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Abstract: Natural silk (Bombyx mori) has been found to contain sericin 1, sericin 2, sericin 3, and sericin 4 proteins. 
The sequence of amino acid residues in them has also been well studied. However, there is little information on the 
molecular structure of sericin 4. We conducted studies on the prediction of the sericin 4 molecule’s structure using 
the AlphaFold3 and YASARA computational servers. Molecular dynamics simulations were performed in aqueous 
solution to evaluate the stability and determine the most favourable conformation of the predicted sericin 4 structure. 
We mainly used the ProSA-web, Ramachandran Z and Molprobity score to evaluate the predicted structure of sericin 
4, and the reliability of the predicted model was determined. The predicted molecular structure serves as a preliminary, 
yet robust, model of sericin 4.
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1.    INTRODUCTION

Proteins extracted from natural silk raw materials 
are considered as important biomaterials that are 
the focus of current research. Silk sericin protein 
is important due to its water solubility, antioxidant 
properties, biodegradability, and suitability for 
the preparation of biomaterials for medicine [1-
3]. Sericin is often recognised as an “adhesive” 
protein, enveloping the silk fibroin of Bombyx mori 
and constituting 20–30% of its total mass [4]. In 
recent years, sericin has been widely employed in 
nanocomposites, hydrogels, and tissue engineering 
(for instance, in skin regeneration and wound 
healing), yielding positive outcomes in its clinical 
trials [5, 6]. To evaluate and consider the potential 
uses of sericin, knowledge of its properties, 
structure, and composition is required [7, 8].

Sericin is a globular protein characterised 
by the presence of random coils and β-sheet 
structures. Several external factors, including 
temperature, humidity, and mechanical stress, can 
influence the transition of sericin from a random-
coil conformation to a β-sheet arrangement. Sericin 
is highly soluble in water at temperatures of 50 
°C and above [9]. This structural transition is 
thermodynamically linked to a reduction in entropy, 

and parameters such as pH and ionic strength 
further affect the kinetics of gel formation [10]. For 
example, at physiological pH (pH 7), the gelation 
process can proceed two to three times faster. In 
contrast, at lower temperatures, the solubility 
of sericin diminishes, promoting the conversion 
of random coils into β-sheets and consequently 
leading to gel formation [11]. Moreover, it has been 
demonstrated that higher sericin concentrations 
accelerate the gelation process [12]. Sericin is 
a hydrophilic protein, distinguished by a high 
proportion of free hydroxyl (-OH), carboxyl (C=O), 
and other polar functional groups within its amino-
acid residues [13]. Its amino acid composition is 
dominated by serine (Ser, 37%), glycine (Gly, 
16%), and aspartic acid (Asp, 15%), which ensures 
its high hydrophilicity [14].

It has been found that there are 4 different 
types of sericin 1, sericin 2, sericin 3, and sericin 4 
proteins in Bombyx mori silk fiber [4]. These sericin 
proteins in silk fiber glue together two fibroin 
fibers. The structure and composition (amino acid 
sequence) of sericin 1, sericin 2, as well as sericin 
3 proteins have been well studied by previous 
researchers [15, 16].  Komatsu [17] determined 
the amounts of sericin 1, sericin 2, sericin 3, and 
sericin 4 proteins in an aqueous solution of sericin 
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extracted from Bombyx mori cocoons, and showed 
that the amount of sericin 4 was 3.1%. The low 
content of sericin 4 indicates its specific role in 
interaction with fibroin, it is primarily located 
in the inner layers and contributes to mechanical 
strength. This protein serves as a protective and 
binding component that surrounds the fibroin 
filaments. Therefore, determining the molecular 
structure of sericin 4 provides not only insight into 
its unique physicochemical properties but also a 
deeper understanding of the surface behaviour of 
silk-based biomaterials.

The structural uniqueness of sericin 4 is 
reflected in its amino acid composition and 
polypeptide chain arrangement. It is rich in polar 
amino acids such as serine, asparagine, and 
threonine, which impart a highly hydrophilic 
character to the protein. As a result, sericin 4 readily 
interacts with water molecules, thereby contributing 
to the surface moisture of silk. This property 
enhances the biocompatibility of silk materials 
and is particularly important for their biomedical 
applications, such as in wound dressings, drug 
delivery systems, and biopolymer films [18].

