids.
Several heuristics and metaheuristics approaches have been applied to address the PSP problem
in different types of lattices under the H-P model [10,[11]. In this paper, we propose an efficient
hybrid approach to solve the PSP problem under the H-P model using the 3D triangular lattice
for conformation representation. The proposed approach combines the genetic algorithm with an
efficient hill-Climbing algorithm.

2. THE H-P SIMPLIFIED MODEL IN A 3D CUBIC LATTICE

In the HP model, the twenty amino acids are represented as string H or P [8]]. Let s the protein
sequence, and 7 is the number of amino acids existing in s. The HP model consists in converting
the sequence s to another one s” such that :

!/

{ H, if the amino acid i is of hydrophobic type,
§; =

P, if the amino acid i is of polar type.

The single node in a 3D cubic lattice contains exactly six neighbors. To simplify, we encode
the directions that generates the neighbors of each node with the numbers from 1 to 6. A feasible
conformation of a given protein sequence s of n amino acids is defined by the sequence of move-
ments in the lattice, called self-avoidance paths, which do not pass through the same node more
than once. Each conformation can be represented by n — 1 movement directions in the lattice.
The objective of the protein folding problem is to predict the native conformation, which maxi-
mizes the number of H-H topological contacts thus reducing the energy value. For example, the
conformation given in[I] has 7 H-H contacts (i.e. E=-7).

\/ Polar @
Hydrophobic ®

H-H contact

FIGURE 1 — Representation of conformation for the sequence of 18 amino acids in the 2D square
lattice.

2.1. The energy function.

let s is a specific protein sequence in the H-P model, # is the number of amino acids in s, and
x;,j binary variable. The energy value of a feasible conformation is calculated formula [12,[13] :

n=2 n
E(s)==Y Y xijyijs

i=1 j=it2

ICMA2021-2



Proc. of the 1st Int. Conference on Mathematics and Applications, Nov 15-16 2021, Blida

[ 1, if(s;=H)and (s; =H),
Y= 0; otherwise,

and

~_J 1; if the amino acids i and j form an contact
Yij 0; otherwise.

3. A HYBRID GENETIC ALGORITHM FOR THE PSP PROBLEM

In this section, we present an efficient hybrid method to solve the PSP problem. The pro-

posed algorithm is called GA-HC in reference to the combined methods : the genetic algorithm
and (GA) Hill-Climbing (HC) algorithm. The main motivation for this hybridization is to exploit
the complementarity of these two different optimization strategies. The main motivation behind
this choice of hybridization is the possibility of exploiting a very good complementarity between
these two different optimization strategies.This complementarity is justified by the fact that the
GA algorithm has a high capacity in diversification and in discovering new regions in the search
space whereas the HC algorithm is very efficient in intensification phase. As a result, the sugges-
ted hybridization can represent a good balance between the exploration, and the exploitation of
search space.
The proposed GA-HC algorithm starts with an initial population Py of m random solutions and
iteratively improves their quality. At the beginning of each generation i, all solutions presented
in the current population are evaluated by the objective function. We generate a new population
P; as follows : we use the tournament selection operator to select two solutions sy, sp that will
participate in the reproduction phase (i.e., crossover and mutation operators). Two new solutions
will be generated by applying the crossover operation with a single crossover point. In order to
improve the quality of these solutions, we introduce each of them as an initial solution in the
proposed hill Climbing algorithm. If the quality of the obtained solutions s7, s is better than the
old ones, we replace 51, s by s7 and, 53 for the next generation. Otherwise we apply the mutation
operator for both parents and introduce it into the new population.

3.1. Hill-Climbing

The Hill-Climbing (HC) method is used to find a local optimum from an initial solution and
to improve it progressively at each iteration. Consider an optimization problem P, such that the
goal is to find the best solution that minimizes the objective f in the set of feasible solutions
X. The local search strategy starts with a random solution sg € X and at each iteration 7, a new
solution s; | is selected in the neighborhood V (x;) of the current solution. The efficiency of the
HC algorithm depends strongly on the way the neighbors are defined and the strategy of moving
from a given solution to another neighboring solution. In the proposed HC , the neighbors of
a given solution are defined by a set of diagonal moves in the lattice. It consists in choosing a
random selected amino acid i and changing its position p in the lattice by a another one p’ which
diagonally adjacent to p. If the resulting solution is better than the old one, it will be the current
solution for the next iteration.

For example, Figure [2| shows a feasible conformation for the protein sequence given in the H-P
model by PHPHPHHHHPPPH which was obtained by applying the diagonal move to the 4th
amino acid in the conformation s, the new solution s’ has 6 H-H contacts, which is better than
the initial solution which contains 4 H-H contacts.
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FIGURE 2 — An example of diagonal movement in the 2D square lattice.

