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Abstract. In this study, we present a residue-residue contact
prediction approach based on evolutionary computation. Some amino
acid properties are employed according to their importance in the
folding process: hydrophobicity, polarity, charge and residue size. Our
evolutionary algorithm provides a set of rules which determine different
cases where two amino acids are in contact. A rule represents two
windows of three amino acids. Each amino acid is characterized by these
four properties. We also include a statistical study for the propensities
of contacts between each pair of amino acids, according to their types,
hydrophobicity and polarity. Different experiments were also performed
to determine the best selection of properties for the structure prediction
among the cited properties.
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1 Introduction

Protein Structure Prediction (PSP) is one of the main open problems in
Computational Biology. The rules that determine the folding process of a protein
are still unknown. Once the protein has fold, the 3D structure of the protein
is revealed. Knowledge of these structures would represent a huge advance in
different medical areas, like the treatment of Alzheimer and Cystic fibrosis.
Existing methods which determine the protein structure are expensive and slow
(e.g., NMR spectroscopy and X-ray crystallography). Therefore, computational
methods are needed since they would provide a cheaper and faster way to address
this problem.

In any computational method, one of the main issues to solve is how to
represent the data. Contact maps are a popular representation of a protein
structure, since they provide a reduced representation of the tertiary structure
of a protein. A contact map is a bidimensional symmetric matrix C of size NxN ,
where N is the length of the amino acid sequence. Each cell represents a pair
of amino acids (i, j). According to a given threshold µ, usually expressed in
angstroms, we assign to each cell Cij of C the value 1 (contact) if the distance
between residues i and j is less than or equal to µ, or 0 otherwise.



Different approaches have been developed using protein contact maps to
solve the PSP problem: artificial neural networks (ANNs) [1,2], support vector
machines [3], evolutionary algorithms (EAs) [4] and template-based modeling
[5]. In particular, [5] and [2] were ranked as two of the most accurate methods
from CASP8 [6].

PSP methods based on EAs have used different representations. For instance,
in [7] a Torsion angles representation has been used. HP model and lattice model
were employed in [8]. A contact map model generator was included in [4], while
[9] used a bit encoding for proteins.

In this article, we propose a residue-residue contact map predictor based on
evolutionary computation (EC). Differently from previous methods based on EC,
our approach will base the prediction on some specific physicochemical amino
acids properties. The prediction model that will be generate, will consist of rules
that can be used in order to determine whether or not there is a contact between
amino acids. The generated rules will express conditions on the considered amino
acids properties. PSP problem can be seen as a search problem through the space
determined by all the possible foldings. Such a space is highly complex and has a
huge size. Finding the optimal solution in such space is very hard. In these cases,
EAs have proven to be effective methods that can provide sub-optimal solutions.
Another advantage of our method is that the generated prediction model can be
easily interpreted by experts, since it will consists of a set of rules.

This paper is organized as follows. In section 2, we describe our proposal to
predict protein contact maps. Section 3 presents the experimentation and the
obtained results. Finally, in section 4, we draw some conclusions and analyze
possible future work.

2 Methodology

In order to test our proposal, we have obtained a data set of protein structures
from the Protein Data Bank (PDB) [10]. More details on how this data set was
built are given in the next section. This data will be used both as training set
and test set for the EA. In particular the EA will use the training set in order to
provide a set of rules that can be used for determining contacts between amino
acids. This experimental procedure is represented in Figure 1.

Several amino properties are considered as significant for the protein structure
prediction [11]. From this collection, we have selected hydrophobicity, polarity,
charge and residue size. We have selected these four properties since they seem
to have a certain relevance in the folding process of a protein [12]. Our prediction
will be based on these four properties. We have performed several experiments
to test the validity of the choice of the properties used in section 3. Furthermore,
we have performed a statistical study of the propensities of each pair of amino
acids according to these properties. This study is described in the following
section.



Fig. 1. Experimental and prediction procedure

2.1 Statistical Analysis

The goal of this study is to extract some information that could be used in order
to aid the EA in its search. To this aim, we conducted a statistical study in
order to compute the contact propensities of each amino acid. This study was
performed with 12, 830 non-homologous and non-redundant protein sequences
extracted from PDB with 30% homology cutoff. This data set was obtained
using the PDB Advanced Search Select [13]. The complete list of the 12, 830
protein identifiers can be downloaded from [14].

In order to compute the global propensity of any given pair of amino acids
(A, B) the following equation was used:

PAB =
nAB∑

XY nXY
/

TAB∑
XY TXY

(1)

In equation 1, nAB represents the number of (A, B) contacts,
∑

XY nXY stands
for the sum of the total number of contacts for any possible pair of amino acids in
a protein sequence, TAB represents the total number of occurrences (contacts or
not) for (A, B) in all the whole database, and

∑
XY TXY is the sum of the total

number of occurrences for any pair of amino acids. The idea behind this formula
is to calculate the contact frequency of each pair of amino acids over the total
pairs of amino acids. Using equation 1, we can extract some conclusions regarding
the physicochemical properties of those pairs of amino acids characterized by a
high contact propensity.

