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ARTICLE INFO ABSTRACT

Keywords: Cathepsin Z (CTSZ) is a lysosomal cysteine protease of the papain superfamily. It participates in the host immune
CTsz defense via phagocytosis, signal transduction, cell-cell communication, proliferation, and migration of immune
Turbot cells such as monocytes, macrophages, and dendritic cells. In this study, we reported the identification of
Vibrio anguillarum SmCTSZ, a CTSZ homolog from turbot (Scophthalmus maximus L.). SmCTSZ was 317 residues in length and
iﬂ?f:;:ci;ﬁﬂ?fy contains a Pept-C1 domain. In multiple species comparison, SmCTSZ shared 65-93% overall sequence identities
with the CTSZ counterparts from human, rat, and several fish species. In the phylogenetic analysis, SmCTSZ
showed the closest relationship to Cynoglossus semilaevis. The syntenic analysis revealed the similar neighboring
genes of CTSZ across all the selected species, which suggested the synteny encompassing CTSZ region during
vertebrate evolution. Subsequently, SmCTSZ was constitutively expressed in various tissues, with the lowest and
highest levels in brain and intestine respectively. In addition, SmCTSZ was significantly up-regulated in intestine
following both Gram-negative bacteria Vibrio anguillarum, and Gram-positive bacteria Streptococcus iniae im-
mersion challenge. Finally, the rSmCTSZ showed strong binding ability to all the examined microbial ligands,
and the agglutination effect to different bacteria. Taken together, these results indicated SmCTSZ could play
important roles in mucosal immune response in the event of bacterial infection in teleost. However, the
knowledge of CTSZ are still limited in teleost species, further studies should be carried out to better characterize

its detailed roles in teleost mucosal immunity.

1. Introduction

Cathepsin Z (CTSZ), one of the 11 cysteine proteases members of
papain family, represents the major component of lysosomal proteolysis
system [1]. According to the structural similarities, it is also denoted as
cathepsin X (CTSX) [2], P (CTSP) [3] or Y(CTSY) [4]. CTSZ shows
several unique features in enzyme activity properties and gene struc-
ture. In particular, the proregion of cathepsin Z is quite short compared
to other cathepsins [5]. The mature form of cathepsin Z has an ECD
motif (Glu-Cys-Asp) playing important roles in integrin-mediated signal
transduction [6]. Moreover, cathepsin Z exhibits carboxy-mono-
peptidase as well as carboxy-dipeptidase activities at its C terminus [7].
In comparison to other cathepsins, cathepsin Z is the most similar to
cathepsin B, but the C terminus of the mature cathepsin Z functionally
shows only monopeptidase activity, and not acting as an endopeptidase
in contrast to cathepsin B [8]. In human, cathepsin Z plays important
housekeeping roles as a lysosomal digestive enzyme similar to cathe-
psin B, L, H, and O [9].

Cathepsins are involved in antigen processing and maturation of the
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major histocompatibility complex class II molecules in the immune
system. Thereinto, CTSZ is mostly expressed in immune cells, such as
macrophages and monocytes [9-11]. Although CTSZ is the most recent
addition to cathepsins family, most of its biological functions related to
cathepsin have been established in mammals. Recently, a number of
CTSZ genes have been discovered and characterized at the molecular
level from several fish species. For example, in carp (Cyprinus carpio),
CTSZ was widely expressed in carp tissues and showed critical roles in
yolk metabolism [12]. Additionally, CTSZ was known to be involved in
vitellogenesis and oocyte maturation of the mummichog (Fundulus
heteroclitus) [13], proteolytic activity on vitellogenin in carp [14], and
food digestion in starfish (Asterina pectinifera) [15]. But its detailed
immune roles against pathogen infection are still limited in a handful
teleost species, for instance, CTSZ has been observed to play bacter-
icidal role in epidermal mucus in carp [14].

Turbot (Scophthalmus maximus L.), one of representative species of
flatfish, is mainly distributed in the northeast of Atlantic, and was in-
troduced into China in 1992. Following rapid development, it has be-
come one of the most extensively maricultured species in China.
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However, bacterial disease have resulted in dramatic economic losses to
turbot farming industry. In order to develop disease control and pre-
vention measures, many efforts have been made to identify the immune
genes, as well as their associate immune activities following infection in
turbot [16-20]. In addition, the mucosal immune system is the first line
of host defense against pathogen infection, a better understanding of
mucosal immunity against infection is urgent for aquaculture research
to improve immunity of fish via immersion or feeding [21]. In this
regard, we identified and characterized CTSZ gene in turbot, and its
expression patterns in mucosal tissues (skin, gill and intestine) fol-
lowing different bacterial infection, as well as the binding ability to
microbial ligands.

2. Materials and methods
2.1. Bacteria challenge and sample collection

Turbot were obtained from commercial fish farm in Haiyang
(Shandong Province, China) and maintained in the Aquatic Facility of
Marine Science and Engineering College, Qingdao Agricultural
University. The fish were kept at 18°C using a flow-through water
system and a simulated natural photoperiod. Fish were fed to satiation
daily with commercial pellets, and acclimated for at least 2 weeks prior
to conduct experiments.

In order to investigate the immune roles of CTSZ gene in the host
defense against bacterial infection, the Gram-negative bacteria V. an-
guillarum and the Gram-positive bacteria S. iniae were selected to con-
duct the bath challenge. After a pre-challenge, the bacteria were re-
isolated from symptomatic fish and biochemically confirmed to be in-
fected with V. anguillarum and S. iniae, respectively. The concentration
of the bacteria was determined using colony forming unit (CFU) per mL
by plating 1 mL of 10-fold serial dilutions onto LA agar plates. At each
timepoint following challenge, skin, gill and intestine samples were
collected from 15 fish (5 fish per pool) from the appropriate aquaria
after anaesthetizing.

