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Abstract

Protein structure prediction is one of the important aspects while dealing with critical diseases. An early prediction of
protein folding helps in clinical diagnosis. In recent years, applications of metaheuristic algorithms have been
substantially increased due to the fact that this problem is computationally complex and time-consuming.
Metaheuristics are proven to be an adequate tool for dealing with complex problems with higher computational
efficiency than conventional tools. The work presented in this paper is the development and testing of the Ingenious
Crow Search Algorithm (ICSA). First, the algorithm is tested on standard mathematical functions with known properties.
Then, the application of newly developed ICSA is explored on protein structure prediction. The efficacy of this algorithm
is tested on a bench of artificial proteins and real proteins of medium length. The comparative analysis of the
optimization performance is carried out with some of the leading variants of the crow search algorithm (CSA). The
statistical comparison of the results shows the supremacy of the ICSA for almost all protein sequences.

Keywords: protein structure (/search?g=proteint+structure); prediction (/search?g=prediction); swarm
intelligence (/search?g=swarm+intelligence); crow search algorithm (/search?q=crow+search+algorithm);
numerical optimization (/search?g=numerical+optimization)

1. Introduction

Proteins are one of the essential macromolecules of human organisms. Due to their complicated structure and
importance in bioinformatics, protein structure prediction attracts diverse researchers. Proteins are combinations of
different types of chains of amino acids and can fold into various states. These folding structures are known as 3D
structures of protein and play different important roles, including as catalysts in various reactions, as structural units, in
the reporting of signals and as transport channels in living organisms. Understanding the 3D structure is also helpful in
treating various diseases, such as Alzheimer’s disease and cystic fibrosis.

The basic methods of detecting protein structure are X-ray crystallography and NMR spectroscopy. However,
these methods require an excessive amount of money and time and, hence, are less adopted. The prediction of protein
structure via the relation between the linear sequence of amino acids and the protein’s 3D structure was conducted in
[1,2]. In later years, the prediction of protein structure based on the fact that the most stable folding of protein is one
which has minimum free energy [2,3,4,5]. In mathematical terms, the free energy reflects different types of bonding
between protein molecules, such as hydrophilic, solvent, hydrogen and entropic effects. As this function is nonconvex,
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prt@rﬂ st cture prediction can be considered a global optimization problem. This prediction method is performed in
f|rstly, a physical form of protein is assumed, and secondly, the energy function is calculated through any
optrmTzat|on algorithm. The HP model [3] and AB-off lattice model [4] are two physical models widely used for the first
staﬂ Recently, protein structure prediction has been converted into an optimization problem from a bioinforniatics
protk®m and has been solved using various nature-inspired algorithms [5,6,7,8].
algorithm selection process based on fitness landscape is presented in [5]. The artificial bee colony (ABC)
algogithm and its different improved versions have been applied to this protein folding structure problem [6,7,8] and
proye that metaheuristic approaches are good alternative ways of solving this np-hard optimization problem. Different
varla'r'l‘ls of the DE algorithm were applied to PSP in [9,10,11]. Along with this, the list of successful metaheuristic

Discuss in

algaritikmns applied to PSP also includes the improved harmony search [12], gradient gravitational search algorithm [13],

parthitesdseiprofiles;gom/digeussions|ony algorithm [15], genetic tabu search [16], an adaptive differential evolution
alggm—fm%&%g%%lgonthm [18] and many more. This literature review indicates the importance of

the S "pr'g‘g%?z;onthms can be applied to
dis Fr some new results. Recently, algorithms inspired by nature and animal behavior have revolutionized the world