4. EXPERIMENTAL RESULTS

The aim of this experimental study is to demonstrate the effectiveness of the proposed al-
gorithm (GA-HC), as well as to compare the obtained result by the proposed algorithm with a
set of existing algorithms, that have been applied to solve the PSP problem in the 2D triangular
lattice model. To achieve this experiment, we use a computer with an Intel Core i5 processor and
4 GB of RAM and we use MATLAB as a programming language to implement the suggested
algorithm. The parameters we used for the proposed algorithm are summarized in the Table[T}
We have tested the proposed algorithm on 9 benchmark datasets that have been widely used in

Parameters Values
Population size 80
Crossover probability 0.9
Number of generation 40

TABLE 1 — Parameters settings of GA-HC algorithm.

l Seq. l Length Sequence l E* ‘

s1 20 (HP)?PH(HP)*(PH)?>HP(PH)? -11
52 24 H?P?(HP?)°H? -13
53 25 P2 HP?(H>P*)’H? 9

84 36 P(P’H?)2P°H’(H?>P?)*P*H(HP?)? -18
S5 46 P2H3PH?P3>HPH?PH?P?HPH*PHP>H>PHPH*P>H?P 35
56 48 P2H(P?H?)?P°H'OPS(H*P?)’HP*H’ 31
57 50 H?(PH)’PH*PH(P3H)>P*(HP?)>?HPH*(PH)>PH? 34
58 60 P(PH?)?H P3H'OPHP*H"?P*HOPH? PHP -55
59 64 H'"?(PH)*((P*H?)*P?H)3(PH)*H" -59

TABLE 2 — 3D HP benchmark instances for PSP problem.

the literature to solve the PSP problem in a 2D traingular lattice, these instances are listed in
Table [2] which was introduced in [14} [15] [16]]. This table contains a set of information related
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to this set of benchmarks (e.g., the length, the sequence in the H-P model). Whereas the sym-
bol (...)™ is used to represent m duplication of the subsequence in brackets. For example, the
sequence HPHP is equivalent to (HP)?.

Table [Jillustrates the results obtained by the proposed algorithm (GA-HC), and the best re-
sults obtained by some interesting algorithms from the literature that have been used to solve the
PSP problem in a 3D cubic lattice model, including Genetic Algorithm (GA) [16], Ant Colony
Optimization algorithm (ACO)[17]], a Hybrid algorithm that combines Genetic Algorithm and
Particle Swarm Optimization algorithm (HGA-PSO ) [18], the Best Improvement Local Search
(BILS) algorithm, Immune Algorithm (AIS ) [19], Evolutionary Algorithm (EA column) [15]
and, Scatter Search algorithm (SS)[20]. The results given in Table E| are reported after 20 inde-
pendent runs for each instance considered.

Seq. Length BKV ACO SS HGA-PSO AIS EA GA BILS GA-HC

3d1 20 -11 -10  -11 -11 11 -11 -11 -10 -11
3d2 24 -13 -8 -13 -13 13 -13 -13 -9 -13
3d3 25 -9 -6 -9 -9 -9 -9 -9 -7 -9
3d4 36 -18 -10  -18 -18 -18  -18  -18 -12 -18
3d5 46 -35 21 -31 NA NA -30 -32 -22 -31
3d6 48 -31 NA  -30 -29 29 29 31 -19 -30
3d7 50 -34 NA  -30 -26 -23 25 -30 -18 -31
3d8 60 -55 NA  -51 -49 -41  -48 -50 -36 -53
3d9 64 -59 NA  -53 NA 42 45 52 -34 -54

Bold values are the best energy values.

NA is referring to unavailable data in the literature.

TABLE 3 — The best results were obtained by GA-HC in comparison with state-of-the-art ap-
proaches for a 3D cubic lattice model.

Table [3 clearly shows the performance and superiority of the proposed GA-HC algorithm with
regard to the quality of the solutions when it is compared to the other five methods mentioned. We
can show that the best conformations produced by the proposed algorithm are better than those
generated by the other algorithms for the most tested instances. Moreover, we can also observe
that the best conformation obtained by the proposed algorithm, archives a strong improvement
for instances s7, sg, and s9 with significant deference, when compared to AIS, HGA-PSO, BILS,
and EA algorithms. We can see also that the SS, and GA algorithms and suggested algorithm
method can easily obtain the best know solution when the length of the instance is smaller than
48. However, our proposed method perform better than the SS, and GA for the long sequences
(i.e., 87, sg, and s9 ), with some exception, for example the best result obtained by the GA algo-
rithm is better than ours for the sequences s5 and , s¢ withe a little difference. Consequently, we
can say that the suggested algorithm GA-TS are at least comparable to the other algorithms.

5. CONCLUSION

The protein structure prediction problem is an NP-hard problem, which consists of predicting
the structure of proteins based on their base sequence. In this paper, a successful method was
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proposed to solve this problem in 3D cubic lattice, the proposed hybrid method combines the
genetic algorithm with the Hill-Climbing search method. According to the results obtained, we
can say that this approach can be produced good quality solutions compared to other existing
approaches, these results encourage us to use the proposed approach to solve other combinatorial
optimization problems.
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