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Abstract

Project Code DBG5180008
Project Title Proteomics of Shrimps and Viral Interaction
Investigators Chartchai Krittanai

Institute of Molecular Biosciences, Mahidol University
Email: chartchai.krit@mahidol.ac.th
Project Period May 2008 - January 2013

We have utilized proteomic workflow and protein identification technology to investigate
total protein expression in shrimp cells and tissues. In this project, we focused on the
hemocytes that play a crucial role in shrimp defense mechanism. Circulating hemocytes
separated from hemolymph of the black tiger shrimp (P. monodon) were classified into three
types based on their granularity. They are hyaline (HC), granular (GC) and semi-granular cells
(SGC). Each individual cell types were successfully isolated by Percoll gradient centrifugation
and were investigated by proteomic analysis using 1D and 2D electrophoresis. These cell types
demonstrated different pattern of protein expression suggesting distinctive functionality.
LC/MS/MS protein identification of granular-containing cells uncovered many proteins involving
in shrimp immune system. In yellow head virus (YHV) infected shrimp, we have demonstrated
and confirmed that only GC and SGC can be infected by the virus. The study also investigated
post translational phosphorylation of the proteins in GC during YHV infection. The results
revealed several proteins with differential phosphorylation in post viral infection. Some of these
proteins, myosin regulartory light chain (MRLC) and caspase were further examined for their
functional roles in response to YHV infection. An increase of MRLC phophorylation was found to
involve with defensive phagocytosis mechanism and rearrangement of actin polymerization.
Inhibition of the MRLC phosphorylation in YHV infected cells showed a reduction of
phagocytosis activity and increase in shrimp mortality. Moreover an increased phosphorylation
of caspase was found to play roles in defensive apoptosis in the viral infected hemocytes.
These results demonstrated that proteomic and phosphoproteomic changes in shrimp
hemocytes are the responses of immunity against viral infection. The responsive changes in
expression and phosphorylation of proteins such as MRLC and caspase could play the vital
roles for shrimp survival. These research findings can provide a deep understanding of the
molecular event that can be led to an effective control or treatment of the viral diseases in

penaeid shrimps.
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INTRODUCTION

Research Background

Shrimp farming is one of the major aquaculture industries of Thailand. It generates a
significant economic impact for the country and involves with a great number of local farmers,
brood stock breeder, traders, exporters as well as customers. To maintain Thai shrimp
farming, effort is needed to promote for more research and development for the future
sustainability. One of the important researches is involved with detection, prevention, and
treatment of shrimp diseases. Many approaches in cell biology and genomic research have
been applied to study important pathogens, especially those from viral origin, aiming to
understand the mechanism of pathogen infection, host responses, and pathogenesis of shrimp
diseases in various tissues at the cellular and molecular levels. However those genomic
approaches do not provide enough information on the molecular structure, abundance, and
functional roles of proteins which are the main active molecules of most biological processes.
This research project aims to investigate the total proteins which are expressed from the
genome (proteome) of shrimp cells. The technology of proteomic analysis can be used to
monitor the dynamic changes of shrimp proteome under selected controlled factor and
condition, making it an attractive approach for an investigation of the molecular response and
pathogenesis viral-host in shrimp systems. An understanding of molecular events and model
of viral infection in shrimp could help us moving forward to the effective measures for the

disease control and treatment.

Shrimp hemocyte and its role in immune defense mechanism

There are two major sources of crustacean immune responses. They were mostly
described as humoral and cellular (or cell mediated) immunity. However, both types of
immune function are reciprocally related. For cell mediated immunity, shrimp responses
controls by blood cell, called hemocytes. Several characteristics of hemocyte mediated
immune function have been reported. Phagocytosis, encapsulation, nodule formation, and
degranulation (releasing of immune effective molecules) are processed by hemocytes.

Moreover, many effective mechanisms involved in defense responses are also regulated by



hemocytes i.e. prophenoloxidase activating system, antimicrobial peptides synthesis, and
clottable protein production. The mechanism of hemocyte mediated responses against major
foreign pathogen such as bacteria, fungi, and virus have been described. These defense
response mechanisms are similar to insect such as Drosophila sp. Distinct types of hemocyte
populations were found regulated different immune function. In drosophila system,
plasmatocyte plays major role in phogocytosis, meanwhile, encapsulation, nodule formation
and melanization are regulated by lamellocyte and crystal cell, respectively. Comparison with
shrimp hemocyte responses, hyaline cell (HC) has been reported to play phagocytic activity
whereas granular containing hemocytes (SGC and GC) are involved in encapsulation, nodule
formation, AMPs production, and melanization. The pattern hemocyte recognizes pathogens
have been reported. In crustacean, synthesis of foreign material binding proteins or called
pattern recognition proteins (PRPs) was existed in hemocyte. The major pathogen surface
molecules such as lipopolysaccharide (LPS), beta-glucan (BG), peptidoglycan (PG),
glycoproteins (GP) are called pathogen associated molecular patterns (PAMs). They were

recognized by immune responses and signaling pathways are activated in hemocytes.

For shrimp virus infection, the role of hemocytes specific immune responses is not
well known. Lacking of adaptive immune system is mainly described. However, the evidence
of memory against virus infection was proposed. Major important mechanisms of hemocyte
antiviral activity remain associated with general innate immune functions such as
phagocytosis, antimicrobial peptides production, apoptosis induction, and prophenoloxidase
(ProPO) activating system. The pattern of shrimp response to virus pathogen is uncommonly
found to those in vertebrates. Persistent infected shrimp is normally presented and multiple
infection of virus in one shrimp also detected. The viral accommodation with infected host and

other pathogenic viruses was also hypothesized.

Taura syndrome virus (TSV)

Taura syndrome virus (TSV) is an important pathogen in penaeid shrimps. It causes
serious morbidity in the infected shrimps with a mortality rate of up to 95% in P. vannamei
[13]. Shrimp epithelial cells are normally the virus target as viral particles can replicate and

accumulate in the cytoplasm of the infected epithelial cells. Electron micrograph of purified



TSV illustrates a non-enveloped virion with icosahedral shape and size of approximately 31—
32 nm in diameter [14]. TSV has recently been classified into a new genus namely “Cricket
paralysis-like viruses” based on its nucleotide sequences [15]. The viral genome contains a
positive single-stranded RNA of approximately 10 kb with two distinct ORFs. ORF1 and ORF2
encode for nonstructural and structural proteins, respectively. Separation of TSV structural
proteins by SDS-PAGE shows three major bands with molecular masses of 24, 40, and 55
kDa, and one minor band at 58 kDa [15]. Recently, our group performed a preliminary study to
evaluate alterations in P. vannamei hemocytic proteome during TSV infection [3]. Differential
proteomics analysis by two-dimensional electrophoresis (2-DE) revealed several altered
hemocytic proteins upon TSV infection [3]. Interestingly, we observed significant changes in
levels of several fragments of hemocyanin. Some fragments were up-regulated, whereas
some other fragments were down-regulated. Molecular mechanisms underlying these
disparate results remained unclear. In the present study, we therefore extended our previous
expression proteomics study and then further characterized functional significance of

hemocyanin fragments during TSV infection.

Yellow head disease (YHD)

YHV infection in cultured shrimp in Thailand has been reported since 1991. It
causes a massive mortality loss of shrimp farming especially in Black Tiger shrimp culture
within 3-5 days after appearance of clinical signs. Yellow head disease outbreaks have been
reported specifically in Penaeus monodon and Pacific shrimp (Litopenaeus vannamei).
However, a natural infection in others prawns have been also investigated. The name of this
virus derived from gross signs of yellow head disease which are yellowish of cephalothorax

part and pale yellow coloration of moribund infected shrimp.

Yellow head virus was characterized in Thailand since 1993. Yellow head virus (YHV)
is a rod shape with tri-laminar enveloped virus, an approximately 40-50 nm in diameter and
150-170 nm in length. Study on virology of this virus revealed that YHV was composed of
positive single-stranded RNA as a genome structure and 26,662 nucleotides in length. This
virus has been classified as Gill-associated virus in the genus Okavirus, family Roniviridae,

and order Nidovirales. Structural investigation yellow head virus indicated three major viral



structural proteins. Glycoprotein gp116 and gp 64 are deposited in viral envelope and a
nucleoprotein, p20, was in the nucleocapsid of the virus particle. Until now, YHV can be
classified into 6 genotypes worldwide. YHV genotype 1 (YHV-1) is known to cause yellow
head disease in penaeid shrimp. Genotype 2 (YHV-2), named as Gill-associated virus (GAV),
was widely spread in shrimp in Australia. YHV genotype 2 and another four genotypes were
also reported in healthy shrimp but they are not reported to cause yellow head disease
outbreak. Recent report indicated that YHV1 is genetically mutated. YHV1a, a reference strain
of YHV which found in Chachoengsao province/1998 in Thailand and YHV1b (Ratchaburi
province/2006, Thailand) showed deletion of 54 amino acid in the ORF3 gene, resulting in the
loss of six conserved cysteine residues and two predicted N-glycosylation sites. Testing of the

virulence in both types of YHV showed high mortality in penaeid shrimps.

YHV pathogenesis

Detection of YHV distribution in shrimp revealed that gill and lymphoid organ is the
major replication target. In addition, several tissues can be infected by YHV including muscle,
hepatopancreas, heart, nerve cord, and eye stalk. The gross sign of yellow head disease in
shrimp is not specific. The common sign is pale yellowish of shrimp head derived from
hepatopancreas. The common gross of YHV infected cell is nuclear pyknosis and
karyorrhexis. The number of cytoplasmic inclusion was also investigated. The spheroid in

lymphoid organ affected by YHV infection is observed.

Until now, the detailed mechanism of YHV infection in host cell has not been reported.
However, many studies have been described to investigate of YHV infection mechanism
especially in shrimp. Some viral structural protein is found to involve in virus and host
interaction, leading to disease progression. Glycoprotein, gp116 is a major viral protein
reported to interact with host and facilitate virus infection. Inhibition of YHV interaction by anti-
gp116 antibody revealed significant inhibition of viral-host interaction resulting in more
surviving of shrimp. Recently, it has been reported that mutated changing of amino acid in
gp116 polypeptide has resulted in higher virulence than wild type. However, a non virulent
type of YHV genotype particle can be associated with some feature linked to ORF1b rather

than the deletion in the gp116 gene at ORF3 of viral genome. In susceptible shrimp host,



previous studies showed that lymphoid organ (LO) is a first selective tissue of YHV and
several cellular proteins from host can be interact with this virus. For instance, investigation of
specific YHV receptor in LO indicated a 64 kDa protein that can interact with YHV particle.
Another study in hemocyte, yeast two hybrid system revealed shrimp serine protease
homologue interacted with YHV. Moreover, RNAi technology was used to suppress specific
gene, PmRab7. The suppression of PmRab7 protein expression affected YHV multiplication in
host. Many cellular proteins from shrimp host were investigated in term of specific pathway
involved in virus and host interaction. Virus entry to host cell have not been proposed and

need to be investigated further.

Shrimp defense against YHV infection

The mechanism of shrimp defense responses to YHV is not known precisely.
Evaluation of both transcriptional and translation level of YHV-targeted tissue were
demonstrated. YHV causes several immune and non-immune associated gene and protein
alteration. Several antimicrobial peptides (AMPs) such as anti-lipopolysaccharide factor (ALF)
and crustins were identified in YHV-infected hemocyte by using suppression subtractive
hybridization (SSH). Apoptosis regulating genes are one of the major groups which were
highly modulated upon virus infection. However, the relationship of apoptosis gene associated
with shrimp defense mechanism is not known. In vertebrates, antiviral process through
apoptosis induction in viral-infected cell is one of the mechanisms that have been reported. In
shrimp, induction of YHV-targeted cell apoptosis was found in both primary targeted tissue
(lymphoid organ) and shrimp immune cell (hemocyte). In white spot syndrome virus (WSSV)
infected shrimp, induction of host cell apoptosis is inhibited by specific viral protein in early
infection. Therefore, it was suggested that activation of host cell apoptosis is an evolutionary
conserved mechanism of antiviral defense among different animals. However, upon YHV
infection, an increase of apoptotic rate is a major cause of shrimp mortality rather than the
positive result in YHV elimination. Experimental study of RNAi mechanism against YHV
infection was also investigated. Inhibition of YHV protease gene using dsDNA could prevent
high mortality of shrimp post YHV infection. It was suggested that antiviral immunity through

RNAi mechanism is general innate immunity containing in this organism.



Figure 1. Electron micrograph revealed bullet shape of YHV particle. The picture

showed the nucleocapsid structure inside covering by viral envelope (arrow head).

Karyorrhexis

Inclusion body

*

Infected

Figure 2. Microscopic examination indicated normal shrimp hemocyte morphology (A).

The common gross of YHV infected cell is necrosis. The nuclear karyorrhexis,

pyknosis, and inclusion body were indicated (B).
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Protein phosphorylation and phosphoprotein detection

Post translational protein modification is important for protein function regulation.
For instance, reversible protein phosphorylation plays crucial role in many biological processes
and pathways such as cell growth and development, program cell death, immune response,
and metabolism. In eukaryotes, more than thousand of potential phosphorylation sites are
known, with three types of protein phosphorylation sites; pSer, pThr, and pTyr, with ratio
1000:100:1. Two types of enzymes are generally known to posses protein phoshorylation
regulation i.e. protein kinases (phosphorylated) and protein phosphatases (dephosphorylated).
Both types of enzymes can affect the function of protein by the mechanisms to increase or
reduce activity of protein, stabilize or break down of protein, facilitate or inhibit movement of

protein, and induce or disrupt of protein — protein interaction.

Protein phosphorylation and it roles in eukaryotic system

One of the most phosphoprotein functional characterizations is immune related
phosphoprotein. In eukaryotes, several phosphoproteins regulate immune function. For
example, IL-1R-associated kinase (IRAK), extracellular signal-regulated kinase (ERK), and c-
Jun N-terminal kinase (JNK) are crucially involved in innate immune responses and
inflammatory response. Similar to vertebrates, study of invertebrates phosphoprotein involving
in immune system indicates evolutionally conserved of phosphoprotein function. However, the
information of invertebrate phosphoprotein remains poor. In case of crustacean, study on the
role of phosphoprotein in immune response is also lacking. A few phosphoproteins have been
reported to play critical function in defense responses such as PI-3 kinase, protein kinase C
(PKC), ERK, STAT and Hemocyanin. Those identified proteins are regulated by

phosphorylation and associated with immune function.

Phosphoprotein detection

At present, study of protein phosphorylation and their role in biological system is

widely established. Various methods of phosphoprotein characterization including protein
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phosphorylation state, phosphorylation types, and phosphorylation sites of several proteins
were described. Mass spectrometry is a powerful tool for phosphoprotein study. The methods
used for phosphorylated protein characterization are based on research aims and their facility.
Most of the phosphoproteins presenting in cell has very little expression, therefore, the method
of phosphoprotein enrichment is often coupled with phosphoprotein study. Nowadays,
development of effective separation of protein mixture by two — dimensional electrophoresis
(2-DE) coupled with less toxic and high sensitive phosphoprotein detection methods (such as
fluorescence detection rather than radioisotope labeling) provide an advantage for
phosphoprotein separation and detection. The workflow of phosphoproteomics study is
normally include sample preparation, protein digestion and enrichment, phosphopeptides
enrichment and mass spectrometry, database searching and analysis, analysis of

phosphoprotein network and functional analysis of phosphoprotein targets.

Gel based phosphoproteome analysis.

Protein separation using both one dimensional (1D) and two dimensional (2D)
electrophoresis coupled with several techniques of phosphoprotein  visualization is widely
established for phosphoprotein detection in cell. For example, 2-DE and multiplex protein
detection by fluorescence dyes detection could distinguish between phosphoprotein and non-
phosphorylated protein based on selective property of fluorescence dye. This technique can
be applied for quantitative phosphoproteomics similar to conventional 2-DE. However, cross
detection of fluorescence dye in negatively charged containing proteins is also reported.
Immunodetection of type specific phosphoprotein is one of the most widely used. This
technique allows detection of phosphoprotein on transferred membrane using specific antibody
which recognize one type of phosphoprtein such as pSer, pThr, or pTyr. The limitation of this
tool is based on several factors such as targeted cell, mass spectrometry, and databases.
Most of phosphoproteins in cell which plays crucial roles in biological processes exist in a very
little expression level. Therefore, identification of phosphoprotein based on gel can miss a
large numbers of protein targets. However, development of phosphoprotein enrichment before

separation is one of the techniques which could resolve this problem.
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Mass spectrometry based phosphorproteome analysis.

Mass spectrometry based phosphoproteome is a powerful tool of phosphoprotein
research. Based on high sensitivity and high throughput of protein identification, this technique
can resolve the problem of phosphoprotein identification in cell with very low abundant of
phosphoprotein targets. Development of both isotope and non-isotope phosphoprotein labeling
couple with mass spectrometry detection is described for quantitative phosphoproteomics.
Phosphopeptides enrichment is generally include in mass spectrometry based
phosphoproteomics workflow. Several methods have been described such as IMAC
(Immobilized metal affinity chromatography), TiO,, and SIMAC (sequential elution from IMAC).
One important part is the mapping of phosphorylation site in the phosphopeptides. Tandem
mass spectrometry is very helpful for this step. Many techniques have been described to
identify phosphopetides. Three MS fragmentation methods have been described for
phosphopeptide determination including Collision-induced dissociation (CID), Electron capture
dissociation (ECD), and Electron transfer dissociation (ETD). Each technique is suitable for

detection of various phosphorylation types.
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Figure 3. The flow chart of phosphoproteome analysis: The methods of phosphoprotein
detection and identification showed in distinct lines. Four techniques were summarized in this
chart (indicated by different lines. ProQ DPS; ProQ Dimond phosphoprotein detection, iTRAQ;
isobaric peptide tags for relative and absolute quantification, SILAC; stable isotope labeling by
amino acids in cell culture, HCD; Higher energy C-trap dissociation, ETD; Electron transfer

dissociation, CID; Collision-induced dissociation.
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MATERIALS AND METHODS

Shrimp preparation

Specific pathogen free of black tiger shrimp (P. monodon) were kindly provided by
Somjai Wongtripob, Shrimp Genetic Improvement Center, the National Center for Genetic
Engineering and Biotechnology (SGIC, BIOTEC), located in Suratthani, Thailand. About 60
shrimps of approximately 50-100 g of body weight were acclimatized in 500 — 800 L aerated

tank containing artificial sea water with 30 ppt salinity.

Hemocyte collection

Shrimp hemolymph was collected from cephalothorax (Hemoceol) of shrimp.
Hemolymph was withdrawn by using 21G needle equipped with 5 ml syringe,containing
modified Alsever’s (AS) anticoagulant solution (19.3 mM sodium citrate, 239.8 mM NaCl,
182.5 mM glucose, 6.2 mM EDTA; pH 7.2). Hemolymph mixed with an equal volume of AS
were immediately kept on ice before hemocyte separation, total and differential hemocyte

count.

Percoll gradient centrifugation

To isolate for shrimp hemocyte populations, percoll gradient centrifugation was
performed. For continuous percoll gradient preparation, percoll solution (70% Percoll, 0.33M
NaCl, 700 mOsm/kg) was prepared and then subjected to ultracentrifugation at speed of
50,000 x g for 35 min at 4 °C to generate continuous Percoll gradient. For step of shrimp
hemocyte separation, hemolymph sample was collected from shrimp and immediately loaded
onto continuous percoll gradient solution and then centrifuged at low speed centrifugation
(1,700 xg for 30 min at 4 oC, Beckman GS-15R). All of separated hemocytes bands were then

characterized by selected methods to identify the cell types.

Flow cytometry
Shrimp hemolymph was analyzeded by flow cytometry to classify for the populations of

hemocyte. After hemolymph collection, 300 ul of hemolymph were loaded into flow cytometric
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tube (BD Falcon) and then subjected to flow cytometric analysis using BD FACSCalibur #
E6361 flow cytometry. The optimized parameter settings for P. monodon hemocyte separation
were FSC E00, SSC 400, FL1 443 and FL3 501. A total of 50,000 events were collected for
each sample. Three to five individual hemolymph samples were investigated in this step. In
addition, each separated hemocyte populations from percoll gradient were also investigated by
flow cytometry. All separated bands were collected and 300 pl of cell solution were
immediately subjected to flow cytometric analysis using the same parameter setting for

hemolymph investigation.

Microscopic examination
Morphological examination of shrimp hemocyte was performed by light microscope.
Both hemolymph sample and percoll separated hemocyte samples were evaluated in this

step.

YHYV preparation and purification

Initial YHV stock (kindly provided by Dr. Apichai Bourchookarn, Prince of Songkla
University) was diluted (1:100) in normal saline solution (0.45 M NaCl) and intramuscularly
injected to shrimp. After 24 hours or until shrimp reaching moribund stage, the hemolymph
was collected and hemocyte was removed by centrifugation (830 xg, 10 min, 4 OC).
Hemocyte-free plasma was centrifuged further at high speed at 20,000 xg, 15 min, 4 °Ctoto
remove cell debris. Plasma was then subjected to ultracentrifugation (Beckman Optima XL-
100) at 100,000 xg for 1 h at 4 °C. The supernatant was discarded and the pellet was re-
suspended in normal saline. Aliquot YHV stock solution was stored at -80 °C until used. All

step of YHV purification were handled in ice-cold temperature.

YHV injection
For experimental infection, shrimps were separated into two groups: saline injection
and YHV injection group. For YHV infection, YHV stock was diluted in normal saline (1:100)

and then intramuscularly injected into shrimp (100 pl/20 g shrimp weight). For saline injection

16



group, only normal saline was injected with the same volume. At decided time points of 6 hpi,

12 hpi, and 24 hpi, hemolymph was collected and further subjected to YHV detection.

RT-PCR
To determine YHV replication level in hemocyte, total RNA was extracted from the
hemocyte obtained from either normal or YHV-infected shrimp at 6 hpi, 12 hpi and 24 hpi
respectively. For RNA preparation, 150 ul of hemolymph was collected and then mixed with
300 pl TRI® reagent (Molecular research Center, Inc.). The total RNA was extracted according
to manufacturer instruction. Briefly, hemolymph contained TRI reagent was homogenized with
tiny spatula and incubated at RT for 5 min. after that, 200 pl of chloroform was added and
then mixed thoroughly followed by incubated for 15 min. To collect aqueous phase, the
solution was centrifuged at 12,000 rpm for 15 min at 4 °C. RNA was precipitated with 500 pl
of isopropanol for 15 min at room temperature. The aqueous phase was removed by
centrifugation. The RNA pellet was kept and then washed twice with 70% ethanol by
centrifugation. The pellet was dissolved in RNase — free sterile water (DEPC water) and kept
at -20 oC until cDNA systhesis. To determine total RNA concentration, extracted RNA was
analyzed by using spectrophotometer (Nano Drop, BIO-RAD). RNA concentration and purity
were indicated by two absorption wavelengths of 260 nm and 280 nm respectively. The ratio
of two absorption wavelengths (A260/A280) should be 1.9 — 2.0 for high purity RNA sample.
To generate cDNA template, 500 — 1000 ng of total RNA was subjected to cDNA
systhesis reaction. Firstly, total RNA was mixed with oligo-dT and heated at 70 °C for 5 min
then 20 pl of cDNA reaction mixture contained 2.5 mM MgCl,, 0.5 mM dNTPs, and
ImPromtIITNI reverse transcriptase (Promega) were mixed with RNA sample. The cDNA
reaction was incubated at 42 °C for 1 h and then finally inactivated the enzyme at 75 °C for 15
min. Further, multiplex PCR was carried out to determine YHV target gene. 25 jl of the PCR
reaction was contained cDNA template, 1X Taq buffer, 2.5 mM MgCl,, 0.5 mM dNTPs, 0.5 uM
YHV and EF-1a primers mix (table 3), and 1 U/ul Tag polymerase (Promega) was subjected to
PCR reaction. The PCR cycle were; pre denaturation at 94 °C for 5 min, denaturation at 94 °‘c
for 30 sec, annealing at 55 °C for 30 sec, extension at 72 °C for 45 sec, and final extension at

72 °C for 7 min. A total 25 cycles of PCR reaction were performed. PCR product was

17



investigated by agarose gel electrophoresis. Briefly, 1.5% agarose gel (Cambex Bioscience,
Rockland Inc.) was prepared by using TBE buffer (90 mM Tris-base, 90 mM boric acid, 2 mM
EDTA; pH 8.0). 10 pl of PCR product was mixed with loading buffer (15% (w/v) Ficoll 400,
0.01% (w/v) Bromophenol blue) and loaded onto prepared agarose gel by using 1X TBE
buffer as an electrophoretic buffer. The electrophoresis was performed at constant voltage of
90 V for 1 h, after complete running, gel was stained with ethidium bromide solution (0.5 pg/ml

ethidium bromide) and then visualized by UV spectrometer (Gel Doc model 1000, Bio-Rad).

Semiquantitative RT-PCR.

Total RNA was obtained from five individual shrimps which were infected with YHV.
RT-PCR was performed according to the method previously described. Five transcripts of
hemocyte protein were evaluated upon YHV infection at O hpi, 6 hpi, 12 hpi and 24 hpi
respectively by using specific primers (table 3). Shrimp elongation factor — 1 alpha (Ef-1a) was
used as internal control gene. The PCR products were visualized on 1.0% agarose gel
containing 1X TAE and ethidium bromide staining. The intensities of PCR products were
analyzed by densitometer (Amersham Biosciences) and relative intensity of the targeted genes

were calculated.

Immunocytochemistry.

To determine the targeted hemocyte cell type for YHV, a detection of YHV particle
using specific antibody was carried out. For sample preparation hemolymph samples obtained
from 3 individual shrimps of YHV infection group at 6 hpi, 12 hpi, and 24 hpi were subjected
to percoll gradient centrifugation. The separated hemocytes bands were collected, 50 ul of all
collected cell types were subsequently maintained on 24 — well cell culture plate containing L-
15 medium (1X L-15, 1% glucose, 5 g/L NaCl, 15% Fetal bovine serum, 1x Antibiotic-
Antimycotic (Gibco)) and incubated for 1 h at 28 °C to allow cell attachment. Further,
hemocyte cultures were fixed in fixative solution (10% formaldehyde, 0.45 M NacCl) for 20 min
and then washed twice with 1X PBS buffer (137 mM NacCl, 2.7 mM KCI, 8 mM Na,HPO,, 1.46
mM KH,PO,, pH 7.4). The fixed cell was permeabilized with 0.5% Triton X-100 in PBS buffer

for 5 min and then blocked with 10% fetal bovine serum (FBS) for 1 h. Subsequently, cell was
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incubated with 1:500 mouse monoclonal anti-gp 116 primary antibody containing 1% FBS for
overnight at 4 °C. Further, cell was washed three times, 5 min each, with PBS buffer and then
covered with 1: 500 goat anti-mouse Alexa Fluor-546 conjugated secondary antibody
(Invitrogen) in PBS buffer for 1 h at RT in the dark. Finally, excess antibody was washed three
times with PBS and then incubated with 1: 500 TO-PRO 3 iodide (Invitrogen) for 1 h in the
dark to label the nucleus. Stained cell on the slide was coated with anti fade permount
(Invitrogen) before visualized by using Confocal fluorescence scanning microscope (Olympus
FluoView™ FV1000). At least 3 non-overlap regions were scan and image captured for each

sample.

Co-immunoprecipitation (Co-IP) assay

Shrimp hemocytes were resuspended in ice-cold RIPA buffer [50 mM Tris-HCI pH 8.0,
150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% NP-40, 1 mM PMSF] on ice for 30 min. Cell
lysate was clarified by a centrifugation at 10,000 rpm for 5 min. Totally 500 g of resolved
proteins was incubated with 5 pg of rabbit polyclonal anti-ERK1/2 antibody (Cell Signaling
Technology) at 4 °C for 16 h. The mixture was further incubated with 50 LU protein G beads
(GE Healthcare) at 4 oC for 4 h. Thereafter, the beads were collected by centrifugation at
2,000 rpm for 2 min and washed twice with ice-cold RIPA buffer. Immunoprecipitated proteins
were eluted, separated by SDS-PAGE under reducing condition, and subjected to Western
blot analyses. Immunoprecipitation with rabbit IgG (Santa Cruz Biotechnology; Santa Cruz,

CA, USA) served as an isotype control for Co-IP

Total hemocyte protein extraction.