Briefly, the S. iniae isolate was inoculated in LB medium in a shaker
incubator at 28 °C overnight. The fish were equally divided into five
aquariums, 4 challenged groups (2h, 4h, 8h and 12 h) and one control
group. For the challenge, the fish were immersed for 2hat a final
concentration of 5 x 10° CFU/mL, while the control fish were im-
mersed in sterilized media alone.

The V. anguillarum was inoculated in LB broth in a shaker (180 rpm)
at 28 °C overnight. The fish were immersed at a final concentration of
5 x 107 CFU/mL for 2h, while the control fish were immersed in
sterilized media alone. Aquaria were randomly assigned for 2h, 6h,
12h and 24h post-treatment and Oh control with 30 fish in each
aquarium for sample collection. All samples from both experiments
were flash-frozen in liquid nitrogen and then stored in a - 80 °C ultra-
low freezer until preparation of RNA.

2.2. Sequence identification and analysis

The turbot CTSZ gene was captured in transcriptome and genome
databases by TBLASTN program using CTSZ protein sequences from
other species as queries with a cutoff E-value of 1e710 [22,23]. The
retrieved initial pool of sequences were aligned to delete the repeated
entries to generate a set of unique sequences for further analysis. Upon
identification, the candidate sequences were then translated using ORF
Finder (https://www.ncbi.nlm.nih.gov/orffinder/). The predicted ORF
sequences were further verified by BLASTP (http://blast.ncbi.nlm.nih.
gov/Blast.cgi) against NCBI non-redundant protein sequence database.
The conserved domains and signal peptides were further identified by
the simple modular architecture research tool (SMART; http://smart.
embl-heidelberg.de/). The molecular mass, theoretical pI, and N-gly-
cosylation sites were analyzed by ExPASy server [24]. The percentages
of similarity and identity were calculated by MatGAT program [25].
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The secondary structure of the CTSZ could be browsed on the Pole
Bioinformatique Lyonnais (PBIL) server (https://prabi.ibcp.fr/htm/
index.php). The presumed 3D protein structural model was estab-
lished using protein homology/analogy recognition engine V 2.0
(Phyre2) (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id =
index). Finally, the identified sequence was validated by the regular
sanger sequencing.

2.3. Sequence alignment, phylogenetic and syntenic analysis

The phylogenetic tree was constructed based on the amino acid
sequences of CTSZ from various species retrieved from GenBank, in-
cluding human (Homo sapiens), mouse (Mus musculus), chicken (Gallus
gallus), painted turtle (Chrysemys picta), western clawed frog (Xenopus
tropicalis), zebrafish (Danio rerio), large yellow croaker (Larimichthys
crocea), half smooth togue sole (Cynoglossus semilaevis), Channel catfish
(Ictalurus punctatus), northern pike (Esox lucius), guppy (Poecilia re-
ticulata), mummichog (Fundulus heteroclitus) and turbot (S. maximus).
Clustal Omega program was utilized to perform the multiple protein
sequence alignment [26]. A neighbor-joining phylogenetic tree was
generated using the Molecular Evolutionary Genetics Analysis (MEGA
7) software [27]. Data were analyzed using Poisson distance correction
and gaps were removed by complete deletion. To evaluate the topolo-
gical stability of the phylogenetic tree, bootstrapping with 1000 re-
plications was conducted.

In order to further verify the characterization of turbot CTSZ gene,
syntenic analysis was performed with human, mouse, chicken and fugu.
Briefly, using FGENESH program, the protein sequences of neighboring
genes of the turbot CTSZ was predicted from the turbot scaffold. The
identified protein sequences were annotated against NCBI non-re-
dundant (nr) database by BLASTP. Ensembl database and Genomicus
were used to determine the conserved syntenic pattern of CTSZ gene in
other species [28].

2.4. Real-time PCR analysis of CTSZ expression following bacterial
challenge

Total RNA was isolated using Trizol’ Reagent (Invitrogen, USA)
according to manufacturer's instruction. Total RNA were extracted and
treated with RNase-free DNaselto remove genomic DNA contamination.
The quality and quantity of each RNA sample were measured on a
Nanodrop 2000 (Thermo Electron North America LLC, FL). A260/280
ratio of all extracted samples were greater than 1.8. One microgram of
total RNA was used for cDNA synthesis with PrimeScript RT reagent Kit
with gDNA FEraser (Takara, Dalian, China) according to the manufac-
turer's instruction. QPCR was carried out in CFX96 Touch (Bio-Rad
Laboratories, CA, USA) using the SYBR ExScript qRT-PCR Kit (Takara,
Dalian, China) following the manufacturer's instructions. The PCR re-
action mixture was denatured at 95 °C for 30 s and then subjected to 40
cycles of 95 °C for 5s, 58 °C for 55 and followed by dissociation curve
analysis, 5sat 65 °C, then up to 95 °C at a rate of 0.1 °C/s increment, to
verify the specificity of the amplicons. Triple RNA samples at each
timepoint were analyzed for gene expression. And turbot 18S rRNA
gene was used as an internal control for normalization of the expression
levels (gene specific primer was designed using primer3 software and
shown in Table 1). The fold differences were calculated by the relative
quantification method using the Relative Expression Software Tool
(REST) to capture significance at the level of P < 0.05 [29].

2.5. Plasmid construction

In order to construct the expression plasmid for turbot CTSZ, the
open reading frame without signal sequence of CTSZ was amplified
with the specific primers following cDNA synthetization (Table 1). After
gel extraction, the PCR products were ligated to pEASY-Blunt-E1 vector,
and then transformed into competent Trans1-T1 cells. Following blue-
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Table 1
Primers used in this study.

