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We isolated and characterized a novel antibacterial peptide, AJHba, derived from hemoglobin alpha in
the liver of Japanese eel, Anguilla japonica. It with concentration of 11.30 mM exhibited stronger anti-
bacterial activity against pathogenic bacterium 1 � 106 cell ml�1 Edwardsiella tarda than other two
bacteria. The extraction procedure for AJHba included extraction with acetate acid, ultrafiltration, cation-
exchange chromatography on HiTrap� CM FF, reverse-phase liquid chromatography on Source 5R RPC
and C18 RP-HPLC. MALDI-TOF MS suggested that the peptide had an observed molecular weight of
2388.05 Da. Its amino acid sequence determined by Edman degradation was similar to those of hemo-
globin alpha chain in other fish by BLAST analysis. A complete N-terminal amino acid sequence of the
AJHba was FAHWPDLGPGSPSVKKHGKVIM corresponding to the cDNA sequence by RACE amplification.
Its synthetic peptide had strong antibacterial activities against ten Gram-positive or negative bacteria. To
our knowledge, AJHba was the first identified fragment of hemoglobin alpha chain with strong anti-
bacterial activity in fish.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Antimicrobial peptides (AMPs) are distributed in most living
organisms as a key component of the innate immune system,
ranging from bacteria to plants and animals [1]. These peptides
exhibit a wide range of activities against numerous microbes
including Gram-positive and Gram-negative bacteria, fungi,
viruses, and parasites, while with little or no toxicity to host cells
[2]. In addition, some AMPs have ability to inhibit the growth of
tumor, to regulate iron balance, or function as immunity regulator
and vaccine adjuvant [3]. To date, 3782 AMPs sequences have been
characterized (http://www.bicnirrh.res.in/antimicrobial/), with
a large number of them isolated from mammals, birds, amphibians
and insects. Although fish are the most diversified group of verte-
brates till now, relatively few AMPs have been isolated from them,
which reflected presumably a simple lack of attention to this
potentially rich source of AMPs.
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Japanese eel, Anguilla japonica, is one of catadromous fish,
distributed widely in coastal countries in the west of Pacific Ocean
[4]. It is also one of the most important aquaculture species in the
region including China where the fish has high annual yield. The
most significant factor that affects Japanese eel culture is the inci-
dence of various diseases, especially those caused by bacterial
pathogens [5e7]. Studies on the prevention and cure of its diseases
have focused on the isolation of pathogens and medical treatment
[8,9]. However, few attentions have been paid on immune factors of
eels. Only a few AMPs or antimicrobial substances have been
identified from the skin mucus of the fish. Thus far, two types of
lectins, AJL-1 and AJL-2 with antimicrobial activity, have been iso-
lated from skin mucus of the Japanese eel, with the former showing
agglutinating activity against Streptococcus difficile, and the latter
AJL-2 against Escherichia coli [10,11]. An AMP, Parasin I has been
identified in skin mucus of Japanese eel [12]. We have previously
identified an AMP, named as AJN-10, and characterized partially,
which exhibited antibacterial activity against Aeromonas hydro-
phila, but its amino acid sequence was not determined [13].
Moreover, only a 45 kDa glycoprotein was identified in skin mucus
of other eels, i.e. from the European eel, which inhibited
A. hydrophila with a minimal inhibitory concentration (MIC) of
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l mg ml�1 [14]. AMPs or antimicrobial substances have not been
reported from other parts of eel. It seems worthwhile to identify
novel AMPs or antimicrobial substances from other parts of eel, and
to investigate their possible antibacterial activities.

To the best of our knowledge, liver plays important roles in
immunity. It is themain site for differentiation of T-cells besides the
thymus, and some immune-relevant (including acute phase) genes
and AMPs have been identified in the liver of some fish [15e17].
However, AMPs have not been characterized in the liver of Japanese
eel till now. In our previous studies, antibacterial activities of acetic
acid extract were determined from different tissues or organs,
including skin mucus, liver, gill, spleen, bile, kidney and serum of
Japanese eel, and antibacterial activity of liver extract was found to
have the highest antibacterial activity against all tested bacteria,
including several bacterial pathogens of eels, such as Edwardsiella
tarda (B09), Aeromonas sp. (B18) and A. hydrophila (B27) [18]. In this
report, a novel AMP was isolated from the liver of Japanese eel,
which exhibited strong antibacterial activity against bacterial
pathogen of eels, such as E. tarda (B09). Characterization of the AMP
showed that it was derived from hemoglobin alpha chain (Hba).
Isolation of the AMP and determination of its antibacterial activity
were presented.