Shrimp hemolymph was collected as previous described. Hemocyte pellet was
separated by centrifugation (830 x g, 10 min, 4 OC). Further, the pellet was washed three
times with ice-cold AS solution by centrifugation. Subsequently, 100 pl of lysis buffer (8 M
urea, 2 M thiourea, 4% CHAPS, 50 mM DTT, 1X Protease inhibitor (GE Healthcare)) was
added and then cell was homogenized by homogenizer (Sonicator®, Misonix Incorporated).
For phosphoprotein detection, the lysis solution will phosphatase inhibitor cocktail (Sigma).

Cell debris was removed by centrifugation at 14,000 rpm for 30 min at 4 °C and then the
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aqueous phase was collected to a new tube. For protein precipitation, the chloroform-
methanol-water protein precipitation method by the ratio of sample: methanol: chloroform:
water equal to 1: 4: 1. 3 was performed in this step. In brief, 150-200 ul of protein solution
obtained from previous step was mixed with 600 pl of methanol by vortex and then 200 pl of
chloroform was added and mixed thoroughly. Finally, 450 ul of sterile water was added, mixed
well and then protein pellet was precipitated by centrifugation at 12,000 rpm for 5 min at 4 °C.
The protein pellet was collected and washed with 1 ml of methanol using centrifugation. The
protein pellet was left for air dry followed by rehydrated with 50 — 100 pl of lysis buffer and
then solubilized by using water bath sonicator (TRU-SWEEPTNI Crest ultrasonicator) for 15 min
followed by centrifugation to remove non-solubilized materials. Protein solution was collected
to new tube and kept at -20 °C until determining of protein concentration and electrophoresis.
Hemocytes obtained from five-pooled individual shrimp samples were evaluated and triplicate

sample was performed for each experimental groups.

Hemocyte protein extraction for each isolated cells types.

To evaluate hemocyte protein expression pattern among different hemocyte
populations, hemocyte protein extracted from percoll separated cells was performed. After
percoll gradient centrifugation, hemocyte bands were harvested and then hemocyte pellet was
collected by centrifugation at 1,700 xg for 5 min at 4 °C. The cell pellet was washed three
times with ice-cold AS solution by centrifuged at 830 xg for 10 min each to remove the
remaining percoll beads. Subsequently, cell pellet was lysed with lysis solution and then

subjected to protein extraction method as previously described.

Determination of protein concentration

To determine hemocyte protein concentration, Bradford’s assay was performed. The
reaction of colorimetric assay was performed by Bradford’s assay. The calibration curve was
prepared by using bovine serum albumin (BSA) as protein standard. Each of the reaction was
mixed well by vortex and then 180 pl of reaction were loaded into a flat bottom 96-well plate.

Determination of protein concentration was performed using micro-plate reader at wavelength
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of 595 nm in Bradford assay mode. The concentration of protein sample was calculated based

on standard curve. Three replicate reactions of protein sample were evaluated in this step.

SDS-PAGE

SDS-PAGE was performed to evaluate hemocyte protein expression pattern for both
total protein obtained from mixed hemocytes population and isolated hemocyte cell types from
percoll centrifugation. A 10 — 20 ug of prepared protein samples were mixed with 5X sample
buffer (62.5 mM Tris-HCI, pH 6.8, 10% (w/v) SDS, 20% (v/v) glycerol, 100 mM Dithiothreitol
(DTT), 0.1% (w/v) Bromophenol Blue) by the ratio of 1: 4 to get 1X sample buffer
concentration. The solution of denaturing SDS-PAGE gel was prepared as shown in table 6-7.
The electrophoresis was performed using Hoefer mini-VE gel electrophoresis system (GE
Healthcare) under tris-glycine buffer system (25 mM Tris-HCI, pH8.3, 193 mM glycine, 0.1%
SDS). Electrophoresis condition was carried out by constant voltage at 110 — 120 V for 1 —
1.5 h or until the tracking dye reaches the bottom of the gel. After a complete running, gel was
fixed with fixative solution (50% methanol, 10% acetic acid) for phosphoprotein detection

followed by CBB-G staining.

Two-dimensional gel electrophoresis
To obtain a high resolution of total protein separation, 2-DE was performed to evaluate
differential levels of of both phosphorylated protein and non-phosphorylated proteins in YHV

targeted cells. 2-DE protein separation consists of the two following steps;

Isoelectric focusing (IEF)

To separate proteins based on their isoelectric point (pl) , extracted hemocytes protein
was subjected to IEF step. Total 300 ug of prepared hemocyte protein obtained from five-
pooled semigranular cell or granular cell was rehydrated with rehydration buffer containing IPG
buffer (8 M urea, 2 M Thiourea, 4% (v/iv) CHAPS, 50 mM DTT, 1X protease inhibitor, 1X
phosphatase inhibitor (Sigma), 0.002% bromophenol blue, 0.5% IPG buffer (GE Healthcare)).
The solution was adjusted to 250 pl by rehydration buffer and then was centrifuged at 12,000

rpom for 5 min. the IEF step was performed on IPG strip pH 3-10, non-linear, 13 cm long (GE
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Healthcare). The IPG strips were rehydrated at 20 °C for 6 h at 50 MA per strip followed by

isoelectric focusing by using step and hold mode (SH) and increased voltage up to 8000 V.

Second dimensional SDS-PAGE

After completion of IEF step, the strip was subjected to second dimensional protein
separation by SDS-PAGE. The strip was deamidated in equilibration buffer containing DTT
(30% (w/v) glycerol, 20% (w/v) sucrose, 2% (w/v) SDS, 50 mM Tris-HCI, pH 8.8 and 0.002%
(w/v) Bromophenol blue, 100 mM DTT) for 15 min at RT with rocking. Subsequently, strip was
alkylated in the same buffer replacing DTT with IAA (250 mM IAA) for 15 min. the strip was
further loaded onto a prepared 12.5% SDS-PAGE gel (table 7) running on Hoefer 600 Ruby
electrophoresis system (Amersham Biosciences). The Pepermintstick phosphoprotein standard
marker (Invitrogen) was used by dipping 10 ul of marker on filter paper and placed at the
acidic side of the strip. The electrophoresis was performed using tris-glycine electrophoresis
buffer and electrical voltage was started at 100 V for 1 h followed by constant voltage at 150
V in cold temperature until tracking dye reach to the gel bottom. Subsequently, SDS gel was
fixed in fixative solution (50% methanol, 10% acetic acid) for 15 min and then replaced with
new fixative solution for overnight at 4 °C. The fixed gel can be stored in fixative solution at

cold temperature until protein staining.

Phosphoprotein detection by ProQ Diamond phosphoprotein staining

To determine phosphorylated protein in both 1D and 2D gel, fluorescence dye staining
was developed in this study. Firstly, the fixed gel was stained for phosphoprotein using ProQ®
Diamond phosphoprotein staining dye (Molecular Probes, Invitrogen). Briefly, the fixed gel was
rinsed with milliQ water three times, 15 min each, to remove remaining SDS. Subsequently,
the gel was subjected to a modified fluorescence staining method according to previous
report. In summary, the gel was soaked in three-fold diluted ProQ® Diamond fluorescence dye
for 2 h in the dark with agitation (50 rpm) at RT. Further, stained gel was destained three
times with destaining solution (50 mM Sodium acetate; pH 4.0, 20% Acetronitrile) for 30 min
each by replacing the new destaining solution in each step. Finally, stained gel was scanned

and image captured by using Typhoon Trio fluorescence scanner (Amersham Biosciences).
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Total protein detection by Sypro Ruby

To determine protein spots or protein bands on the same gel after phosphoprotein
detection by ProQ Diamond, the gel was directly stained with three-fold diluted Sypro Ruby
dye (Molecular Probes, Invitrogen) for overnight in the dark with agitation at 4 °C (table 8).
Further, stained gel was washed with destaining solution (10% methanol, 7% acetic acid) for
30 min and then washed with deionized water for 5 min. The stained gel was then scanned to

capture for the image.

Total protein detection by CBB-G250.

To visualize protein spot and protein bands, all of the gels obtained from fluorescence
dye staining were subjected to CBB-G staining. The gels were incubated with CBB-G working
solution (10% (w/v) ammonium sulfate, 2% (v/v) phosphoric acid, 0.001% (w/v) CBB-G250) for
overnight with agitation at RT. The stained gel was washed with deionized water for 2 days or
until the gel background was clear. The gels were then scanned and captured for images by
using densitometer (ImageScanner, PowerLook 1120 USG, Amersham Biosciences). The
parameters of gel scanning were set in transmissive mode and 300 dots per inch (dpi)

resolution.

Image acquisition and analysis

Three replicates of 2D gels obtained from SGC and GC in both control and YHV
infected groups were saved as .GEL file format from a fluorescence scanner. To analyze both
differential phosphoprotein and non-phosphorylated protein expression by Image Master 2D
platinum software version 5.0 (Amersham Biosciences), .GEL files were then saved as
Melanie file (.Mel). For image analysis, three replicate gels of control and YHV infected
samples at 1 hpi were analyzed for SGC and GC. Significant change for both phosphorylated
and non-phosphorylated proteins were statistically determined by Student’s t test (p < 0.05).
The ratio of differential phosphorylated proteins and non-phosphorylated proteins were
calculated based on percentage of protein spot volume between samples.

For SDS-PAGE analysis, three replicate samples obtained from HC, SGC and GC

were evaluated. Predominated protein expression among each cell type of hemocyte was
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visually determined based on intensity of standard protein marker. The predominated protein

bands were further excised for in-gel digestion and identification by MS/MS analysis.

Protein identification by mass spectrometry
In-gel digestion

For in-gel digestion, gel pieces were washed with 50% acetonitrile (ACN) in 25 mM
ammonium bicarbonate (AB) ; pH 8.5 for 15 min to 1 h to remove the remaining CBB-G dye.
Further, gel pieces were dehydrated with 100% ACN for 5 min and then protein was reduced
by 10 mM dithithreitol (DTT) in 25 mM AB for 1 h at RT. Subsequently, gel pieces were
alkylated by 100 mM iodoacetamide (IAA) in 25 mM AB for 1 h at RT in the dark. After
dehydrated with 100% ACN, gel pieces were rehydrated and incubated with 10 - 20 ng/ul of
sequencing grade — modified trypsin (Promega) in 25 mM AB; pH 8.5 at 37 °C for overnight.
Finally, digested peptides were extracted by 50% (v/v), acetonitrile containing 5% (v/v) formic
acid for two times with vortexing. Peptides solution were combined and evaporated by

vacuum then kept at -80 °C until mass spectrometric analysis.

NanoLC-ESI-MS/MS

Tryptic digested peptides were dissolved in 0.1% (v/v) formic acid (FA) containing 25
mM AB; pH 8.5 before loading to MS/MS sampling vials. Identification of peptide mass and
amino acid sequences were processed by using liquid chromatography-nano-electrospray

ionization tandem mass spectrometry (nanoLC-ESI-MS/MS).

Database search

For MS/MS peptides ion search by mascot search engine (www.matrixscience.com),
the parameters for MS/MS ions searching were set using NCBInr databases including
invertebrates-EST databases. The carbamidomethyl (C), oxidation (M) and phospho (S, T, Y)
were set for fixed modification, and variable modification repectively. Tryptic enzyme digestion
was selected and allowed up to three miss cleavage sites. The peptide tolerance was + 1.2
Da and £ 0.6 Da for MS/MS tolerance. The peptide charges were 1+, 2+, and 3+. ESI-QUAD-
TOF was set for instrument type and mascot generic file (.mgf) was an input for searching.

The significant hit of identified peptide with p < 0.05 and highest MOWSE score was reported

for protein spot identification.
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Figure 4. Differential phosphoproteomics analysis workflow of YHV-infected hemocytes. The
diagram showed analysis workflow of differential phosphoprotein and total protein in YHV-

infected hemocytes.

Production of recombinant protein and polyclonal antibody against MRLC
MRLC cDNA amplification and purification

Hemocyte RNA was extracted by Tri reagent similar to the previously described
method. To obtain partial sequence of shrimp hemocyte myosin regulatory light chain (MRLC),

RT-PCR was performed. The cDNA was synthesized by incubating 1 ug of extracted RNA
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with DNase 1 (Promega) containing 1X DNase buffer (40 mM Tris-HCI ; pH 7.9, 10 mM NacCl,
6 mM MgCl, and 10 mM CacCl,) for 15 min at 37 °C. The reaction was then incubated with 2.5
mM EDTA at 55 "C for 15 min to stop the DNase reaction. The reaction of cDNA synthesis
contained oligo-dT (Promega), 1 mM dNTPs (Promega), 1X First strand buffer (Invitrogen), 5
mM DTT, 1X RNase out (Invitrogen), and Superscript Il reverse transcriptase (Invitrogen).
The reaction was incubated with the following conditions; RT 5 min, 50 oC, 60 min, and 70 °c
15 min. The cDNA template was kept at -20 °C for stock.

PCR was then performed to amplify the MRLC target gene. The PCR reaction
contains; 1X Ex Taq buffer (Takara Bio, Inc.), 2.5 mM dNTPs, 1 mM MRLC primers (Table 3),
and Ex Taq polymerase. The condition of PCR reaction was followed by an initial denaturation
at 95 °C for 3 min, denaturation at 95 °C for 30 sec, extension at 72 °C for 30 sec, and final
extension at 72 °C for 5 min. The PCR product was either subjected to PCR extraction
process or kept at -20 °C until extraction step. For PCR product extraction, approximately 300
pg of PCR product was determined on 0.8% agarose gel. The single band of amplified gene
was excised and cut into small pieces and then PCR extraction from gel was performed by
using Gel PCR extraction kit (GeneAid) according to instruction from manufacturer. Briefly,
300 ug of PCR product in agarose gel was mixed with 500 pl of DF buffer and then incubated
at 55 °C for 15 min to melt agarose gel. After cooling at RT, 800 pl of solution was transferred
to prepared DF column and then the flow-through was removed by centrifugation.
Subsequently, W1 buffer was added and removed by centrifugation again. The column was
washed by wash buffer and then PCR product was eluted using elution buffer by

centrifugation. The eluted fraction was kept at -20 °C for ligation process

MRLC ligation

Approximately 30 — 50 ug of purified PCR product obtained from previous step was
subjected to ligation reaction. Amplified MRLC was ligated to pGEM®- T easy vector
(Promega) to evaluate for nucleotide sequences. Briefly, PCR product was incubated with 1
ug of pGEM®- T easy vector (Promega) containing ligation Ver. 2 buffer (Takara, Bio, Inc.) and
then incubated at 16 °C for overnight. Subsequently, recombinant plasmid was transformed to

Escherichia coli strain DH50 competent cell (RBC Biosciences, Taiwan) and then incubated
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at 42 °C for 90 sec. Transformant was cultured in LB broth at 37 °C for 30 min before
spreading on LB agar plate containing (100 pg/ml) ampicillin antibiotic and then further
incubated at 37 °C for 16 h. The transformed cell was checked by colony growth and
restriction enzyme digestion to identify MRLC positive clone. Approximately 10 — 20 colonies
were checked by colony PCR as previously described. The positive clone was transferred to a
new LB agar plate and kept as master plate. To analyze for the positive clone, recombinant
plasmid was extracted by mini prep plasmid DNA extraction kit (GeneAid) by following the
manufacturer protocol. The purified recombinant plasmid was kept at -20 °C for ligation to pET
28b (+) vector (Invitrogen) and cut by restriction enzyme. To perform restriction analysis for
recombinant plasmid, the digestion reaction was prepared in 10 yl of DNA plasmid, 1 pl of
Eco RI restriction enzyme (table 2) and then incubated at 37 °C for 4 h. The reaction was
inactivated at 65 “C for 20 min followed by a resolving on 0.8% agarose electrophoresis.
Further, the positive clone containing MRLC gene was then subjected to DNA sequencing
process to verify for the MRLC sequences before ligation to pET 28b (+) protein expression

system.

Plasmid ligation and protein expression

For MRLC recombinant protein expression, the pET28b (+) protein expression system
was developed. For ligation reaction, the recombinant plasmid obtained from previous section
and pET 28b (+) vector (Novagen) were digested with two selected restriction enzymes, Hind
Il and Xho | (table 2) using buffer 2 and 1X BSA (Promega). The reaction was incubated at
37 °C for 4 h following an inactivation at 65 °C for 20 min. Both digested reaction were
combined for ligation step containing Ligation Ver. 2 buffer. The ligation reaction was
incubated at 16 "C for overnight. The recombinant plasmid (pET 28b (+) MRLC) was
transformed into E. coli strain BL21 (DE) competent cell (RBC Bioscience, Taiwan). The
positive clone was identified by colony PCR and then positive colony was kept as master plate
by growing on LB agar plate containing 100 pg/ml of kanamycin at 37 °C for 16 hours.

For MRLC protein expression, the positive clone was cultured in LB broth containing
kanamycin and then incubated at 37 °C for 16 h. to determine MRLC expression level in small

scale, 60 pl of bacterial cultured was transferred to new LB broth and then incubated at 37 °c
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for 1 — 1.5 h (ODgy = 0.5). After that, 200 pl of bacterial cultured was collected for no-
induction sample and MRLC expression induction by 1 mM IPTG (Promega). After 3 h post
induction, 200 ul of bacterial cultured was collected for IPTG induction sample. To determine
protein expression level, both non induction and IPTG induction sample were centrifuged at
3000 rpm for 10 min to collect cell pellet. The pellet was resuspended in PBS buffer and then
sonicated for 1 min. The bacterial cell lysate was centrifuged at 12000 rpm for 5 min to collect
both supernatant and non-soluble part. To determine protein expression, both supernatant and
pellet were mixed with 5X sample buffer and then incubated at 95 °C for 10 min before
resolving on 12.5% SDS-PAGE and CBB-G staining.

In addition, MRLC expression in E. coli system was confirmed by Western blot
analysis. Briefly, E. coli obtained from the previous step was separated on 12.5% SDS-PAGE
and then transferred to PVDF membrane (GE Healthcare) using wet blot protein transfer
system (Amersham Biosciences). Further, PVDF membrane was blocked with blocking
solution (5% skimmed milk, 1X TBS; pH 7.5, 0.5% Tween-20) at 4 °C for overnight.
Subsequently, membrane was covered with mouse anti-6X His primary antibody (Abcam)
containing 5% skimmed milk, 0.5% TBST; pH 7.5 and incubated at RT for 1 h. The membrane
was then incubated with secondary antibody (goat anti-mouse HRP-conjugated secondary
antibody) containing 5% skimmed milk, 0.5% TBST; pH 7.5 at RT for 2 h. Finally, after
membrane washing, the immuno complex signal was enhanced by Western Lightning (Perkin

Elmer) and exposed to X-ray film.

Protein purification

For large scale MRLC expression, the positive clone was cultured in 20 ml of LB broth
containing kanamycin at 37 °C for 16 h. Subsequently, 10 ml of bacterial cultured was
transferred to 500 ml of LB broth with antibiotic and then incubated at 37 °C for 2 h to obtain
ODgqgo equal to 0.5 — 0.8. After that protein expression was induced by 1 mM IPTG for 3 h of
incubation. Further, the bacterial pellet was collected by centrifugation at 8,000 rpm for 10
min. The cell pellet was resuspended in buffer A (10% glycerol, 1X PBS; pH 7.5) and then
sonicated for 30 min on ice. The lysate was centrifuged at 9,000 rpm for 15 min at 4 °Cto

obtain inclusion part. Subsequently, the inclusion was resuspended with buffer B (1.5% N-
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lauryl sarcosine, 1X PBS; pH 7.5) and mixed well by vortexing for 1 h to dissolve unsoluble
protein. Further, dissolved His-tag MRLC protein was purified by Ni — NTA agarose bead
(Qiagen). Ni — NTA agarose bead was washed with buffer C (50 mM Tris-Cl; pH 8.0, 500 mM
NaCl, 20 mM imidazole) and incubated with dissolved E. coli lysate for overnight at 4 °C with
rotation. After that, agarose bead was collected by centrifugation at 9,000 rpm for 10 min and
then washed with buffer C by centrifugation. Finally, MRLC was eluted by sequential elution
buffer. For protein elution step, 1.5 — 2 ml of agarose bead containing MRLC protein was
applied to column (Econo-column, Bio-Rad) and then differential concentration of elution buffer
(elution buffer 1 — 6) was applied. Only eluate obtained from elution buffer 3 (50 mM Tris-ClI;
pH 8.0, 500 mM NaCl, 60 mM imidazole) and buffer 4 (50 mM Tris-Cl; pH 8.0, 500 mM NaCl,
100 mM imidazole) were collected and pooled together. The concentration of purify MRLC

was determined by Bradford’'s assay according to previously described method.

Antibody production

Approximately 1.8 mg of purified MRLC was subjected to polyclonal antibody
production. 0.5 mg of purified protein antigen was immunized to rabbit and then the antibody
level was boosted twice by equal volume of purified protein once for every 2weeks. The serum
obtained from immunized rabbit was collected and antibody titer against shrimp MRLC was

determined by enzyme-linked immunosorbent assay (ELISA).

Western blot analysis

Determination of MRLC phosphorylation and protein expression level in YHV infected
hemocyte were evaluated to confirm with 2 — DE analysis. To determine hemocyte MRLC
phosphorylation level, anti-phospho-MRLC in shrimp hemocyte was obtained by using
phospho-specific antibody against human MRLC-p20. Based on mass spectrometric result in
this investigation, the sequence alignment of Sylla paramamosain (gi|262401074) MRLC
phosphopeptide (QRATpSNVFA) recognition by myosin light chain kinase (MLCK) enzyme
was identical to human MRLC. Therefore, antibody against human phospho-MRLC can cross

react with shrimp hemocyte MRLC and commercially available for this experiment.
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For Western blot analysis, 10 ug of total protein obtained from both total hemocyte and percoll
separated granular cell (GC) were separated on 12.5% SDS-PAGE. The resolving proteins
were transferred onto PVDF membrane (GE Healthcare) by using semidry blotting system
(Amersham Biosciences). The PVDF membrane was blocked in blocking solution (5% BSA,
0.1% TBST; pH 7.5) for overnight at 4 °c. Subsequently, membrane was incubated with rabbit
anti-phosphoMRLC primary antibody (Cell Signaling) for overnight at 4 °C with rocking. After
washing, the membrane was further incubated with goat anti-rabbit HRP-conjugated
secondary antibody (Santacruz) for 2 h at RT. The excess antibody was washed three times
with 1X PBS and then immunoreactive band was determined by ECL-plus chemiluminescent
(Pierce). To determine MRLC expression level on the same membrane, after MRLC
phosphorylation detection, the membrane was soaked in mild stripping solution (1.5% (w/v)
glycine, 0.1% (w/v) SDS, 1% (v/v) Tween-20; pH 2.2) for 10 min following 1X PBS washing to
remove immune complexes. Further, the membrane was blocked with 5% skimmed milk
containing 0.5% TBST for overnight followed by incubation with polyclonal rabbit anti-MRLC
primary antibody for 2 h at RT with rocking. The membrane was washed with PBS and then
incubated with goat anti-rabbit HRP-conjugated secondary antibody for 2 h at RT. Finally, the
immunoreactive band was determined by ECL-plus chemiluminescent substrate (Pierce). In
this experiment, two replicates hemocyte protein sample obtained from five-pooled individual
shrimps were investigated in both normal and YHV infecton at 1 hpi.

To determine the level of antimicrobial peptide, crustin Pm1, shrimp hemocyte was
collected from four individual samples upon YHV infection at 0 hpi, 6 hpi, 12 hpi, and 24 hpi.
Total hemocyte protein and plasma protein were precipitated using methanol-chloroform-water
and determined for protein concentration by Bradford's assay similar to method previously
described. 15 mg of total protein from both hemocyte and plasma were separated on 12.5%
SDS - PAGE followed by Western blot analysis. Tubulin expression level was used as an
internal control. The intensities of crustin Pm1 and tubulin from Western blot result were

analyzed by densitometer.

Hemocyte phagocytic activity assay
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To determine whether the molecular function of MRLC phosphorylation is associated
with immune response, determination of shrimp hemocyte phagocytic activity during an

inhibition of MRLC phosphorylation was investigated.

Inhibition of MRLC phosphorylation

To evaluate the functional role of MRLC phosphorylation, in vitro inhibition of MRLC
phosphorylation in hemocyte was established. Briefly, the optimal concentration of myosin
regulartory ligh chain kinase(MLCK) inhibitor was determined for hemocyte culture based on
mammalian cell studied. For shrimp hemocyte, 10 yM and 50 yM of ML-9 (Sigma Aldrich), a
specific inhibitor of myosin light chain kinase, were supplemented in hemocyte culture
medium. To monitor MRLC phosphorylation level, total protein was collected at different
periods post inhibition including 30 min, 1 h, 2 h, 6 h, 12 h, and 24 h. Phospho-MRLC and

MRLC expression level were then investigated by Western blot analysis.

Hemocyte phagocytosis assay

After MRLC phosphorylation inhibition, hemocyte phagocytosis activity was
investigated. At optimal concentration of inhibitor and investigated time point, hemocyte culture
was incubated with shrimp serum sensitized sheep red blood cell (SRBC). To prepare SRBC,
sheep red blood cell was washed twice with PBS by centrifugation. Sheep red blood cell was
further incubated with shrimp serum at RT for 1 h. The sensitized sheep red blood cell was
fixed with fixative solution (10% formaldehyde) for 20 min and then washed three times with
PBS. Fixed SRBC was diluted to obtain 105ceII/mI and then kept at 4 °C until used. To
determine hemocyte phagocytosis, after incubation with SRBC at 28 °C for 1 h, hemocyte
culture was fixed with fixative solution (10% formaldehyde, 0.45 M NaCl) for 20 min and then
stained by Rose Bengal and Hematoxylin. Stained cell was investigated and the numbers of
phagocytosed cells were counted by light microscope (Olympus). The activity of hemocyte
phagocytosis was reported in term of phagocytic index using the following the formula;

Number of SRBC ingested

Phagocytic Index (PI) =
Number of SRBC ingesting hemocyte
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A total of 100 cells were investigated per shrimp sample, and 10 shrimps were
evaluated for each group. The significant change of hemocyte phagocytic activity between
normal and MRLC phosphorylation inhibition was statistically determined by Student’s t test (p

< 0.05).

In vitro study of MRLC phosphoryltion inhibition and YHV replication

Five individual shrimps were used for normal and YHV infection group. Diluted YHV
stock (1:100, 0.45 M NaCl) was intramuscularly injected to infected group, while normal group
was injected with normal saline. After 2 hpi, hemolymph was collected and then hemocyte was
cultured on 24-well plate containing L-15 medium. To evaluate the role of MRLC
phosphorylation and YHV infection level in hemocyte, hemocyte obtained from YHV infected
shrimps were separated into two batches. One batch was cultured in L-15 medium
supplemented with two types of MLCK inhibitors (ML-7, and ML-9) in various concentrations
(10 LM and 50 [UM) while another one group was maintained in L-15 medium containing 2%
dimethylsulfoxide (DMSO). At 24 h post treatment, YHV infected hemocyte was examined by
immunofluorescence detection. The method of YHV detection was similar to previously
described.

The number of YHV positive granular cell was count from confocal image. Total 500 of
hemocytes (100 cell/shrimp) of each experimental group were demonstrated. The significantly
infectivity based on fluorescence positive cell comparing between each group were statistically

analyzed by Student’s t test (p < 0.05)

In vivo study of MRLC phosphoryltion inhibition and YHV replication
Inhibition of MRLC phosphorylation in shrimp

Study of MRLC phosphorylation and YHV replication in shrimp was performed using
20 g body weight of adult shrimp. 10 shrimps/group were separated into four experimental
groups including normal shrimp (saline injection), no inhibition (saline injection followed by
YHV infection), and two groups of MRLC inhibition shrimp (1 mg/kg ML-7 or 10 mg/kg ML-7

injection followed by YHV infection). Diluted YHV stock was intramuscularly injected post 2 h
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of ML-7 injection. The culmulative mortality was observed at 12 hpi, 18 hpi and 24 hpi. At the
same time, the hemolymph was randomly collected from five shrimp per group to determine
YHV replication level in each condition. In this experiment, the toxicity of ML-7 inhibitor to
shrimp was monitored in normal shrimp by injected at the same concentration similar to

experimental condition and the mortality rate was investigated.

Calculation of YHV replication

The hemolymph obtained from each groups were maintained in L-15 medium for 1
hour before subjected to analysis by immunofluorescence detection. Total 500 cells from five
individual shrimps (100 cell/shrimp) were count from confocal image. The number of YHV
positive GC cell at various time points were calculated (cells/100 cell of hemocyte). In addition,
YHV replication level in granular cell was also demonstrated by determination of relative
fluorescence intensity in YHV positive cell. Determination of fluorescence intensity was
demonstrated by Image J analysis software (version 1.45S). The relative fluorescence
intensity was demonstrated by the corrected total cell fluorescence value (CTCF) following the

formula;

CTCF = Integrated Density - (Area of selected cell x Mean fluorescence of background readings)

Total 20 of GC cell in each experimental group (n = 5) from confocal image were used
to calculated for the fluorescence intensity. Student’s t test (p < 0.05) was used to determine
the significance of difference of YHV replication level in each experimental condition based on

fluorescence intensity.

