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Abstract
Introduction: Vital catalysts have long been widely used in the food industry, but with new applications
in many industries, such as the chemical industry, they have become even more important. In biocatalysis,
all parts of the cell, cell extract, purified enzyme, inactive cell, or inactive enzymes are used as catalysts
in various processes. Enzymes are essential for various industrial, pharmaceutical, and especially
biotechnological processes. Keratinase is produced by various microorganisms in the presence of keratin
as a substrate. It mainly targets disulfide bonds. In this study, the biochemical properties of keratinase
enzymes derived from Bacillus mojavensis (B. mojavensis) were investigated.
Materials and methods: The 3D structure of keratinases from B. mojavensis was created using Modeler
software, and the model's validation and refinement indicators, including Prosa, Z-score, and
Ramachandran Graph confirmed the high quality of the modeled protein. The PMSF, Pepstatin and
leupeptin structures were prepared from the PubChem database server and introduced to the MVD
software along with the 3D structure of the keratinase for molecular docking.
Results: The binding energies (Eaint#) for the Mojavensis-PMSF, Mojavensis-Pepstatin and MojavensisLeupeptin complexes were -71.73, -334.1 and -211.2, respectively. In all three Mojavensis-PMSF,
Mojavensis-Pepstatin and Mojavensis-Leupeptin complexes, the Serine 277 keratinase mojavensis formed
a hydrogen bond with inhibitors. Serine 295 also interacted with inhibitors in both of Pepstatin and
Leupeptin complexes. Glutamic 299 keratinase mojavensis also interacted with PMSF and Leupeptin. All
three PMSF, Pepstatin and leupeptin peptidase inhibitors were able to interact with keratinase mojavensis.
Conclusion: Docking results showed that Serine amino acids 277 and 295 in the active site of keratinase
mojavensis, may play a key role in its catalytic function.
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Introduction
A major constraint in many developing
countries has been the steady rise in the
price of feed components. As a result,
cheaper and more common nutrients that

