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The cDNA of a new Eriocheir sinensis ALF (designated as EsALF-3) was obtained based on EST analysis.
The full-length cDNA was of 956 bp, consisting of an open reading frame (ORF) of 369 bp encoding a
polypeptide of 123 amino acids. In the deduced amino acid sequence of ESALF-3, there were two highly
conserved cysteine residues to define the LPS binding site, and eight positively charged residues
existed between the two cysteine residues. The phylogenetic analysis revealed that EsALF-3 was
clustered with the ALFs from some crustaceans, forming a separate sister branch to the group of
EsALF-1 and EsALF-2 from E.sinensis. The mRNA transcript of EsSALF-3 was detected in all the
examined tissues of crabs, including haemocytes, hepatopancreas, gill, muscle, heart and gonad. The
recombinant protein of EsALF-3 represented antimicrobial activity against Listonella anguillarum,
Escherichia coli and Bacillus subtilis with minimal inhibitory concentration (MIC) values of 33.75 pug mL",
270 ug mL™" and 135 pg mL™, respectively. These results together indicated that there were multiplicate
ALF isoforms coexist in E. sinensis, and the diversity of the immune effector molecules in innate
immune system, such as ALF, helps Chinese mitten crab to deal with various pathogens in the aquatic

environment.
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antimicrobial activity.

INTRODUCTION

Chinese mitten crab, Eriocheir sinensis, is one of the most
valuably cultivated crustacean species and important food
sources in South—East Asia (Ying et al., 2006). In the past
years, with the development of intensive culture, various
diseases resulted from the infection of bacteria, viruses or
richettsia-like organisms (Zhang et al., 2002; Wang et al.,
2004, Wang and Gu, 2002; Wu and Feng, 2004) caused
catastrophic economic losses to the crab aquaculture.
Like other invertebrates, Chinese mitten crab lacks an
acquired immune system and mainly relies on innate
immune system to defense invading pathogen. Innate
immune system consists of cellular responses including

*Correspondence author. E-mail: wanglingling@ms.qdio.ac.cn.
Tel: 86-532-82898552. Fax: 86-532-82880645.

phagocytosis as well as encapsulation, and humoral
immune responses that employ constitutive and inducible
Antimicrobial Peptides (AMPs) to lyse invading
microorganisms (Hoffmann et al., 1999; Roch, 1999).
Characterization of those AMP immune effectors and
understanding the immune defense mechanisms of
crustacean species may be contributed to the develop-
ment of management strategies for disease control in
crab aquaculture.

Antimicrobial peptides (AMPs) are a group of effector
molecules characterized by their small-size, heat-stability
and broad spectrum of antimicrobial activity against
bacteria, fungi, as well as viruses and eukaryotic
parasites (Boman, 2003). They are important components
of the host innate immune response against microbial
invasion. These peptides share certain common
similarities in structural patterns or motifs, and the most



prominent structures are amphiphilic peptides with two to
four B-strands, amphipathic a-helices, loop structures and
extended structures (Boman, 1995; Hancock, 1997;
Jenssen et al., 2006). A variety of AMPs have been
identified and characterized in all living kingdoms, from
bacteria to human. According to the structural charac-
teristics, these AMPs can be classified into three major
groups such as:

(i) Peptides with an a-helical conformation (insect
cecropins, magainins, etc.).

(if) Cyclic and open-ended cyclic peptides with pairs of
cysteine residues (defensins, protegrin, etc.)

(iii) Peptides with an over-representation of some amino
acids (proline rich, histidine rich, etc.) (Bachere et al.,
2004; Bulet et al., 2004).

Several types of AMPs have been so far found and
characterized in crustacean species such as penaeidins,
callinectin, carcinin, proline rich peptide and anti-
lipopolysaccharide factors (ALFs) (Destoumieux et al.,
1997; Khoo et al., 1999; Relf et al., 1999; Schnapp et al.,
1996; Tanaka et al., 1982).

As an important member of AMP family, ALF is a small
amphipathic protein containing a conserved disulfide loop
which can bind and neutralize lipopolysaccharide (LPS),
mediating degranulation and activation of an intracellular
coagulation cascade (Morita et al., 1985; Warren et al.,
1992). The first ALF, named LALF, was identified from the
amebocyte of horseshoe crab Limulus polyphemus
(Morita et al., 1985; Tanaka et al.,, 1982). Two highly
conserved-cysteine residues had been found in the LPS
binding domain of LALF after crystal structure analysis
(Hoess et al., 1993; Ried et al., 1996). The region
responsible for LPS binding in LALF was characterized by
an alternating series of positively charged and
hydrophobic residues which formed a positively charged
amphipathic loop (Ried et al., 1996). A cyclic peptide
derived from this region had been reported having
preventive and therapeutical effects in a mouse model
with peritoneal fulminating sepsis under the LPS attack
(Vallespi et al., 2003, 2000). Thereafter, more ALFs have
been identified and characterized from crustacean
species, such as Penaeus monodon (Somboonwiwat et
al., 2005), Fenneropenaeus chinensis (Liu et al., 2005),
Scylla paramamosain (Imjongjirak et al.,, 2007),
Litopenaeus vannamei (de la Vega et al.,, 2008),
Litopenaeus schmitti (Rosa et al., 2008), E. Sinensis (Li et
al., 2008; Zhang et al., 2010b), Scylla serrata (Yedery and
Reddy, 2009), Portunus trituberculatus (Yue et al., 2010)
and so on.