In vivo study of caspase-3 inhibition and YHV infection

To evaluate to role of apoptosis induction in YHV infected shrimp and YHV replication,
inhibition of the key apoptosis regulator protein caspase-3 was established. 10 individual
shrimps were separated into normal (without inhibitor), YHV infection (without inhibitor), and
two inhibitor injected groups. In this experiment, irreversible caspase-3 inhibitor [Ac-DEVD-

CMK] (Merck) was used. For caspase-3 inhibited groups, 1 mg/kg and 10 mg/kg of inhibitor
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were evaluated. After 2 h post inhibitor injection, diluted YHV was subsequently injected and
shrimp mortality rate was observed at 12 hpi, 24 hpi, 30 hpi, and 36 hpi. YHV replication level
in hemocyte was then investigated. Randomly collected hemolymph samples from five shrimps
in each condition were subjected to YHV detection by immunofluorescence. The relative
fluorescence intensity corresponding to YHV replication in hemocyte was calculated using
ImageJ similar to previously described. Differences in fluorescence intensity comparing

between each experiment condition was statistically analyzed by Student’s t test (p < 0.05).
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RESULTS AND DISCUSSION

1. Characterization of Penaeus monodon hemocytes

Characterization of black tiger shrimp hemolymph by light microscope revealed at
least three types of hemocytes. After staining by Rose Bengal and hematoxylin, they were
classified as hyaline cell (HC with small cell size, high content of nucleus and no granules),
semi-granular cell (SGC medium cell size, oval or elongated shape, high volume of cytoplasm
with lots of small and large granules), and granular cell (GC- large cell size, oval and
elongated shape, high volume of cytoplasm with large granule).

Analysis of hemocytes by flow cytometry (FC) also showed a mixture of three cell
types based on their cell size and granularity. These cell types can be classified into three
populations of small cell and non-granule containing (SSC score < 101), small size of granular
containing cell (SSC score 102- 103), and large size of granular containing cell (SSC > 103).

Moreover Percoll gradient centrifugation at optimal condition showed three
separation bands of cells. To confirm the results from FC, each isolated bands were
individually evaluated. The result had confirmed that the three isolated bands of cell were
detected in distinct cytogram region. Light microscope data indicated that the homogenous cell
population was clearly observed in each percoll separated bands. This result revealed that
percoll gradient centrifugation successfully separated the hemocytes of black tiger shrimp

without disturbing their morphology and cell viability.

° -

- ?

-,
S

Figure 5. P. monodon hemocytes stained with Rose Bengal (pink for granule detection) and

hematoxylin (blue for nucleus detection) under light-microscope (100X).
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Figure 6. Analysis of P. monodon hemocytes by flow cytometry revealed three types of cell

population in cytogram.
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Figure 7. Separation of shrimp hemocyte by percoll gradient centrifugation revealed three
separated bands of hemocytes (indicated by arrow heads). The optimal condition for hemocyte

separation is 70% percoll solution containing 0.33 M NaCl (osmolarity = 700 mOsm/Kg).
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Figure 8. Morphology of P. monodon hemocyte. The cell characteristics was investigated

by light microscope after percoll separation.

2. Analysis of total P.vannamei hemocytes under TSV infection.

Alterations in C- and N-terminal fragments of hemocyanin in TSV infected hemocytes
Expression proteomics using 2-DE (totally 4 gels derived from 12 individual shrimps
per group were analyzed) revealed up-regulation of the C-terminal hemocyanin fragments
(labeled as C1-C4; TSV-infected/control ratios were ranged from 1.50 £ 0.15 to 2.25 + 0.26
folds), whereas the N-terminal fragments were down-regulated (labeled as N1-N3;
TSVinfected/ control ratios were ranged from 0.37 + 0.19 to 0.53 £ 0.11 folds). Amino acid
sequence of the N-terminus (1St-230th residues) and C-terminus (438th- 648th residues) of
hemocyanin were identified by nanoLC-ESI-MS/MS (Accession no. CAA57880; MS/MS ions

scores were ranged from 74 to 334), and were used for production of rabbit polyclonal
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antibodies against these two respective fragments. Note that we used the pl range of 4-7 in
the present study because our initial screening using the broader pl range of 3-10

demonstrated that almost all of hemocyte proteins had pl range of 4-7

Control

WB: anti-C-terminus hemocyanin WB: anti-N-terminus hemocyanin

Figure 9. Alterations in C- and N-terminal fragments of hemocyanin in TSV infected
hemocytes of P. vannamei. (A) and (B) show proteome maps of altered C- and N-terminal
fragments of hemocyanin (n = 4 gels derived from 12 individual shrimps for each group; totally
8 gels were analyzed). (C) and (D) show 2-D Western blot analysis of C- and N-terminal

hemocyanin, respectively.
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C-terminal hemocyanin fragments underwent serine phosphorylation

The C-terminal hemocyanin fragments were localized in the more acidic region,
whereas the N-terminal fragments were localized in the less acidic region in 2-D gels.
Calculation of their theoretical pl by the “ProtParam” tool using their sequences revealed that
the C-terminus had a more acidic pl (approximately 5.16; with 37 negatively charged amino
acid residues), whereas the N-terminus had a less acidic pl (approximately 6.04; with 27
negatively charged amino acid residues), consistent to their actual positions in 2-D gels.
Moreover, the expression proteomics data were confirmed by 2-D Western blot analysis using
specific antibodies 11 against the C- and N-termini of hemocyanin, strengthened our results by
2-DE and pl calculation. These selective locales of the C- and N-termini of hemocyanin drew
our attention for further functional analyses of the C- and N-terminal hemocyanin fragments.
One of the possibilities of this difference in pl of the C- and N-termini could be the process of
posttranslational modification (PTM). The most likely PTM that caused pl shift was
phosphorylation, which might cause a pl shift towards the acidic end (up to >1 pl unit shift).
We thus screened for potential phosphorylation sites in the C-terminal hemocyanin compared
to the N-terminus. Using the “NetPhos 2.0 Server” for prediction of possible phosphorylation
sites revealed greater number of phospho-serine (7 residues) in the Cterminus, whereas only
2 phospho-serine residues were predicted in the N-terminus. There were comparable numbers
of potential phospho-threonine and phospho-tyrosine residues predicted in the C- and N-
termini of hemocyanin. We then validated our prediction by 1-D Western blot analysis for
phospho-serine, Cterminal, and N-terminal hemocyanin. Our data shows that serine
phosphorylation was observed only in the C-terminus, not in the N-terminus of hemocyanin.
We then hypothesized that serine phosphorylation in the C-terminal hemocyanin fragments
might be the key for differential regulation of the C-terminus compared to the N-terminus of

hemocyanin.
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Figure 10. Western blot analyses of phospho-serine (p-serine), C-terminus, and N-
terminus of hemocyanin. Immunoreactive bands corresponding to full-length, C-terminus,

and N-terminus of hemocyanin are indicated with arrows and legends.

C-terminal hemocyanin interacted with ERK1/2

To further investigate the differential roles of C- and N-termini of hemocyanin in shrimp
hemocytes, “Scansite” (version 2.0) software was employed for motif scan in the C-terminus,
compared to the N-terminus of hemocyanin. The scan was performed against all 65 individual
motifs and 12 motif groups available in the Scansite, using the “high stringency” criteria
indicated in the software. Only ERK D-domain, which is required for activation 12 of ERK1/2
effector kinase, was identified as a kinase-binding site in the C-terminal hemocyanin at 527th
valine residue, whereas none of individual motifs and motif groups was identified in the N-
terminus (data not shown). This data strongly suggested that ERK interacted with the C-
terminal hemocyanin, leading to serine phosphorylation in this terminus. The motif scan results
were confirmed by co-immunoprecipitation (Co-IP) to address potential interaction between the
C-terminal hemocyanin and ERK1/2. Co-IP using anti-ERK1/2 and the resulting complexed
proteins were examined with 1-D Western blot analysis using anti-C-terminal hemocyanin. The
results showed that the C-terminus of hemocyanin bound to ERK1/2, whereas the isotype
control yielded none of the C-terminal fragments. However, the full-length, but not C-terminus,
hemocyanin could be pulled down from the IgG isotype control sample, suggesting the non-

specific binding of the full-length hemocyanin to protein G bead surfaces. This result was not
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surprising as hemocyanin is normally sticky and almost always pulled down by Co-IP (similar
to albumin in mammalians). Western blot analysis for ERK1/2 confirmed the positive ERK1/2
band at the expected size, whereas the isotype control sample showed a faint band of
ERK1/2. This result again was not unexpected, as the full-length of hemocyanin that was
somehow pulled down by the isotype IgG also contained the 527th valine; thus, should be
able to bind to ERK1/2. However, the ERK1/2 band in the isotype control sample was not as
prominent as the one present in the ERK1/2 Co-IP sample. Because the C-terminal
hemocyanin fragments were up-regulated in hemocytes of P. vannamei during TSV infection,
we then further hypothesized that ERK1/2 as the interacting protein of the C-terminal
hemocyanin should be also up-regulated in the TSV-infected hemocytes. 1-D Western blot
analysis was performed to address this hypothesis. It illustrates that ERK1/2 level was also

up-regulated in the TSV-infected hemocytes.
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Figure 11. C-terminal hemocyanin bound to ERK1/2 as demonstrated by Co-IP using anti-
ERK1/2. (A): The resulting complexed proteins were examined with 1-D Western blot analysis
using anti-C-terminal hemocyanin. (B): The resulting complexed proteins were examined with
1-D Western blot analysis using anti-ERK1/2. Rabbit IgG served as the isotype control in a

parallel experiment.
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Figure 12. Western blot analysis of ERK1/2 in TSV-infected hemocytes compared to the

mock (uninfected) control. Immunoreactive band of ERK1/2 is indicated with arrow and

legend.
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3. Analysis of protein expression for each hemocyte cell types

Analysis of hemocyte protein expression indicated distinct pattern among the three
isolated cell types. Granular containing cells (SGC and GC) showed somewhat similar
expression profile while the non-granular containing cell (HC) was quite different. Some
protein bands were observed predominately in one type of hemocytes suggesting their specific
roles in that hemocyte. SDS — PAGE analysis demonstrated at least eight protein bands with
differential expression when compare between non-granular and granular containing cell. High
resolution protein separation by 2-DE comparing between non granular cell and granular
containing cells clearly showed that most of highly expressed proteins were synthesized in
granular containing hemocytes. Their abundance may be associated with the functional roles
in immune defense of granular hemocytes. Identification of these highly expressed proteins of
hemocyte by mass spectrometry showed that were associated with many crucial functions in
shrimp immune system. In addition, some proteins in hemocytes also supported the hemocyte
functions that have been previously characterized. In this experiment, transglutaminase
(TGase) is highly presented in hyaline cell suggesting that this cell is differentiated or closely
related to hemocyte progenitor cell. On the other hand, Protease inhibitors (alpha-2
macroglobulin and Kazal-type proteinase inhibitor) and antimicrobial peptides (Crustins) are
expressed in granular containing cell, indicating that most of effective molecules regulating

shrimp immune responses are present in late differentiated cells of SGC and GC.
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Figure 13. SDS-PAGE analysis revealed expression patterns of hyaline (HC), semigranular
(SGC), and granular cell (GC). The arrows and numbers indicated the predominated bands of

proteins expression when compare among each cell types.
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Figure 14. High resolution protein separation by 2-DE demonstrated the pattern of hemocyte

protein expression comparing between non-granular containing cell (HC, left panel) and

granular containing cells (SGC and GC, right panel).

expressed protein spots.

The numbers indicated predominately

Spot ) ) Observed lon scorel Seq. ) )
Cell type Protein [Crganism] Acc. Possible function
Ne. MW(KD)pl coverage.

1 SGCIGC  Alpha-2 macroglobulin gi|126661688 168.5/5.7  180/3% Protease inhibitor, ProPo system
[Litopenaeus vannamel]

2 HC Transglutaminase [Penaeus gi|33604274 855/331 1M17/33% Clotting system, hemocyte homeostasis
monodon)

3 SGCIGC  Hemocyanin [Lifopenaeus gi|854403 749015271 219[7% Phenoloxidase, antimicrobial activity
vannamel]

4 SGCIGC  Kazal-type proteinase inhibitor gil33087164 305/8.48  1012/54% Proteinase inhibitor, bacteriostatic activity
[Penaeus monodon]

5 SGCIGC  Alpha-2 macroglobulinfragment  gi|60548971 32.7/5.04  531/32% Syntenin binding, proteinase inhibitor
[Penaeus monodon)

6 SGCIGC  Crustin Pmd4 antimicrobial peptide  gi|229459067 24.9/9.0 312128% Antimicrobial activity
[Penaeus monodon)

7 SGCIGC  Crustin Prv! antimicrobial peptide  gi|229459065 16.2/8.4 138/23% Antimicrobial activity

[Penaeus monodon]

Table1 : Protein identification from each cell types of P. monodon hemocytes.
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4. YHV infection in P. monodon hemocytes

Infection of yellow head virus in black tiger shrimp hemocyte was revealed when
the replication level of YHV gene was detected at 12 hours post injection using RT-PCR. This
result suggested that the viral gene replication before assembly occurs within 12 hours after
virus penetration. Therefore, detection of YHV infection in shrimp by PCR analysis should
determined at more than 12 hours after virus invasion. However, at this YHV concentration
(1:100 of diluted YHV stock, approximately 106 copies/ul), high sensitivity of detection method
including nested PCR may show the positive result since 6 hours post infection. Agarose gel
electrophoresis demonstrated that YHV gene (helicase, 854 bp) was amplified since 12 hpi,
and high level of gene expression was found at 24 hours post infection.

To investigate the interaction between YHV and hemocyte, detection of YHV in
infected hemocytes was performed by immunocytochemistry. The result revealed that YHV
interacted only with specific cell types. The YHV positive signal (indicated by red color) was
found mainly in granular containing cells including semigranular (SGC) and granular cell (GC).
Meanwhile, YHV positive cell observed in non granular cell (HC) was rarely or not found.
Interestingly, the signal of YHV was found in GC cell since an early period of infection. It is
possible that YHV may be more preferably to interact with GC cell than other cell types. This
specific interaction between YHV and hemocyte could help us speculate on the mechanism for
host and virus interaction which is associated with specific receptors or binding proteins
presented in specific hemocytes.

— —

Figure 15 . Amplification of YHV helicase gene in hemocytes at various time points showed

YHV gene amplification by RT-PCR at least 12 hpi. C = control non-infected shrimp.
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Figure 16. Immunofluorescence detection of YHV in infected hemocytes during 6 — 24 hpi.
Detection of YHV particle was revealed by anti-gp116 antibody. Image analysis indicated that

YHV particle was detected in cytoplasmic region of SGC and GC (red signal).

5. CrustinPm1 modulation upon YHV infection

CrustinPm1 is one of the identified proteins which showed predominately
expressed in granular containing cells. Western blot analysis also confirmed that CrustinPm1
is specifically expressed in two types of granulated cell. Determination of CrustinPm1
expression using indirect immunofluorescence was revealed that CrustinPm1 is mainly
presented in granular cells and suggested to be membrane associated protein based on the
position of signal detection. This result indicated that CrustinPm1 may be useful for hemocyte
protein marker.

The mRNA transcript of crustinPm1 antimicrobial peptide showed interestingly
modulated upon YHYV infection. The level of hemocyte mRNA of crustinPm 1 was up-regulated
since early infection (6-12 hpi). In addition, monitoring of secreted level of crustin Pm1 also
revealed that more secreted crustin Pm1 was observed in 6 hpi (p = 0.11) while decreasing of
expression level was observed in hemocyte (p = 0.25). However, the level of both expression
and secretion of hemocyte crustin Pm1 were significantly depleted at 12 hpi and especially in

moribund stage.
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Figure 17. CrustinPm1 expression in hemocyte detected by Western blot analysis revealed

different expression level among hemocyte cell types. CrustinPm1 was highly expressed in

granulated cells (SGC and GC).
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Figure 18. Crustin Pm1 mRNA expression was monitored at various times after YHV

infection. RT-PCR indicated up-regulation of mMRNA expression at 6 and 12 hpi

6. Phosphoproteome and proteome analysis of YHV-infected hemocytes

Evaluation of differential protein phosphorylation in shrimp hemocyte post YHV
infection indicated that alteration of hemocyte protein phosphorylation was initiated since early
periods of infection. Detection of phosphoprotein by specific fluorescence dye indicated
increase of hemocyte protein phosphorylation level during 30 min to 2 hours after YHV
inoculation. This phenomenon implied that hemocyte responses to virus infection may be
through the function phosphoprotein. These proteins could be activated immediately and
regulated shortly when hemocyte interacts with the virus.

To explore the targeted phosphoproteins, protein separation using two dimensional gel

electrophoresis coupled with multiplex protein staining was established. In this work, YHV
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infected SGC and GC were first evaluated. 2-DE result showed that hemocyte proteins were
significantly altered in both phosphorylation level and expression level post in an early period
of 1 hour post YHV infection. Some of differential phosphorylated proteins were identified in
YHV infected hemocytes. Most of identified phosphorylated proteins in GC are related to
immune response. This is suggesting that GC cell play a prominent role or act as the first line
of defense cell when shrimp exposes to virus. From 300-400 proteins spots detected in SGC
and GC, haft of these can be stained by ProQ Dimond.

The result of differential phosphoprotein identification described the biological function
of YHV-targeted hemocytes in metabolic process (glycolysis). One of immune associated
protein i.e. prophenoloxidase activating enzyme 2, showed an increase in phosphorylation
level. This might be suggesting that ProPO system is involved in antiviral defense mechanism.
In addition, some of the identified proteins indicated the activity of hemocyte in association
with phosphorylation of cytoskeletal protein, actin and myosin. Differential non phosphorylated
proteins also supported that proteins involving in metabolism, motility, and immune response
are altered during an early period of YHV infection.

However, many of the phosphorylated proteins could not be identified in this
experiment. We have found that most of differential phosphorylated proteins are present in
very low abundance. Our detection of phosphorylated protein using 2-DE and multiplex protein
staining technique may not be the best choice for detection of low abundant phosphoproteins.

Normal YHV injection
M 0.5h 4h 0.5h 1h 1.5h 2h 3h 4h 6h

Figure 19. Time course analysis of differential phosphorylated protein in shrimp hemocyte

post virus infection. Phosphorylation was observed in an early period of infection (0.5-2 h).
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SGC GC

Number of protein spot'r
Normal YHV Normal YHV

Sypro Ruby staining (total protein) 405 418 273 252
Pro Q Diamond staining (phosphoprotein) 241 250 188 195
Differential phosphorylated proteinsa* 2 11

4 9

Differential proteins*

Table 2. Differential phosphoproteome and proteome of YHV infected hemocytes

TThe protein sample was obtained from three replicates gels (5 pooled-shrimps/gels).

*The proteins showed different phosphorylated level but maintained expression level.

* The number of significant protein spot was statistically analyzed by Student’t test (T = 2.57,

p < 0.05).

Figure 20 . Proteomic analysis between normal (left) and YHV infected (right) SGC at 1 hour
post infection. Protein was detected by Sypro Ruby. Four spots of proteins (S1 — S4) were

differentially expressed in YHV infected SGC.
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Figure 21. Phosphoproteomic analysis between normal (left) and YHV infected (right) SGC at
1 hour post infection. Two protein spots (S1-P and S2-P) were significantly phosphorylated as

detected by ProQ DPS staining.

Figure 22 . Proteomic analysis between normal (left) and YHV infected (right) GC at 1 hour

post infection. Protein was detected by Sypro Ruby. Nine spots of proteins (G1 — G9) were

differentially expressed in YHV infected SGC.
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Figure 23. Phosphoproteomic analysis between normal (left) and YHV infected (right) GC at
1 hour post infection. Six protein spots (G1-P and G6-P) were significantly phosphorylated as

detected by ProQ DPS staining.
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7. Myosin requlatory light chain phosphorylation in YHV infected GC

Differential phosphorylation of Myosin regulatory light chain in YHV infected GC
was clearly detected by fluorescence dye staining. The 2-DE gels indicated that MRLC was
highly phosphorylated while maintained its expression level at 1 hpi. MRLC is one of the
proteins that plays crucial role in regulation of cytoskeletal proteins such as myosin and actin.
Upon YHV infection, phosphorylated MRLC (MRLC-p) was significantly increased suggesting
its role associated with immune response. Sequence alignment of MRLC among human and
invertebrates indicated highly conserved amino acid sequences especially in phosphorylation
recognition site at Serine residue. To study the role of MRLC phosphorylation associated with
hemocyte immune response against YHV, molecular cloning of recombinant PmMRLC was
carried out. PmMRLC gene was cloned based on the MRLC sequence obtained from mass
spectrometric result (gi|262401075). 378 base pairs (124 deduced amino acid sequences) of
partial PmMRLC sequence was amplified and verified. The E. coli expression system was
used for large scale PmMRLC expression. The purified PmMRLC was verified by anti-His6
antibody and used for antigen immunization in rabbit to produce polyclonal antibody.

Confirmation of PmMRLC phosphorylation by Western blotting also supported that
PmMRLC-p is increased at 1 h after YHV infection in GC. Meanwhile, the total PmMRLC
expression remains constant. Time course analysis of PmMRLC phosphorylation during YHV
infection showed continuously up-regulation of PmMRLC-p and reached for up to 6 hpi before

going down to regular level at 24 hpi.

1 MSSRKAGKKI GKKRAQRATS NVFAMFDQAQ, IQEFKEAFNM IDQNRDGFID
61 KDDLHDMLAS LGKNPTDDYL EGMMNEAPGP INFTMFLTLF GDRLQGTDPE
161 DVIKNAFGCF DENNQGYINE EYLRELLVSM  GDRFTDEDVD EMYREAPIKN
157 SMFDYVEFTR ILKHGVKDLE DQ

Figure 24. Differential phosphorylation level of myosin regulatory light chain (PmMRLC).
Mascot score showed the score of peptides hit (MOWSE = 265) and the number of peptides

matched (shown in bold).
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Figure 25. Western blot analysis of MRLC expression and phosphoprylation and in YHV

infected granular (GC) hemocyte.
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« MRLC-p

Figure 26. Time course analysis of PmMRLC phosphorylation level in YHV infected GC.

8. PmMMRLC phosphorylation associated with actin polymerization

We have detected high level of phosphorylation of PmMRLC in viral infected GC. In
other systems, it was found that regulation of actin remodeling involved with phospho-MRLC.
In our work, actin showed very low signal at 0 hpi. After 2 hour post infection, rearrangement
of actin at the plasma membrane position is clearly observed, and increased in 6 hpi. This
result indicated that PmMRLC phosphorylation may associate with actin remodeling in GC and

regulate hemocyte immune response during YHV infection.
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Figure 27. Immunofluorescence detection of actin (green) polymerization.

9. Inhibition of MRLC phosphorylation affected hemocyte phagocytosis activity

Cytoskeletal proteins associated with immune cell phagocytic activity were previously
reported in both vertebrate and invertebrate systems. In shrimp, hemocyte phagocytosis
regulated by MRLC phosphorylation mechanism may be related to antiviral activity. Analysis of
hemocyte phagocytosis using sheep red blood cell (SRBC) ingestion showed that
phagocytosis is mainly exist in granular containing hemocytes (i.e. SGC and GC). In hyaline
cell, lower activity is observed. SRBC clumping was routinely observed when incubated with
granular hemocytes. This phenomenon may suggest that GC can play a crucial role in
pathogen entrapping as the first line of defense mechanism.

To further evaluate the relationship between MRLC phosphorylation and hemocyte
phagocytosis, two types of myosin light chain kinase (MLCK) specific inhibitors (ML-7 and ML-
9) were applied for inhibition assay. Inhibition of MLCK showed a decrease of MRLC
phosphorylation in hemocyte at 2 hours after inhibitors supplemented. Both inhibitors showed
effective inhibition of MLCK activity at 10 uM in vitro. Upon MRLC phosphorylation inhibition,
hemocyte phagocytosis was examined. The result indicated that both inhibitors were
significantly diminished phagocytic activity of the granular containing cells. These data could

demonstrate that MRLC phosphorylation is involved in hemocyte phagocytosis activity.
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Figure 28. Detection of hemocyte phagocytic activity by sheep red blood cell ingestion.
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Figure 29. Inhibition study of MRLC phosphorylation in shrimp hemocytes using 10 yM ML-7
and 10 pM ML-9 respectively. At 2 hours post inhibition, MRLC-p was decreased in both

inhibitors test.
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Figure 30. Hemocyte phagocytosis activity upon MRLC-p inhibition. The correlation of MRLC-
p and hemocyte defense response was determined by hemocyte phagocytic activity (PI). High
activity of phagocytosis was observed in granular containing cells of control shrimp (black bar).

Both inhibitors, ML-7 and ML-9 significantly affected hemocyte phagocytosis.

10. Inhibition of MRLC phosphorylation induced YHV infection in vitro and in vivo

To evaluate the role of MRLC phosphorylation in YHV response, in vitro study of
YHYV infection upon inhibition of MRLC was investigated. After shrimp infected with YHV, viral
replication level in primary hemocyte culture was monitored. The result showed an increase of
replication in MLCK suppressed conditions. Both MLCK inhibitors showed similar effect in
primary hemocyte culture. In addition, comparison among the YHV-infected cells indicated that
suppression of MLCK activity lead to higher infection in GC cell.

In vivo study for the role of MRLC phosphorylation also supported an in vitro
study. In vivo inhibition of MRLC phosphorylation induced YHV multiplication and caused rapid
mortality in shrimp. Two concentrations of selected MLCK inhibitor (ML-7) were tested in
shrimp. After inhibitor injection, experimental infection of YHV was carried out. During an
inhibition of MRLC phosphorylation, shrimp mortality increased especially in high dose of
MLCK inhibitor injection. Immunofluorescence detection of YHV in infected shrimp revealed
highly increased of infected hemocytes after inhibition. Detection of YHV in infected GC also
revealed a significant increase of YHV positive GC cell when shrimp was exposed to 10 mg/kg
of ML-7. In addition, Immunofluorescence signal count (CTCF) showed high replication of YHV
in infected GC. This investigation, demonstrated that inhibition of MRLC phosphorylation

affected hemocyte antiviral response in shrimp.
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Figure 31. Inhibition of MRLC phosphorylation increased YHV infection in vitro.
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Figure 32. /n vitro inhibition of MRLC phosphorylation and YHYV infection in GC cell.
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Figure 33. Immunofluorescence detection of YHV infected hemocyte post MRLC. Anti-gp
116 (YHV) was determined by Alexafluor-488 (indicated by green color) and nucleus was
stained by DAPI (indicated by blue color). YHV (green signal) in hemocyte was observed at 12

hpi.

Figure 34. Immunofluorescence detection of YHV infected hemocyte post MRLC
phosphorylation inhibition. Anti-gp 116 (YHV) was determined by Alexafluor-488 (indicated
by green color) and nucleus was stained by DAPI (indicated by blue color). YHV (green

signal) in hemocyte was observed at 24 hpi.
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CONCLUDING SUMMARY

Isolation and characterization of P. monodon hemocytes based on their granularity
and cell sizes revealed at least three populations of cell types. Percoll gradient
centrifugation using 70% continuous gradient solution yielded three separated bands
of hemocyte cells. Microscopic and flow cytometric examination confirmed three
distinct cell types of hemocytes representing in each isolated bands. These cells are

classiflied as hyaline, semigranular, and granular hemocytes.

Protein expression profiling of each hemocytes revealed cell type specific protein
patterns. The granular containing hemocytes (SGC and GC) showed similar protein
expression pattern which is different from the non-granular cell. In comparison the
granular containing cells showed at least seven predominant expressed proteins as
observed by SDS-PAGE and 2-DE. These identified proteins are hemocytes proteins

with involving roles in immune responses.

Analysis of YHV infected hemocytes revealed that SGC and GC are the viral targets.
Viral infection in GC was detected since an early period of infection, meanwhile high
viral replication level was found in SGC at late phase of infection. In contrast, YHV
infection in HC is rarely found. It was suggested that YHV infects only on specific

type of hemocyte targets and the interaction may rely on specific receptors.

Phosphoproteomic analysis of YHV infected hemocytes indicated differential
phophorylation of hemocyte proteins in an early state post YHV interaction. 2-DE
coupled with multiplex protein detection indicated both phosphorylation and

dephosphorylation.

