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ARTICLE INFO ABSTRACT

Keywords: Signal Recognition Particle 54 kDa (SRP54) is a subunit of the signal recognition particle (SRP), a cytoplasmic
SRP54 ribonucleoprotein complex guiding the transportation of newly synthesized proteins from polyribosomes to
MDAS5 endoplasmic reticulum. In mammals, it has been reported to regulate the RLR signaling pathway negatively by
183;;(3: carp impairing the association between MAVS and MDA5/RIG-1. However, the role of SRP54 in teleost antiviral innate

immune response remains obscure. In this study, the SRP54 homolog of black carp (bcSRP54) has been cloned,
and its function in antiviral innate immunity has been elucidated. The CDS of bcSRP54 gene consists of 1515
nucleotides and encodes 504 amino acids. Immunofluorescence (IF) showed that bcSRP54 was mainly distrib-
uted in the cytoplasm. Overexpressed bcSRP54 significantly reduced bcMDAS5-mediated transcription of inter-
feron (IFN) promoter in reporter assay. Co-expression of bcSRP54 and bcMDAS significantly suppressed
bcMDAS5-mediated IFN signaling and antiviral activity, while bcSRP54 knockdown increased the antiviral
ability of host cells. In addition, the results of the immunofluorescence staining demonstrated the subcellular
overlapping between bcSRP54 and bcMDAS, and the co-immunoprecipitation (co-IP) experiment identified their
association. Furthermore, the over-expression of bcSRP54 did not influence the protein expression and ubig-
uitination modification level of bcMDAS5, however, hindered the binding of bcMDAS5 to bcMAVS. In summary,
our results conclude that bcSRP54 targets bcMDAS and inhibits the interaction between bcMDAS5 and bcMAVS,
thereby negatively regulating antiviral innate immunity, which provides insight into how teleost SRP54 regulates
IFN signaling.

Innate immunity

1. Introduction

The innate immune response plays a crucial role in protecting against
viral infections. The recognition of the pathogen-associated molecular
pattern (PAMP) of invading pathogenic microorganisms through pattern
recognition receptors (PRRS) is a key step in activating the host’s innate
immune response (Kawai et al., 2024; Li, 2021). RIG-I like receptor
(RLR) is the key PPRs for discerning RNA viruses and initiating the
antiviral response, which is composed of three main members: RIG-I
(Retinoic acid-inducible gene 0, MDAS5 (Melanoma
differentiation-associated gene 5), and LGP2 (Laboratory of Genetics
and Physiology 2) (Chunhaphinyokul et al., 2023; Rehwinkel, 2020).
Studies in mammals have shown that RIG-I preferentially binds to short
double-stranded RNA (dsRNA) (less than 1 kb) and 5-triphosphate
dsRNA, whereas MDA5 preferentially recognizes long dsRNA (more

than 2 kb) (Kato et al., 2008; Lian et al., 2018). Upon binding to dsRNA,
both RIG-I and MDAS can undergo a conformational change, leading to
its activation and subsequent interaction with the adaptor protein MAVS
(Mitochondrial antiviral signaling protein) (Fan and Jin, 2019; Sharma
et al., 2021; Wei, 2020). This interaction triggers the activation of
downstream signaling cascades, ultimately producing type I interferons
(IFNs) and other inflammatory cytokines (Kowalinski et al., 2011). All
RLRs possess a central helicase domain and a so-called carboxy-terminal
domain (CTD) that work together to detect immunostimulatory RNA
(Rehwinkel, 2020). RIG-I and MDAS also contain two amino-terminal
caspase activation and recruitment domains (CARDs), facilitating
downstream signal transduction (Duic et al., 2020). However, LGP2
lacks the CARDs, it is typically responsible for regulating the RLR
signaling pathway (Li et al., 2021; Sanchez David et al., 2019).

Fish also have three conserved RLR receptors and the RLRs recognize
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Table 1
Primers used for bcSRP54 gene clone and functional experiments.
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Primer name Sequence (5-3) Primer information
ORF ORF cloning
bcSRP54-F ATGGTTTTAGCTGATCTGGGGAG

beSRP54-R TCACATATTGTTAAATCCCATCATG

Expression construct pcDNA5/FRT/To-bcSRP54-Flag
bcSRP54-F(C) ACTGACGGTACCGCCACCATGGTTTTAGCTGATC

beSRP54-R(C) ACTGACCTCGAGCATATTGTTAAATCCCATCATG

q-PCR in vitro g-PCR
be-Qactin-F TGGGCACCGCTGCTTCCT

be-Qactin-R TGTCCGTCAGGCAGCTCAT

bc-QSRP54-F GGCAGTGGGAAAACCACAAC

be-QSRP54-R ACCTGCTCTGAATGTGTCGG

shRNA oligos

sh1-bcSRP54-F CCGGTCATCAATGAGGAGGTATTAACTCGAGTTAATACCTCCTCATTGATGATTTTTG shRNA
sh1-becSRP54-R AATTCAAAAATCATCAATGAGGAGGTATTAACTCGAGTTAATACCTCCTCATTGATGA

sh2-bcSRP54-F CCGGATGTTCTAAGTTGGCATATTACTCGAGTAATATGCCAACTTAGAACATTTTTTG shRNA
sh2-bcSRP54-R AATTCAAAAAATGTTCTAAGTTGGCATATTACTCGAGTAATATGCCAACTTAGAACAT

sh3-bcSRP54-F CCGGGAAAGGCATGATGGGATTTAACTCGAGTTAAATCCCATCATGCCTTTCTTTTTG shRNA
sh3-bcSRP54-R AATTCAAAAAGAAAGGCATGATGGGATTTAACTCGAGTTAAATCCCATCATGCCTTTC

viral RNA and activate the mitochondrial junction molecule MAVS,
which recruits TRAF family proteins or IKK to complete the signal
transduction and activate IRF3, IRF7, or NF-«xB transcription factors to
initiate the transcription and expression of the corresponding genes
(Gong et al., 2022). After infection with RNA viruses such as grass carp
reovirus (GCRV) or spring viremia of carp virus (SVCV), fish produce
interferon (IFN) and establish an antiviral state, highlighting the exis-
tence of an IFN antiviral innate immune response in fish (Zhang et al.,
2007; Wu et al., 2018). However, studies related to antiviral innate
immunity in fish are not sufficiently advanced compared to mammals.

