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Abstract
ISP-SW5 is an intracellular alkaline serine protease gene from Bacillus velezensis SW5 that was heterologously expressed 
in Escherichia coli BL21 (DE3). Sequence analysis indicated that the ISP-SW5 gene has 960 bp open reading frame and 
encodes a protein of 319 amino acid residues. Three-dimensional structure of ISP-SW5 with the fibrinolytic activity from 
Bacillus velezensis was predicted by in silico analysis. Gly219 was the most likely active site for the fibrinolytic activity of 
ISP-SW5. The recombinant enzyme ISP-SW5 was purified by Ni–NTA Superflow Column. SDS-PAGE showed that this 
enzyme had a molecular mass of 34 kDa. The result of native-PAGE and N-terminal sequencing showed that the N-terminal 
propeptide of ISP-SW5 was cleaved during the maturation of protease. The optimum pH and temperature were 8.0 and 
40 °C, respectively. Enzyme activity was markedly inhibited by PMSF and EDTA but enhanced by 5 mM Ca2+ and 2 mM 
Zn2+ by up to 143% and 115%, respectively. Additionally, ISP-SW5 retained 93%, 78%, and 49% relative enzyme activity 
after incubation with 0.5 M, 1 M and 2 M NaCl, respectively, at 4 °C for 12 h. The enzyme activity determined by casein as 
substrate was 1261 U/mg. ISP-SW5 could degrade fibrin at an activity of 3428 U/mg, and its properties reflect its potential 
application in developing a novel biological catalyst for efficient fibrin hydrolysis in medical treatment.

Introduction

Cardiovascular diseases (CVDs), such as high blood pres-
sure, acute myocardial infarction, ischemic heart disease, 
valvular heart disease, peripheral vascular disease, arrhyth-
mias, and stroke, are the primary causes of death world-
wide [1]. According to the World Health Organization, 
CVDs caused 15.6 million deaths in 2010 worldwide and 

are expected to cause more than 20 million deaths per year 
by 2020 [2]. CVDs are alleviated by removing or treating 
the thrombus with a thrombolytic agent. The thrombolytic 
agents that are currently available in the clinic are classified 
into two types: one is plasminogen activators, such as strep-
tokinase, tissue-type(t)-PA and urokinase [3–5], which can 
activate plasminogen into plasmin. The other is the plasmin-
like proteases, such as nattokinase [6], which can directly 
dissolve fibrin clots. However, these agents are commonly 
expensive and show undesired side effects, such as immu-
noreaction, inflammation, and hemorrhage [7]. Therefore, 
exploring low-cost, effective and safe thrombolytic agents 
with novel mechanisms that can dissolve a thrombus reliably 
is necessary. Fibrinolytic enzymes with potential thrombo-
lytic applications have been recently purified from various 
sources, such as fermented food, earthworms, mushrooms, 
snake venom and microbial sources [8–10]. Amongst these 
sources, microbial source has attracted researchers’ attention 
due to its enzyme production superiority.

It is reported that intracellular alkaline serine protease 
from Bacillus velezensis possesses fibrinolytic activity. In 
this work, an intracellular alkaline serine protease gene from 
B. velezensis SW5 was isolated from fish sauce, success-
fully cloned into the pET-22b expression vector and then 
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transferred into E. coli BL21 (DE3) as a factory for fibrino-
lytic protease production. The 3D structure, conserved 
amino acid residues associated with the fibrinolytic activity 
of ISP-SW5 and N-terminal sequencing of ISP-SW5 were 
also illustrated. Additionally, the fibrinolytic and fibrinog-
enolytic activities of ISP-SW5 were investigated to exploit 
its possibility as a thrombolytic therapy for the commercial 
production of pharmaceutical products.