P. monodon myosin regulatory light chain (PmMRLC) in GC is modulated in its
phosphorylation level upon YHV infection. Investigation on the role of PmMRLC

indicates an association with hemocyte phagocytosis and regulating of actin
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rearrangement. Inhibition of PmMRLC phosphorylation showed a significant decrease
of hemocytes phagocytic activity, leading to an increase in YHV replication. The
results demonstrated that PmMRLC phosphorylation is essential for an antiviral

response of shrimp hemocyte.

Caspase - 3 in GC demonstrated an increased phosphorylation upon YHV infection.
The role of caspase - 3 upon YHV infection is proposed to be associated with PKC

kinase activity and shrimp survival.

During TSV infection on the hemocytes of P. vannamei. C-terminal hemocyanin
fragments were up-regulated. ERK1/2. Our co-immunoprecipitation results showed

that the C-terminus of hemocyanin bound to ERK1/2 and undergoes phosphorylation.

We have demonstrated that the analysis of proteomics and phosphoproteomics of
viral infected hemocytes can reveal the molecular responses of several hemocyte
proteins. These proteins have functional roles in defensive pathways that help protect

the cells from viral pathogen.
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1. Introduction

The cellular signal-transduction process is largely controlled by protein phosphorylation. Shrimp infected
with yellow head virus show dramatic changes in their hemocyte phosphoproteomic patterns, and
aberrant activation of phosphorylation-based signaling networks has been implicated in a number of
diseases. In this study, we focused on phosphorylation of Penaeus monodon myosin regulatory light chain
(PmMRLC) that is induced at an early hour post YHV infection and is concomitant with cellular actin
remodeling. In shrimp cell cultures, this phosphorylation was inhibited by the myosin light chain kinase
(MLCK) inhibitors ML-7 and ML-9, suggesting that PmMLC phosphorylation is MLCK pathway-
dependent. Blocking PmMRLC phosphorylation resulted in increased replication of YHV and reduction
of phagocytic activities of shrimp hemocytes called semigranular cells (SGC) and granular cells (GC).
Injection of MLCK inhibitors prior to YHV challenge resulted in dose-dependent elevation in quantity of
YHV-positive GC and cytoplasmic YHV protein, coincident with high shrimp mortality. Altogether, we
demonstrated that PmMRLC phosphorylation increases after YHV infection in shrimp and that inhibition
of the phosphorylation leads to increased YHV replication, reduced hemocyte phagocytic activity
(probably through actin remodeling) and subsequent shrimp death. Thus, further studies on the MLCK
activation pathway may lead to new strategies in development and implementation of therapy for YHV
infections in shrimp.

© 2013 Elsevier Ltd. All rights reserved.

shrimp (Penaeus monodon), granule-containing hemocytes (i.e.,
semigranular and granular cells) have been reported to be targets of

Yellow head disease is one of the causes of severe shrimp
mortality. The causative agent is yellow head virus (YHV), an
enveloped virus with a positive-sense, single stranded RNA genome
belonging to the genus Okavirus (order: Nidovirales and family:
Roniviridae) [1,2]. The lymphoid organ is a major YHV target.
However, other host tissues also susceptible to YHV replication
include gills, muscles and hemocytes [3]. In the giant or black tiger

Abbreviations: CHAPS, 3-[(3-cholamidopropyl) dimethylamino]-1-
propanesulfonate; DTT, dithiothreitol; NaOAc, sodium acetate; SDS-PAGE, sodium
dodecyl sulfate polyacrylamide gel electrophoresis; 2-DE, two dimensional gel
electrophoresis; LC-MS/MS, liquid chromatography mass spectrometry; RT-PCR,
reverse transcriptase polymerase chain reaction; YHV, yellow head virus; MRLC,
myosin regulatory light chain.

* Corresponding author. Tel.: +66 2 441 9003x1410; fax: +66 2 441 1013.

E-mail address: chartchai.kri@mahidol.ac.th (C. Krittanai).

1050-4648/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
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several viruses including YHV and white spot syndrome virus
(WSSV) [4]. Analysis of hemocyte proteins and their posttransla-
tional modifications such as phosphorylation is considered
important for identification of disease markers and targets for
therapeutic drug design.

In this study, we show that several immune related proteins and
cytoskeletal proteins in shrimp hemocytes are significantly changed
in both phosphorylation level and expression level upon YHV
infection. One of these is myosin regulatory light chain (MRLC) in
shrimp granular hemocytes. Its phosphorylation level is significantly
increased during the early hours of YHV infection although its total
protein level is constantly maintained. MRLC phosphorylation
(MRLC-p) regulates many biological functions of the cell including
cell motility, membrane structure regulation and cell signaling [5,6].
Suppression of MRLC phosphorylation inhibited influenza A virus
replication in host cells, suggesting that MRLC is associated with the
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viral propagation cycle in infected cells [7]. In kuruma shrimp,
myosin and their light chain has been reported as a WSSV-
interacting protein involved in the antiviral defense mechanism of
shrimp immune cells. High expression of the myosin light chain
subunit was investigated in WSSV resistant shrimp and was strongly
related to shrimp antiviral, phagocytosis activity [8]. From our work,
in vitro and in vivo suppression of the PmMRLC phosphorylation by
MLCK inhibitors suggested that the MLCK dependent pathway
regulated anti-YHV activity in shrimp hemocytes.

2. Materials and methods
2.1. Shrimp preparation

Shrimp of 30—50 g body weight were obtained from the Shrimp
Genetic Improvement Center (SGIC, Suratthani, Thailand). Shrimp
were maintained in aerated 800 L-tanks containing artificial sea water
at 30 ppt for two days. Intermolt shrimp were used for experiments.

2.2. YHV infection and hemocyte isolation

The purified virus preparation was diluted in saline solution
(0.45 M NaCl) before intramuscular injection into shrimp (100 ul/20 g
shrimp, 5 shrimp/group). The control shrimp were injected with sa-
line solution only. Shrimp hemolymph was collected from the he-
mocoel (cephalothorax part) using a 21-gauge needle equipped with
a 5 ml syringe containing an equal volume of cold modified Alsever’s
(AS) anticoagulant solution (19.3 mM tri-sodium citrate, 239.8 mM
Na(l, 182.5 mM glucose, 6.2 mM EDTA; pH 7.2) [9] and immediately
kept on ice. For separation of hemocyte subpopulations, percoll gra-
dient centrifugation was established as previously described by
Soderhall and Smith [10]. Briefly, continuous percoll (GE Healthcare)
gradient solution (70% percoll, 0.33 M NaCl, pH 7.0, Osmolarity
700 mOsm/kg) was generated by ultracentrifugation (Beckman Op-
tima XL-100) at 50,000 x g, 35—42 min and then the hemolymph was
loaded onto the preformed percoll gradient and centrifuged at
1700 x g, 4 °C for 30 min. The granular hemocytes located in the
lowest band in the tube were collected.

2.3. 2-DE and multiplex protein staining

Hemocyte proteins were extracted using the chloroform—
methanol—water precipitation method and the protein concen-
tration was measured using Bradford reagent [11]. To perform
isoelectric focusing (IEF), a total 300 pg of hemocyte protein was
separated on a non-linear IPG strip pH 3—10, 13 cm (GE Healthcare)
using the IPGphor II system (GE Healthcare). The IEF step was
performed at 20 °C with a continuous increase of voltage (up to
8000 V) to reach 25000 Vh. For the second dimension, the strip was
equilibrated with 100 mM DTT containing equilibration buffer (6 M
urea, 2% SDS, 30% glycerol, 50 mM Tris—HCI; pH 8.8 and 0.002%
bromophenol blue) and subsequently by 250 mM iodoacetamide in
the same buffer. Protein on the equilibrated strip was further sep-
arated on 12.5% polyacrylamide using an SE600 Ruby electro-
phoresis system (GE Healthcare) at 120 V until the tracking dye
reached to bottom of the gel. For multiplex protein staining, the gel
was fixed in fixative solution (50% methanol, 10% acetic acid)
overnight prior to sequential protein staining by ProQ Diamond®
and Sypro Ruby® fluorescence dye (Molecular Probes, Invitrogen)
respectively. Briefly, the fixed gel was stained with ProQ Diamond
dye for 1.5 h in the dark and then destained with destaining solu-
tion before visualization and image capture using a Typhoon Trio
fluorescence scanner (Amersham Biosciences). Subsequently, the
gel was re-stained with Sypro Ruby dye overnight in the dark with
agitation. The gel was destained with destaining solution (10%

methanol, 7% acetic acid) and the image was re-captured. The
parameter settings for image capture for both ProQ Diamond and
Sypro Ruby were those recommended by the manufacturer. Finally,
the gel was stained with Coomassie brilliant blue G solution over-
night before destaining with MilliQ until the background was clear.

2.4. Image analysis, in-gel digestion and LC-MS/MS

Differential phosphoproteins and non-phosphorylated proteins
were analyzed using Image Master 2D Platinum software version
5.0 (Amersham Biosciences). Three replicate gels were compared
between normal and YHV-infected shrimp. Differential phospho-
protein and non-phosphorylated protein profiles were statistically
analyzed using Student’s t test (p < 0.05). Significantly different
phosphoprotein and non-phosphorylated protein spots were
excised and subjected to in-gel digestion followed by mass spec-
trometry. For in-gel tryptic digestion, protein spots were dehy-
drated with 100% acetronitrile (ACN) and then reduced with 10 mM
DTT in 25 mM ammonium bicarbonate (AB). Gel pieces were fur-
ther alkylated with 100 mM iodoacetamide in 10 mM AB in the
dark. After that, protein was digested overnight with sequencing-
grade modified trypsin solution (10 ng/ul trypsin containing 50%
ACN in 25 mM AB). Digested peptides were extracted by 0.1% formic
acid in 50% ACN and the volume was reduced by vacuum. The
digested peptides were dissolved in 0.1% formic acid and then
subjected to nano-LC coupled with ESI-MS/MS to determine pep-
tide masses and to identify amino acids. A database search for
protein identification was performed using the Mascot search en-
gine (http://www.matrixscience.com). Only protein hits with sig-
nificant ion scores are reported.

2.5. Production of anti-PmMRLC antibody and Western blot analysis

Shrimp PmMRLC was cloned from hemocyte mRNA using
primers designed based on the mass spectrometry result
(g1|262401075) and expressed in the Escherichia coli system. Total
RNA was extracted from hemocytes using Trizol® reagent (Molec-
ular Probe, Invitrogen) and a partial sequence of MRLC was
amplified by RT-PCR using a forward primer with a restriction
enzyme (Hind III) site (5'-GGG AAG CTT GAA GCC TTC AAT ATG ATT-
3’) and a reverse primer (Xhol) (5’-GGG CTC GAG GGT AAA CTC CAC
ATA GTC-3’). The amplified fragment of PmMRLC (372 bp) was
cloned into pET28b (+) vector (Novagen) with a 6x His-tag and
expressed in the E. coli system with strain BL21 (RBC Bioscience).
Expressed PmMRLC was purified by using Ni-NTA agarose (Qiagen)
and eluted under denaturing conditions (50 mM Tris—Cl, 500 mM
NaCl, 250 mM imidazole, pH 8.0). The concentration of purified
PmMRLC was determined by Bradford’s method and analyzed by
SDS-PAGE. The amount of 1.8 mg of purified PmMRLC was used to
immunize a rabbit. The titer of antiserum was determined by
enzyme-linked immunosorbent assay (ELISA).

Phosphorylation of PmMRLC was determined using the western
blot method. Total protein extracted from granular cells (20 pg) was
separated by SDS-PAGE, before transfer to a PVDF membrane (GE
Healthcare) using a semidry blotting system (Amersham Bio-
sciences). Protein on the PVDF membrane was soaked overnight at
4 °C in blocking solution (5% bovine serum albumin, 1x TBS, 0.1%
tween-20) followed by incubation overnight with 1:1000 anti-
phospho-MRLC antibody (Cell Signaling). Subsequently the mem-
brane was incubated with HRP-conjugated goat anti-rabbit sec-
ondary antibody (Santacruz). Immunoreactive bands were detected
using ECL plus the western blot detection system (GE Healthcare).
Protein on the PVDF membrane was further used to check total
PmMRLC expression level. After phospho-MRLC detection, the
membrane was washed with mild stripping solution (1.5% (w/v)
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glycine, 0.1% (w/v) SDS, 1% (v/v) Tween-20; pH 2.2) to remove
reactive immune complexes. The membrane was blocked again
overnight in blocking solution followed by incubation overnight at
4 °C with 1:10,000 rabbit anti-shrimp PmMRLC antibody. The
immunoreactive band was detected as previously described. The
PmMRLC phosphorylation was monitored in five individual shrimp
at various times post YHV infection. The intensity was determined
by densitometer and relative phosphorylation ratio was calculated.

2.6. Immunoflourescence detection of actin polymerization

To determine the role of actin during YHV infection in GC cells,
hemocytes were collected from non-infected or YHV-infected
shrimp at O h, 2 h and 6 h post infection and maintained in L-
15 medium for 1 h. The hemocyte culture was fixed with 10%
formaldehyde (10% formaldehyde in 0.45 M NaCl) for 20 min. The
fixed cells were permeabilized with 0.1% Triton X-100 (0.1% Triton
X-100 in 1x PBS; pH 7.0) and subsequently incubated with
blocking solution (10% fetal bovine serum in 1x PBS). Further,
hemocytes were incubated with mouse monoclonal anti-actin
antibody (Sigma) overnight at 4 °C, followed by extensive
washing and incubated with anti-mouse Alexafluor-488 conju-
gated secondary antibody (Invitrogen). To detect the fluorescence
signal, the cells were stained with DAPI containing anti-fade
permount (Invitrogen) before scanning by microscopy (Olympus
Fluoview 1000).

2.7. Hemocyte phagocytic activity assay

Shrimp hemocytes were separated by percoll gradient cen-
trifugation and maintained on 24-well cell culture plates con-
taining L-15 medium. Three subpopulations of hemocytes were
separately collected in the medium supplemented with 10 pM
ML-7 or 10 uM ML-9 (Sigma) for 2 h. Shrimp serum-sensitized
sheep red blood cells (SRBC) were added and incubated at
28 °C for 1 h. The incubated cell culture was fixed and stained
with Rose Bengal and hematoxylin as previously described by
Sritunyalucksana et al. [12]. The number of phagocytic cells was
determined by light microscopy. A total 100 hemocytes with
phagocytic activity against SRBC were examined to determine
phagocytic index (i.e., the number of SRBC ingested per number
of SRBC ingesting hemocyte). Differences in hemocyte phagocytic
activity between normal and inhibitor-treated hemocytes were
considered statistically significant when Student’s t test gave
p < 0.05.

2.8. Inhibition of PmMRLC phosphorylation in primary hemocyte
cultures challenged with YHV

PmMRLC phosphorylation in YHV-infected hemocytes was first
determined in primary hemocyte cell cultures. Diluted YHV stock
was injected to healthy shrimp and then hemolymph was col-
lected 2 h post injection. Subsequently, the hemocytes were cul-
tured in 24-well plates containing L-15 medium supplemented
with 10 uM or 50 pM of MLCK inhibitors (ML-7 or ML-9, Sigma).
For the non-inhibitor-supplemented control group, L-15 medium
was added with inhibitor solvent, 2% dimethylsulfoxide (DMSO).
Hemocyte cultures were maintained at 28 °C for 24 h. The culture
medium was then removed and the hemocytes were fixed with
10% formaldehyde (10% formaldehyde in 0.45 M NaCl) for 20 min.
YHV-infected hemocytes were detected by the immuno-
fluorescence technique. Briefly, mouse monoclonal anti-gp116
primary antibody (kindly provided by Dr. Paisarn Sithigorngul,
Srinakarinwirot University, Prasanmit) was incubated overnight at
4 °C with fixed hemocytes. The immune complex was

subsequently detected by exposure for 1 h at RT to goat anti-
mouse Alexafluor-546 conjugated secondary antibody (Molecular
Probe, Invitrogen). For nucleus detection, the slide was counter-
stained for 1 h at RT with TO-PRO-3 iodide (Molecular Probe,
Invitrogen). To detect fluorescence signals, slides were examined
using a Confocal laser scanning microscope (Olympus FluoView™
FV1000). Three non-overlapping regions were examined for each
slide and there was 1 slide each for 5 individual shrimp from each
group with a total of 20 cells counted from each slide for the
calculation of mean numbers of GC per hundred cells for each
group. Differences were considered to be statistically significant
when p < 0.05 by Student’s t test).

2.9. In vivo inhibition of PmMRLC phosphorylation and effect on
YHV replication

Shrimp were injected intramuscularly with two concentrations
of the MRLC phosphorylation inhibitor ML-7 (1 and 10 mg/kg) in
a total volume of 50 pl saline solution (0.45 M NaCl) into shrimp
with a fresh weight of 20 g. The control group consisted of shrimp
injected with saline solution only. Each group consisted of 3 rep-
licates of 10 shrimp each. At 2 h post inhibitor injection, 100 ul YHV
virus stock at 1:100 dilution was injected into each shrimp.
Thereafter, shrimp mortality was recorded at 12, 18 and 36 hpi. The
toxicity of the inhibitor was also monitored in shrimp. The cumu-
lative percent mortality was compared by Student’s t test and dif-
ferences were considered to be statistically significant at p < 0.05).
To investigate YHV infection and level of replication in hemocytes,
hemolymph collected arbitrarily from five individual shrimp in
each group at 12 and 24 hpi were subjected to YHV detection by
immunofluorescence assay using a primary antibody against the
YHV envelope protein gp-116 [13] and YHV infection levels were
determined by analysis of relative fluorescence intensities. Calcu-
lation of corrected total cell fluorescence (CTCF) was achieved by
Image ] analysis software [14].

3. Results
3.1. Shrimp MRLC is phosphorylated after YHV infection

When the phosphoproteomic pattern of infected hemocytes
was examined to evaluate the shrimp response to YHV infection,
it was found that protein phosphorylation changed as early as 30
min-2 h after virus injection (data not shown). Our previous
study revealed that the target hemocyte subpopulation for YHV
infection was granule-containing cells. In this study, phospho-
proteomic analysis of YHV-infected granular (GC) at 1 h post YHV
injection was achieved by high resolution protein separation (2-
DE). The results of multiplex protein detection (phosphoprotein
and total protein expression) are shown in Fig. 1A. A number of
protein spots with significant changes in both phosphorylation
level and expression level were found. Data on identification of
some of these spots by mass spectrometry is shown in Table 1.
Differences in phosphorylated proteins and non-phosphorylated
proteins during YHV infection could be classified into three ma-
jor groups including immune related and stress induced proteins,
proteins associated with metabolic processes and cytoskeletal
proteins. However, almost all of the phosphoproteins in YHV-
targeted hemocytes were unknown (indicated by dash-circles).
One exception was myosin regulatory light chain (MRLC) where
the 2-DE gel showed an increase in the phosphorylated form,
even though the level of protein expression remained constant
[Fig. 1B].

P. monodon MRLC cDNA was cloned and referred as PmMRLC. An
MRLC alignment carried out to compare deduced amino acid
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Fig. 1. (A) 2-D electrophoresis profiling of GC phosphorylated proteins (ProQ DPS stained, upper panel) and total proteins (Sypro Ruby stained, lower panel) at 1 h post YHV
injection. Differences in phosphorylated and non-phosphorylated proteins are indicated by arrows. (B) Zoom-in on phosphorylated MRLC protein spots and total protein spots from
GC of YHV-infected and normal shrimp. (C) Amino acid sequence alignment of MRLC from humans, the fruit fly, crabs and black tiger shrimp showing highly conserved amino acids

by grey and black outlines.

sequences among shrimp (P. monodon), a crab (Scylla para-
mamosain), the fruit fly (Drosophila melanogaster) and humans
(Homo sapiens) indicated that MRLC is highly conserved evolutio-
narily in both amino acid sequence and phosphorylation site
(QRATpSNVFA) among eukaryotes [Fig. 1C].

3.2. YHV activates MRLC phosphorylation and cellular actin
remodeling

Confirmation of PmMRLC phosphorylation using anti-
phosphoserine (Ser-19) antibody successfully detected the corre-
sponding shrimp protein by Western blot analysis. Time-course
analysis of MRLC phosphorylation in GC confirmed that induction
of MRLC phosphorylation occurred from 1 h up to 6 h post YHV
infection and then returned to the normal level from 12 h post
infection onwards. During this interval, constant expression of
MRLC protein was observed [Fig. 2, left panel]. These results sug-
gested that YHV infection induced MRLC phosphorylation early
after YHV injection. Using immunofluorescence to determine MRLC
phosphorylation associated with actin function in GC of YHV-
infected shrimp, it was found that activation of MRLC phosphor-
ylation in YHV-infected GC was strongly associated with actin

polymerization [Fig. 2, right panel]. Rearrangement of filamentous
actin was observed within 6 h post YHV injection and this corre-
sponded with the MRLC phosphorylation level. The results indi-
cated that YHV infection led to actin reformation through induction
of MRLC phosphorylation.

3.3. PmMRLC phosphorylation is associated with hemocyte
phagocytic activity

To determine the role of phosphorylated PmMRLC in hemocyte
defense activity and especially in phagocytosis, two specific MLCK
inhibitors (ML-9 and ML-7) were used. For both, the optimal con-
centration of 10 pM resulted in significant reduction in PmMRLC
phosphorylation within 2 h after hemocyte exposure [Fig. 3]. With
respect to the role of PmMRLC phosphorylation in hemocyte
phagocytic activity, phagocytosis activity against SRBC of shrimp
hemocytes [Fig. 4, left panel] revealed that normally high phag-
ocytic indices of GC and SGC were dramatically reduced by inhi-
bition of PmMRLC phosphorylation [Fig. 4, right panel]. The results
indicated that PmMRLC phosphorylation is linked to phagocytic
activity of shrimp hemocytes.
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Table 1

List of differentially phosphorylated proteins in YHV-infected granular hemocytes at 1 h post challenge.

Spot no. Protein [organism] Acc. no. Observed MW YHV/control Biological function
(kDa)/pI
Phosphoprotein
G1-P LV_HP_RA13G17r Litopenaeus vannamei hepatopancreas FE129934 18.1/9.34 4.09 -
cDNA library [Litopenaeus vannamei)
G2-P similar to prophenoloxidase-activating enzyme GW996495 25.9/5.53 1.55 Prophenoloxidase activity
2 [Penaeus monodon]
G3-P protein disulfide isomerase [Litopenaeus vannamei] 8i|225382096 55.8/4.64 0.67¢ Cell redox homeostasis
G4-P LV_ES_RA14F10r Litopenaeus vannamei eyestalk FE051092 24.9/9.21 3.73 —
cDNA library [Litopenaeus vannamei
G5-P 14-3-3-like protein [Penaeus monodon] gi|66774602 28.2/4.61 2.05 Protein binding/Apoptosis
G6-P Putative myosin regulatory light chain 2 smooth 81262401075 19.8/4.55 2.05 Cell motility, phagocytosis
muscle [Scylla paramamosain]
Non-phosphoprotein
G1 Hemocyanin [Penaeus monodon] gi|16612121 51.1/5.10 1.73 Oxygen transport, antimicrobial
activity
G2 PmTwNO02G02.scf similar to hemocyanin G0074804 19.0/4.90 0.22 —
[Litopenaeus vannamei]
G3 Tubulin alpha chain [Penaeus monodon] gi|47498000 50.9/4.99 0.46 Microtubule-based movement
G4 Tubulin beta-I chain [Homarus americanus] gi| 3915087 52.3/4.88 0.34 Microtubule-based movement
G5 LV_HC_RAO032I02r Litopenaeus vannamei FE099864 30.5/7.63 0.59 -
hemocyte cDNA library [Litopenaeus vannamei]
G6 allergen Pen m 2 [Penaeus monodon] 2i|127463265 40.3/6.05 0.5 ATP/protein binding
G7 Peroxiredoxin-6 [Lepeophtheirus salmonis] 2i|225712978 24.6/5.44 0.58 Lipid degradation
G8 similar to Crustacean calcium-binding G0079665 17.3/6.93 0.65 Calcium ion binding
protein 23 (CCBP-23 protein) [Orconectes limosus]
G9 ED_501 P. monodon SSH hemocyte library EG026283 26.0/9.0 0.47 —

Penaeus monodon cDNA clone P2029

2 The intensity value was observed only in YHV-infected hemocyte. Identified protein table was not included unknown or unidentified proteins.

3.4. Blocking PmMRLC phosphorylation enhances YHV replication
in cell cultures

Addition of PmMMRLC phosphorylation inhibitors to shrimp cell
cultures prior to YHV challenge resulted in significantly higher
replication of YHV than in cultures without the inhibitors [Fig. 5,
left panel]. In addition, the inhibitory effect of both inhibitors was
shown to be dose-dependent [Fig. 5, right panel].
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3.5. Blocking of PmMRLC phosphorylation in vivo increases YHV
replication and numbers of YHV-positive GC

Shrimp injected with PmMRLC phosphorylation inhibitors prior
to virus injection showed higher YHV levels than control shrimp by
YHV-positive immunofluorescence intensity of GC [Fig. 6A]. Spe-
cifically, corrected total cell fluorescence (CTCF) showed higher
levels of YHV in GC when PmMRLC phosphorylation was blocked at

Phrase contrast

Fluorescence

0 hpi

2 hpi

6 hpi

Fig. 2. Time-course analysis for phosphorylated MRLC after GC exposure to YHV. The left panel shows by western blot detection and by measurement of total MRLC expression that
the relative level of PmMRLC phosphorylation in GC increased during the early phase of YHV infection (n = 5). In the right panel, analysis of hemocyte actin rearrangement by
immunofluorescence (green) reveals reformation of globular actin and more polymerization corresponding to an increase in MRLC phosphorylation level. [For interpretation of

color referred in this figure legend, the reader is referred to web version of the article.]
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Fig. 3. Effect of MLCK inhibitors on PmMRLC phosphorylation in GC. PmMRLC phos-
phorylation decreased from 2 h to 6 h post exposure in MLCK inhibitor-treated GC
compared with non-treated GC.

10 mg/kg (44 uM) of ML-7 when compared to shrimp injected with
saline (p < 0.001) at both 12 hpi and 24 hpi (p < 0.01). These results
indicated that phosphorylation was an essential process in limiting
YHV levels in target hemocytes.

3.6. Blocking of MRLC phosphorylation in YHV-infected shrimp
results in high mortality

Higher levels of YHV replication and higher numbers of infected
GC corresponded with higher cumulative mortality in the ML-7

injected group when compared to the saline-injected control
group at both 18 hpi (p < 0.05) and 24 hpi (p < 0.05) [Fig. 7].

4. Discussion

In both vertebrates and invertebrates, phosphorylation is one of
the most important posttranslational modifications (PTM) asso-
ciated with many biological processes including signal-trans-
duction, metabolic pathways, cell cycle regulation and immune
response pathways [15—17]. For example, the shrimp STAT protein
and hemocyanin responses to viral infection are regulated by
phosphorylation processes [18,19].

Here we have shown by phosphoproteomic profiling of GC that
YHYV induces protein phosphorylation early after infection and that
one of the most significantly affected proteins in GC is the cytos-
keletal protein PmMRLC (within 1 hpi). In other organisms, MRLCs
have been reported to be involved in regulation of myosin and actin
function [6]. Myosin light chain kinase (MLCK) and myosin light
chain phosphatase are two major enzymes regulating MRLC
phosphorylation [5,6]. Characterization of MRLC function during
influenza A virus (IAV) infection indicated that induction of MRLC
phosphorylation enhanced IAV proliferation in cell cultures [7]. A
previous study on polymorphonuclear leukocyte (PMNL)
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Fig. 4. Effect of MLCK inhibitors on hemocyte phagocytic activity. Hemocyte phagocytic
heomcyte types (p values given in brackets above the bars).
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Fig. 5. Effect of two MLCK inhibitors on YHV replication in hemocyte cultures. At 24 h post exposure to both inhibitors, YHV-positive GC (left panel, green immunofluorescence)
increased in percentage (right panel). [For interpretation of color referred in this figure legend, the reader is referred to web version of the article.]
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Fig. 6. Effect of MLCK inhibitors on YHV infection levels of GC in vivo. (A) Immunofluorescence detection revealed that shrimp treatment with MLCK inhibitors increased the
percentage of YHV immunopositive GC (infected cells) when compared to untreated shrimp. (B) Determination of YHV replication level in GC by relative fluorescence intensity
indicated higher levels of YHV replication in shrimp treated with MLCK inhibitors when compared to untreated shrimp.

phagocytosis also showed that MRLC phosphorylation played
a crucial role for phagocytic activity [20]. Myosin X is associated
with phagosome formation that is related to the process of inges-
tion completion [21]. Altogether, this information suggested that
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Fig. 7. Comparison of cumulative mortality after challenge with YHV in shrimp treated
or not with MRLC inhibitors. The mortality was higher in shrimp treated with 10 mg/kg
ML-7 inhibitor than in untreated control shrimp at 18 and 24 h post challenge (p values
indicated) (n = 10 shrimps in each of 3 replicates from the test and control groups).

activation of MRLC function through phosphorylation might be
linked to the host defense mechanism against viral pathogens.