contain a large amount of non-starch
(soluble and insoluble) polysaccharides with
starch are used in animal nutrition in these
countries (1). The most specific bird trait is
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having a feather. Feather powder is currently
used to feed livestock and due to its high
nitrogen content, feather is used to produce
fertilizer in agricultural land (2). It is
composed of 90 to 92% protein (keratin) and
1 to 8% fat (3). Keratin is a non-soluble
structural protein that found in large scale in
feathers, wool and hair of animals. Each of
their filament-matrix units is bound together
by a large number of disulfide bands,
making it resistant to many physical,
chemical and biological agents, thus
becoming an ideal protective layer for
animals. Based on its secondary structure, it
is divided into two types of alpha and beta
keratin (4). The use of enzymes has
increased as an additive in animal nutrition
rapidly. In the past decade, many studies
have been done to investigate the effect of
exogenous enzymes on poultry yield. By
examining these studies, can conclude that
the enzyme is an important tool for use in
poultry feed (5). Keratinase is one of the
proteolytic enzymes in nature. This enzyme
is classified as a proteinase by an unknown
mechanism with have E.C. 3.4.99.11 (6, 7).
Keratinase is called a serine protease
because 97% of its sequence is similar to
alkaline protease and inhibited by serine
protease inhibitors. And sometimes, it has
been found as a serine protease in
combination with a cysteine protease and a
metalloprotease (8). keratinase produced by
microorganisms has many applications in
nutrition, fertilizer, in the detergent and
leather industries, in pharmaceuticals and in
fermentation technology (9). To further
understand the properties of enzymes, the
third structure of proteins, including
enzymes,
is
determined
using
crystallographic methods. This method is
very accurate but it requires a lot of time and
cost (10). Using enzyme structure prediction
tools is a cost-effective and efficient method
and can lead to their selection and proper
use. In this study, we investigated the
14
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theoretical and structural biochemical
properties of a mesophilic Mojavensis
keratinase (Q6BCN9) using bioinformatics
prediction tools and methods.
Materials and methods
Primary structure
The biochemical properties of the protein
were investigated using the protparam
program (http://www.expasy.org/tools/protparref.html ) (11). The Peptide signal was tested
using
the
program
SignalP
4.1
(http://www.cbs.dtu.dk/services/SignalP/)
http://www.cbs.dtu.dk/services/SignalP (12).
Using the website http://disulfind.dsi.unifi.it,
the existence of a disulfide bond was
investigated. (13).
Secondary structure prediction
The second structure of the protein was
predicted using the online program
http://www.sbg.bio.ic.ac.uk/pHyre2.(14).
This server uses the self-optimized
prediction method (SOPM) to increase the
second-order forecast improvement rate
based on the amino acid sequence.
Active site pocket prediction
The active site of the enzyme was predicted
using two online applications. Initially the
active amino acids of Keratinase mojavensis
were
predicted
using
the
http://www.sbg.bio.ic.ac.uk/~3dligandsite/.
(15). With the help of the online website
https://zhanglab.ccmb.med.umich.edu/COF
ACTOR/, the binding sites of keratinse
mojavensis were identified. (16, 17). Then,
according to the results of both online
software, amino acids of the active site were
predicted.
Conserved sequence identification
Using the Uniprot database, the amino acid
sequence obtained from other proteins
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similar to keratinase mojavensis (with more
than 95% similarity) was obtained and
stored.
The conserved sequence of
Keratinase mojavensis was evaluated and
compared using the Multiple Alignment
Tool, www.ebi.ac.uk, based on the
CLUSTAL O (1.2.4) algorithm.
Homology modeling
The 3D structure of the protein was
simulated using Modeller software. Because
the crystallographic structure of Keratinase
mojavensis is not available, for this purpose,
the amino acid sequence of Keratinase
mojavensis was incorporated in Blast-PDB
and from the crystallographic structure of
4GI3A (RCSB: 10.2210/pdb4GI3/pdb) that
showed the most similarity and e-Value to
Keratinase mojavensis.
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Validation
The http://services.mbi.ucla.edu/PROCHECK
and http://services.mbi.ucla.edu/SAVES was
used for ensuring the accuracy of the
simulated building. (18). Data from
WHAT_CHECK, ERRAT, VERIFY_3D
and CRYST1 record matches were also
analyzed.
Using
the
website
https://prosa.services.came.sbg.ac.at/prosa.p
Hp, the Z-Score point and the protein energy
balance was determined (19, 20). By using
the
online
website
http://mordred.bioc.cam.ac.uk/~rapper/ramp
age.pHp the Ramachandran Plot graph was
drawn
(21). Chimera V1.5.3 software
determined the best spatial resolution for the
optimal energy used in this study (22).
Ligand-protein molecular docking
PMSF, Pepstatin and leupeptin structures
were prepared and stored from the PubChem
database. Then the 3D keratinase structure
was introduced to the MVD software. Using
the minimize sidechain step, the energy of
all the structures was optimized and the
15
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water molecules around it were removed.
Then cavities were predicted and identified
on the keratinase structure. Each of the
inhibitors was docked separately with the
keratinase structure. For each docking
complex, 10 runs were performed. Finally,
the best complex was chosen for each
docking ligand-protein that had the least
amount of binding energy. The 2D results
for each complex were showed by LigPlot+.
Results
Primary structure
Based on the information obtained from
bioinformatics databases, keratinases are
considered as a serine protease family. In
general, keratinases have a second with the
"dyad" or "tetrad" Serine-Histidine catalyst
in the active site, which is nucleophilic
attack by the serine amino acid present in
the amino acid sequence.
Bioinformatics studies were performed to
determine some of the biochemical
properties of the enzyme, to investigate the
presence of the peptide signal, and to
investigate the formation of a disulfide bond.
The enzyme had a molecular weight of
about 38.86 kDa.
Based on the bioinformatics studies
performed, the isoelectric point, the
instability index and the net protein load of
the Grand average of hydropathicity
(GRAVY) are 8.73, 12.83 and -0.039,
respectively. The aliphatic coefficient of
the enzyme, which represents the volume
occupied by the side chain of the amino
acids ALa, Val, Leu, and Ile in the protein,
was determined to be 83.93.
The half-life of a protein is the time it takes
for half of the protein produced to be
depleted, which is estimated to be the halflife of the protein given the number of
amino acids in the N-terminal. In this study,
keratinase mojavensis had 4 disulfide bonds.
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The Prediction of secondary structure