Though the members of ALFs family are structurally
similar, they can display different antibacterial spectrum.
For example, LALF only displays antibacterial activity on
Gram-negative bacteria (Morita et al., 1985), and ALF
from S. serrata has antibacterial effect on both
Gram-negative and Gram-positive bacteria (Yedery and
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Reddy, 2009), while the ALF from P. monodon has a
broad spectrum of antifungal properties against filamen-
tous fungi and antibacterial activities against both Gram-
positive and Gram-negative bacteria (Somboonwiwat et
al., 2005). Moreover, more than one ALF isoforms was
identified in one organism, and they even displayed
different biological activities. For example, two ALF
isoforms in L. Vannamei (LvALF1 and LvALF2)
represented different antimicrobial activities (de la Vega et
al., 2008). In our previous study, two ALFs (EsALF-1 and
EsALF-2) were identified from E. sinensis. EsALF-1
displayed antimicrobial activity against both Gram-positive
and Gram-negative bacteria, while EsALF-2 displayed
antimicrobial activity against Gram-negative bacteria and
fungi (Li et al., 2008; Zhang et al., 2010b). Considering
the large number of bacteria in the aquatic environment
that are pathogenic for crab, it is likely that there are
diverse ALFs involved in crab immunity against various
pathogen infections. The main objectives of the present
study were (1) to characterize the third isoform of ALF
from E. sinensis (designated as EsALF-3), (2) to study
tissue-specific expression of EsSALF-3, and (3) to
characterize the antimicrobial activity of recombinant
EsALF-3 against various bacteria.

MATERIALS AND METHODS
Crabs and tissue collection

Healthy E. sinensis, averaging 30 g in weight, were collected from a
farm in Qingdao, China, and maintained in aerated freshwater at 23
+ 2°C for 1 week before processing. During the experiment, the
crabs were fed with commercial feed, and water was totally
exchanged daily.

Five tissues, including hepatopancreas, muscle, gonad, gill and
heart were collected from six healthy adult crabs. Hemolymph from
crabs was also collected from the cheliped using a syringe with an
equal volume of anticoagulant (100 mM glucose, 26 mM citric acid,
415 mM NaCl, 30 mM sodium citrate, 30 mM EDTA, pH 4.6) (Zhang
et al., 2010b), and immediately centrifuged at 800 g, 4°C for 10 min
to harvest the haemocytes. All these tissue samples were stored at
-80°C after addition of 1 ml TRIzol reagent (Invitrogen) for
subsequent RNA extraction.

RNA isolation and cDNA synthesis

The total RNA was isolated from different tissues of crabs using
TRIzol reagent (Invitrogen). Briefly, 0.2 mL of chloroform was added
to the previously incubated samples with TRIzol (Invitrogen) for 5
min at room temperature. Then the tube was shacked vigorously by
hand for 15 s and incubated for 2 min at room temperature. The
tubes were centrifuged at 12,000 x g for 15 min at 4°C; the aqueous
phase of the sample was pipetted to another new tube with 0.5 mL
of 100% isopropanol and incubated at room temperature for 10 min.

Then the tubes were centrifuged at 12,000 x g for 10 min at 4°C,
and the supernatant was discarded. Later, 1 mL of 75% ethanol was
added to wash the pellet, and centrifuged at 7,500 x g for 5 min at
4°C. The RNA pellet was air dried for 5 min, and resuspended in 20
uL RNase-free water for cDNA synthesis.

The first-strand cDNA synthesis was carried out based on
Promega M-MLV RT Usage information using the DNasel
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(Promega)-treated total RNA as template and oligo (dT)-adaptor as
primer (Table 1). The reaction mixtures were incubated at 42°C for 1
h, and then terminated by heating at 95°C for 5 min. The cDNA mix
was diluted to 1:100 and stored at -80°C for following process.

