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a b s t r a c t

Histone H2A is known to participate in host immune defense through generating special antimicrobial
peptides (AMPs), for which it has been an interesting research focus to characterize this kind of peptides
in vertebrates and invertebrates. Although thousands of AMPs have been reported in variety of life
species, only several AMPs are known in crabs and in particular no H2A-derived AMP has yet been re-
ported. In the present study, a 38-amino acid peptide with antimicrobial activity was determined based
on the sequence analysis of a histone H2A identified from the mud crab Scylla paramamosain. The histone
H2A derived peptide was an AMP-like molecule and designated as Sphistin. Sphistin showed typical
features of AMPs such as amphiphilic a-helical second structrue and positive charge net. The synthetic
Sphistin exerted high antimicrobial activity against Gram-positive, Gram-negative bacteria and yeast,
among which Aeromonas hydrophila, Pseudomonas fluorescens and Pseudomonas stutzeri are important
aquatic pathogens. Leakage of the cell content and disruption of the cell surface were observed in
bacterial cells treated with Sphistin using scanning electron microscopy. It was proved that the
increasing cytoplasmic membrane permeability of Escherichia coli was caused by Sphistin. Further
observation under confocal microscopy showed that Sphistin could combine onto the membrane of
Staphylococcus aureus, E. coli MC1061 and Pichia pastoris but not translocate into the cytoplasm. More-
over, the affinity of Sphistin with either LPS or LTA was also testified that there was an interaction be-
tween Sphistin and cell membrane. Thus, the antimicrobial mechanism of this peptide likely exerted via
adsorption and subsequently permeabilization of the bacterial cell membranes other than penetrating
cell membrane. In addition, synthetic Sphistin exhibited no cytotoxicity to primary cultured crab hae-
molymphs and mammalian cells even at a high concentration of 100 mg/mL for 24 h. This is the first
report of a histone-derived Sphistin identified from S. paramamosainwith a specific antimicrobial activity
and mechanism, which could be a new candidate for future application in aquaculture and veterinary
medicine.

© 2015 Elsevier Ltd. All rights reserved.
arine Environmental Science,
, Xiamen, Fujian 361102, PR
1. Introduction

Histones are traditionally known as the principal protein
component of chromatin [1]. In the past decade, many observations
suggest that histones are involved in a multitude of biological
functions beyond the confines of the nuclear envelope [2]. For
instance, the histone can act as endotoxin-neutralizing proteins
[3,4], leucocytes stimulatory factor [5], homeostatic thymus hor-
mone [6] as well as apoptotic signal transmitting factor [7] and also
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as an antimicrobial peptide.
Since the antimicrobial activity of histones was firstly reported

in 1932, histone-derived antimicrobial peptides across almost all
kind of histones (histone H1, H2A, H2B, H3, and H4) have been
discovered to display antimicrobial activities against bacteria, fungi,
viruses and protozoa. Previous studies show that histone-derived
peptides from various vertebrates, such as mammals [3,8e11],
chicken [12], frog [13] and fish [14e20], all possess antimicrobial
activity. Meanwhile a few studies have reported that this class of
antimicrobial peptides is also identified in invertebrates, such as
histone H2A fragments in scallop (Chlamys farreri) [21], abalone
(Haliotis discus discus) [22], Pacific white shrimp (Litopenaeus van-
namei) [23] and freshwater prawn (Macrobrachium rosenbergii)
[24,25].

Some histone antimicrobial peptides are found to be a extra-
cellular secreted antimicrobial peptide, which are purified from
skin or epithelium and derived from intact histone precursors
through proteolytic cleavage [26,27]. The active histone fragments
are usually derived from the N-terminal part of histone. For
instance, buforin I, isolated from the stomach extract of the Korean
frog Bufo bufo gargarizans, is processed from unacetylated histone
H2A by pepsin C isozymes [26]. Parasin I, isolated from the skin
mucus secretions of channel catfish, is the fragmented histone
processed by cathepsin D [27]. In addition to endogenous histones,
synthetic and recombinant histone-derived N-terminal fragments
also display potent bacterial killing activity. The reported Abhisin, a
potential antimicrobial peptide derived from histone H2A of disk
abalone (H. discus discus), is synthesized and shows antimicrobial
and anticancer activity [22]. The N-terminal fragment of scallop
(C. farreri) histone H2A peptide is expressed in Pichia pastoris GS115
and exerts antibacterial activity against both Gram-positive and
Gram-negative bacteria [21]. Thus N-terminus of histone H2A could
be an active antimicrobial peptide.

The mud crab, Scylla paramamosain, is an important fisheries
and aquaculture species in China. As to other invertebrates, anti-
microbial peptides (AMPs) play crucial roles in the natural defense
system against microbial invasion in the crab. So far there are some
AMPs identified in several crab species, including linear a-helical
AMPs Bac-like [28] and Callinectin [29], anionic AMPs Scygonadin
[30], cysteine-rich AMPs ALFs [31], Multi-domain or chimeric AMPs
Crustin Hyastatin [32], Arasin [33] and GRPSp [34]. However, no
histone-derived AMP has been reported and its antimicrobial
mechanism is still unknown in crab so far. In the present study,
based on the determined gene sequence of histone H2A in the mud
crab S. paramamosain, a 38 aa N-terminal peptide was identified
and named as Sphistin. To understand the antimicrobial activity of
Sphistin, a synthetic Sphistin peptide was produced and its spec-
trum of activity against bacteria and yeast was measured. The
bacterial binding assay and membrane integrity assay were carried
out to understand its antimicrobial mechanism. The LPS and LTA
binding experiment was designed in order to know the possibility
of intereaction between Sphistin and negatively charged molecules
located on the bacterial surface. Finally, the cytotoxicity of Sphistin
on normal cells was investigated. From the study, the antimicrobial
properties and mechanism of this new histone-derived antimi-
crobial peptide in carb will be evaluated and thus would further
shed light on the innate immune system of crustaceans.

2. Materials and methods

2.1. Determination of histone H2A cDNA and genomic DNA
sequences

In our previous study, a forward suppression subtractive hy-
bridization (SSH) cDNA library was constructed from haemolymphs
of S. paramamosain and the up-regulated genes were identified in
order to isolate differentially expressed genes in response to LPS
[35]. Partial sequence of mud crab histone H2A was identified
during the screening of the SSH cDNA library database.

