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Abstract
Serralysin inhibitors have been proposed as potent drugs against many diseases and may help
to prevent further development of antibiotic-resistant pathogenic bacteria. In this study, a novel serralysin
inhibitor gene, lupI, was cloned from the marine bacterium Flavobacterium sp. YS-80-122 and expressed in
Escherichia coli. The deduced serralysin inhibitor, LupI, shows <40% amino acid identity to other reported
serralysin inhibitors. Multiple sequence alignment and phylogenetic analysis of LupI with other serralysin
inhibitors indicated that LupI was a novel type of serralysin inhibitor. The inhibitory constant for LupI
towards its target metalloprotease was 0.64 μmol/L. LupI was thermostable at high temperature, in which
35.6%–90.7% of its inhibitory activity was recovered after treatment at 100°C for 1–60 min followed by
incubation at 0°C. This novel inhibitor may represent a candidate drug for the treatment of serralysin-related
infections.
Keyword: serralysin inhibitor; sequence analysis; kinetic parameter; thermostable

1 INTRODUCTION
Serralysin-type proteases belong to the M10B
subfamily of zinc-metallo endopeptidases (http://
merops.sanger.ac.uk/). These proteases are secreted
by a large number of bacteria, including human
pathogens Pseudomonas aeruginosa, Serratia
marcescens and Erwinia chrysanthemi (Louis et al.,
1998; Hege and Baumann, 2001; Kida et al., 2008).
Serralysins are important virulence factors in the
development of diseases, such as pneumonia and
keratitis (Kida et al., 2007, 2008). Therefore,
serralysin inhibitors may be developed into potent
drugs for the treatment of these diseases, and should
help to avoid the development of antibiotic resistance
amongst these pathogenic bacteria (Dhanaraj et al.,
1996; Feltzer et al., 2000).
In general, serralysin-secreting bacteria contain a
gene in the serralysin operon that codes for a 10-kDa
periplasmic protease inhibitor (Létoﬀé et al., 1989;

Kim et al., 1995; Liao and McCallus, 1998). These
serralysin inhibitors likely protect the bacterium from
adventitious proteolysis during serralysin secretion.
Although a large number of serralysin inhibitor genes
have been sequenced during whole bacterial genome
analysis, there are only a few reports describing the
characterization of serralysin inhibitors and their
corresponding serralysins. Currently, only three
serralysin inhibitors have been characterized: APRin
from P. aeruginosa, Inh from E. chrysanthemi and
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SmaPI from S. marcescens (Létoﬀé et al., 1989;
Baumann et al., 1995; Kim et al., 1995; Bae et al.,
1998; Feltzer et al., 2000; Arumugam et al., 2008).
Therefore, the discovery and characterization of new
serralysin inhibitors is very important.
In our previous study, a typical serralysin
metalloprotease (MP) (GenBank accession No.
ACY25898) was puriﬁed from the marine bacterium
Flavobacterium sp. YS-80-122 (Wang et al., 2010; Li
et al., 2016). Preliminary attempts at cloning the MP
gene indicated that an inhibitor gene, lupI, was located
downstream of the MP gene. In this study, we report
the cloning, expression and characterization of the
inhibitor LupI from Flavobacterium sp. YS-80-122.
Our study on this thermostable protein provides a new
candidate for the treatment of serralysin-associated
infections.