Primer Name Sequences (5’-3") Information

SmCTSZ-P-F GCAGGAGCGTCGTTCCG Primer used to obtain ORF
SmCTSZ-P-R CTAGAGGTCGTCCTTCGGG without signal peptide

T7 test TAATACGACTCACTATA Specific primer for pEASY-Blunt-
T7 Primer CCACCGCTGAGCAATAACTA E1 vector

18S-F ATGGCCGTTCTTAGTTGGTG Q-PCR primer for control

18S-R CTCAATCTCGTGTGGCTGAA

SmCTSZ-F ATTCAACGTCGTCCTCCACT Q-PCR primer

SmCTSZ-R CGGAGTGTGCAACATTGTGA

white spotting selection, the positive clones were selected and se-
quenced with T7 Promoter Primer. The verified recombinant plasmid
was extracted and marked as pEASY-E1-CTSZ. Sequence analysis re-
vealed that one of the plasmids contains the open reading frame
without signal sequence of a CTSZ homolog (named SmCTSZ for “S.
maximus CTSZ”).

2.6. Production and purification of recombinant protein (rSmCTSZ)

To obtain recombinant SmCTSZ protein, the recombinant plasmid
PEASY-E1-CTSZ was transformed into E. coli BL21 (DE3). The trans-
formant BL21- CTSZ and the control BL21 with empty pET-32a were
cultured in LB-kanamycin at 37 °C with shaking at 200 rpm. When the
culture medium reached an OD600 of 0.4-0.6, IPTG was added to the
medium at a final concentration of 0.9 mM and incubated for another
4h optimal time. Recombinant protein was purified using by nickel-
nitrilotriacetic acid chromatography (Takara, China) according to the
instructions of the manufactures, and analyzed by 12% sodium dode-
cylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and visua-
lized by staining with Coomassie brilliant blue. The concentration of the
recombinant protein was determined using Bradford's method.

2.7. Western blot

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) was carried out on a 7.5cm by 8.5 cm polyacrylamide gel of
1 mm thickness in a vertical gel electrophoresis apparatus to detect the
antigenic determinants of molecular weight. rSmCTSZ preparations
were mixed with 5 pl of tracking dye and heated in a water bath for
5 min; then were electrophoresed on a 5% stacking gel and a 12% se-
parating gel. The gel was initially run at 60 V until the tracking dye
reached the separating gel and then the voltage was increased to 80 V
until the dye reached the bottom of the gel. One gel was stained with
0.25% Coomassie Brilliant Blue R-250, destained and analyzed.
Another gel was transferred to a polyvinylidene fluoride (PVDF) at
300 mA constant current for 1 h and washed three times for 5 min with
PBS. The PVDF was blocked with 3% bovine albumin for 1 hat 37 °C
and washed three times for 5 min each with PBST. The PVDF was then
incubated in Anti-His Tag Mouse Monoclonal Antibody (Solarbio,
Beijing, China) for 1 h at 37 °C followed by three washings with PBST.
After this, the PVDF was incubated in goat anti-mouse IgG/HRP
(Solarbio, Beijing, China) for 1 hat 37 °C and washed as above. The
PVDF reacted in a solution of TMB Single-Component Substrate
(Solarbo) for 15 min then the reaction was terminated and observations
were made.

2.8. Solid-phase enzyme-linked immunosorbent assay (ELISA)

The binding ability of rSmCTSZ with lipopolysaccharide (LPS), li-
poteichoic acid (LTA) and peptidoglycan (PGN) was detected by the
method of ELISA. Briefly, LPS/LTA/PGN (5 pug/mL) were coated to a 96-
well plate at 4°C overnight. The plates were rinsed with PBS-Tween
(PBS containing 0.05% (w/v) Tween 20) three times and blocked for
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1h with PBS-Tween 5% BSA at 37 °C. After three washes with PBS-
Tween, 100 pl of the control protein with empty pET-32a or the in-
creasing concentrations of purified recombinant SmCTSZ (5, 10, 20, 40,
and 80 ug/mL) were added into each ligand-coated well, with four re-
plicates for each concentration, and incubated at 37 °C for 1 h, and the
plates were rinsed three times with PBS-Tween. Then, the wells were
incubated at 37°C for 1h with 100pul mouse anti-His antibody
(Solarbio, Beijing, China) (diluted 1:1000 in 5% BSA), after three wa-
shes followed by another incubation at 37 °C for 40 min, another three
washings with PBS-Tween, 100 pl horseradish peroxidase conjugated
goat anti-mouse IgG (Solarbio, Beijing, China) (diluted 1:1000 in 5%
BSA) were added to each well. After 30 min of incubation in darkness,
the reaction was terminated by adding 0.5 M sulfate, and the plate was
then read at ODysg ,,, With an ELISA plate reader (EL800, BioTek, with
the Gen 5 program).