2. Materials and methods

2.1. Preparation of sample

Ice-cooled livers of healthy Japanese eel were obtained from
Putian Dong-Yuan Roast Eel Ltd. (Putian, Fujian Province, China).
They were collected to laboratory within approximately 2.5 h after
dissection, and immediately frozen in �80 �C for further use.

Frozen livers weighting 150 g were cut into shards and mixed
with 900 ml 10% acetic acid. Samples were then homogenized and
stirred for 24 h at 4 �C, with the supernatant collected by centri-
fugation at 4 �C and 10,000 g for 35 min to prepare acidic extract of
the liver. The acidic extract was subjected to boiling water bath for
10 min with continuous agitation, and cooled immediately in ice.
The supernatant was lyophilized for further use after centrifugation
at 4 �C and 10,000 g for 35 min. The lyophilized extract was dis-
solved in sterile water, and the antibacterial activity was
determined.

Acidic extract of liver with antibacterial activity was further
screened through 10 kDa Midgee�/MidGee Hoop by ultrafiltration
system (GE Healthcare Life-Sciences). Protein samples of
MW < 10 kDa was collected, lyophilized, and the antibacterial
activity was again determined.

2.2. Cationic-exchange chromatography purification

The lyophilized powder was reconstituted in sterile water and
loaded onto HiTrap� CM FF 5 ml column (GE Healthcare Life-
Sciences) connected to an ÄKTA Purifier 100 (GE Healthcare Life-
Sciences). The column was equilibrated with 0.1 M sodium
acetate (pH 7.4). Elution was then performed at 2 ml min�1 with
a linear gradient (0e100%) of 4.0 M ammonium acetate (NH4Ac) for
25 min. The elution was monitored at 280 nm, and 2 ml fractions
were collected. Each fraction was lyophilized, reconstituted in
0.1 ml sterile water for antimicrobial activity determination.

2.3. Reverse-phase chromatography purification

Fractions with NH4Ac concentration between 1.27 and 2.08 M
were pooled and applied onto Source 5R RPC-ST-4.6/150 column
(GE Healthcare Life-Sciences) connected to an ÄKTA Purifier 100
(GE Healthcare Life-Sciences). Elutionwas performed at 1 ml min�1
with a gradient from 0.1% (v/v) trifluoroacetic acid (TFA) in 2%
acetonitrile (ACN) to 50% ACN for 50 min. The absorbance was
monitored at 280 nm, and 1 ml fractions were collected. Each
fraction was lyophilized, reconstituted in 0.1 ml sterile water for
antimicrobial activity determination.

The active fractions were denoted by the bar in Fig. 2A, the 39th
fraction was pooled from each time of Source 5R RPC-ST-4.6/150
column elution, lyophilized and reconstituted in sterile water. An
aliquot (0.1 ml) was subjected to C18 reverse-phase high-perfor-
mance liquid chromatography (RP-HPLC) on an analytical Stable
Bond 300SB column (particle size 5 mm, 4.6 mm � 250 mm, Agi-
lent, USA) equilibrated with 0.1% TFA in 2% ACN. The concentration
of ACN in the eluting solvent was raised to 17% over 5 min, 17e27%
over 31 min and 27e100% over 5 min with linear gradients.
Absorbance was monitored at 280 nm, and fractions were collected
from each peak. Each fraction was lyophilized, reconstituted in
sterile water for antibacterial activity determination.

The active fractions eluted were pooled, lyophilized, recon-
stituted in sterile water and further purified by a second round of
C18 RP-HPLC on the same column with a lower linear gradient (0e
19.5% over 5 min/19.5e24.5% over 50 min/24.5e100% over 5 min).
Fractions were collected, lyophilized, and antibacterial activity was
determined.