SRP is a complex of RNA and protein that provides a conserved
mechanism for the transport of proteins by recognizing hydrophobic
sequences on the N-terminus of the proteins to be transported (Doudna
and Batey, 2004). Among them, SRP54 plus its binding protein, which
plays a key role in the function of the whole SRP, directly binds to the
signaling sequences of the initial secretory organ and membrane pro-
teins (Luirink, 2004). However, the role of SRP54 is not limited to
directing protein translocation; it also plays a crucial role in a wide
range of biological processes. SRP54 plays a role in granulocyte prolif-
eration and differentiation, neutrophil migration capacity and pancre-
atic exocrine development (Carapito et al., 2017). Recent studies have
shown that anti-SRP (in the majority of SRP54) and HMGCR autoanti-
bodies are significant biomarkers in immune-mediated necrotic myop-
athy (IMNM) (Watanabe et al., 2016). In addition, it has been shown
that signal recognition particle 54 (SRP54) acts as a negative regulator
of antiviral signal transduction induced by RLRs (Wang, 2021).
Over-expression of SRP54 inhibits RNA virus-triggered IFN-§ induction
and increases viral replication, whereas knockdown of SRP54 produces
the opposite effect (Wang, 2021). In fish, it has been reported that the
mRNA expression of the immune-associated protein SRP54 is dramati-
cally up-regulated and reaches a maximum at 12 h during Edwardsiella
ictaluri infection in dark barbel catfish (Li et al., 2019). Studies have also
used SRP54 knockout zebrafish as the first in vivo model of SRP54
deficiency, indicating that embryonic lethality occurs in SRP54/~
zebrafish and exhibits multiple developmental defects and severe neu-
tropenia (Schiirch et al., 2021). These studies demonstrate that SRP54
also exerts immune-related functions in fish. However, the specific
function played by SRP54 in the antiviral immune response in fish, as
well as the mechanism is unknown.

In the present study, we found that bcSRP54, like mammals, is a
negative regulator of RLRs-mediated signaling pathways. Over-
expression of bcSRP54 increased the transcription of SVCV-associated
genes and decreased the transcript levels of interferon and some anti-
viral genes, whereas knockdown of bcSRP54 yielded an opposite
outcome. Mechanistically, SRP54 interacts with MDAS5 and prevents the
association of MDAS5 with MAVS. The findings of this study indicate that

SRP54 plays a novel role in the antiviral innate immune response in fish.
2. Materials and methods
2.1. Cells, plasmids, antibodies, and virus

EPC (Epithelioma papulosum cyprini cell line) cells, M.piceus kidney
(MPK) cells, and HEK-293T cells were kept in the lab and maintained as
the reference (Liu et al., 2022).

SVCV (strain: SVCV741) was prepared in EPC cells. Virus infection
and titer determination as previously described (Liu et al., 2022). EPC
cells transfected with different plasmids were infected with SVCV at
different MOI (0.01; 0.1; 1). After a certain period of time, the super-
natant was collected, which was serially diluted in a 10-fold gradient
and used to infect EPC cells at 26 °C for 2 h, then the supernatant was
then discarded and replaced with the DMEM solution containing 1%
methylcellulose and 2% FBS and counted virus plaques after 2-3 days.
Three replicates were set up for each group to calculate the viral titer.
The SVCV titer used for the experiments in this article was 6 x 107
pfu/ml.

pcDNAS5/FRT/TO (Thermo Fisher Scientific), pcDNA5/FRT/TO- HA-
bcMDAS, pcDNAS5/FRT/TO-Myc-bcMAVS, pRL-TK (Avantor), the two
types of type-I IFNs, Luci-DrIFN¢1 (for assessing the transcriptional
activity of the zebrafish IFN1 promoter) and Luci-bcIFNa (for assessing
the transcriptional activity of black carp IFNa promoter) and PLKO.1-
TRC (Addgene) have been kept in the laboratory. Antibodies used in
the experiments were obtained from Thermo Fisher Scientific.

2.2. Cloning the CDS of bcSRP54

Regarding the cloning of the bcSRP54 coding regions (CDS), the
primers (for the construction of CDS cloning plasmids and expression
plasmids, Table 1) were designed based on the prediction full-length
transcriptome sequence of black carp. The CDS of black carp SRP54
was cloned from the cDNA of black carp kidney. The cloned fragments
were subjected to gel electrophoresis and purified, then inserted into the
cloning vector pMD18-T (Thermo Fisher Scientific). The cloned vector
constructed was amplified in Escherichia coil and purified (small
extraction kit), and the purified product was sequenced (TSINGKE).
After the sequencing result was correct, the purified product was used as
the template for amplification with bcSRP54 expression vector primers
(Table 1), and the amplified product was double-digested by restriction
endonuclease (Kpnl and Xhol). After purification again, the purified
product was ligated to pcDNA5/FRT/TO with the Flag label on the C-
terminus. The plasmid pcDNA5/FRT/TO-bcSRP54-Flag was used for
other experiments.
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2.3. Sequence alignment and phylogenetic tree construction

The protein molecular mass and isoelectric point of bcSRP54 were
predicted on the EXPASy website (https://web.expasy.org/compute_p
i/). MEGA7 was used for multi-sequence comparison, and the compar-
ison result was edited using ESPript 3.0 website (https://espript.ibep.fr/
ESPript/cgi-bin/ESPript.cgi). The protein structural domains of
bcSRP54 were predicted using the SMART (https://smart.embl.de/
smart/set_mode.cgi?’NORMAL=1) online tool. The sequences of the
SRP54 protein of all species were saved in a file using the FASTA format.
MEGA software aligned the sequences, and a phylogenetic tree was
constructed using the neighbor-joining method. The protein 3D struc-
tures of bcSRP54 and human SRP54 (hSRP54) were predicted by SWISS-
MODEL (https://swissmodel.expasy.org/) online tool.