Materials and Methods

Bacterial Strains, Plasmids and Culture Media

Bacillus velezensis SW5 isolated from fish sauce was used 
for genomic DNA extraction. The E. coli strains DH5α and 
BL21(DE3) purchased from TransGen Biotech (China) were 
used as recombinant plasmid host strains. These strains were 
grown in Luria–Bertani (LB) or LB broth agar (LB broth 
added with 1.8% agar) containing 100 μg/mL ampicillin. 
pET-22b (Biofeng Company, Shanghai, China), containing 
the inducible T7 and the pelB signal peptide was used as the 
expression vector.

Cloning and Plasmid Construction

The genomic DNA of strain SW5 was extracted by using 
the Bacteria DNA Kit (Shanghai Sangon Biotech Com-
pany, Shanghai, China). PCR was performed to amplify the 
intracellular serine protease gene from the genomic DNA 
of strain SW5 by using specific primers containing sites for 
the restriction enzymes BamHI and XhoI (forward primer 
F1: 5′-CGA​CGG​GAT​CCA​ATG​AAT​GGT​GAA​ATG​CAT​
TTGA-3′ and reverse primer R1: 5′-GCC​GCT​CGA​GGA​
AAG​ACA​GCA​GCT​GTG​CCT​-3′). The following reaction 
conditions were used: predenaturation for 5 min at 95 °C fol-
lowed by 30 cycles of 15 s at 95 °C, 15 s at 55 °C and 1 min 
at 72 °C. The PCR products were purified and ligated into 
pET-22b (Novagen). Subsequently, the recombinant plasmid 
was transformed into E. coli DH5α and subjected to DNA 
sequencing by Shanghai Sangon Biotech Company, China.

Sequence Analysis and Molecular Modeling

Nucleotide and amino acid sequences were analyzed using 
the BLAST(N) program of NCBI database (https​://www.
ncbi.nlm.nih.gov). Molecular mass and pI were determined 
at the ExPASy ProtParam site (https​://web.expas​y.org/tools​
/). The signal peptide was predicted using signal 3.0 server 
(https​://www.cbs.dtu.dk/servi​ces/Signa​lP-3.0/).

Conserved domain was analyzed using the CDD tool 
(https​://www.ncbi.nlm.nih.gov/cdd). A phylogenetic tree 
was constructed by MEGA 7, and the protein sequences 

were retrieved from MERPS (https​://www.ebi.ac.uk/merop​
s/index​.shtml​) and UniProt databases (https​://www.unipr​
ot.org/). The multiple amino acid sequence alignment of 
the intracellular alkaline serine protease was determined 
using CLUSTAL X [11]. The conserved amino acid residues 
associated with the fibrinolytic activity of serine protease 
were analyzed on the basis of MUSCLE alignment [12]. The 
structural modeling of the different sites of the protein was 
performed using SWISS-MODEL (https​://www.swiss​model​
.expas​y.org/inter​activ​e).

Expression, Purification, And Identification

Escherichia coli BL21(DE3)carrying the recombinant plas-
mid was grown in LB medium supplemented with ampicil-
lin (100 μg/mL) at 37 °C. When the absorbance at 600 nm 
(OD600) of the culture reached 0.6, 0.2 mM isopropyl-β-
d-thiogalactopyranoside (IPTG) was added to the culture 
medium. After further incubation at 37 °C for 8 h under 
shaking (180 rpm), the cells were harvested by centrifu-
gation at 8000×g at 4 °C for 10 min. The cell pellet was 
washed and resuspended in 50 mM phosphate buffer solution 
(PBS) buffer (pH 7.4). The resuspended cells were lysed 
by ultrasonication (SCIENTZ Company, Ningbo, China) 
(300 W, 3 s bursts and 7 s pulses for 10 min) in PBS buffer. 
After centrifugation at 8000×g for 20 min, cell debris was 
removed, and the crude extract was purified under nonde-
naturing conditions with Ni2+–NTA Sefinose™ Resin in 
accordance with the manufacturer’s instructions (Shanghai 
Sangon Biotech Company, Shanghai, China). To remove 
imidazole for downstream applications, we dialyzed the 
eluent with a dialysis membrane. It was then stored at 
− 80 °C until use. Protein concentration was determined 
through Bradford protein assay [13]. The purified protein 
was detected via sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) and native-polyacrylamide gel 
electrophoresis (native-PAGE) as described by Rekik et al. 
[14]. The intracellular alkaline serine protease protein band 
in the SDS-PAGE gel was cut out and then subjected to 
N-terminal sequencing analysis using mass spectrometry 
methods as described by Ellis et al. [15]. The activity of the 
protease was determined by the Folin-phenol method using 
casein as the substrate, as described by Yu et al. [16].

