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A B S T R A C T

In this study, we have isolated and characterized proteolytic soil bacteria and their alkaline protease. Based on
16S rRNA sequence analysis, 12 isolates with the highest protease activity were classified as B. subtilis and
B. cereus groups. B. subtilis D9 isolate showing the highest protease activity was selected for in vitro and in silico
analysis for its AKD9 protease. The enzyme has a molecular mass of 48 kDa, exhibiting optimal activity at 50 �C
pH 9.5, and showed high stability till 65 �C and pH 8–11 for 1 h. Fe3þ stimulated, but Zn2þ and Hg2þ strongly
inhibited the protease activity. Also, the maximum inhibition with PMSF indicated serine protease-type of AKD9
protease. AkD9 alkaline serine protease gene showed high sequence similarity and close phylogenetic relationship
with AprX serine protease of B. subtilis isolates. Functional prediction of AKD9 resulted in the detection of sub-
tilase domain, peptidase_S8 family, and subtilase active sites. Moreover, prediction of physicochemical properties
indicated that AKD9 serine protease is hydrophilic, thermostable, and alkali-halo stable. Secondary structure
prediction revealed the dominance of the coils enhances AKD9 activity and stability under saline and alkaline
conditions. Based on molecular docking, AKD9 showed very promising binding affinities towards casein substrate
with expected intrinsic proteolytic activities matching our obtained in vitro results. In conclusion, AKD9 alkaline
serine protease seems to be a significant candidate for industrial applications because of its stability, hydrophi-
licity, enhanced thermostability, and alkali-halo stability.
1. Introduction

As one of the main industrial enzymes, proteases are responsible for
around 60% of the world enzyme market (Clarridge, 2004; Raveendran
et al., 2018; Razzaq et al., 2019). However, serine proteases represent
one-third of the share in the enzyme market (Page and Di Cera, 2008).
Microbial proteases are preferred over animal and plant proteases due to
their easy genetic manipulation and wide biochemical diversity (Cha-
nalia et al., 2011). A wide variety of organisms produce alkaline pro-
teases. Bacillus sp. are mostly the microbial source to generate the
proteases. Bacillus-derived alkaline proteases have numerous applica-
tions in industry, including organic synthesis, food, pharmacology,
leather, and bioremediation (Tarhriz et al., 2014; Al-Dhuayan et al.,
2021).
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The functional groups in the proteases’ active sites are classified as
aspartic, cysteine, metallo, glutamic, serine, and threonine proteases. In
addition, they are classified into exo and endo-peptidases based on the
position of the peptide bond cleavage. Also, proteases are classified into
three types based on their maximum activity in a wide range of pH,
including alkaliphile, neutral, and acidophile proteases (Pushpam et al.,
2011; Fath and Fazaelipoor, 2015). Furthermore, factors such as sub-
strate specificity, enzyme action, amino acid residue similarity in the
active site, and catalytic activity mechanism play a role in protease ac-
tivity (Ellaiah et al., 2002). Based on their structure, serine proteases are
classified into chymotrypsin-like (trypsin-like) or subtilisin-like (Madala
et al., 2010). Subtilisin or subtilase family (Peptidase family S8) is the
second-largest family of serine proteases. Proteases in this family are
characterized by an Asp/His/Ser catalytic triad (Rawlings et al., 2006,
2010).
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Proteases of Bacillus species are in vitro characterized by molecular
weight range 27–71 kDa, optimal pH range 6–10, temperature 37 ºC–60
�C, and stability values over a wide range of pH values and temperatures
(Karray et al., 2021). Moreover, in silico characterization of alkaline
proteases would help understand their industrial application and
large-scale production (Zhang et al., 2015; Dash et al., 2017; Saggu and
Mishra, 2017; Zhou et al., 2018).

The structure of proteases, catalytic mechanism, and specificity are
essential factors in enzyme application that should be considered (Morya
et al., 2012). The protein structure prediction tools are appreciated in
studying protein structures and function (Marks et al., 2012; Elhefnawi
et al., 2019). Different attempts have been made to understand the
binding efficiency of the modeled protease from Bacillus sp. and different
substrates by molecular docking studies (Baweja et al., 2016; Kandasamy
et al., 2017).

This study reveals a new alkaline serine protease's biochemical
properties, catalytic potentials, and binding patterns using in vitro and in
silico techniques.

2. Materials and methods

Ninety-three soil samples were collected from the Eastern Province
(Dhahran) and Riyadh (Shaqra) of Saudi Arabia and were used for bac-
terial screening and production of their alkaline proteases.