Information about sericin proteins is also 
included in the Uniprot and Swiss databases. The 
Uniprot database accurately describes the 3D 
molecular structures of sericin proteins and their 
amino acid sequences [19, 20]. Many scientific 
publications have been published that fully confirm 
this information. However, the 3D molecular 
structure of the sericin 4 protein is poorly understood. 
It should also be noted that successful work has been 
carried out to determine the amino acid sequence 
of sericin 4 [21]. However, the molecular structure 
of the sericin 4 molecule remains elusive. To some 
extent, it is possible to predict the formation of the 
sericin 4 protein to solve this problem. Using the 
latest AlphaFold3 and RoseTTAFold models, it is 
possible to predict the approximate 3D structure 
of sericin 4, which may reveal its β-sheet richness 
(45%) and potential disulphide bridges [22].

Protein structure prediction relies on the 
amino acid sequence. The secondary and tertiary 
structures are inferred from the primary structure. 
It should be noted, however, that the predicted 
structure may differ slightly from the protein’s 
actual conformation [23]. The protein chain can 
adopt numerous conformations due to rotation 

around the φ and ψ torsion angles at the Cα atom. 
This conformational freedom contributes to 
variations in the three-dimensional architecture of 
proteins. Peptide bonds within the chain are polar, 
containing carbonyl and -NH- groups that are 
capable of forming hydrogen bonds. As a result, 
these groups interact within the protein and play 
a crucial role in stabilising its structure. Glycine 
holds a distinctive position in protein architecture, 
as its minimal side chain grants it increased local 
flexibility. In contrast, cysteine residues may react 
with one another to form disulfide bonds, creating 
cross-links that reinforce the overall stability of the 
protein. Protein structure is commonly described 
in terms of secondary structural elements, such as 
α-helices and β-sheets. Within these motifs, regular 
hydrogen-bonding patterns arise between the -NH- 
and C=O groups of neighbouring amino acids, 
and the residues typically possess similar φ and ψ 
torsion angles [24].

The development of secondary structural 
elements enables the hydrogen-bonding potential 
of peptide bonds to be effectively fulfilled. These 
secondary structures may be densely packed 
within the hydrophobic core of a protein, although 
they may also be found on the surface where the 
environment is polar. Each amino-acid side chain 
occupies a finite volume and can engage in only 
a limited range of interactions with neighbouring 
residues; such steric and interaction constraints 
must be carefully considered in molecular 
modelling and sequence alignment studies [25]. 
The Ramachandran plot is employed to identify the 
energetically allowed regions for φ and ψ torsion 
angles, thereby demonstrating the thermodynamic 
favourability of β-sheet formation in Sericin 4.

Protein structures can be experimentally 
identified using methods such as X-ray 
crystallography, cryo-electron microscopy, and 
nuclear magnetic resonance (NMR) spectroscopy. 
However, these approaches are both costly and 
time-consuming. Over the past six decades, 
experimental efforts have resolved the structures of 
approximately 170000 proteins, despite the fact that 
more than 200 million proteins are known across all 
forms of life. By 2025, the AlphaFold database had 
predicted structures for over 214 million proteins, 
yet certain rare proteins, including sericin 4, have 
not been fully verified experimentally. Throughout 
recent decades, numerous computational strategies 
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have been developed to infer three-dimensional 
protein structures directly from amino-acid 
sequences. In the most successful cases, homology-
based modelling grounded in molecular evolution 
has achieved accuracy approaching that of 
experimental methods, such as NMR spectroscopy 
[26]. Precise protein-structure prediction holds 
major importance in fields such as drug discovery 
and biotechnology [27-29].

Protein structure prediction represents 
one of the central objectives of computational 
biology and is closely related to the resolution of 
the Levinthal paradox. Levinthal’s paradox is a 
conceptual experiment in the context of protein-
folding studies, highlighting that protein folding 
involves identifying the most energetically stable 
conformation. Exhaustively searching all possible 
structural conformations to locate the lowest-energy 
state would be computationally impractical. Yet, in 
nature, proteins fold extremely rapidly - even when 
adopting highly complex topologies - indicating 
that folding proceeds through a rugged energy 
landscape that guides the molecule efficiently 
towards a stable configuration [30]. Levinthal 
also demonstrated that, in cases where the global 
minimum energy state is not kinetically accessible, 
proteins may adopt a metastable conformation with 
slightly higher energy [31]. The most effective 
approaches in structural bioinformatics tend to 
be those that build upon existing biological and 
structural knowledge, rather than attempting to 
model protein folding entirely from first principles.