2 MATERIAL AND METHOD
2.1 Bacterial strains and plasmids
The marine bacterium Flavobacterium sp. YS-80122 was isolated from sediment of the Yellow Sea and
was cultured at 18°C in GB medium (yeast extract,
2.4%; peptone, 1.2%; NaCl, 2.5%; glycerol 0.4%)
(Wang et al., 2010). Escherichia coli strains DH5α
and BL21 (DE3) (Novagen, Madison, WI, USA) were
cultured at 37°C in Luria-Bertani (LB) broth
supplemented with ampicillin (100 μg/mL). The pET22b(+) vector (Novagen) was used for gene cloning
and expression.
2.2 Cloning and sequence analysis of lupI
Initial cloning of the gene coding for MP revealed
that an inhibitor gene, lupI, was located downstream
of the MP gene. The lupI nucleotide sequence was
deposited in the GenBank under the accession number
AEO90403.1. A signal peptide was predicted by
SignalP 4.1 and comparison analysis was performed
using the NCBI conserved domain database. The
theoretical molecular weight (Mw) of LupI was
calculated using the Compute Mw Tool available at
http://us.expasy.org/tools/. A phylogenetic tree was
constructed by the neighbor-joining method using
MEGA 6.0 software. The reliability of the phylogenetic
reconstructions was tested by boot-strapping (1 000
replicates).
2.3 Expression and puriﬁcation of recombinant LupI
For expression of LupI, a DNA fragment containing
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lupI without the proposed DNA fragment encoding
the signal peptide and stop codon was ampliﬁed using
primers lupIF (CATGCTTGGCCAGTTCGCTGATGTTATTAAG) and lupIR (CATGTCAAGCTTTTAATGCACACTTTGTAAG) to introduce MscI and
HindIII sites (underlined), respectively, into lupI. The
puriﬁed product was ligated into the corresponding
sites of the pET22b vector, generating recombinant
plasmid pET22b-lupI, which was transformed into
chemically competent E. coli BL21 (DE3) cells. The
resulting transformants were selected on LB medium
supplemented with ampicillin (100 μg/mL). A single
transformant was cultured in LB broth supplemented
with 100 μg/mL ampicillin at 37°C to an optical
density (600 nm) of 0.6 and the expression of the
target gene was then induced by the addition of
isopropyl-β-thiogalactoside to a ﬁnal concentration of
0.1 mmol/L. The culture was incubated at 37°C and
200 r/min for an additional 6 h. Cells were pelleted by
centrifugation at 8 000×g for 20 min at 4°C and then
resuspended in Tris-HCl buﬀer (50 mmol/L, pH 8.0),
and ultrasonically disrupted. Following centrifugation
at 10 000×g for 20 min at 4°C, the supernatant was
loaded onto a His-Trap HP column (GE Healthcare)
equilibrated with buﬀer I (50 mmol/L Tris-HCl,
100 mmol/L NaCl, pH 8.0). The column was washed
using buﬀer I containing 25 mmol/L imidazole and
then eluted with buﬀer I containing 150 mmol/L
imidazole. The protein concentration was measured
by the Bradford method, using bovine serum albumin
(BSA) as the standard. The molecular weight of the
puriﬁed LupI was determined by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDSPAGE) on a 12% (w/v) resolving gel.
2.4 Inhibitory activity of LupI against MP
The MP metalloprotease was puriﬁed by fast
protein liquid chromatography (FPLC) using a
Superdex 200 column HR10/30 (Amersham
Pharmacia Biotech, Uppsala, Sweden). Protease
activity was assayed by measuring the amount of
tyrosine liberated from casein. Casein was dissolved
in 25 mmol/L borate buﬀer (pH 10.0) to a concentration
of 1% (w/v). The puriﬁed MP and casein solutions
were pre-incubated at 25°C for 10 min, and then equal
volumes (1 mL) of each were mixed and incubated at
25°C for 10 min. The amount of released tyrosine was
measured as described previously (Hao and Sun,
2015; Li et al., 2016). One unit was deﬁned as the
amount of protease releasing 1 μg of tyrosine per min.
Inhibition assays were undertaken by mixing puriﬁed
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LupI (0.2 μmol/L) with puriﬁed MP (0.4 μmol/L),
followed by incubation at 25°C for 10 min. The
activity of the MP was then determined as described
above.
2.5 Enzyme kinetics assay to measure LupI
inhibition of MP
Enzymatic assays were carried out in a buﬀer
containing 50 mmol/L Tris/HCl (pH 8.0), 100 mmol/L
NaCl, 10 mmol/L CaCl2, 10 μmol/L ZnCl2 and 0.001%
BSA at 25°C. MP was used at a concentration of
0.5 μmol/L and various concentrations of LupI were
investigated
(0–0.4 μmol/L).
N-α-benzoyl-D,
L-arginine-4-nitroanilide was used as a substrate to
determine the kinetic parameters of the interaction
between MP and LupI, as described previously (Bae
et al., 1998). The absorbance of the solution was
monitored at 405 nm and each experiment was
performed in triplicate. The inhibitory constant, Ki,
was determined from the Lineweaver-Burk and Dixon
equations (Ji et al., 2013). Brieﬂy, the Michaelis
constant (Km) of the MP was determined using
Lineweaver-Burk plots and the Ki value was obtained
from Dixon plots. LupI induced a competitive
inhibition. To describe the mechanism of competitive
inhibition, the Lineweaver-Burk equation in double
reciprocal form was written as:
K
1
[I ] 1
1
 m (1 
)

,
Vi Vmax
K i [ S ] Vmax

(1)

secondary plots were constructed from the equation:
K mapp 

Km [I ]
 Km .
Ki

(2)

The Ki, Km and Vmax values were derived from the
above equations. The secondary replot of the apparent
Km vs. [I] was linearly ﬁtted, assuming a single
inhibition site or a single class of inhibition sites.
2.6 Heat tolerance assays
To determine the heat tolerance of LupI, residual
inhibitory activity was determined under standard
assay conditions (described in Section 2.5.) after
incubating LupI at 100°C for various periods (1, 5,
10, 15, 30, 60 min). Samples were heat-treated at
100°C and then immediately incubated at 0°C for
60 min. To test the eﬀect of temperature on the
recovery of heat-treated LupI, the inhibitor was
incubated at 100°C for 10 min and then immediately
incubated at temperatures ranging from 0–50°C for
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60 min. The recovered inhibitory activity was then
examined under standard conditions. To test the
impact of the incubation time on the recovery of heattreated LupI, the inhibitor was incubated at 100°C for
10 min and then held at 0°C for various time periods
(ranging from 0–60 min). The recovered activity of
LupI was tested as described in Section 2.5.