[ Downloaded from jbrms.medilam.ac.ir on 2023-01-09 ]

Phyer2 databases were used to predict the
secondary structure of the protein. By using
prediction of secondary protein structure by
SOPMA method, Keratinase mojavensis
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secondary structure was composed of 27%
α-helix, 26% β-sheet (Figure 1). SOPMA
analysis showed that α-helix and β-sheet
constituted the highest amount of secondary
structure of Keratinase mojavensis.

Figure 1. The secondary structure of Keratinase mojavensis. α-helix is blue and β-sheet is green.
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Amino acid sequence alignment of
Keratinase mojavensis was performed using
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Blast at Uniprot database. The alignment
results of the Keratinase mojavensis
sequence and the conserved regions are
shown in Figure 2.

Figure 2. Conserved regions amino acids compared to other Keratinase mojavensis like proteins.
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Phylogenetic tree

for the proteins were called according to the
NJ method in MEXA8 software, and a
phylogenetic tree was plotted using an Out
group (Figure 3).

Alignment results were used to plot the
phylogenetic tree. The amino acid sequences

Figure 3. The phylogenetic tree of Keratinase mojavensis. Green circle is Keratinase mojavensis and red circle is
Subtilisin Homo sapiens.
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Modeling Homology and Validation
The Keratinase mojavensis sequence was
introduced in Blast-PDB and the 4GI3A
structure was chosen as the base homology
modeling. Since there is no Keratinase
mojavensis
crystallographic
sequence,
modeling was performed using Modeler
software. Predictive model validation was
performed by online software PROCHECK,
PROSA and Geno3d. As shown in Figure
4A, the Z-Score point was set to -7.34. The
Z-Score point is used to validate the
modeled protein based on NMR or X-ray
methods. The NMR method is used to
crystallize proteins with less than 200 amino
acids, which is more accurate than the X-ray
method. In fact, if the Z-Score point in the
PROSA graph is located on the (blue) NMR
regions, the simulation accuracy is higher
and the simulated model has the lowest error
rate and the highest confidence. Also, in the
graph plotted to determine the negative
energy level of the protein if the amino acid
sequence is found to be 10 and 40 times
18

lower than zero, the low energy level
signifies greater protein stability and high
value of simulated 3D data for the protein
(Figure 4B). In the graph in Figure 4C, the
red dots indicate the high-energy regions,
and the blue dots indicate the low-energy
areas in the protein.
Quality analysis of the predicted model after
drawing Ramachandran graph showed that
90.4% of amino acids were in most favored
regions, 6.2% in allowed regions, 3.4% in
outlier regions. Overall, 98% of the amino
acids are in their proper place. In the
Ramachandran graph, amino acids are
grouped according to the angles of ψ and φ
(Figure 5). The final quality of the predicted
model is acceptable. The VERIFY-3D
program was used to find the compatibility
of the predicted atomic model of the third
predicted building of Keratinase mojavensis
with the amino acid sequence of its first
building. The compatibility score above zero
in the VERIFY-3D graph is related to the
degree of adaptability of the amino acid
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sequence of Keratinase mojavensis in this
model. The VERIFY-3D results for
Keratinase mojavensis were higher than 2,
which indicates that the predicted model is
associated with high resemblance compared
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to the 4GI3A structure (Figure 6). These
results indicate that the predicted structure
of Keratinase mojavensis has been
successfully modeled and demonstrates the
suitability for use in docking studies.
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Figure 4. predicted homology modeling and structure validation of keratinase mojavensis. (a) the z-score graph for
prosa. (b) local model quality. (c) the 3d structures of proteins energy.