2.9. Agglutination of FITC-labeled recombinant SmCTSZ to four species of
bacteria

S. agalactiae, V. anguillarum, E. coli and S. iniae were cultured in
Luria-Bertani broth in a shaker incubator (180 rpm) at 28 °C overnight.
The bacteria were harvested by centrifugation at 5000 g for 10 min and
resuspended with TBS-Ca (20mM Tris-HCL, 150 mM NaCl, 20 mM
CaCl,, PH = 8.0) for twice and adjusted to 2.5 x 10° CFU/mL. Purified
protein rSmCTSZ was dialyzed in PBS for 12h in 4°C for twice and
adjusted concentration to 2mg/mL. Then rSmCTSZ was dyed by
HOOK™ Dye Labeling Kit (G-Biosciences, USA) according to manufac-
turer's instructions. Briefly, the calculated volume of the freshly pre-
pared Dye Labeling Agent solution were added to the protein solution.
Quickly, vortex to mix then briefly centrifuged to collect sample in the
bottom of the tube. Wrapped the tube with aluminum foil to protect
from light. Following incubation at room temperature for 60 min, un-
conjugated dye were removed by centrifuging the SpinOUT™ columns
at 1,000 g for 6 min to collect the FITC-labeled rSmCTSZ protein solu-
tion. FITC-labeled rSmCTSZ (25 pl) were mixed with 10 pl bacteria and
incubated at room temperature for 60 min, then applied in a 20 pl drop
to the slide and allowed to settle for 30 min at room temperature, fol-
lowed by viewing under fluorescence microscope. Negative control was
similarly disposed, but just mixed FITC dye (25 pul) and 10 pl bacteria.

3. Results
3.1. Identification of turbot CTSZ gene

After searching the turbot databases using available CTSZ protein
sequences from other species as queries, one cDNA and putative amino
acid sequence of SmCTSZ (GenBank accession: KY593343) were iden-
tified. In detail, the complete cDNA sequence of SmCTSZ was 2069 bp
in length, including a 5’ untranslated regions (UTR) of 201 bp, an open
reading frame (ORF) of 954 bp and a 3’ UTR of 914 bp (Fig. 1). SmCTSZ
ORF encoded a 317 aa polypeptide with a predicted molecular mass of
approximately 34.81kDa and a theoretical pI of 6.36, with 6 protein
kinase C phosphorylation sites, 2 casein kinase II phosphorylation sites,
and 2 N-glycosylation sites (Table 2). Similar to other CTSZ protein,
SmCTSZ contains four active site triad residues (GIn®2, Cys'®!, His**°,
and Asn?*’1), which found in proteases of the papain family. There is
also a unique insertion for CTSZ, which was embedded in a highly
conserved peptide sequence CGSCW. For histidine residue, His®°,
many studies have proven that it could adjacent to small amino acid
residues, for example, glycine or alanine, followed by four aliphatic
hydrophobic (Fig. 1). Four catalytic residues (Gln®2, Cys!®!, His**°, and
Asn?”!) were found in a Pept C1 domain which was a highly conserved
structure in the amino acid sequence of SmCTSZ (Supplementary
Fig. 1). In comparison to other species, turbot CTSZ showed the highest
identity to killifish (Fundulus heteroclitus) with 80.4%, followed by P.
reticulata (79.8%) and L. crocea (79.5%) (Table 3). Interestingly, turbot
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AAAACATTAAGAATCAAATCAAAAGAAGGAAAAAAAAAGATGGGGTCGATGAGCCACGACCTCCCACTTCCTCGTCGGAAAAACAGACCA
AAAAACGTGCATGTTTGCGTAAGAAGTGCTGCCGTGGTCACGTGACTGAACTCTCCGCACTCGCAGCGACACTCTCCAGTTCCTCTCCCC
ACCGGCTCGACGCCTCTCTCCATGGAGCTCACCGGCCGCTGCTCGCCGTCACCGACGGCCCGCCGAGCCGCCGCCGTCGCGGTGCTGCTG

M E L. T 6 R C 8 P B8 PT A RUERAAAY A V L 1L

TCGGCGGCGGCTCTGTCCGCTGTGTCCGCGGCAGGAGCGTCGTTCCGCCGCCAGCAGCCGTGCTACGTGCGCGCACCGAGGGGACGCGAC

S A A AL S AV S A A G A S F RRQOQPCY V R AP R GURD

TICGGCCTGAGGACCGCTCCTCGTCCCCATGAGTACCTGAACATCTCTGAATTGCCCAAGTCGTGGGACTGGAGGAACATCGATGGCGTG
F @6 L. R T A P R PHEYXYUTLI NT S BEL P K S W DW K NTUD G V
AACTACGCCAGCACGACCCGCAACCAGCACATCCCCCAGTACTGTGGCTCCTGCTGGGCCCATGGCAGCACCAGTGCCATGGCAGATCGC
N YA S T T R N Q H TP QY CG S CW A HGS T S A M A DR
ATCAACATTCAACGGAAGGGAGCGTGGCCGTCTGCCTACCTCTCTGTGCAGCACGTGATCGACTGCGGCAATGCTGGCACTTGCCACGGA
I NI Q R K G A W °P S A Y L S V Q H VI DICGNAGTCH G
GGGGATCACACCGGGGTCTGGGAGTACGCTAACAAGCACGGGATCCCACACGAGACCTGCAATAACTACCAGGCTAAAGACCAGAATTGC
G D HT 66 YW E Y A NXKHGI P HETUGCENNTY Q A EKEKDOQDNC
AAGCCATTCAACCAGTGTGGAACCTGCACCACCTTCGGAGTGTGCAACATTGTGAAGAACTTCACCCTGTGGAGAGTGGGAGACTTCGGA
K P F N Q €C G TeE¢eTTPF G V € NTV K NVPFTLW RV G DF G
GCTGTCAGTGGGAGGGAGAAGATGATGGCTGAGATCTACGCTAAAGGACCCATCAGCTGTGGGATCATGGCCACAGAGAAGCTGGACGCG
AV S G R EKXK MM A E I Y A K G P1 8 C G 1 M AT E K L D A
TACACTGGAGGTCTCTACTCTGAATACCATGAAGAGGCTTACATCAACCACATTGTGTCGGTGGCAGGATGGGGAGTGGAGGACGACGTT
YTGGLYSEYIIEEAYINEIVSVAGWGVEDDV
GAATACTGGATTGTGCGCAACTCCTGGGGAGATCCGTGGGGCGAGAGTGGCTGGCTCAGGATCGTGACCAGTGCCTACAAGGGAGGAAGC
EYWlVRESWGDPWGESGWLRIVTSAYKGGS
GGTAGCTCGTACAACCTGGCGGTGGAGGAAGACTGTATGTACGGAGACCCAATAGTCCCGAAGGACGACCTCTAGAGGAGACCGGCGCCC
G §S S YNUIL AY E EDCMYGDPIV PKDDTL *