2.4. Bacterial strains

E. tarda (B09), Aeromonas caviae (B14), Aeromonas sp. (B18),
A. hydrophila (B27), A. jandaei (B29) and A. veronii (B69) were iso-
lated and identified from diseased eel in our laborotory. Staphylo-
coccus aureus (1.879), Micrococcus lysodeikticus (1.634), Vibrio
alginolyticus (1.18333), V. parahaemolyticus (1.164) and V. harveyi
(1.1600) were obtained from the China General Microbiological
Culture Collection Center (Beijing, China). S. aureus (1.879) was
inoculated on normal nutrient agar for 18 h at 37 �C. Other bacteria
were inoculated on normal nutrient agar for 18 h at 28 �C. E. tarda
(B09), Aeromonas sp. (B18), A. hydrophila (B27) were used to detect
antibacterial activity of the purified peptide. All bacteria were used
to detect antibacterial activity of the synthetic peptide exception
Aeromonas sp. (B18).

2.5. Antibacterial assay

Inhibition zone assay was used to determine the antibacterial
activity of acidic extract and protein sample of MW< 10 kDa. 20 ml
of normal nutrient agar was seeded with 1 �105 bacterial cells and
poured into Petri dishes. Four 3-mm diameter wells were punched
into the agar in the Petri dishes, and 8 mg protein samples were
added into three wells, 16 ml sterile water was added into the fourth
well as blank control. Samples were incubated for 24 h at 28 �C,
radius of inhibition zones were then measured and to indicate
antibacterial activity.

Antimicrobial activity of the peptide from chromatograph was
determined by the liquid growth inhibition assay as described by
Anderson and Beaven [19]. For sample experimental set, 20 ml
peptide sample was mixed with isopyknic bacterial suspension
(1 � 106 cell ml�1) from a log-phase culture, and a sample blank,
20 ml peptide sample was mixed with isopyknic physiological
saline; for bacterial set, 20 ml bacterial suspension was mixed with
isopyknic physiological saline, and a bacterial blank, 40 ml physio-
logical saline. After 3 h incubation at 28 �C, 50 ml Mueller-Hinton
Broth was added into each well for further 21 h incubation at
28 �C. The numbers of variable bacteria was determined by
measuring the change of OD620 value on a microtiter plate reader
(Bio-Tek Synergy 4, USA). The experiment was repeated twice.
corrAMP ¼ OD620 of sample þ bacteria corrected by subtraction of
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sample blank value, and corrAB ¼ OD620 of bacteriaþ physiological
saline corrected by subtraction of bacterial blank value. A killing
index (Ki%) was calculated by following formula:

Ki% ¼ ½1� corrAMP=corrAB� � 100%

Antimicrobial activity of synthetic peptide (CL Bio-Scientific Co.
Ltd) was determined by the same procedure as described above,
except that the concentration of all test bacteriawere diluted into 0.1
OD620 value, and the concentrations of synthetic peptide were
designed as 83.72 mM, 41.86 mM,20.93 mM, and10.47 mMrespectively.

2.6. Protein quantification

sProtein concentration of samples was estimated by the
method of Bradford using bovine serumalbumin (Amresco,USA)
as standard [20].

2.7. MALDI-MS

The molecular weight, purity of the isolated antimicrobial
peptide were determined by a matrix assisted laser desorption
ionization tandem time-of-flight mass spectrometer (MALDI-TOF-
MS) instrument (Bruker) operated in linear mode at Xiamen
University in Xiamen of China.

2.8. N-terminal sequence and homology analyses

Amino acid sequence of the homogeneous peptide was deter-
mined by automated Edman degradation using an automatic
peptide sequencer (ABI PROCISE�492cLC) at Genecorn Co. Ltd
(Shanghai, China). The kinds of amino acids were determined
according to the chromatogram of standard amino acids.

Peptide sequences obtained were aligned with homologous
sequences from the National Center for Biotechnology Information
databases, using blast programs and searching for short, nearly
exact matches.

2.9. 30-RACE and 50-RACE amplification

30-RACE were performed with the 30-Full RACE Core Set kit 2.0
(TaKaRa, Santa Ana, CA, USA), following the manufacturer’s
instructions. All primers are listed in Table 1. PCR were performed
Table 1
Primers listed for 30-RACE and 50-RACE.