RACE PCR was performed to amplify the full-length histone H2A
cDNA sequence. Specific primers were designed according to the
obtained partial cDNA sequence (Table 1). RACE cDNAwas prepared
with an SMART RACE cDNA Amplification kit (Clontech) and was
used as template for PCR. PCR conditions were as follows: 94 �C for
4 min, 35 cycles of 94 �C for 30 s, 60 �C for 30 s and 72 �C for 30 s.
The final extension was carried out at 72 �C for 10 min.

Total genomic DNA was prepared from the carb muscle using
MiniBEST Animal Tissue Genomic DNA Extraction Kit Ver.2.0
(Takara). The genomic sequence of histone H2A was amplified by
PCR reaction using primers intron F and R (Table 1), and the LA Taq
DNA polymerase (Takara). The amplification conditions were:
1 min at 94 �C, 35 cycles of 10 s at 98 �C, 4 min at 68 �C, then 10
min at 72 �C for further extension.

All the expected DNA fragment was ligated to pMD18-T vector
(Takara) and transformed into Escherichia coli DH5a. Positive clones
were identified by bacterial-colony PCR and sequenced.
2.2. Sequence analysis

Nucleotide and deduced amino acid sequences of Histone H2A
cDNA were analyzed using software DNAsis. The calculated mo-
lecular mass and the theoretical isoelectric point were predicted by
SIB Bioinformatics Resource Portal (http://web.expasy.org/
compute_pi/). Signal peptide was predicted by SignalP 4.0 Server
(http://www.cbs.dtu.dk/services/SignalP/). Protein sequences of
Histone H2A from different organisms were obtained through the
NCBI BLAST search program. A multiple sequence alignment was
created with software Bioedit. Phylogenetic trees of the selected
Histone H2Awas constructed using the neighbour-joining method,
and the reliability of the branching was tested using bootstrap
resampling (with 1000 pseudo-replicates). The figure was drawn
using the MEGA5. The gemonic sequence of Histone H2AZ from
different organisms was obtained through the NCBI and a sche-
matic representation of the exon and intron organization was
drawn by DNAMAN8. The a-helical secondary structure was pre-
dicted using the DNAstar Protean program and helical wheel
modeling. Moreover, the 3D structure of Sphistin was also pre-
dicted in http://swissmodel.expasy.org/interactive.
2.3. Synthesis of the Sphistin peptide sequence

A 38 aa sequence of Sphistin peptide. (MAGGKAGKDSGKAKA-
KAVSRSARAGLQFPVGRIHRHLK) which was derived from the N-
terminus of the mud crab histone H2A was synthesized using the
solid phase peptide synthesis method (TASH Co., China). The mo-
lecular masses and purity of the purified peptides were verified by
mass spectroscopy and HPLC, respectively.
2.4. Microorganisms

All strains were purchased from the CGMCC with the exception
of E. coli MC1061 and the yeast strain P. pastoris GS115, which were
kindly provided by Dr. Chun Li and bought from Invitrogen Biotech
respectively. The bacteria were cultured overnight at the appro-
priate temperature (28 �C or 37 �C) either on Muller-Hinton agar or
marine agar 2216 (Difco). Yeast strains were grown on YPG agar
(yeast extract 1%, peptone 1%, and glucose 2%) at 28 �C for 2 d for
the experiments.
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Table 1
Sequences of primers used in this study.

Application Primer sequence GenBank ID or Ref.

30 RACE 50-CCAAAGACTTGAAGGTGAAGCGTAT-30 FJ774663
Intron F 50-AACAGTGGTAGCGAGTGCAGG-30 FJ774663

R 50-CACCTCAGCCCATCACTGACGTAC-30

TNF super family (TNFSF) F 50-CTGTTGTACGTCAGGTCGACTCT-30 Transcriptome
R 50-GGCTCTTCGTATGGGACCTCTG-30

TNF receptor super family (TNFRSF) F 50-GAACCGGTCTGTTGAGTCACAG-30 Transcriptome
R 50-GCTCAGAACGCCTGTGTTGTC-30

LPS-induced TNF-a factor (LITAF) F 50-TGCAGTGTGGGCAGCTATGTTC-30 Transcriptome
R 50-AGGCTGGTGCTCCAACAACTGT-30

Sp€atzle F 50-CTGGGCAGAACACACAGGAGTCT-30 Transcriptome
R 50-GTACGATGAGCGGATCAAGCAGC-30

Crustin F 50-ACCTGCCTTTACCAACGGCTT-30 EU161287
R 50-CAACAGTCTTGCATACGTGGTGC-30

ALF2 F 50-GGACGCCATCAAGGACTTCGT-30 JQ069031
R 50-CATCCATTACAGGTCAGACACGAG-30

b-actin F 50-GCCCTTCCTCACGCTATCCT-30 GU992421
R 50-GCGGCAGTGGTCATCTCCT-30
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2.5. Antimicrobial assays

Antimicrobial activity was evaluated by measuring minimum
inhibitory concentration (MIC) values which was described by
Bulet et al. [36]. Briefly, dilutions of the synthetic Sphistin with
10 mM NaPB (pH 7.7) were proceeded to obtain a series of final
concentrations from 1.5 mM to 48 mM. About 104 CFU of bacteria/
well and 103 CFU of yeast/well were incubated with serial dilutions
of synthetic peptide in the presence of appropriate growth media.
Samples without Sphistin were used as blanks. After 24 h (48 h for
yeast) of incubation at 28 �C, MIC was calculated as the lowest
peptide concentration yielding no detectable growth. The aliquots
of the cultures were then plated on appropriate agar and MBC was
the concentration which killed more than 99.9% microorganisms
after incubation at either 37 �C or 28 �C. This assay was performed
in triplicate.