\ﬂlmﬁtﬂew problem-solving capabilities [5,6,7,8]. The crow search algorithm is one of them and has been successfuﬁy
ap to many problems, such as the frequency modulation synthesis problem, model order reduction and other
degign problems [19]. Furthermore, some recent applications and facts reported in references [20,21,22,23,24]
motivated the authors to conduct detailed investigations of the development of new bridging in existing CSA. Some
interesting approaches regarding the integration of neural networks and real-life problems, such as bidding strategy

planning and response prediction, have been demonstrated very prominently in references [25,26,27]. Similarly, a
deep-learning-based approach was employed for protein structure prediction in reference [28]. Likewise, the gradient-
based gravitational search algorithm has been employed for conformational searches of the basic building blocks of
proteins [29]. In reference [30], the identification of essential proteins using chemical reaction optimization and machine
learning has been performed. Inspired by these possibilities, we propose an ingenious crow search algorithm (ICSA) to
solve the aforementioned protein folding problem. This work is an extension of the work reported previously by the
authors as we change the cosine function with the exponential function. The following are the main contributions of this
manuscript:

1. The protein folding problem has been discussed, and the problem is formulated by keeping the AB-off lattice model
in consideration.

2. An application of the newly proposed ICSA has been explored on a predefined bench of mathematical functions and
proteins, and evaluation of the algorithm has been conducted.

3. A meaningful comparison between the performance of various crow search variants and crow search itself has been
conducted on the basis of statistical attribute analysis, box plot analysis and execution time analysis.

The remaining part of the paper is organized into several sections: Section 2 presents the problem formulation of
protein structure prediction with energy minimization. Section 3 depicts the development steps of the ICSA and the
basic details of the implemented algorithm. Section 4 presents the results of the simulation on the conventional
benchmark functions and protein benches. Section 5 concludes the research work in this paper with suggestions for
the future direction of research work.

2. Problem Formulation

In this paper, we have used the AB-off lattice model, which is a generalized form of the HP model. According to this
model, particles are connected to each other with chemical bonds of unit length and then fold into a 3D structure. The
model which possesses the lowest energy is the most stable among all possible structures. This energy is formed by
two types of interactions: one is intermolecular (between protein and other solvent molecules) and the other is
intramolecular (between any two protein molecules). In this way, the AB-off lattice model considers atomic interactions
in calculating energy function, which are left over in the HP model. Instead of 20 different types of amino acids, this
model only considers two residues named A (hydrophobic) and B (hydrophilic). Any protein sequence of length r
consists of total (r — 2) bend angles ¢, ¢3, ..., ¢$,—1. A bend angle is an angle between any two amino acids, whose

https://www.mdpi.com/2227-9717/11/6/1655 4/20
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dirféﬁeri,cpﬂ be random, i.e., clockwise as well as anticlockwise. The energy and other terms of the protein structure

pr n be mathematically given by the following equations:
Share
r—1 r=2 r O\ =
(1 —cos¢i) 1 6
B T Oed) 5 Y [ 1(mra) 0
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whi‘E is the energy function to be minimized, and d;; is the corresponding distance between residue i and j. I (Ti, 1.']-)
ig thesyalue representing the bonding between residues, such as for the AA bond | (Ti, T]-) =1, for the BB bon’d
I (7’]) = 0.5 and for the AB or BAbonds I (7;, 7;) = —0.5.

Comment

3. Ingenious Crow Search Algorithm

The crow is considered as a genius bird among other species. The study in [20] shows that its brain size is bigger
in comparison to other birds of its size. A crow shows its superior behavior in hiding and stealing its food, mimicking
voices and in the mirror test. Crows live in a flock and present a natural example of the optimization process in
searching for food, hiding it from others and following each other to know the location of food. Askarzadeh proposed
the crow search algorithm (CSA) inspired by these characteristics, which became very popular due to its simple
structure and a smaller number of parameters. Many researchers presented improved variants of CSA and applied
them to solve real engineering problems [19,22,24]. Authors proposed chaotic variants of CSA to solve the feature
selection problem in [21]. A modified version of CSA has been applied in [22] to solve the economic load dispatch
problem. In [23], the authors employ improved crow search algorithm (IMCSA) for energy problems. The best selection
of conductors in a radial distribution network has been addressed in [24]. In [19], the authors present an intelligent CSA
inculcating two modifications in CSA, namely opposition-based learning and the cosine position updation rule. The
proposed variant has also been verified in some real engineering problems, such as model order reduction and
structural design problems. Furthermore, an exponential function-based mechanism is introduced in this version to
make it the exponential function-based ingenious crow search algorithm (ICSA):

1. The first is opposition-based learning, which is used in the initialization phase, when the crows generate their
positions. Out of the total crows, half of the crows generate their position randomly, and the remaining half generate it
according to the following definition.

