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A B S T R A C T

To fully understand the properties of piscine stefins (family I cystatins), the 294-bp stefinA gene from grass carp
(Ctenopharyngodon idella, Ci) was cloned and expressed in E. coli BL21 (DE3). After purification by Ni2+-NTA
agarose affinity chromatography, the CiStefin A protein was tested to have a molecular weight of 11.48 kDa and
an isoelectric point of 8.7. The typical motif of the cystatins superfamily was characterized from CiStefin A
(QVVQG). CiStefin A specifically inhibited the activity of papain and cathepsin B/L. The Ki value of CiStefin A
against papain was 6.5 × 10−11 M. CiStefin A showed excellent heat and acid-base tolerance. StefinA gene
transcription occurred in all tested tissues of grass carp, with the highest level in the hepatopancreas.
Immunolocalization staining with an anti-CiStefinA antibody revealed the CiStefinA protein distribution in all
tested tissues at various levels. Overall, these results clarified the physical and biochemical properties of grass
carp stefin A.

1. Introduction

Protease inhibitors, such as serpins, are molecules that interact with
proteases and regulate the proteolysis process in vivo (Shamsi, Parveen,
& Fatima, 2016). The cystatins superfamily comprises protease in-
hibitors that specifically suppress the activity of cysteine proteases
(e.g., papain, cathepsin B and cathepsin L). Generally, the cystatins
superfamily contains three categories, namely, family I stefins, family II
cystatins and family III kininogens. Stefins are intracellular proteins
with low molecular weight, and they usually possess excellent tolerance
to extreme pH and temperature. Neither disulfide bonds nor glycosy-
lation has been observed in the structure of stefins, and most stefins do
not have signal peptides (Turk, Stoka, & Turk, 2008). Currently, four
major subtypes of stefins have been studied: stefin A and stefin B
(Abrahamson, Barrett, Salvesen, & Grubb, 1986; Green, Kembhavi,
Davies, & Barrett, 1984), stefin C (Turk et al., 1993), stefin D (Lenarcĭc ̆
et al., 1993).

Cysteine proteases play a crucial role in numerous physiological or
pathological processes (Shamsi, Parveen, & Fatima, 2016) and their
inhibitors cystatins are emerging with promising functions. Scientists
have demonstrated the functions of family I stefins in various processes,
including immunity (Maher et al., 2014), cancer (Lin et al., 2016) and
cell apoptosis (Polajnar, Zavasnik-Bergant, Kopitar-Jerala, Tusek-

Znidaric, & Zerovnik, 2014). However, most studies have aimed at
terrestrial mammals, only a few studies have focused on stefins of fish
origin. Xiao and colleagues (Xiao, Hu, & Sun, 2010) found that stefin B
of turbot (Scophthalmus maximus) was involved in the immune defense
of turbot against Edwardsiella tarda TX1 infection. Similarly, the tran-
scription level of a stefin (unidentified subtype) from large yellow
croaker (Pseudosciaena crocea) is upregulated in the kidney and spleen
after bacterial stimulation (Li, Yang, Ao, & Chen, 2009), indicating its
potential function in the immunity response.

In the field of food science, some studies about cystatins are re-
ported in recent years. Our team has demonstrated the antimicrobial
effect of recombinant cystatin (family II) from silver carp
(Hypophthalmichthys molitrix) to the dominant spoilage bacteria isolated
from chilled silver carp fillet (Zhong, Li, Li, Yang, Hu, Ke, et al., 2019)
and grass carp (Ctenopharyngodon idella) fillet (Yang, Zhong, Li, Bai, Lin,
Li, et al., 2018). In aquatic food processing, it is known that cysteine
protease cathepsins B/L are key negative factors in softening the tex-
tures of surimi (Liu, Yin, Zhang, Li, & Ma, 2008) and postmortem fish
fillets (Ge, Xu, & Xia, 2015). Scientists have applied cystatins to inhibit
cathepsins B/L and suggested their potential as anti-softening agent.
Ustadi et al. (2005) found that an 18-kDa stefin purified from glassfish
(Liparis tanakai) eggs inhibited cathepsins B/L more effectively than egg
white cystatin (family II). They inferred that this stefin may also better
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prevent the deterioration of surimi-gelling process. Recombinant cy-
statin from soya has been reported to inhibit cathepsin L activity and
the autolytic activity of Pacific whiting surimi (Akpinar & An, 2005).
More robust evidences were presented in our previous work: the gel-
breaking force, gel strength and whiteness of silver carp surimi were all
significantly enhanced after adding recombinant silver carp cystatin
(60 μg/g) (unpublished data). Cystatin is also added to fish fillets, and
Carvajal-Rondanelli and Lanier (2010) have demonstrated that re-
combinant soya cystatin diffuses into muscle cells of Pacific halibut
(Hippoglossus stenolepis) to decrease proteolytic activity and fillet soft-
ening.