In order to do so, we have built a matrix according to equation 1. Such a
matrix is reported in Figure 2a, where each cell represents a pair of amino
acids and their propensity to be in contact. The different propensity levels are
represented by a different color. A cell with blue or dark red color represents
a high likelihood for this pair. On the other hand, a light red cell represents a
low propensity. In matrices 2b and 2c, amino acids are ordered, in an increasing
order, according to their hydrophobicity and polarity values [15][16], i.e., amino



(a) Residue type (b) Hydrophobicity (c) Polarity

Fig. 2. Propensity symmetrical matrices for residue-residue contacts ordered by a
specified criteria

acid R is the least hydrophobic and amino acid I is the most hydrophobic in
Figure 2b.

The contact threshold µ is established in 8 angstroms (Å), as in [2]. We have
discarded local range contacts, which have a sequence separation lower than 7
amino acids [1].

By analyzing these matrices, we can observe that the amino acid pair with
the higher contact propensity is (C, C), and in general, amino acid C (Cysteine)
is the amino acid with higher contact propensity. From Figures 2b and 2c, we
can conclude that the higher the value of hydrophobicity for a residue pair,
the higher the contact probability for this pair. In fact, in Figure 2b, we can
individuate a region, located in the lower right part of the matrix, characterized
by a high contact propensity, and this region corresponds to amino acids that are
characterized by high hydrophobicity values. In the same way, we can conclude
that the lower the value of polarity for a residue pair, the higher the contact
probability of this pair. A similar study was performed for net charge and residue
size, but no clear conclusion was extracted, and for this reason, matrices relative
to these properties were not included in this paper.

These results will be incorporated in the fitness function, as it will be explain
in the following sections. In the following we discuss the various solutions we
adopted for what regards the fitness, the representation and the genetic operators
used by the EA.

2.2 Encoding

In our approach, each individual encodes a rule for a residue-residue contact.
Each individual represents the four selected properties of amino acids in two
windows of size 3. One window is relative to amino acids i − 1, i, i + 1 and the
other window is associated with the amino acids j−1, j, j +1, where i and j are
two possible amino acids in contact.

An example of individual is reported in Figure 3. We can see that seven
genes are associated with each amino acid. All the genes are represented by real



P1 P2 P3 P4 P5 P6 P7
︸ ︷︷ ︸

i−1

P ′
1 P ′

2 P ′
3 P ′

4 P ′
5 P ′

6 P ′
7

︸ ︷︷ ︸
i

P ′′
1 P ′′

2 P ′′
3 P ′′

4 P ′′
5 P ′′

6 P ′′
7

︸ ︷︷ ︸
i+1

P1 P2 P3 P4 P5 P6 P7
︸ ︷︷ ︸

j−1

P ′
1 P ′

2 P ′
3 P ′

4 P ′
5 P ′

6 P ′
7

︸ ︷︷ ︸
j

P ′′
1 P ′′

2 P ′′
3 P ′′

4 P ′′
5 P ′′

6 P ′′
7

︸ ︷︷ ︸
j+1

Fig. 3. Example of chromosome encoding for the i− 1,i,i + 1,j − 1,j,j +1 residues. An
individual is constituted by these six amino acids.

values. For instances, genes in positions P1, P2 represent the range relative to
the hydrophobicity values for amino acid i − 1, while genes P3, P4 represent
its polarity value range. Gene P5 represents the net charge property values of
the amino acid, and finally, genes P6 and P7 represent the range relative to the
residue size.

We selected Kyte-Doolittle hydropathy profile for the hydrophobicity [15],
the Grantham’s profile [16] for polarity and Klein’s scale for net charge [17].
The Dawson’s scale [18] is employed to determine the size of the residues. The
values of these properties are then normalized to a range between -1 and 1 for
hydrophobicity, polarity and between 0 and 1 for the residue size. Three values
are used to represent the net charge of a residue: -1 (negative charge), 0 (neutral
charge) and 1 (positive charge). The encoding of the individuals is illustrated in
Figure 3.

2.3 Fitness Function

The aim of the algorithm is to find both general and precise rules for identifying
residue-residue contacts. Therefore, we have chosen as fitness function the F-
measure, which is given by the equation 2:

F = 2 · Recall · Precision

Recall + Precision
. (2)

The higher the fitness, the better the individual, so the aim of the EA is to
maximize this value.

The analysis proposed in section 2.1 have shown that if two amino acids are
in contact, they have more probabilities to have high hydrophobicity values and
low polarity values. Based on this, we increase the fitness of an individual if
amino acids i and j fulfill these properties.