Primers Sequence (50e30) Purpose

Adaptor primer(Ap) Containing the dT region
designed by
TaKaRa and Adaptor primer part

30 Race cDNA

Out primer TACCGTCGTTCCACTAGTGATTT 30 Race
Gene-specific

primer (S1)
CTCCCTCYGTCAAGAAGCAYGG 30 Race

SMARTer IIA
oligo primer

AAGCAGTGGTATCAACGC
AGAAGTAC����

50 Race cDNA

50-RACE CDS Primer A (T)25VN 50 Race cDNA
10� Universal Primer

A Mix (UPM)
Long: CTAATACGACTCA
CTATAGGGC
AAGCAGTGGTATCAACGCAGAGT
Short: CTAATACGACTCA
CTATAGGGC

50 Race

Nest primer AAGCAGTGGTATCAACGCAGAGT 50 Race
Gene-specific

primer (A1)
CAGCGTCTTGAAGTTGCCAGGGTCG 50 Race

Gene-specific
primer (A2)

GCACCCAGAGCTGCAAGGAATTTAT 50 Race
with 10 mM outer primer and 10 mM gene specific primer (S1), Tm
was 56 �C.

50-RACE was performed with the SMARTer� RACE cDNA
Amplification Kit (Clontech), following the manufacturer’s
instructions. All primers were also listed in Table 1, Nested
gradient PCR were performed. The first round of PCR reaction
mixture contained first strand cDNA, 0.4 mM 10� Universal Primer
A Mix (UPM), 10 mM gene specific primer (A2), Tm was 65 �C.
The second round of PCR reaction mixture contained the first
PCR mixture diluted 50 times, 10 mM Nested Universal Primer
A(NUP) and gene specific primer (A1), PCR was performed
with the following conditions: 94 �C for 2 min, 5 cycles at 94 �C
for 30 s, 72 �C for 2 min; 5 cycles at 94 �C for 30 s, 70 �C for 30 s,
72 �C for 2 min; 20 cycles at 94 �C for 30 s, 69 �C for 30 s, 72 �C
for 3 min. The final extension step was performed at 72 �C for
5 min. PCR products were sequenced by the Dragon Genomics
Center (Invitrogen).

2.10. Sequence analysis

The cDNA sequence was blasted by searching for short and
nearly exact matches program at NCBI (National Center for
Biotechnology Information).

3. Results

3.1. Purification of antibacterial peptide from the liver of Japanese eel

Nine hundred milliliter of acidic extract, containing 4.76 g dry
substance, was obtained from 150 g frozen liver tissue. Some
deposit was removed from acidic extract by boiling water bath and
ultrafiltration, protein sample of MW < 10 kDa was then found to
have strong antibacterial activity. The radius of inhibition zone was
listed in Table 2.

In cation-exchange chromatography, fractions eluted from 28th
to 32th tubes, corresponding to concentration of ammonium
acetate between 1.27 M and 2.08 M, had antibacterial activity
against E. tarda (B09), Aeromonas sp. (B18) and A. hydrophila (B27)
(Fig. 1). These fractions were pooled, lyophilized and dissolved in
sterile water, and applied to a Source 5R RPC-ST-4.6/150 column. In
this column, fractions with antimicrobial activity were predomi-
nantly seen in the elution profile (Fig. 2), and the 39th fraction had
strong antibacterial activity to B09, B18 and B27.

All 39th fractions was pooled, lyophilized, reconstituted in
sterile water as loading sample, and the C18 RP-HPLC was per-
formed for twenty-one times. The elution profile of each time had
three active peaks, eluting from 24.5 to 25.3 min, 25.3 to 26.2 min
and 26.2 to 27.1 min (Fig. 3, labeled peak1, peak2 and peak3).

In the present study, we focused on the peak labeled peak3.
Fractions at peak3 from 21 times performance were collected,
a total volume of 18.9 ml was then obtained. The sample was
lyophilized before reconstituted in 1.0 ml sterile water for the
Table 2
Antibacterial activities of acidic extract, heated protein sample and protein sample of
MW < 10 kDa (radius of inhibition zone, mm).