3 RESULT
3.1 Sequence analysis of lupI
Genetic analysis of the lupI serralysin inhibitor
gene region indicated that the intergenic distance
between the stop codon (TAA) of the metalloprotease
MP gene and the start codon (ATG) of lupI was only
58 bp. The lupI gene is 363 bp in length and the
deduced protein is composed of 121 amino acids
(Supplementary Fig.S1). Signal peptide prediction by
SignalP 4.1 and comparison analysis using the NCBI
conserved domain database indicated that LupI was a
single-domain protein containing a putative signal
peptide (Met1–Ala17). The theoretical Mw and
isoelectric point of the mature enzyme were 11 295
Da and 6.68, respectively.
LupI showed the highest amino acid sequence
identity (36.9%) to Inh (GenBank accession no.
CAA37341) from E. chrysanthemi, followed by
SmaPI (GenBank accession No. L09107) from
S. marcescens (31.6% identity) and APRin (GenBank
accession No. CRP83773) from P. aeruginosa (28.7%
identity). A phylogenetic tree (Fig.1) was constructed
for LupI with other known serralysin and matrix
metalloprotease inhibitors. LupI formed a branched
cluster with other serralysin inhibitors, including Inh,
SmaPI and APRin, in the phylogenetic tree.
Three-dimensional structure analyses of the
serralysin-Inh
and
APR-APRin
complexes
demonstrated that the N-terminal residues of these
inhibitors occupy the substrate-binding cleft of the
proteases. The backbone amide groups of the
N-terminal residues of the inhibitors chelate the
catalytic zinc atom of the proteases (Baumann et al.,
1995; Feltzer et al., 2000, 2003; Hege et al., 2001).
The ɑ-helix and β-barrel structure of serralysin
inhibitors provide an eﬀective stereo-hindrance eﬀect
for the N-terminal residues (Bardoel et al., 2012). As
shown in the multiple sequence alignment (Fig.2),
residues at the N-terminus (Ser1, Ser2, Leu3, and Leu5),
ɑ-helix (Ala9 and Val11) and loop between β-strands 4
and 5 (Pro57, Thr58, Pro59, Apr60) of LupI are highly
conserved with other serralysin inhibitors.
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Inh Pseudomonas fluorescens|ref|WP 047276686.1|
LupI Flavobacterium sp. YS-80-122|gb|AEO90403.1|
Inh Pseudomonas lundensis|ref|WP 048377642.1|

71

Protease inhibitor Serratia marcescens|gb|ALE96114.1|

100

89

Aprin Pseudomonas aeruginosa|emb|CRP83773.1|

48

Protease inhibitor Dickeya chrysanthemi|emb|CAA37341.1|
Metalloproteinase inhibitor 3 Homo sapiens|ref|NP 000353.1|
100

Metalloproteinase inhibitor 2 Homo sapiens|ref|NP 003246.1|
MMP-12 Inhibitor|pdb|2K2G|
MMP-1 Inhibitor|pdb|3MA2|

100
0.2

63

MMP-13 Inhibitor|pdb|4L19|

Fig.1 Phylogenetic relationship between LupI and other metalloprotease inhibitors
Molecular Evolutionary Genetics Analysis (MEGA) version 6.0 was used to construct the phylogenetic tree by the neighbor-joining method. The reliability
of the phylogenetic reconstructions was tested by boot-strapping (1 000 replicates). Numbers associated with each of the branches indicate substitution
frequencies per amino acid residue.
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Fig.2 Amino acid sequence alignment of LupI with other
serralysin inhibitors
The alignment was performed using Clustal omega. The conserved
N-terminus, ɑ-helix and loop regions between LupI and other
serralysin inhibitors are underlined.