When predicting a protein structure or 
evaluating the quality of a homology model, it is 
highly beneficial to first examine a large number 
of experimentally determined structures to gain an 
understanding of what the actual protein may look 
like. This comparative insight facilitates a more 
accurate assessment of the model’s reliability and 
structural validity. Many servers have been created 
for protein structure prediction. The AlphaFold3 
server occupies a special place in protein structure 
prediction and is the leading server. AlphaFold3 
is not limited to single-chain proteins, as it can 
also predict the structures of RNA, DNK, post-
translational modifications, and protein complexes 
with selected ligands and ions. The AlphaFold3 
server allows for structure prediction of proteins 
consisting of sequences of up to 5000 amino acid 
residues [32-34].

The Ramachandran Z-score is also regarded 
as a reliable indicator for the overall assessment 
of protein structures. Hooft et al. introduced this 
numerical measure, known as the Ramachandran 
Z-score (Rama-Z), to characterise the distribution 
of φ and ψ torsion angles in the Ramachandran plot. 
Its primary significance lies in its ability to indicate 
the structural credibility of newly determined 
protein models. The Rama-Z score functions as 
a global metric, offering an overall evaluation of 
model quality, although it does not identify local 
deviations in main-chain geometry. In addition to 
the single global score, separate Rama-Z values 
are also computed for β-strands, α-helices, and 
loop regions. Nevertheless, the global Rama-Z 
score remains the most informative measure for 
general structural validation. The value of the 
Rama-Z score correlates with the proportion of 
residues that fall within the favourable regions 
of the Ramachandran plot. Analyses of models 
resolved at 1.2–5 Å resolution demonstrated that 
28% exhibited Rama-Z < -2, 14% had Rama-Z < 
-3, 0.19% displayed Rama-Z > 2, and only 0.01% 
had Rama-Z > 3. Based on these observations, a 
protein structure is considered acceptable when its 
Rama-Z score lies within the range -3 to 3 [34].

We attempted to demonstrate the 3D molecular 
structure of sericin 4 based on the latest information 
on its amino acid sequence, and studies have been 
conducted. In this work, the potential conformations 
of sericin 4 are analysed using AlphaFold3 and 
molecular dynamics (MD) simulations, which may 
reveal its novel applications as a biomaterial.

2.    MATERIALS AND METHODS

Using the AlphaFold3 server, CIF and JSON files 
were generated (by entering the amino acid residue 
sequences of sericin 4) for five distinct models 
of the predicted protein structure. However, the 
generated models contain structural errors. The 
model with the fewest errors was identified using 
dedicated evaluation servers. ProSA-web and 
Ramachandran Z-scores were employed to provide 
an overall assessment of the protein structures. The 
ProSA-web server determines the similarity of 
protein structures to those characterised by X-ray 
and NMR analyses; low similarity may indicate the 
presence of structural errors [25, 26]. The sericin 
4 structure was evaluated using MolProbity, one 
of the most reliable validation tools available. To 
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achieve favourable validation metrics, defects 
in the protein structure were minimised using 
the YASARA minimization server [35]. This 
server performs an energy minimisation using the 
YASARA force field. Iterative refinement of the 
sericin 4 molecular model was performed via this 
server to optimise the structure. Subsequently, the 
stability of the sericin 4 model in aqueous solution 
was investigated through molecular dynamics 
(MD) simulations. Computations were conducted 
using the OPLS-AA/L force field and the SPCE 
water model within the GROMACS MD package, 
as implemented in the BioExcel Building Blocks 
Workflows platform. The reliability of the optimised 
model was reassessed using MolProbity.

3.    RESULTS AND DISCUSSION

The presence of four sericin proteins in Bombyx 
mori silk has been reported in the literature [4, 17]. 
UniProt, Swiss-Prot, and other protein databases 
contain extensive information on the composition, 
structure, and other properties of sericin 1, sericin 
2, and sericin 3. These databases do not contain 
information about sericin 4. However, studies 
have been conducted to determine the structure of 
sericin 4, and positive results have been reported. 
Ping Zhao et al. have published research on the 

sequence of amino acid residues in the sericin 4 
molecule. They analysed sericin 4 in terms of its 
chain segments based on the amino acid residue 
sequence [20]. This study did not, however, provide 
information on the complete structure of sericin 4.