Definition 1: Let z = (z1, 2o, ..., 2,) is a point in a space of R dimensions where z; is a real number fori € {1,2,...,r}
and i € [a, b] then opposite points set of z is given as z = (z1, 22, ..., Zr) Or we can also write

Zi = [Ll,‘ + b; — Zi] 4)

2. The second modification is an acceleration factor based on exponential function, which acts as a bridging
mechanism between the exploration and exploitation stages of the optimization process. In comparison with a linear
function, a cosine function provides better results as it has a high gradient in the exploration stage, which means that
it explores a bigger area which helps in finding the solution. Later on, when the gradient is low, the area shrunk
during the second half and led to the avoidance of local minima trapping. This acceleration factor can be given
mathematically as

AF =1 —exp(t/T) (5)

https://www.mdpi.com/2227-9717/11/6/1655 5/20
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@ﬁ(}on&der the total number of crows in a flock as N, and the location of hidden food is given by Hj, which is
con as the best position of crow /, fori = {1, ..., N}. LI] is the ith crow position at jth iteration. Initially, half of the
pop%%tion of crows generates their position randomly and the other half by Equation (4). Suppose a crow i follgyws _Crow
y auratlon j, then two cases are possible: either crow y knows that crow i is following it and it tries to fool |t by
chahgfing its position swiftly or crow y does not know that it is being followed. These two cases inculcated with the
aboygmentioned modifications can be represented mathematically as

Cite

|

Discuss in

U - { Ul + (AF)RiLi (H) = U])  if R; > AP 6

a random number otherwise

SciProfiles

wh@g@—ﬂgﬁﬂ—!@%ﬂﬁl@—%ﬁﬁm = a random number such that R; = [0, 1], and AP"/ = awareness probability of

nce between the exploitation and exploration stages.

u*m sourcﬁ %pdl cH_m&utm melglum-I%utﬁllcann&Ft[g rcamI %y%n-glﬁcuss in SCIErOflleS)

(7)

_ { UZH , fn (U?H) is better than fn (Hl])

H otherwise

Figure 1. Flow chart of the ingenious crow search algorithm.

Furthermore, the implementation details of the ICSA have been depicted in the following algorithm.

1. For implementing any real-life optimization problem, the designer requires the identification of variable composition.
In this structure prediction problem, we have to calculate the dimension of the variables as per the sequence length.
Hence, the dimension of the solution string is calculated as per size of the sequence.

2. As it is a known fact that the folding can be conducted between [-180,180], the upper and lower bounds of the
variables have been assigned as per these boundary conditions. From this, it can be observed that the initialization
of the number of crows along with their research directions can be finalized with the help of sequence size and range
of bend angles.

3. For further implementation of the algorithm, the energy function has been evaluated with every iteration of the ICSA,
and the values of memory as well fitness function are stacked in an array. Then, the optimal values are retained, and
further processing in order to improve the solution quality has been started with the help of the position update
equation.