3.2 Expression and puriﬁcation of LupI
The lupI gene without the proposed DNA region
encoding the signal peptide was expressed in E. coli
(strain BL21 (DE3)/pET22b-lupI). Recombinant
LupI was overexpressed as a soluble product and was
puriﬁed to homogeneity using His-Trap HP column
chromatography. The molecular weight of

25

15
LupI
10

Fig.3 SDS-PAGE analysis of recombinant LupI
Lane M: protein molecular weight markers; lane 1: puriﬁed LupI.

recombinant LupI was determined to be approximately
11 kDa, which is in agreement with the theoretical
molecular weight (Fig.3).
3.3 Inhibitory constant for LupI
The enzyme kinetics of MP in the presence of LupI
was performed using double-reciprocal LineweaverBurk plots. The results (Fig.4) revealed that while the
Vmax values remained constant, the Km values increased
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Fig.4 Lineweaver-Burk plots showing the inhibitory
activity of LupI using diﬀerent concentrations of
NαbenzoylD, Larginine4nitroanilide as a substrate
The concentrations of puriﬁed LupI were 0.4 μmol/L (diamond);
0.2 μmol/L (triangle); 0 μmol/L (dot).
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Fig.6 Eﬀect of incubation temperature (a) and time (b) on
the recovered activity of heat-inactivated LupI

40

The inhibitory activity of the non-treated enzyme was used as the
control (100%). The average values of three replicates along with
standard deviations are shown.
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Fig.5 Analysis of the thermostability of LupI
Puriﬁed LupI was treated at 100°C for various periods (1, 5, 10, 15, 30,
60 min) and then immediately incubated at 0°C for 60 min. The residual
inhibitory activity was assayed. Statistical analysis was used to generate
the data. The mean values of three replicates with standard deviations are
shown.

with increasing inhibitor concentration, indicating
that LupI induced competitive inhibition (Ji et al.,
2013). The Km and Vmax values of the MP in the
absence of LupI were 5.12 mmol/L and 0.5
ﬂuorescence units, respectively. The Ki of LupI
towards the MP was 0.64 μmol/L, according to the
Lineweaver-Burk plots.
3.4 Thermostability of LupI
The thermostability assay showed that the
inhibitory activity of LupI recovered 35.6%–90.7%
of that of non-heat-treated samples when incubated at
0°C for 60 min after treatment at 100°C for various
periods (1, 5, 10, 15, 30, 60 min) (Fig.5). To determine
the eﬀect of incubation temperature on the activity of
heat-inactivated LupI, samples were incubated at
various temperatures (0–50°C) for 60 min immediately

after treatment at 100°C for 10 min. The inhibitory
activity of LupI reached 63.5%–70.4% of that of
untreated samples when incubated at 0–30°C, but was
much lower at temperatures >30°C (Fig.6a). The
eﬀect of recovery time post-heat-shock was also
investigated and the results showed that the maximum
recovered activity (70.4%) was achieved when
samples were incubated at 0°C for 60 min (Fig.6b).

4 DISCUSSION
The metalloproteinase MP, belonging to the
serralysin family, is used in several industrial
processes. In this study, lupI, coding for a serralysin
inhibitor, was cloned from the downstream region of
the Flavobacterium sp. YS-80-122 MP gene. Although
the deduced protein, LupI, showed <40% identity to
other reported serralysin inhibitors, the regions
essential for interaction between serralysin and the
inhibitor were highly conserved (Fig.2), including
residues located in the N-terminal (Ser1, Ser2, Leu3
and Leu5), ɑ-helix (Ala9 and Val11) and loop (Pro57,
Thr58, Pro59 and Apr60) regions (Fig.2). These results
indicate that LupI is a novel member of serralysin
inhibitor.
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The Ki of LupI towards MP was 0.64 μmol/L. The
Ki values of the characterized serralysin inhibitors
from S. marcescens and E. chrysanthemi against their
respective target proteinases were 0.713 μmol/L (Bae
et al., 1998) and 1–10 μmol/L (Létoﬀé et al., 1989),
respectively, indicating weaker inhibitory activity
than that of LupI.
LupI was thermostable, and retained a high degree
of activity (35.6%–90.7%) after treatment at 100°C
for 1–60 min, with a half-life (t1/2) of ~30 min. As
documented previously, the other two reported
inhibitors are also thermostable. The t1/2 of Inh was
>30 min at 95°C (Baumann et al., 1995), whereas
SmaPI was stable at 100°C for up to 30 min (Kim et
al., 1995).
Based on the stronger inhibitor activity, higher
degree of thermo-stability and reversible nature of the
damage caused by heat treatment, LupI may represent
a better option for the treatment of serralysinassociated infections when compared with that of
previously documented serralysin inhibitors.

5 CONCLUSION
In this report, we have identiﬁed a new serralysin
inhibitor, LupI, from the marine strain YS-80, which
shows <40% amino acid sequence identity to reported
serralysin inhibitors. This inhibitor exhibited stronger
interaction with the target MP protease than the other
two reported serralysin inhibitors SmapI and Inh with
their respective proteases. Moreover, LupI is
thermostable and recovered 35.6%–90.7% of its
initial activity after treatment at 100°C for periods
ranging between 1 and 60 min, followed by incubation
at 0°C for 60 min. The results suggest that LupI is a
suitable option for the treatment of serralysinassociated infections.
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Fig.S1 The coding DNA sequence of lupI