AGTGTCAGAGGTCGTCACTGCACAAGCTCATAAGGTCTTCCTGTCTCAGGCAGAGGGGAACACTTTATATATGAAAGCTTGAAAAGGGAA

I GAGGTGTGAAGGCTTTTATAACAGTTTTGAAACTTTAAATTITAGGGAGGAGCTACAACTCATATCTGTGCTCATCAGCCATTATTAAAAT
| CAATAAATTCAGTTTACATTATCTAAAGGACATGAACACAGCAGGTTTTCAGTTTTTACTTGAATGCAAACGGACTCAGCCAAAGAACAA
I CTGGTGTTTGTGCTGCACTGCTCCGACACTGAATGTTGTCAGCGCCTGGTGTTACTGTACTTACCAGATTGCACCACAACCCGATGCAGG
I ATTTGAAAGAGTGCCTTTTTGATTTCAAATAAAGATTTATGTAATTTTTTTCACGCTGAACAATCTACACATCAGAAATTTTTAAATGAG
| CTGATAAGTTGTTTCAAACTATGCCAATAAACACTAAAAAGGAATGCTCCACACAAAATATGACCTTTGAGTGTCAGTTACTCCGTCTTG
I ACATGATAATACAAAGTTCTTGGGCCACCTGCATTTACCACATGTATCCATTTTTTGCAGAAAACCTGTACTCTGATGTTACATAAGACT
| GTATATGATAATGGACGTCATCACTGAGCCCAGAAAGTGACGCCAATGCGCAAGTATCTGAAACCTGTATGCTCTTGAATCACCATCAGA
I GGGCGACTCCGCTGGCTGCAGGAAGACGTCTGTTTGATTTGTTAAGCAAGTAAACATTTTCCTGAAGAGTTCATGGCCTCCATCTCCCC

Fig. 1. The nucleotide and deduced amino acid sequences of SmCTSZ. The putative signal peptide was boxed. The active site triad residues GIn®2, Cys'®', His**°, and
Asn?’! are indicated in the thickly underlined. Mini loop HIPQY is double underline. The asterisk (*) at the end of the amino acid sequences shows the stop codon.

Table 2 CTSZ showed the same similarity in F. heteroclitus, P. reticulata, and L.
Primary structural analysis. Properties of turbot CTSZ determined by crocea for 87.4% (Table 3). In addition, prediction and analysis of
ProtParam. secondary structure of CTSZ protein were employed the program of
Protein SmCTSZ PRAI-GERLAND. The secondary structure of CTSZ protein was cate-
gorized in alpha helix (20.82%), random coil (62.46%) and extended
No. of amino acids 317 strand (16.72%) (Supplementary Fig. 2). The secondary structure ana-
Molecular weight 34808.93 lyses of CTSZ showed that it has 12 b-sheets, 4 beta hairpins, 10 helix
Theoretical pI 6.36 d disulphide bonds. 22 b 9 Ivti
Total No. of negatively charged residues (Asp + Glu) 32 strands, 6 disulphide bonds, eta turns, y-turns, 4 catalytic re-
Total No. of positively charged residues (Arg + Lys) 29 sidues, and other structures (Fig. 2). Meanwhile, the tertiary structure
Formula Cis26H2310N4380463519 of CTSZ was predicted by Phyre2. The 3D structure of CTSZ was 71%
Instability index 42.84 identical to d1deua with 100% confidence, and the image was colored
Aliphatic index 6530 by rainbow from N to C terminus (Fig. 3)
Grand average of hydropathicity (GRAVY) -0.397 y & 2).
Protein kinase C phosphorylation site 6
Casein kinase II phosphorylation site 2 3.2. Phylogenetic and syntenic analysis of turbot gene
N-glycosylation site 2

To further verify the gene identification, and determine the phylo-
genetic relationship of SmCTSZ gene with other species, a neighbor-
joining phylogenetic tree was constructed by MEGA7 (Fig. 4). Phylo-
genetic analysis of SmCTSZ gene demonstrated the closest relationship
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Table 3
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Amino acid comparison of turbot CTSZ sequence with other species using MatGAT program. The upper triangle represents the amino acid identity, and the lower

triangle represents the amino acid similarity.