2.4. Reporter assay

In order to study the effect of bcSRP54 interacting with bcMDAS5 on
IFN promoter transcription, EPC cells were inoculated into 24-well
plates. 16 h later, the reporter plasmid pRL-TK (50 ng), Luci-DrIFN¢$1
(150 ng)/Luci-bcIFNa (150 ng), pcDNA5/FRT/TO-HA-bcMDAS (40 ng)/
empty vector and pcDNA5/FRT/TO- bcSRP54-Flag (0/120 ng/240 ng/
360 ng) were transfected (Empty vector were used to make up so that the
total amount of transfected plasmid was in the range of 500 ng). Twenty-
four hours following transfection, cells were harvested for the dual-
luciferase reporter assay (Promega). The measurement method was
referred to in our previous paper (Chen, 2021). Briefly, the medium was
carefully removed from the 24-well plate, and the wells were washed
once with PBS. Then, 100 pl of Passive Lysis Buffer (PLB) was added to
each well. The plate was placed in an ice box on a shaker for 15 min to
lyse the cells. After mixing the lysate by tapping on the side of the plate,
20 pl of cell lysate from each well was transferred to a 96-well white
opaque plate (OptiPlateTM-96, Revvity), and 20 pl of Luciferase Assay
Reagent was immediately added to measure Firefly Luciferase activity.
After recording the Firefly luminescence, the Renilla Luciferase activity
was determined by adding 20 pl of Stop & Glo Reagent and measuring
luminescence again. Finally, exporting the data for analysis. Each
experiment was repeated three times. All data were normalized against
internal references.

2.5. RNA extraction and qPCR assay

Extraction of RNA: Total mRNA extraction for each sample was
performed using the HiPure Total RNA Kit from Magen. The Prime-
Script™ RT Reagent Kit with gDNA Eraser (Perfect Real Time) (Code No.
RR047A) from Takara Bio was used to reverse transcribe the extracted
RNA.

Real-time quantitative PCR (qPCR) was performed with SYBR
Green® PCR Master Mix (Bio-Rad) to detect the transcript levels of
SVCV-associated proteins as well as antiviral genes in EPC cells stimu-
lated with SVCV after overexpression of bcSRP54 or in MPK cells after
knockdown the endogenous expression of bcSRP54. The f-actin gene
was used as an internal reference for qPCR, and the primer sequences are
detailed in Table 1 qPCR procedures were carried out at 95 °C/10 min (1
cycle), 95°C/15 s, and 60 °C/1 min (35 cycles). Then, dissociation curve
analysis (60°C-95 °C) was performed to verify that the amplification
was of a single product. The 2722¢T calculation was utilized to deter-
mine the relative expression of each gene.

2.6. Immunoblotting

To confirm the correct expression of the bcSRP54 vectors, HEK-293T
or EPC cells were inoculated in a six-well plate. Transfection was per-
formed with pcDNAS5/FRT/TO-bcSRP54-Flag (3 pg per well) or empty
vector (3 pg per well). The expression of bcSRP54 was detected by
Western blot. To test for the knockdown effect of bcSRP54, plasmids
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expressing bcSRP54 and bcSRP54 shRNA or Scramble shRNA were used
to co-transfect into HEK-293T cells. The knockdown efficiency of
bcSRP54 shRNA was analyzed by ImageJ on the stripes displayed by the
Western blot. In a previous paper, the methods for immunoblotting have
been thoroughly explained (Wang et al., 2021). Briefly, cell samples
were washed three times with PBS and harvested. Next, the cells were
centrifuged, the supernatant was removed and then boiled in protein
loading buffer for sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Subsequently, the proteins were transferred to
polyvinylidene fluoride (PVDF) membranes, blocked with 5% skim milk
in TBS for 1 h. The membranes were then incubated with the primary
antibody at 4 °C, followed by treatment with an alkaline phosphatase
(AP)-coupled secondary antibody. The protein bands were visualized
using AP substrate solution (NBT/BCIP). All expression results were
standardized with internal references and compared with the control.

2.7. Immunofluorescence

To explore the subcellular location of bcSRP54 in cells, HeLa was
inoculated into 24-well plates, transfected with pcDNA5/FRT/TO-
bcSRP54-Flag (250 ng) or empty vector (250 ng), and immunofluores-
cence assay was performed 24 h later. The 24-well plate needs to un-
dergo a round coverslip laying operation before inoculating cells. The
method of immunofluorescence was referred to in the previous paper
(Wang et al., 2021). Briefly, cells were fixed with 4% paraformaldehyde
for 15 min, then permeabilized with 0.2% Triton X-100 for 15 min, and
closed with 10% FBS (PBS and fetal bovine serum) for 1 h. Next, cells
were incubated with murine monoclonal anti-Flag antibody (1:500) for
1-2 h, followed by incubation with secondary M 488-coupled
anti-mouse antibody at a ratio of 1:1000 (this requires protection from
light) ratio (light protection is required here). Note that the above steps
are followed by washing the cells with PBS before each next step. 8 pl of
DAPI (Sigma) was added to the slide for staining the nuclei, and the side
of the round coverslip with the cells on it was placed face down on the
slide and finally, the edges were sealed to fix the round coverslip. The
images were captured with a laser scanning confocal microscope
(Olympus FV1200, Japan).