Kinetics of bactericidal activity was performed using Coryne-
bacterium glutamicum, Staphylococcus aureus and E. coli MC1061 as
described by Tencza et al. [37]. Synthetic Sphistin at the concen-
tration of MBC (1.5 mM, 3 mM and 25 mM) was incubated with
C. glutamicum, S. aureus and E. coli MC1061 respectively. The pro-
cedure was the same as described in the antimicrobial assay. At
each time point of incubation, 8 mL bacteria diluent and synthetic
Sphistin mixtures was taken to dilute in 10 mMNaPB and plated on
nutrition broth agar. The percentages of the recovered bacterial CFU
in each time point to the initial CFU (with peptide) was calculated
and plotted.
2.6. Morphological observation by SEM

Scanning electron microscopy (SEM) was conducted to evaluate
the antibacterial mechanism of Sphistin. A high concentration of
supra-MBC of peptide was chosen in order to achieve killing of a
high number of bacteria cells. S. aureus, E. coliMC1061 or P. pastoris
GS115 were prepared in 0.1 M NaPB buffer (final concentration of
5 � 108 cfu/mL) and incubated with synthetic Sphistin peptide at
28 �C for 15 min, 40 min and 1 h respectively. They were fixed with
2.5% glutaraldehyde in 0.1 M NaPB (pH 7.4) for 3 h. After washing,
the bacteria precipitate were resuspended and allowed to adhere to
poly-L-lysine-coated slides for 30 min on ice. The slides were sub-
sequently dehydrated with a graded ethanol series and tertiary
butanol. The samples were lyophilized, coated with gold in an ion
coater, and examined by scanning electron microscopy on an FEI
XL-30 Environmental Scanning Electron Microscope.
2.7. Membrane integrity assay

In order to explore the mechanism that synthetic Sphistin
peptide effected to the bacteria, a real-time membrane integrity
assay was performed as the previous studies [38e40]. E. coli
MC1061 constitutively expresses recombinant luciferase. The
perforation of the plasma membrane caused influx of externally
added D-luciferin and resulted in light emission. In the study, 50 mL
of MH medium containing 1.0 � 107 CFU E. coli cells MC1061 and
2 mM D-luciferin (10 mM TriseHCl buffer, pH 7.4) was mixed with
50 mL dilution of the peptide with final concentration of 25 mM and
50 mM (corresponding to the 1�MBC and 2�MBC). Luminescence
was monitored using an Envision HTS microplate reader (Tecan).
The cecropin P1 (Sigma) and Argireline (TASH Co., China) were
employed as control peptides. All measurements were repeated at
least three replicates.

2.8. Confocal microscopy imaging of bacteria

The preparation of bacteria was similar with scanning electron
microscopy invegation. Briefly, S. aureus, E. coli MC1061 and
P. pastoriswere adjusted to 1� 109 cfu/mL and exposed to synthetic
Sphistin peptide for 30 min at 28 �C. After fixation and washing,
bacteria cell were placed on a poly-L-lysine coated glass slide and
surrounded with a hydrophobic barrier pen. The slides were then
washed by PBS and followed by permeabilization in 0.1% Triton X-
100 buffer at room temperature for 10 min. For immunostaining,
bacteria cells were blocked with 10% goat serum at room temper-
ature for 2 h and added with rabbit polyclonal anti-N-terminal
H2AFV antibody (1:100 dilution, ABGENT) at 4 �C overnight. The
cells were thenwashed and incubatedwith DyLight649-conjugated
Goat anti-rabbit antibodies (1:800 dilution, MULTISCIENCES) at
room temperature for 1 h. Finally stained the cell with DAPI (0.5 mg/
ml). We recorded images on a Zeiss LSM 780 MultiPhoto Laser
Scanning Microscopy.

2.9. Binding property to bacterial associated components

The binding properties to bacterial associated components of
Sphistin were investigated by ELISA as described previously by
Gonzalez et al. [41] and Zhang Qiuxia et al. [42]. Briefly, LPS (from
E. coli 055:B5, Sigma) or LTA (from S. aureus, Sigma) were prepared
in 100 mM Na2CO3, 20 mM EDTA, pH 9.6 and 3 mg/well coated on
the microtiter plate for 2 h at 60 �C. After washing away the
redundant LPS or LTA, the coated plates were blocked with 5% (w/v)
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BSA/PBS for 1 h at room temperature. Then the serial dilution of the
synthetic Sphistin protein (0e150 mg/mL, 100 mL/well) was incu-
bated for 1 h at room temperature. After washing the excess protein
with PBS buffer containing 0.05% Tween 20, the ELISA plate was
hybridized with the rabbit anti-H2AFV antibody (1:1000 dilution,
50 mL/well, ABGENE) for 2 h at 37 �C. The samples were washed as
above and followed by incubation with HRP-labeled Goat Anti-
rabbit IgG (1:1000 dilution, 50 mL/well) at 37 �C for 1 h. Then,
100 ml of TMB substrate solution was added and incubated at room
temperature for 15e30 min in the dark. Finally, Add 50 ml of 1 M
H2SO4 to stop the reaction and read the absorbance at 450 nm by
Tecan Infinite F200 PRO multiscan plate reader. The results from
four experiments were used for statistical analysis. The binding
results were analyzed by Scatchard plot analysis. The binding pa-
rameters, apparent dissociation constant Kd, and the maximum
binding (Amax), were determined by non-linearly fitting as
A¼ Amax[L]/(Kdþ [L]), where Awas the absorbance at 450 nm and
[L] was the protein concentration.
2.10. Determination of cytotoxicity effect of synthetic Sphistin
peptide

The cytotoxicity of Sphistin was evaluated on the mouse oste-
oblastic cell line (MC3T3-E1) and crab haemolymph. MC3T3-E1
cells were cultured in a-MEM supplemented with 5% FBS, 100 mg/
mL penicillin and 100 IU/mL streptomycin (Gibco) in 5% CO2 hu-
midified incubator at 37 �C. Crab haemolymphs were collected and
cultured as described previously by Dingjian et al. [43]. Briefly,
haemolymphs (5 � 106 cells/mL) were seeded in Leibovitz L-15
medium (Hyclone) containing 5% FBS (Gibco), 100 IU/mL penicillin,
100 mg/mL streptomycin and 0.12 g/L NaCl at 20 �C. 100 mL of
MC3T3-E1 and crab haemolymph were seeded in 96 well plates
overnight and then incubated with 0, 25, 50, 100 mg/mL synthetic
Sphistin for 24 h. Samples in wells containing only media were
maintained as controls. The cell viability was determined using the
CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay
(Promega). After 20 mL of the MTS/PMS reagent was added to each
well, the cells were incubated for 2 h or 6 h, respectively. The
absorbance of each well was measured at 490 nm in a microplate
reader (Tecan). Cell viability percentage (%) was calculated for each
concentration relative to control cells and data were the means of a
minimum of three replicates.
2.11. Immunomodulatory activities of synthetic Sphistin peptide