Fish origin stefins have rarely been cloned or purified, except for
stefins from large yellow croaker (Pseudosciaena crocea) (Li et al.,
2009), turbot (Scophthalmus maximus) (Xiao et al., 2010), Atlantic cod
(Gadus morhua) (Rajan et al., 2011) and olive flounder (Paralichthys
olivaceus) (Ahn et al., 2013). Clarifying the properties and distribution
of piscine stefins would provide insight for their application to fish meat
and by-product processing. Fish are aquatic animals with abundant
species diversity, and they act as a connecting link in animal evolution.
Piscine stefins might distinguish greatly from terrestrial animal in the
aspects of structures and biochemical features. So far, there are no re-
ports about grass carp stefins and their bioinformatics and biochemical
properties need to be investigated. Grass carp is the most abundant
economic freshwater fish in China with the highest harvests of 5.5
million tons in 2018, and it has been introduced to more than 100
countries (China Society of Fisheries, 2019). Grass carp is recognized as
a kind of desirable aquatic food processing raw materials because of its
high flesh rate and low price. In aquatic processing industry, chilled
fresh-cut fish fillet and frozen surimi or its derivatives are the top two
products. However, surimi processed from Cyprinidae fish will exhibit
considerable gel softening in the course of heating, especially at
50–70 °C because of the implication of endogenous heat-stable cathe-
psins B/L (Hu, Ji, Jiang, Zhang, Chen, & Ye, 2012; Liu, Yin, Zhang, Li, &
Ma, 2008). Besides, in postmortem grass carp muscle, endogenous ca-
thepsins B/L remain high activities (Wang, Zhang, Deng, Xu, Liu, Geng,
et al., 2016) and cause the powerful degradation of myofibrillar com-
ponents in grass carp fillet even under chilling condition (Ge, Xu, & Xia,
2015). Unlike beef and pork that require a high standard of tenderness,
the softening of fish fillet or surimi product is actually not desirable.
Instead, keeping a better fillet hardness or surimi gel strength is crucial
to the commercial values of these processed products. Using of cathe-
psins B/L inhibitor will be a desirable way to prevent texture quality
deterioration of fillet or surimi. Considering the species differences,
inhibitor specificity and food security, members of cystatins super-
family in fish, especially from grass carp, will be a much more scientific
and more rational option since it has been proved that fish-origin in-
hibitor are more effective than cystatin of terrestrial animal (Ustadi
et al., 2005).

In the present study, we performed a systematic analysis of grass
carp stefin A. We cloned and expressed the stefinA gene, and the activity
and stability of the purified CiStefin A protein were characterized. We
also investigated the expression pattern of stefin A at both the gene
transcription and protein levels, aiming to elucidate the amount and
distribution of stefin A in eight grass carp tissues which are mainly
related to the wastes or by-products discarded during grass carp pro-
cessing.

2. Materials and methods

2.1. Primers, vectors and strains

The primers used in this study were listed in supplement material
(Table S1). The mediate vector pMD19-T (Takara Bio, Inc., Shiga,
Japan) was used for TA cloning of the target stefinA gene. The pET-30a
vector (Novagen, Madison, WI, USA) was used for expression of the
target gene. Genetic tools, such as the start codon, 6 × His-tag and

enterokinase site sequences, were provided in the pET-30a vector. E.
coli DH5α and E. coli BL21 (DE3) were grown in LB medium (1%
tryptone, 0.5% yeast extract, and 1% NaCl) at 37 °C, and the medium
was supplemented with ampicillin (100 μg/ml) or kanamycin (50 μg/
ml) when screening the transformants.

2.2. Animals

Grass carps (1500 ± 75 g, n = 6) were purchased from a fish
farming company (Tongwei Hatchery, Sichuan Province, China). Before
sacrifice, all grass carps were anaesthetized with 4% urethane solution
(Sigma-Aldrich, St. Louis, MO, USA) for 20 min. After all fish lost their
consciousness, concentration of anesthetic was increase to overdose in
order to slaughter grass carps. Then, the abdomen of grass carps was
dissected using surgical scalpel and scissors. Eight types of tissues
(heart, muscle, spleen, small intestine, hepatopancreas, kidney, head
kidney, and gill) were immediately collected and stored in liquid ni-
trogen for further tests. Specific pathogen-free mouse (SPF) BALB/c
mice (male, 20 ± 2 g) were provided by the animal center of Jilin
University.

2.3. Nucleic acid techniques

Total RNA was extracted from the muscle of grass carp using the
RN15 Reagent Kit (Biofit Technology, Chengdu, China) according to the
manufacturer’s instructions. Reverse transcription PCR was conducted
to synthesize single-strand cDNA using the PrimeScript® RT Reagent Kit
(Takara Bio, Inc., Shiga, Japan). The obtained cDNA was used as the
template to amplify grass carp stefinA gene with primers StefinA-F and
StefinA-R (Table S1). This primer pair was designed based on the pre-
dicted grass carp stefinA sequence (NCBI GenBank accession number:
CK232997.1). PCR was conducted using the following protocol: 94 °C
for 3 min; 35 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min;
a final elongation step of 72 °C for 5 min. The PCR product was vi-
sualized in 2% agarose gel and then purified using a DNA Purification
Kit (Tiangen Biotechnology, Beijing, China). TA cloning was then per-
formed to ligate the stefinA gene fragment with the pMD19-T vector
(Takara Bio, Inc., Shiga, Japan). The recombinant stefinA-pMD19-T
plasmid was transformed into E. coli DH5α and screened with 100 μg/
ml ampicillin in LB media. Colonies were verified first by PCR, and
positive transformants were sent for gene sequencing (Invitrogen Bio-
technology Co., Ltd., Shanghai, China).

2.4. Sequence analysis

The obtained DNA sequence was analyzed by DNAMAN 8.0 (Lynnon
Biosoft, San Ramon, CA, USA) to determine its amino acid sequence and
physicochemical properties. The signal peptide was predicted by the
SignalP 3.0 Server (http://www.cbs.dtu.dk/services/SignalP-3.0/).
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to search for
similar stefins amino acid sequences, and alignment was performed
using DNAMAN 8.0. A phylogenetic tree was constructed by MEGA 7.0
(Kumar, Stecher, & Tamura, 2016) via the neighbor-joining method.