In addition, to investigate whether bcSRP54 co-locates with
bcMDAS, the above cells were transfected with pcDNA5/FRT/TO-
bcSRP54-Flag (250 ng) and bcMDAS (250 ng). The subsequent opera-
tions were the same as above, with the difference that rabbit monoclonal
anti-HA antibody (1:500), as well as R594-coupled anti-rabbit antibody
(1:1000), also needed to be added when incubating the antibodies.

2.8. Co-immunoprecipitation (Co-IP)

The interaction between bcSRP54 and bcMDAS5 was demonstrated by
co-immunoprecipitation. bcSRP54-Flag (7.5 pg) and empty vector (7.5
pg) or beSRP54-Flag (7.5 pg) and HA-bcMDAS (7.5 pg) were transfected
into HEK-293T in a 10 cm Petri dish. The cells were harvested after
transfection for 48 h. After the harvested cells were cleaned, 1 ml 1%
NP40 buffer and 10 pl protease inhibitor (1/100 dilution) were added to
lyse the cells. The whole cell lysate (WCL) was put on ice for ultrasonic
crushing (40W power; crushing 3s, stopping 7s; crushing: total crushing
2 min 30s). After the ultrasonic crushing was completed, the pyrolysis
was rotated in a microcentrifuge at a speed of 12000-15000 rpm at 4 °C
for 5-10 min, and then 120 pl supernatant was taken as input. Transfer
the remaining supernatant to a 1.5 ml ep tube with protein A/G agarose
beads, and then rotate on the rotor for 1-2 h at 4 °C to remove the non-
specific binding proteins. After 1-2 h, the samples were removed from
the rotor and centrifuged at 5000 rpm at 4 °C for 2 min; the supernatant
part was taken, and the anti-Flag/HA agarose beads were added to it and
incubated at 4 °C for 4-6 h. The anti-Flag/HA agarose beads were
cleaned with 1% NP40 buffer 5 times—centrifuge at 5000 rpm at 4 °C
for 1 min each time. Finally, add 1 x SDS loading buffer and boil for IB.
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Fig. 1. Sequence alignment, phylogenetic tree analysis, and structure prediction of bcSRP54.

(A): The amino acid sequences of the SRP54 gene from Mylopharyngodon piceus, Homo sapiens (AAC50994.1), Mus musculus (NP_001093579.1), Gallus gallus
(XP_040529991.1), Xenopus laevis (XP_018086641.1), and Danio rerio (NP_957282.1) were subjected to a multiple sequence alignment. (B): Phylogenetic tree
generated by different species of the vertebrate SRP54, including: Mylopharyngodon piceus, Danio rerio (NP_957282.1), Cyprinus carpio (XP_042599158.1), Myripristis
murdjan (XP_029900016.1), Larimichthys crocea (XP_010754152.1), Oryzias latipes (XP_023807435.1), Xenopus laevis (XP_018086641.1), Xenopus tropicalis
(NP_988977.1), Pelobates cultripes (CAH2328366.1), Hyla sarda (XP_056401283.1), Rhinatrema bivittatum (XP_029454813.1), Mus musculus (NP_001093579.1),
Peromyscus leucopus (XP_028725551.1), Trichechus manatus latirostris (XP_004376574.1), Homo sapiens (AAC50994.1), Galemys pyrenaicus (KAG8516459.1), Castor
canadensis (XP_020036303.1), Chrysemys picta bellii (XP_008162511.1), Sceloporus undulatus (XP_042311903.1), Podarcis lilfordi (CAI5764164.1), Varanus komo-
doensis (XP_044292090.1), Pseudonaja textilis (XP_026566858.1), Crotalus tigris (XP_039207769.1), Taeniopygia guttata (XP_002200552.1), Calypte anna
(KF097182.1), Lagopus muta (XP_048803319.1), Limosa lapponica baueri (PKU44966.1), Oxyura jamaicensis (XP_035185157.1). (C-D): Comparison of predicted 3D
protein structures of bcSRP54 and human SRP54 using the online tool SWISS-MODEL.

2.9. Virus infection and titre

To detect the effect of bcSRP54 interaction with bcMDA5 on the
antiviral ability of cells, EPC cells were inoculated in 24-well plates.
After 16 h inoculation, transfected empty vector (500 ng), bcSRP54
(450 ng) and empty vector (50 ng), bcMDAS5 (50 ng) and empty vector
(450 ng), or bcSRP54 (450 ng) and bcMDAS (50 ng). After transfection
for 24 h, 500 pl DMEM was exchanged per well, which contained the
specified amount of SVCV. After SVCV infection for 1-2 h, cells were
cleaned with PBS and added to 500 pl DMEM medium containing 2%
FBS. After 24 h, the supernatant was collected to the determination of
viral titer. Viral titers were assayed as described in 2.1.

To test the effect of knockdown of bcSRP54 on host cells’ antiviral
resistance, MPK cells were transfected with either the bcSRP54 shRNA
plasmid or the Scramble shRNA plasmid. Viral infection and titer ex-
periments were the same as above.