Effect of pH and Temperature on ISP‑SW5 Activity

The optimum pH of ISP-SW5 was determined under differ-
ent pH values. Sodium acetate buffer (0.02 mol/L) with pH 
4.0–6.0, Na2HPO4–NaH2PO4 (0.02 mol/L) with pH 6.0–8.0, 
Tris-HCI (0.02 mol/L) with pH 8.0–9.0 and glycine–NaOH 
(0.02 mol/L) with pH 9.0–11.0 were used as buffers. To 
investigate the pH stability, the enzyme was dissolved in dif-
ferent pH buffers, and the mixture was incubated for 60 min 
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at room temperature. After readjusting the pH to 8.0, the 
residual activity was measured under the assay condition. 
The activity at the beginning of the experiment was consid-
ered as the control (100%).

The optimum temperature was investigated between 30 
and 90 °C, and thermostability was examined by incubating 
ISP-SW5 in the absence of the substrate at various tempera-
tures (30 °C–90 °C) for 30 and 60 min. Then, the residual 
activity was determined as previously described. The non-
heated enzyme was considered the control (100%).

Effect of Metal Ions, Inhibitors, and Surfactants 
on ISP‑SW5 Activity

The influences of various factors, including K+, Ca2+, Mg2+, 
Fe2+, Cu2+, Ba2+, Zn2+, Co2+, Mn2+, A13+, PMSF, EDTA, 
CMC and SDS, Tween 60, Tween 80 and Trixon X-100 on 
enzyme activity were investigated. Besides, enzyme activity 
was measured to investigate salinity tolerances by incubation 
with NaCl (0.5, 1 and 2 M) at 4 °C for 12 h. The relative 
activity was calculated using enzyme activity in the absence 
of these chemical reagents as the control (100%).

Substrate Specificity

The substrates casein, gelatine, glycoproteins, soy protein 
isolate, keratin, BSA and fish peptone at a final concentra-
tion of 1.0% were added to the enzyme solution. After the 
samples were incubated at 50 °C for 10 min, the relative 
activity of the protease was determined as described above.

Fibrinolytic and Fibrinogenolytic Activity of ISP‑SW5

The fibrinolytic activity of ISP-SW5 was determined using 
the fibrin plate method as described by Wu et al. [17]. To 
observe the fibrinolytic activity of ISP-SW5, 20 µL of the 
purified protease was added and incubated in a fibrin plate 
at 37 °C for 12 h. The fibrinolytic activity of ISP-SW5 was 
estimated by measuring the dimension of the clear zones on 
the fibrin plate and using the standard curve of urokinase 
(2–12 U) (Sigma, Shanghai, China) as the control.

The fibrinogenolytic activity was also measured by incu-
bating 500 μg of bovine fibrinogen with 1.4 μg of ISP-SW5 
in 500 μL of 50 mM PBS buffer at 37 °C. At various time 
intervals (0, 5, 10, 30, 60 and 120 min), the hydrolyzed prod-
ucts were withdrawn and analyzed against 12% SDS-PAGE.

Statistical Analysis

All determinations were performed in three independent 
biological replicates, and the results were expressed as the 
mean ± standard deviation. Statistical analysis was per-
formed using SAS 8.1 software.