2.1. Isolation and screening for alkaline protease producing bacteria

All bacterial isolates were initially screened for their proteolytic ac-
tivity onto alkaline casein agar (pH 9.4) involving (g/L): Agar (15),
peptone (5), casein (5), and yeast extract (1). Incubation was done for 24
h at 40 �C. Next, proteolytic bacterial isolates were purified through
quadrate streaking onto nutrient agar Petri dishes (pH 9.0) composed of
(g/L): Agar (15), peptone (5), sodium chloride (5), meat extract (1), and
yeast extract (2). Recovered bacterial isolates were then preserved into
20% (v/v) glycerol at -80 ○C.

2.2. Enzyme production

2.2.1. Qualitative screening of the enzyme
Bacterial isolate D9 was selected for further microbiological and

biochemical investigation, as it produced the highest clearance zone
around its growing colonies on casein agar. The qualitative screening of
the alkaline protease (AKD9) of isolate D9 was carried out on the basal
medium described by Kotb (2015) containing (g/L): Soybean powder (5),
lactose sugar (10), K2HPO4 (0.5), KH2PO4 (1.5), CaCl2 (2), and
MgSO4.7H2O (0.5). The growth was allowed for 48 h at 40 �C in a 50 mL
medium (pH 9.5). Inoculation was done using 1% (v/v) of an overnight
bacterial broth having A600 of about 0.2 and incubated in an orbital
shaker at the rate of 120 rpm.

2.2.2. Protein quantification and protease activity assay
Protein quantification was measured directly at A280. Protease ac-

tivity was evaluated by mixing 1 ml of the enzyme with 1 ml of 1.0% (w/
v) casein dissolved in 0.1 M glycine–NaOH buffer, pH 10.0. The enzyme-
substrate mixtures were incubated at 45 �C for 30 min. The reaction was
terminated by adding 2 ml of 10% (w/v) trichloroacetic acid stop solu-
tion. The A280 of the supernatant was measured and converted to tyrosine
equivalents. One unit of protease activity (U) is defined as the quantity of
protease releasing one micromole of equivalent L-tyrosine/min under the
standard conditions of the assay.

2.2.3. Enzyme purification
After producing AKD9 alkaline protease under the aforementioned

conditions, the bacterial culture supernatant was fractionated by
applying 30–60% (NH4)2SO4 precipitation. The resulting proteins
were collected by centrifugation for 20 min at a speed of 10,000g and
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resuspended in 6 ml of 20 mM borate buffer (pH-8.5). The first
elution of the crude enzyme was done through the DEAE-Sepharose
CL-6B column (2.5 � 30 cm2) equilibrated with the typical buffer.
Next, the unbounded proteins were eluted at a 1 ml/min rate with the
same buffer with a linear rise in the ionic strength from 20 mM to
800 mM. Protease active fractions were then concentrated and sub-
jected to the second elution through Sephadex G-100 FF column (2 �
70 cm2) at a 0.5 ml/min rate using 20 mM borate buffer (pH-7.4).
The final potent protease fractions were lyophilized and analyzed for
enzymatic purity by SDS-PAGE analysis, according to Andrews (1986),
using 10% resolving gel and 4% stacking gel with a constant volt of
60V.

2.3. Enzyme characterization

2.3.1. Effect of temperature on enzyme activity and stability
The effect of temperature on the AKD9 alkaline protease activity was

analyzed at a varied temperature range (30–80 �C). The thermal stability
was checked by pre-incubating the enzyme for 60 min at the same range
of temperatures, followed by measuring their percent of residual activ-
ities against the substrate.

2.3.2. Effect of pH on enzyme activity and stability
The effect of pH on the enzymatic activity was assessed using 0.1 M

buffer systems comprising phosphate buffer (pH 6–7), Tris-HCl buffer
(pH 8–9), and glycine–NaOH buffer (pH 10–12). The pH stability analysis
was conducted prior to the incubation of the protease enzyme for 1 h at
35 �C in the same buffers (pH 6–12), and residual activities were
analyzed.

Isoelectric point (pI) was defined as the pH value at which maximum
protein was measured. Concentrated fractions of AKD9 protease were
incubated for 12 h at a pH range of 3.0–10.8 at 4 �C using the buffer
systems mentioned above to determine the pI of the protease. In each
separate test, precipitated proteins after centrifugation at 10,000 g for 15
min were quantified by resuspending in 1ml Tris-HCl buffer (pH 7.5).
Then, the absorbances A280 and A260 were measured applying the
following equation: Soluble protein (mg ml�1) ¼ 1.55 OD280 - 0.76
OD260.