Turbot  H.sapiens  M.musculus  G. gallus  C.picta  X.tropicalis  D.rerio  C.semilaevis  L.crocea  ILpunctatus  E.lucius  P.reticulata  F.heteroclitus
Turbot 65.6 65.3 71.9 70.0 70.1 72.0 77.6 79.5 69.5 76.1 79.8 80.4
H.sapiens 76.3 83.0 71.8 72.4 71.9 62.8 65.6 65.3 63.0 66.0 65.9 65.2
M.musculus 79.2 89.5 70.9 71.1 69.4 63.0 65.5 65.9 64.0 66.2 68.2 66.9
G. gallus 81.1 81.3 80.1 86.9 78.2 70.7 71.0 71.0 71.1 72.6 70.0 71.0
C.picta 80.4 80.3 79.7 91.8 79.0 70.0 70.2 71.8 71.8 72.5 71.5 72.2
X.tropicalis 77.9 81.5 78.1 86.9 88.2 70.8 72.1 74.3 71.3 75.4 75.3 74.7
D.rerio 82.0 76.2 76.5 82.3 82.2 81.1 76.4 79.9 81.7 83.1 78.6 78.1
C.semilaevis 85.5 79.3 80.1 81.0 81.9 80.3 86.2 83.2 75.4 78.8 81.3 81.3
L.crocea 87.4 80.2 79.1 83.9 84.2 83.5 86.8 91.4 78.7 82.9 87.1 86.5
Lpunctatus 81.7 77.6 77.1 83.9 82.2 83.2 90.7 84.9 87.8 82.5 78.7 76.4
E.lucius 83.6 78.5 78.8 83.3 84.9 84.1 92.7 88.5 91.1 92.4 80.6 79.6
P.reticulata 87.4 79.2 80.7 83.6 83.2 84.2 88.1 89.1 92.4 88.1 90.4 91.1
F.heteroclitus ~ 87.4 79.2 80.4 83.6 83.2 83.8 87.8 89.5 92.7 88.8 88.4 96.4
Fig. 2. Secondary structure of turbot CTSZ was predicted
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to the half smooth togue sole. All known fish CTSZ proteins, branched
independently from the CTSZ protein of higher vertebrates (Fig. 4).

In order to strengthen phylogenetic analysis, syntenic analysis was
carried out as an additional evidence for orthologies of the CTSZ gene.
As shown in Fig. 5, the similar neighboring genes with CTSZ were
identified in turbot as well as in fugu. In detail, the genomic neigh-
borhood in turbot included Syntaxin 16 (stx16), Probable aminopepti-
dase NPEPL1 (pepll), which were presented in all this five species
(Fig. 5), indicating a high conservation of CTSZ during evolution.

195

200 205

3.3. Analysis of CTSZ expression in normal turbot tissue

Quantitative expression analysis of SmCTSZ in tissues of normal fish
indicated that the highest expression level of CTSZ was in intestine,
followed by head kidney, skin, and spleen (Fig. 6). Lower expression
levels were observed in gill, liver and blood, and the lowest CTSZ ex-
pression level was detected in brain (Fig. 6).

3.4. Expression profiles of CTSZ gene following bacterial challenge

Following experimental challenge with S. iniae, the only down-
regulation was observed in skin at 4h with —2.78 fold, but it was

603



X. Cai et al.

Fig. 3. The 3D structure of turbot CTSZ predicted using Phyre2. The tertiary
structure of CTSZ was 86% identical to dldeua with 100% confidence, and the
image was colored by rainbow from N to C terminus. Model dimensions (;\):
X:50.418 Y:58.928 7:49.345; 86% of residues were modelled at > 90% con-
fidence.

quickly up-regulated with 22.84 fold at 8h, and 49.20 fold at 12h
(Fig. 7). Of note, SmCTSZ was up-regulated at all the timepoints fol-
lowing challenge in intestine and gill. The most up-regulation was ob-
served in intestine with 73.42 fold at 4 h, as well as with 11.21 fold at
2h, 38.35 fold at 8h, and 26.54 fold at 12h (Fig. 7). In gill, it was up-
regulated with 6.63 fold at 2 h, 23.78 fold at 4 h, 19.47 fold at 8 h, and
23.79 fold at 12h (Fig. 7).

In the V. anguillarum infection, SmCTSZ was up-regulated at all the
timepoints in all the examined tissues (Fig. 8). Similar to S. iniae
challenge, the most up-regulation was also observed in intestine at 6 h
with 57.72 fold, as well as with 43.63 fold at 2 h, 17.31 fold at 12 h, and
24.36 fold at 24 h (Fig. 8). In skin, the peak value was detected at 2h
with 37.80 fold, and then with 6.22 fold at 6 h, 29.75 fold at 12 h, and
13.41 fold at 24 h. In comparison to intestine and skin, the most up-
regulation in gill was at 2 h with 4.55 fold, and then almost returned to
basal levels at other timepoints (Fig. 8).

Fish and Shellfish Inmunology 84 (2019) 599-608

3.5. Microbial ligand binding in vitro

After IPTG induction, the recombinant protein rSmCTSZ was pur-
ified, and a distinct band of rfSmCTSZ was revealed with a molecular
weight of approximately 33 kDa by the method of SDS-PAGE (Fig. 9).
From the WB profiles, antisera showed clear reaction with rSmCTSZ and
recognized rSmCTSZ with molecular weights of about 33kDa. An in
vitro assay was employed to examine the binding ability of rSmCTSZ
with three microbial ligands (LPS, LTA and PGN). As shown in Fig. 10,
an increased absorbance was observed with the increase of rSmCTSZ
concentrations in a solid-phase enzyme-linked immunosorbent assay
(ELISA). In addition, the obvious affinity differences of rSmCTSZ with
microbial ligands were also observed, among which, the rSmCTSZ
showed the highest affinity with LPS, followed by PGN and LTA
(Fig. 10).

3.6. Coagulant bacteria of FITC-labeled rSmCTSZ

To inspect the capacity of coagulant bacteria in rSmCTSZ, green
fluorescence were detected by FITC-labeled rSmCTSZ coagulated with
gram-negative bacteria (V. anguillarum, E. coli) and gram-positive bac-
teria (S. agalactiae, S. iniae). In bright field, some of bacteria were
gathered, others were separated (Fig. 11 A1-D1). Most gathered bac-
teria showed strong green fluorescence (Fig. 11 A-D). FITC-labeled
rSmCTSZ had an effect on coagulating bacteria in these four bacteria.