Furthermore, as per the stopping criterion of the ICSA, this process is stopped, and optimal values of energy
function and corresponding angle values are stored.

https://www.mdpi.com/2227-9717/11/6/1655 6/20
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lation and Results
%PI (0
Al /roving the efficacy of the proposed ICSA, a detailed investigation has been conducted in this section. First,
the performance is evaluated for some standard functions, and then, the performance is evaluated for somecartificial

pro benches for the determination of the optimal structure.
Help

4.1. Evaluation of ICSA on Conventional Benchmark Functions

59

cJable 1 shows the diverse characteristics of various functions, along with dimensions and bounds. From this table,
it is gbserved that the functions used in this experimentation have two characteristics, i.e., unimodal (with one minima)
an 'I'I'IlJItimodaI (with multiple minima, including global and local), and possess complex landscapes. For the evaluation

Discuss in

of dheexploration and exploitation virtues, both of these landscape evaluations are required.
(https://sciprofiles.com/discussion-

groups/public/10.3390/pr110616 le 1. Definition of standard benchmark functions.

[ —— —
i

Endorse

Comment

As we know, metaheuristics are based on the generation of random numbers in between the bounds for given
variables, and they explore the search space in a very effective manner; hence, the results obtained from these
algorithms always differ from run to run. Hence, for reporting the results of these algorithms, statistical attribute
depiction is acutely required. Hence, in this experimentation, our aim is to run various improved versions of the crow
search algorithm along with the proposed one and conduct the evaluation of the optimization properties on the basis of
statistical attribute depiction. The following attributes are chosen for depiction of the optimization results.

« Mean of the fitness values obtained from 20 independent runs.

o Maximum fitness values obtained from 20 independent runs (Worst value as minimization is performed).
e Minimum fitness values obtained from 20 independent runs (Best value as minimization is performed).

« Standard Deviation of the fithess values obtained from 20 independent runs.

Some of the crow search variants have been taken in the analysis, in this experimentation all optimization
algorithms are run for minimization purpose. For the optimization environment, search agent no. (30), maximum
iteration (500) and total no. of independent runs (20) are kept constant for all the algorithms. Figure 2 shows the
convergence property analysis of these algorithms. It can be observed from these plots that with the exponential
modification, the convergence of the ICSA is higher as compared to the parent algorithm and other prominent variants
of the CSA.

Figure 2. Convergence characteristics of conventional benchmark functions.

The results of the statistics attribute analysis have been showcased in Table 2. The following points are observed
from this analysis.

Table 2. Statistical attribute analysis on conventional benchmark functions.
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1. Fﬁn this table, it has been observed that for unimodal functions (F1-F7), the ICSA is performs well and the
praposed exponential function-based mechanism helps the algorithm in convergence. Unimodal functions are those
fugetions that possess only one minimum in a given search space. Hence, it can be concluded that the proposed
eXponential-driven mechanism helps the algorithm to find the minima very efficiently and helps the algorithm in

Discuss in

smRVargence.

2. IhEtpsssinrofiles,comidiseussiany \nctions, such as F8 to F12, the performance is not compromised. Hence, it can
b%r—%'ﬂ%% i n 8 i 5_7nd exploitation virtues of the ICSA have been enhanced with the inculcation of
o%s?t%_ﬁ-crga:yepd é%?mﬁ‘gtg‘ ((ie'uprPCJ: gse!' %‘)‘(%%%Létnl 2 rlgﬁg%ﬁ%% tandard deviation and their
om*ual values for the ICSA have been showcased in boldface and depict the superior quality of the optimization by

"tt@_rq:eroposed ICSA. The proposed mechanisms help the ICSA to avoid local minima stagnation and provide a I:)l'g
| in the position updation phase (due to exponential function).

4. 2o0pplication of ICSA to Protein Structure Prediction

In this section, simulation and the results of the ICSA are discussed in relation to the protein bench, showcased in
the previous subsection. In reference, it has already been shown by the authors in the previous subsection that the
ICSA outperforms the original CSA and some of the leading variants of CSA on standard benchmark functions.
Furthermore, to test the efficacy of the algorithm, benches of protein are considered here. The characteristics of these
protein benches are shown in Table 3.

Table 3. Evaluation bench for PSP problem.

A. Statistical Attribute Analysis (SAA)

As we know that metaheuristics instill some degree of uncertainty in producing the results of the optimization
process, it is an established practice to report the results in terms of mean values, maximum values, minimum values
and standard deviation values of independent runs. To adhere to the same practice, these statistical attributes are
exhibited in Table 4.