2.3.3. Effects of metal ions and protease inhibitors on the purified protease
The effect of various metal ions on the activity of the purified AkD9

protease was investigated by adding metal ions (Fe 2þ, Ca2þ, Mn2þ, Zn2þ,
Cu2þ, Ba2þ, Mg2þ, and Hg2þ) to the enzyme and incubated for 1 h. The
effect of protease inhibitors was also assessed using EDTA, PMSF, SBTI,
TLCK, aprotinin, 2,20-bipyridine, and o-phenanthroline. The activity of
the enzyme in the absence of metal ions and inhibitors was taken as
100% activity.

2.4. In silico analysis of the bacterial isolates and its alkaline protease gene

Bacterial isolates showing the maximum alkaline protease produc-
tivity were selected for in silico identification and characterization using
16S rRNA and alkaline protease gene.

2.4.1. PCR amplification of 16S rRNA and protease genes
Twelve soil bacterial isolates (D2, D9, D10, D14, D26, D30, D35, D40,

D42, D44, D46, and D48) showing the maximum alkaline protease pro-
ductivity were used for amplification of the 16S rRNA gene. PCR was
done directly from the bacterial glycerol stock according to Macrogen.
Primers F 50AGA-GTTTGATCCTGGCTCAG-30 and R 50-GGTTACCTTGT-
TACGACTT-30 were used for PCR amplification of the 16S rRNA gene
(Srinivasan et al., 2015). Isolate D9 with high protease activity was used
for amplification of alkaline protease gene AKD9. Alkaline protease
primers F 50 CATATGTTTGGGTACTCTATGG-30 and R 50 GGATCCTT
ATTGGCCGGGAACGGAA-30 were used (Sadeghi et al., 2009). PCR was
performed according to the manufacture of PCR SuperMix Invitrogen™.
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Figure 1. Molecular identification of the alkaline protease-producing bacteria based on its 16S rRNA gene sequence showing multiple sequence alignment of 16S
rRNA gene, the 16S rRNA alterations are boxed (a) and Neighbor-joining phylogenetic analysis of 16S rRNA gene (b).
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The PCR product containing alkaline protease gene was extracted from
0.8% agarose gel using QIAquick Gel Extraction Kit (Qiagen), and
inserted into TA Cloning® Kit, with pCR™2.1 Vector, Invitrogen. The
recombinant plasmid was transformed into DH5α E. coli cells.

2.4.2. Sequence analysis
The 16S rRNA and alkaline protease products were sent to Macrogen

for sequencing, sequences were edited using Chromas version 2.6.6 (http
s://technelysium.com.au/wp/chromas/); sequence identity and simi-
larity were performed through BLAST programs from National Center for
Biotechnology Information (NCBI), USA (http://www.ncbi.nlm.nih.
gov/Blast). In addition, 16S rRNA and alkaline protease sequences of
Pr
ot

ei
n

co
nt

en
t (

m
g/

m
l)

Fr

a

Figure 2. Elution profile of the purified protease from isolate D9 through Sephadex G
lane PE was loaded with the purified AKD9 protease.
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different bacterial isolates were retrieved from the BLAST-NCBI database
for multiple sequence alignment and phylogenetic tree construction.

2.4.3. GenBank submission
The 16S rRNA and alkaline protease sequences were submitted to

GenBank under the accession numbers MK819971–MK819982 for the
16S rRNA gene and MK814958 (protein_id QGA88715.1) for the AKD9
alkaline protease gene.

2.4.4. Multiple sequence alignment and phylogenetic analysis
Molecular evolutionary genetics analysis (MEGA) software version

MEGA 6.0 was used for multiple sequence alignment analysis, neighbor-
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-100 (a) and SDS-PAGE (b). Lane M was loaded with the marker proteins, while
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Figure 3. Effect of temperature upon the AkD9 protease activity (-●-) and
stability (-○-).

Table 1. Effect of metal ions and protease inhibitors on AKD9 enzyme activity.

