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ABSTRACT
Introduction: Proteases are enzymes that catalyze the hydrolysis of peptide bonds and play an
important role in almost all biological processes. However, excessive protein proteolysis can be
implicated in several diseases, such as cancer, as well as cardiovascular, inflammatory, neurode-
generative, bacterial, viral and parasitic diseases. In these cases, protease inhibitors can be used as
one of versatile tools for regulating proteolytic activity of target proteases as well as therapeutic ap-
plications. In this study, we expressed and characterized a new serine protease inhibitory protein
(PI-QT) from the metagenome of sponge-associated microorganisms in Escherichia coli. Meth-
ods: The gene PI-QT encoding for a new serine protease inhibitory protein was expressed in E. coli
BL21(DE3). In addition, the expressed protein was purified and characterized. Results: Optimiza-
tion of expression of the recombinant protein PI-QT in E. coli showed that suitable conditions for
expression of the protein were pre-induction cell density (OD600) of 0.6 - 0.7, IPTG concentration of
1 mM and temperature of 25oC. The protease inhibitory protein was also purified and identified by
mass spectrometry LC-MS/MS. The recombinant protein showed inhibitory activity against trypsin
and α-chymotrypsin with activity values of 975± 26 U/mg and 417± 14 U/mg, respectively. Max-
imum activity of the protease inhibitory protein was obtained at pH 7 and temperature 20-35oC.
The inhibitor was stable over pH 4-9 and up to temperature 50oC. Addition of Zn2+, Mg2+ and
Ca2+ enhanced inhibitory activity, whereas other metal ions, surfactants and oxidants reduced in-
hibitory activity of the protease inhibitor. Conclusion: The recombinant protein PI-QT is a potential
protease inhibitor for therapeutic applications.

Key words: Escherichia coli, expression vector, protease inhibitor, recombinant protein, sponge-
associated microorganisms

INTRODUCTION
Proteases are enzymes that catalyze the hydrolysis
of peptide bonds and play an important role in al-
most all biological processes; however, their uncon-
trolled activity often leads to diseases. Excessive pro-
tein proteolysis can relate to several diseases, includ-
ing cancer, cardiovascular, inflammatory, neurode-
generative, bacterial, viral and parasitic diseases 1. In
these cases, protease inhibitors (PIs) can be used as
one of the versatile tools for regulating proteolytic ac-
tivity of target proteases 2. To date, enzyme inhibitors
have received increasing attention, not only for dis-
covery of their structures and action mechanisms but
also for potential application in different fields1,3.
Marine sponges are known to harbor diverse micro-
bial communities 4–6 and represent a prolific source
of natural products from their associated microor-
ganisms7–10. Recent studies have shown that many
potential protease inhibitors have been isolated from

sponge-associated microorganisms11–14; however,
the exploration and exploitation potential PIs from
microorganisms are still a big challenge because al-
most all microorganisms are resistant to cultivation
in laboratory conditions, especially symbiotic mi-
crobes. Fortunately, new approaches (e.g., metage-
nomics) provide powerful tools for predicting, detect-
ing and expressing novel bioactive genes from non-
cultured microorganisms15–19. This opens new av-
enues for discovering new bioactive compounds, in-
cluding PIs, in the future.
In order tomeet the demands of finding novel and po-
tential PIs from the marine environment, especially
PIs from sponge-associated microorganisms, we op-
timized the expression and characterization of a new
serine protease inhibitory protein PI-QT in an E. coli
expression system.

METHODS

Cite this article : Hong T T, Dat T T H, Hoa N P, Dung T T K, Huyen V T T, Bui L M, Cuc N T K, Cuong P 
V. Expression and characterization of a new serine protease inhibitory protein in Escherichia coli. 
Biomed. Res. Ther.; 7(2):3633-3644.

3633

History
• Received: Nov 12, 2019 
• Accepted: Feb 04, 2020 
• Published: Feb 29, 2020
DOI : 10.15419/bmrat.v7i2.590

Copyright

© Biomedpress. This is an open-
access article distributed under the 
terms of the Creative Commons 
Attribution 4.0 International license.