The effect of Sphistin on the expression profile of immune-
related gene in crab haemolymph was detected by qPCR. The
haemolymphs were cultured in absence or presence of Sphistin
(25 mg/mL) for 3, 6,12 and 24 h. Hemocyte pellets were preserved in
Trizol reagent (Invitrogen) for RNA extraction. The total RNA
isolation and cDNA synthesis (Takara) were performed following
the manufacturer's instructions. Real-time PCR was performed
with the ABI Prism 7500 instrument (Applied Biosystems) using
FastStart Universal SYBR Green Master (Rox) (Roche). Reaction
mixtures were incubated for 2 min at 50 �C, 10 min at 95 �C, fol-
lowed by 40 cycles of 15 s at 95 �C, 1 min at 60 �C. The relative
transcript levels were corrected by normalization based on the
housekeeping gene b-actin transcript levels. All primers used were
listed in Table 1. GenBank accession numbers for the gene se-
quences used in the present study are as follows: ALF2 (JQ069031),
Crustin (EU161287), b-actin (GU992421). While the sequences of
Sp€atzle, TNFSF, TNFRSF and LITAF were obtained from the embry-
onic transcriptome of S. paramamosain (unpublished data).
3. Results

3.1. Identification and characterization of the cDNA sequence of
histone H2A from mud crab

The cDNA sequence and deduced amino acid sequences of the
mud crab histone H2A are shown in Fig. 1. It contained 1096 bp
including 28 bp in the 50 untranslated region (UTR), an open
reading frame (ORF) of 387 bp, and a 681 bp in the 30 UTR, in which
a putative imperfect polyadenylation signal AATATA appeared be-
tween the stop codon (TAA) and the poly (A) tail.

The open reading frame encodes a 128 amino acid peptide. No
signal peptide was predicted in the N-terminus. The calculated
molecular mass of the protein was 13.4 kDa with an estimated
isoelectric point of 10.58. And a typical signature domain
(24AGLQFPV30) of histone H2A was predicted. Histone H2A nucle-
otide sequence has been deposited in the GenBank under accession
number FJ774663.

Six H2A variants have been found in commonly studied species,
H2A.1, H2A.2, H2A.X, H2A.Z, MacroH2A (MacroH2A1, MacroH2A2)
and H2AB (H2A.Lap1, H2A.Bbd) [44,45]. Phylogenetic relationship
analysis revealed that mud crab H2A sequence was grouped into
the group of histone H2A.Z and was in the same branch position
with invertebrates H2A.Z, as shown in the Fig. 2. Despite the
evolutionary divergence of vertebrates and invertebrates for H2A.Z,
the protein sequences of histone H2A.Z are remarkably conserved.
The identity of amino acid sequence deduced from mud crab his-
tone H2A was 100%, 99%, 96%, 95% and 96% with Apis florea
(XP_003693090.1),Mytilus galloprovincialis (AEH58058.1), Cyprinus
carpio (AFV36373.1), Gallus gallus (NP_001026545.1) and Homo
sapiens (NP_002097.1) histone H2A like protein, respectively, based
on the BLASTp results. Comparative cDNA sequence analysis of the
histone H2A, mud crab histone H2A has 82% and 79% identity with
Pagrus major (AY190700.1) and Gallus gallus (NM_001031374.1),
respectively.

3.2. Analysis of gene organization

The full-length of mud crab histone H2A genomic DNA consisted
of 2767 bp. The gene organization of mud crab histone H2A were
compared with that of other species reported in the NCBI GenBank
database: Mus musculus (NC_000069.6), H. sapiens (L10138.1),
Xenopus tropicalis (NW_004668232.1) and Drosophila melanogaster
(NT_033777.3). The position and relative size of exons and introns
are drawn to scale as shown in Fig. 3. The schematic representation
of gene organization comparison indicated that almost all of the
histone H2A.Z genomic DNA possess an identical 5-exons/4-introns
organization except for mud crab histone H2A consisted of 3 in-
trons and 4 exons. We also observed that the both the size of the
second and third exon being highly conserved among various
species, respectively.

3.3. Identification and characterization of the Sphistin sequence
from histone H2A

A multiple sequence alignment of histone H2A-derived AMP
was proceeded and the details was shown in the Fig. 4. The N-
terminal domain of mud crab histone H2A has significant similarity
with histone-derived AMPs such as buforin I, hipposin and abhisin.
With reference to the previous reports, the 38 amino acids at the N-
terminus of Sphistin were predicted by Antimicrobial Peptide
Predictor (http://aps.unmc.edu/AP/prediction/prediction_main.
php). It showed typical features of AMPs including higher posi-
tive charge (þ9), total hydrophobic ratio (36%) and a protein-
binding potential of 2.11 kcal/mol. Therefore, the part peptide
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Fig. 1. Genomic DNA, cDNA and the predicted amino acid sequence of the mud crab
histone H2A cDNA. The cDNA sequence has been deposited in GenBank under acces-
sion number FJ774663. The start (ATG) and stop (TAA) codons are in boldface. The
predicted amino acid sequence was in the shaded box. Exons were shown in capital
letters and introns in small letters. The poly (A) signal was in the box, the poly (A) tail
was underlined at the end of sequence.
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encoding 38 amino acids from the N-terminus of histone H2A was
selected as a potential histone-derived AMP for further study and
this peptide was named as Sphistin. The predicted molecular mass
of Sphistin was 3.94 kDa and estimated isoelectric point is 12.02.

Helical wheel modeling was employed to show a spatial
segregation of hydrophobic and hydrophilic residues (Fig. 5A). The
3D structure of Sphistin was build using modeling tools at SWISS-
MODEL website, and PDB 1eqz.1.G was used as a template. Two
a-helices were identified in the peptide, among which a1-helix
comprised amino acids from Arg20 to Arg23, and the a2-helix
comprised amino acids from Val30 to Leu37. And the electrostatic
potential was presented by the blue, white and red surface. As the
picture shown Sphistin has got a larger sphere of positive charge
net compared to the negative charge net (Fig. 5B).