Inhibitors or metal ions Concentration,
mM

Residual
activity,
U/ml

None - 100.5 � 1.5

ZnCl2 5 21.3 � 1.7

CaCl2 5 101.5 � 2.0

BaCl2 5 95.5 � 0.6

FeCl3 5 129.0 � 2.1

CuCl2 5 88.9 � 1.5

MgCl2 5 98.6 � 1.4

HgCl2 5 17.2 � 0.5

MnCl2 5 102.5 � 2.1

EDTA 5 101.5 � 1.1

2,20-Bipyridine 0.1 98.8 � 1.3

TLCK 0.1 31.5 � 0.4

Aprotinin 0.1 25.7 � 0.3

o-Phenanthroline 0.1 97.7 � 1.0

PMSF 10 1.5 � 0.1

SBTI 0.1 7.2 � 0.2
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joining phylogenetic trees construction, and bootstrap analysis (Tamura
et al., 2013).

2.4.5. Prediction of functional sites and protein family
Expasy-PROSITE tools (https://prosite.expasy.org/) are protein da-

tabases for identifying protein domains, families, and functional sites as
well as associated patterns and profiles (Sigrist et al., 2013). ScanProsite
(https://prosite.expasy.org/scanprosite/) is one of the Expasy-PROSITE
tools that was used to predict the catalytic domain and the active sites
of AKD9 protease.

Also, Pfam (http://pfam.sanger.ac.uk/) is a database of conserved
protein families and domains, Pfam is a member database of InterPro (htt
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Figure 4. Effect of pH upon the AkD9 protease activity (-●-) and stabilit
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p://www.ebi.ac.uk/interpro/about/interpro) as part of EMBL-EBI (htt
ps://www.ebi.ac.uk). Pfam database was used to identify the AkD9
protein family.

2.4.6. Physicochemical properties
The physical and chemical attributes, such as molecular weight,

theoretical pI, amino acid composition, atomic composition, instability
index, aliphatic index, and grand average of hydropathy (GRAVY), of the
AKD9 protease were computed using the ProtParam assessment tool of
the ExPASy server (http://web.expasy.org/protparam/).

2.4.7. Subcellular localization
The subcellular location of the alkaline protease AKD9 was docu-

mented by utilizing the PSORTb v.3.0.2 (https://www.psort.org/psor
tb/) (Yu et al., 2010).

2.4.8. Secondary structure prediction
The self-optimized prediction method with alignment (SOPMA) tool

(Geourjon and Deleage, 1995) was used for predicting the secondary
structure of AKD9 protease (https://npsa-prabi.ibcp.fr/cgi-bin/nps
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y (-○-) (a) and isoelectric point based on pH precipitation profile (b).
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a_automat.pl?page¼/NPSA/npsa_sopma.html). The method works by
making consensus predictions from multiple alignments. The positional
possibility of alpha helix, beta sheets, beta turns, and random coils was
assessed using the default parameters of this tool.

2.4.9. Protein-protein docking studies
The protein-protein docking process for AKD9 alkaline serine prote-

ase isolated from B. subtilis and casein substrate was performed using
MOE 2019 drug design suite (Inc, 2016). It was carried out to describe
and evaluate the binding affinity of casein towards alkaline serine pro-
tease and confirm its proteolytic potential in a 3D manner.

2.4.10. Preparation of target proteins
The Protein Data Bank (https://www.rcsb.org/) was used to extract

the X-ray structures of both the alkaline serine protease and casein (PDB
codes: 1WMD (Nonaka et al., 2004) and 1QF8 (Chantalat et al., 1999),
respectively). Protein preparation protocol was applied for the prepara-
tion of the proteins where automatic correction for any errors in the
connections and types of atoms, the addition of hydrogen atoms in 3D
geometry, and energy minimization in keeping all atoms in the free
movement were applied as previously described (Abo Elmaaty et al.,
2021; Samra et al., 2021).

2.4.11. Protein-protein docking process
The protein-protein docking protocol was selected for describing the

interactions between alkaline serine protease and casein. The applied
methodology was as follows: The previously prepared alkaline serine
protease protein (1WMD) was inserted in the place of the receptor; the
prepared casein protein was selected to be the ligand; the hydrophobic
patch potential for the ligand site was selected before initiating the
docking process. The scoring tools were adjusted to default values. The
number of pre-placement poses, placement poses, and refinement poses
Figure 5. Neighbor-Joining phylogenetic analysis of AKD9
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were 10000, 1000, and 100, respectively (El-Shal et al., 2021). The ob-
tained 100 poses by the end of the docking process were screened to
select one showing the best protein-protein interactions and score value.