#equally contributed to this work

https://orcid.org/0000-0002-6500-3363
https://crossmark.crossref.org/dialog/?doi=10.15419/bmrat.v7i2.590&domain=pdf&date_stamp=2020-02-29


Biomedical Research and Therapy, 7(2):3633-3644

Materials
The gene PI-QT is a new gene encoding a serine
protease inhibitor from the metagenome of marine
spongeQT collected fromQuang Tri, Vietnam. It was
synthesized and inserted into cloning vector pUC57
(GenScript, Piscataway, NJ, USA). The sequence of
gene PI-QT was deposited in the National Center for
Biotechnology Information (NCBI) database with the
accession number MK359987.

Sequence analysis, multiple sequence
alignment, and phylogeny analysis
ThePI-QT sequence was compared with other known
sequences in the NCBI database using the Blast pro-
gram. The open reading frame (ORF) of PI-QT was
determined using ORF Finder program (https://www
.ncbi.nlm.nih.gov/orffinder/). The molecular weight
and pI of the deduced protein PI-QT were exam-
ined using the Compute pI/Mw tool of the Expasy
server (http://web.expasy.org/compute_pi/). Multi-
ple sequence alignments were performed using the
ClustalW algorithm in the MEGA 7.0 software (http
://megasoftware.net). A phylogenetic tree was con-
structed by the neighbor-joining (NJ) method and
support of a bootstrap analysis with 1,000 replica-
tions implemented in the MEGA 7.0 software. Pro-
tein structure model of PI-QT was predicted using
SWISS-MODEL program (https://swissmodel.expas
y.org/) and (PS)2-v2: protein structure prediction
server (http://ps2.life.nctu.edu.tw/).

Construction of expression vector pET-
32a(+)/PI-QT
The vector pUC57 (Thermo Fisher Scientific,
Waltham, MA, USA) containing the gene PI-QT and
expression vector pET-32a(+) (Invitrogen, Carlsbad,
CA, USA) were digested with restriction enzymes
EcoRI and NotI (Fermentas, Vilnius, Lithuania).
The gene PI-QT was then purified and inserted into
expression vector pET-32a(+) using enzyme T4 ligase
(Thermo Fisher Scientific).

Optimization of the expression of recombi-
nant protein PI-QT
The recombinant vector pET-32a(+)/PI-QT was
transformed into E. coli strain BL21(DE3) (Invitro-
gen) by the heat shock method. The transformed
cells were plated on LB plates containing 50 µg/mL
ampicillin (LB/amp) (Sigma-Aldrich, St. Louis, MO,
USA) and incubated overnight at 37◦C. Expression
of the recombinant protein PI-QT was optimized
using different conditions such as temperature (20,

25, 30, 37oC), IPTG (Sigma-Aldrich, St Louis, MO,
USA) concentration (0.1, 0.5, 1.0, 1.5 mM), and
pre-induction cell density (OD600 = 0.4, 0.5, 0.6, 0.7).

Determination of protein in soluble and in-
soluble fractions

Cell culture was centrifuged at 10,000 rpm for 15 min
and then supernatant removed. The cells were re-
suspended in TE buffer (Tris 20mM, EDTA 10mM,
PM F 0.05mM) and incubated at -75oC for 1 hr, then
thawed at 50oC for 30 min, and sonicated on ice
with a Misonix Ultrasonic Liquid Processors (com-
pany name & location). The solution was centrifuged
at 13,000 rpm for 15 min, then the supernatant (sol-
uble fraction) collected. The pellet was resuspended
in TE buffer to the original volume (insoluble frac-
tion). Next, SDS loading buffer was added to the pre-
treatment culture (total protein), soluble protein frac-
tion and insoluble protein fraction , and then the pro-
teins were denatured at 100oC for 10min. The expres-
sion of the protein was checked on 12.6% SDS-PAGE
gel.

Western blot analysis

After electrophoresis on SDS-PAGE gel, the recombi-
nant protein was transferred to polyvinylidene diflu-
oride (PVDF) membrane. The membrane was then
blocked with TBS (containing 5% skimmedmilk) and
incubated with anti-TRx antibody (Sigma-Aldrich, St
Louis, MO, USA) at a dilution of 1:1000 for overnight
at 4 oC.The membrane was washed 4 times with TBS
washing buffer and incubated with anti-mouse IgG
secondary antibody at a dilution of 1:5000 for 1 hr at
room temperature. The membrane was washed with
TBS washing buffer and visualized by addition of ρ-
nitro blue tetrazolium chloride 5-bromo-4-chloro-3-
indolyl phosphate (NBT/BCIP) solution.