2.4 Genetic Operators

Individuals are selected with a tournament mechanism of size two. Offsprings are
generated by using a one-point crossover, which is applied with 1.0 probability.
New generated individuals undergo mutation with a probability of 0.5. These
values were determinated after having performed several runs of the algorithm,
and were the ones yielding the best results.

If mutation is applied, one gene of the individual is randomly selected, and
its value is increased or decreased by 0.1. If the selected gene is relative to the



charge of the amino acid, then its value is randomly changed to another allowed
value. After that mutation is applied to an individual, the rule it encodes is
always checked for validity, i.e., if its values are within the ranges allowed for
each properties. If the encoded rule is not valid, then mutation is discarded.
Elitism is also always applied, therefore the fittest individual is always preserved
in the next generation.

The population size is set to 100, and the initial population is randomly
initialized. The maximum number of generations that can be performed is set to
100. However, if the fitness of the best individual does not increase over twenty
generations, the algorithm is stopped and a solution is provided.

The final solution is built in an incremental way. In particular, the solution is
extracted by first selecting the fittest individual. After that, the following best
rule, according to the F-measure, is added to the solution, and the global F-
measure of the solution is computed. If the F-measure of the solution decrease,
then the added rule is discarded and the process stops. Otherwise the rule is
added to the solution and the next best rule is considered. Repeated or redundant
rules are not considered in this process.

3 Experiments and Results

In order to test the effectiveness of our proposal, we have used two datasets.
The first one, called 300PDB from now on, consists of a subset of 300 protein
sequences randomly extracted from the dataset described in section 2.1 with a
maximum length of 403 residues. The second dataset, called 56PDB was taken
from [1]. This protein dataset consists of 56 proteins with an identity value
<25% and a sequence length lower than 100. As validation method we have
used a 10-fold cross-validation.

Three statistical measures were computed to evaluate the accuracy of our
algorithm: Recall, Precision and Specificity:

– Recall represents the percentage of correctly identified positive cases. In
our case, Recall indicates what percentage of contacts have been correctly
identified.

– Precision is a measure to evaluate the false positive rate. Precision reflects
the number of real predicted examples.

– Specificity, or True Negative Rate, measures the percentage of correctly
identified negative cases. In this case, Specificity reflects what percentage
of non-contacts have been correctly identified.

In order to test the effect of varying the total number of rules that a solution
consists of, we have performed experiments by varying the number of executions
of the EA. To this aim, the rules provided by each run of the EA are added to a
final solution. Repeated or redundant rules are not inserted in the final solution.
Thus, the more runs of the EA, the more rules will be added to the final solution.

Before analyzing the global performances of our proposal, we report results
of an experiment that was conducted in order to test the effect of basing the



Table 1. Average precision rate results and standard deviation for different type and
number of amino acid properties. H represents the hydrophobicity, P the polarity, C
the charge net and S is the residue size.

Properties Precisionμ±σ

H, P, C, S 0.562±0.128

H,P, C 0.461±0.121

H, P, S 0.483±0.117

H,C, S 0.504±0.148

P, C, S 0.453±0.108

H,P 0.415±0.099

C, S 0.473±0.110

H,S 0.502±0.158

H, C 0.437±0.123

P, S 0.422±0.144

P, C 0.456±0.147

H 0.364±0.093

P 0.413±0.127

S 0.379±0.108

C 0.215±0.060

Table 2. Average results and standard deviation obtained for different number of
executions of the algorithm for the 300PDB protein data set

Runs Recallμ±σ Spec.μ±σ Prec.μ±σ #rules

100 0.056±0.038 0.915±0.010 0.565±0.130 223

500 0.251±0.120 0.990±0.022 0.484±0.110 1,147

1000 0.501±0.160 0.988±0.035 0.445±0.116 2,075

2000 0.628±0.235 0.972±0.020 0.434±0.105 4,984

prediction on different amino acids properties. To this aim, we have varied
the properties encoded in an individual. This experiment was performed on
the 56PDB. For each setting, 500 executions of the EA were performed and
the precision rates were calculated. We have considered the precision rate as
accuracy measure for this experiment as in [1]. It corresponds to the number of
correctly assigned contacts divided by the total of predicted contacts. Table 1
reports the results of this experiment for each possible combination of the four
physicochemical amino acid properties. For instance, when all the properties
were considered, setting (H,P,C,S), a precision of 56,2% was obtained.

From these results, we can conclude that the best results are achieved by
encoding all the properties. In order to support this conclusion, we have performed
two non-parametric statistical tests (Friedman Test and Willcoxon Test) on
the results. The results obtained from this test sustain our conclusions, since
the differences of the results obtained by the various settings are statistically
significant.