BLASTP analysis indicated Sphistin showed the highest amino
acid identity (85%) to scallop histone H2A-derived AMP and abhi-
sin. Furthermore, it showed 72% and 69% identity to hipposin and
buforin I, respectively. And due to the presence of incompleted CDS
cloning of histone H2A-derived AMP, the amino acid sequences of
published N-terminal domain of histone H2A-derived AMP were
used for the phylogenetic analysis (data not shown). In this anal-
ysis, all the published histone-derived AMPs from different species
were clustered in H2A1, H2A2 or H2A.X group. However, Sphistin
branched in a unique subfamily together with H2A.Z.
3.4. Antimicrobial activity of the synthetic Sphistin

The antimicrobial spectrum of the synthetic Sphistin was
examined by the method of MIC and MBC assays. As shown in
Table 2, synthetic Sphistin exhibited a broad spectrum of inhibitory
and bactericidal effect. Notably, Sphistin was effectively against the
growth of Gþ bacteria (S. aureus, C. glutamicum, Bacillus subtilis,
Micrococcus lysodeikticus, Micrococcus luteus) and G� bacteria
(Shigella flexneri, Pseudomonas stutzeri, Pseudomonas fluorescens)
with an MIC value lower than 1.5 mM, as well as a low bactericidal
concentration (MBC<12 mM). In addition, synthetic Sphistin
exhibited strong activity against Aeromonas hydrophila (MIC
1.5e3 mM), which caused serious diseases in aquiculture farming.

Besides, the bactericidal kinetic effect of Sphistin on
C. glutamicum, S. aureus and E. coli MC1061 was evaluated (Fig. 6).
Nearly 90% S. aureus were killed within 10 min of incubation with
3 mMSphistin. Approximately 100% killing of S. aureuswas achieved
in 30 min. On the other hand, Sphistin showed more gentler and
slower bactericidal activity against C. glutamicum and E. coli
MC1061 than S. aureus over the time course. Sphistin (1.5 mM) killed
over 90% of C. glutamicum and E. coliMC1061within 3 h. And nearly
100% killing of E. coli MC1061 was achieved at 5 h.
3.5. Morphological changes of bacteria after incubation with
Sphistin

The morphological changes of the S. aureus, E. coli MC1061 or
P. pastoris GS115 cells were observed through SEM to understand
themode of action of Sphistin. S. aureus, E. coliMC1061 or P. pastoris
GS115 suspensions were treated with Sphistin at the final con-
centrations of 15 mM,120 mMor 120 mM respectively. Morphological
observations of bacteria treated with Sphistin are presented in
Fig. 7. Control bacteria had intact and smooth surface without cell
lysis or debris. However, after treatment with Sphistin, the bacterial
morphology changed significantly. Cell disrupted and a high degree
of cell lysis were especially observed in S. aureus. E. coli displayed
obviously coarse surfaces and debris after treatment. And leakage
of cytoplasmic contents were observed in P. pastoris.



Fig. 2. Phylogenetic analysis of mud crab histone H2Awith other histones was constructed by Neighbor-Joining Method using MEGA5 after aligning the amino acid sequences using
ClustalW program. The numbers shown at the branches denoted the bootstrap majority consensus values of 1000 replicates. The number before the latin name was GenBank
accession numbers.

Fig. 3. Comparison of the gene organization of Histone H2A from mud crab with Histone H2A.Z sequences from other organisms. Exons and introns were represented respectively
by the gray boxes and black lines. Numbers below and above the boxes respectively indicated exon sizes and intron sizes. The length of exons and introns was drawn to scale except
for intron sizes exceeding 800 bp that were indicated with//.
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3.6. Sphistin causes adsorption and permeabilization of cell
membrane

Cecropin P1, which is a well-known membrane active
antimicrobial peptide [38,46,47], was served as a positive control in
the study. Addition of 1 mM cecropin P1 to the E. coli MC1061
resulted in the membrane permeabilization and luciferase flux
which was characterized by a strong peak of light emission. In



Fig. 4. ClustalW multiple alignment of Sphistin with histone H2A derived AMP, including Buforin I&II, Parasin I, O. mykiss H2A, Hipposin, L. vannamei H2A, C. farreri H2A, Abhisin,
Himanturin, Teleostin, Molluskin, Sunettin and Harriottin. The details of these antimicrobial peptide were shown in the table below.
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contrast, absence of such a distinct peak after addition of water and
Argireline (25 mM), which serve as negative controls, indicates an
intact plasma membrane. The result showed that more significant
increase of light emission was observed after addition of 50 mM
Sphistin in comparison to the cecropin P1. Meanwhile, 25 mM
Sphistin also leaded to a light emission peak of E. coli MC1061 at
50 s after addition. The results indicated that Sphistin affected
bacterium by disruption of its membrane integrity in the same way
as cecropin P1 (Fig. 8).

To examine the localization site of Sphistin in microbe, the
distribution of Sphistin in microbe was investigated (Fig. 9). The
confocal microscopy imaging of bacteria indicated that the action
site of Sphistin was at the cell membrame. We did not observed the
internalization of Sphistin in the microbe which implied that
Sphistin may not binding to the DNA even when treated by Triton
X-100. In the samples without Sphistin, no signal has been detec-
ted. The results indicated that Sphistin could bind to the bacterial
membrane and enhanced the membrane permeability but did not
penetrate it.
3.7. Sphistin binds to bacteria LPS and LTA

The first step in the antimicrobial process is the electrostatic
interaction between the positive charges of the antimicrobial
peptide and the negatively charged molecules located on the sur-
face of the bacterial cell wall. The LPS binding activity of C-terminal



Fig. 5. Predicted secondary structure and 3D structure of Sphistin. A: Helical wheel
diagram showing probable amphiphilic surface of a-helical. B: Three-dimensional
structural analysis of Sphistin were build by reference to model PDB 1eqz.1.G at
SWISS-MODEL website. The picture were created using the software PyMol. Two a-
helical were represented by cyan band. The electrostatic potential was predected, and
the positive potentials were shown in blue and negative potentials were in red. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Table 2
Mimimum inhibitory concentration and minimum bactericidal concentration of
Sphistin synthetic peptide.