Purification of protein PI-QT

Purification of the recombinant protein PI-QT was
performed by chromatography on Ni-NTA affinity
chromatography column and then elutingwith imida-
zole at concentrations of 100, 300, and 500 mM. The
purified protein was removed from salts by dialysis
tube (SnakeSkinTM Dialysis tubing) (Thermo Fisher
Scientific) in TBS buffer (50 mM Tris HCl, 50 mM
NaCl, pH 7.4) at 4 oC for 24 h. Next, the recombinant
protein was removed from the TRx-tag fusion us-
ing Thrombin kit (Novagen, Darmstadt, Hesse, Ger-
many).
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Protease inhibitory assay

Trypsin inhibition assay
The purified protein (50 µ l of 0.05 mg/ml) was added
to a mixture of 50 µ l of trypsin (Sigma-Aldrich) so-
lution (0.05 mg trypsin/ml of 0.05 M Tris-HCl) and
100 µ l of 0.05 M Tris-HCl, pH 8.0, containing 0.03
M CaCl2. The mixture was incubated at 37◦C for 10
min, then 1.0 ml of 0.8 mM BapNA (Sigma-Aldrich)
solution was added and incubated at 37◦C for 10min.
The reaction was stopped by adding 20 µ l of 30 %
(v/v) glacial acetic acid. Subsequently, the solution
was centrifuged at 10,000 rpm for 15 min and the ab-
sorbance were measured at 410 nm against appropri-
ate blanks.

a- Chymotrypsin inhibition assay
The purified protein (50 µ l of 0.05 mg/ml) was added
to a mixture of 50 µ l of a-chymotrypsin (Sigma-
Aldrich) solution (0.05 mg a-chymotrypsin/ml of
0.05 M Tris-HCl) and 100 µ l of 0.05 M Tris-HCl, pH
8.0, containing 0.03 M CaCl2. The mixture was in-
cubated at 37◦C for 10 min, then 1.0 ml of 0.86 mM
BTpNA (Sigma-Aldrich) solution was added and in-
cubated at 37◦C for 10min. The reaction was stopped
by adding 20 µ l of 30 % (v/v) glacial acetic acid. Sub-
sequently, the solution was centrifuged at 10,000 rpm
for 15 min and the absorbance were measured at 410
nm against appropriate blanks.
Bowman-Birk Inhibitor (BBI) (Sigma-Aldrich) was
used as a positive control for trypsin and a-
chymotrypsin inhibition assays.

Identification of the recombinant protein

Tryptic digestion in gel
The protein band from SDS-PAGE was excised,
destained and dehydrated with 50% acetonitrile. The
protein was reduced with DTT (65 mM) and sub-
sequently alkylated with IAA (55 mM). The pep-
tides were desalted using Zip-Tips (Millipore, Bed-
ford, MA) according to the manufacturer’s instruc-
tions. The purified peptides were collected for anal-
ysis by LC-MS/MS.

Identification of the recombinant protein by
shotgun proteomics
NanoLC-nanoESI-MS/MS analysis was performed on
a nanoAcquity system (Waters, Milford, MA, USA)
connected to an OrbitrapVelos hybrid mass spec-
trometer (Thermo Fisher Scientific, Bremen, Ger-
many) equipped with a PicoViewnanospray interface
(New Objective, Woburn, MA, USA). Peptide mix-
tures were loaded onto a 75 µm ID, 25 cm length C18

BEH column (Waters, Milford, MA, USA), packed
with 1.7 µm particles with a pore size of 130 Å, and
were then separated using a segmented gradient in 60
min from 5% to 40% solvent B (acetonitrile with 0.1%
formic acid) at a flow rate of 300 nl/min and a col-
umn temperature of 35◦C. Solvent A was 0.1% formic
acid in water. The mass spectrometer was operated in
the data-dependent mode. After acquisition of spec-
tra, the proteins and peptides were identified by the
PEAKS software (Bioinformatics Solutions Inc., On-
tario, Canada).