Bacterial strains Radius of inhibition zone(mm)

Acidic extract Heated protein
sample

Protein of
MW < 10 kDa

E. tarda (B09) 3.00 � 0.57 6.50 � 1.98 11.00 � 0.85
Aeromonas

sp. (B18)
8.30 � 1.56 4.00 � 0.42 13.20 � 1.27

A. hydrophila
(B27)

9.00 � 1.70 10.00 � 1.41 15.50 � 3.11



Fig. 1. Elution profile for the cation-exchange chromatography on proteins of
MW < 10 kDa from the liver of Japanese eel. A: Antibacterial activity of the 28th to
32nd tubes on cation-exchange chromatography; B: Cation-exchange chromatography
on peptide of MW < 10 kDa. The sample was loaded onto HiTrap�CM FF 5 ml column
pre-equilibrated with sodium acetate (solvent A), and fractions were eluted with
a linear gradient of 0e100% 4.0 M ammonium acetate (solvent B) at a flow rate of
2 ml min�1 for 25 min. The effluent was monitored at 280 nm.

Fig. 2. Elution profile for reversed phase chromatography of the active fractions ob-
tained from cation-exchange chromatography. A: Antibacterial activity of the 28the
41st tubes on reversed phase chromatography; B: the 28th to 32nd tubes of cation-
exchange chromatography was subjected to a Source 5R RPC-ST-4.6/150 column. The
column was pre-equilibrated with 0.1% TFA in 2% ACN (solvent A), and fractions were
eluted with a linear gradient of 0e100% 50% ammonium acetate (solvent B) at a flow
rate of 1 ml min�1 for 50 min. The effluent was monitored at 280 nm.
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second loading sample. The second round of C18 RP-HPLC was
performed for ten times with a slower water/acetonitrile gradient.
A single active peak with a retention time of between 26 and
28 min was yielded each time from the elution profile (Fig. 4). A
total of 20 ml active fractions, eluted for 10 times, were pooled,
lyophilized, reconstituted in 0.5 ml of sterile water. The ultimately
pure peptide solution was submitted for further chemical charac-
terization and antibacterial spectrum assay.
3.2. Structural characterization

The pure sample was subjected to exact molecule mass
measuring by MALDI-TOF MS and N-terminal amino acid
sequencing. The result of MALDI-TOF MS showed that the pure
peptide had an observed molecular mass of 2388.05 Da (Fig. 5). The
sequence of the antibacterial peptidewas FAHWPDLGPGSPSVKKHG
according to the results of N-terminal amino acid sequencing.
According to the results of 30-RACE and 50-RACE amplification, the
complete sequence of the peptide was FAHWPDLGPGSPSVKKHGK-
VIM, with a theoretic molecular mass of 2388.8 Da. It was well
consistent with the observed molecular mass of MALDI-TOF MS.
Analysis by the ExPASyMW/pI tool (http://www.expasy.ch/tools/pi-
tool.html) showed that pI of the peptide was 9.70.
3.3. Antimicrobial activity

The peptide at concentration of 11.30 mM purified from chro-
matography hadmuch higher antibacterial activity to E. tarda (B09)
than other two bacteria (Table 3). Synthetic peptide
(FAHWPDLGPGSPSVKKHGKVIM) at concentration of 83.72 mM had
strong antibacterial activity to all 10 tested bacteria including
Gram-positive and Gram-negative bacteria, and to 6 Gram-negative
bacteria including A. caviae, A. hydrophila, A. jandaei, A. veroniI,
V. alginolyticus, V. parahaemolyticus at concentration of 41.86 mM.
However, Synthetic peptide had only weak antibacterial activity to
V. parahaemolyticus, V. alginolyticus at concentration of 20.93 mM or
10.47 mM (Fig. 6).
3.4. 30-RACE and 50-RACE amplification

The nucleotide sequence of gene and the amino acids sequence
of peptidewere shown in Fig. 7 obtained from 30-RACE and 50-RACE
amplification. The sequence analysis revealed that the amplified
cDNA sequence encodes the complete sequence of an ORF of
429 bp. The deduced amino acids comprises 143 residues, being
similar to Hb alpha of Anguilla anguilla, Oncorhynchus mykiss, Danio
rerio, Salmo salar (GenBank accession Nos: AAB35054, ACO08763,
CAE30442 and ACN10007 respectively). The nucleotide sequence of
Japanese eel Hba has been deposited in the GenBank under
accession number JN558592. Thus, the pure peptide was named as
AJHba.
4. Discussion