The three-dimensional structure of Sericin 4 
was predicted using the AlphaFold server based on 
its amino acid sequence, and comparative analyses 
were performed to select the most reliable structural 
model. The sericin 4 protein consists of 2296 amino 
acid residues, with the largest proportions being 
Lys (9.7%), Thr (9.4%), Ser (9.4%), Glu (8.9%), 
and Gly (7.4%). The theoretically calculated 
isoelectric point (pI) is 6.25. As shown in Figure 
1, the following structural models were predicted 
by the AlphaFold server based on the amino acid 
residue sequence of sericin 4.

Calculations were carried out using the 
ProSA-web server to evaluate which of the derived 
sericin 4 molecular models was the most reliable. 
ProSA-web determines an overall quality score for 
the submitted structure. If this score falls outside 
the range typical of native proteins, the structure 
may contain errors. The local quality score diagram 
highlights problematic regions within the model. 
A three-dimensional molecular representation 

Fig. 1. Models of the sericin 4 molecule created using the AlphaFold3 computational server (Five different molecular 
models: (a) Compact β-barrel-rich globular model, (b) Extended loop-dominant unfolded-like model, (c) Intermediate 
partially folded β-sheet model, (d) Globular model with central β-barrel core’, and (e) Elongated multi-domain flexible 
model).

4	 Khushnudbek et al
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can also be generated to aid in the identification 
of such areas. ProSA-web is applicable to both 
low-resolution structures and approximate models 
obtained during the early stages of structural 
determination.

The Z-score reflects the overall quality of the 
model. Its value is displayed on a graph containing 
the Z-scores of all experimentally determined 
protein chains, with those derived from different 
experimental techniques (X-ray and NMR) 
indicated in distinct colours [25, 26]. The Z-score 
of a protein is defined as the energy separation 
between the local fold and the mean value of an 
ensemble of misfolded folds, expressed in units 
of the ensemble’s standard deviation. It has been 
reported that calculated Z-scores are generally 
smaller than experimental values [32, 33].

The results showing the Z-scores for the sericin 
4 models generated by the AlphaFold server, and 
indicating chain segments with relatively higher 
energy, are presented in Figure 2. The Z-scores for 
models “a”, “b”, “c”, “d”, and “e” of sericin 4 were 
0.53, -7.55, -1.52, -6.3, and -8.51, respectively. 
Examination of these values reveals that the lowest 
score (-8.51) corresponds to the “e” model structure.

In Figure 2(I-V), illustrating problematic or 
erroneous regions of the structures, positive values 
indicate faulty areas. The single-residue energy 
diagram typically exhibits large fluctuations and is 
therefore of limited use in model assessment. The 
greater the number of lines representing negative 
energy regions, the fewer the structural defects, and 
thus the more reliable the model. Based on these 
results, the “e” model of sericin 4 (Z-score -8.51) 
can be regarded as the most reliable structure.

The sericin 4 models were also evaluated 
using the global Ramachandran Z score (Rama-Z). 
The results obtained are presented in Table 1.

The Rama-Z score serves as a global indicator 
for assessing the overall quality of a protein model 
and does not provide information on local backbone 
alignment issues. It is important to highlight that, 
in addition to the single global Rama-Z value, 
individual Rama-Z scores are also determined for 
coils, helices, and β-sheets. A model is generally 
considered accurate and reliable when its Rama-Z 
score falls within the range of -3 to 3 [34]. Based 
on the structural evaluation of sericin 4, it can be 
observed that the Rama-Z score for the “e” model 
lies relatively close to -3.

Fig. 2. Diagrams showing high-energy chain segments in models of the sericin 4 molecule: (I) a-Compact β-barrel-
rich globular model, (II) b-Extended loop-dominant unfolded-like model, (III) c-Intermediate partially folded β-sheet 
model, (IV) d-Globular model with central β-barrel core’, and (V) e-Elongated multi-domain flexible model.
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The YASARA minimisation server was used to 
correct energetically unfavourable regions in the “e” 
model chain of the sericin 4 molecule and to improve 
its geometry. The YASARA minimisation server is 
invaluable in protein structure determination, as 
it provides a realistic impression of the protein’s 
native conformation and demonstrates how to 
assess the accuracy of the refined model [35]. Using 
the YASARA minimisation server, the energy of the 
“e” model of sericin 4 was reduced to its minimum 
state (Figure 3).