Characterization of protease inhibitor PI-
QT
Effect of pH and temperature on activity of the pro-
tease inhibitor were determined by performing pro-
tease inhibitor assay at pH 7 after incubating the puri-
fied protease inhibitor in buffers of different pH (2-12)
for 24 h and at different temperatures (30◦C to 70◦C)
for 1 h.
Effect of metal ions, surfactants, and oxidizing agents
on activity of the protease inhibitor were evaluated af-
ter incubating the protease inhibitor with 1 mM con-
centrations of metal salts (MgSO4, CuSO4, ZnSO4,
CaCl2, MnCl2, FeCl2, NaCl), 1% (v/v) of surfactants
(Tween 20, Tween 80 and Triton X 100), and oxidants
(H2O2 and DMSO) for 30 min at 37 ◦C.

Statistical Analysis
The assays were performed in triplicate and expressed
as the mean ± standard error of the mean (SEM).
The statistical analysis was performed by t-test and
one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison tests using the SPSS v.22
(SPSS Inc, Chicago, IL,USA).The results were consid-
ered to be significant at P < 0.05.

RESULTS
Aminoacid sequence andphylogeny analy-
sis of protein PI-QT
The gene PI-QT was 1,287 bp in length and had an
open reading frame of 429 amino acid with a calcu-
lated molecular mass of about 50 kDa and a theo-
retical isoelectric point of 4.56. Comparison of the
deduced amino acid sequence of PI-QT with the se-
quences in the NCBI database showed that protein
PI-QT was most similar with serpins with similari-
ties <55%. Multiple alignments of the deduced amino
acids of PI-QT with the most homologous serpins in
NCBI database showed that the deduced peptide PI-
QT shared conserved active site residues with micro-
bial serpinmembers (Figure 1). Thephylogenetic tree
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based on the neighbor-joining method (Figure 2A)
located the protein PI-QT between twomicrobial ser-
pin clades: one serpin clade from a candidate phy-
lum of bacteria (Poribacteria) originally identified in
themicrobiomeofmarine sponges and another serpin
clade from bacterial phyla Firmicutes and Cyanobac-
teria. Based on the database comparison, the protein
PI-QT was considered as a newmicrobial serpin. The
protein structure of PI-QT was predicted by SWISS-
MODEL (Figure 2B) and (PS)2-v2 model (Figure 2
C).

Construction of the expression vector pET-
32a(+)/PI-QT
The vectors pUC57 containing gene PI-QT and the
expression vector pET-32a(+) were digested with
EcoRI andNotI (Supplementary 1A).The gene PI-QT
was then inserted into the opened expression vector
pET-32a(+) using enzyme T4 ligase, transformed into
E. coli strain TOP10F’, and plated on LB plate sup-
plemented with ampicillin (50 µg/mL). Agarose gel
analysis of the plasmids isolated from colonies and cut
with enzymes EcoRI and NotI (Supplementary 1B)
showed bands of ~1.3 kb (corresponding to size of
gene PI-QT) and bands of 5.9 kb (corresponding to
size of vector pET-32a(+)). In addition, the sequenc-
ing results of the plasmid showed that the gene se-
quence inserted into the vector was identical to the se-
quence of the designed gene PI-QT (data not shown),
thereby demonstrating that gene PI-QT was inserted
successfully into expression vectors pET-32a(+) to
form the recombinant vector pET-32a(+)/PI-QT.

Expression of recombinant protein in E.coli
strain BL21(DE3)
The recombinant vector pET-32a(+)/PI-QT was

transformed into E.coli BL21(DE3) by heat shock and
incubated on LB/amp medium overnight. There-
fore, white colonies (Figure 3A) were incubated in
LB/amp broth until OD600 was about 0.8 - 1.0 IPTG
was then added in culture and incubated at 37oC for 4
h. SDS-PAGE gel analysis of protein expression pro-
file showed the presence of an overexpressed protein
band of 64 kDa (Figure 3B, lane 3), corresponding
to the size of recombinant protein PI-QT with Trx-
tag fusion, whereas this foreign protein band was not
present in negative control sample (Figure 3B, lane 1)
containing only vector pET32a(+) and samples con-
taining the recombinant vectors but not induced with
IPTG (Figure 3 B, lane 2). However, the recombi-
nant protein was expressed mainly in the insoluble
fraction (Figure 3 C, lane 2). Therefore, optimization

of the expression conditions is necessary to increase
the amount of the recombinant protein in the soluble
fraction.