Microorganisms CGMCC No.c MIC (mM) MBC (mM)

Gram-positive bacteria
Micrococcus lysodeikticus Fleming CGMCC 1.0634 <1.5 <1.5
Micrococcus luteus CGMCC 1.634 <1.5 1.5ae3b

Staphylococcus aureus CGMCC 1.363 <1.5 <3
Bacillus subtilis CGMCC 1.108 <1.5 <1.5
Corynebacterium glutamicum CGMCC 1.1886 <1.5 <1.5
Staphylococcus epidermidis CGMCC 1.2429 6e12 24e48
Bacillus cereus CGMCC 1.447 >48 NT
Gram-negative bacteria
Pseudomonas fluorescens CGMCC 1.0032 <1.5 1.5e3
Shigella flexneri CGMCC 1.1868 <1.5 6e12
Pseudomonas stutzeri CGMCC 1.1803 <1.5 <1.5
Aeromonas hydrophila CGMCC 1.0927 1.5e3 6e12
Escherichia coli CGMCC 1.2389 1.5e3 >96
Escherichia coli MC1061e 3e6 12e24
Pseudomonas aeruginosa CGMCC 1.0205 24e48 >96
Vibrio parahaemloyticus CGMCC 1.1615 >48 NTf

Vibrio alginolyticus CGMCC 1.1833 >48 NT
Vibrio harveyi CGMCC 1.1593 >48 NT
Vibrio fluvialis CGMCC 1.1609 >48 NT
Yeast
Pichia pastorisd Invitrogen Biotech 6e12 24e48
Candida albicans CGMCC 2.2411 >48 NT

a, b MIC is expressed as the interval ‘aeb’, where ‘a’ is the highest concentration
tested at which microorganisms are growing and ‘b’ is the lowest concentration that
causes 100% visual growth inhibition after 24 h of incubation with bacteria or 48 h of
incubation with yeast. MBC represents the lowest concentration at which no
microorganism grew on the appropriate plate after incubation with the MIC assay
mixture overnight for bacteria and 2 d for yeast.
c CGMCC No. indicates China General Microbiological Culture Collection Center
number. d Strain from Invitrogen Biotech.
e E. coli MC1061 transferred with luciferase gene vector pCSS962 was provided by
Dr. Chun Li.
f NT, not tested.
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moiety of histones have been reported in previous research [48].
However, Sphistin which is the N-terminus of histone showed
membrane binding activity according to the result of confocal mi-
croscopy imaging of bacteria. As a result, the binding characters of
Sphistin to the cell wall components were examined by ELISA
(Fig. 10). It was found that Sphistin binded to LPS and LTA in a
concentration dependent manner. Additionally, the apparent con-
stant of dissociation for the binding of the Sphistin to LPS
(Kd ¼ 100.3 mM) was higher than LTA (Kd ¼ 55.6 mM). It was indi-
cated that the binding activity of Sphistin towards LTAwas stronger
than that of LPS.
3.8. Effect of the synthetic Sphistin peptide on cell cytotoxicity

A MTT assay was used to determine whether the Sphistin dis-
played toxicity towards mouse MC3T3-E1 and crab haemolymph
over awide range of Sphistin concentrations (0e100 mg/mL) in 24 h.
Results showed that Sphistin did not result in a decrease of cell
viability even at the highest concentration tested (100 mg/mL)
(Fig. 11).
3.9. Immunomodulatory activities of synthetic Sphistin peptide

To further characterize the immunomodulation activity of
Sphistin, expression of immune-related mRNA in crab haemo-
lymph after Sphistin treatment for 3, 6, 12 and 24 h were deter-
mined. As shown in Fig. 12, the mRNA expression level of TNF
receptor super family (TNFRSF), LPS-induced TNF-a factor (LITAF)
and Sp€atzle were significantly upregulated at 6 h post Sphistin
incubation. However, the expression of TNF super family (TNFSF)
and antimicrobial peptide crustin and ALF2 were unaffected or
show weak variation under Sphistin treatment. These results sug-
gested that Sphistin possibly activated and induced an inflamma-
tory response in crab haemolymph.
4. Discussion

Antimicrobial peptides (AMPs) are multi-functional peptides
in the innate immune system whose fundamental biological role
has been proposed to be focused on the elimination of patho-
genic microorganisms [49]. Histone proteins are primarily
involved in DNA packaging and regulation of DNA replication and
transcription. These proteins form the basic building blocks of
chromatin structure when the four core histone proteins, H2A,
H2B, H3 and H4 come together as heterodimers to constitute the
nucleosome and H1/H5 acts as the linker histones. Until now, a
number of histone derived antimicrobial peptides have been
identified from both vertebrate and invertebrate. The histone
gene in the present study was cloned from the haemolymphs of
mud crab S. paramamosain, which possessed typical histone
signature domain and over 80% amino acid identity to known



Fig. 6. Bactericidal kinetic curves of synthesized Sphistin. The minimal bactericidal
concentration against Gram-positive S. aureus and C. glutamicum and Gram-negative
E. coli MC1061 was used. Data were represented as the mean ± S.D. (n ¼ 3) bacterial
recovery index. The same letters indicated no significant difference between different
time points, and different letters indicated statistically significant differences between
time points. (P < 0.05, one-way ANOVA followed by the Tukey post hoc test.)
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H2A counterparts. According to the phylogenetic tree and BLASTP
result, the mud crab histone belonged to H2A.Z sub-family, of
which the amino acid sequence was remarkably conserved in
comparison with the other vertebrates and invertebrates histone
H2A.Z. However the gene structure of the mud crab histone H2A
was different from other reported H2A.Z. The genomic DNA or-
ganization of the mud crab H2A.Z showed only four exons and
three introns other than five exons and four introns in other four
species. The diversity in the length and the number of exons and
introns may indicate the erratic evolution of histone H2A.Z [50].