A role for myosin light chain and its partner (myosin) in the
hemocyte antiviral defense mechanism has been demonstrated by
involvement in regulation of phagocytosis in the kuruma shrimp,
Penaeus (Marsupenaeus) japonicus [8,22]. Similarly, our experiments
with P. monodon have shown that YHV activates PmMRLC phos-
phorylation that is concomitant with cellular actin remodeling to
favor the phagocytic process [8,21,22]. These results suggest that
phagocytosis may be part of the host anti-YHV mechanism.
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Fig. 8. A diagram of the proposed hemocyte defense mechanism against YHV with
respect to PmMRLC association. It is proposed that PmMRLC activation by YHV results
in hemocyte antiviral phagocytosis via regulation of cytoskeletal proteins.
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Other studies have also shown that activation of host cell
cytoskeletal proteins is essential for viral replication in cells [23].
MRLC phosphorylation leads to myosin activation and influences
the function of actin. Actin may affect viral infection in both neg-
ative and positive ways. During invasion a virus may use the host
cytoskeleton for assistance in intracellular movement and trans-
portation. For example, MRLC function and actin remodeling may
be related to the receptor-mediated endocytosis process that has
been proposed as the main route for YHV entry and vesicle
movement or translocation in host cells [24]. However, in the case
of YHV-infected shrimp, we postulate that activation of the cytos-
keleton (i.e. MRLC and actin) results in an antiviral defense mech-
anism to counter hemocyte infection. This proposal was supported
by both in vitro and in vivo experiments showing that inhibition of
PmMRLC phosphorylation by MLCK inhibitors resulted in higher
YHV replication in hemocytes and higher shrimp mortality (see
diagram in Fig. 8).

In summary, we demonstrated that hemocyte MRLC is highly
phosphorylated in GC exposed to YHV. Inhibition of MRLC phos-
phorylation resulted in a significant reduction in hemocyte phag-
ocytic activity with enhancement in shrimp mortality and YHV
multiplication in GC. Therefore, we hypothesized that activation of
MRLC phosphorylation by YHV may enhance hemocyte antiviral
phagocytosis that has been suggested to be a major process for anti-
virus defense in shrimp.
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To understand molecular immune response of Penaeus vannamei during Taura syndrome virus (TSV)
infection, expression and functional proteomics studies were performed on hemocyanin, which is a
major abundant protein in shrimp hemocytes. Two-dimensional electrophoresis (2-DE) revealed up-
regulation of several C-terminal fragments of hemocyanin, whereas the N-terminal fragments were
down-regulated during TSV infection. 2-D Western blot analysis showed that the C-terminal hemocyanin
fragments had more acidic isoelectric points (p/), whereas the N-terminal fragments had less acidic p/.
Further analysis by NetPhos showed a greater number of serine phosphorylation sites in the C-terminal
hemocyanin. Additionally, motif scan using Scansite revealed ERK D-domain, which is required for
activation of ERK1/2 effector kinase, as a kinase-binding site at the 527th valine in the C-terminal
hemocyanin, whereas neither motif nor functional domain was found in the N-terminus. Co-
immunoprecipitation confirmed the interaction between the C-terminal hemocyanin and ERK1/2. 1-D
Western blot analysis showed that ERK1/2 was also up-regulated during TSV infection. Our findings
demonstrate for the first time that ERK1/2 signaling pathway may play an important role in molecular
immune response of P. vannamei upon TSV infection through its interaction with the C-terminal
hemocyanin.
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Introduction

Taura syndrome virus (TSV) is an important pathogen in
penaeid shrimps. It causes serious morbidity in the infected
shrimps with a mortality rate of up to 95% in P. vannamei.'
Shrimp epithelial cells are normally the virus target as viral
particles can replicate and accumulate in the cytoplasm of the
infected epithelial cells. Electron micrograph of purified TSV
illustrates a nonenveloped virion with icosahedral shape and
size of approximately 31—32 nm in diameter.? TSV has recently
been classified into a new genus, namely, “Cricket paralysis-
like viruses” based on its nucleotide sequences.® The viral
genome contains a positive single-stranded RNA of approxi-
mately 10 kb with two distinct open reading frames (ORFs).
ORF1 and ORF2 encode for nonstructural and structural
proteins, respectively. Separation of TSV structural proteins by
SDS-PAGE shows three major bands with molecular masses of
24, 40, and 55 kDa, and one minor band at 58 kDa.?

* To whom correspondence should be addressed. Visith Thongboonkerd,
MD, FRCPT, Medical Proteomics Unit, Office for Research and Development,
12th Floor Adulyadejvikrom Building, 2 Prannok Road, Siriraj Hospital,
Bangkoknoi, Bangkok 10700, Thailand, Phone/Fax: +66-2-4184793. E-mail:
thongboonkerd@dr.com or vthongbo@yahoo.com.

T Medical Proteomics Unit, Mahidol University.

*Institute of Molecular Biology and Genetics, Mahidol University.

10.1021/pr801067e CCC: $40.75 ~ © XXXX American Chemical Society

Recently, an immune response has been demonstrated in
shrimp as an antiviral defense mechanism.* However, molec-
ular mechanisms underlying crustacean immune response
remains unknown. Hence, elucidation of such molecular
mechanisms in the TSV-infected shrimps would be beneficial
for prevention of TSV infection and/or reduction of its high
mortality rate. One of the potential targets involved in crusta-
cean immunity is hemocyanin,® which is the most abundant
protein (~95%) in hemolymph and hemocytes of shrimp that
are comparable to blood and blood cells, respectively, in
mammals.®® Hemocyanin is a copper-containing protein that
plays a major role as an oxygen transporter in crustacean and
other arthropods.'® Its function therefore simulates that of
mammalian hemoglobin.!' Extensive characterizations of
hemocyanin have demonstrated its other significant roles in
defense mechanisms via phenoloxidase activity'?~'* and anti-
microbial activity through its C-terminal peptide.>'* Addition-
ally, hemocyanin isolated from shrimp hemolymphs has re-
cently been demonstrated to have antiviral activity against a
fish virus'® and also a shrimp virus.'®

Recently, our group performed a preliminary study to
evaluate alterations in Penaeus vannamei hemocytic proteome
during TSV infection.? Differential proteomics analysis by two-
dimensional electrophoresis (2-DE) revealed several altered
hemocytic proteins upon TSV infection.? Interestingly, we
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observed significant changes in levels of several fragments of
hemocyanin. Some fragments were up-regulated, whereas
some other fragments were down-regulated. Molecular mech-
anisms underlying these disparate results remained unclear,
but might be associated with the altered proteolytic activity to
cleave hemocyanin or differential stability of the N-terminus
versus the C-terminus upon TSV infection. In the present study,
we therefore extended our previous expression proteomics
study and then further characterized functional significance of
hemocyanin fragments during TSV infection. Functional pro-
teomics revealed interesting findings, which pointed out that
the C-terminus of hemocyanin underwent phosphorylation at
serine residues and interacted with ERK1/2 via its 527th valine
residue localized in the C-terminus. Therefore, ERK1/2 signal-
ing pathway may play an important role in molecular immune
response of P. vannamei upon TSV infection through its
interaction with the C-terminal hemocyanin.

Materials and Methods

Shrimp Preparation and TSV Injection. Juvenile P. van-
namei with approximate size of 10—14 cm in length and 17—20
g in weight from local farm were reared in 25-ppt artificial
seawater (Mariscience International Co. Ltd.; Bangkok, Thai-
land) at 25 °C. A total of 12—15 shrimps were cultured in each
40 x 60 cm? plastic tank. Air was continuously supplied using
an electric pump and artificial seawater was changed daily. TSV
stock was purified and diluted (1:250) in NTE buffer (200 mM
NaCl, 20 mM Tris-HCl, and 20 mM EDTA; pH 7.4). Shrimps
were intramuscularly injected with 100 L of diluted TSV using
26G-gauge needle through a lateral surface of the fourth
abdominal segment. Control shrimps were injected with an
equal volume of NTE buffer but without TSV.

Isolation of Hemocytes and Protein Extraction. At 24 h
postinfection, each group of shrimps was chilled on ice.
Hemolymph was drawn from shrimp abdominal hemocoel
using 18G-gauge needle. The sample was mixed with an equal
volume of an anticoagulant solution (27 mM sodium citrate,
450 mM NaCl, 115 mM glucose and 10 mM EDTA; pH 7.0) and
immediately kept on ice. Hemocytes were harvested by cen-
trifugation at 830g, 4 °C for 15 min. The pellet (packed
hemocytes) were washed twice with cold anticoagulant and
then homogenized in a lysis buffer (8 M urea, 2 M thiourea,
0.2% (v/v) triton-X, 50 mM DTT, 1 mM PMSF and 1 mM
benzamidine). The protein mixture was collected after cen-
trifugation at 12 000 rpm, 4 °C for 15 min. Protein concentration
was determined using Bio-Rad Protein Assay (Bio-Rad Labo-
ratories; Hercules, CA).

Two-Dimensional Gel Electrophoresis (2-DE). A pool of
hemocyte samples isolated from 3 individual shrimps (within
the same group) was resolved in each 2-DE (totally, 4 gels
derived from 12 individual shrimps were included in each
group). A total of 400 ug of hemocytic protein was loaded onto
each IPG strip (nonlinear pH 4—7; 13-cm long) (GE Healthcare;
Uppsala, Sweden). Rehydration was done at 50 uA per strip in
the presence of 8 M urea, 2 M thiourea, 4% (v/v) CHAPS, 50
mM DTT, 1 mM benzamidine and 0.5% (v/v) IPG buffer for
12 h. Isoelectric focusing (IEF) was performed at 20 °C in Ettan
IPGphor II system (GE Healthcare) using a continuous increase
of voltage (up to 8000 V) to reach 50 000 Vh. The strip was then
incubated for 15 min in an equilibration buffer (6 M urea, 2%
SDS, 30% glycerol, 50 mM Tris-HCI (pH 8.8), 100 mM DTT and
0.002% (w/v) bromophenol blue). The strip was then further
equilibrated for 15 min in a similar buffer, which replaced 100
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mM DTT with 250 mM of iodoacetamide. The IPG strips were
placed onto 12.5% polyacrylamide slab gels and proteins were
further separated in a SE600 Ruby electrophoresis set with a
constant voltage of 150 V until the tracking dye reached the
gel bottom. After the second-dimensional separation, the gel
was fixed in a fixative solution containing 50% (v/v) ethanol
and 2% (v/v) phosphoric acid, and stained with Coomassie
Brilliant Blue-G250 stain, containing 10% (w/v) ammonium
sulfate, 2% (v/v) phosphoric acid, and 0.001% (w/v) of Brilliant
Blue G (USB Corp.; Cleveland, OH).

Image Analysis. The 2-D gel images were analyzed with
MELANIE software (GeneBio; Geneva, Switzerland). Compara-
tive analysis of protein spots was performed by matching
corresponding spots across different gels. Each of the matched
protein spots was rechecked manually. Intensity volumes of
individual spots were normalized to total intensity volume of
all spots present in each gel. Statistical analysis was performed
to compare normalized intensity volumes of individual spots
between control and infected groups. Only differentially ex-
pressed proteins with statistical significant were excised and
subsequently identified by mass spectrometry. The degree of
difference of a protein spot is reported as mean + SD of ratio
of intensity level of such spot present in individual gels of TSV-
infected group versus all gels in control group.

In-Gel Tryptic Digestion. Differentially expressed protein
spots were excised from 2-D gels with sterile scalpel. The gel
pieces were washed with 50% (v/v) acetonitrile in 25 mM
ammonium bicarbonate (pH 8.5) for 15 min twice to remove
Coomassie dye. After dehydration with 100% (v/v) acetonitrile
for 10 min at room temperature (RT), the gel pieces were
vacuum-dried and rehydrated with sequencing-grade modified
trypsin (Promega; Madison, WI) in 25 mM ammonium bicar-
bonate (pH 8.5) at 37 °C overnight. The resulting peptides were
then subjected to nanoliquid chromatography coupled with
electrospray ionization tandem mass spectrometry (nanoLC-
ESI-MS/MS).

NanoLC-ESI-MS/MS. NanoLC-ESI-MS/MS was performed as
described previously.? Briefly, in-gel tryptic digested samples
were injected into an integrated nanoLC-ESI-MS/MS system
(Quadrupole/time-of-flight Ultima API, Micromass; Manches-
ter, U.K\). The injected samples were first trapped and desalted
isocratically on an LC-Packings PepMap C,3 u-Precolumn
cartridge (Dionex; Sunnyvale, CA). After dissolving with 0.1%
formic acid, the samples were loaded into an analytical Ciq
capillary column connected online to a mass spectrometer.
Instrumental operation, data acquisition, and analysis were
performed under the full control of MassLynx 4.0 (Micromass).
The survey scans were run over the mass range of m/z from
400 to 2000. A maximum of three concurrent MS/MS acquisi-
tions were triggered for 2*, 3* and 4% charged precursor
detection at an intensity above the predefined threshold.

The acquired peptide ions obtained from nanoLC-ESI-MS/
MS were analyzed with the MASCOT search tool (www.ma-
trixscience.com) using both NCBInr and EST databases. Pa-
rameters for the MASCOT search were peptide mass tolerance
of 1 Da; MS/MS ion mass tolerance of 1 Da, maximally one
missed cleavage; and tryptic digestion. Peptides were assumed
as monoisotopic, oxidized at methionine residues and carba-
midomethylated at cysteine residues. Only proteins with the
significant ions scores (>40) were reported.

Calculation of Theoretical pI, Prediction of Phosphoryla-
tion Sites, And Motif/Domain Scan. The calculation of theo-
retical pI of the C- and N-termini of hemocyanin were
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performed using the “ProtParam” tool (http://expasy.org/tools/
protparam.html). To predict the specific phosphorylation sites
at Serine, Threonine and Tyrosine residues of the C- and
N-termini of hemocyanin, “NetPhos 2.0 Server” (http://www.
cbs.dtu.dk/services/NetPhos/) was used. For motif and domain
scanning, “Scansite” version 2.0 (http://scansite.mit.edu) was
utilized to investigate potential motifs within proteins that are
likely to be phosphorylated by specific protein kinases or bound
to functional domains.

1-D and 2-D Western Blot Analysis. Proteins were resolved
either by SDS-PAGE or 2-DE and transferred onto a polyvi-
nylidene difluoride membrane (Perkin-Elmer; Waltham, MA)
by semidry blotting using a Mini Trans-Blot electrophoresis
transfer cell (Bio-Rad Laboratories). Membrane was presoaked
in absolute methanol and equilibrated in Tris-glycine transfer
buffer (39 mM glycine, 0.04% SDS, 10% methanol and 48 mM
Tris-HCI). Nonspecific binding was blocked with 5% skim milk
in 0.5% TTBS buffer (0.5% Tween, 20 mM Tris-HCI and 150
mM NaCl; pH 7.4). Immunodetection was performed by
incubating the blots in one of the following antibodies, includ-
ing polyclonal rabbit anti-C-terminus hemocyanin (kindly
provided by Prof. Chu Fang Lo, National University of Taiwan),
anti-N-terminus hemocyanin (kindly provided by Prof. Chu
Fang Lo, National University of Taiwan), anti-p-serine (Chemi-
con; Temecula, CA) and anti-ERK 1/2 (Cell Signaling Technol-
ogy; Danvers, MA) in 2.5% skim milk/0.5% TTBS at RT for 1 h.
After three washes with 0.5% TTBS, the membrane was
incubated at RT for 1 h with respective secondary antibody
conjugated with horseradish peroxidase (KPL; Gaitherburg,
MD) 1:10 000 in 2.5% skim milk/0.5% TTBS. Immunoreactive
protein bands or spots were visualized with a chemilumines-
cence substrate using the ECL Plus Western Blot Detection
System (GE Healthcare).

Co-Immunoprecipitation (Co-IP) Assay. Shrimp hemocytes
were resuspended in ice-cold RIPA buffer [50 mM Tris-HCl pH
8.0, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% NP-40, 1 mM
PMSF] on ice for 30 min. Cell lysate was clarified by a
centrifugation at 10 000 rpm for 5 min. Totally, 500 ug of
resolved proteins was incubated with 5 ug of rabbit polyclonal
anti-ERK1/2 antibody (Cell Signaling Technology) at 4 °C for
16 h. The mixture was further incubated with 50 L of protein
G beads (GE Healthcare) at 4 °C for 4 h. Thereafter, the beads
were collected by centrifugation at 2000 rpm for 2 min and
washed twice with ice-cold RIPA buffer. Immunoprecipitated
proteins were eluted, separated by SDS-PAGE under reducing
condition, and subjected to Western blot analyses. Immuno-
precipitation with rabbit IgG (Santa Cruz Biotechnology; Santa
Cruz, CA) served as an isotype control for Co-IP.

Results

Alterations in C- and N-Terminal Fragments of Hemocya-
nin from Hemocytes of P. vannamei during TSV Infection.
Expression proteomics using 2-DE (totally, 4 gels derived from
12 individual shrimps per group were analyzed) revealed up-
regulation of the C-terminal hemocyanin fragments (labeled
as C1—C4; TSV-infected/control ratios ranged from 1.50 £ 0.15
to 2.25 £ 0.26-fold), whereas the N-terminal fragments were
down-regulated (labeled as N1—N3; TSV-infected/control ratios
were ranged from 0.37 £+ 0.19 to 0.53 & 0.11-fold) (Figure 1A,B).
NanoLC-ESI-MS/MS identified these fragments with the same
NCBI Accession number (CAA57880) with MS/MS ions scores
of 74—334 and sequence coverage of 2—13%. Figure 2 showed
mapping of amino acid sequences of the N-terminus (1st to
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230th residues) and C-terminus (438th to 648th residues) of
hemocyanin that were used for production of rabbit polyclonal
antibodies against these two respective fragments and for
subsequent bioinformatic and functional analyses. Note that
we used the pIrange of 4—7 in the present study because our
initial screening using the broader pI range of 3—10 demon-
strated that almost all of hemocyte proteins had pI range of
4—7 (data not shown).

C-Terminal Hemocyanin Fragments Underwent Serine
Phosphorylation. Interestingly, the C-terminal hemocyanin
fragments were localized in the more acidic region, whereas
the N-terminal fragments were localized in the less acidic
region in 2-D gels (Figure 1A,B). Calculation of their theoretical
pIby the “ProtParam” tool using their sequences illustrated in
Figure 2 revealed that the C-terminus had a more acidic p/
(approximately 5.16; with 37 negatively charged amino acid
residues), whereas the N-terminus had a less acidic pI (ap-
proximately 6.04; with 27 negatively charged amino acid
residues), consistent to their actual positions in 2-D gels.
Moreover, the expression proteomics data were confirmed by
2-D Western blot analysis using specific antibodies against the
C- and N-termini of hemocyanin, strengthening our results by
2-DE and plI calculation (Figure 1C,D).

These selective locales of the C- and N-termini of hemocya-
nin drew our attention for further functional analyses of the
C- and N-terminal hemocyanin fragments. One of the pos-
sibilities for this difference in pI of the C- and N-termini was
the process of “post-translational modification (PTM)”, and the
most likely PTM that caused pI shift was phosphorylation,
which might cause a pI shift toward the acidic end (up to >1
plunit shift).!” We thus screened for potential phosphorylation
sites in the C-terminal hemocyanin compared to the N-
terminus. The “NetPhos 2.0 Server”'® for prediction of possible
phosphorylation sites revealed greater number of phospho-
serine (7 residues) in the C-terminus, whereas only 2 phospho-
serine residues were predicted in the N-terminus (Figure 3).
There were comparable numbers of potential phospho-threo-
nine and phospho-tyrosine residues predicted in the C- and
N-termini of hemocyanin (Figure 3).

We then validated our prediction by 1-D Western blot
analysis for phospho-serine, C-terminal, and N-terminal hemocy-
anin. Figure 4 shows that serine phosphorylation was observed
only in the C-terminus, not in the N-terminus of hemocyanin.
We then hypothesized that serine phosphorylation in the
C-terminal hemocyanin fragments might be the key for dif-
ferential regulation of the C-terminus compared to the N-
terminus of hemocyanin.

C-Terminal Hemocyanin Interacted with ERK1/2. To fur-
ther investigate the differential roles of C- and N-termini of
hemocyanin in shrimp hemocytes, “Scansite” (version 2.0)
software was employed for motif scan in the C-terminus,
compared to the N-terminus of hemocyanin. The scan was
performed against all 65 individual motifs and 12 motif groups
available in the Scansite, using the “high stringency” criteria
indicated in the software.'® Only ERK docking domain (D-
domain), which is required for activation of ERK1/2 effector
kinase, was identified as a kinase-binding site in the C-terminal
hemocyanin at 527th valine residue (Figure 5), whereas no
individual motif or motif group was identified in the N-
terminus (data not shown). This data strongly suggested that
ERK interacted with the C-terminal hemocyanin, leading to
serine phosphorylation in this terminus.
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Figure 1. Alterations in C- and N-terminal fragments of hemocyanin from hemocytes of P. vannamei during TSV infection. (A) and (B)
show proteome maps of altered C- (C1—C4) and N-terminal fragments (N1—N3) of hemocyanin during TSV infection (n = 4 gels derived
from 12 individual shrimps for each group; totally, 8 gels were analyzed using Coomassie Brilliant Blue G-250 staining). (C) and (D)
show 2-D Western blot analysis of C- and N-terminal hemocyanin fragments, respectively, in the control group. Note that one of the
N-terminal fragments (N4) could not be detected by Western blot analysis. Moreover, there were many more fragments of hemocyanin,
but their levels were not significantly altered by TSV infection; thus, they were neither labeled nor identified by mass spectrometry.

The motif scan results were confirmed by co-immunopre-
cipitation (Co-IP) to address potential interaction between the
C-terminal hemocyanin and ERK1/2. Figure 6A showed Co-IP
using anti-ERK1/2 and the resulting complexed proteins were
examined with 1-D Western blot analysis using anti-C-terminal
hemocyanin. The results showed that the C-terminus of
hemocyanin bound to ERK1/2, whereas the isotype control
yielded none of the C-terminal fragments. However, the full-
length, but not C-terminus, hemocyanin could be pulled down
from the IgG isotype control sample, suggesting the nonspecific
binding of the full-length hemocyanin to protein G bead
surfaces. This result was not surprising as hemocyanin is
normally sticky and almost always pulled down by Co-IP
(similar to albumin in mammalians). Figure 6B illustrated that
there were no N-terminal hemocyanin fragments detected in
both ERK-1/2 and isotype control immunoprecitated samples.
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Western blot analysis for ERK1/2 confirmed the positive ERK1/2
band at the expected size, whereas the isotype control sample
showed a faint band of ERK1/2 (Figure 6C). This result again
was not unexpected, as the full-length of hemocyanin that was
nonspecifically pulled down by the isotype IgG also contained
the 527th valine residue (the predicted site of ERK D-domain;
see Figure 5); thus, it should be able to bind to ERK1/2 as well.
However, the ERK1/2 band in the isotype control sample was
not as prominent as the one present in the ERK1/2 Co-IP
sample. These data indicate that only the C-terminus, not the
N-terminus, of hemocyanin interacts with ERK1/2.

Because the C-terminal hemocyanin fragments were up-
regulated in hemocytes of P. vannamei during TSV infection,
we then further hypothesized that ERK1/2 as the interacting
protein of the C-terminal hemocyanin should be also up-
regulated in the TSV-infected hemocytes. 1-D Western blot
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Hemocyanin (full length = 648 residues)
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FQVASADVQQQKDVLYLLNKIYGDIQDGDLLATANSFDPVGNLGSYSDGG
AAVOKLVQDLNDGKLLEQKHWFSLFNTRHRNEALMLFDVLIHCKDWASFV
GNAAYFRQKMNEGEFVYALYVAVIHSSLAEQVVLPPLYEVTPHLFTNSEY
IEEAYRAKOKQTPGKFKSSFTGTKKNPEQRVAYFGEDIGLNTHHVTWHME
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251 PIVDGFAPHTTYKYGGQFPARPDNVKFEDVDDVARIRDMVIVESRIRDAL
301 AHGYIVDSEGKHIDISNEKGIDILGDIIESSLYSPNVQYYGALHNTAHIV
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401 YTKADLEFSGVSVTELAVVGELETYFEDFEYSLINAVDDAEGIPDVEIST
451 YVPRLNHKEFTFRIDVENGGAERLATVRIFAWPHKDNNGIEYTFDEGRWN
501 AIELDKFWVSLKGGKTSIERKSTESSVTVPDVPSIHDLFAEAEAGGAGLA
551 KFESATGLPNRFLLPKGNDRGLEFDLVVAVTDGDADSAVPNLHENTEYNH
601 YGSHGVYPDKRPHGYPLDRKVPDERVFEDLPNFKHIQVKVFNHGEHIH
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Figure 2. Mapping of sequences of the N-terminus and C-
terminus of hemocyanin from hemocytes of P. vannamei that
were used for antibody production and for subsequent bioinfor-
matic and functional analyses.

analysis was performed to address this hypothesis. Figure 7
illustrates that ERK1/2 level was also up-regulated in the TSV-
infected hemocytes.

Discussion

TSV is one of the most serious pathogens in shrimps.
Accumulative mortality rate of TSV-infected shrimps varies
from 5% to 95%, which really affects the shrimp industry. Many
efforts have been done to eliminate and prevent TSV infection,
but this infectious problem remains worldwide due to a
limitation of current knowledge to explain molecular immune
response in shrimps against TSV infection. Elucidation of such
molecular mechanisms in the TSV-infected shrimps may lead
to successful prevention of TSV infection and/or reduction of
its high mortality rate. To investigate molecular immune
response of hemocytes in P. vannamei during TSV infection,
we performed a comparative analysis of proteome profiles of
mock (uninfected) control and TSV-infected hemocytes. Our
expression proteomics study revealed that many fragments but
not the full-length of hemocyanin, a major abundant protein
in shrimp hemocytes, were altered in response to TSV infection.
These protein spots were found at various p/ and MW in 2-D
gels. Hemocyanin is a protein with MW of approximately 75
kDa and comprises multiple subunits. Hemocyanin is a major
component in hemolymphs of arthropods and mollusks.?°
Arthropod hemocyanin complex is composed of hexamer or
multihexamers formed by similar or identical subunits.?! The
main function of hemocyanin is oxygen transport. In addition,
hemocyanin has been reported as a multifunctional protein
involved in several physiological processes, including phe-
noloxidase activation,'* antimicrobial mechanisms,*>!*>?? and
acts as lectin in specific agglutination.?*?* Study on differential
gene expression in normal shrimps versus white spot syndrome
virus (WSSV)-resistant Penaeus japonicus showed that one
subunit of hemocyanin protein complex was increased in the
infected shrimps.'® Moreover, hemocyanin could bind to
WSSV' and high concentrations of hemocyanin could delay
WSSV infection in a copper-independent manner.'®

Currently, there is a growing number of literatures reporting
molecular elucidation of shrimp immune response to viral
infection at translational or protein level.®?°-27 However, the
functional significance of those altered proteins in response
to viral infection remains unclear. Previous findings by
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Destoumieux-Garzon D, et al.® suggested that hemocytes could
concomitantly contribute to a release of enzyme(s) responsible
for hemocyanin cleavage. Although the mechanism(s) underly-
ing hemocyanin processing remains unknown, it is likely to
be enzymatic driven.® Our expression proteomics study re-
vealed that some fragments of hemocyanin were up-regulated,
whereas some other fragments of hemocyanin were down-
regulated during TSV infection in hemocytes of P. vannamei.
The underlying mechanisms of this interesting finding drew
our attention to focus on further characterizations and func-
tional significance of hemocyanin fragments in crustacean
hemocytes.

We observed that the C-terminal fragments were up-
regulated, whereas the N-terminal fragments were down-
regulated. There should be some molecular mechanisms
underlying these disparate regulations. Several other studies
have reported that both N- and C-termini of hemocyanin are
important for an innate immune system in shrimps. The
N-terminus is believed to involve in a regulation of hemocyanin
activity, whereas the C-terminus has been evidenced for its
antiviral activity as the antiviral peptides could be generated
from the C-terminal domain.>??> The up-regulation of the
C-terminal hemocyanin fragments found in our present study,
thus, might be one of the host defense mechanisms against
TSV in P. vannamei.