Figure 5. The Ramachandaran graph. 99% of the amino acids in the predicted 3D structure are correctly angled in
terms of the angles of ψ and φ.
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Figure 6. VERIFY-3D graph. Compatibility of the predicted atomic model of the third building of Keratinase
mojavensis with the amino acid sequence of the first building of Keratinase mojavensis.
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The PDB predicted model of Keratinase
mojavensis by modeler and active site
(Aspartate 137, Histidine 168, Asparagine
259 and Serine 325) prediction of Cofactor
server is shown in Figure 7. Information on
Molecular Function (MF) enzyme keratinase
mojavensis is shown in the Predicted Gene
Ontology (GO) Terms graph (Figure 8). As
shown in Figure 8, the keratinase mojavensis
is classified into a serine-type endopeptidase
activity group.

As shown in Figure 9, superimposed using
Chimera (RMSD=1.237) showed very high
structural similarity between Keratinase
mojavensis and 4GI3A.
Using the Chimera software, the best spatial
positioning for optimal enzyme energy in
the dock was achieved. This software
calculates and estimates the total energy of
the predicted structure of Keratinase
mojavensis, making the protein ideally
stable and energy-efficient (Figure 10).

Figure 7. The predicted structure of Keratinase mojavensis. A) The predicted structure of Keratinase mojavensis by
MODELER software. B) Prediction of Keratinase mojavensis active site by cofactor server.
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Figure 8. Cofactor’s results of predicted gene ontology (GO) of keratinase mojavensis.
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Figure 9. Superimpose the predicted 3D structure of Keratinase mojavensis and the 3D crystallographic structure of
4GI3A using Superimpose. Yellow: Predicted structure of Keratinase mojavensis, blue: 4GI3A 3D structure.

Figure 10. Superimpose form the 3D structure predicted by Keratinase mojavensis in Minimized mode with its 3D
structure. Yellow: Predicted 3D structure of Keratinase mojavensis, Turquoise: Predicted 3D structure of Keratinase
mojavensis in Minimized mode.
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After the preparation of the ligands, the
docking protein ligand was performed. As
shown in Figure 11A&B, PMSF bonded 1
and 2 hydrogen bonds with serine amino
acids 277 and glutamic 299, respectively.
The 2D display of the interactions is shown
in Figure 11C.
One of the powerful ways to detect the
function of proteolytic enzymes in living
organisms depends on the use specific
inhibitors of this enzyme (23). One of the
inhibitors that used in this study, is
pepstatin. Pepstatin is an inhibitor of acid
proteinase (24). As shown in Figure 12, this
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inhibitor bonded a hydrogen bond with
serine (277) and (295), leucine (230) and
alanine (256) and possibly inhibits their
catalytic activity.
The results of the leupeptin inhibitory effect
are given in Figure 13. As shown in this
figure, leupeptin binds hydrogen bonds with
asparagine (265), serine (277 and 295),
glutamic (299) and tyrosine (271) and exerts
its inhibitory effect.
These results show one of the applications of
using bioinformatics software and the role of
protein-ligand docking
technique in
recognizing and understanding how the
interaction of key amino acids on the
catalytic site of keratinase enzyme.

Fig 11. Docking of Mojavensis-PMSF Complex. (A) Mojavensis structure. (B) Mojavensis-PMSF complex.
Mojavensis structure is shown as ribbon, α-Helix is red, β-sheet is blue, Coil is gray, ligand is yellow and H-Bond is
dotted line blue. (C) 2D graph of the Mojavensis-PMSF complex. Ligand is purple, involved amino acids in
complex are light brown, H-Bonds are dotted line green and side residues are red.
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Fig 12. Docking of Mojavensis- Pepstatin Complex. (A) Mojavensis structure. (B) Mojavensis-Pepstatin complex.
Mojavensis structure is shown as ribbon, α-Helix is red, β-sheet is blue, Coil is gray, ligand is yellow and H-Bond is
dotted line blue. (C) 2D graph of the Mojavensis-Pepstatin complex. Ligand is purple, involved amino acids in
complex are light brown, H-Bonds are dotted line green and side residues are red.