Several studies on histone mechanism in vivo have demon-
strated that histone is activated with the inflammatory stimulation
and exerts its activity by releasing in the haemolymphs or some
specific tissues with a short processed histone-derived peptide.
Park reports that Parasin I, an antimicrobial peptide derived from
histone H2A in the catfish is extracellularly secreted to the
epithelial mucosal layer and then processed to be potent antimi-
crobial peptide responding to the tissue damage [19]. Patat in-
dicates in a study on the Pacific white shrimp that the antimicrobial
activity of histones is probably dependent on its derived proteins
that are isolated from haemolymphs, the circulating immune cells
of invertebrates [23]. Not only the histones directly isolated in the
haemolymph, but also the histones associated with haemolymph
extracellular traps (ETs) possess strong antimicrobial activities
against microbes. Histones have been proved to play critical anti-
microbial roles in neutrophil extracellular traps (NETs) in higher
vertebrates [2,51e53]. ETs act in a similar manner in invertebrates
as NETs that entrap and kill microbes by releasing extracellular fi-
bers formed by DNA, histones and cytoplasmic antimicrobial pro-
teins [54e56]. The research on haemolymph ETs in Crassostrea
gigas provides the evidence that the antimicrobial histone-derived
fragment is shown to be associated with extracellular DNA net-
works released by haemolymphs [55]. Meanwhile, the histone
accumulation and hemocyte-infiltrated interstitial tissues consis-
tently existed in the surrounding wounds of C. gigas [55]. In addi-
tion, our present study also showed that the expression of histone
H2A in haemolymphs of the mud crab was up-regulated post mi-
crobial challenge. All of the reported data indicated that histones
might be a widely conserved and original component of innate
immunity in both vertebrates and invertebrates. It would be pro-
posed that the mechanism of histone activation in haemolymphs
might refer to up-expression under stimulation, accumulation
along with haemolymph-infiltrate wounded tissue, deimination
and proteolytic cleavage [52,53,55] to form antimicrobial fragments
and release from haemolymph or formation of ETs. However, the
clear mechanism of histone activation in mud crab remains further
investigation.

The antimicrobial activity of N-terminus of histone H2A has
been reported in several species by using the synthetic peptides or
purified peptide from different organisms [13,18,22,23]. In the
present study, the synthetic N-terminus of histone H2A, Sphistin,
exhibited strong antimicrobial activity against various Gþ and G�

pathogenic bacteria such as S. aureus, Staphylococcus epidermidis
and S. flexneri. Notably, Sphistin was effectively at the concen-
tration lower than 3 mM against the growth of A. hydrophila,
P. fluorescens and P. stutzeriwhich were all important pathogens in
aquiculture farming. All these features indicated that the Sphistin,
like other N-terminal fragment of histone H2A, was a potential
AMP in crabs.

Based on the sequence and structure analysis, it was found that
Sphistin was a amphipathic and a-helix rich cationic antimicrobial
peptide and similar to other know histones derived AMPs
[21,22,57,58]. The antimicrobial mode of a-helical cationic peptides
has been proposed to occur via three general mechanisms: (i)
binding to the cell surface (ii) membrane permeabilization and (iii)
secondary effects (DNA/protein binding, membrane compositional
rearrangements, interference with essential cellular machinery,
etc.) [59e61]. Previous studies reveal that the antimicrobial
mechanism of histone derived AMPs involve not only membrane
disruption but also secondary effects such as interactions with
nucleic acids [57,62,63], and the mechanism is discrepancy among
different source peptides due to the position and length of the
histone derived peptide. Our findings on the Sphistin study testified
the previous results.

It is reported that the electrostatic interaction between the
positively charged peptides and the negatively charged moieties
on the bacterial membrane plays important roles in the antimi-
crobial process of AMPs [64,65]. Sphistin was predicted to be a



Fig. 7. Morphological observations of S. aureus, E. coli MC1061 or P. pastoris GS115 by scanning electron microscopy. Microbe were treated with NaPB (left column, control) and
synthetic Sphistin (right colunm), respectively. White arrows indicated coarse surfaces, cellular debris and cell lysis, respectively.

B. Chen et al. / Fish & Shellfish Immunology 47 (2015) 833e846842
cationic antimicrobial peptide, with the positive charge of þ9.
The 3D structure picture indicated that Sphistin displayed a large
positive electrostatic surface. The cationic characteristic of
Sphistin made it possible to exert its antimicrobial function via
electrostatic attraction. Our research also provided evidence that
Sphistin was capable of binding to LPS and LTA in dose-
dependent manner, which belonged to the Gram-negative and
Gram-positive bacteria cell wall component, respectively. Sphis-
tin clearly exhibited binding affinity to LPS and LTA at as low as
10 mg/mL. Based on our results, it would be speculated that the
initial step in the antimicrobial mechanism of Sphistin probably
involved electrostatical attraction to negatively charged micro-
bial surfaces. Moreover, histone is also reported to possess LPS
binding activity as a pattern recognition receptor [66] or an
endotoxin-neutralizing peptide [3,4], however the high binding
activity to the LPS is mostly related to either the whole histone or
the C-terminal of the histone 2A-derived AMP [48]. Therefore, it
is the first time to report that the N-terminal of histone 2A-
derived AMP from marine crabs possessed LPS and LTA binding
activity. Besides, the opposite position of hydrophobic and hy-
drophilic residues in the secondary structure prediction indi-
cated a good amphiphilic characteristic of Sphistin. As an
amphiphilic a-helical antimicrobial peptide, Sphistin might
attach to the bacterial cell surface by making their axes parallel
to the membrane surface, with the hydrophobic partitioning
interacting strongly with phospholipid bilayers. Whereas the
insertion of the peptide and disruption of the membrane integ-
rity could subsequently occur by various mechanisms [61].