Cloning the full-length cDNA of EsALF-3 based on EST

A cDNA library was constructed from the haemocytes of Chinese
mitten crab challenged by a mixture of L. anguillarum and
Staphylococcus aureus. Random sequencing of the library yielded
7535 ESTs (Gai et al., 2009). BLAST analysis revealed that one
EST of 956 bp was highly similar to previously identified
anti-lipopolysaccharide factor from crustaceans and contained
full-length cDNA sequence. Two specific primers P1 and P2 (Table
1) were designed based on the EST sequence to check the
full-sequence cDNA of EsALF-3. The PCR reactions to amplified 3’
and 5 end of EsALF-3 were performed using primers T3 and P1 or
P2 and T7 in a 25 pL reaction volume containing 2.5 pL of 10 x PCR
buffer, 1.5 pL of MgClz (25 mmol L"), 2.0 uL of dNTPs (2.5 mmol L),
1.0 yL of each primer (10 mmol). 15.8 pL of PCR-grade water, 0.2
uL of Taq polymerase (TaKaRa, 5 U uL™") and 1 uL of cDNA mix.
The PCR temperature profile was 94°C for 5 min, followed by 35
cycles of 94°C for 30 s, 57°C for 30 s, 72°C for 1 min, and the final
extension step at 72°C for 10 min. the PCR products were cloned
into the pMD18-T simple vector (TaKaRa) and sequenced in both
directions with primers M13-47 and RV-M (Table 1). The
sequencing results were verified and then subjected to cluster
analysis.

Sequence analysis, multiple sequences alignment, tertiary
structures prediction and phylogenetic analysis of EsALF-3

The homology searches of nucleotide and protein sequences were
conducted with BLAST algorithm at the National Center for
Biotechnology Information (http://www.ncbi.nlm.gov/blast). The
deduced amino acid sequence was analyzed with the Expert Protein
Analysis System (http://www.expasy.org). SignalP 3.0 program was
utilized to predict the presence and location of signal peptide, and
the cleavage sites in amino acid sequences (http://
www.cbs.dtu.dk/services/SignalP).

The ClustalW Multiple Alignment program (http://www.ebi.ac.uk/
clustalw/) was used to create the multiple sequence alignment. The
presumed tertiary structures were established using SWISSMODEL
prediction algorithm (http://swissmodel.expasy.org/) and displayed
by DeepView/Swiss-Pdb Viewer version 4.01. An unrooted
phylogenetic tree was constructed based on the amino sequences
alignment by the neighbor-joining (NJ) algorithm embedded in Mega
4 program. The reliability of the branching was tested by bootstrap
re-sampling (1000 pseudo-replicates).

Quantitative real-time RT-PCR analysis of EsALF-3 mRNA
expression in different tissues

EsALF-3 mRNA expression was detected by SYBR Green
fluorescent quantitative real-time PCR (RT-PCR) in an ABI PRISM
7300 Sequence Detection System. The amplifications were
conducted in triplicates in a total volume of 50 pL. The ESALF-3
specific primers P3 and P4 (Table 1) were used to amplify the
corresponding products. The B-actin from E. sinensis, amplified with
primers P5 and P6 (Table 1), was chosen as reference gene for
internal standardization. After the PCR program, data were
analyzed with SDS 2.0 software (Applied Biosystems). To maintain
consistency, the baseline was set automatically by the software. The
comparative average cycle threshold method was used to analyze
the mRNA expression level of EsALF-3, and the value stood for an

n-fold difference relative to the calibrator (Zhang et al., 2010a). All
data were given in terms of relative mRNA expressed as mean *
S.E. (N = 5). The data were then subjected to one-way analysis of
variance (one-way ANOVA) followed by an unpaired, two-tailed
t-test. Difference was considered to be significant at P < 0.05.

Recombinant expression of ESALF-3 and protein purification

The cDNA fragment encoding the mature peptide of ESALF-3 was
amplified with specific primers P7 and P8 (Table 1) with BamHI and
Xhol sites at their 5’ end, respectively. The purified PCR products
were inserted into pMD18-T simple vector, and digested with the
restriction enzymes BamHI and Xhol. Then the fragments were
inserted into the BamHI/Xhol sites of vector pET-32a (+) (Novagen)
to generate pET-32a-EsALF-3 recombinant which was sequenced
by the primers of P7 and P8 to ensure in-frame insertion. The
recombinant plasmid was transformed into E. coli BL21
(DE3)-pLysS (Novagen). Positive clones were screened by PCR
reaction with primers P7 and P8 and confirmed by nucleotide
sequencing. The pET-32a vector without insert fragment was
selected as a negative control, which could express a thioredoxin
(Trx) with 6 x His-tag in the prokaryotic expression system. Positive
transformants of rEsALF-3 and negative control were incubated in
100 mL SOB medium containing 50 ug mL™ ampicillin at 37°C with
shaking at 220 rpm until the culture reached O.D. 600 of 0.5 to 0.7.
Isopropyl-B-D-thiogalactosidase (IPTG) was then added to the
medium at a final concentration of 1 mmol L. The recombinant
EsALF-3 protein (rEsALF-3) was purified by nickel affinity
chromatography MagExtractor His-Tag NPK-700 (Toyobo) as
described by the manufacturer. The resultant protein was separated
electrophoretically on 15% SDS-polyacrylamide gel (SDS-PAGE)
according to the method of Laemmli (Laemmli, 1970) and visualized
with Coomassie brilliant blue R250. The purified protein was
refolded using a linear 6 to 0 M urea gradient in 50 mmol L™ Tris-HCl,
pH 7.4, 50 mmol L'NaCl, 10% glycerol, 1% glycine, 1 mmol L’
EDTA, 0.2 mmol L oxidized glutathione and 2 mmol L™ reduced
glutathione. The concentrations of rEsSALF-3 and rTRX protein were
measured by BCA (bicinchoninic acid) Protein Assay Kit.