2.10. bcSRP54 shRNA design

The bcSRP54 shRNA oligonucleotides (Table 1) were designed on the
GPP Web Portal (https://portals.broadinstitute.org/gpp/public/seq/s
earch) website. After the design was completed, three pairs of oligonu-
cleotides (Table 1) were selected for the synthesis of bcSRP54 shRNA
and sent the sequences to the company (TSINGKE) for synthesis. After
getting the primer sample, the annealing experiment was carried out.
PLKO-shRNA-bcSRP54-1 (sh-1), PLKO-shRNA-bcSRP54-2 (sh-2), and

PLKO- shRNA-bcSRP54-3 (sh-3) oligonucleotides were inserted into
PLKO.1-TRC plasmid to form three knockdown plasmids of bcSRP54.
The synthesized primers (20 uM) were combined with 5 pl forward
primers and 5 pl reverse primers, 5 pl 10 x NEB PCR buffer, and 35 pl
ddH3O to form a 50 pl annealing system. The annealing procedure was
95 °C for 5 min, and then the samples were placed in 95 °C water and
cooled to room temperature. The annealing product is a double-stranded
oligonucleotide, which needs to be inserted into PLKO.1-TCR. PLKO.1
was first double-digested with restriction enzymes EcoRI and Agel, pu-
rified after digestion, and then ligated with the double-stranded oligo-
nucleotides by T4 DNA ligase (Vazama, China). The knockdown plasmid
of bcSRP54 was transformed, batched, and shaken, and finally, the
extracted plasmid was sent to the company (TSINGKE) for sequencing.

2.11. Statistic analysis

All statistical analyses, including qPCR, luciferase reporter assay, and
viral titers, were averaged from three parallel experiments. All bar
graphs were created using GraphPad Prism 8 (GraphPad Software, San
Diego, USA). The STDEVP function calculates the value of the error line.
The data were analyzed using a Two-tailed Student’s t-test. The asterisk
* represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001,
and **** represents p < 0.0001.
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Table 2

Comparison of bcSRP54 with other vertebrate SRP54 (%).
Species Full-length sequence of protein

Identity Similarity

Mylopharyngodon piceus 100 100
Danio rerio 99.21 100
Cyprinus carpio 99.60 99.80
Myripristis murdjan 99.01 99.80
Larimichthys crocea 98.21 99.80
Oryzias latipes 98.61 99.80
Xenopus laevis 95.83 97.62
Xenopus tropicalis 95.83 97.62
Pelobates cultripes 96.23 97.62
Hyla sarda 96.03 97.62
Rhinatrema bivittatum 96.23 98.61
Mus musculus 96.43 98.41
Peromyscus leucopus 96.23 98.41
Trichechus manatus latirostris 96.03 98.21
Homo sapiens 96.23 98.41
Galemys pyrenaicus 96.22 98.41
Castor canadensis 96.03 98.41
Chrysemys picta bellii 96.23 98.61
Sceloporus undulatus 95.63 98.61
Podarcis lilfordi 95.69 98.36
Varanus komodoensis 95.83 98.61
Pseudonaja textilis 95.44 98.61
Crotalus tigris 95.44 98.41
Taeniopygia guttata 95.83 98.61
Calypte anna 95.63 98.61
Lagopus muta 95.63 98.41
Limosa lapponica baueri 95.63 98.61
Castor canadensis 96.03 98.41
Oxyura jamaicensis 96.03 98.81

3. Results

3.1. Sequence analysis of bcSRP54

Sequencing results showed that bcSRP54 comprises 1515 nucleo-
tides that encode 504 amino acids. The protein sequences of SRP54 from
human (Homo sapiens), mouse (Mus musculus), bird (Gallus gallus), frog
(Xenopus laevis) and fish (Danio rerio) were downloaded from NCBI and

HEK-293T

SRP54-Flag Ctr

70KDa
IB:Flag —————

S0KDa
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compared with black carp in a multiple sequence comparison, which
showed that SRP54 is very evolutionarily conserved in vertebrate
(Fig. 1A), with the highest degree of similarity to Danio rerio at 100%
(Table 2). The protein sequence of bcSRP54 was subjected to structural
domain prediction on SMART, where amino acids 2-87 are helix bundle
structural domains and amino acids 101-296 are GTPase structural
domains (Fig. 1A). To further understand the evolutionary relationships
of bcSRP54 in vertebrates, we also constructed an evolutionary tree with
28 species selected from different categories, including fish, amphibians,
mammals, reptiles, and birds. The similarity and identity of SRP54
amino acid sequence between black carp and the species in the evolu-
tionary tree are shown in Table 2. The results showed that common carp
and black carp SRP54 were the most closely related (Fig. 1B). The three-
dimensional constructions of bcSRP54 and human SRP54 were
compared by SWISS-MODEL, the results indicate that SRP54 is highly
conserved in structure (Fig. 1C and D).

3.2. The protein expression of bcSRP54 and its cellular location

The predicted molecular mass of bcSRP54’s amino acid sequence is
55.8 kDa, with an isoelectric point of 8.87. (EXPASy Compute PI/Ww
calculation). Western blot results showed that bands of bcSRP54 over-
expression in HEK-293T and EPC cells were approximately 55 kDa,
consistent with the predicted results (Fig. 2A and B). Immunofluores-
cence experiments of overexpression of bcSRP54 in HeLa cells demon-
strated that the green fluorescence was primarily distributed within the
cytoplasm (Fig. 2C). In summary, bcSRP54 can be expressed in both
HEK-293T and EPC cells, and is mainly localized in the cytoplasm.

3.3. bcSRP54 depresses bcMDAS5-activated IFN promoter transcription

Previous studies have shown that SRP54 interacts with MDAS5 to
negatively regulate the antiviral innate immune response (Wang, 2021).
This study examined the effect of bcSRP54 on the transcription of
bcMDAS5-activated IFN promoter. The results indicate that bcSRP54
down-regulates bcIFNa and DrIFN¢1 promoter activities upon
co-transformation with MDAS and acts on bcMDAS in a dose-dependent
manner (Fig. 3A and B). Experimental results showed that
MDAS5-mediated activities of bcIFNa and DrIFN¢1 promoters gradually

B
EPC
SRP54-Flag Ctr
70KDa
IB:Flag
I€— 50KDa
IB:B-actin [€— 43KDa
HeLa

bcSRP54-Flag

Fig. 2. The protein expression of bcSRP54.