Nucleotide Sequence Accession Number

The nucleotide sequence data of ISP-SW5 (960 bp) were 
deposited in the GenBank database under the accession 
number of MN119493. The strain B. velezensis SW5 that 
provided the target gene was deposited in China General 
Microbiological Collection Centre (CGMCC) (CGMCC 
1.16723).

Results and Discussion

Sequence, Structure Analysis, and Homology Model

The intracellular alkaline serine protease gene (960 bp) 
was amplified from the genomic DNA of B. velezensis 
SW5. The open reading frame (ORF) encoded 319 amino 
acid residues with a calculated molecular mass of 33.9 kDa 
and a predicted theoretical pI of 4.66. ISP-SW5 showed 
no signal peptide basis on SignalP analysis. The nucleic 
acid sequence of the ORF shared the highest homology 
with that from the complete genome of B. velezensis 
strain BIM B-439D. However, the function of this gene 
had not been experimentally verified. Conserved domain 
analysis using the CDD tool from NCBI showed that the 
ISP-SW5 protease sequence belonged to the peptidases 
S8 subtilisin subset of the peptidases_S8_S53 superfam-
ily (Fig. 1a). The amino acid sequence of ISP-SW5 was 
aligned and compared with those of proteases in the serine 
(S) peptidases superfamily retrieved from MEROPS and 
UniProt databases. The phylogenetic analysis of ISP-SW5 
showed close relatedness and clustering with the intracel-
lular serine proteases belonging to the peptidase S8 family 
(Fig. 1b). The deduced amino acid sequence of ISP-SW5 
sharing a sequence identity of 97.18% with ISP-B from 
Bacillus sp. [18], 86.21% with ISP-I from Bacillus sp. [19], 
46.15% with ispK from B. megaterium [20] and 45.72% 
with NKS-21 from Bacillus sp. (Fig. 2a) [21]. Although 
the amino acid sequence of ISP-SW5 was highly identical 
to those of ISP-B and ISP-I, the properties and structures 
of these proteases have not been reported in detail. The 
homology model of ISP-SW5 was built by the I-TASSER 
server with the template of intracellular subtilisin protease 
from B. clausii (PDB ID: 2 × 8j.1.A) (Fig. 2b) [22], which 
exhibited 54.64% identity with ISP-SW5. According to the 
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3D structure constructed by I-TASSER, the three amino 
acid residues (Asp50, His87, and Ser246) illustrated in 
sticks formed a catalytic activity center similar to ISP-I 
and ISP-NKS21, and the residue Asn179 was an oxyanion-
hole residue (Fig. 2c).

The Similarity of the Amino Acid Sequence 
of ISP‑SW5 with that of Other Fibrinolytic Proteases

ISP-SW5 and other reported fibrinolytic proteases were sub-
jected to multiple sequence analysis using MUSCLE, and the 
results were shown in Fig. 3. Sequence analysis and align-
ment revealed that ISP-SW5 was 58.44% identical to Bvsp 
from B. vallismortis [23], 32.43% identical to BSF1 from B. 
subtilis [24], 11.05% identical to Bt-vsp from Bumblebees 
[25], 11.80% identical to F-III-2 from Lumbricus rubellus 
[26], 10.03% identical to AFE from Arenicola cristata [27] 
and 14.24% identical to UFEII from Urechis unicinctus [28]. 
The five residues of Gly66, Gly93, Ala111, Gly181 and 
Gly219 might be the conserved amino acid residues related 

to the fibrinolytic activity of ISP-SW5. The serine protease 
from Arenicola cristata contained a highly conserved amino 
acid residue sequence (Gly–Asp–Ser–Gly–Gly–Pro) [27]. 
As shown in Fig. 3, the serine proteases contained the con-
served amino acid sequence Gly–Asp–Ser–Gly–Gly–Pro and 
had a highly conserved amino acid residue (Gly219) at the 
same position. This feature suggested that Gly219 was the 
most likely active site for the fibrinolytic activity of ISP-
SW5, followed by Gly93 and Ala111 near His50, and finally 
Gly181 and Gly66.