3. Results and discussion

3.1. Isolation and preliminary screening of bacterial isolates for the
protease activity

Of 93 soil bacterial isolates collected from the Eastern Province
(Dhahran) and Riyadh (Shaqra) of Saudi Arabia, 12 bacterial isolates
have showed the maximum alkaline protease activity upon preliminary
screening. Among these, isolate D9 formed a remarkable hydrolytic zone
of clearance around its colonies and therefore, was chosen for further
study.

3.2. Molecular identification of the alkaline protease-producing bacteria

The 12 high alkaline protease-producing bacterial isolates were
identified through amplification and sequence analysis of the 16S rRNA
gene. BLASTn, multiple sequence alignment, and phylogenetic analysis
of 16S rRNA sequence (Figure 1a and b) showed that isolates D9, D10,
D30, and D42 belong to the B. subtilis group (99.89%–100%). However,
isolates D2, D14, D26, D35, D40, D44, D46, and D48 belong to the
B. cereus group (99.79%–100%). It was noticed that five nucleotide
substitutions and one indel (C11→T, C12→T, '-'13→A, T17→A, T58→C
and G59→A) differentiated between B. subtilis and B. cereus groups
(Figure 1a). Although our isolates were classified, at the group level, as
members of B. subtilis and B. cereus groups, the high identity (99.8%–

100%) between our isolates and those of B. subtilis and B. cereus groups
prevented the classification at the species level. Some researchers indi-
cated that the highly similar sequences of the 16S rRNA gene make the
alkaline protease and those of Bacillus subtilis group.

https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page&equals;/NPSA/npsa_sopma.html
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page&equals;/NPSA/npsa_sopma.html
https://www.rcsb.org/


Figure 6. Prediction of the catalytic domain and active sites of serine protease gene AKD9. The catalytic triad subtilase_ASP155, subtilase_HIS187, and sub-
tilase_SER384 were predicted with a score of 44.6.

Figure 7. Prediction of AKD9 Peptidase S8 domain subtilase family and the active site using Pfam sequence matches and features compared to Pfam Id Peptidase_S8
PF00082.22. Blue cylinder shape corresponds to peptidase S8 domain subtilase family. Purple diamond shapes correspond to Pfam's predicted active sites D155, H187,
and S384.
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identification of some Bacillus species difficult (Maughan and Van der
Auwera, 2011; Mohkam et al., 2016).
3.3. Purification and molecular weight determination of protease from D9
isolate

Based on the potency in productivity, the alkaline protease AKD9 of
B. subtilis isolate D9 was selected for enzyme purification and biochem-
ical characterization. The protein in the final active fractions obtained
from Sephadex G-100 elution (Figure 2a) was analyzed by SDS-PAGE,
6

which declared the presence of a single band just below 48 kDa
(Figure 2b), lying within the molecular weight range (27–71 kDa). This
was reported for most of the alkaline proteases isolated from Bacillus
species (Karray et al., 2021).
3.4. Enzyme characterization

3.4.1. Effect of temperature on enzyme activity and stability
Temperature is considered as one of the essential factors influencing

both protease activity and stability. The temperature optima and



Table 2. AKD9-similar serine proteases represent different Bacillus species
retrieved from BLASTp-NCBI.

No. Accession number Species % identity

1 WP_088110886.1 serine protease AprX [B. subtilis] 99.55%

2 WP_088679106.1 serine protease AprX [B. intestinalis] 97.29%

3 WP_129505642.1 serine protease AprX [B. cabrialesii] 96.61%

4 PWI61024.1 serine protease [B. subtilis] 96.15%

5 AEQ76892.1 alkaline protease [B. circulans] 95.70%

6 WP_075746260.1 serine protease AprX [B. licheniformis] 95.70%

7 WP_087991472.1 serine protease AprX [B. subtilis] 94.57%

8 WP_121642617.1 S8 family peptidase [B.vallismortis] 93.89%

9 WP_151175046.1 S8 family serine peptidase [B.halotolerans] 93.67%

10 WP_029441280.1 S8 family peptidase [B. mojavensis] 93.67%

11 WP_024715980.1 S8 family peptidase [B. tequilensis] 93.21%

12 WP_106359901.1 S8 family peptidase [B. atrophaeus] 89.59%

Table 4. Subcellular localization of the AKD9 alkaline serine protease using
PSORTb.