(A-B): Expression of bcSRP54-Flag plasmid was detected by immunoblotting assay using HEK-293T cells (A) and EPC cells (B). IB: immunoblot. (C): HeLa cells were
transfected with the plasmid of bcSRP54-Flag in 24-well plates and immunofluorescence staining was performed to detect its location in the cells according to the
method. bcSRP54-Flag: pcDNA5/FRT/TO-bcSRP54-Flag; Ctr: pcDNA5/FRT/TO; The scale represents 2 pm.
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Fig. 3. bcSRP54 inhibits MDA5-mediated interferon production.

(A-B): EPC cells were transfected with different doses of plasmids (unit: ng) shown in the figure, reporter plasmids Luci-bcIFNa (A)/Luci-DrIFN¢1 (B) and pRL-TK.
Then, the luciferase reporter assay definitively detected the transcriptional activities of the two promoters. bcSRP54: pcDNA5/FRT/TO-bcSRP54-Flag; bcMDAS:
pcDNA5/FRT/TO-HA-bcMDAS; Ctr: pcDNA5/FRT/TO. *P < 0.05, **P < 0.01.
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Fig. 4. Over-expression of bcSRP54 inhibits the antiviral activity of bcMDAS.

(A): EPC cells were transfected with plasmids expressing bcSRP54 and bcMDAS5 in 24-well plates, and then SVCV infection was performed for 24 h. The supernatant
was collected 24 h after virus infection, and the viral titer in the supernatant was determined by plaque assay. (B-E): EPC cells were transfected with bcSRP54,
bcMDAS individually or co-transfected with bcSRP54 and bcMDAS in 24-well plates. 24 h later, the cells were infected with SVCV (MOI = 0.01), and RNA was
extracted 24 h after viral infection. Virus-free treatment group as control. SVCV-G, M, N, and P mRNA expression levels were detected using qPCR. (F-J): EPC cells
were transfected with bcSRP54, bcMDAS alone or bcSRP54 and bcMDAS together in 12-well plates. 24 h later, cells were infected with SVCV (MOI = 0.1), and RNA
was extracted at 6 h after viral infection. Virus-free treatment group as control. gPCR was carried out to measure the mRNA expression levels of each group of epcPKR,
epcMX1, epcISG15, epcIFN, and epcViperin. bcSRP54: pcDNA5/FRT/TO- bcSRP54-Flag; bcMDAS: pcDNAS5/FRT/TO-HA-bcMDAS; Ctr: pcDNA5/FRT/TO. *P < 0.05,
**P < 0.01.

decreased with increasing doses of bcSRP54. All these data suggest that transcriptional activity of bcMDA5-activated IFN promoter. We there-
bcSRP54 negatively regulates bcMDAS5-mediated IFN signaling. fore further explored the effect of bcSRP54 on bcMDAS5-mediated anti-
viral resistance. The plaque assay results showed that in EPC cells,
overexpression of bcMDAS significantly decreased the viral titer of the
3.4. bcSRP54 inhibits bcMDA5-mefiated antiviral ability supernatant medium compared with the control group transfected with
empty vector. When bcSRP54 was co-transferred with bcMDAS, the viral

Our data showed that bcSRP54 negatively regulates the
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Fig. 5. Interfering with the expression of bcSRP54 enhances the antiviral capacity of MPK cells.

(A): HEK-293T cells were co-transfected with bcSRP54 (1.5 pg) and each of the shRNAs, sh-1, sh-2 and sh-3 (each at 1.5 pg) in 6-well plates. Using scramble as a
control group. And the expression levels of bcSRP54 were detected by immunoblotting. Protein expression levels of bcSRP54 were quantified by ImageJ software
through greyscale analysis. (B): MPK cells were transfected with either scrambled control or sh-1 in 12-well plates, and the endogenous mRNA levels of bcSRP54 were
quantified by qPCR. (C-F): MPK cells were transfected with scramble or sh-1, and the mRNA expression levels of bcIFNb, bcMX1, bcPKR, and bcViperine were detected
by gPCR 24 h later. (G) MPK cells with knockdown of SRP54 were infected with SVCV at MOI = 0.1 in a 24-well plate, and the supernatant was collected 24 h later
for viral titer assay. (H-K): MPK cells transfected with scramble or sh-1 were infected with SVCV at 0.1 MOI for 24 h. The mRNA expression levels of SVCV-G, M, N,
and P were detected by qPCR. bcSRP54: pcDNA5/FRT/TO-bcSRP54-Flag; sh-1: PLKO-shRNA-bcSRP54-1; sh-2: PLKO-shRNA-bcSRP54-2; sh-3: PLKO-shRNA-
bcSRP54-3; Scramble: PLKO-shRNA-scramble. *P < 0.05, **P < 0.01.

titer was significantly increased compared with in the group singly epcViperine) in EPC cells (Fig. 4B-E and Fig. 4F-J). Taken together, it
expressed with bcMDAS (Fig. 4A). This indicated that overexpression of appears that bcSRP54 has a negative regulatory effect on MDAS5-
bcMDAS limited SVCV replication in EPC cells, while co-expressing mediated antiviral immune responses.

bcSRP54 decreased bcMDAS5 mediated antiviral ability. To further
validate this result, we checked the expression levels of SVCV viral
proteins, as well as downstream antiviral proteins in the above groups of
EPC cells that infected with SVCV at MOI = 0.1. The results indicated

that bcSRP54 increased transcript levels of SVCV-G, M, N, and P and In order to investigate the impact of bcSRP54 on IFN signaling in host
cells, we designed shRNA against bcSRP54 and detected knockdown

efficiency in HEK-293T. The results showed that sh-1, sh-2, and sh-3 all
had knockdown effects, and the sh-1 was the most significant, with the

3.5. Knockdown bcSRP54 results in enhanced antiviral capability

decreased the transcript levels of genes related to the MDA5-mediated
IFN signaling pathway (epcPKR, epcMX1, epcISG15, epcIFN,
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Fig. 6. bcSRP54 interacts with bcMDAS.