Table 4. Statistical attribute analysis.

1. The results depicted in Table 3 are calculated by taking 20 independent runs into consideration. To make the
competition fair, the maximum no. of function evaluations has been kept constant for all participating algorithms. The
following points can be observed from these results:

2. The bench of protein is divided into three major parts, namely very small, small and medium length. Along with this, a
real sequence has also been considered. From the observation table, we can conclude that the algorithms gave
almost the same values of free energy for Asm1 and Asm2 when compared; however, the values of standard
deviation of the results are optimal for the ICSA. These results are depicted in boldface.
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3. Igtlin the values of mean As1 and As2, it can be clearly observed that these values are optimal for the ICSA.
th this fact, in As2, standard deviation is also optimal. These results are considered as affirmative, and it can
be<Concluded that the ICSA works well for these proteins.

Q =

E] further inspection, for the medium-size and real protein sequence, we have observed that the mean values are
optirHﬁe%I in case of the ICSA, and the algorithm shows promising results. Hence, it can be concluded that acceleration
fact®@driven bridging and opposition-based learning substantially enhance the performance of the algorithm.

B. Iterative Time Analysis (ITA)

Jllljs a known fact that the execution time of the algorithm is quite important while dealing with complex engineering
preblems. Unlike classical problems, protein structure prediction is a complex problem, and the execution time for the
id&Htification of protein structure is an essential requirement to judge the performance of the algorithm. Taking this fact

Fragics. ..
ti
(https:l?scm_r files.com/discussjon-

intogggusisqgﬂ%q%%&%ﬁsgwm éig%e,s for independent runs have been calculated, and mean values for the algorithms

Table 5. Iterative Time Analysis.
i y

Endorse

Comment

By inspecting the values of mean execution time, it can be easily concluded that the ICSA gives fast and optimal
results. The execution time for different protein sequences is optimal for the ICSA and depicted in boldface in Table 5.

C. Box Plot Analysis (BPA)

To compare the optimization performance of the competitors, BPA is also conducted. Diagrams are plotted for the
Am1, Am2 and Rs1 sequences. These are depicted in Figure 3, Figure 4 and Figure 5. From these, one can observe
that the mean values are optimal and the interquartile range of the ICSA is satisfactory as compared to other
participating algorithms. From this analysis, the supremacy of the proposed variant over the CSA and other variants is
confirmed.

0.4
ICSA % ImCSA CSA
0 .
-1
| CCSA
0.5
4
| |
- |
1.5 J'_ 1
1 2 3 4

Figure 3. BPA for Rs1.
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Figure 5. BPA for Am2.

D. Rank-sum Test Analysis

Figure 6 shows rank-sum test analysis results in terms of p-values to compare the ICSA with competitors. The
Wilcoxon rank-sum test is conducted to find the statistical significance of the algorithm as compared to other as
metaheuristics instill uncertainty in producing results.

Rank-sum Test Analysis

1.0DE+00

9.00E-01

8.00E-01

7.00E-01

6.00E-01

5.00E-01

4.00E-01

3.00E-01

2.00E-01 |

1.00E-01 _ "

0.00E+00 . ' - -
Asml Asm2 Asl As2 Am1 Am2 Rsl

WCCSA 4.37E-08 3.91E-08 1.10E-05 1.40E-05 6.80E-08 6.80E-08 6.80E-08
ImCSA 0.47109823 0.9431068 0.61506134 0.13993557 0.02563927 0.07643095 0.11355139
csA 0.50630363 0.50948023 0.83892639 0.02453537 0.04986369 0.52498691 0.07204543

ECCSA ®ImCSA mCSA

Figure 6. Rank-sum Test Analysis.