Localization PSORTb score

Cytoplasmic 0.10

Cytoplasmic Membrane 0.14

Cell wall 0.15

Extracellular 9.60

Final Prediction: Extracellular 9.60

Table 3. Physiochemical properties of AKD9 alkaline serine protease primary structure compared to the similar serine proteases of Bacillus species retrieved from
GenBank database.

Serine protease N amino
acids

Molecular
weight

Asp þ Glu/
Arg þ Lys

Theoretical
pI

Gravy
index

Instability
index

Aliphatic
index

AKD9 B. subtilis 442 47789.68 57/43 5.14 -0.37 30.63 79.84

1 B. subtilis 442 47769.69 57/43 5.14 -0.36 30.19 80.07

2 B. circulans 442 47857.83 58/43 5.14 -0.37 35.87 79.41

3 B. subtilis 442 47875.87 60/43 4.93 -0.34 28.55 81.40

4 B. licheniformis 442 47830.79 57/45 5.22 -0.36 32.31 79.64

5 B. intestinalis 442 47954.95 59/43 5.05 -0.37 32.31 80.29

6 B. cabrialesii 442 47871.75 59/43 5.00 -0.38 33.76 79.64

7 B. subtilis 442 47907.83 58/43 5.14 -0.37 33.91 78.53

8 B.halotolerans 442 47842.94 58/45 5.28 -0.34 32.89 80.54

9 B.vallismortis 442 47847.94 58/45 5.26 -0.34 29.06 81.63

10 B. tequilensis 442 47939.14 56/46 5.43 -0.36 29.84 82.96

11 B. mojavensis 442 47876.95 58/44 5.16 -0.34 30.51 80.52

12 B. atrophaeus 442 48172.20 59/44 5.21 -0.36 28.65 82.08
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thermostability vary based on the bacterial species. AKD9 protease
exhibited optimum activity at temperature 50 �C and stability till 65 �C
(Figure 3), which coincides with the proteases involved in the commer-
cial detergents like Surf, Henko, Ariel, Mr. White, and Rin. It also had the
maximum protease activity at 50 �C and showed poor protease activity at
40 �C and very low activity at 60 �C (Sharma et al., 2019).

3.4.2. Effect of pH on enzyme activity and stability
The changes in the pH values affecting both protease activity and

stability were also tested. The highest protease activity (100%) was
observed at pH 9.5. Interestingly, we noticed that the purified enzyme
was highly stable in the pH range of 8–11 after 1 h of incubation without
the reacting substrate (Figure 4a). Moreover, the isoelectric point (pI)
was found at pH 5.2 (Figure 4b). In other investigations, alkaline pro-
teases from Aureobasidium pullulans, Yarrowia lipolytica, Issatchenkia ori-
entalis, and Cryptococcus aureus had an optimum pH of 9–10 and optimum
temperature of 45–50 �C (Li et al., 2009).

3.4.3. Effect of metal ions on the enzyme activity
Metal ions play an important role in maintaining the active confor-

mation of proteases (Sharma et al., 2019). The influence of metals and
protease inhibitors on the activity of AKD9 was performed (Table 1). The
pure form of the AKD9 enzyme was inhibited in the presence of Hg2þ

(residual activity ¼ 17.2 U/ml) and Zn2þ(residual activity ¼ 21.3 U/ml).
However, Fe3þ ions exerted the highest stimulatory effect (residual ac-
tivity ¼ 129.0 U/ml). Mn2þ showed a very low stimulatory effect (102.5
7

U/ml). Referring to literature, Paul et al. (2011) reported that alkaline
serine protease requires Co2þ or Mn2þ metal ions to improve activity.

According to Table 1, the metalloprotease inhibitors had little effect
on the enzymatic activity. However, the serine protease inhibitors,
especially PMSF, highly repressed it. Therefore, the AKD9 enzyme was
concluded to be a serine protease-type. Furthermore, according to the
literature, it was reported that the alkaline protease produced by
different species of fungi and bacteria is maximally inhibited by PMSF at
5 mM concentration, indicating that they are serine proteases (Sharma
et al., 2019).

3.5. In silico characterization of AKD9 alkaline serine protease gene

3.5.1. Sequence and phylogenetic analysis of AKD9 gene
B. subtilis isolate D9 with high protease productivity was used to

amplify the alkaline protease gene AKD9. The deduced amino acid
sequence of the alkaline protease gene comprises 442aa, an estimated
molecular weight of about 47,789 Da. BLASTp and phylogenetic analysis
showed a close relationship between our alkaline protease AKD9 and
AprX serine protease of B. subtilis isolates (Figure 5).