The membrane permeabilizing mechanism of antimicrobial
activities has been proved in many AMPs, as studied for magainin
2, melittin and cecropin [47]. In our study, it was observed under a
confocal laser-scanning microscope that Sphistin was located on
the membrane of microbe without translocating internally to the
cell. In addition, a real-time membrane integrity assay further
verifed the increase of membrane permeability and the SEM
investigation demonstrated the damage of cell surface and



Fig. 8. Effect of Sphistin on bacterial membrane integrity. Light emission kinetics of
E. coli MC1061 cells treated with Sphistin (25 mM/50 mM) or one of the controls at t ¼ 0
is plotted as a function of time for 5 min starting 20 s after peptide addition. The lag
time is due to plate handling and shaking inside the multi-plate-reader and is there-
fore excluded from the graph. The light peak after cecropin P1 addition (1 mM, dotted
line) was the result of membrane permeabilization due to activity of the mem-
braneactive control peptide cecropin P1. The same current appeared after addition of
50 mM Sphistin (blue solid line) and 25 mM Sphistin (dashed line). Water (dash-dotted
line) and Argireline (25 mM, black solid line) serve as controls, indicated an intact
plasma membrane. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 9. Localization of Sphistin in S. aureus, E. coli MC1061 and P. pastoris cells by confocal
treatment, fluorescence of DAPI or Sphisitin images, as well as merged images, were prese

Fig. 10. Analysis of the binding affinity between Sphistin protein and the bacterial
associated molecules. The binding affinity of Sphistin to LPS and LTA was tested by
ELISA. Absorbance of each well was measured at 450 nm. Circular: lipopolysaccharide,
LPS; Square: Lipoteichoic acid, LTA.
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leakage of cytoplasmic contents. All of the results provided the
strong evidence that Sphistin exerted antimicrobial activity via
adsorption, subsequently permeabilization and finally destruction
of bacterial cell membranes but not penetrating it. These obser-
vations are consistent with the membrane permeabilizing
mechanism observed in the previous studies of Hip AB domain of
hipposin, which is analogous to Sphistin activity. As reported that
laser scanning microscopy. Cells were treated and untreated with Sphistin. For each
nted. For the untreated cell, only merge images were shown.



Fig. 11. Effects of Sphistin on cell viability of mouse MC3T3-E1 and crab haemolymph. Cell were incubated with synthetic Sphistin peptide (0e100 mg/mL) at 37 �C and 20 �C for
24 h, respectively. Cell viability was determined by cell proliferation assay and represented as percentage respective to the control. (P < 0.05, one way ANOVA followed by Tukey
post hoc test.)

Fig. 12. Quantification of transcript levels by relative qPCR. RNA from crab haemolymph was cotreated with 25 mg/ml Sphistin (black). The group not treated with the peptide served
as the control (gray). Samples were collected after treatment for 3, 6, 12 and 24 h. Transcript abundance was normalized to b-actin expression. Each bar represents the mean value
from four determinations with the standard error. Data with “*” significantly differed (p < 0.05) between treatment and control.
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both of parasin I(19aa) [62] and HipA domain (1-15aa) of hipposin
[63] are mainly responsible for the membrane-permeabilizing
activity, the presence of the N-terminal of Sphistin may play an
important role in the membrane permeabilization during anti-
microbial process. Furthermore, Koo et al. suggests that the a-
helical structure of parasin I is necessary for the membrane
localization [62]. However, the first a-helical position of Sphistin
predicted by 3D protein structure analysis was quite different
from that of parasin I, and thus the correlation between mem-
brane permeabilizing mechanism and a-helix in Sphistin requires
more further research.

Besides the antimicrobial activity, AMPs are reported to have a
variety of immunomodulational activities, including endotoxin
neutralization, pro- and anti-apoptotic effects, chemoattraction,
wound repair, angiogenesis, tumour surveillance, and enhance-
ment of the production of cytokines and chemokines [67]. Many
antimicrobial peptides could induce the expression of various pro-
inflammatory cytokines and chemokine, for example human
cationic antibacterial protein LL37, rat antibacterial cathelicidin
rCRAMP and insect antimicrobial peptide cecropin B [68e70].
However, less attention has been given to the immunomodula-
tional activity of histone except for Atlantic cod histone which is
reported to activate macrophage through inducing production of
superoxide [5]. In our present study, the potential immunomodu-
lational activity of the mud crab histone was for the first time
explored. The synthetic Sphistin could significantly upregulate the
mRNA expression of Sp€atzle, LITAF, and TNFRSF and the TNFSF
weakly increased at 6 h. As it is known, LITAF is a transcription
factor involved in the pathway linking LPS/TLR/MyD88/LITAF to
TNF [71] and Sp€atzle is an extracellular ligand of Toll which realizes
the activation of the Toll pathway in invertebrate [72,73]. Therefore,
Sphistin might enhance the TNF expression though Toll-LITAF
pathway and also activate the TNF-TNFR system, by which it
would be derived for the first time that the mud crab Sphistin
might play a role in innate immunity through the activation of
haemolymphs to generate the proinflammatory cytokine.

The potential cytotoxicity to the host cells is one of the limita-
tions that restricts the development and application of
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antimicrobial peptides in aquaculture and veterinary medicine.
However, there is not any report on the histone derived peptides
which have exhibited cytotoxic activity against normal eukaryotic
cells. The toad histone H2A-derived peptide buforin IIb is cytotoxic
to cancer cells but not effect on normal eukaryotic cells [74]. Syn-
thetic abhisin shows cytotoxic effects by reducing cell viability in
leukemia cancer (THP-1) cells but not in normal fibroblast vero cells
[22]. Similarly, the histones purified from chicken erythrocytes do
not display toxicity towards mammalian cells through a hemolytic
assay [75]. In the study, Sphistin did not show any effect on the
viability of crab and mammal cells even at the highest concentra-
tion tested (100 mg/mL). Thus, Sphistin could become a potential
antimicrobial agent for aquaculture and veterinary medicine due to
its potent antimicrobial activity and less cytotoxicity.

In summary, the N-terminus of mud crab H2A designated as
Sphistin, was a new potential AMP and had the main characteristic
features with net positive charges and higher hydrophobic resi-
dues. Sphistin showed antimicrobial activity against pathogenic
bacteria and yeast and its antimicrobial mechanism was likely by
the way of adsorption and subsequently permeabilization of the
cell membrane but not penetrating the cell membrane. Moreover,
Sphistin (100 mg/mL) did not display toxicity towards either
mammal or crab normal cells. The ability of Sphistin inducing the
expression of some immune-associated genes indicated a potential
immunoregulation role through the activation of haemolymphs.
Totally, Sphistin appeared to be a good candidate for future appli-
cation in aquaculture farming, therapeutics or host defense mod-
ulation in invertebrates.
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