Optimization of recombinant protein ex-
pression

Determination of suitable IPTG concentra-
tion for recombinant protein expression
Expression of the recombinant protein PI-QT was in-
duced with different IPTG concentrations (0, 0.5, 1.0,
and 1.5 mM).The SDS-PAGE gel analysis showed the
recombinant protein was expressed at 1 mM IPTG,
but not at low or high concentration of IPTG (0.5
mM and 1.5 mM). However, the expressed protein
was still mainly present in the insoluble fraction (data
not shown).

Determination of suitable temperature for
recombinant protein expression
The expression of the recombinant protein was also
investigated at different temperature (20, 25, 28, and
30 oC). The experimental results showed that the
amount of recombinant protein in soluble fraction
reached the highest value (423 mg/L with about 45%
in the soluble fraction) when the recombinant protein
was expressed at 25 oC (Figure 4), whereas the expres-
sion of recombinant proteinwas not observed at 20 oC
(data not shown). At 28 oC and 30 oC, the amount of
recombinant protein produced was higher; however,
only a small amount of the recombinant protein was
detected in the soluble fraction (only about 20% of to-
tal protein).

Determination of suitable cell density for re-
combinant protein expression
The expression of the recombinant protein at different
pre-induction cell densities (OD600 = 0.4, 0.5, 0.6, and
0.7) was investigated (Figure 5). The results showed
that expression of the protein was not observed at
OD600 = 0.4. The total amount of produced protein
and protein content in the soluble fraction were in-
creasedwith increasing pre-induction cell density and
reached the highest values at OD600 = 0.6 - 0.7 (409
mg/L with 90% in the soluble fraction).

Purification and identification of the re-
combinant protein
The purification of the recombinant protein by Ni-
NTA affinity chromatography column showed that
the recombinant protein was of high yield with imi-
dazole concentrations of 100 and 300 mM; however,
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Figure 1: Multiple alignments of the deduced amino acid sequence of PI-QT with other known ser-
pins. The multiple sequences were aligned by ClustalW algorithm. The known serpins from NCBI database
are as follows: RKU17271, RKU16626, RKU24896, RKU24895, RKU11755 (proteinase inhibitor I4 serpin Candida-
tus Poribacteria bacterium), RKZ34327 (Serpin family protein bacterium), WP_068816727 (proteinase inhibitor
I4 serpin Phormidesmis_priestleyi), WP_058997120 (proteinase inhibitor I4 serpin Leptolyngbya sp. NIES-2104),
WP_106255732 (proteinase inhibitor I4 serpin, Leptolyngbya frigida),WP_048868337 (proteinase inhibitor I4 serpin
Scytonema tolypothrichoides), RCJ36945 (proteinase inhibitor I4 serpin Nostoc minutum NIES-26), WP_092470061
(proteinase inhibitor I4 serpin Desulfallas arcticus), WP_041285583 (proteinase inhibitor I4 serpin Desulfallas gib-
soniae), AGL02566 (serine protease inhibitor Desulfallas gibsoniae DSM 7213).
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Figure 2: (A) Phylogenetic relationship of the Protein PI-QT with other serpins. The sequence alignment was per-
formed using ClustalW algorithm. The phylogenetic treewas constructed by the neighbour-joiningmethod using
MEGA 7.0. Boot-strapping values were used to estimate the reliability of the phylogenetic reconstructions (1000
replicates). The numbers associated with the branches refer to bootstrap values (confidence limits) representing
the substitution frequencies per amino acid residue. (B) Protein structure of PI-QT was predicted using SWISS-
MODEL. (C) Protein structure of PI-QT was predicted using PS2-v2 server.