Antimicrobial activity assay

The antimicrobial activity assay was performed according to the
method described by Zhang et al. (2010b). Briefly, the microbial
strains used in the assays included Gram-negative bacteria L.
anguillarum and E. coli, Gram-positive bacteria Micrococcus luteus
and B. subtilis, and fungus Pichia pastoris, which were grown and
assayed in marine broth 2216 E at 28°C, fresh LB medium at 37°C,
and fresh YPD medium at 30°C, respectively. L. anguillarum, E. coli,
M. luteus, B. subtilis and P. pastoris were grown to mid-logarithmic
phase and diluted with Tris-HCI (50 mmol L™, pH 8.0) to 10° colony
forming units (CFU) mL'. In sterile 96-well plates, 50 pL of
rEsALF-3 starting at approximate 540 ug mL" in 1/2-fold serial
dilution with Tris-HCI (50 mmol L, pH 8.0) were added into the
wells. The wells with 50 pL of Tris-HCI (50 mmol L, pH 8.0) were
used as blank group and 50 pL of rTRX diluted into Tris-HCI (50
mmol L™, pH 8.0) were used as negative control. In each well, 50 uL
of cell suspension (1 x 10° cells mL") were added and the 96-well
plates were incubated at corresponding temperatures for up to 3 h,
and then 150 pL of corresponding growth medium were added. After
the mixtures were cultured at corresponding temperatures overnight,
the absorbance at 600 nm for bacteria or 560 nm for fungus of each
well was determined using a precision micro-plate reader. Each
experiment was repeated in quadruplicate and all data were
subjected to the unpaired two-tailed student’s test and one-way
analysis of variance (ANOVA). Differences were considered to be
statistically significant at a P value of 0.05 or less.
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Table 1. Names and sequences of primers used in this study.

Primer name

Sequence

Oligo(dT)-adaptor

Clone primers
T3
T7
P1
P2

RT primers
P3 (forward)
P4 (reverse)

B-Actin primers
P5 (forward)
P6 (reverse)

Recombination primers
P7 (forward)
P8 (reverse)

Sequencing primer
M13-47 (forward)
RV-M (reverse)

5'-GGCCACGCGTCGACTAGTAC(T)17-3'

[, I, NG |

a1

'-AATTAACCCTCACTAAAGGG-3'
'-GTAATACGACTCACTATAGGGC-3'
'-TGGCACAACGACACCGTGGACT-3'
'-CGCCTCGGTGATGAGTCCCTT-3'

'-GACGAGGAAGTAGGCTTAGTGGT-3'
-GGGCTGCTGTTCTCTCTGGA-3'

'-GCATCCACGAGACCACTTACA-3'
'-CTCCTGCTTGCTGATCCACATC-3'

'-GGATCCCAGTGGCAAGCCCTGGTGG-3'
-CTCGAGTTAGATCTTGAGCCAGAGTTTTGC-3'

'-CGCCAGGGTTTTCCCAGTCACGAC-3'
'-GAGCGGATAACAATTTCACACAGG-3

RESULTS

cDNA cloning and sequence characterization of
EsALF-3

A 956 bp nucleotide sequence representing the complete
cDNA sequence of EsALF-3 was obtained by random
sequencing of the cDNA library using T3 primer (Table 1),
which was then confirmed by overlapping the corres-
ponding EST with the fragments amplified with specific
primers of P1 and T3, P2 and T7. The sequence was
deposited in GenBank under accession number
HQ850572. The complete sequence of EsALF-3 cDNA
containing a 5’ untranslated region (UTR) of 196 bp, a 3
UTR of 388 bp with a poly (A) tail, and an open reading
frame (ORF) of 369 bp encoding a polypeptide of 123
amino acids with the predicted theoretical isoelectric point
of 9.10. The nucleotide and deduced amino acid sequen-
ce of EsALF-3 is shown in Figure 1. The N-terminus of
EsALF-3 had the consistent features with a signal peptide
as defined by SignalP program, with a putative cleavage
site located after position 26 (CEA-QW).