2.5. Analysis of the stefinA transcription level in grass carp tissues

Quantitative real-time PCR (qRT-PCR) was applied to analyze the
stefinA gene transcription level in grass carp tissues. Total RNA was
extracted, and cDNA was synthesized as described in Section 2.3. The
qStefinA-F/R and 18 s rRNA-F/R primers (Table S1) were used to am-
plify stefinA and the internal control (18 s rRNA gene), respectively. The
primers and templates were mixed following the instructions of the Real
Master Mix SYBR Green I Kit (Tiangen Biotechnology, Beijing, China),
and qRT-PCR was then performed using the CFX96 Touch Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA). Data were col-
lected and analyzed by the 2−△△Ct method (Liu et al., 2018). Briefly,
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the expression ratio of stefinA was calculated using the 18 s rRNA gene
as the baseline. The final transcription levels of stefinA in all tissues was
expressed as fold changes.

2.6. Heterologous expression and purification of recombinant CiStefin A

To assemble the stefinA-pET30a expression plasmid, the re-
combinant stefinA-pMD19-T plasmid was digested with NdeI/XhoI. The
stefinA DNA fragment was then recovered and ligated with linearized
pET30a digested by the same enzymes. The purified ligation product
was transformed into E. coli BL21 (DE3) and screened with 50 μg/ml
kanamycin in LB media. Transformants containing the correct plasmid
were validated by plasmid isolation and double-enzyme digestion.
Expression of CiStefin A protein was initiated by incubating the E. coli
host in LB medium supplemented with 1 mM/L IPTG at 37 °C for 6 h.
Cells were centrifugally collected and then lysed by 100 mg/mL lyso-
zyme at 37 °C. Afterwards, freezing/thawing was applied to fully lyse
host cells. Before chromatographic purification, cell lysates were wa-
shed with gradient urea solutions and CiStefin A was dissolved in 5 M
urea. CiStefin A was finally purified by Ni2+-nitrilotriacetic acid (NTA)
agarose affinity chromatography (1.6 × 5 cm, Qiagen, Hilden,
Germany), and eluted samples were concentrated by the Amicon®
Stirred Cells system (Merck Millipore, Burlington, MA, USA). SDS-PAGE
(Laemmli, 1970) was used to analyze the expression and purification
processes. Purified CiStefin A was aliquoted and preserved at −80 °C
until further analysis.

2.7. Characterization of recombinant CiStefin A

In order to characterize the CiStefin A by reverse phase liquid
chromatography-mass spectrometry (RPLC-MS/MS), 2D gel electro-
phoresis (Bio-Rad, Hercules, CA, USA) was first performed to separate
CiStefin A from other impurities according to the difference of the
isoelectric point (pI). All procedures were performed following the
manufacturer’s instructions. After electrophoresis, a dot of CiStefin A
was cut from the 2D gel and sent for RPLC-MS/MS characterization.
Data generated by RPLC-MS/MS were imported into ProteinPilot 5.0
software (AB SCIEX, Framingham, MA, USA) to search for potential
amino acid sequences.

2.8. Protease inhibition activity assay

According to the methods of Anastasi et al. (1983) and Barrett and
Kirschke (1981), the inhibition activities of CiStefin A were determined
by testing its suppression effects on the protease activities of papain
(Sigma-Aldrich, St. Louis, MO, USA), cathepsin B and cathepsin L
[prepared in our lab by extracting from the dorsal muscle of silver carp
(Li, Zhou, Zhang, Liu, & Ma, 2008; Liu, Yin, Zhang, Li, & Ma, 2008)].
Benzyloxycarbonyl-L-phenylalanyl-L-arginine 4-methylcoumaryl-7-
amide (Z-Phe-Arg-MCA, Sigma-Aldrich, St. Louis, MO, USA) was used
as the substrate of papain and cathepsin L. Benzyloxycarbonyl-arginyl-
arginine-4-methyl-7-coumarylamide (Z-Arg-Arg-MCA, Sigma-Aldrich,
St. Louis, MO, USA) was used as the substrate of cathepsin B. Proteases,
substrates and CiStefin A were incubated at 40 °C and pH 6.8. The
fluorescence intensity of 7-amido-4-methylcoumarin (AMC) released
after enzymatic cleavage was measured by a Multiskan Spectrum
Fluorescence Microplate Spectrophotometer (Varioskan Flash 3001,
Thermo Scientific, MA, USA) with excitation and emission wavelengths
of 380 nm and 460 nm, respectively. Additionally, the inhibition ac-
tivity of CiStefin A to trypsin and chymotrypsin was determined by
following the methods of Schwert & Takenaka (1955) and Hummel
(1959), respectively.

The stability of CiStefin A at different temperatures and pH values
was investigated (Li, Zhou, Zhang, Liu, & Ma, 2008). Briefly, CiStefin A
was incubated in buffers with increasing pH values (pH 3.0–13.0) at
40 °C for 1 h. The residual inhibition activity was then determined as

described above. Thermal stability was investigated in the same
manner, except that CiStefin A was incubated in buffers with the same
pH but increasing temperatures (4 °C, 20 °C, 30 °C, 40 °C, 50 °C, 60 °C,
70 °C, and 80 °C). In the final test of the protease inhibition activities
assay, the Dixon plot method (Burlingham & Widlanski, 2003) was
applied to calculate the inhibition constant (Ki) of CiStefin A towards
papain.