Herein, we describe molecular characterizations of hemocy-
anin fragments in hemocytes of P. vannamei. The expression
proteomics data demonstrated that the up-regulated C-termi-
nal fragments had more acidic pI as compared to the N-
terminal fragments, which were down-regulated (Figure 1). The
up-regulation of the C-terminus, which had more acidic pJ,
suggested that phosphorylation might play role for differential
regulations between the C- and N-termini. Screening for
potential phosphorylation sites (Figure 3) and Western blot
analysis of phospho-serine (Figure 4) both confirmed that the
C-terminus underwent serine phosphorylation, which ex-
plained the more acidic p! of the C-terminus (more phosphate
groups in the protein molecule cause acidic shift of such
protein molecule).'” Moreover, motif scan for individual motifs
and motif groups revealed an ERK D-domain in the C-terminus,
whereas none was observed in the N-terminus (Figure 5). The
interaction between C-terminal hemocyanin and ERK1/2 was
finally confirmed by Co-IP (Figure 6).

In general, many cellular functions are regulated by phos-
phorylation of serine, threonine and tyrosine residues in various
proteins. Phosphorylation plays important role in regulation
of protein—protein interaction of enzymes,?® protein degrada-
tion, and inhibition of enzymes.?**° One of the four mitogen-
activated protein kinase (MAPK) signaling pathways is a Raf/
MEK/ERK cascade, which is a highly conserved signal transduction
module.! The ERK cascade is activated by various stimuli and
participates in regulation of cell proliferation, differentiation,
survival, apoptosis, morphological determination, and onco-
genic transformation.®*=® Surprisingly, little is known about
specific roles of two major ERK isoforms, ERK1 and ERK2,
which share 85% sequence identity in mammals.*® These two
proteins coexpress in all mammalian tissues with a remarkable
variation in relative abundance. ERK1/2 signaling has been
implicated as the important regulator of cell proliferation. For
this reason, several inhibitors of the ERK pathway have been
studied and some are now entering clinical trial phase as
potential anticancer agents. Recently, study on a white shrimp,
Fenneropenaeus indicus, revealed a significant role of ERK1/2
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Figure 3. Prediction of potential phosphorylation sites in C- and N-terminus of hemocyanin from hemocytes of P. vannamei. “NetPhos
2.0 Server” tool'® was used for prediction of phosphorylation sites at Ser, Thr and Tyr residues in C- and N-termini of hemocyanin.
Scores above the threshold of 0.500 were considered as positive predictions and are designated as *S*, *T*, or *Y*. Note that the
position (Pos) of potential phosphorylation sites in the C-terminus corresponded to a numerical order of the 211 amino acid residues
of the C-terminus submitted to the software, not the actual position (438th to 648th) in the full-length as illustrated in Figure 2.
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Figure 4. Western blot analyses of phospho-serine (p-serine),
C-terminus, and N-terminus of hemocyanin. Immunoreactive
bands corresponding to full-length, C-terminus, and N-terminus
of hemocyanin are indicated with arrows and legends.

signaling pathway in regulating molt-inhibition hormone ex-
pression, which controls the molt cycles.>” Therefore, ERK1/2
plays pivotal roles in biological phenomena not only in
mammalians but also in crustaceans. Moreover, ERK kinase
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Figure 5. Motif scan. The “Scansite 2.0” (version 2.0) software®
was utilized to screen for potential motifs or functional domains
in the C-terminus of hemocyanin. When the “high stringency”
criteria was used, only one kinase-binding site (ERK D-domain)
was found in the C-terminus of hemocyanin (A). Predicted site
(527th valine residue) in peptide map and the surface accessibility
are shown in (B). Note that the surface accessibility shown at
the bottom of panel (B) was obtained from only 211 amino acid
residues of the C-terminal hemocyanin (corresponded to the
438th to 648th residues of the full-length). Neither a potential
motif nor a functional domain was identified in the N-terminus
of hemocyanin (data not shown).
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Figure 6. C-terminal hemocyanin bound to ERK1/2 as demon-
strated by Co-IP using anti-ERK1/2. The resulting complexed
proteins were examined with 1-D Western blot analysis using
anti-C-terminal hemocyanin (A), anti-N-terminal hemocyanin (B),
and anti-ERK1/2 (C). Rabbit IgG served as the isotype control in
a parallel experiment.
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Figure 7. Western blot analysis of ERK1/2 in TSV-infected
hemocytes compared to the mock (uninfected) control. Immu-
noreactive band of ERK1/2 is indicated with arrow and legend.

family has been demonstrated to play an important role in
immune response in both vertebrates®*®?° and invertebrates.*’

In the present study, we screened for any motifs or functional
domains in the N- and C-termini of hemocyanin from P.
vannamei. A kinase-binding site, ERK D-domain, was uniquely
found in the C-terminus. In addition, ERK D-domain could be
predicted in hemocyanin from a closely related shrimp Penaeus

research articles

monodon or black tiger shrimp (data not shown). Indeed,
binding of ERK to protein substrates is mediated by two
docking sites, the FXFP motif and the D-domain. The D-domain
is required for activation of the ERK1/2 effector kinase.*!
Activated ERK1 and ERK2 phosphorylate many substrates in
all cellular compartments, including membrane proteins,
nuclear substrates, cytoskeleton proteins, and several protein
kinases.*> We found that only C-terminal hemocyanin can
specifically bind to ERK1/2 by Co-IP assay. Taken together, our
findings suggested that the C-terminal hemocyanin served as
a kinase substrate for ERK1/2. In addition, ERK1/2 signaling
might be involved in host defense mechanisms against virus
infection in crustaceans via the C-terminal hemocyanin by
targeting at serine residues.

In summary, we identified differential regulations of C- and
N-terminal fragments of hemocyanin that might be important
for molecular response to TSV infection in P. vannamei.
Functional analyses revealed that phospho-serine residues were
predominant in the C-terminus, which contained ERK D-
domain that is required for activation of the ERK1/2 effector
kinase. The interaction between the C-terminal hemocyanin
and ERK1/2 was confirmed by Co-IP. To the best of our
knowledge, this is the first study that demonstrates the potential
role of ERK signaling pathway in host immune defense of
shrimp through its interaction with hemocyanin. Difference
between these two (C- versus N-) termini of hemocyanin might
be a molecular basis of their differential roles in shrimp innate
immunity. Further functional studies on hemocyanin process-
ing involved in the defense mechanism may provide better
understanding of shrimp—virus interplay during TSV infection.

Abbreviations: 2-DE, two-dimensional electrophoresis;
CHAPS, 3-[(3-cholamidopropyl) dimethyl-amino]-1-propane-
sulfonate; Co-IP, co-immunoprecipitation;D-domain, docking-
domain; DTT, dithiothreitol; IEF, isoelectric focusing; MS/MS,
tandem mass spectrometry; nanoLC-ESI-MS/MS, nano liquid
chromatography coupled to electrospray ionization MS/MS;
ORF, open reading frame; pl, isoelectric point; PTM, post-
translational modification; TSV, Taura syndrome virus; WSSV,
white spot syndrome virus.
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Abstract

challenges on S. olivacea and S. paramamosain.

Background: Based on a report for one species (Scylla serrata), it is widely believed that mud crabs are relatively
resistant to disease caused by white spot syndrome virus (WSSV). We tested this hypothesis by determining the
degree of susceptibility in two species of mud crabs, Scylla olivacea and Scylla paramamosain, both of which were
identified by mitochondrial 16 S ribosomal gene analysis. We compared single-dose and serial-dose WSSV

Findings: In a preliminary test using S. olivacea alone, a dose of 1 x 10° WSSV copies/g gave 100% mortality
within 7 days. In a subsequent test, 17 S. olivacea and 13 S. paramamosain were divided into test and control
groups for challenge with WSSV at 5 incremental, biweekly doses starting from 1 x 10* and ending at 5 x 10°
copies/qg. For 11 S. olivacea challenged, 3 specimens died at doses between 1 x 10°> and 5 x 10° copies/g and
none died for 2 weeks after the subsequent dose (1 x 10° copies/qg) that was lethal within 7 days in the
preliminary test. However, after the final challenge on day 56 (5 x 10° copies/g), the remaining 7 of 11 S. olivacea
(63.64%) died within 2 weeks. There was no mortality in the buffer-injected control crabs. For 9 S. paramamosain
challenged in the same way, 5 (55.56%) died after challenge doses between 1 x 10* and 5 x 10° copies/g, and
none died for 2 weeks after the challenge dose of 1 x 10° copies/q. After the final challenge (5 x 10° copies/g) on
day 56, no S. paramamosain died during 2 weeks after the challenge, and 2 of 9 WSSV-infected S. paramamosain
(22.22%) remained alive together with the control crabs until the end of the test on day 106. Viral loads in these
survivors were low when compared to those in the moribund crabs.

Conclusions: S. olivacea and S. paramamosain show wide variation in response to challenge with WSSV. S. olivacea
and S. paramamosain are susceptible to white spot disease, and S. olivacea is more susceptible than S.
paramamosain. Based on our single-challenge and serial challenge results, and on previous published work
showing that S. serrata is relatively unaffected by WSSV infection, we propose that susceptibility to white spot
disease in the genus Scylla is species-dependent and may also be dose-history dependent. In practical terms for
shrimp farmers, it means that S. olivacea and S. paramamosain may pose less threat as WSSV carriers than S. serrata.
For crab farmers, our results suggest that rearing of S. serrata would be a better choice than S. paramamosain or

L S. olivacea in terms of avoiding losses from seasonal outbreaks of white spot disease.

Hypothesis

White spot syndrome virus (WSSV) is the world’s most
serious disease threat to all species of cultivated shrimp,
and is also known to infect many other crustacean spe-
cies that can act as carriers [1,2]. Among these carriers,
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and Biotechnology, National Science and Technology Development Agency,
Klong Luang, Pathumthani 12120, Thailand
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mud crabs have been considered to be a particularly
dangerous threat to shrimp farms because they are gen-
erally believed (based on a report for the species Scylla
serrata) to be highly tolerant to WSSV and remain
infected for long periods of time without signs of disease
[2-4]. We wished to test this hypothesis by determining
the degree of susceptibility and tolerance to WSSV
infection in common Thai species of Scylla other than
Scylla serrata. To do so, it was first necessary for us
to develop a mitochondrial 16 S rDNA method to

© 2010 Somboonna et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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distinguish among 4 Scylla species found in Thailand,
because species determination by morphology alone
remains controversial [5-8].

Scylla species identification by analysis of 16 S
rDNA sequences
To develop a species identification method based on
mitochondrial 16 S rDNA sequences, reference
sequences of S. serrata (GenBank Accession Number
AF109318), S. paramamosain (AF109319), S. olivacea
(AF109321) and S. tranquebarica (AF109320) were used
to design primers for polymerase chain reaction (PCR)
analysis and sequencing. The PCR primer 16sar-L (5’
cgcctgtttatcaaaaacat 3”) was designed by Imai et al. [9],
and primer 16sar-R (5" ggtctgaactcagatcacgt 3’) was
designed in this study. Each PCR reaction consisted of
10xPCR buffer, 0.75 mM MgCl,, 0.1 mM dNTPs, 0.15
uM of each primer, 2.5 U taq DNA polymerase and 100
ng DNA in a total volume of 100 pl reaction. The ther-
mocycling profile was 2 min at 94°C followed by 30
cycles of 94°C for 1 min, 45°C for 30 sec and 72°C 1.5
min. Sequencing was performed by Macrogen Inc., Seoul,
Korea. Each sequence was confirmed manually via elec-
tropherogram analysis (BioEdit 7.0.0, Carlsbad, CA) [10].
This method was used with 31 Scylla samples arbitra-
rily collected from 500 g male mud crabs from Samut-
prakarn and Samutsongkram provinces, Thailand,
during 3 different months in 2008. Since the Ethical
Principles and Guidelines for the Use of Animals of the
National Research Council of Thailand (1999) apply to
vertebrates only and there is no official standard for
invertebrates, we adapted its principles to crabs. We
also followed the guidelines of the Australian, New
South Wales state government for the humane harvest-
ing of fish and crustaceans http://www.dpi.nsw.gov.au/
agriculture/livestock/animal-welfare/general/fish/shellfish
with respect to details regarding the transport of the
crabs and their laboratory maintenance. With respect to
processing the crabs for histological analysis or for kill-
ing at the end of an experiment, the salt water/ice slurry
method was used as recommended in the Australian
guidelines. The amplicon sizes obtained using our 16 S
rDNA PCR method were 562 base pairs (bp) for S. oli-
vacea, S. serrata and S. paramamosain and 563 bp for
S. tranquebarica. These sequences together with the
corresponding regions from GenBank records of Scylla
species (above), were compared using MEGA 3.1 soft-
ware [10,11]. Pairwise distances were calculated by the
p-distance model using the program default parameters,
including different substitution rates for transitions and
transversions and a uniform rate of substitution among
sites [12]. Pairwise % nucleotide identities and p-dis-
tances indicated a close relationship between S. parama-
mosain and S. tranquebarica (95.7% nt identity and
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0.041 p-distance), whereas S. olivacea and S. serrata
showed a relatively lower percent nt identity and the
greatest p-distances (90.8% nt identity and 0.086 p-dis-
tance) to the other species. Neighbor-joining trees calcu-
lated using the Kimura-2-parameter model and
assuming constant nucleotide frequencies and rates of
substitution among sites [12,13] revealed 4 clusters that
clearly corresponded to the 4 species (Figure 1). Boot-
strap replicates (= 1,000) were used to determine the
percent confidence for each clustering branch. The
topology for any branch with a bootstrap value of 95%
or higher is considered true clustering [11]. S. tranque-
barica was not found in our 31 samples while there
were 17 S. olivacea, 13 S. paramamosain and only 1 S.
serrata. Since there was only one specimen of S. serrata,
it was not included in the ongoing tests with WSSV.

WSSV stock inoculum and virulence confirmation
in shrimps

WSSV inoculum was kindly provided by the Shrimp
Cultivation Research Center, Charoen Pokphand Group,
Thailand. Number of WSSV copies was determined by
real-time PCR (qPCR). For quantitation of WSSV stock
and WSSV in the samples, DNA (100 ng) were used as
the template in a total 20 pl reaction mixture containing
1x QuantiTect SYBR Green PCR Master Mix (Qiagen,
the Netherlands) and 300 nM of each primer for qPCR
using ABI 7500 SDS machine (Applied Biosystems, Fos-
ter City, CA, USA). Primers 229F1 (5’ gatggaaacggtaac-
gaatctgaa 3’) and 447R1 (5’ cagagcctagtctatcaatcat 3)
were designed from the WSSV genome (GenBank
Accession No. AF440570) [14]. Each qPCR plate con-
tained standard curve samples, triplicates of each DNA
sample, and a no-template control. The thermocycling
profile was 95°C for 15 min, followed by 40 cycles of 95°
C for 15 s, 55°C for 30 s and 72°C for 45 s [14]. For all
experiments, the specificity of the amplified products
was verified by analyses of the dissociation curves to
verify the melting temperature for each amplicon. The
quantity was determined from the standard curve of Ct
values and WSSV copy numbers. Results were expressed
as mean copy numbers + standard deviations (SDs) for
triplicate samples.

For semi-quantitative estimation of WSSV copy num-
bers, the IQ2000™WSSV Detection and Prevention Sys-
tem (Farming IntelliGene Technology Corporation,
Taipei, Taiwan) was used. Using 100 ng of total DNA as
the template, infections could be classified as absent,
very light, light, moderate and severe based on 1.5%
agarose gel electrophoresis patterns of PCR amplicons,
and these were approximately equal to the following
respective WSSV copy numbers in the 100 ng template:
0 to <10, 10 to <20, 20 to <200, 200 to <2,000 and
2,000 to <20,000.


http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=AF109318
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=AF109319
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=AF109321
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=AF109320
http://www.dpi.nsw.gov.au/agriculture/livestock/animal-welfare/general/fish/shellfish
http://www.dpi.nsw.gov.au/agriculture/livestock/animal-welfare/general/fish/shellfish
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=AF440570
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To measure WSSV loads in shrimp, hemolymph was
withdrawn from the ventral sinus into a syringe contain-
ing anticoagulant I (ACI) (0.45 M NaCl, 0.1 M glucose,
30 mM Na-citrate, 26 mM citric acid, 10 mM EDTA,
pH 7.0) [15] in a 1:2 volume-to-volume ratio. DNA was
extracted following the manufacturer’s protocols using a
DNeasy Blood & Tissue Kit (Qiagen, Valencia, Califor-
nia, USA). The DNA concentration and quality were

measured by spectrophotometry at Ay and Ajgg, and
the amount of WSSV in the samples was determined as
described above.

To verify virulence of the WSSV stock, 2 specific
pathogen-free (SPF) whiteleg shrimp P. vannamei and
6 SPF black tiger shrimp P. monodon were injected with
5 x 10° copies/g tissue at the first abdominal segment.
Shrimp mortality for P. vannamei and P. monodon was
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50% and 100%, respectively, within 3-4 days after injec-
tion and moribund shrimp gave 1Q2000 test results for
severe WSSV infection levels. Matching qPCR results
ranged from 2 x 10* - 1.3 x 10° copies/100 ng DNA
(data not shown). This was equivalent to approximately
2 x 10* - 1.3 x 10° WSSV copies in 33.33 pl of infected
shrimp hemolymph.

These results were similar to those previously pub-
lished for these and other species of penaeid shrimp
that usually show 100% mortality within 5-10 days after
injection with similar doses of WSSV [16].

Preliminary, single-dose challenge with Scylla
olivacea

Because injection is considered an effective route of
WSSV infection in crabs [4], different WSSV copies per
gram of crab tissue in a total sterile phosphate buffer
saline (PBS) volume of 300 pl was injected into each
crab at the coxa of the right swimming leg using a 26G1
syringe (Nipro Corporation Ltd.). A preliminary single-
dose challenge test with 34 male S. olivacea was carried
out to determine appropriate viral challenge doses for
crabs. They were divided into three groups. One group
(n = 9) was injected with a single dose of 1 x 10> WSSV
copies per g, one group (n = 13) with 1 x 10® WSSV
copies per g and one control group (n = 12) with buffer
solution.

At the low injection dose (1x10°), 4 of 9 (44%) died
within 7 days while 5 of 9 (56%) survived for more than
30 days. However, at a higher dose (1x10°), 6 of 13 died
on day 3 post injection (46% mortality), 4 more died on
day 4 (77% cumulative mortality), 2 more on day 5 (92%
cumulative mortality) and 1 on day 7 (100% cumulative
mortality in 7 days). None of the 12 buffer-injected
crabs died over the 30 day experimental period. These
results indicated that a single, high dose challenge with
the WSSV inoculum was lethal for S. olivacea as it was
for shrimp. This contrasted markedly with results from
a previous report in which S. serrata challenged with
WSSV showed severe WSSV lesions by histopathological
analysis but no mortality [1,3,17].

Serial-dose challenge protocol

Male mud crabs (500 g) were collected from Samutpra-
karn and Samutsongkram provinces, Thailand, and spe-
cies was determined by 16 S rDNA analysis as described
above. Each crab was free of WSSV, yellow head virus
(YHV) and infectious hypodermal and hematopoietic
necrosis virus (IHHNV) as determined using standard
commercial kits for nested PCR and RT-PCR detection
(IQ 2000 detection system, Gene Reach, Taiwan). Indivi-
dual crabs were cultivated in separate plastic containers
at room temperature with aeration [18]. Every 24-30 h,
crabs were fed with boiled fish at 10% of their body
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weight, and artificial seawater at 28 parts per thousand
(ppt) salinity was replaced to the level where the crabs
still had some area to come out of the water [1,18].

For the challenge tests with each species, 18 crabs
were acclimatized for 1-2 weeks after which it was
expected that 10-12 each would be used for WSSV chal-
lenge and 5-6 each for PBS buffer-injected controls.
However, since only 30 (not 36) remained in sufficiently
good health for testing at the end of acclimatization (17
S. olivacea and 13 S. paramamosain), they were divided
into 20 crabs (11 S. olivacea and 9 S. paramamosain)
for challenge with WSSV, and 10 (6 S. olivacea and 4 S.
paramamosain) as controls. They were numbered
sequentially for each species (So 1 to 17 and Sp 1 to 13)
but selected arbitrarily for inclusion in challenge or con-
trol groups. WSSV challenge began with 1 x 10* WSSV
copies/g at day 0 followed every 14 days by increasing
doses of 1 x 10°, 5 x 10° 1 x 10° and ending with 5 x
10° WSSV copies/g at day 56. The crabs were observed
for further 50 days after the final challenge dose (a total
of 106 days for the whole challenge experiment).

For these tests, all the buffer-injected control crabs
were healthy as defined by no appetite loss, no weight
loss, reactive swimming and walking legs, and no mor-
tality throughout the experimental period (106 days)
plus the period of 4-10 days during which the crabs
were acclimatized, screened for specific pathogens and
subjected to PCR and sequencing for species identifica-
tion. None of the controls for either species gave posi-
tive results for WSSV using the 1Q2000 test kit, qPCR
or histological analysis. For the test crabs given multiple
challenges with WSSV, there were generally three types
of outcomes as follows: (i) moribund at low dose (< 10°
copies/g), (ii) moribund at high dose (5x 10° copies/g),
and (iii) survival at high dose (5x 10° copies/ 2).

To quantify WSSV in each crab by qPCR or test kit
(see above), hemolymph was withdrawn at the coxa of
the right swimming leg using a 26G1” syringe (Nipro
Corporation Limited, Bangkok, Thailand) containing the
same anticoagulant used for shrimp above. DNA extrac-
tion was also carried out in the same manner.

Serial-dose challenge with Scylla olivacea

Of the 11 S. olivacea specimens used for the serial-chal-
lenges with WSSV (Figure 2a), there was no mortality in
14 days following the initial 1 x 10* challenge dose,
while 2 specimens died 7 days following the 2™¢ chal-
lenge dose (1x10° copies/g) and 1 died 3 days following
the third challenge dose (5x10° copies/g). Curiously, no
mortality occurred during the 2-week period following
the dose of 1 x 10° copies/g, despite the fact that the
dose was 100% lethal in the preliminary single challenge
test with this species. All the remaining 8 crabs died
within 7 to 17 days following the 5™ (highest) challenge
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Figure 2 Survival of S. olivacea (a) and S. paramamosain (b) after multiple WSSV challenges.

dose (5x10° copies/g). The longest survival was for one
specimen at 73 days after the initial challenge and the
mean time to death was 55.9 + 20.6 days and the
Kaplan-Meier survival probability [19] was 0.63 for 63
days and O for 70 days. For this species, the majority of
the crabs fell into two rough groups, one that showed
mortality after a relatively low challenge dose of WSSV

and one that showed mortality only after the highest
dose (5x10° copies/g).

All the challenged S. olivacea gave positive reactions
for severe WSSV infections using the 1Q2000 test Kkit,
except for the 2 crabs that died after the lowest chal-
lenge dose of 1 x 10° copies/g. These gave negative
results with the kit. Their WSSV copies were also below
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the qPCR detection limit. For 8 of the 9 1Q2000 test kit-
positive moribund samples, results corresponded to
those for qPCR where viral levels ranged from 3.1 x 10
to 3.4 x 10° WSSV copies per 100 ng total DNA (mean
6.5 x 10° copies per 100 ng total DNA). Extracted DNA
of 100 ng represented a fresh muscle tissue weight of
approximately 0.15 mg, so qPCR results would have to
be multiplied by 6.7 x 10> to obtain viral loads per g
fresh crab tissue. Curiously, one sample (So6) gave a
reaction for severe infection with the test kit but a
qPCR result for only 7 x 10> WSSV copies per 100 ng
total DNA. Of the 9 specimens that gave results for
severe reactions with the kit, 7 were examined histologi-
cally and all were positive with typical WSSV lesions
(Figure 3) except for So6.

In addition, hemocytes of 2 samples (So5 and So13)
were examined by confocal microscopy for the presence
of WSSV by immunohistochemistry. Hemolymph was
collected in 1:1 vol./vol. of hemolymph fixative (0.45 M
NaCl and 4% formalin in sterile distilled water) and
then further fixed with 4% paraformaldehyde in PBS,
and permeabilized with 0.1% Triton X-100 (Acros
Organics, Morris Plains, NJ, USA) for immunofluores-
cence analysis using a polyclonal antibody raised against
WSSV recombinant VP28 (rVP28) envelope protein.
Detection was achieved using a secondary antibody
labeled with Alexa Fluor 488 (Molecular Probes, Eugene,
OR, USA) as previously described [20]. Negative con-
trols included hemocytes from buffer-injected crabs
stained with the anti-WSSV polyclonal antibody, hemo-
cytes from infected crabs with no anti-WSSV polyclonal
antibody label, and hemocytes from infected crabs that
were stained with a polyclonal antibody raised against
monodon baculovirus (MBYV), which is not known to
infect crabs. TO-PRO-3 (Molecular Probes) was used
for nucleic acid counterstaining. Immunofluorescent-
labeled cells were analyzed by an FV1000 confocal laser
scanning microscope (Olympus, Tokyo, Japan). Results
showed immunopositive signals in the cytoplasm for the
majority of the hemocytes (Figure 4b).

The multiple challenge group at the highest challenge
dose also died, gave test kit results for severe WSSV infec-
tions and also showed severe histopathology typical of
WSSV. More difficult to explain is the mortality of the 2 S.
olivacea specimens that died after an injection dose of 1 x
10° or fewer WSSV copies per g and gave negative results
for WSSV by both test-kit assay and qPCR. We assume
that they died as a result of some undetermined complica-
tion resulting from the WSSV injection, but not because
of WSSV alone and not because of the injection process
itself, since none of the control crabs died after buffer
injections. Similar examples occurred with S. paramamo-
sain (below). Most of the S. olivacea specimens were not
examined histologically because the few examined gave
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consistent results for severe infections by histopathology
and qPCR. We cannot explain the disparity between the
test-kit result for severe WSSV infection and the qPCR
result for a low WSSV load in specimen So6.

In summary, the overall results suggested that S. oli-
vace was generally as susceptible to mortality from
WSSV as P. vannamei and P. monodon. However, the
fact that approximately 50% of the S. olivacea specimens
died within 3 days in the single dose challenge at 1 x
10° copies of WSSV per g but that 7 of 11 (63.64%) sur-
vived for 2 weeks after the same dose in the multiple
challenge test indicates that a prior infection with
WSSV could aid in the ability of the crabs to better sur-
vive a subsequent challenge. This is not surprising in
the light of the fact that shrimp survivors from WSSV
outbreak ponds have been shown to survive a WSSV
challenge dose sufficient to kill uninfected shrimp
[21,22], and that prior injection of shrimp with inacti-
vated WSSV can result in improved survival upon sub-
sequent challenge [23]. S. olivacea would be a good
model for a molecular study on the comparative
response of multiple-challenge crabs that survive the
WSSV dose (1 x 10° copies/g) that was sufficient to kill
naive crabs.

Serial-dose challenge with Scylla paramamosain
Of 9 S. paramamosain specimens used for serial WSSV
challenges (Figure 2b), 2 specimens died within 2 weeks
after the 1°* challenge dose (1x10*). There was no addi-
tional mortality in the 2-week interval after the 2™ chal-
lenge dose (1x10°), but 2 specimens died within 2 days
and 1 specimen within 12 days after the 3 challenge
dose (5x10°). As with S. olivacea, no subsequent mortal-
ity occurred within two weeks after challenge with a
dose of 1 x 10° copies/g. Then, 2 specimens died within
17 days after the 5™ and highest challenge dose (5x10°),
while the two remaining crabs were still alive and active
at the end of the experiment on day 106. The mean
time to death for those that died was 37.0 + 27.5 days,
and this was not significantly different (p = 0.11) from
that for S. olivacea (55.9 + 20.6). The Kaplan-Meier sur-
vival probability of S. paramamosain for 63 days was
0.44 (0.63 for S. olivacea) but for 70 to 106 days
was 0.22 (0 for S. olivacea). Similar to S. olivacea, there
was one group of crabs that died after low challenge
doses and one (22.22%) that died after the highest chal-
lenge dose. Unlike S. olivacea, there was an additional
group (22.22%) that did not die, even at the highest
challenge dose. In addition, S. paramamosain showed a
pattern of proportionally higher mortality at low WSSV
doses and proportionally lower mortality at high doses,
a pattern that was opposite to that for S. olivacea.