4. Discussion

Cathepin Z (CTSZ) plays critical roles in protein turnover, cell type,
the activity of macrophages, and innate immune regulation [6,30]. In
the present study, the deduced polypeptide of SmCTSZ consisted of 317
amino acids, and molecular weight of 34.80 kDa, which was similar to
vertebrate and invertebrate (Table 2). The amino acid sequence of
SmCTSZ shared over 60% similarities with other identified CTSZs
(Table 3). Moreover, structural analysis showed that SmCTSZ possesses
the typical structural characteristics of CTSZ, including a peptidase-C1
papain family cysteine protease domain (residues 80-303), a mini-loop
(93HIPQY97) which is a unique feature of cathepsin Z/X members [31],
and active site residues (GIn®2, Cyswl, His?®°, and Asn®"") (Fig. 1). The
cysteine residue Cys'®! is embedded in a highly conserved peptide se-
quence, CGSCWA. The histidine residue His?** was adjacent to small
amino acid residues, such as glycine or alanine, followed by four ali-
phatic hydrophobic residues (valine, leucine, isoleucine, and glycine)
[14]. Asparagine was a component of the Asn-Ser-Trp (NSW) motif.
These structural features of cysteine proteinases have also been
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79 !— Fundulus_heteroclitus{NFP_001296508.1)

31 Lanmichthys_crocea{XP_019127300.1}
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Esox_lucius{XP_010879440.1)

Fig. 4. Phylogenetic tree for the turbot CTSZ gene.
The phylogenetic tree was constructed based on the
amino acid sequences of CTSZ from species of fish and
mammals, using the neighbor-joining method in
MEGA 7. Gaps were removed by complete deletion
and the phylogenetic tree was evaluated with 1000
bootstrap replications. The bootstrapping values were
indicated by numbers at the nodes. Dark solid circles
indicated the newly characterized turbot CTSZ gene.
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Fig. 5. Syntenic analysis of CTSZ gene from turbot,
fugu, human, mouse and chicken. The CTSZ gene is
highlighted by pinkish color filled boxes. elmo2:
Engulfment and cell motility protein 2; s100b: Protein
$100-B; inppl: Inositol polyphosphate 1-phosphatase;
djc14: DnaJ homolog subfamily C member 14; nab2:
NGFI-A-binding protein 2; dgka: Diacylglycerol kinase
alpha; stx16: Syntaxin 16; cnpy2: Protein canopy

X. Cai et al.
Human "2 [ lsm1ap | et —{ swte | ————————
Chicken “':W etmo2 —J can22

homolog 2; pepll: Probable aminopeptidase NPEPL1;
ctsz: capsin Z; nelfd: Negative elongation factor D;
kdm5b: Lysine-specific ~demethylase 5B; adrl:
Activated disease resistance protein 1; Ism14b: Protein

LSM14 homolog B. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Gene expression analysis of the CTSZ in different healthy turbot tissues.
The expression level of CTSZ in brain was set as 1. HK was the abbreviation for
head kidney.
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Fig. 7. Real-time qPCR analysis for SmCTSZ expression following Streptococcus
iniae infection. The SmCTSZ expression levels were measured in the mucosal
tissues including skin, gill, and intestine, at the time points of 2 h, 4 h, 8 h and
12 h post-infection. Fold change was calculated by the change in expression at a
given time point relative to the untreated control and normalized by changes in
the 18S housekeeping gene. The results were presented as mean = SE of fold
changes and the * indicated statistical significance at P < 0.05. Error bars
indicated standard error (n = 3).

observed in SmCTSZ (Fig. 1). A sequence alignment revealed that the
CTSZ amino acid sequences were highly conserved and that the amino
acid sequence of SmCTSZ shared high overall sequence identity with
teleost CTSZ homologs (Supplementary Fig. 1). A phylogenetic analysis
indicated that SmCTSZ was clustered with the CTSZ from half smooth
togue sole (Fig. 4). The high sequence identity, together with the
phylogenetic analysis and the structural features, indicated that
SmCTSZ is a new member of the vertebrate CTSZ subfamily.

To investigate the potential function of SmCTSZ in turbot, the tissue
distribution pattern was detected by gqRT-PCR. In general, CTSZ was
ubiquitously distributed in all the examined tissues, with higher ex-
pression levels in spleen, intestine and liver. In human, CTSZ was
widely expressed in most tissues and cell lines [6]. In fish species,
however, the tissue distribution of CTSZ was rarely studied, and just in

70 T
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50 + =
4 +
30 + *
2 1

Relative Fold Change
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0

2h 6h 12h 24h

M Intestine mSkin = Gill

Fig. 8. Real-time qPCR analysis for SmCTSZ expression levels following Vibrio
anguillarum infection. The SmCTSZ expression was measured in the mucosal
tissues including skin, gill, and intestine at the time points of 2 h, 6 h, 12 h, and
24 h post-infection. Fold change was calculated by the change in expression at a
given time point relative to the untreated control and normalized by change in
the 18S housekeeping gene. The results were presented as mean =+ SE of fold
changes and * indicated statistical significance at P < 0.05. Error bars in-
dicated standard error (n = 3).

kDa M

Fig. 9. SDS-PAGE analysis of rSmCTSZ. Purified rSmCTSZ (lane 4) was analyzed
by SDS-PAGE and viewed after staining with Coomassie brilliant blue R-250.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

two species, i.e., carp, olive flounder. However, in our study, the ex-
pression level of CTSZ in liver was not as high as carp and olive
flounder, but was similarly highly expressed in intestine, head kidney,
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Fig. 10. Results of the in vitro binding assay of SmCTSZ on microbial ligands,
including lipopolysaccharide, peptidoglycan, and lipoteichoic acid.

skin and spleen. The different expression patterns across different spe-
cies suggested CTSZ might play different roles in different species.
Further studies are necessary to clear somewhat correlated, comparable
results of CTSZ tissue distribution patterns in turbot and other organ-
isms.