Fig 13. Docking of Mojavensis-Leupeptin Complex. (A) Mojavensis structure. (B) Mojavensis- Leupeptin
complex. Mojavensis structure is shown as ribbon, α-Helix is red, β-sheet is blue, Coil is gray, ligand is yellow and
H-Bond is dotted line blue. (C) 2D graph of the Mojavensis-Leupeptin complex. Ligand is purple, involved amino
acids in complex are light brown, H-Bonds are dotted line green and side residues are red.
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Discussion
Protein engineering is the process of
artificially producing useful and valuable
proteins. This is a new science that will
allow experts in a variety of 2D and 3D
protein structures to make various designs
possible. In the biotechnology industry,
protein engineering is specifically used to
make enzymes. Since the determinant of the
function of proteins is their 3D structure,
computational modeling methods can be
used to investigate this parameter (25). By
using bioinformatics software, the effect of
macromolecules on proteins (enzymes) can
be predicted (26). Keratinase produced by
microorganisms has many applications in
animal feed, fertilizer production, the
cleaning
and
leather
industries,
pharmaceuticals, and in fermentation
technology. For example, keratinase from B.
licheniformis PWD-1 and Virio sp. kr2 can
be used to feed livestock (27). This enzyme
can also reduce prion-induced infection with
the presence of cleaners and temperature
treatments. In the leather industry, keratinase
from B. subtilis S14 has a significant ability
to remove hair on the skin without causing
the breakdown of collagen (28). One lowcost, cost-effective, accurate, and reliable
way to identify protein structure is to predict
the effects of inhibitors or enzymatic activity
enhancer using bioinformatics methods such
as molecular docking and molecular
dynamics simulation (29). PMSF is a
specific inhibitor of serine proteases. The
functional mechanism of serine proteases is
based on the activity of catalytic triad
containing serine amino acids, histidine and
aspartate. In this triad, the nucleophilic
attack is carried out by the amino acid
serine, while the amino acid histidine is the
electron donor (30). In some types of
peptidases, such as carboxypeptidases,
glutamic amino acid contributes with serine
and histidine instead of aspartate in catalytic
activity (31). The PMSF's ability to bind
25

J Bas Res Med Sci 2020; 7(2):13-28.
hydrogen to serine amino acids in this study
was similar to that of Jayalakshmi et.al (32).
Overall, the results of docking PMSF with
keratinase mojavensis in this study
confirmed the fact that PMSF has the ability
to bind hydrogen bonds with amino acids of
the active site from serine proteases such as
creatinine and possibly inhibit them by
blocking their catalytic site. Acid proteases
rapidly attack peptide bonds that bind amino
acids to hydrophobic side chains (23).
Another inhibitor used in this study is
pepstatin. Pepstatin is produced in culture
media and fermentation tanks containing
various carbon and nitrogen ratios (24). A
normal culture medium for the production of
pepstatin contains glucose, starch, peptone,
meat extracts, NaCl and Mn, Fe and Zn
minerals, and the maximum amount of
pepstatin produced in these environments
occurs after 5 to 6 days (24). In my study,
pepstatin was able to hydrogen bonds with
serine, leucine and alanine amino acids.
Since 97% of the keratinase sequence is
similar to alkaline proteases and is inhibited
by serine protease inhibitors, it is referred to
as a serine protease. But it has been
sometimes found as a serine protease in
combination with a cysteine protease and a
metalloprotease (8). Leupeptin is a specific
inhibitor of cysteine protease activity.
Therefore, in this study, the effect of
leupeptin inhibition was investigated on
keratinase enzyme activity. Khara et al.
(2020) examined the inhibitory effect of
leupeptin on cathepsin B. In this study, it
was found that leupeptin has a hydrogen
bond with cathepsin B and has the ability to
inhibit this cysteine protease. And as a
result, according to bioinformatics studies,
this inhibitor can be used to inhibit cathepsin
B (33).
Conclusion
In this study the keratinase enzyme was
predicted using bioinformatics software. As
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the results showed, after 3D structure
verification, it was found that the enzyme
was modeled in the crystallographic regions.
Predicting the active sites of the protein and
determining the theoretical biochemical
properties of the enzymes could aid in
protein engineering studies to enhance

J Bas Res Med Sci 2020; 7(2):13-28.
protein stability, study of proteins against
inhibitors by docking, and molecular
dynamics simulations.
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