Figure 3: (A) While colonies containing the recombinant vector on agar plate. (B) SDS-PAGE gel of recombinant
protein, lane M: marker protein (Novagen); lane 1: E. coli BL21(DE3) containing vectorpET-32a(+); lane 2: E. coli
BL21(DE3) containing the recombinant vector pET-32a(+)/PI-QT was not induced by IPTG; lane 3: E. coli BL21(DE3)
containing the recombinant vector pET-32a(+)/PI-QT was induced by IPTG 1mM at 37 oC. (C) SDS-PAGE gel of the
recombinant protein, laneM:marker protein (iNtRON); lane 1: total protein in soluble fraction; lane 2: total protein
in insoluble fraction.
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Figure 4: Influence of temperature on expression of the recombinant protein. (A) SDS-PAGE gel, lane M:
marker protein (iNtRON), lane 1: total protein of E. coli BL21(DE3) containing vector pET-32a(+), lane 2: total pro-
tein of E. coli BL21(DE3) containing recombinant vector pET-32a(+)/PI-QT was not induced by IPTG; lane 3: total
recombinant protein of E. coli BL21(DE3) containing recombinant vector pET-32a(+)/PI-QT was induced by IPTG
1mM at 25 oC, lane 4: total protein in insoluble fraction, lane 5: total protein in soluble fraction. (B) Amount of
total protein and percentage of protein in soluble fraction at different temperatures. Different letters indicate
significant differences between groups (p < 0.05).

Figure5: Influenceofpre-inductioncell densityonexpressionof the recombinantprotein. (A) SDS - PAGEgel
of protein, lane M:marker protein (Thermo); lane 1: total protein of E. coli BL21(DE3) containing the recombinant
vector pET-32a(+)/PI-QT; lane 2: total protein of E. coliBL21(DE3) containing the recombinant vector pET-32a(+)/PI-
QT in insoluble fraction; lane 3: total protein of E. coli BL21(DE3) containing the recombinant vector pET-32a(+)/PI-
QT in soluble fraction. (B) Amount of total protein and percentage of protein in soluble fraction at different pre-
induction cell density. Different letters indicate significant differences between groups (p < 0.05).

protein purity was low. In the case of imidazole con-
centration of 500 mM, the amount of the obtained
protein was lower but had higher purity than those of
the two above cases (Figure 6).
To confirm that the purified protein was the protein
PI-QT, we performed Western lot assay using anti-
Trx antibody. The Western lot analysis showed the
presence of a protein band of 64 kDa on the hybrid
membrane that was similar to the size of protein PI-
QT with Trx-tag fusion (Figure 7A). In addition, in
order to remove the Trx-tag fusion from the recombi-
nant protein PI-QT, the protein was cut off from Trx-
tag by thrombin. SDS-PAGE gel analysis of the pro-
tein treated with thrombin showed 2 bands of 50 kDa

and 14 kDa, which corresponded to the size of protein
PI-QT and Trx-tag, respectively (Figure 7 B).This re-
vealed that the Trx-tag fusion was removed success-
fully from the recombinant protein.
In order to identify the recombinant protein by mass
spectrometry, the recombinant protein was cut, hy-
drolyzed, chromatographed, and analyzed for spec-
troscopic data (see methods). The LC-MS/MS spec-
troscopic data analysis of the recombinant protein
(Supplementary 2 & 3) revealed that the sequence of
the peptide fragments hydrolyzed and extracted from
the recombinant protein was identical to the designed
sequence. Since the protein was hydrolyzed into small
peptides and only about 30% of peptides were recov-
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Figure 6: Protein fractions after chromatography onNi-NTA affinity chromatography column. (A) SDS-PAGE
gel, laneM:marker protein (Thermo); lane 1, 2, 3: total protein elutedwith imidazole of 100mM, 300mM, 500mM,
respectively. (B) Purity level and amount of protein after chromatography. Different letters indicate significant
differences between groups (p < 0.05).

Figure 7: (A) Western blot analysis, laneM:marker protein (Bio-Basic); lane 1: the recombinant protein containing
Trx-tag tail was hybrid to antibody anti-Trx. (B) SDS-PAGE gel of recombinant protein was removed Trx-tag by
thrombin, lane M: marker protein (Bio-Basic); lane 1: the recombinant protein was not removed Trx-tag; lane 2:
the recombinant protein was removed Trx-tag.

ered (Supplementary 3), it is therefore not possible
to find similar polypeptides on available databases.
However, analyses based on the protein database built
from the designed sequence by the software PEAKS
and of the recovered peptide sequences confirmed
that the expressed and purified recombinant protein
was the desired protein.