Homologous and phylogenetic analysis of ESALF-3

Sequence similarity between EsALF-3 and other

members of ALF Family was revealed by BLAST analysis.
EsALF-3 shared higher similarity with ALFs from P.
trituberculatus (67%), S. serrata (61%), Pacifastacus
leniusculus (51%), Marsupenaeus japonicus (46%) and P.
monodon (45%). The similarity between EsALF-3 and two
ALFs previously identified from E. sinensis was relatively
lower (40% for EsALF-1 and 41% for EsSALF-2). Multiple
seoLuence aIingment revealed that two cysteine residues
(C* and C’®) were highly conserved in EsALF-3, and
eight positively charged residues (K*®, R%®, R*, K%, K*,
R%, H%nd K™) existed between the two conserved
cysteine residues in EsALF-3. Moreover, the consensus
pattern of W(T)CPG(S)WT(A) was also identified in
EsALF-3 (Figure 2).

To evaluate the molecular evolutional relationships of
EsALF-3 against other ALF family members from
crustacean animals, a phylogenetic tree was constructed
by the neighbor-joining method (Figure 3). There were
generally two distinct groups in the phylogenetic tree, and
EsALF-3 fall in the first group consisted of ALFs from
crabs P. trituberculatus and S. serrata, and shrimps P.
leniusculus, M. japonicus, P. monodon, Fenneropenaeus
indicus, Farfantepenaeus paulensis, L. vannamei and L.
schmitti. The other two ALFs identified from E. sinensis,
EsALF-1 and EsALF-2, were clustered in the second
group including ALFs from L. stylirostris and Scylla
paramamosain.
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attcgaattcgattegaattecccaggagtggagecetgeggettaatttgactcaacacgg

ggaacctcaccaggeccagacaccggaaggattgacagattgagagetetttetegatte
ggtgggtgatggtggcaaagcaacgaggagcaaggaaagaaagecgttttgteettegeg
M R GGS VLTGLCVAAVY
tecgecagectgaggaccATGAGAGGCAGCGTGTTGACCGGCCTGTGTGTGGCGGCGGTGGT
L CVYLUPQPCEAQWQALVGPL
GCTCTGTGTGTACCTCCCCCAGCCGTGTGAGGCCCAGTGGCAAGCCCTGGTGGGACCGCT
I E K v s ¢GL WHNUDTVDFMMGT R E C
CATTGAAAAAGTCTCTGGTCTATGGCACAACGACACCGTGGACTTCATGGGCCGAGAATG
K F R RSPKTI KU RWETLYVYUHET GIE KT FW
CAAATTCCGCAGGAGCCCGAAAATCAAGCGCTGGGAATTGTACCACGAGGGCAAATTTIG
c pGGWAPVFSGNSSI KI RSI RS G S L
GTGTCCTGGCTGGGCACCCTTCTCCGGCAATTCTAGCAAGAGGAGCAGATCAGGGTCGCT
EEATRDT FVRQATFEI KT GTLTITE A
GGAGGAAGCCACTCGGGACTTCGTGCGTCAGGCCTTCGAAAAGGGACTCATCACCGAGGC
D AAK L WL K I
GGACGCAAAACTCTGGCTCAAGATCTAAggaagcggoaagagaaaactgggtgcaggaag

(=1=]

aggaaactgggtgcaggagecaggaagecagacgaggaagtaggettagtggtgaaaataaa

ataacgeggtagtaaggaggaaattgagagaggagtaagaggagacaggaaggaaaacat

[=T1)

gaggttggtgataagecagtcatataaaaacttgactttccagagagaacageagececeat
gacaaggaaatttataaagtgatagagaagtaaaggtagacgagaatgatacgaataata
aagtgttgaacaaagctaaaanaaaaaanaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

dddadadddddadddddddddaadddaaaddadaddaadadadadaaadaaaa

Figure 1. Nucleotide and deduced amino acid sequences of ESALF-3. The asterisk (*) indicates the stop codon. The

putative signal peptide is underlined.

The potential tertiary structures of EsALF-3

The potential tertiary structure of EsALF-3 was
established using the SWISS-MODEL prediction
algorithm based on the template 2jobA (Figure 4). It
comprises an N-terminal a-helix, a simple four-stranded
anti-parallel B-sheet and two C-terminal a-helices.
Strands 2 and 3 of the B—sheet are connected at the
bottom by a disulfide bond (Cys55-Cys76) forming a
hairpin loop.

Tissue distribution of ESALF-3 mRNA
Quantitative real-time RT-PCR was employed to quantify

mRNA expression of ESALF-3 in the tissues of healthy
crabs, including haemocytes, hepatopancreas, muscle,

gonad, gill and heart (Figure 5). For both EsALF-3 and
B-actin genes, there was only one peak at the
corresponding melting temperature in the dissociation
curve analysis, indicating that the PCR was specifically
amplified. The mRNA transcripts of EsALF-3 could be
detected in all the examined tissues with significant
variation of expression level. The highest expression level
of EsALF-3 was observed in haemocytes, while the
lowest expression level was found in heart, which was
only 0.04-fold (P < 0.01) compared to the expression level
in haemocytes. The moderate expression levels were
observed in hepatopancreas, muscle, gonad and gill.