The model was energy-minimised using the 
YASARA minimisation server for 57 cycles. The 
Rama-Z score was again used to evaluate the overall 
structure of the energy-minimised model. The 
model exhibiting the best Rama-Z score of -2.72 
and a minimum energy value of -1069996.7 kJ/mol 
is presented in Figures 3 and 4. However, according 
to the MolProbity analysis, among all energy-
minimised structures, the model obtained after 
51 optimisation cycles in the YASARA program 
demonstrated the highest quality score, indicating 
the lowest level of structural errors (Figure 5).

MolProbity is a widely recognised platform 
for evaluating the geometrical and all-atom quality 
of three-dimensional macromolecular models, 
including proteins, nucleic acids, and ligands. It 

provides detailed validation metrics such as clash 
scores, Ramachandran plot and rotamer outliers, 
Cβ deviations, and the overall MolProbity score 
[36]. The model optimised 51 times achieved 
a MolProbity score of 1.25, suggesting a high-
quality and well-refined structure. The summarised 
validation results are presented in Table 2.

MolProbity analysis reveals that the protein 
structure is of high quality: Clashscore 0.45 
(99th percentile) and MolProbity score 1.25 (99th 
percentile) - placing it within the top 1% of PDB 
entries. Steric clashes and overall geometry are 
excellent. Ramachandran favoured 88.49% (<98%) 
- slightly low, but outliers (0.96%) remain within 
acceptable limits. CaBLAM (6.1%) and CA 
outliers (3.14%) are acceptable for lower-resolution 
structures.

Molecular model Ramachandran Z-score Side-chain Z-score
a) Compact β-barrel-rich globular model -6.08 -2.27 ± 0.22
b) Extended loop-dominant unfolded-like model -4.52 -1.14 ± 0.22
c) Intermediate partially folded β-sheet model -5.31 -1.80 ± 0.22
d) Globular model with central β-barrel core' -5.30 -1.91 ± 0.21
e) Elongated multi-domain flexible model -4.51 -0.89 ± 0.22

Table 1. Ramachandran Z score values of sericin 4 molecular models.

Fig. 3. Minimum energy results of the “e” model of 
sericin 4 in iterative calculations using the YASARA 
minimisation server.

Fig. 4. Rama-Z scores of “e” model sericin 4 that were 
re-minimised 57 times in the YASARA minimisation 
server.

Fig. 5. Energy minimised model of sericin 4 by the 
YASARA minimisation server.

6	 Khushnudbek et al
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To mitigate structural inconsistencies 
observed in the sericin 4 model, the Rosetta Relax 
refinement was applied [37]. This approach resulted 
in a notable improvement in the overall structural 
quality, as evidenced by the evaluation metrics 
presented in Table 3.

Molecular dynamics (MD) simulation is one 
of the most powerful computational techniques 
for investigating the structural and functional 
properties of proteins at the atomic level. Unlike 
static crystallographic structures, MD provides a 
realistic description of the time-dependent dynamic 

Clashscore, all atoms 0.45 99th percentile*(N=1784, all resolutions)
Poor rotamers 0.90% Goal: <0.3%
Favored rotamers 96.65% Goal: >98%
Ramachandran outliers 0.96% Goal: <0.05%
Ramachandran favored 88.49% Goal: >98%
Rama distribution Z-score -2.24 ± 0.15 Goal: abs(Z score) < 2
MolProbity score^ 1.25 99th percentile* (N=27675, 0Å - 99Å)
Cβ deviations >0.25Å 0.19% Goal: 0
Bad bonds: 0.25% Goal: 0%
Bad angles: 0.39% Goal: <0.1%
Cis Prolines: 8.70% Expected: ≤1 per chain, or ≤5%
Twisted Peptides: 0.04% Goal: 0
CaBLAM outliers 6.1% Goal: <1.0%
CA Geometry outliers 3.14% Goal: <0.5%
Chiral volume outliers 0/2720

Waters with clashes 0.00% See UnDowser table for details

Table 2. Molprobity analysis of Sericin 4 molecular structures optimised 51 times using YASARA minimisation 
server.