Expression and Purification of ISP‑SW5

ISP-SW5 was cloned from B. velezensis SW5 and expressed 
in E. coli BL21(DE3) successfully with a C-terminal His-
tag. The recombinant protein was purified from cell lysates 
using Ni2+–NTA Sefinose™, and the purified protein was 
then analyzed using SDS-PAGE and native-PAGE (Fig. 4). 
One band with a weight of approximately 34  kDa was 
observed (Fig. 4a, lane 3), and the result of native-PAGE 

Fig. 1   Prediction of the conserved domain of ISP-SW5 protein (a). 
Phylogenetic analysis of ISP-SW5 based on amino acid sequence 
similarity in catalytic domains by using the neighbor-joining method 

(b). Bootstrap values are expressed as percentages of 1000 replica-
tions and are shown at the nodes. GenBank accession numbers of 
proteases are also provided in parentheses
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Fig. 2   Multiple sequence alignment of ISP-SW5 and some other 
typical peptidases from the S8 family of intracellular alkaline ser-
ine proteases (a). The sequence identifier was ISP-SW5 from Bacil-
lus velezensis SW5; ISP-B from Bacillus sp. WRD-2 [18]; ISP-I 
from Bacillus subtilis IFO3013 [19]; ispK from Bacillus megaterium 
ATCC 14,945 [20] and ISP-NKS21 from Bacillus sp. NKS-21 [21], 

the active site residues D50, H87, S246, and oxyanion-hole resi-
due N179 are indicated in black boxes. Three-dimensional structure 
modeling (b) and close view of the catalytical sites (c) of the ISP-
SW5 proteins. Catalytic amino acids (Asp50, His87 and, Ser246) are 
marked by a stick
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Fig. 3   Amino acid sequence alignment of ISP-SW5 with fibrinolytic 
serine proteases. Identical residues are shown in black boxes. Dashes 
represent gaps that were introduced to preserve the alignment. The 
amino acid sequences of Bvsp from Bacillus vallismortis [23], BSF1 

from Bacillus subtilis [24], Bt-vsp from Bumblebees [25], F-III-2 
from Lumbricus rubellus [26], AFE from Arenicola cristata [27] and 
UFEII from Urechis unicinctus [28]
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indicated that the molecular weight polypeptide possessed 
proteolytic activity (Fig. 4b, lane 4). The molecular weight 
of ISP-SW5 was close to that of a cloned intracellular alka-
line serine protease from Bacillus sp. WRD-2 (34 kDa) [18], 
Bacillus megaterium ATCC 14945 (35 kDa) [20] and Bacil-
lus sp. LCB10 (35 kDa) [29] and differed from that of serine 
proteases from Virgibacillus sp. SK37 (46 kDa) [30] and 
Virgibacillus sp. DA1-1 (28 kDa) [31].

The estimated molecular weight of ISP-SW5 contain-
ing the pelB signal peptide from the expression vector was 
39 kDa. However, the results of SDS-PAGE showed that 
the molecular weight of the purified protein was 34 kDa. 
Therefore, this protein was subjected to N-terminal sequenc-
ing, through which six amino acid residues at the N-terminal 
were identified as Ile–Ala–Val–Leu–Asp–Thr. The obtained 
sequence was in accordance with the fragment of the 46th 
to 51th amino acid residues of ISP-SW5. On the basis of 
this finding, 45 amino acid residues of the primary transla-
tion product were removed, and a mature protein was then 

produced. Literature survey showed that the N-terminal pro-
peptide of the protein was cleaved during protease matu-
ration [32, 33], for example, Jeong et al. reported that the 
propeptide at the N-terminal of ispK was cleaved during 
protease maturation [20]. For verification of the propeptide 
role, the first 45 amino acids of ISP-SW5 were removed 
and re-subcloned to pET-22b, and the recombinant plasmid 
was transformed into E. coli BL21(DE3). The crude enzyme 
solution showed no proteolytic activity after induction and 
ultrasonication mainly because the propeptide gene-defec-
tive ISP-SW5 could not form an active 3D structure. These 
results suggested that the N-terminal sequence of the protein 
was crucial for protease maturation.