2.9. Antibody preparation

For the purpose of immunolocalization, a polyclonal antibody
against CiStefin A was prepared from mouse. The Quick Antibody-
Mouse 5W Adjuvant (KangBiQuan Biotechnology, Beijing, China) was
used according to the manufacturer’s instructions. Briefly, within five
weeks, subcutaneous injections of CiStefin A (endotoxin eliminated) in
the hind leg was conducted on two male BALB/c mice. Before injection,
serum was collected as the control. On day 1, 50 μL of recombinant
CiStefin A (0.4 mg/mL) was aseptically mixed with an equal volume of
adjuvant and then injected into each mouse. The same dose of booster
injection was given after 21 days. On day 35, small amounts of tail
blood from immunized mice were collected and analyzed via ELISA
assay to measure the titer. Once the titer reached a ratio that was equal
to or greater than 1:10000, whole blood was collected to isolate anti-
sera against CiStefin A.

2.10. Analysis of the CiStefin A protein expression level in grass carp tissues

Using the CiStefin A antibody, immunohistochemical staining of
grass carp tissues was performed to visualize the CiStefin A protein.
Before staining, selected tissues were fixed in 4% paraformaldehyde for
24 h and dehydrated in ethanol with increasing concentrations. Tissues
were then embedded in Tissue-Tek® Optimal Cutting Temperature
Compound (Sakura Finetek, Torrance, CA, USA). Embedded tissues
were finally sectioned into 10-μm sections with a Cryostat Microtome
(CM1900-1–1, Leica Biosystems, Wetzlar, Germany). After the pre-
treatments, immunohistochemical staining was conducted as described
in our previous research (Li et al., 2017). The Ultra-Sensitive SP
(Mouse/Rabbit) IHC Kit (Maixin Biotechnology, Fujian, China) for im-
munolocalization was used. Endogenous peroxidase deactivating,
blocking and washing were routinely performed by following the in-
structions of the kit. The first antibody was the CiStefin A antibody (1:
500 diluted), and the secondary antibody was a biotinylated anti-mouse
IgG from goat (1: 1000 diluted; Beyotime Biotechnology, Shanghai,
China). After antibody incubation, tissues were stained with freshly
prepared 3,3N-diaminobenzidine tetrahydrochloride (DAB; Maixin
Biotechnology, Fujian, China) for 3–10 min. In the negative control
group, all the manipulations were the same, except that PBS replaced
the first antibody. All stained slices were photographed, and the
average optical density (AOD) of stained cells was determined by
Image-Pro Plus 7.0 (IPP 7.0, Media Cybernetics, Rockville, MD, USA).
Briefly, stained part of a cell will be automatically identified by IPP 7.0
based on the color difference. Stained parts with same chrominance will
be selected and the integral optical density (IOD) and area (A) will be
calculated. Average optical density (AOD) was defined as IOD/A to
represent the protein expression level. The semi-quantification of CiS-
tefin A was calculated as AOD (testing group) − AOD (negative control
group).

2.11. Data analysis

Data collected were analyzed by SPSS Statistics 22.0 (IBM, Armonk,
NY, USA), and the mean values and standard deviations of three bio-
logical replicates were calculated. One-way analysis of variance
(ANOVA) was applied to analyze the significances between tested
groups, and a significant difference was considered when the p value
was< 0.05.
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3. Results

3.1. Sequence analysis of stefinA

Cloning and sequencing of the stefinA gene were performed to
produce DNA and deduce its amino acid sequence, respectively (Fig. 1).
In total, 294 bp nucleotides (stop codon was included) were found in
the stefinA gene sequence. The deduced amino acid sequence contained
97 amino acid residues, consistent with the putative length in the grass
carp cDNA library (NCBI GenBank accession number: CK232997.1).
After further analyzing the amino acid sequence, we found that the
predicted molecular weight and theoretical pI of the CiStefin A protein
were 10.6 kDa and 8.47, respectively. No disulfide bond was found in
its C-terminus, while one active site residue (Gly4 in Fig. 1) and five
conserved amino acid residues of cystatins (QXVXG, X referred to any
amino acids; Gln45-Gly49 in Fig. 1) were found in its N-terminus. The
SignalP 3.0 online tool predicted no signal peptide in CiStefin A. This
verified stefinA sequence of grass carp was submitted and deposited in
GenBank (accession number: KT279357).

To analyze the similarities between CiStefin A and stefins from other
species, sequences from teleosts, human, pig, mouse and chicken were
collected from the NCBI database and used for multiple sequences
alignment. As shown in Fig. 2A, CiStefin A had similarities of 22.43%-
42.20% with stefin A from teleosts, and the highest similarity was found
for the comparison with stefin A from Zebra fish (Danio rerio,
XP005168661.2, 42.20%), followed by that from Nile tilapia (Or-
eochromis niloticus, XP003439362.1, 40.59%). CiStefin A had simila-
rities of 26.53%-39.81% with that from vertebrates, and the similarities
of CiStefin A with pig stefin A (Sus scrofa, NP999024.1) and human
stefin A (Homo sapiens, NP005204.1) were 39.81% and 35.71%, re-
spectively. As shown in the phylogenetic tree (Fig. 2B), stefins from
different species formed two major groups: stefin A and stefin B. CiS-
tefin A clustered with Danio rerio stefin A.