Recombinant expression of ESALF-3 in E. coli

The recombinant plasmid pET-32a-EsALF-3 was trans-
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Figure. 2. Multiple alignment of EsALF-3 with other known ALFs. Amino acid residues that are conserved in at least 60 % of sequences
are shaded in dark, and similar aminoacids are shaded in grey. The species and the GenBank accession numbers are as follow: E.
sinensis EsALF-1 (ABG82027), Eriocheir sinensis EsALF-2 (ACY25186), Portunus trituberculatus (ACM89169), Scylla serrata
(ACH87655), Pacifastacus leniusculus (ABQ12866), Marsupenaeus japonicus (BAH22585), Fenneropenaeus indicus (ADE27980),
Penaeus monodon (ACC86067), Litopenaeus schmittiABJ90465), Litopenaeus vannamei (ACT21197), Farfantepenaeus paulensis
(ABQ96193). Conserved cysteine residues are marked with'¥.

68 Litopenaeus schinitti
99 Litopenaeus vannamei

100 Farfantepenaeus pailensis
a5 |: Penaeus monodon
99 Fenneropenaeus indicus

Marsupenaeus japonicus

Pacifastacus leniusculus

Eriocheir sinensis (EsALF-3)
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Figure 3. Consensus neighbour-joining tree based on the sequences of ALFs from crustaceans. The
numbers at the forks indicate the bootstrap. The detailed information of ALFs from E. sinensis, P.
trituberculatus, S. serrata, P. leniusculus, M. japonicus, F. indicus, P. monodon, L. schmitti, L. vannamei
and F. paulensis are indicated in Figure 2. The GenBank accession numbers for ALFs from L. stylirostris
and S. paramamosain are AAY33769 and ADT71677, respectively.
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Figure 4. The predicted spatial structure of ESALF-3 predicted by SWISS-MODEL program. Blue: a-helices; Purple:
B-strand and white: random coil. There are an N-terminal a-helix, a simple four-stranded anti-parallel B—sheet and two
C-terminal a-helices. The two conserved cysteine residues of EsALF-3 forming a disulfide bond are colored in green in
Strands 2 and 3 of the B—sheet.

formed and expressed in E. coli BL21(DE3)-pLysS. After
IPTG induction for 4 h, the whole cell lysate was analyzed
by SDS-PAGE, and a distinct band was revealed with a
molecular weight of 32 kDa (Figure 6), which was in
accordance with the predicted molecular mass. The
rEsALF-3 protein was quantified and the concentration
was 540 ug mL™".

Antimicrobial activity of rESALF-3

The purified recombinant protein of EsALF-3 displayed
antibacterial activity against Gram-negative bacteria L.
anguillarum and E. coli, and Gram-positive bacterium B.
subtilis (Figure 7), but no obvious antifungal activity
against P. pastoris was observed. After overnight
incubation, the absorbance of the culture in each well for
bacterial was determined using a precision micro-plate
reader at 600 nm. For Gram-negative bacteria L.
anguillarum, the absorbances of the wells were 0.05 *
0.001 (mean % S.E.), 0.06 £ 0.006 and 0.09 £ 0.011 in
rEsALF-3-treatment group, rTRX-treatment group and
blank group, respectively and ODgy of rESALF-3-

treatment group was remarkably lower (P < 0.01) than
those of blank group and rTRX-treatment group. For
another Gram-negative bacteria E. coli, the 0.40 £ 0.014
absorbance was observed in rEsALF-3-treatment group,
which was significantly lower (P < 0.01) than those of
blank group (0.62 + 0.033) and rTRX-treatment group
(0.55 + 0.053). For Gram-positive bacteria B. subtilis, the
absorbance value of rEsALF-3-treatment group was also
significantly lower (P < 0.01) than those of blank and
rTRX-treatment group, and the absorbance values in
rEsALF-3-treatment group, blank group, rTRX treatment
group were 0.24 + 0.004, 0.44 + 0.057 and 0.38 + 0.060,
respectively. The MIC of the rEsALF-3 for L. anguillarum,
E. coli and B. subtilis were 33.75 ug mL", 270 pyg mL"
and 135 ug mL", respectively (Figure 8).

DISCUSSION

As an important member of AMP family, ALF can bind and
neutralize lipopolysaccharide (LPS), mediating degra-
nulation and activation of an intracellular coagulation
cascade (Morita et al., 1985; Warren et al., 1992).
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Figure 5. Real-time PCR analysis of the ESALF-3 gene transcripts relative to B-actin transcripts of crabs at six
different tissues. Hm-haemocytes, Hp-hepatopancreas, Ms-muscle, Gn-gonad, Gi-gill and Hr-heart. ESALF-3
transcript level in hepatopancreas, muscle, gonad, gill and heart is normalized to that in haemocytes. All the data
are analyzed from five individuals. Vertical bars represent the mean + S.E. (N = 5).