Effect of pH and Temperature on the Activity 
and Stability of ISP‑SW5

The optimal condition and stability for ISP-SW5 were 
determined in various buffers with different pH values (pH 
4.0–11.0) and different temperature ranges (20 °C–80 °C). 
Enzyme activity increased progressively with increasing pH 
over the pH range of 4.0–8.0 and peaked at pH 8.0. This 
result was in good agreement with reports for alkaline pro-
teases from B. cereus VITSN04 [34]. Slight and marked 
decreases in activity were observed in the pH ranges of 
8.0–9.0 and 9.0–11.0, respectively. (Fig. 5a). For the pH sta-
bility, more than 87% of the remaining enzyme activity was 
observed at pH 6.0–9.0 after 30 min of incubation (Fig. 5b).

The optimal temperature of ISP-SW5 was 40 °C. Enzyme 
activity decreased when the temperature was increased to 
more than 40 °C. A similar optimal temperature (40 °C) was 
also reported for an alkaline serine protease from Bacillus 
sp. ZJ1502 [16]. ISP-SW5 possessed good thermal stability 
and retained 81% and 28% of its relative enzyme activity 
when incubated at 40 °C and 50 °C, respectively for 30 min. 
(Fig. 5c). Moreover, ISP-SW5 showed excellent thermosta-
bility at low temperatures. Its enzyme stability was constant 
after incubation at 20 °C–40 °C for 30 and 60 min, but its 
thermostability sharply decreased to 25% and 4% relative 
enzyme activity after incubation at 50 °C and 60 °C, respec-
tively, for 60 min (Fig. 5d).

Effect of Metal Ions, Inhibitors, and Surfactants 
on ISP‑SW5 Activity

The effects of various metals, inhibitors, and surfactants 
on ISP-SW5 activity were summarized in Table 1. Enzyme 
activity slightly increased by Triton-X100 at the concentra-
tion of 0.5% and 1% and increased to 143% and 115% in the 
presence of 5 mM Ca2+ and 2 mM Zn2+, respectively. PMSF 
is a sulfonating agent that completely inhibits the enzymatic 
activity of the protease by sulfonating the essential serine 
residue at the active site [35]. EDTA, a chelating agent, can 

Fig. 4   SDS-PAGE (a) and casein zymography (b) of recombinant 
ISP-SW5. The samples were electrophoresed on a 12% SDS-PAGE 
(lanes 1–3) and 12% native-PAGE (lanes 4). After electrophore-
sis, the gel was stained with Coomassie brilliant blue (lanes 1–3) or 
detected for protease activity (lanes 4). M: protein markers; Lane 
1: Noninduced whole cell lysate; Lane 2: IPTG-induced cell lysate; 
Lane 3: Purified recombinant ISP-SW5; Lane 4: Purified recombinant 
ISP-SW5 in casein zymogram
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inhibit metalloproteases indirectly by removing divalent 
cations [36]. EDTA and PMSF almost completely inhibited 
enzyme activity. This effect suggested that ISP-SW5 was 
a typical serine metalloprotease of the subtilase superfam-
ily, which had calcium dependence as their well-known 
characteristic that was essential for their enzyme activity 
[30, 37]. This finding explains why calcium increases its 
enzyme activity. ISP-SW5 retained 93%, 78% and 49% rela-
tive enzyme activity after incubation with 0.5, 1 and 2 M 
NaCl, respectively, mainly because ISP-SW5 originated 
from a moderately halophilic bacterium B. velezensis SW5.