3.2. Expression and purification of recombinant CiStefin a

The expression and purification steps were analyzed by SDS-PAGE
(Fig. 3A and B). Compared to the native proteins of host cells, an extra
protein band of approximately 11 kDa was observed after IPTG in-
duction (Fig. 3A, lane 2, black arrow). Apparent molecular weight of
CiStefin A was later calculated by Quantity One 1-D Analysis Software
(Bio-Rad, Hercules, CA, USA), and it showed the molecular weight of
CiStefin A was 11.48 kDa. The molecular weight based on SDS-PAGE
was slightly larger than the predicted size of CiStefin A (10.6 kDa).
These results indicated that the putative CiStefin A protein was ex-
pressed in host cells by introducing the recombinant stefinA-pET30a

plasmid. As shown in Fig. 3B, CiStefin A (lane 5, black arrow) was fi-
nally dissolved in 5 M urea, and some of the impurities were removed.
Final purification was achieved by Ni2+-NTA affinity chromatography,
and obtained CiStefin A appeared as a single band (Fig. 3B, lane 6, black
arrow), indicating that the CiStefin A protein was successfully purified.

Purified CiStefin A was further subjected to 2D gel electrophoresis.
A protein dot with the expected molecular weight (~11 kDa) and iso-
electric point (~8.7) was found on the gel (supplement material, Fig.
S1). This highly purified CiStefin A protein was characterized by RPLC-
MS/MS, and a peptide fragment with the amino acid sequence of
VKSDIEEKAGTNFEVYTPLSFASQVVQGTNYR was detected. This frag-
ment was later identified from the deduced amino acid sequence of
CiStefin A, and the characteristic QVVQG sequence was also detected.
Thus, CiStefin A was successfully expressed in E. coli BL21 (DE3) and
the next step was to profile its inhibition activity.

3.3. Inhibition activity

The inhibition mode of CiStefin A was first confirmed. CiStefin A
only presented inhibition activities against papain, cathepsin B and
cathepsin L but not against two serine proteases trypsin and chymo-
trypsin (supplement material, Table S2). A more detailed inhibition
pattern was shown in Fig. 4A and B. A dose-relevant inhibition pattern
was observed, i.e. the proteolysis activities of papain, cathepsin B and
cathepsin L decreased with the increasing amount of CiStefin A. How-
ever, much less CiStefin A was needed to initiate inhibition of cathepsin
B and cathepsin L. Notably, the inhibition effects of CiStefin A against
cathepsin L were stronger than those against cathepsin B (Fig. 4B) be-
cause lower residual activities of cathepsin L were observed when
adding the same amount of CiStefin A.

3.4. pH/thermal stabilities and Ki value of CiStefin A

To investigate the stability of CiStefin A, its residual inhibition ac-
tivity against papain was measured after incubating CiStefin A under
various pH/thermal conditions. CiStefin A retained more than 65% of
its inhibition activity between pH 3.0–13.0, and it was most stable
between pH 7.0–9.0 (Fig. 5A). As for thermal stability, CiStefin A re-
tained more than 60% of its inhibition activity under given tempera-
tures. From 4 °C to 40 °C, the residual inhibition activity of CiStefin A
experienced a minor change. From 40 °C to 60 °C, a significant decline
in the inhibition activity of CiStefin A was observed (Fig. 5B). In gen-
eral, CiStefin A presented excellent heat and acid-base tolerance under
the tested conditions. We also investigated the Ki value to determine the
binding extent between CiStefin A and papain. According to the results
of the Dixon plot chart (Fig. 5C), the Ki value of CiStefin A towards
papain was 6.5 × 10−11 M (0.065 nM). Moreover, the intersection was
located in the negative portion of the X-axis, demonstrating that CiS-
tefin A was a non-competitive inhibitor of papain.

3.5. stefinA gene transcription level

Fig. 6A showed that stefinA gene transcription was detected in all
the tested tissues with different levels. From high to low, the order of
the transcription level was the hepatopancreas (36.702 ± 0.715), head
kidney (12.319 ± 0.967), small intestine (10.893 ± 0.652), muscle
(5.882 ± 0.972), kidney (5.098 ± 1.030), heart (4.511 ± 0.727),
gill (1.852 ± 1.154) and spleen (1.096 ± 1.032). The transcription
level in the hepatopancreas was significantly higher than other seven
tissues (p < 0.01). The head kidney had the second highest tran-
scription level of stefinA, and was significantly higher than small in-
testine (0.01 < p < 0.05). The transcription levels in the muscle, the
kidney, and the heart were close to each other, with no significant
difference (p greater than 0.05). There was no significant difference
between the transcription level between the spleen and gill (p greater
than 0.05).