For S. paramamosain, the moribund specimens chal-
lenged with doses of 5 x 10° or less gave negative
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Figure 3 Histology of S. olivacea challenged with WSSV. Examples of typical WSSV lesions at high magnification in various tissues, indicating
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reactions for WSSV infections using the 1Q2000 test kit,
negative qPCR results (i.e., below the detection limit)
and negative histopathology for WSSV lesions (Figure
5a). Of the three specimens that died after the challenge
dose of 5 x 10° (i.e., Sp5, 6, 7) histological examination
revealed the presence of severe lesions by other patho-
gens that may have been the cause of mortality (Figure
5b-d). In Sp5, there were severe lesions in tubule

epithelial cells of the hepatopancreas that showed para-
site nuclei of large and small sizes, resembling those of
a microsporidian undergoing spore development [24]
(Figure 5b). In Sp6, the hepatopancreas had severe
lesions of a different type, this time in the connective
tissue cells showing very large, eosinophilic, viral-like,
cytoplasmic inclusions and accompanied by hemocytic
aggregation (Figure 5c¢). In Sp7, the connective tissue of
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Figure 4 Immunohistochemical analysis of crab hemocytes. (a) Hemocytes of a normal S. olivacea specimen showing large (non-condensed)
nuclei. (b) Hemocytes of S. olivacea (So5 day 59) infected with WSSV showing positive immunofluorescence (green) for WSSV in the cytoplasm.
(c) Hemocytes of normal S. paramamosain specimen showing large (non-condensed) nuclei. (d) Hemocytes of S. paramamosain (Sp12 day 82)
showing positive immunofluorescence for WSSV in the cytoplasm and condensed and fragmenting nuclei.

the hepatopancreas, muscle and epidermis showed large
numbers of small, magenta, viral-like, cytoplasmic inclu-
sions often adjacent to nuclei (Figure 5d). The severity
and number of these lesions were consistent with possi-
ble cause of mortality. Hemocytes of these specimens
examined by confocal microscopy (as described above)
revealed positive immunofluorescence for WSSV in the
cytoplasm (Figure 4d).

After the highest challenge dose of 5 x 10° copies per
g, the 2 moribund crab specimens gave 1Q2000 test kit
results for severe WSSV infections and this corre-
sponded to the qPCR results of 1.2 x 10° and 8.9 x 10°

WSSV copies per 100 ng total DNA. The 2 remaining
crabs that still survived at the end of the experiment
(106 days) gave 1Q2000 test kit results for a medium
infection and a medium-to-severe infection, and the cor-
responding qPCR results gave 2.9 x 10 and 5.4 x 10°
WSSV copies per 100 ng total DNA, respectively. None
of these high-dose specimens were examined for WSSV
histopathology, but the 2 crabs that survived to the end
of the experiment (106 days) showed positive immuno-
fluorescence in the cytoplasm of very few hemocytes on
day 59 (data not shown) and most of the hemocytes on
day 82 (Figure 4d), which was 26 days after the highest
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adjacent to the nuclei of connective tissue cells.

Figure 5 Histology of S. paramamosain challenged with WSSV. (a) Example of normal subcuticular epidermis lacking WSSV lesions and
consistent with the negative PCR test kit and real time PCR results. (b) Example of a hepatopancreatic tissue lesion resembling those caused by
crustacean microsporidians undergoing spore development. (c) Example of a hepatopancreatic lesion showing large eosinophilic cytoplasmic
inclusions of unknown nature and also hematocytic aggregation typical of severe bacterial infections. (d) Example of small cytoplasmic inclusions
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dose challenge on day 56. The nuclei of these hemocytes
were condensed and often fragmented possibly indicat-
ing apoptosis leading to hemocyte depletion as pre-
viously reported for shrimp infected with WSSV [25].
Results for S. paramamosain are more difficult to
interpret than those for S. olivacea because all 5 crabs
that died at injection doses lower than 1 x 10° WSSV
copies per g gave negative test results for WSSV

infection using both the 1Q2000 kit and qPCR. If they
had died from WSSV, kit reactions for severe WSSV
infections and qPCR results indicating high loads of
WSSV would have been expected. Histopathological
analysis for 3 of the 5 specimens revealed no WSSV
lesions but instead severe lesions from at least 3
unknown pathogens that could have been the cause of
their death. As with the 2 similar, low-dose challenge
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S. olivacea specimens described above, we assume that
these S. paramamosain died as a result of some unde-
termined complication resulting from the WSSV injec-
tion, but not because of WSSV alone and not because
of the injection process itself, since none of the control
crabs died after buffer injections.

Although the S. paramamosain specimens did not
show typical WSSV lesions with enlarged basophilic
nuclei in normal WSSV-target tissues such as the sub-
cuticular epidermis and gills, they did show immunopo-
sitive hemocytes, most with condensed or karyorrhectic
nuclei indicative of apoptosis as previously reported for
WSSV infections in shrimp [25]. In addition, the two
specimens (Sp12 and Spl3 representing 22.22% of the
crabs) that survived the highest WSSV challenge dose
showed WSSV immunopositive hemocytes after chal-
lenge on day 56, and the proportion of positive cells was
higher on day 87 than on day 59, indicating that viral
replication had occurred in the interim. For these speci-
mens, the PCR test kit results were below the severe
level and the WSSV loads by qPCR were low. Further-
more, the immunopositive reaction was in the hemocyte
cytoplasm only, while WSSV virions are normally
assembled in the nucleus. Using these facts to attempt
to explain our results, we speculate that hemocytes may
be the prime target for WSSV in S. paramamosain and
that the virus may replicate there, but induce apoptosis
before mature virions are assembled. The resulting
depletion of hemocytes could impair the host ability to
combat pre-existing infections or new infections by
other pathogens, and that would explain the variety in
the histopathology seen in the moribund S. paramamo-
sain we examined. It would also explain why there was
no mortality from other infectious agents in the control
crabs injected with buffer only. At the same time, it
would also suggest that the hemocytes play an impor-
tant role in the S. paramamosain response to WSSV,
and that they normally limit or clear WSSV, except
when overwhelmed by a sufficient challenge dose. Thus,
S. paramamosain challenged with WSSV may be a good
model organism to study the process of WSSV clearance
in crabs.

Overall comparison

In summary, the results revealed great individual varia-
tion in the response of S. olivacea and S. paramamosain
to WSSV. At the same time, both species are susceptible
to white spot disease, in contrast with S. serrata that has
been reported to show no mortality even in the presence
of extensive WSSV lesions. In addition, S. olivacea was
more susceptible to disease than S. paramamosain,
since its survival probability at 70 days post-infection
was 0 while that for S. paramamosain was 0.22. Thus,
based on previous published work for S. serrata and on
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our results, we propose that susceptibility to white spot
disease in the genus Scylla is species-dependent but may
also be dose-history dependent as seen with S. olivacea.
In practical terms for shrimp farmers, our results show
that S. olivacea and S. paramamosain may be infected
with WSSV for periods of several weeks or more and
potentially act as carriers during that interval, but that
they might pose less threat than S. serrata that is appar-
ently unaffected by WSSV infection. For crab farmers,
our results suggest that rearing of S. serrata would be a
better choice than S. paramamosain or S. olivacea in
terms of avoiding losses from seasonal WSSV outbreaks.
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Cyt2Aa2 is a mosquito larvicidal and cytolytic toxin produced
by Bacillus thuringiensis subsp. darmstadiensis. The toxin be-
comes inactive when isoleucine at position 150 was replaced
by alanine. To investigate the functional role of this position,
lle150 was substituted with Leu, Phe, Glu and Lys. All mutant
proteins were produced at high level, solubilized in carbonate
buffer and yielded protease activated product similar to those
of the wild type. Intrinsic fluorescence spectra analysis sug-
gested that these mutants retain similar folding to the wild
type. However, mosquito larvicidal and hemolytic activities
dramatically decreased for the 1150K and were completely
abolished for 1150A and 1150F mutants. Membrane binding
and oligomerization assays demonstrated that only 1150E and
1150L could bind and form oligomers on lipid membrane sim-
ilar to that of the wild type. Our results suggest that amino acid
at position 150 plays an important role during membrane
binding and oligomerization of Cyt2Aa2 toxin. [BMB Reports
2013; 46(3): 175-180]

INTRODUCTION

Bacillus thuringienesis is a rod shape, Gram-positive, soil bacte-
rium that can produce insecticidal crystal proteins specifically
toxic to various insect larvae (1). The crystal proteins could be
divided into 2 major families, Cry and Cyt toxins, which have
different molecular structures and target insects (2). Cyt toxins
are synthesized by some strains of B. thuringiensis and highly
toxic against larvae of dipteran insects such as mosquitoes and

*Corresponding author. Tel: +66-2564-6700; Fax: +66-2564-6707;
E-mail: boonhiang@biotec.or.th
http://dx.doi.org/10.5483/BMBRep.2013.46.3.100

Received 4 May 2012, Revised 26 June 2012,
Accepted 3 September 2012

Keywords: Bacillus thuringiensis, Cyt toxin, Membrane binding,
Mutagenesis, Oligomerization

ISSN: 1976-6696 (print edition) / 1976-670X (electronic edition)

Copyright © 2013 by the The Korean Society for Biochemistry and Molecular Biology

blackflies (1, 3, 4). Toxins in this group are produced in the form
of inactive crystalline inclusion or protoxin. Upon ingestion by
susceptible larvae, the inclusion is solubilized in alkaline con-
dition of the midgut and proteolytic processed by gut proteases
to yield the active toxin (5). Inclusions could be solubilized us-
ing alkaline buffer and activated by proteases in vitro. In addi-
tion, the activated toxin exhibits cytolytic activity against broad
range of cells including erythrocytes (5-7).

The mechanism of action of the Cyt toxin is thought to involve
a cascade of several events leading to insect death after
ingestion. There are two possible models currently proposed for
the Cyt toxin action. The pore-forming model suggests that bind-
ing of the active toxin to cell membrane induces conformational
changes and oligomerization of the toxin molecules which fi-
nally leads to osmotic imbalance and cell lysis (8, 9). Alternative
model proposes that the toxin may bind to the cell membrane
and accumulate until reaching a critical number, and then the
toxin complex would perturb cell membrane via a detergent-like
mechanism (10, 11). Although the mechanism of Cyt toxin is still
a controversy, the site of action of both models is the cell mem-
brane that definitely involves membrane binding, conformational
changes and oligomerization processes.

To date, more than 30 Cyt toxins have been identified (2, 12).
Amino acid sequence alignment of Cyt toxins showed that they
share high homology and therefore are expected to have similar
3D structures. In deed, X-ray crystallographic analyses revealed
that structures of the protoxin of Cyt2Aa, Cyt1Aa and the acti-
vated Cyt2Ba are highly similar in which the toxin is a single do-
main protein consisting of two outer layers of a-helix hairpins
flanking a core of mixed B-sheets (13-15). Membrane binding
motif could not be identified from these structures. However, the
motif could be formed during the toxin undergoes conforma-
tional changes upon approaching the membrane.

Previous studies showed that substitution at lle150 in Cyt2Aa
toxin with Ala resulted in a total loss of activity although the mu-
tant protein retains similar overall structure, solubility and pro-
teolytic processing similar to the wild type (16). This suggested
that amino acid at this position plays important role during in-

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/li-
censes/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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toxication either at the step of membrane binding, conforma-
tional changes or oligomerization. To investigate the functional
role of this position, 1le150 was replaced by Leu, Phe, Glu and
Lys. Comparative biochemical and biological studies of mutants
to the wild type suggested that 1le150 in Cyt2Aa plays significant
role during membrane binding and oligomerization.

MATERIALS AND METHODS

Bacterial strain, plasmid and oligonucleotides

Escherichia coli K12 JM109 was used throughout the experi-
ment. The recombinant plasmid pGEM-Cyt2Aa2 (4), containing
full-length cyt2Aa2 gene in the pGEM-Teasy vector (Promega),
was used as DNA template. The oligonucleotide primers were
obtained from Sigma Proligo Co, Ltd. (Singapore). Primer se-
quences and additional information are shown in supplement 1.

Site-directed mutagenesis

The basic procedure was based on Stratagene’s QuikChange"
Site-directed mutagenesis. PCR reactions were performed using
pGEM-Cyt2Aa2 as a template. Nucleotides encoding lle at posi-
tion 150 was substituted with codons for Ala, Glu, Lys, Leu and
Phe using appropriate oligonucleotide primers. Position and
model structure of each mutant protein was shown in supple-
ment 2. Recombinant plasmids containing mutated genes were
transformed into E. coli JM109. Transformants were screened by
restriction endonuclease and DNA sequences of all mutant
genes were verified by automated DNA sequencing (Biodesign,
Thailand).

M

Protein preparation

The culture of E. coli harboring mutant plasmid was induced
with 0.1 mM IPTG during exponential growth (ODggo of the cul-
ture about 0.4-0.5). Cells were harvested by centrifugation and
toxin inclusions were extracted as described previously (4). The
toxin inclusions were solubilized in 50 MM Na,CO; buffer pH
10.5 with 10 mM DTT at 37°C for 1 hour. After centrifugation at
12,000 x g for 5 min, soluble protoxins in supernatant were
collected. For proteolytic activation, the soluble protoxins were
incubated with 1% (w/w) proteinase K at 37°C for 1 hour.

Intrinsic fluorescence spectroscopy

Protoxin and processed toxin were purified by size-exclusion
chromatography using Superdex200, 10/300 GL column. The
overall structure of purified toxin was monitored by spectro-
fluorometry. Emission spectra were recorded from 300 to 500
nm using excitation wavelength at 280 nm. Both excitation and
emission slits were set at 3.0 nm. Each sample was scanned
three times and spectrum from buffer was used as background.

Mosquito larvicidal assay

Mosquito larvicidal activity of mutants was tested against 3“-in-
star larvae of Aedes aegypti and Culex quinquefasciatus in
24-well tissue culture plates. One ml of two-fold serial dilutions
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of toxin inclusions was added into 1 ml of distilled water con-
taining 10 larvae in each well. The assay was carried out at room
temperature. Mortality was recorded after the larvae were fed
with toxin for 24 hours. LCso (50% lethal concentration) were an-
alyzed by Probit analysis (17).

Hemolytic assay

Hemolytic activity of the proteinase K activated toxin was per-
formed against sheep red blood cell suspension. The assay was
slightly modified from Promdonkoy and Ellar (8). Ten pg of acti-
vated toxins were mixed with 1 ml of 1% red blood cell suspen-
sion in PBS buffer pH 7.4. After incubation at room temperature
for 1 hour, the mixture was centrifuged at 3,000 x g for 5 min.
Hemoglobin released in the supernatant was measured by spec-
trophotometer using absorbance at 540 nm. Red blood cells
treated with 0.1% Triton-X100 were used as 100% lysis and red
blood cells incubated in PBS without toxin were used as blank.

Liposome preparation

Synthetic lipid vesicles or liposomes were prepared from the lip-
id mixture of egg-yolk phosphatidylcholine (PC), cholesterol and
stearylamine in a molar ratio of 4 : 3 : 1 in chloroform:methanol
(2 : 1, v/v) as described by Thomas and Ellar (18). Liposomes
were purged with nitrogen gas and stored at —80°C until
required.

Toxin-membrane interaction

To test membrane binding and oligomerization of the toxin, 5 pg
of the proteinase K activated toxins were incubated with 200 pg
liposomes in 200 pl PBS buffer. Reactions were incubated for 2
hours at room temperature. Liposomes carrying membrane-
bound toxin were separated from unbound toxin by cen-
trifugation at 20,000 x g for 20 min then analyzed on
SDS-PAGE.

RESULTS AND DISCUSSION

Production level and structure of mutant proteins

Gene encoding Cyt2Aa2 toxin from B. thuringiensis subsp.
darmstadiensis has been previously cloned and expressed in E.
coli (4). The toxin is highly produced as inclusion bodies inside
the cells. The inclusion could be solubilized in carbonate buffer
and the protease processed product exhibits high cytolytic activ-
ity (4). Cyt2Aa2 shares identical amino acid sequence with
Cyt2Aal from B. thuringiensis sp. kyushuensis that its crystal
structure has been resolved (19). Therefore, Cyt2Aa2 should
have the same 3D structure as Cyt2Aal. Previous study on
Cyt2Aal found that substitution at lle-150 by Ala completely
abolished larvicidal and hemolytic activities. However, those ac-
tivities could be recovered after introducing additional mutations
at other sites of the toxin (16). These results emphasized the im-
portance of amino acid at position 150, although it is not know
how this amino acid contributes to the toxin action. By modeling
Cyt2Aa2 with Cyt2A1 strucuture, the lle-150 is found to locate in
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the aD—-B4 loop on the outer surface of the molecule (Fig. 1). It
may involve with any critical steps in intoxication including
membrane binding, oligomerization and conformational
changes. In order to further investigate the functional role of
lle-150, this position was substituted with 5 amino acids with dif-
ferent properties (1150A, 1150L, 1150F, 150K and [150E). All mu-
tants were highly produced and formed inclusion bodies at com-
parable level to the wild type. Partially purified inclusions of all
mutants were found to be soluble in 50 mM NaCO; pH 10.5
plus 10 mM DTT similar to the wild type. Soluble protoxin of all
mutants could be activated by proteinase K and yielded 23-kDa
processed product similar to that of the wild type (Fig. 2).
Therefore, solubilization and protease activation were not af-
fected by these substitutions. Solubilization and protease activa-
tion are critical prerequisite steps for intoxication. Toxin activity
is usually lost or severely reduced if mutation affects these im-
portant steps. Evidences have been previously reported such as

. . Tle-150

Fig. 1. Model structure of Cyt2Aa2 (wild type). Model was gen-
erated based on coordinate of Cyt2Aal (PDB accession no.
1CBY). Cyt2Aal and Cyt2Aa2 share identical amino acid se-
quences therefore both toxins should have the same 3D structure.
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in Cyt2Aa2-W132F and W154F (20) and some truncated forms
of Cyt2Aa2 (21). These mutants were unable to be solubilized in
carbonate buffer and showed no larvicidal and hemolytic
activities.

Intrinsic fluorescence spectroscopy was performed to monitor
structural conformation of the soluble toxin either protoxins or
activated toxins in comparison with that of the wild type. If the
mutation affects the overall structure of the toxin, emission spec-
tra would be different from the wild type as demonstrated for
Cyt2Aa2-L33A mutant (22). Here we found that emission spectra
of all mutants (I150A, 1150L, 1150F, 1150K and 1150E) were iden-
tical to the wild type (supplement 3). This result indicated that all
mutants had adopted similar overall structure to the wild type,
suggesting that substitution of 1le150 with Ala, Glu, Lys, Leu and
Phe did not affect the overall structure of protoxin and activated
toxin.

Larvicidal and hemolytic activities
Mutant protein inclusions were fed to A. aegypti and C. quinque-
fasciatus larvae to determine their larvicidal activities. It was ob-
served that [150E and 1150L mutants were toxic to A. aegypti
and C. quinquefasciatus larvae whereas 1150A and 1150F mu-
tants were not toxic to both types of larvae. The mutant [150K
showed very low toxicity to C. quinquefasciatus larvae and in-
active against A. aegypti (Table 1). An agreement with larvicidal
activity results was also observed from hemolytic assay against
sheep red blood cells. Hemolytic activity of 1150E and 1150L mu-
tants was comparable to the wild type, The 1150K mutant
showed dramatic reduction in hemolytic activity while 1150A
and 1150F mutants were completely lost their hemolytic activity
even when tested at very high dose up to 250 pg/ml (Table 1).
Results from both assays clearly showed substitution of 1le150
with Leu and Glu had no effect on protein toxicity, whereas sub-
stitution with Ala, Phe, and Lys severely affect protein toxicity.
Loss of toxicity of 1150A, 1150F, and 1150K mutants did not re-
sult from inability of the inclusions to be solubilized and acti-
vated in the larvae gut since in vitro solubilization and protease
processing by proteinase K demonstrated that these mutants
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o
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Iég _: 3 :: < Fig. 2. Solubility and proteinase K acti-

o8 vation of Cyt2Aa2 wild type (WT) and
45 e o - g —_— -‘- - - its mutants. Inclusion bodies (I) were
35 —- - solubilized in 50 mM Na,COs; buffer

pH 10.5 plus 10 mM DTT at 37°C for
1 hour. Soluble fraction (S) was sepa-
rated from insoluble materials or pellet
(P) by centrifugation. Soluble proteins

I R - were activated by 1% (w/w) proteinase
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markers were shown alongside in kDa.
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Table 1. Biological activities of Cyt2Aa2 wild type and its mutants

Mosquito larvicidal activity; LCso (ng/ml)

Hemolytic activity

Protein o .
A, aegypti C. quinquefasciatus (% hemoglobin release + SD)
Wild type 286 (261-314) 313 (271-363) 100 + O
1150A Non toxic Non toxic No lysis
1150F Non toxic Non toxic No lysis
1150K Non toxic 47,507 (27,121-118, 283) 5+2
1150E 562 (503-628) 359 (315-408) 94 +6
1150L 707 (635-789) 377 (329-431) 96 + 5

Hemolytic activity of Cyt2Aa mutant toxins against sheep red blood cells was measured after 1 hour incubation of 10 ug of activated toxin with 1
ml of 1% sheep red blood cells in PBS pH 7.4. Mosquito larvicidal activity of mutant toxins against A. aegypti and C. quinquefasciatus larvae were
recorded after feeding the toxin for 24 hours. Three independent experiments were performed and figures in parentheses indicate fiducial limits at

95% confidence.

WT 1150A  1150E 150K 1150F  1150L
—ty, e, ey ey ey ——,

Markers

T S S S
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250 —=

72—

Fig. 3. Membrane binding and oligomerization of the toxin.
Proteinase K activated toxins; Cyt2Aa2 wild-type (WT), 1150A,
1150E, 1150K, 1150F and 1150L, were incubated with (+) or with-
out (—) liposomes at room temperature for 2 hours. Unbound
toxins were removed by centrifugation and the membrane-bound
toxins were analyzed on SDS-PAGE.

were readily solubilized and yielded similar activated product to
that of the wild type (Fig. 2). Moreover, intrinsic fluorescence
spectroscopy suggested that these mutants retained similar over-
all structure to the wild type. Therefore, failure to exhibit larvici-
dal activity of 1150A, 1150F, and 1150K mutants could due to in-
ability of the processed toxin to bind the target cell membrane,
oligomerization and insertion into the membrane.

Membrane binding and oligomerization
Since amino acid replacements at position 1150 did not affect
overall structure, crystal formation, solubility and protease proc-
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essing, the role of lle150 is possibly involved in membrane bind-
ing and perturbation during toxin function. Membrane inter-
action experiment was performed to validate the effect of alter-
ation at lle150 on toxin binding to the membrane and
oligomerization. Previous reports demonstrated that activated
Cyt toxins can bind and form oligomers on the synthetic mem-
brane prepared from pure lipid without a specific receptor (11,
23, 24). To access membrane binding and oligomerization abil-
ity of Cyt2Aa2 mutants, activated toxins were incubated with
liposomes. Unbound toxin in supernatant was removed after
centrifugation and the membrane-bound toxin was analyzed by
SDS-PAGE. If the toxin can bind and form oligomers on the
membrane, a ladder pattern of protein bands could be observed
on SDS-PAGE as shown in Fig. 3. Results demonstrated that
1150E and 1150L mutant toxins could bind and form oligomers
on lipid membrane similar to that of the wild type toxin. A lad-
der pattern was detected at very low amount for the less active
mutant 1150K. The inactive 1150A and 1150F mutants were un-
able to bind and develop oligomers on the lipid membrane.
Results from membrane binding and oligomer formation are
consistent with mosquito-larvicidal and hemolytic assays. This
suggests that amino acid at position 150 is a critical residue for
membrane binding and oligomerization. Substitutions with
smaller side chain (1150A) or larger side chain (1150F) resulted in
a total loss of biological activities whereas substitutions by a
highly conserved amino acid (1150L) or a negatively charged
side chain (I150E) preserved the toxin activity. However, sub-
stitution by a positive charged amino acid (1150K) significantly
reduced toxin activity. This suggests that an appropriate size of
the amino acid at this position is required and hydrophobic or
negatively charged amino acid is more favorable. Replacement
of a highly hydrophobic (isoleucine) by a smaller and less hydro-
phobic (alanine) or substitution with aromatic residue (phenyla-
lanine) that has intermediate polarity could affect hydrophobic
interaction between the toxin and lipid membrane. Substitution
by a negatively charged residue (1150E) might enable the mutant
toxin to make interaction to stearylamine in liposomes and to
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phosphatidylethanolamine that is generally found in red blood
cell and mosquito larval gut cell membranes. This interaction is
severely interrupted if a positively charged amino acid is in-
troduced into this position (1150K). X-ray structures of the proto-
xin (13) and protease activated form (14) showed that amino
acid at this position is located in the aD-B4 loop and sticking out
to the environment. It is expected that this residue plays essential
role during membrane binding and oligomer formation.
However, lle-150 is not a single position responsible for mem-
brane binding and oligomerization. Reversion mutagenesis of an
inactive mutant Cyt2AaT1-1150A has shown that activity could be
recovered by introducing additional mutation at other positions
(16). Amino acids in aA and aC were reported to involve with
membrane binding and oligomerization (7, 25). These amino
acids contribute to some extend and function co-operatively.
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Cyt2Aa2 is a mosquito-larvicidal protein produced as a 29 kDa
crystalline protoxin from Bacillus thuringiensis subsp. darmsta-
diensis. To become an active toxin, proteolytic processing is
required to remove amino acids from its N- and C-termini.
This study aims to investigate the functional role of amino acid
residues on the N-terminal B1 and C-terminal oF of Cyt2Aa2
protoxin. Mutant protoxins were constructed, characterized
and compared to the wild type Cyt2Aa2. Protein expression
data and SDS-PAGE analysis revealed that substitution at leu-
cine-33 (L33) of B1 has a critical effect on dimer formation and
structural stability against proteases. In addition, amino acids
N230 and 1233-F237 around the C-terminus oF demonstrated
a crucial role in protecting the protoxin from proteolytic
digestion. These results suggested that p1 and oF on the N-
and C-terminal ends of Cyt2Aa2 protoxin play an important
role in the molecular interaction and in maintaining the struc-
tural stability of the protoxin. [BMB reports 2010; 43(6): 427-431]

INTRODUCTION

Cyt2Aa2 is a crystal delta-endotoxin produced during a spor-
ulation stage of a Gram-positive, spore-forming bacterium
Bacillus thuringiensis subsp. darmstadiensis (1, 2). This protein
family is recognized as a promising bio-insecticide with a large
number of applications. It is highly toxic to the larvae of dip-
teran insects such as blackflies and mosquitoes (3, 4), the latter
of which are a major insect vector for the dengue virus which
causes dengue hemorrhagic fever, a serious disease in tropical
countries.

The Cyt toxin family shows a broad range of activity in vitro.
However, in vivo it is specifically toxic to dipteran larvae (4-7).
Based on amino acid sequence similarity, the toxins can be
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divided into two classes: Cyt1 and Cyt2. They share 39% and
70% amino acid sequence identity and similarity, respectively
(8-11). Expression of Cyt1 toxin requires P20 helper protein,
while Cyt2 toxin can be expressed by itself. An X-ray crystal
structure of Cyt2 revealed a single domain in o/B architecture.
The structural folding is composed of six o-helices and seven
B-sheets (12). Even though Cyt2 is produced as a crystal pro-
tein in Bacillus thuringiensis, it can be cloned and expressed
in E. coli as a protein inclusion (10). These crystal and in-
clusion proteins are solubilized in an alkaline condition of the
larval midgut. Proteolytic digestion by insect gut proteases is
generally required for a 29 kDa protoxin to become a 23-25
kDa active toxin. For example, a 259-residue Cyt2Aa2 under-
goes proteolytic processing by proteinase K to remove N- and
C-terminal fragments at the cleavage sites after serine 37 and
serine 228 to become an active form (10, 12, 13). This active
molecule then binds to the brush border membrane, resulting
in cell lysis (1). Its mode of action is thought to act as either a
detergent-like or a pore-forming toxin. In a detergent-like mod-
el, the activated toxins are locally aggregated on the surface of
lipid bilayers causing membrane disruption, releasing protein
and lipid complexes (14, 15). In the pore-forming model, the
activated toxins are inserted into the lipid bilayers, forming an
oligomeric assembly and generating transmembrane pores.
The leakage through these pores then leads to a colloidal os-
motic imbalance, lysing the target cells (16).