Substrate Specificity

Substrate specificity analysis was performed to determine 
the optimum substrate for the ISP-SW5-catalyzed reaction 
(Table 2). These experiments showed that casein was the 

ideal suitable substrate in these test substrates, the pro-
tease activity of casein was considered 100%. The relative 
enzyme activities of 51%, 45%, and 33% were detected on 
soy protein isolate, fish protein, and glycoproteins, respec-
tively. By contrast, ISP-SW5 showed only 21% and 14% 
relative enzyme activity against keratin and bovine serum 
albumin (BSA) substrates, respectively. ISP-SW5 exhib-
ited the lowest activity of 3% against gelatine. ISP-SW5 
could barely hydrolyze gelatine likely because gelatine 
was mainly composed of left-handed α-helix and some 
amino acids with low molecular weights [16]. Besides, 
the specific activity of the purified ISP-SW5 with casein 
as the substrate was 1261 U/mg under optimal conditions. 
This value was estimated to be 26.8-fold higher than that 
of the cell lysate of ISP-SW5, which had a specific activ-
ity of 47 U/mg.

Fig. 5   Biochemical characterization of the purified ISP-SW5. Effect of pH on the enzyme activity (a) and stability (b) of ISP-SW5. Effects of 
temperature on the activity (c) and stability (d) of ISP-SW5
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Fibrinolytic and Fibrinogenolytic Activity

ISP-SW5 formed clear hydrolyzed zones on the fibrin plate, 
whereas PBS buffer, which was used as a negative con-
trol, did not show any clear zones. This phenomenon indi-
cated that ISP-SW5 possessed fibrinolytic activity (Fig. 6). 
The fibrinolytic activity of ISP-SW5 was calculated to be 
3428 U/mg basis on the standard curve of urokinase activ-
ity (Fig. 6b). The measured activity of ISP-SW5 was higher 

than that of the fibrinolytic enzyme from Rhizopus chinensis 
12 (2143.4 U/mg) [38], but lower than that of serine protease 
from Bacillus sp. 4-L-16 (3863 U/mg) [23].

The SDS-PAGE analysis of the fibrinogenolytic activity 
of ISP-SW5 showed that the Aα-chain of fibrin was com-
pletely hydrolyzed within the first 5 min. Then, the Bβ-chain 
was completely hydrolyzed within 60 min. Finally, the 
γ-chain was completely hydrolyzed within 120 min (Fig. 6c). 
This hydrolysis pattern was similar to the hydrolysis pattern 

Table 1   Effect of various metal 
ions, inhibitors and surfactants 
on enzyme activity

Characteristic Chemical reagents Concentration Relative activity (%)