Fig. 1. DNA sequence of stefinA and its deduced amino acid sequence. 294-bp
nucleotides and 97 amino acid residues were shown. Stop codon (TGA) was
marked with asterisk (*). The active site residue (G, glycine) and glutamine-
valine-glycine motif (QXVXG, QVVQG in CiStefin A) were marked with black
rectangle.
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Fig. 2. (A) Alignment of amino acid sequences of stefins from different species. Identical amino acid residues were in black, similar amino acids were in grey,
unrelated residues were in white. Quantities of amino acid residues were listed at the right. Active site residues and QXVXG motif of stefins were marked with grey
rectangle. The sequences used and their similarities to CiStefin A were: CmStefinA, Callorhinchus milii stefin A (XP007906890.1), 35.29%; DrStefinA, Danio rerio stefin
A (XP005168661.2), 42.2%; ElStefinA, Esox lucius stefin A (ACO14262.1), 26.47%; LcStefinA, Larimichthys crocea stefin A (ACJ24348.1), 32%; NbStefinA,
Neolamprologus brichardi stefin A (XP006794587.1), 34.31%; OlStefinA, Oryzias latipes stefin A (XP004081116.1), 28.28%; OnStefinA, Oreochromis niloticus stefin A
(XP003439362.1), 40.59%; PrStefinA, Poecilia reticulata stefin A (XP008394456.1), 32.32%; HsStefinA, Homo sapiens stefin A (NP005204.1), 35.71%; GgStefinA,
Gallus gallus stefin A (XP416493.4), 33.67%; MmStefinA, Mus musculus stefin A (NP001076012.1), 26.53%; SsStefinA, Sus scrofa stefin A (NP999024.1), 39.81%;
AfStefinB, Anoplopoma fimbria stefin B (ACQ58093.1), 38.61%; AmStefinB, Astyanax mexicanus stefin B (XP007242483.1), 47%; CsStefinB, Cynoglossus semilaevis
stefin B (XP008306187.1), 40.4%; DrStefinB, Danio rerio stefin B (NP001096599.1), 42%; ElStefinB, Esox Lucius stefin B (ACO13912.1), 45.92%; GmStefinB, Gadus
morhua stefin B (AEK21704.1), 41%; IfStefinB, Ictalurus furcatus stefin B (ADO27795.1), 39.25%; LoStefinB, Lepisosteus oculatus stefin B (XP006627803.1), 46%;
MzStefinB, Maylandia zebra stefin B (XP004546782.1), 41.41%; OlStefinB, Oryzias latipes stefin B (XP004081113.1), 45.45%; OmStefinB, Oncorhynchus mykiss stefin
B (NP001117971.1), 43.88%; OnStefinB, Oreochromis niloticus stefin B (XP003439235.1), 43.43%; PnStefinB, Pundamilia nyererei stefin B (XP005755725.1), 47.47%;
PoStefinB, Paralichthys olivaceus stefin B (ACC86114.1), 33.67%; PrStefinB, Poecilia reticulata stefin B (XP008394559.1), 38.61%; SmStefinB, Scophthalmus maximus
stefin B (ADM61584.1), 35.35%; XmStefinA, Xiphophorus maculatus stefin B (XP005797920.1), 40.40%. (B) Phylogenetic tree of Stefins from different species. The
phylogenetic tree was constructed with MEGA 7.0 using the neighbor-joining method. Bootstrap values of 1000 replications (%) were indicated on the branches.
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3.6. Localization and protein expression level of CiStefin A

Before immunohistochemical localization of the CiStefin A protein
was performed, we prepared a polyclonal antibody. ELISA assay de-
tected the titer of the CiStefin A antibody, which was higher than
1:64000 (supplement material, Table S3). The specificity of the pre-
pared antibody to Cistefin A was verified by western blot (Fig. S2).

Subsequently, this antibody was applied to analyze the tissue dis-
tribution and expression of CiStefin A by immunohistochemistry. CiS-
tefin A presented an extensive distribution in all the tested tissues. A
diffuse distribution pattern was specifically observed at the positive
regions of cells (supplement material, Fig. S3), from which we could
infer that most of the CiStefin A was expressed in the cytoplasm. The
extent of immunostaining was used to reflect the amount of target

Fig. 2. (continued)

Fig. 3. SDS-PAGE analysis for the expression and purification of CiStefin A. (A) lane 1: total proteins in recombinant host E. coli BL21 (DE3) before IPTG induction;
lane 2: total proteins in recombinant host E. coli BL21 (DE3) after IPTG induction. (B) lane 3–5: proteins from recombinant E. coli BL21 (DE3) dissolved in 0.5 M, 1 M
and 5 M urea solution, respectively; lane 6: purified CiStefin A after Ni2+-NTA agarose affinity chromatography. CiStefin A band was indicated by black arrow.
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protein by utilizing IPP 7.0 to analyze the average optical density of the
positive regions. From high to low, the order of the CiStefin A protein
expression levels was the hepatopancreas (0.412 ± 0.097), gill
(0.235 ± 0.037), heart (0.163 ± 0.059), small intestine
(0.147 ± 0.049), head kidney (0.143 ± 0.073), kidney
(0.126 ± 0.063), spleen (0.111 ± 0.018), muscle (0.109 ± 0.050).
The expression level in the hepatopancreas was significantly higher
than those in the other seven tissues (p < 0.01). The gill had the
second highest CiStefin A protein expression level, and it was sig-
nificantly higher than those in the remaining tissues
(0.01 < p < 0.05). There was no significant difference in the CiStefin
A protein expression levels among the heart, small intestine, head
kidney, kidney, spleen and muscle (p greater than 0.05) (Fig. 6B).