Clashscore, all atoms: 1.96 99th percentile*(N=1784, all resolutions)
Poor rotamers 0.00% Goal: <0.3%
Favored rotamers 99.95% Goal: >98%
Ramachandran outliers 1.05% Goal: <0.05%
Ramachandran favored 94.07% Goal: >98%
Rama distribution Z-score -0.78 ± 0.16 Goal: abs(Z score) < 2
MolProbity score^ 1.36 99th percentile* (N=27675, 0Å - 99Å)
Cβ deviations >0.25Å 0.00% Goal: 0
Bad bonds: 0.07% Goal: 0%
Bad angles: 0.13% Goal: <0.1%
Cis Prolines: 8.70% Expected: ≤1 per chain, or ≤5%
Twisted Peptides: 0.00% Goal: 0
CaBLAM outliers 5.4% Goal: <1.0%
CA Geometry outliers 2.49% Goal: <0.5%
Chiral volume outliers 0/2720
Waters with clashes 0.00% See UnDowser table for details

Table 3. MolProbity analysis of sericin 4 structures refined with Rosetta Relax.
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behaviour of biomolecules. Through MD, the motion 
of each atom within the protein is computed based 
on Newtonian mechanics, allowing the exploration 
of energetically favourable conformations, internal 
flexibility, and vibrational motions within the 
system. By evaluating the stability of a protein 
structure, MD simulation helps to identify the 
lowest potential energy conformation, which 
often corresponds to its biologically active form. 
Therefore, it significantly contributes to energy 
minimisation and a more accurate representation of 
the native structural state. Moreover, the simulation 
enables the analysis of a protein’s flexibility, its 
response to environmental conditions such as 
temperature and pH, and its interaction mechanisms 
with ligands or substrates.

Additionally, molecular dynamics 
complements experimental methods such as 
X-ray crystallography and NMR spectroscopy by 
providing time-resolved atomic-level information. 
The combination of MD data with experimental 
results allows researchers to construct a more 
complete and realistic molecular model that 
explains the functional mechanism, stability, and 
conformational transitions of the protein. Based 
on this data, calculations were performed using the 
MD method for the sericin 4 molecule.

Molecular dynamics (MD) simulations 
were performed on the BioExcel Building Blocks 
Workflows platform using the GROMACS MD 
package with the OPLS-AA/L force field and the 
SPCE water model [38]. In the simulation setup, 
a single protein molecule was solvated with 
10000 water molecules, 956 Na⁺ ions, and 910 Cl⁻ 
ions. The net charge of the protein was -46. The 
simulation lasted for 100 nanoseconds (ns), and the 
molecular structure was optimised.

The RMSD (Root mean square deviation) 
graph shows how the shape of the molecule 
changes over time (Figure 6). In the graph, the 
RMSD increases from 0 ps to 500 ps and stabilises 
around 0.4 nm. This indicates that the molecule 
initially underwent a rapid conformational 
adjustment (adaptation phase) and subsequently 
reached a stable state. The RMSD value suggests 
that the molecule has deviated to some extent 
from its initial conformation; however, this does 
not imply instability. Rather, it is associated with 
the molecule’s transition to a new, energetically 

favourable conformation. Structural stability was 
achieved after approximately 200-300 ps, and the 
system remained stable overall.

The radius of gyration (Rg) was also analysed, 
and the corresponding results are shown in the 
graph. Rg reflects the compactness or degree of 
expansion of the molecule. The overall Rg value 
remained nearly constant at around 4.8 nm. The 
RgX, RgY, and RgZ values along the three axes 
also showed very little fluctuation. This indicates 
that the molecule maintained its general shape, 
meaning that it neither compressed nor expanded 
noticeably. Therefore, compactness and structural 
stability were preserved throughout the entire 
simulation. Conformational changes were minimal, 
and the molecule remained in a stable configuration 
(Figure 7).

The energetic states of sericin 4 were assessed 
based on the “GROMACS Energies” plot, which 
shows the potential and total energy (Figure 8). 
Both energy values remained nearly constant over 
500 ps, with only minor fluctuations. The potential 
energy stabilised around -16·106 kJ/mol, and the 

Fig. 6. Root mean square deviation plot of sericin 4 
molecule.