Together, the high similarity and the close phylogenetic relationship
with AprX serine protease of B. subtilis isolates confirm that isolate D9
represents isolate of B. subtilis and suggest that alkaline protease AKD9 is
considered as a serine protease member. Similarly, biochemical analysis
revealed a high level of inhibition with serine protease inhibitors con-
firming that AKD9 is a serine protease.

3.5.2. Functional analysis of AKD9 gene
ScanProsite search tool was used to scan AKD9 serine protease for

matches against PROSITE profiles and patterns to identify protein do-
mains, families, and functional sites. Subtilase domain (peptidase S8)
was predicted at amino acid position 122–439 of AKD9 (compared to



Figure 8. Secondary structure prediction of AKD9 serine protease. Blue h ¼ alphahelix accounted for approximately 32.81%. The red e ¼ beta sheet accounted for
approximately 15.16%. The green t ¼ beta turn accounted for approximately 7.24%. The yellow c ¼ random coil accounted for approximately 44.80%.
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PROSITE entry PS51892), including the catalytic triad subtilase. The
catalytic triad subtilase_ASP155, subtilase_HIS187, and subtilase_SER384
were predicted with a score of 44.6 (Figure 6). Similarly, peptidase S8
domain subtilase family and the active site D155, H187 and S384 with
score 195.17 were predicted using Pfam sequence matches and features
compared to Pfam Id Peptidase_S8 PF00082.22 (Figure 7). It is known
that alkaline serine proteases have Aspartate (D) and Histidine (H) res-
idues along with Serine (S) in their active site forming a conserved cat-
alytic triad detected in different microbial serine proteases (Gupta et al.,
2002; Raj et al., 2017). Besides, the catalytic triad is considered the main
player in the catalytic mechanism in the serine proteases (G�abor et al.,
2009).

To confirm the effect of mutations on the predicted functional site,
three separate substitutions replaced the catalytic tried as follows:
ASP155 was replaced by Serine (S), HIS187 was replaced by Aspartate
(D), and SER384 was replaced by Histidine (H). The active site triad
substitutions avoided predicting the catalytic tried, thereby confirming
the specificity and conservancy of the amino acid of the catalytic triad
(supplementary data).

3.5.3. Physicochemical characterization of AKD9 gene
Twelve serine proteases sequences representing different Bacillus

species were retrieved from NCBI-BLASTp and compared to AKD9 serine
protease to better investigate the gene encoding AKD9 protease
8

(Table 2). Different physicochemical characteristics were predicted
using Expasy's Protparam server: N amino acids, molecular weight,
theoretical pI, gravy index, instability index, and aliphatic index, the
total number of negatively charged residues of AKD9 alkaline protease
(Table 3).

The molecular weight of the serine proteases ranged from 47.8–48
kDa (47.8 kDa for AKD9), similar to that detected in vitro (band below 48
kDa) (Figure 2b). The theoretical isoelectric point (pI) is the pH atwhich a
particular molecule or surface carries no net electrical charge; it is useful
for understanding the protein charge stability (Gasteiger et al., 2005). The
pI of the serine proteases ranges from 4.93 to 5.43 (5.14 for AKD9),
similar to that detected in vitro (pI ¼ 5.2) (Figure 4b). The predicted
instability index<40 indicates that the protein is stable, while those with
values>40 suggest that the protein is unstable (Guruprasad et al., 1990).
The instability index value was 28.55–35.87 (30.63 for AKD9), indicating
the stability of the serine proteases. The calculated Instability index for
APrBL alkaline serine protease of B. lehensis was 26.23 (Bhatt and Singh,
2020). A high aliphatic index indicates that the protein is thermostable
over a wide temperature range (Ikai, 1980). The high aliphatic index
range 78.53–82.96 for the serine proteases and 79.84 for AKD9 indicate
its enhanced thermo-stability over a broad range of temperatures. Also,
the biochemical analysis indicated that theAKD9 is stable till 65 �C,which
can approve the calculated aliphatic index. The number of negatively
charged amino acids (Asp þ Glu) was higher than the positively charged



Figure 9. (a) PLIF for alkaline serine protease and casein docking (in population form). (b) PLIF for alkaline serine protease and casein docking (in barcodes form).
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amino acids (Argþ Lys) for all alkaline serine proteases (AspþGlu/Argþ
Lys was 57/43 forAKD9), indicating alkali-halo stability of the serine
proteases. Negative charges are necessary for the tertiary or quaternary
structure because they stabilize water and/or ion binding, facilitate pro-
tein refolding and prevent aggregation (Takenaka et al., 2011; Bhatt and
Figure 10. The large surface area of binding interactions between alkaline ser

9

Singh, 2020). The grand average of hydropathicity (GRAVY) index
ranging from -0.38 to -0.34 (�0.37 for AKD9) indicated that AKD9 is a
hydrophilic protease and has better interactionwithwater (Pradeep et al.,
2012). As a result, in the industrial sector, protease extraction is easy since
it does not bind to the hydrophobic membrane.
ine protease and casein (described in turquoise and purple, respectively).