Table 3. Average results and standard deviation obtained for different number of
executions of the algorithm for the 56PDB protein data set

Runs Recallμ±σ Spec.μ±σ Prec.μ±σ #rules

100 0.064±0.036 0.991±0.007 0.601±0.152 221

500 0.257±0.091 0.962±0.022 0.562±0.128 1,057

1000 0.515±0.161 0.929±0.036 0.556±0.139 2,383

2000 0.653±0.175 0.903±0.039 0.550±0.132 4,573

Tables 2 and 3 report the results for 100, 500, 1, 000 and 2, 000 executions
of the EA on the two data sets. In particular, in the two tables, in the first
column, the number of runs performed is shown, the second, the third and
fourth columns report the average recall, specificity and precision, respectively.
Standard deviation is also shown. The last column reports the total number of
rules contained in the final solution.

The first conclusion that can be drawn by a first analysis of the two tables is
that if the number of runs increases, the recall rate will also increase. On both
datasets, a low recall rate was obtained for 100 runs. However, when the number
of runs are increased to 2, 000, the recall obtained increases, reaching a value of
about 62% on the 300PDB dataset and of about 65% on 56PDB dataset. This
is due the higher number of rules contained in the solution in the case of 2, 000
runs. However, the precision rate will decrease. This result was quite expected,
since by covering more cases, the possibility of errors increases.

As far as the specificity is concerned, good results were obtained in all the
settings. This means that the algorithm is very accurate in predicting non-
contacts between amino acids. Even if the precision rate decreases as the number
of runs increases, the average results relative to this properties are satisfactory.

We cannot report a direct comparison between our method and other existing
methods, since each method uses different structural data bases, different
sets of proteins and different measures to evaluate the accuracy of their
algorithms. However, we can report that other methods for PSP, e.g., [19], set the
precision rate for a contact map prediction at about 30%. Our approach clearly
outperformed this result, since even the minimum precision rate obtained was
of 43%.

We can also conclude that it is difficult to determine the optimal number of
rules. In fact, the more rules added to the final solution, the higher the recall
obtained. However, this has a negative effect on the precision.

As mentioned before, the rules provided by our methods can be easily
interpreted. In order to show this, an example of a resulting rule is shown in Figure
4. As explained in section 2, a rule imposes a set of conditions on the represented
physicochemical properties of the amino acids. For example, the proposed rule
states that the hydrophobicity value of the amino acid i lies in the range [0.52, 0.92],
the polarity value between −1.0 and −0.93, the charge should be neutral, i.e.,
0.0, and the residue size of the amino acids should be contained in the interval
[0.77, 0.97].From this rule, we could conclude that amino acid i could be L (Lysine)



−0.39 −0.19 −0.78 −0.68 0.00 0.83 1.03
︸ ︷︷ ︸

i−1

0.52 0.92 −1.00 −0.93 0.00 0.77 0.97
︸ ︷︷ ︸

i

−1.00 −0.64 −1.00 −0.90 0.00 0.63 0.83
︸ ︷︷ ︸

i+1

0.74 0.84 −1.00 −0.90 0.00 0.73 0.83
︸ ︷︷ ︸

j−1

−1.00 −0.93 −0.95 −0.65 0.00 0.57 0.87
︸ ︷︷ ︸

j

0.73 1.00 −0.85 −0.65 1.00 0.57 0.77
︸ ︷︷ ︸

j+1

Fig. 4. Example of a prediction rule

or F (Phenylalanine), since these amino acids fulfill all these conditions imposed
by the rule. It is easy to conclude that by inspecting the rules provided by the
algorithm, experts in the field could extract useful information regarding the
four properties represented by the individuals, getting more insight regarding
the possible connections between the properties and the folding of the protein.

4 Conclusions and Future Work

In this article, we proposed an evolutionary approach for solving the protein
contact map prediction problem. Our EA generates a set of rules for residue-
residue contact prediction using an encoding based on four amino acid properties.
A statistical study has been performed, analyzing the probabilities of contact
according to several amino acids properties. From this study, we have extracted
useful information that is used in order to aid the EA in the search it performs.
We have performed several experiments with different encodings in order to
determine the best combination of amino acid properties to represent. After
applying two non-parametrical statistical tests, we have concluded that by
encoding all four properties obtains the best results would be obtained. In
general, the achieved results indicate that our method is successful in provide a
good prediction of contacts among amino acids.

Another important aspect of the process of extracting knowledge from datas,
is the interpretability of the results. We believe that the results provided by
our methods are highly interpretable, since they consists of rules can be easily
interpreted and analyzed by experts in the field.

As for future work, we intend to expand this study to other significant amino
acid properties, e.g., isoelectric point and steric parameter. Moreover, the length
of window size of each individual could be variable, where the estimation of an
adequate length could be determined by the evolutionary process.
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