4. Discussion

Previously, a cDNA library of grass carp was constructed and a stefin
A1-like mRNA sequence was predicted (NCBI GenBank accession
number: CK232997.1, 630 bp). We analyzed the sequence by BLAST
and inferred that the DNA fragment of 229–522 bp might encode grass
carp stefin A. Based on this hypothesis, a 294-bp DNA fragment from
grass carp was cloned. From its deduced amino acid sequence, we found
the typical QXVXG motif of the cystatins superfamily. This motif has
also been found in large yellow croaker stefin-like (297 bp) (Li et al.,
2009), turbot stefin B (300 bp) (Xiao et al., 2010), Atlantic cod stefin B
(303 bp) (Rajan, Fernandes, Caipang, Kiron, Rombout, & Brinchmann,
2011) and olive flounder stefin B (297 bp) (Ahn et al., 2013). According
to the model of cystatins-papain complex (Stubbs et al., 1990), the
highly conserved QXVXG motif of cystatins binds to the activity site of
cysteine proteinases, thereby interfering with their interaction with
substrates. Family I stefins are proteins with low molecular weight.
Correspondingly, CiStefin A was predicted to be 10.6 kDa and was
found to be 11.48 kDa on SDS-PAGE. Predicted molecular weights of
stefins have been reported in large yellow croaker (Li et al., 2009)
(11.4 kDa), turbot (Xiao et al., 2010) (11.1 kDa), Atlantic cod (Rajan,
Fernandes, Caipang, Kiron, Rombout, & Brinchmann, 2011) (12.7 kDa)
and olive flounder (Ahn et al., 2013) (11.1 kDa). Similarly, Xiao et al.
(2010) expressed turbot stefin B and observed a molecular weight of
12.1 kDa on SDS-PAGE. By combining all of the features characterized
and the results of phylogenetic tree, we concluded that the DNA frag-
ment cloned belonged to stefin A, a subtype of family I stefins. When we
looked back to the fish species and sequence alignment between CiS-
tefin A and other piscine stefin A, we found that only zebrafish, a

typical model animal, belongs to Cyprinidae. However, there is an in-
teresting finding that even though grass carp has the same family in
classification position, their stefins only shared 42.20% similarities (the
highest in sequence alignment). This is the first report about comparing
the stefins sequences of Cyprinidae family. These results suggest that
even in the same family, piscine stefins might varied obviously.
Therefore, when we apply stefins into food industry, such as anti-soft-
ening in fillets preservation and surimi products processing, it might
need a selection in the match degree of the endogenous inhibitor to fish
species in order to achieve an optimal inhibitory efficiency.

CiStefin A was further expressed, and its protease inhibition activity
was investigated. CiStefin A displayed a characteristic mode of in-
hibiting cysteine proteases (papain and cathepsin B/L) instead of serine
proteases (trypsin and chymotrypsin) (Table S2). Notably, CiStefin A
had apparently weaker inhibition of cathepsin B compared to that of
cathepsin L (Fig. 4B). The same conclusion has been reported in studies
of human liver stefin A (Green et al., 1984), pig stefin D (Lenarcĭc ̆ et al.,
1993) and olive flounder stefin B (Ahn et al., 2013). This phenomenon
may be explained by the unique crystal structure of cathepsin B, as it
contains an occluding loop (Turk, Stoka, et al., 2008). The corre-
sponding amino acid sequence was highly conserved, and the encoded
structure would obstruct the binding between inhibitors and cathepsin
B. Consequently, weaker inhibition effects to cathepsin B were ob-
served. In addition, the Ki value of CiStefin A towards papain was
6.5 × 10−11 M (0.065 nM), which was stronger than that of glass fish
stefin (4.44 × 10−9 M) (Ustadi et al., 2005) and weaker than that of
large yellow croaker stefin (1.3 × 10−13 M) (Li et al., 2009). Similar Ki

values have been found in human liver stefin A (1.9 × l0−11 M) (Green
et al., 1984), human urine stefin A (1.9 × l0−11 M) and stefin B
(3.4 × l0−11 M) (Abrahamson et al., 1986). Lower Ki values indicate
tighter binding between inhibitors and proteases, thus resulting in
stronger inhibition effects. These results revealed a typical and strong
inhibition specificity of CiStefin A to cysteine proteases.

In addition to the inhibition activity of CiStefin A, we also in-
vestigated its thermal and pH stabilities. Excellent stabilities of CiStefin
A were observed, and the most stable inhibition activity was detected in
the range of 4–80 °C (Fig. 5A) and pH 7.0–9.0 (Fig. 5B). With regard to
other piscine stefins, Ustadi et al. (2005) reported that glass fish stefin is
stable in the range of 50–80 °C and at pH 8.0. Other studies have shown
that the cystatins superfamily possesses robust thermal and pH stabi-
lities, particularly some family I stefins can tolerate harsh conditions
like 100 °C (Vicik, Busemann, Baumann, & Schirmeister, 2006) or pH
2.0/12.0 (Turk, Stoka, et al., 2008). This promising feature may be

Fig. 4. Inhibition pattern of CiStefin A against the activity of papain (A) and cathepsin B/L (B). The curves were displayed as the change of residual activity of papain
or cathepsin B/L along with the addition of CiStefin A. Three parallel replicates for each group were set and measured. All data were presented as mean value with
standard deviation.
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potentially utilized in surimi manufacturing. The rich myofibrillar
protein in surimi turns into an elastic gel upon heating (Hu, Ji, Jiang,
Zhang, Chen, & Ye, 2012; Liu, Yin, Zhang, Li, & Ma, 2008), but the gel
structure of surimi is irreversibly damaged due to the degradation of
myofibrillar protein by endogenous proteases at 50–70 °C. Moreover,
the pH of fish paste is usually adjusted to 6.5–7.0 to produce surimi
(Liu, Yin, Zhang, Li, & Ma, 2008). Under these conditions, cathepsin B
and cathepsin L are still active and would act as key negative factors
(Ge, Xu, & Xia, 2015; Hu, Ji, Jiang, Zhang, Chen, & Ye, 2012; Liu, Yin,
Zhang, Li, & Ma, 2008). Exogenous and fish origin CiStefin A could be a
promising candidate to minimize the texture deterioration of surimi gel
as it maintains high activity under the conditions used in surimi pro-
cessing.