(A): pcDNAS5/FRT/TO-HA-bcMDAS (7.5 pg) was co-transfected with pcDNA5/FRT/TO-bcSRP54-Flag (7.5 pg) or empty vector (7.5 pg) in HEK-293T cells, and
immunoprecipitation (IP) assay after 48 h. IP was performed using bcSRP54 as bait protein. IP: immunoprecipitation; IB: immunoblotting; WCL: whole cell lysate;
SRP54-Flag: pcDNA5/FRT/TO- bcSRP54-Flag; HA-MDAS: pcDNAS5/FRT/TO-HA-bcMDAS. (B): HeLa cells were co-transfected with plasmids expressing bcSRP54-Flag
and HA-bcMDAS and stained for immunofluorescence according to the method. SRP54-Flag: pcDNA5/FRT/TO- bcSRP54-Flag; HA-MDAS: pcDNAS/FRT/TO-HA-
bcMDAS; The scale represents 2 pm.
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Fig. 7. bcSRP54 hinders the binding of MDA5 to MAVS.
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(A): HEK-293T cells were singly transfected with bcSRP54 (2.25 ug) or bcMDAS (0.75 pg) and co-transfected with bcSRP54 (0.75 pg, 1.5 pg or 2.25 pg) and bcMDAS
(0.75 pg) in 6-well plates. The expression of bcMDAS was detected by immunoblotting. The protein expression level of bcMDA5 was quantified using ImageJ
software. IB: immunoblot. (B): 10 cm large dishes HEK-293T cells were transfected with Ub (5 pg), co-transfected with bcMDA5 (5 pg) and Ub (5 pg), and co-
transfected with bcSRP54 (5 pg), bcMDAS (5 pg) and Ub (5 pg). The cells were collected 48 h later and were used for the process of immunoprecipitation (IP).
IP was performed using bcMDADS as bait protein. IP: immunoprecipitation; IB: immunoblotting; WCL: whole cell lysate; SRP54-Flag: pcDNAS/FRT/TO- bcSRP54-Flag;
HA-MDAS5: pcDNA5/FRT/TO-HA-bcMDAS5; Myc-Ub: pcDNA5/FRT/TO-Myc-Ub (C): 10 cm large dishes of HEK-293T were co-transfected with bcMDA5 (3 pg),
bcMAVS (3 pg) and beSRP54 (0 pg, 3 pg or 6 pg). The cells were collected 48 h later and were used for the process of immunoprecipitation (IP). The IP was conducted
utilizing bcMDAS as the bait protein. IP: immunoprecipitation; IB: immunoblotting; WCL: whole cell lysate; SRP54-Flag: pcDNA5/FRT/TO-bcSRP54-Flag; HA-MDAS:

pcDNA5/FRT/TO-HA-bcMDAS; Myc-MAVS: pcDNAS5/FRT/TO-Myc-bcMAVS.

expression of bcSRP54 subtracted about 52% in HEK-293T (Fig. 5A).
Therefore, we chose sh-1 for the subsequent experiment. The qPCR re-
sults showed that overexpression of sh-1 significantly reduced the
mRNA levels of endogenous bcSRP54 in MPK cells and resulted in the
promotion of the mRNA transcription levels of IFNb, MX1, PKR, and
Viperine (Fig. 5B-F). In addition, the subsequently plaque assay showed
that viral titers in the supernatant of bcSRP54 knockdown MPK cells
were lower than that of controls, and mRNA levels of M, N, and P were
also markedly suppressed compared to those of controls (Fig. 5G-K).
Together, these data suggest that knocking down bcSRP54 enhances
host antiviral resistance, which further suggests that bcSRP54 plays a
negative regulatory role in the host antiviral response.

3.6. bcSRP54 interacts with bcMDAS5

To verify whether the existence of interaction between bcSRP54 and
bcMDAS, immunoprecipitation experiments were carried out. In 293T
cells, single transfection of bcMDA5 was used as a control, and co-
transfection of bcSRP54 with bcMDAS was used as an experimental
group to explore whether there is an interaction between SRP54 and
MDAS. The WB results show that immunoprecipitation with anti-Flag,
bring down the Flag-tagged bcSRP54 and the HA-tagged MDAS from
293T cells co-transfected with bcMDAS and bcSRP54. The HA-specific
MDAS5 band in co-transfected cells suggests that there is an interaction
between bcSRP54 and bcMDAS (Fig. 6A). Meanwhile, immunofluores-
cence results also indicated the co-location between bcSRP54 and MDA5S
(Fig. 6B). This is further evidence of an interaction between bcSRP54
and bcMDAS. All this provides a evidence for that SRP54 can influence
MDADS-mediated antiviral innate immunity.

3.7. bcSRP54 does not affect the ubiquitination levels of bcMDAS5

In order to further investigate in what way bcSRP54 affects the

antiviral activity of bcMDAS, we firstly co-transfected bcMDAS with
dose-escalating bcSRP54 in HEK-293T cells, and found that the effect of
incremental increase of bcSRP54 had no significant difference on the
protein expression level of bcMDAS5 (Fig. 7A). Then experiments on total
ubiquitination were performed, and the WB results showed that the
ubiquitination levels of bcMDAS5 did not undergo significant enhance-
ment or decrease when co-expressed with bcSRP54 (Fig. 7B).