Metal ions K+ 2 mM 87.28 ± 1.57
5 mM 89.62 ± 2.39

Co2+ 2 mM 78.93 ± 2.73
5 mM 68.75 ± 1.42

Zn2+ 2 mM 115.59 ± 2.31
5 mM 110.68 ± 2.48

Fe2+ 2 mM 78.82 ± 1.61
5 mM 80.08 ± 2.88

Mg2+ 2 mM 54.71 ± 2.33
5 mM 80.24 ± 4.63

Mn2+ 2 mM 86.83 ± 1.95
5 mM 74.98 ± 2.44

Ca2+ 2 mM 135.16 ± 3.74
5 mM 143.87 ± 3.16

Al3+ 2 mM 87.52 ± 4.53
5 mM 89.16 ± 2.57

Cu2+ 2 mM 66.78 ± 2.86
5 mM 89.28 ± 2.27

Ba2+ 2 mM 89.97 ± 1.78
5 mM 87.17 ± 2.88

Protease inhibitors PMSF 2 mM 0
5 mM 0

EDTA 2 mM 4.55 ± 1.27
5 mM 1.36 ± 0.71

NaCl 0.5 M 93.73 ± 1.67
1.0 M 78.73 ± 1.51
2.0 M 49.58 ± 1.89

Surfactants CMC 2 mM 19.35 ± 1.41
5 mM 17.08 ± 2.36

SDS 2 mM 40.87 ± 1.83
5 mM 18.96 ± 1.73

Tween60 0.5% (v/v) 76.98 ± 2.14
1.0% (v/v) 78.83 ± 1.32
2.0% (v/v) 67.69 ± 2.21

Tween80 0.5% (v/v) 73.91 ± 1.81
1.0% (v/v) 70.92 ± 2.41
2.0% (v/v) 51.18 ± 1.91

Triton-X100 0.5% (v/v) 102.28 ± 2.06
1.0% (v/v) 103.79 ± 2.23
2.0% (v/v) 103.41 ± 1.72
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of fibrinogen proteases [10, 23]. Based on the results, it 
could be seen that ISP-SW5 exhibited a broad pH range 
(7–9) and a moderate thermophilic character. The surround-
ings of temperature and pH were close to that of human 

blood [39]. Therefore, this enzyme can be further developed 
as a potential candidate for thrombolytic therapy. However, 
the thrombolytic effect of ISP-SW5 in vivo needs further 
experimental research.

Conclusions

In this study, the gene encoding intracellular alkaline ser-
ine protease, ISP-SW5, from Bacillus velezensis SW5 iso-
lated from fish sauce was cloned and expressed as a soluble 
protein in E.coli and purified with a molecular mass was 
34 kDa. Three-dimensional structure of intracellular ser-
ine protease with the fibrinolytic activity from Bacillus 
velezensis was first described by in silico analysis. Gly219 
was the most likely active site for the fibrinolytic activity 

Table 2   Effect of different substrates on enzyme activity

Substrate Relative activity (%)

Casein 100 ± 3.18
Glycoproteins 33.65 ± 2.13
BSA 14.85 ± 1.94
Gelatin 3.61 ± 0.37
Soy protein isolate 51.10 ± 1.27
Keratin 22.12 ± 2.15
Fish protein 45.85 ± 1.88

Fig. 6   Fibrinolytic and fibrinogenolytic activities of purified ISP-
SW5. The fibrinolytic activity of ISP-SW5 on the fibrin plate, 1: Neg-
ative control, 2: Purified ISP-SW5 (2.8 μg) (a); The fibrinolytic activ-
ity of urokinase, 1: Urokinase (2 U), 2: Urokinase (4 U), 3: Urokinase 

(6 U), 4: Urokinase (8 U), 5: Urokinase (10 U), 6: Urokinase (12 U) 
(b); The hydrolytic products from fibrinogen were analyzed in 12% 
SDS-PAGE. Lanes1-6, degradation products after 0, 5, 10, 30, 60 and 
120 min of incubation, respectively (c)
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of ISP-SW5. The result of N-terminal of sequencing and 
Native-PAGE showed that the N-terminal propeptide of 
ISP-SW5 was cleaved during the maturation of protease. 
Protease activity analyses showed that ISP-SW5 had an opti-
mum temperature at 40 °C, optimum pH at 8.0. Besides, 
Zn2+, Ca2+ enhanced the enzyme activity, but EDTA and 
PMSF almost completely inhibited the enzyme activity. 
Additionally, ISP-SW5 had ideal relative enzyme activity 
under high osmotic pressure (0.5, 1, 2 M NaCl). Finally, it 
was reported that ISP-SW5 from Bacillus velezensis SW5 
had fibrinolytic activity. Analysis of its fibrinogen hydrolyz-
ing activity revealed that Aα-chain was firstly hydrolyzed, 
followed by the β-chain, and the γ-chain was the last to be 
hydrolyzed. These results indicated that ISP-SW5 was a 
prospective candidate for antithrombotic drug development.
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