Different ALF isoforms can coexisted in one organism
and display different biological activities to protect
organism from different pathogens. For example, two
distinct ALF (LvALF1 and LvALF2) were constitutively
expressed in different tissues of L. vannamei, which were
presumed to represent different antimicrobial activities (de
la Vega et al., 2008). In the present study, the third ALF
gene was cloned from E. sinensis, which was designated
as EsALF-3 to distinguish EsALF-1 and EsALF-2
identified in our previous study (Li et al., 2008; Zhang et
al., 2010b). The full-length cDNA of EsALF-3 contained
an open reading frame (ORF) of 369 bp encoding a
polypeptide of 123 amino acids (Figure 1). The deduced
amino acid sequence of EsSALF-3 displayed higher
similarities to two ALFs from other crabs P. trituberculatus
(67% similarity) and S. serrata (61% similarity), while
lower similarities to ESALF-1 (40%) and EsALF-2 (41%).
There were two conserved cysteine residues in EsALF-3
(Figure 2), which were highly conserved in all the ALFs
and involved in forming the disulfide bridges to stabilize
the ALFs 3D structure (Yang et al., 2009). A phylogenetic
tree was constructed based on the amino acid sequence

of EsALF-3 and ALFs from shrimps and crabs (Figure 3).
The EsALF-3 was closer matched to ALFs from crabs P.
trituberculatus and S. serrata, but relatively farther from
EsALF-1 and EsALF-2, implying that ESALF-3 was a new
ALF in E. sinensis. The sequence character and
phylogenetic relationship also promise the potential
difference in biological activities of EsALF-3 comparison
with ESALF-1 and EsALF-2.

The spatial structure of EsALF-3 was established using
the SWISS-MODEL prediction algorithm based on the
template 2jobA (Arnold et al., 2006). There were three
a-helices and four B—strands in the spatial structure of
EsALF-3, and two conserved-cysteine residues (C** and
C™) at the bottom of strands 2 and 3 of the B—sheet
formed a disulfide bond that constrained a hairpin loop
(Figure 4). The hairpin loop was recognized as the
potential lipid A (LPS)-binding site, which was highly
conserved in ALF family, and mainly consisted of 5 to 6
positively charged residues and several hydrophobic
residues forming an amphipatic loop structure (Yang et al.,
2009). The amphipatic loop structure was believed to bind
a single fatty acid with the phosphoglucosamine portion of
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Figure 6. SDS-PAGE analysis of rESALF-3. M: Protein molecular
weight standards (kDa); Lane A: negative control for rEsALF-3
(without induction); lane B: IPTG induced rEsALF-3; lane C: purified

rEsALF-3. The molecular weight of rEsALF-3 was 32 kDa.

lipid A (Nagoshi et al., 2006). The presence of lipid A
(LPS)-binding site in ESALF-3 indicated that EsALF-3
could bind and neutralize LPS and play a role in
protecting crabs from pathogen invasion. All the three
ALFs from E. sinensis had the amphipatic loop structure
with the lipid A (LPS)-binding site which located on the
strands 2 and 3 of the B-sheet. It was notable that there
were three a-helices in EsALF-1 and EsALF-3, while only
two a-helices in EsALF-2. Moreover, multiple alignment
revealed that the number of the positively charged residue
and hydrophobic residue in the lipid A (LPS)-binding site
of three EsALFs was different, especially the number of
the positively charged residues (Figure 2). The
differences of the EsALFs in their spatial structures and
the amino acid sequences of lipid A (LPS)-binding site
implied that they might perform different antimicrobial
spectrum and different antimicrobial activity in the immune
system of E. sinensis.

The distribution of ESALF-3 mRNA in different tissues
was detected by quantitative real-time PCR to survey its
potential venues of biological activity. The ESALF-3
mRNA was expressed in all the examined tissues,