3.8. bcSRP54 affects the binding of bcMAVS to bcMDAS5

To further investigate the mechanism of negatively regulation role of
bcSRP54 on bcMDAS mediated antiviral signaling, we referred to pre-
vious studies and examined whether SRP54 similarly perturbed the
recruitment of MAVS by MDAS in bony fishes. The competitive coim-
munoprecipitation experiments results showed that bcSRP54 prevented
the binding of bcMDAS to bcMAVS (Fig. 7C). This further indicates that
SRP54 is conserved in sequence in terms of function.

4. Discussion

The structure of a protein is highly linked to its function. Differences
in amino acid sequences lead to differences in primary structure, which
in turn affect the secondary, tertiary, and quaternary structures of pro-
teins (Alberts et al., 2002). The way a protein folds affects its shape,
surface properties, and spatial structure, which determines its function
(Chen, 2020). For example, enzymes are specialized proteins whose
structure is essential for catalyzing chemical reactions. The active site of
an enzyme is closely related to its structure, and it is only in a particular
structure that the enzyme can bind to a substrate and catalyze a reaction
(Chen, 2020). Besides, the relationship between the structure of a pro-
tein and its function is reflected in its specific structural domains
(Griitzner et al., 2021). Proteins usually consist of multiple structural
domains, each with a specific function. For example, immunoglobulins



J. Chu et al.

Developmental and Comparative Immunology 161 (2024) 105252

Cytoplasm

Fig. 8. Summary of black carp SRP54 negatively regulates MDA5-mediated antiviral innate immunity.

are antibodies that consist of an antigen-binding domain and an effector
molecule-binding domain, which are responsible for binding antigens
and prompting an immune response, respectively (Schroeder and Cav-
acini, 2010). The presence of such specific structural domains allows
proteins to fulfill specific biological functions in the cell.

In this study, the bcSRP54 of black carp was cloned and character-
istic. Sequence alignment and evolutionary tree analyses indicate that
SRP54 is highly conserved across species in vertebrates. Its three-
dimensional structure is also highly similar to humans, which implied
we that its biological function might be conservative. It has been shown
that in mammals, the structural domain of SRP54 consists of three parts:
an N-terminal structural domain (N structural domain), a central GTPase
structural domain (G structural domain), which are interlinked in GTP-
dependent interactions with SRP receptors on the ER membrane, and a
C-terminal M structural domain which binds to RNP 7SL RNA and the
signal peptide of the nascent polypeptide (Janda et al., 2010). The
predicted structural domain of bcSRP54 is composed of helix bundle
structural domains at the N-terminal and GTPase structural domains in
the middle. However, the M structural domain at the C-terminal was not
identified by SMART analysis. We speculate that this domain is present
but not as conserved, which may deserve further study in the future.
Since the aim of our study was to examine the role of SRP54 in antiviral
innate immunity in fish and the function of bcSRP54 was conserved, we
did not go deeper into the conservation of the M structural domain.
Recently, SRP54 has been identified as a negative regulator of the innate
immune response to RNA viruses (Wang, 2021). In this study, we found
that SRP54 plays a similar role in teleost fish. It was identified to play a
negative effect on antiviral responses by interacting with bcMDAS5 and
disrupting the binding of bcMDAS to bcMAVS. The knockdown of SRP54
in the host cells increases the host cell’s antiviral ability. The conserved

function of bcSRP54 might be related to its highly conservative protein
sequences and structure.

It has been shown that SRP54 can function as an important GTPase
during co-translation (Hainzl et al., 2007; Juaire et al., 2021). However,
according to reporter gene assays, GTPase-deficient mutants of SRP54,
as well as wild-type SRP54, both inhibit RLR signaling, suggesting that
this activity is dispensable (Wang, 2021). This suggests that SRP54’s
inhibitory function on the innate immune response is not mediated by
SRP-dependent protein translocation but rather represents a novel
function of SRP54. SRP54 is known to function mainly in directing the
transport of newly synthesized secreted proteins from polyribosomes to
the endoplasmic reticulum (Egea et al., 2005; Zhang et al., 2023). The
sites at which its novel functions in antiviral immunity specifically play
arole are unknown. In this study, unlike its mammalian counterpart, the
bcSRP54 is predicted to lack the classic C-terminal M structural domain,
while still playing a similar negative role in RLRs-mediated innate im-
mune response by disrupting the recruitment of MAVS to MDAS as in
mammalian. Considering the innate immune response inhibitory func-
tion of SRP54 is not mediated by the GTPase domain as mentioned
previously, the results in this study suggest that the antiviral role of SRP
might be related to its N-terminal domain.

The N terminus of MDAS is known to have tandem CARDs domains,
which recruit MAVS through CARD-CARD homo interactions and ulti-
mately promote the activation of the type I interferon (IFN) pathway (Li
et al.,, 2023; Song et al., 2021). As shown in the summary diagram
(Fig. 8), our study revealed that SRP54 inhibited the binding of MDAS5 to
MAVS, but the specific mechanism of inhibition is unknown. Whether
this is due to the competitive binding of SRP54 and MAVS to the
structural domain of CARDs of MDAS5 or by affecting the phosphoryla-
tion modification of MDAS needs further experimental verification.
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In summary, our study indicates that bcSRP54 negatively regulates
MDAS5-mediated antiviral innate immunity signaling by disrupting the
recruitment of MAVS to MDAS. These discoveries shed light on the role
of SRP54 in the innate immune system of bony fishes and offer novel
insights into the mechanism of antiviral immunity in fish.
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