Activity and characterization of the recom-
binant protease inhibitor
The recombinant protein was evaluated for its pro-
tease inhibitory activity against trypsin and a-
chymotrypsin. Protease inhibitory assay showed that
the recombinant protein exhibited inhibitory effects
against trypsin and α-chymotrypsin with specific ac-
tivities of 975± 26 U/mg and 417± 14 U/mg, respec-

tively. Compared to protein PI-QT, BBI (positive con-
trol) showed better inhibitory effects against trypsin
and α-chymotrypsin with specific activities of 3303
± 66 U/mg and 1340± 58 U/mg, respectively.
The activity of the protease inhibitor peaked at pH
7 and still maintained more than 60% of its activity
within pH 4-9. The activity of the protease inhibitor
sharply declined at highly acidic (pH 3) and alkaline
(pH 10) conditions (Figure 8A). The obtained results
also showed that the protease inhibitor was most ac-
tive at temperatures of 20-35 oC, and still maintained
more than 60% of its activity up to 50 oC. The pro-
tease inhibitor activity decreased rapidly at tempera-
ture >60 oC (Figure 8 B).
The experimental results showed that the presence of
surfactants (Tween 20, Tween 80, and Triton X 100)
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Figure 8: Characterization of protease inhibitor PI-QT. Effects of pH (A), temperature (B), surfactants and oxi-
dants (C), and metal ions (D) on protease inhibitory activity of the protein PI-QT. Significant differences are indi-
cated by asterisks. *: p < 0.05; **: p < 0.01.

led to decreases of activity of the protease inhibitor
compared to the control (Figure 8C). Furthermore,
the activity reduction of the protease inhibitorwas ob-
served with the presence of oxidizing agents, H2O2

and DMSO (Figure 8 C).
Effects of metal ions on the protease inhibitor were
observed in this study (Figure 8 D). The obtained re-
sults showed that the presence of Zn2+, Mg2+, and
Ca2+ ions enhanced the activity of the protease in-
hibitor, whereas the presence of Cu2+, Mn2+, Fe2+,
andNa+ ions had negative effects and did not support
protease inhibitor activity compared to the control.

DISCUSSION
Protease inhibitors play an important role in the reg-
ulation of protease activity and have been used as
a potential tool in different fields. Indeed, the dis-
covery and exploitation of novel PIs from different
sources have garnered increased attention across sci-
entific research areas. In the present study, we have
expressed and characterized a new serine protease
inhibitor protein (PI-QT) from the metagenome of
sponge-associated microorganisms in E. coli. The ho-
mogenous serpins in the NCBI database with the pro-
tein PI-QT are from microorganisms, suggesting that
the protein PI-QT is a microbial serpin. Interest-
ingly, several homogeneous serpins with the protein