From the figure, it can be seen that the CCSA is totally different from the ICSA as the p-values associated with this
comparison are less than 0.05 for all the sequences. It is also worth mentioning here that a significance difference

exists between the CSA for some of the sequences. However, in the case of the INCSA, the performance of ICSA is
comparable with InCSA.

E. Extended Experiments on Real Protein Sequences
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7 e)l( %?d the analysis of the proposed algorithm, we tested the algorithm for prediction of the structure of the
IMQAL@I proteins. The details of these proteins are shown in Table 6; these are taken from [31], and more details
e available at Protein Data Bank (PDB, http://lwww.rcsb.org/pdb/home/home.do
(httnwww.rcsb.orglpdblhomelhome.do), the access date 15 April 2023) [32]. Q=

Help

Share

fo
ar

Table 6. Bench of real proteins.

Cite
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Discuss in

SciProfiles

(https://sciprofiles.com/discussion-

groups/public/10.3390/pr11061655?
standard deviation, of the fitness function over 29 independent runs are reported in Table 7. The optimal values of the
fitnédorsefunction mean have been shown in boldface in the table. It is observed that the fitness values of the proposed
ICSA are optimal for many proteins. Since the mean value of the optimization run is an important parameter to depict
the morithm performance, this has been chosen to showcase the efficacy of the ICSA. It is worth mentioning here that
wh%yf@m%?éaling with long-length protein sequences, the algorithm showed sluggish behavior and took more time for
convergence. Hence, a convergence improvement scheme may be employed in the future.

ilegh, maximum, minimum and

Table 7. Evaluation of ICSA on real protein bench.

From Table 7, it has been observed that the proposed ICSA exhibits a better response in terms of mean values of
SA. Hence, to verify this, convergence curves of RP-2, RP-5, RP-6, RP-7, RP-8 and RP-9 are plotted in Figure 7.
From the figure, it has been observed that the ICSA exhibits a slightly better convergence property as compared with
other variants of the CSA and the CSA itself. From this point of view, the proposed modification appears more
meaningful for the PSP problem.

RP-§

\\\\\

Figure 7. Convergence property analysis.

5. Conclusions

The ingenious crow search algorithm (ICSA) is proposed with a new bridging exponential operator for carrying out
the protein structure prediction problem. Opposition theory has been implemented in the initialization phase, along with
the exponential-driven position update mechanism. The ICSA has been tested on some of the standard benchmark
functions and applied to the protein structure prediction problem. The following are the major conclusions of this work:
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1. E@‘ere x/ erimenting on the complex protein sequence, the ICSA has been tested over some of the conventional
functions These functions are known functions, i.e., the minima and search range are priorly known. The
c%“ﬁ?paratwe analysis with some of the published versions of the CSA shows that the algorithm is substantially
uﬂoved with the application of a new exponential-driven factor and opposition-based learning. A defiled
intastigation in terms of statistical analysis of the fitness has been carried out to exhibit the efficacy of the proposed
G
2. Adench of various protein sequences is considered for testing the efficacy of the ICSA and some of the leading
vimons of the crow search algorithm and its variants. The bench consists of real and artificial sequences of protein.
xtended analysis of the algorithm has been conducted with the help of a real protein bench. The bench consists

Dlscuss in

ﬂh@g{eal proteln sequence of medium length. The algorithm is evaluated with other opponents on the basis of

i om/discussion-
i yee compared with the help of various analyses such as SAA, ETA and statistical
utm_source=mpdi. om& medium=publica |on&u g n=discuss i fllesz/
@mfmnmva?uaﬁmrwﬂnnfhe—ﬁelrp—of &c ides the optimal solution in

\(iicomputatlon time, and in some cases, a degree of uniqueness exists in the obtained results.

5¢ Eoemvergence curves for different conventional functions have been plotted to showcase the optimization efficacy b
'tIﬁCSA.

confrett future experimentation, a local search algorithm for enhancing the accuracy of the prediction will be proposed
and tested on artificial as well as real protein sequences. In addition, rigorous analysis of some long-length sequences
will be executed in the future by the authors.
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