including haemocytes, hepatopancreas, muscle, gonad,
gill and heart of unchallenged crabs (Figure 5). This
expression profile was in agreement with that of ALFs
from F. chinensis (Liu et al., 2005), M. japonicus (Nagoshi
et al., 2006), S. serrata (Yedery and Reddy, 2009) and P.
trituberculatus (Yue et al., 2010). In our previous study,
EsALF-1 was only constitutively expressed in haemocytes,
heart and gonad, and had high levels of expression in
haemocytes (Li et al., 2008). EsALF-2 mRNA was
detected at high levels in gill and muscle, and moderate
levels in haemocytes and hepatopancreas, while lowest
levels in gonad and heart (Zhang et al., 2010b). Unlike
EsALF-1, EsALF-3 was constitutively expressed in all the
examined tissues, with moderate expression levels in
hepatopancreas and muscle (Figure 5). The different
tissue distribution pattern of these two EsALFs suggested
that they could provide protective functions against
pathogens in different tissues. Meanwhile, the universal
distribution of EsALF-3 mRNA also gave a hint that it was
involved in a broader scope of protection. Compared
withEsALF-2, EsALF-3 was highest expressed in
haemocytes and relatively lower expressed in gill (Figure
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5). In crustacean species, haemocytes are systemically
circulated and considered to play extremely important
roles in immune defense not only by direct sequestration
and killing of foreign invaders, but also by synthesis and
exocytosis of bioactive molecules (Beale et al., 2008,
Roch, 1999). The highest EsALF-3 mRNA level in
haemocytes implied that the hemocytes were the main
site to produce EsALF-3, and the EsALF-3 protein
secreted by circulated hemocytes could directly
participate in the prevention of microbial exploitation in
different tissues. All these results together suggested that
EsALF-3 was a broad distributing molecule involved in the
host immune defense, and might have a prior protection
role compared with ESALF-1 and ESALF-2 in E. sinensis.

In order to evaluate its antimicrobial activity, the mature

peptide of ESALF-3 was expressed in E. coli (DE3)-pLysS.

The recombinant protein (rEsALF-3) exhibited broad-
spectrum antimicrobial activity towards Gram-positive and
Gram-negative bacteria. The MIC of rEsALF-3 against L.
anguillarum, E. coli and B. subtilis were 33.75 ug mL",
270 ug mL'and 135 ug mL", respectively (Figures 7 and
8). In our previous study, ESALF-1 was found to have the
antimicrobial activity against Gram-negative bacteria L.
anguillarum and E. coli, and Gram-positive bacteria M.

luteus, while EsALF-2 displayed antimicrobial activity
against Gram-negative bacteria L. anguillarum and yeast
P. pastoris (Li et al., 2008; Zhang et al., 2010b). Even
though EsALF-3 and EsALF-1 both exhibited broad-
spectrum antimicrobial activity towards Gram-negative
and Gram-positive bacteria, the antimicrobial activity of
EsALF-1 was relatively weak against Gram-negative
bacteria (Li et al., 2008). Except for the antimicrobial
activity against Gram-positive, the MIC of antimicrobial
rEsALF-3 for Gram-negative bacteria L. anguillarum
(33.75 ug mL™") was much lower than that of the rESALF-2
(75 pug mL") (Zhang et al., 2010b). The stronger anti-
microbial activity for Gram-negative bacteria L.
anguillarum might be explained by the special structure of
the LPS-binding site of EsALF-3. The Lipid A (LPS)-
binding site of ALF is a B-sheet structure and mainly
consists of 5 to 6 positively charged residues and several
hydrophobic residues to interact through electrostatic and
hydrophobic interactions with the lipid A moiety (Yang et
al., 2009). The EsALF-3 contained a potential LPS-
binding site of 22 amino acid residues which located
between two conserved cysteine residues (C* and C’®)
and forming a positively charged amphipathic hairpin loop.
There were eight positively charged amino acid residues
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(K, R®, R*®, K, K*, R®®, H"°and K"®) in the hairpin loop
of ESALF-3, while only three (R*, R** and K*) in EsALF-1
and five (R, K®, K¥, R* and R*) in EsALF-2 (Li et al.,
2008, Zhang et al., 2010b). The more positively charged
amino acid in EsALF-3 might contribute to the stronger
interaction with the anionic region of LPS and the more
forceful antimicrobial activities. No obvious antifungal
activity was observed against yeast P. pastoris in
rEsALF-3-treatment group, which was similar to most
ALFs characterized in crustacean specie, such as ALFs
from S. paramamosain (Imjongjirak et al., 2007), Homarus
americanus (Beale et al., 2008) and S. serrata (Yedery
and Reddy, 2009). Considering the difference of activity
and the antimicrobial spectrums as well as the tissue
distribution of their mRNA, it was speculated that EsALF-3
and two other EsALFs (EsALF-1 and EsALF-2) might
collectively involve in crab immunity against various
pathogens, and perform antibacterial activities for some
special pathogens either with cooperation or solo
performance.

In conclusion, a new ALF with antibacterial activities
was characterized from E. sinensis (EsALF-3). The
activities and antimicrobial spectrum of EsALF-3 was
different from those of the previous reported ALFs
(EsALF-1 or EsALF-2). The multiplicate ALF variant
isoforms coexist in E. sinensis may suggest that Chinese
mitten crab, as an invertebrate, relies on the diversity of
germ-line encoded immune effector molecules in innate

immune system, such as ALF, to deal with various
pathogens in the aquatic environment, meanwhile, this
immune defense strategy, to some extent, offset the
deficiency of the adaptive immune system in invertebrate.
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