Figure 11. 3D binding interactions between alkaline serine protease and casein (described in turquoise and purple, respectively).
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3.5.4. Subcellular localization of AKD9 gene
Psortb2 software was used to predict the subcellular localization of

the AKD9 serine protease. The protein is extracellular with a Psortb score
of 9.6 (Table 4). Some research indicated that B. subtilis could produce
extracellular protease (Soares et al., 2005; Pant et al., 2015; Blanco et al.,
2016).

3.5.5. Secondary structure
The secondary structure of AKD9 protease was predicted by applying

the SOPMA tool (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?
page¼/NPSA/npsa_sopma.htmlv). The secondary structure determines
whether a given amino acid sequence lies in a helix, strand, or coil
(Jyotsna et al., 2010; Ojeiru et al., 2010). The secondary structure of
AKD9 serine protease predicted and revealed that AKD9 protease con-
tained 32.81% alpha-helix, 15.16% beta-sheet, 7.24% beta-turn, and
44.80% random coil, indicating the dominance of the coils (Figure 8).
The flexible conformation of the coil regions in APrBL alkaline serine
protease enhances its activity and stability under the saline and alkaline
conditions; structural flexibility in the active site of the enzyme might
facilitate efficient substrate binding and catalysis (Bhatt and Singh,
2020). The halophilic and alkaliphilic enzymes need to balance rigidity
to prevent the unfolding and flexibility to allow the motions necessary for
the catalysis. However, non-halophilic enzymes contain more alpha-helix
and beta-sheet forming regions (Zorgani et al., 2014).

3.5.6. Molecular docking
The highest interaction between AKD9 alkaline serine protease and

casein recorded a binding score of -71.92 kcal/mol and an RMDS_refine
value of 0.70, indicating a very good binding affinity and expected
intrinsic activity.

3.5.6.1. Protein-ligand interaction fingerprint (PLIF). The protein-ligand
interaction fingerprint (PLIF) was studied for the selected pose from
the docking process (pose number 6). It was noted that Asp391 and
Asn392 were the most crucial amino acids of the alkaline serine protease
(28%) responsible for the binding to casein. Also, Trp393, Thr419,
Asn420, Ser361, and Leu188 of the alkaline serine protease formed the
most significant portion of interactions (Figure 9a and b).

3.5.6.2. Visualization and description of the selected docking pose. The
selected docking pose was based on the resulted binding interactions,
10
score, and rmsd_refine value as described earlier. Pose number 6 was
selected with a binding score of -64.57 kcal/mol and an RMSD_refine
value of 0.66. It is worth mentioning that the interaction between alka-
line serine protease and casein occurs through a large surface area greatly
recommends the expected intrinsic proteolytic activity as mentioned
before (Figures 10a, b and 11).

4. Conclusion

The current study focused on the biochemical properties, primary
structure, secondary structure, physicochemical properties, protein-
protein interactions, and catalytic potential of a Bacillus subtilis serine
protease. Based on PMSF inhibition of AKD9 enzyme, multiple sequence
alignment, phylogenetic and functional prediction, AKD9 protease is
classified as alkaline serine proteases and subtilase S8 family. Biochem-
ical analysis showed the stability of AKD9 protease at temperature 65 �C
and pH 8–11. In addition, physicochemical properties of the primary
structure revealed that AKD9 protease is hydrophilic, thermostable, and
alkali-halo stable. Secondary structure analysis confirmed the dominance
of the coils enhances AKD9 protease activity and stability under saline
and alkaline conditions.

Furthermore, molecular docking of the modeled alkaline serine pro-
tease showed very good binding affinities towards the casein substrate.
Based on these findings, alkaline serine protease could be a promising
candidate for the detergent industry. However, further in vitro studies are
needed to better understand the effectiveness of AKD9 serine protease as
a detergent.
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