Fig. 7. Stability analysis of sericin 4 based on radius of 
gyration (Rg).

8	 Khushnudbek et al
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total energy around -13.5·106 kJ/mol. The very 
small fluctuations indicate that the system reached 
thermal equilibrium. No significant variations or 
signs of instability were observed in the results 
(Figure 9).

The molecular weight, isoelectric point, and 
other parameters of sericin 4 were determined 
using the ExPASy (ProtParam) server. The results 
are presented in Table 4. This server can help to 
accurately calculate many protein parameters [39-
41].

The CamSolpH computational server was 
used to theoretically study the dependence of 
the solubility of the improved model of sericin 4 
on the pH value of the medium in the YASARA 
minimization server. CamSolpH provides a 
solubility profile, where regions with a score 
greater than 1 indicate highly soluble regions and 
regions with a score less than -1 indicate poorly 
soluble regions. The entire sequence is given an 
overall solubility score. This score can be used to 
rank different protein variants with high accuracy 
according to their solubility [42].

If we look at Figure 10, the CamSolpH score 
is greater than 1 in the range of pH values in the 
solvent (water) medium from 1 to 14. This value 
theoretically confirms that sericin 4 has good 
solubility. When comparing the relative solubility 
at different pH values, it can be seen that the 
solubility is lowest at pH = 10. It can be assumed 
that the solubility of sericin 4 is highest in solvents 
with a pH value of up to 4. However, an increase 
in solubility can be observed in solvents with a pH 
value higher than 10.

4.    CONCLUSIONS 

In this study, a comprehensive computational 
investigation was carried out to predict and 
analyse the structural and dynamic properties of 
the sericin 4 protein from Bombyx mori. Since 
no experimental data are available in protein 
databases, structural prediction was initially 
performed using the AlphaFold server, yielding five 
possible molecular conformations. Comparative 
evaluation through ProSA-web analysis identified 
the “e” model (elongated multi-domain flexible 
model) as the most reliable structure, with the 
lowest Z-score (-8.51). Further refinement using the 
YASARA minimisation server reduced the overall 
potential energy of the structure to its minimum 
state and improved its geometry. Furthermore, 

Fig. 8. Potential and total energy stability of the sericin 4 
protein during MD simulation.

Fig. 9. Conformational state of the Sericin 4 molecule 
resulting from molecular dynamics simulation.

Molecular model Parameters
Amino acid number 2296
Molecular weight 254369.63 Da
Isoelectric point 6.25
Extinction coefficients
(in water, 280 nm) 175395 M-1·cm-1

The instability index 43.88

Table 4. Some calculated parameters of sericin 4.

Fig. 10. Solubility index of sericin 4 in solvents (water) 
with different pH values.
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refinement with the Rosetta Relax resulted in an 
additional improvement of the sericin 4 structure. 
MolProbity validation confirmed the high quality 
of the optimised model (MolProbity score 1.36, 
Clashscore 1.96, 99th percentile, Rama distribution 
Z-score -0.78 ± 0.16, favored rotamers 99.95%), 
suggesting that the refined model accurately 
represents the likely native conformation of sericin 
4. Molecular dynamics (MD) simulations performed 
with GROMACS (OPLS-AA/L force field and the 
SPCE water model) demonstrated the structural 
stability of the sericin 4 molecule over a 100 ns 
trajectory. The RMSD and radius of gyration (Rg) 
analyses indicated that the protein achieved a stable 
conformational equilibrium after approximately 
200-300 ps, maintaining compactness and structural 
integrity throughout the simulation. Potential 
and total energy profiles remained constant, 
confirming thermal and conformational stability. 
Solubility profiling performed using the CamSolpH 
calculation server revealed that sericin 4 exhibits 
high solubility across a wide pH range (1-14), with 
a slight decrease observed around pH 10.

Overall, these results provide the first detailed 
computational insight into the structure, stability, 
and solubility properties of the sericin 4 protein. The 
findings not only contribute to filling the existing 
knowledge gap regarding this protein but also 
establish a reliable structural model that can serve 
as a foundation for future experimental studies on 
its biological functions, material properties, and 
potential biotechnological applications. 
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