In order to elucidate the immune roles of SmCTSZ in mucosal bar-
riers, the expression profiles of CTSZ was characterized in turbot mu-
cosal tissues (gill, skin and intestine) following bacterial infections,
which are the first line of defence against pathogenic organisms. Here,
one Gram-negative and one Gram-positive bacteria were selected to
characterize and compare the expression signatures of CTSZ during
infections. In general, following V. anguillarum and S. iniae infections,
SmCTSZ was significantly up-regulated in most tested tissues at most
time points.

Post stimulation of S. iniae, SmCTSZ was observed to be con-
stitutively expressed in all the tested tissues, including gill, skin and
intestine. Of note, SmCTSZ was significantly up-regulated in all the
timepoints in intestine and gill, and the highest expression level of
SmCTSZ was observed in intestine, which was much higher than other
tissues. Cathepsins are a group of peptidases that involve in different
levels of immune responses, including apoptosis, inflammation, and
antigen processing [10]. Among different groups of cathepsins, CTSZ is
ubiquitously expressed in most immune tissues, especially in immune
cells [9]. Whereas there are plenty of immune cells (such as

A Al

B

Bl

%
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macrophages and monocytes) in intestine in teleost species, it might be
hypothesized that SmCTSZ could involve in the intestinal immune
system of turbot. In disk abalone Haliotis discus, after V. para-
haemolyticus and Listeria monocytogenesthe challenge, CTSZ was highly
expressed in gill and hemocyte, which also indicated that CTSZ in-
volved in host innate immune responses [32].

In case of V. anguillarum infection, SMCTSZ gene was fast and sig-
nificantly expressed in intestine at 2h and reached the highest ex-
pression level at 6 h. While SmCTSZ gene was significantly expressed at
2 h in skin, it almost declined to basal level at 6 h. The previous studies
have suggested that intestine might serve as the primary portal of entry
for V. anguillarum [33-35]. In rainbow trout (Oncorhynchus mykiss),
intestine mucus has more mucus-associated components consisting of
amino acids, carbohydrates and bile acids as chemoattractants for V.
anguillarum than other mucus tissues [36]. In turbot, an oral challenge
with V. anguillarum for turbot larvae could induce significant mortality,
and 80% or more of the V. anguillarum cells were still attached to the
turbot intestine after serial washings, indicating the strong adhesion
and penetration abilities of V. anguillarum for turbot intestine [37].
Following administration of V. anguillarum by anal or intragastric in-
tubation, the bacteria could be detected in turbot spleen as early as 2 h,
indicating the ability of quickly pass through the intestine mucosal
barrier [38]. In zebrafish following immersion infection, the intestine
was the first site where the pathogen was detected [39]. Here, SmCTSZ
gene was also significantly up-regulated in skin following V. anguillarum
challenge, indicating that the immune events happened extensively in
skin to fight against the invasive V. anguillarum. It was highly possible
that in the current study, skin was another main entry for V. anguillarum
invasion, but the exact functions of CTSZ in turbot skin need to be
verified in further studies.

To further understand the immunological roles of SmCTSZ, the
binding ability to different microbial ligands of its recombinant protein
was determined in vitro. In our results, rSmCTSZ exerted strong effect
with lipopolysaccharide which is an outer membrane of Gram-negative
bacteria, and it also showed strong binding ability with other tested
microbial ligands, indicating the significant binding and transporting
roles of SmCTSZ. In addition, rSmCTSZ have the highest binding ability
with LPS, and the binding ability of PGN was a little higher than that of
LTA, suggesting that SmCTSZ might involved in the sensing and pha-
gocytosis of bacterial pathogens, especially Gram-negative bacteria.
Further studies are needed to explore more roles and functions of CTSZ
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Fig. 11. Coagulant four species of bacteria of FITC-labeled rSmCTSZ. A: S. agalactiae, B: V. anguillarum, C: E. coli, D: S. iniae were analyzed by fluorescence
microscopy using FITC-labeled recombinant SmCTSZ. A-D were FITC passage; A1-D1 were Bright Field. Scale bars represented 10 pm.
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in order to elucidate the mechanism in turbot mucosal immunity.

So far, CTSZ gene have been identified in different species. Over the
past few years, CTSZ has been identified in many mammal species to
gain an understanding of potential roles in innate immunity against
pathogen invasion. In human, LA Adams et al. found CTSZ was involved
in susceptibility to tuberculosis [30]. And CTSZ could influence the
macrophage migration, indicating a well-coordinated and distinct ac-
tion of CTSZ in the inflammatory process after Helicobacter pylori in-
fection [40]. CTSZ was also found to be involved in molting in Cae-
norhabditis elegans and in Onchocerca vovulus [41,42], in intracellular
protein catabolism for enzyme in olive flounder [14], and in yolk me-
tabolism in carp [12]. In addition, in killifish (Fundulus heteroclitus) and
Salmon, CTSZ expression was relatively stable during oocyte growth
and maturation [13,43], and CTSZ has been implicated in egg quality in
rainbow [44]. Taken together, SmCTSZ plays vital roles in different
biological processes to contribute to mucosal homeostasis and barrier
maintenance. However, the knowledge of CTSZ are still limited in tel-
eost species, further studies should be carried out to better characterize
its detailed roles in teleost mucosal immunity.
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