PI-QT have been detected from sponge-associated
bacteria (candidate phylum Poribacteria) based on
metagenome data.
The protein PI-QT had an open reading frame of 429
amino acid with a calculated molecular mass of about
50 kDa. These values were consistent with the ob-
served average molecular mass of most serpin pro-
teins, ranging from 40 - 60 kDa with 330 - 500 amino
acids20. The protein PI-QT exhibited inhibitory ef-
fects against trypsin and α-chymotrypsin with spe-
cific activities of 975 ± 26 and 417 ± 14 U/mg, re-
spectively. The specific activity of the protein PI-QT
was comparable with that of novel serpins reported in
recent studies21–24. For example, Jiang et al.21 have
cloned and expressed a novel serpin (Spi1C) from
metagenomic library of uncultured marine microor-
ganisms; the Spi1C protein exhibited inhibitory ef-
fects against trypsin and α-chymotrypsin with spe-
cific values of 6940 and 3640 U/mg, respectively.
Chan et al.22 have purified a thermostable trypsin
inhibitor from small pinto beans and reported that
the purified protein showed inhibitory activity against
trypsin with specific value of 2398 U/mg. Shamsi
et al.23 have isolated and purified a novel Kunitz
trypsin inhibitor (ASPI) from garlic Allium sativum;
the ASPI protein showed inhibitory activity against
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trypsin with specific activity of 30376 U/mg. In an-
other study,Mohan et al.24 purified and characterized
a protease inhibitor from Capsicum frutescens with
specific activity against trypsin of 6749 U/mg.
The effects of IPTG concentration, pre-induction cell
density, and temperature on the expression of the pro-
tease inhibitor PI-QT were evaluated to investigate
the suitable and optimal conditions for expression of
the protease inhibitor PI-QT in E. coli. Previous stud-
ies have reported that the synthesis of recombinant
protein by expression vector pET-32a(+) is controlled
by the T7 promoter and that this promoter is induced
by the presence of IPTG in the culture medium. The
concentration of IPTG in culture medium can, there-
fore, influence the expression of recombinant protein.
The transcription may be hindered and the amount
of foreign protein produced may be reduced due to
low concentrations of IPTG inmedium, whereas high
concentrations of IPTG can cause cytotoxicity and in-
hibit cell growth25. In addition, it has also been re-
ported that the optimal temperature for growth of E.
coli is 37 oC; however, this temperature is not suit-
able for producing foreign protein. The high temper-
ature may result in eliminating plasmids. In addition,
expression of protein at high temperatures can pro-
duce proteins with a tertiary structure, resulting in the
loss of biological activity of proteins, whereas low ex-
pression temperature may reduce the cleavage of tar-
get protein by intracellular protease and significantly
increase the amount of recombinant protein 26,27.
The experiments also showed that the protease in-
hibitor PI-QT were stable and maintained its activity
within a wide range of pH and temperature. The sta-
bility of the protease inhibitor PI-QT within a wide
range of pH and temperature is one of promising
and interesting characteristic for its applications in
biotechnological and pharmaceutical industries. Sim-
ilar results were observed formany protease inhibitors
of the Kunitz family in previous studies. The protease
inhibitors in the Kunitz family are stable in wide pH
ranges (pH 4-10), but sensitive to extreme pH condi-
tions21,28–31. Under strongly acidic or alkaline condi-
tions, the proteinaceous inhibitors are denatured and
then lose their activity partially or completely. In ad-
dition, high temperature can affect the intramolecu-
lar disulfide bridges which are presumably responsi-
ble for the functional stability of Kunitz type protease
inhibitors32.
The negative effects of surfactant and oxidizing agents
on the activity of the protease inhibitor PI-QT were
also observed in this study. The effects of surfac-
tants on the activity of protease inhibitors could be
attributed to a reduction of hydrophobic interactions,

whereas effects of oxidizing agents on the activity of
protease inhibitors may be attributed to the probable
oxidation of the amino acid methionine at the reac-
tive site of the inhibitors33. Furthermore, metal ions
can reduce the activity of the protease inhibitor PI-QT,
with the exception of some metal ions, such as Mg2+,
Ca2+ and Zn2+.
Our study, together with previous studies, reveal that
exploration of new bioactive compounds by expres-
sion of metagenome-based screening genes can be a
versatile and potential strategy for mining new natu-
ral products from the marine environment as well as
other environments15–17.

CONCLUSIONS
A new gene encoding a serine protease inhibitor
PI-QT screened from the metagenome of sponge-
associated microorganisms was optimized and ex-
pressed successfully in E. coli. The recombinant pro-
tein had a molecular mass of about 50 kDa. The
Western lot assay and spectroscopic data analyses co
firmed expression of the recombinant protein PI-QT.
The recombinant protein exhibited inhibitory activ-
ity against trypsin and α-chymotrypsin with 975 ±
26 U/mg and 417 ± 14 U/mg, respectively. The pro-
tease inhibitor was stable within a wide range of pH
and temperature. This study has shown that expres-
sion of recombinant protein frommetagenome-based
screening genes is a promising tool for the discovery
and potential use of new bioactive compounds.

ABBREVIATIONS
Amp: Ampicillin
BApNA :Nα-Benzoyl-L-arginine 4-nitroanilide
BTpNA :N-Benzoyl-L-tyrosine p-nitroanilide
DMSO:Dimethyl sulfoxide
DTT:Dithiothreitol
EDTA: Ethylenediaminetetraacetic acid
IAA: Iodoacetamide
IPTG: Isopropyl β -D-1-thiogalactopyranoside
LB: Luria-Bertani broth
LC-MS/MS: Liquid chromatography-tandem mass
spectrometry
NCBI: National Center for Biotechnology Informa-
tion
OD:Optical density
PI: Protease inhibitor
PMSF: Phenylmethylsulfonyl fluoride
PVDF : polyvinylidene difluoride membrane
SDS: Sodium dodecyl sulfate
SDS-PAGE : Sodium dodecyl sulfate-Polyacrylamide
gel electrophoresis
TBS: Tris-buffered saline
TE: Tris-EDTA
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