By now, most studies on the expression of piscine stefins have been
performed at the gene transcription level. StefinB gene transcription has
been detected in eight turbot tissues using qRT-PCR, showing that the
highest level is found in muscle and the lowest level in kidney with a
22-fold difference (Xiao et al., 2010). Other researchers have used re-
verse transcriptase PCR (RT-PCR) to identify the gene expression of
stefins. Positive results were reported in large yellow croaker (Li et al.,

2009), Atlantic cod (Rajan et al., 2011) and olive flounder (Ahn et al.,
2013). Interestingly, so far stefins gene has been detected in all the
tested tissues of these fish species, indicating a wide gene expression of
stefins. The same pattern was found in our study with the occurrence of
stefinA gene transcription in all eight tissues of grass carp. The highest
and the lowest expression levels showed a 32-folds differences. These
results suggest that the stefins gene is transcribed in multiple tissues of
fish with different levels, while its distribution and expression at the
protein level are still unclear. Li et al. (2009) studied stefins in large
yellow croaker and showed that it is localized in the cytoplasm and
nucleus of spleen cells by immuno-electron microscopy. Because the
localization of stefins has only been reported in one study, it seemed
necessary to develop an efficient method to investigate the location of
stefins in tissues. We selected the immunohistochemistry method, a
type of immunostaining widely used in medical science for abnormal
cell diagnosis. This method was based on antigen–antibody binding and
directly performed on tissues. Therefore, this method was highly spe-
cific and easy to observe for investigating the target distribution in
cells. On the other hand, the intensity of immunostaining varied due to
the different protein expression levels in cells (Cregger, Berger, &

Fig. 5. Activity profiles of CiStefin A. The curves were displayed as the residual inhibition activityof CiStefin A under selected temperature (A) and pH (B). The
reciprocal of the Papain activity (1/V, 1/μmol·L−1·min−1) versus the molar concentration (nM) of CiStefin A was used to make the dixon plot graph (C), three
trendlines under different concentration of substrate (45 μM, 90 μM, 180 μM) were created. The molar concentration (nM) of CiStefin A at the intersection of three
trendlines would be its Ki value.
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Rimm, 2006). Thus, we first prepared a polyclonal antibody against
CiStefin A and applied it in immunohistochemistry. Positive and clear
immunostaining was observed in grass carp tissues, indicating that the
antibody worked effectively in recognizing stefin A in eukaryotic cells.
After immunohistochemistry, the average optical density of the positive
staining area was detected to analyze the expression level. To the best
of our knowledge, no protein quantification of piscine stefins has pre-
viously been reported. We found that the highest level was still in he-
patopancreas, which is consistent with the gene expression results. In
other seven tissues, the protein expression level was different from the
gene expression level. This phenomenon reflected the complicated
regulatory mechanism in the process from gene transcription to protein
expression. The gene transcription level does not indicate the final
protein expression level because the linear correspondence only existed
between the gene sequence and its encoded nascent peptide (Petryszak
et al., 2016). Various modifications and folding may occur in the nas-
cent peptide to form the full function protein, and these processes
cannot be predicted at the gene transcription level. In the aspect of food
industry, massive of wasted tissues will be generated and abandoned
when slaughtering the grass carp. Developing a scientific method for
investigating the stefins in these wasted tissues and utilizing them
reasonably will improve the economic value added of grass carp. In our
previous work, it has been revealed that there exist high cystatins ac-
tivities in the wasted tissues of fish (Li, Chen, Jiang, Li, Li, Wu, et al.,
2014). Accordantly, our results showed grass carp stefinA transcripted
and expressed at different degrees in these tissues. On the other hand,
as summarized in the introduction, cystatins superfamily have a variety
of physiological, biological and antimicrobial activities and manifest a
potential application value in the food and medicine fields. Therefore,
identifying the distribution of stefin A in grass carp meat and other
wasted tissues during food processing will be conducive to the targeted
recovery and utilization of stefin A. Farther, if it could be developed
into different types of active preparations, its significance for grass carp
deep processing industry is self-evident.

In conclusion, a systematic study on the cloning, expression, char-
acterization and tissue distribution of grass carp stefin A was performed
in this work. This research provides basic information about grass carp
stefin A. Particularly, the confirmation of the CiStefin A protein level in
grass carp tissues may be a guide for recycling and utilizing stefins in

wasted tissues. Moreover, it is important to explore the practical
function and mechanisms of stefins in preventing quality deterioration
of fish fillet and surimi. To realize this purpose, our proposed method
can be used for detecting the dynamic changes of stefins over time and
at different locations.
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Fig. 6. (A) Relative gene transcription level of stefinA in different tissues of grass carp. The 18 s rRNA gene was used to normalize the transcription level. Three
replicates were set in each group. All data were presented as mean value with standard deviation. (B) Relative protein expression level of CiStefin A in different grass
carp tissues. Integral optical density (IOD) and area (A) of stained parts in testing group and negative control group (supplementary material, Fig. S3) were measured
by IPP 7.0. Protein expression level was represented by average optical density (AOD= IOD/A). The semi-quantification of CiStefin A was validated by: AOD (testing
group) − AOD (negative control group). All data were presented as mean value with standard deviation. The differences were indicated with different lowercase
letters (0.01 < P < 0.05) or capital letters (P < 0.01).
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