Since Cyt toxin does not require the N- and C-terminal frag-
ments for its activity (9, 13), this study aims to investigate the
significance of its terminal ends - especially the N-terminal 1
and C-terminal oF on the production and structural folding of
the protoxin. Selected mutations of amino acids on N- and
C-terminals were introduced using site-directed mutagenesis.
The mutant toxins were expressed in E. coli and characterized
for their biochemical properties, structural conformation, mo-
lecular interactions and biological activities.
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protoxin products, while the expression of L33A, N230A and
1233stop were found to be slightly lower (Fig. 2). This differ-
ential expression could be due to the perturbation of sub-
stituted amino acids on structural folding and molecular stabil-
ity of these mutants. Such a mutation and production of trun-
Fig. 1. Mutated residues of Cyt2Aa2: R25, P27, 131, L33 are lo- cated protein, leading to structural alteration, can be found in

cated around p-1 sheet on N terminus, while N230 and 1233 are many other proteins, for example in mutated cytochrome cbb3

in a-F helix on Cterminus of Cyt2Aa2 (A). The cleavage site of oxidase (19) and Cry4Ba toxins (20)

proteinase K digestion are located after serine 37 and serine 228 ) ’ ry ) XI‘ : . .

(B). Biochemical characterization of toxin solubility revealed
that R25A, P27A and 131A were well soluble in carbonate buf-

fer pH 9.5, similar to the wild type. However L33A, N230A,

C-terminal:. . SARVEVENEALTLVQALHSSNAPIVD IFNVNNYNLYHSNHKI IQNLNLSN®

| ] A | ] |
210 220 230 240 250 259

A = Proteinase K cleavage site

RESULTS AND DISCUSSION 1233A and 1233stop showed lower solubility. The reduced sol-
ubility also leads to a lower yield of active toxin after protei-
Mutational effect of selected amino acids on toxin production nase K processing (data not shown).
and folding In routine SDS-PAGE analysis of Cyt2Aa2, two protein bands
Based on the crystal structure of Cyt2 toxin, site-directed muta- corresponding to monomeric and dimeric protoxins are gen-
genesis was designed for alanine substitution on the targeted erally detected and confirmed by Western blot at 25 and 50
amino acid residues: R25, P27, 131 and L33, located on N-ter- kDa, respectively. In addition, the 50 kDa dimeric band dis-
minus B1 (R25-L33) (12); and N230 and 1233, located on appears when the toxin is treated in conditions with reducing
Cterminus oF (N230-1233) (Fig. 1). According to their struc- agents. In this work, we prepared an equal amount of each ex-
tural folding, the N- and C-terminal fragments are removed via pressed inclusion protein in carbonate buffer with and without
proteolytic processing at cleavage sites at serine 37 and serine DTT, and loaded on SDS-PAGE. The wild type and other mu-
228, yielding the 23-25 kDa active toxin. However the amino tants (P27A, 131A and 1233A, without DTT) were found to be
acid residues located in these removed fragments are sug- present as dimers and monomers. Under DTT treatment, their
gested to be important, and may be involved in intermolecular dimeric forms disappeared as expected (Fig. 3). In contrast, we
interactions between the protoxins (12). did not detect the dimeric form of L33A, N230A, and 1233stop
We have successfully constructed these mutant toxins in an mutants in conditions without DTT. Their monomers were also
E. coli system and confirmed the correct gene sequences by found to be unstable, and were present as a very faint band.
automated DNA sequencing. The constructed mutants were: Destabilization of these mutants, especially on the dimeric
R25A, P27A, 131A, L33A, N230A, 1233A and 1233stop (with form, could be due to the loss of inter- and intramolecular in-
an introduced stop codon). After IPTG induction, all the pre- teraction by substitution of these residues.
pared cell lysates from each mutant were verified for Cyt2Aa2 This result was found to be in good agreement with the con-
expression by SDS-PAGE analysis. The mutants - R25A, P27A, struction of the N- and C-terminal truncated toxins CytAN26,
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Fig. 3. Coomassie blue stained SDS-PAGE of inclusion protoxins
solubilized in 50 mM Na;CO3/NaHCOs pH 9.5 at 37°C for 1.5 h
without DTT and heating (A), compared with conditions with
DTT and heating (B).

CytAN33 and CytAC31 (21), indicating the critical roles of
amino acids located on N- and C-termini in the initial step of
protein folding, and in maintaining structural integrity and mo-
lecular interaction (21).

L33 is critical for 1 in controlling appropriate conformation
From SDS-PAGE analysis, the L33A mutant toxin was ex-
pressed at a lower level, but it can be solubilized and proc-
essed by proteinase K. A very low yield of Cyt2Aa2 resulted
from proteinase K processing. Moreover, the intrinsic fluo-
rescence spectrum of L33A demonstrated a red shift emission,
suggesting that L33A has adopted a different conformation
compared to that of the wild type (Fig. 4). This amino acid sub-
stitution on B1 could lead to a significant perturbation of toxin
folding, causing conformational variation and multiple pop-
ulations of protoxins in solution (12). As a consequence, the
misfolded or partially unfolded L33A protoxin was observed to
be more sensitive to proteinase K digestion than the native
wild type. This finding is in good agreement with a recent re-
port on production of a truncated toxin, lacking B1 (21). The
product of this truncated mutant cannot be detected, and it
was suggested that the B1-sheet of Cyt2Aa2 may be involved
in nucleation and protein folding. Consequently, residual L33
on the B1-sheet is recognized as a critical residue for protein
conformation and structural folding.

Role of aF and the loop residues between 7 and oF

From our previous study (21), a C-terminal truncation protein
(N238stop) showed comparable expression and characteristics
to the wild type. However when the S$229stop mutant was
constructed to include a truncation of amino acids in oF and

http://bmbreports.org
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Fig. 4. Intrinsic fluorescence spectra of selected mutants are com-
pared with Cyt2Aa2 wild type. Solubilized protoxins in Na,COs
buffer were excited at 280 nm and emission spectra were scan-
ned from 300 to 500 nm.

the loop between B7 and oF regions, a significantly low amount
of protein expression was observed (21). Further character-
ization of this mutant by intrinsic fluorescence also showed
unfolded conformation different from the wild type.

In this work, a truncation of aF in the 1233stop mutant also
showed a lower yield of protein, reduced toxin solubility, and
non-native toxin conformation (Fig. 4). The critical role of ami-
no acid residues in oF for protoxin folding and stability was
confirmed by N230A and 1233A mutants. These mutants pro-
duced low amounts of protoxins, and the expressed protoxins
showed reduced solubility and high sensitivity to proteinase K
digestion.

According to the crystal structure of Cyt2 protoxin, the resi-
dues N230 and 1233 are located on oF and on the connecting
loop to B7 of the C-terminal end (12). Thus, they may be in-
volved in intermolecular contacts between oF of dimeric
protoxins. Analysis of their bond lengths and bond angles sug-
gested possible interactions between N230 and 1233 of one
protoxin and A231 and V234 of another protoxin molecule
through hydrogen bonding. Replacement of N230 and 1233
may perturb interactions that help maintain the proper con-
formation of aF for dimer formation.

Biological activity

Biological activity of these mutant toxins was investigated us-
ing Aedes aegypti mosquito larvae and sheep red blood cells
for in vivo and in vitro activity assays, respectively (supplemental
material). As expected, larvicidal and hemolytic activities of
L33A, N230A and 1233stop were found to be much lower
than that of the wild type. Reduced toxicity of these toxins
may be due to a decrease in protoxin solubility and incorrect
conformation. Since these toxins were found to be highly sen-
sitive to proteolytic digestion, they may exist in the non-native
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conformation, becoming more susceptible to protease diges-
tion. Moreover, the truncated C-terminal protoxin 1233stop
may exist in monomeric rather than dimeric form, causing the
toxin to be more sensitive to gut proteases, resulting in loss of
active toxin. In addition, the mutation at these positions may
change the conformation of Cyt2Aa2 protoxin, resulting in ex-
posing extra proteolytic cleavage sites.

In conclusion, we have demonstrated that the amino acids
on B1 and oF of the terminal fragments of Cyt2Aa2 protoxin
play a crucial role in protein expression, solubilization, folding
and stability. The L33 residue located in the B1-sheet of the
N-terminus may be an important residue in controlling the
B1-sheet in the right conformation and protoxin dimerization.
The substitution of L33 with alanine residue may affect the
protein structure and inclusion formation. On the other hand,
amino acids at the C-terminal part of Cyt2Aa2 which are in the
loop (B7 and a-F), and a-F helix are responsible for dimer con-
tacts and maintaining correct protein folding. The alanine sub-
stitutions or truncation of this part may destroy the interaction
between the two monomers, resulting in misfolded structure of
protein. Therefore B1-sheet, loop (B7 and a-F), and a-F of
Cyt2Aa2 are essential for protein folding, production, dimeri-
zation, solubilization, and proteinase K activation.

MATERIALS AND METHODS

Site-directed mutagenesis

In vitro site-directed mutagenesis using a PCR-based method
(QuikChange™) was carried out to construct mutant toxins.
Mutagenic primers were designed using Vector NTI software.
The pGEM-Teasy plasmid vector containing the Cyt2Aa2 gene
(10) was amplified with appropriate primers using high-fidelity
Pfu DNA polymerase in the PCR reaction. The restriction en-
zymes were used to screen for mutants. The nucleotide se-
quences for all mutants were then confirmed by automated
DNA sequencing (Macrogen Inc., Korea).

Protein expression, solubilization and activation

E. coli cells harboring wild type and mutant plasmids were
cultured at 37°C in LB broth containing 100 ug/ml ampicillin.
When ODegoo of the culture reached 0.3-0.4, protein ex-
pressions were induced by adding 0.1 mM IPTG. After 5 h, E.
coli cells expressing protein were collected by centrifugation
and lysed by French pressure cell to obtain inclusion toxin.
Partially purified inclusions were solubilized in 50 mM
Na;CO3/NaHCO; pH 9.5 at 37°C for 1.5 h. Concentrations of
solubilized protoxins were determined by the Bradford meth-
od (17) using a Bio-Rad protein assay kit and bovine serum al-
bumin (BSA) as a standard curve. In case that proteolytic proc-
essing was required, solubilized protoxins were added with
1% (w/w) proteinase K enzyme, and incubated at 37°C for 1 h.

Mosquito larvicidal activity assay
Inclusion toxin was diluted with distilled water as a two-fold
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serial dilution in 1 ml (containing 500 to 0.25 pg of toxin/ml).
The 2™ instar Aedes aegypti larvae (10 larvae/well) in 1T ml wa-
ter were fed with 1 ml of diluted inclusions in each well.
Mortality of mosquito larvae was recorded after 24 h, and LCso
(50% lethal concentration) was determined using a Probit pro-
gram (18).

Hemolytic activity assay

Sheep red blood cells (RBC) were collected by centrifugation
at 3,000 rpm, 4°C for 5 min, and then washed twice with PBS
buffer (pH 7.4) to make a 2% RBC preparation (4, 10). Toxin
samples (500 ug/ml) were diluted in twofold serial dilutions
with PBS buffer (100 pl/well). A 100 ul sample of 2% sheep
RBC was mixed and incubated with the diluted toxin at room
temperature. The end-point of hemolysis was monitored and
recorded after 24 h.

Intrinsic fluorescence spectrometry

A 400 pl fixed volume of 10-40 ug/ml of purified toxin in car-
bonate buffer was added into a quartz cuvette and analyzed by
a Jasco FP-6300 spectrofluorometer. An intrinsic excitation
wavelength was set at 280 nm and the emission spectra were
scanned from 300 to 550 nm. Excitation and emission slit
widths were 2.5 nm. The fluorescence emission spectra of pro-
tein samples were recorded, and the baseline spectrum sub-
tracted from the carbonate buffer.
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Cyt2Aa2 is a cytolytic toxin from Bacillus thuringiensis subsp. darmstadiensis. Its active form has a lethal
activity against specific mosquito larvae. We characterized an unfolding pathway of Cyt2Aa2 using a
guanidinium hydrochloride denaturation. The results revealed three-state transition with a detectable
intermediate in a condition with 3-4 M of GuHCI. The conformational free energies for native and interme-
diate state unfolding were 5.82 +0.47 and 16.85 + 1.47 kcal/mol, respectively. Kinetic analysis suggested
that the activation energy of both transitions was around 23-25 kcal/mol, with a rate-limiting step in the
second transition. These results have established an energy profile of the Cyt2Aa2 toxin in various confor-
mations involved in the unfolding/refolding pathway. Further characterization of the intermediate state
by dye-binding assay, intrinsic fluorescence, and circular dichroism spectroscopy demonstrated charac-
teristics of a molten globule state. This revealed intermediate could play an active role in the structural
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folding and biological activity of the toxin.
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1. Introduction

Bacillus thuringiensis is a spore-forming, Gram-positive soil bac-
terium which produces parasporal proteins during sporulation
(Nickerson et al., 1975). The produced endotoxins can be solubilized
in alkaline pH, and become insecticidal after proteolysis by insect
gut proteases (Murphy et al., 1976; Bulla et al., 1977; Andrews et al.,
1985; Armstrong et al., 1985). The binding of an active toxin on the
brush border membrane of a susceptible insect could result in the
formation of ion channels or pores, leading to osmotic imbalance,
cell swelling and osmotic lysis (Hofte and Whiteley, 1989; Schnepf
et al., 1998).

The cytolytic toxin Cyt2Aa2 is produced by B. thuringiensis subsp.
darmstadiensis (Promdonkoy et al., 2003). This toxin is synthesized
as a 29-kDa protoxin and then proteolytically processed into a 25-
kDa active form. Its toxicity is found against Stegomyia and Culex sp.
mosquito larvae (Galjart et al., 1987). The X-ray structure of Cyt2
toxin contains a single domain of o/ architecture comprising six
a-helices and seven {3-sheets (Li et al., 1996). Cyt toxin can bind
and form pores in a synthetic lipid membrane without the require-
ment of areceptor (Thomas and Ellar, 1983). The precise mechanism

* Corresponding author. Tel.: +662 800 3624x1410; fax: +662 441 9906.
E-mail address: stckt@mahidol.ac.th (C. Krittanai).

0168-1656/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jbiotec.2009.03.012

of action for Cyt toxin is still unclear, and may be based on either
pore-forming (Promdonkoy and Ellar, 2000, 2003) or detergent-like
model (Butko, 2003). To study the details of membrane interac-
tion, stable conformational states of the toxin should be identified
and characterized. The present study aims to analyze the conforma-
tional states of Cyt2Aa2 toxin using a chemically induced unfolding
experiment. The identified conformational states and calculated
transitional free energy between each state in the unfolding path-
way could help reveal an energy map of the toxin. In addition, the
stable intermediate state can also be characterized further to pro-
vide a clue to its possible involvement in the structural folding and
biological function of Cyt2Aa2 toxin.

2. Materials and methods
2.1. Protein expression and purification

Cyt2Aa2 protein was expressed at 37 °C in Escherichia coli strain
JM 109 (Promdonkoy et al., 2003) in the presence of 0.1 mM
IPTG. The culture media was LB broth containing 100-.g/ml ampi-
cillin. The cell culture was disrupted using a French pressure
cell. The harvested inclusion protein was solubilized in 50 mM
carbonate buffer (pH 10.0). The soluble toxin was then chromato-
graphically purified using a Superdex-200 HR10/30 size-exclusion
column (Amersham). Protein concentration was determined based
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on Bradford dye-binding assay and far-UV absorption (Waddell,
1956).

2.2. Circular dichroism spectroscopy

CD spectra were obtained by a Jasco J-715 spectropolarimeter,
purged with oxygen-free nitrogen (Jasco, Japan). The instrument
was calibrated daily with 1.0 mg/ml (+)-10-camphorsulphonic acid
(CSA), yielding an intensity ratio between 192 and 290 nm greater
than 2.0. A sample of 0.4-0.6 mg/ml was loaded into a cylindrical
quartz cuvette of 0.02-cm path length (Hellma, USA) and analyzed
from 190 to 260 nm. Scanning was set at a rate of 20 nm/min, with
1.0-s response time, 50-millidegree sensitivity and four accumu-
lations. All spectra were subtracted by baseline spectra of buffers
containing an appropriate concentration of GuHCIL.

2.3. Intrinsic fluorescence spectroscopy

Emission spectra were monitored from 300 to 500 nm on Jasco
FP-6300 and Perkin Elmer LS-50B spectrofluorometers, based on
an excitation of intrinsic fluorescence from aromatic side chains at
280 nm. Samples containing 20-40 p.g/ml of protein were analyzed
in arectangular quartz cuvette of 0.5-cm path length. Scanning rate
was 50 nm/min. At least three repetitive scans were obtained and
averaged.

2.4. Steady-state unfolding

A series of GuHCl stock from 0 to 6.0 M was freshly prepared and
used to unfold the protein at 4°C. The purified toxin was incubated
overnight in various concentrations of GuHCI, and then monitored
for conformational state by fluorescence spectroscopy. An accurate
concentration of GuHCl in each individual condition was confirmed
by a refractive index, as described by Nozaki (1972). An unfolding
curve of the toxin was constructed from a fluorescence intensity
ratio between 330 and 350nm (F33q/350). The observed spectral
intensity (I, ) was fitted by the three-state equation:

dependent), and t is time. The In k,,s was plotted against the GuHCIl
concentration and fitted with the linear equation

Inkqps = m[GuHCI] + In ky,

where In k,y is the natural log of the kinetic rate constant in water,
m is the slope, and [GuHCI] is the concentration of GuHCI. The ky
value was used for the activation energy calculation

Ky — ( kBTT ) expl~Eacu)/RT
where kg is Boltzmann’s constant (1.3807 x 10-23 J/K), h is Planck’s
constant(6.6261 x 1034 m?2 kg/s), Tis absolute temperature (K), R is
the gas constant (1.987 cal/mol K) and E,c is the activation energy.

2.6. ANS binding assay

1-Anilino-8-naphthalene-sulfonate (ANS) was applied to deter-
mine the conformational state of an unfolding intermediate.
Cyt2Aa2 protoxin (30 wg/ml) was incubated in various concen-
trations of GuHCl for 16-18 h. ANS was then added to a final
concentration of 100 M, mixed and incubated for 5 minin the dark.
The samples were scanned for emission spectra from 420 to 600 nm
at an excitation wavelength of 350 nm. Slit width for excitation and
emission spectra was 5nm. The spectra of blank solution (with-
out protein) were recorded for subtraction. Intensity changes at a
particular wavelength (465 nm) versus GuHCI concentrations were
documented.

3. Results and discussion
3.1. Steady-state unfolding and transitional free energy analysis

We employed intrinsic fluorescence spectroscopy to monitor for
conformational states of Cyt2Aa2 in various GuHCI concentrations.
The toxin in an initial condition of carbonate buffer gave a fluo-
rescence emission spectrum with Apax around 330 nm. When the

_ In+hi (exp (mi[ Cl-mi[ CIN %*)/RT) + Iy {(exp (mpi[Cl-ml CI % )/RT) x (exp (muy[Cl-my[C]" *%*)/RT))

obs

Iy = an + BnIC, Iy = ag + Bi[C], and Iy = ay + Byl C]

where Iy, I} and Iy are the intensity for N, I and U states; o and 8
are Y-intercepts and slopes of these states; and [C] is the GuHCI
concentration. The transitional midpoint [C]°%* and unfolding free
energy of the protein in the absence of denaturant AGy, = m[C]>%*
at 25 °Cwere obtained by curve fitting (Ibarra-Molero and Sanchez-
Ruiz, 1996).

2.5. Kinetic unfolding

The toxin (20-40 w.g/ml) was mixed with various concentrations
of GuHCI. The fluorescence spectra decay was recorded at 340 nm
over a time course from 2000 to 5000 s, using an excitation wave-
length of 280 nm. The bandwidths of excitation and emission were
5 nm. The fluorescence decay spectra were subtracted by baseline
spectra obtained in the first 50s. Each curve was then fitted to
the first order single exponential equation (using the SigmaPlot 6.0
software suite):

Iy = Iy + Al exp(Fobs)t

where I; is the signal intensity at a given time, I, is the signal inten-
sity at the plateau, Iy is the initial intensity, Al is the difference
of I, and Iy, kops is the kinetic rate constant (which is denaturant

1+(exp (mi[Cl-mpi[CIN °%%)/RT) + {(exp (mpi[Cl-mai[CIN'*%*)/RT) x (exp (myy[C]-myy[C]" *°%)/RT))

denaturant was gradually increased in the unfolding condition,
the spectra progressively changed, with a reduction of emission
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Fig. 1. Intrinsic fluorescence spectra of Cyt2Aa2 toxin in various concentrations of
guanidinium hydrochloride. Purified toxin of 20-40 n.g/ml was incubated overnight
in 0.0-6.4 M GuHCI. The emission spectra were obtained from 300 to 500 nm, with
an excitation at 280 nm.
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Fig. 2. An unfolding curve of Cyt2Aa2 toxin derived from a plot of the fluorescence
intensity ratio for native (N) and unfolded (U) states between 330 and 350 nm,
respectively. The three-state transition model was demonstrated to be a function
of the denaturant.

intensity and a red shift of Apax toward 350 nm (Fig. 1). The shifting
of Amax to alonger wavelength was similar to other reported unfold-
ing proteins such as concanavalin A, methanol dehydrogenase, and
glycyl-tRNA synthetase, indicating a conformational change of tryp-
tophan residues from an apolar to a polar environment (Wang
et al.,, 2000; Dignam et al., 2001; Chatterjee and Mandal, 2003).
With a series of intensity ratio between 330 and 350 nm repre-
senting native and unfolded conformations, an unfolding curve
was then established as a function of the denaturant (Fig. 2).
The resulting curve demonstrated a well-defined feature corre-
sponding to a three-state transitional model. These three revealed
conformational states could be assumed to represent the native
(N), intermediate (I) and unfolded states (U). This suggests that
GuHCI could bind and help stabilize intermediate and unfolded
conformations of the toxin. The steady-state conformations for N,
I and U can be obtained at approximately 0-2, 3-4 and 6-7M
of GuHCl, respectively. Based on the three-state model equation,
a curve fitting was performed which yielded values for denatu-
rant concentration at a half unfolding ([GuHCI]*%%) and transitional
slope (m). These data were then used to determine the conforma-
tional free energy of protein in a denaturant-free condition (AGy).
After a number of independent repeats, we could report a con-
formational free energy of the native state at 5.82 + 0.47 kcal/mol,
while the free energy of the intermediate against the fully unfolded
state was 16.85 =+ 1.47 kcal/mol. The reverse process of these con-
formational changes was also analyzed by a refolding experiment.
Interestingly, the derived refolding curve and free energy values
were found to be very similar to those obtained from the unfolding
study. These results confirmed that the two investigated pathways
are simply a reversal process of the same route and existing con-
formations. When considering the completed transition, starting
from native to unfolded state, the summation of conformational
free energy found for Cyt2Aa2 toxin was 22.67 & 1.94 kcal/mol.
This total unfolding free energy was comparable to the stabilizing
energy of other native proteins with a similar molecular weight,
as reported in the database (Gromiha et al.,, 1999), such as 25-
kDa glutathione S-transferase, 21-kDa yD crystallin, and 28-kDa
B-lactamase (Vanhove et al., 1997; Hornby et al., 2000; Flaugh et
al,, 2005). These proteins undergo a three-state unfolding involving
12-27 kcal/mol of free energy. Moreover, the total unfolding free
energy for Cyt2Aa2 toxin was also found to be similar to the previ-
ously reported data from the two-state unfolding of B. thuringiensis
Cry4Ba toxin (Krittanai et al., 2003).
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Fig.3. Exponential decay of the fluorescence intensity at 330 nm from a rapid mixing
of Cyt2Aa2 with various concentration of GuHCI. The faster (darker color) and slower
(lighter color) decays were observed when using higher and lower concentrations
of GuHCI, respectively.

3.2. Kinetics of unfolding and activation energy analysis

In order to investigate the kinetics among these identified con-
formational states, a rapid mixing of purified toxin in carbonate
buffer with various GuHCl concentrations was performed. Dur-
ing the mixing, intensity changes of fluorescence emission spectra
were monitored over a period of time, as shown in Fig. 3. The
emission intensity corresponding to the native state at 330 nm
was found to decrease obviously and rapidly after the addition of
a denaturant. In addition, a more significant change of 330-nm
intensity was repeatedly obtained when using a higher concen-
tration of GuHCI. Based on the first order of single exponential
equation, we were able to obtain an apparent rate constant (kqps)
for each denaturant condition. A linear plot between In kg, and
GuHCI concentrations provided rate constants in a denaturant-
free condition (ky) of 3.62x 106 and 5.83 x 10~19s-1 for the
first and second transitions. Then the activation energy (Eacw)
for these two transitions was finally obtained: 23.10+0.28 and
24.89 +0.10 kcal/mol, respectively. Despite the activation energy
for both transitions being very similar, the rate constant of the
second transition was much slower than that of the first one.
Thus this transition from an intermediate to an unfolded state
could be identified as a rate-limiting step of the unfolding path-
way.

3.3. Construction of an energy map

The combined data from steady-state and kinetic analyses can
provide necessary information for the construction of a confor-
mational energy map of the unfolding toxin. Conformational free
energy (AGy) of the three conformational states together with the
activation energy (Eac,w) of both transitions were mapped along the
pathway progression, as shown in Fig. 4. This energy map displays
an unfolding pathway starting from a lower-energy native state,
and proceeding to higher-energy intermediate and unfolded states,
respectively. The transition between each conformational state
involves thermodynamic free energy around 5 and 16 kcal/mol,
and activation energy around 23-24 kcal/mol. This energy map for
the Cyt toxin family was experimentally established for the first
time in this study. It could provide relative energy characteris-
tics for the study of protein structure and stability, and could be
used as a reference for structural engineering of the mutant tox-
ins.
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Fig. 4. The energetic map of Cyt2Aa2 unfolding/refolding, showing the relative
energy levels for native (N), intermediate (I) and unfolded (U) states. The activation
energy was also labeled for each conformational transition.

3.4. Characterization of intermediate state

ANS binding assay was applied to probe for an exposure of the
protein hydrophobic core upon a conformational change. When
fluorescent dye binds to the toxin, its emission spectrum is exper-
imentally established with a Apax of 465 nm. When this assay was
performed for each denaturing condition, the results showed the
maximal intensity of binding when the toxin was in 3.0-3.5M
GuHCL. It is apparent that the adopted intermediate state in this
denaturing condition has a relaxed structure, and extensively
exposes its hydrophobic core to the environment. We also ana-
lyzed the secondary structure of the toxin using circular dichroism
spectroscopy. The CD spectra obtained for the native, intermedi-
ate and unfolded states are shown in Fig. 5. Interestingly, while the
CD spectrum for the unfolded state indicated a significant loss of
protein secondary structure, the spectra for the intermediate and
native states were found to be very similar. This result suggested
that the same secondary structure element is maintained in both
native and intermediate states. In addition, our intrinsic fluores-
cence data for the intermediate state showed a red shift of Amax
toward 340 nm, indicating a detectable loss of the toxin’s tertiary
structure. Taking these data together, we were able to demonstrate
that the intermediate state was present as a loose folding of the
native-like secondary structure and the exposed hydrophobic core.
Thus, this stable intermediate can be characterized molten globule
state.
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Fig. 5. Circular dichroism spectra of Cyt2Aa2 toxin in the native, intermediate and
unfolded states. Purified toxin of 0.3 mg/ml was applied, and the spectra expressed
in [0]mgre/deg cm? dmol 1.

Several reports on the protein folding pathway (Goldberg et al.,
1990; Ptitsyn et al., 1990; Sugawara et al., 1991) involve a molten
globule state formation. Moreover, the molten globule states for
diphtheria toxin (Chenal et al., 2002), anthrax protective antigen
(Gupta et al., 2003) and colicins (Zakharov and Cramer, 1997) had
been shown to be responsible for their functions in protein-lipid
membrane interactions. For B. thuringiensis toxin, a molten globule
has been proposed for Cyt1A toxin in the presence of liposome vesi-
cles, using differential scanning calorimetry and CD spectroscopy
(Butko et al., 1997). The toxin binds and releases the dye from
lipid membrane vesicles at low pH (Butko et al., 1996, 1997). It
has been proposed that the molten globule structure binds to the
lipid membrane independent from the net charge of the membrane.
The importance of a molten globule for biological functions could
also be inferred for Cyt2Aa2. Our data directly suggest a presence
of molten globule in its unfolding and refolding pathway. When
the native and intermediate states of the toxin are related in terms
of mechanism of action, it is clear that the native conformation is
required for the production of toxin, providing a stable form of pro-
tease resistance. However when the toxin undergoes a proteolytic
activation and conformational change, a formation of molten glob-
ule could then be required for an active role in toxin and membrane
interaction. Future investigation of the functional role and interact-
ing mechanism of the intermediate revealed in this work could help
provide a basic understanding of the toxin structure as well as a bet-
ter mechanism model to be used for the application of Cyt2A toxin.
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