Herewe report the isolation and characterization of AJHba, a 22-
amino acid-residue AMP, from the liver of Japanese eel, A. japonica.

http://www.expasy.ch/tools/pi-tool.html
http://www.expasy.ch/tools/pi-tool.html


Fig. 3. Purification profile of the pooled 39th fractions by the first RP-HPLC. The RP-
HPLC was performed on an analytical 300SB C18 column. Elution was executed at
25 �C with a gradient of 0.1% TFA in 2% ACN (solvent A) and 100% ACN (solvent B) at
a flow rate of 1 ml min�1 as follows: washing with solvent B 0e17% over 5 min, 17e27%
over 31 min and 27e100% over 5 min. The effluent was monitored at 280 nm. The
fractions from peak3 denoted by the arrow were pooled, and subjected to further
purification.

Fig. 5. Mass spectrogram obtained by MALDI-TOF-MS analysis of the purified anti-
bacterial peptide from Japanese eel liver. Values are indicated in m/z. The transformed
spectrum shows a mass (MHþ) of 2388.05 Da.
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Synthetic and natural AJHba were active against a wide range of
Gram-positive and Gram-negative bacteria from both fish patho-
genic and non-aquatic species, implying a broad antibacterial
spectrum. Activity could be detected down to AJHba concentrations
of 41.86 mM against S. aureus andM. lysodeikticus, concentrations of
10.47 mM against V. parahaemolyticus and V. harveyi. Other studies
on hipposin MIC was 40e80 mM against 1�105 cells ml�1 S. aureus,
pleurocidin MIC was 5 mM against the same bacterial suspension
[21]; two cathelicidins in Rainbow Trout MIC was 0.5e4 mM against
1 �105 cells ml�1 V. parahaemolyticus [22]; hepcidin from the head
kidney of large yellow croaker had antibacterial activity concen-
tration 38 mM against 1106 cells ml�1 S. aureus, M. lysodeikticus,
V. parahaemolyticus and V. harveyi [23]. This indicates that Japanese
eel, like several other fish possess an innate peptide-dependent
host defense system to combat microbes.

In fish, most AMPs were isolated from skin, mucus and gill,
although these AMPs were gradually proved to be existent in many
tissues or organs by RT-PCR, Dot-blot, immunohistochemistry and
in situ hybridization [24e27]. Perhaps, skin, mucus and gills
constitute the frontier of defense against pathogens, so various
AMPs were isolated from these sites. In this research, liver as
original material for purifying AMPs from Japanese eel, we also
found that there were many antibacterial fractions in the liver of
Japanese eel (Figs.1A, 2A and 3). Only AJHbawas characterized, and
Fig. 4. Purification profile of the pooled peak3 fractions by the second round RP-HPLC.
It was performed on the same column with a slower line gradient. Elution was
executed at 25 �C with a gradient of 0.1% TFA in 2% ACN (solvent A) and 100% ACN
(solvent B) at a flow rate of 1 ml min�1 as follows: washing with solvent B 0e19.5%
over 5 min, 19.5e24.5% over 50 min and 24.5e100% over 5 min. The effluent was
monitored at 280 nm. The fractions denoted by the arrow were pooled and submitted
for further chemical characterization and antibacterial spectrum assay.
some other unidentified peptides might also have antibacterial
activity or might be active against other pathogens, which would
need further investigation. In addition, AMPs may be highly
synergistic [28], including Hb-derived AMPs [29]. Perhaps, there
are some other AMPs derived from Hb being existent in Japanese
eel, and they are synergistic to various pathogene. At present, we
only analyzed antibacterial activity of AJHba, although Hb-derived
AMPs are inhibitory to bacterial, fungi and parasites. To other
chemical characterization of AJHba, we would analyze latter.

In this report, we have isolated an AMP, AJHba, which is derived
fromHba. Hb as heme protein is present in all groups of organisms,
even those without a bloodstream. It has multiple biological func-
tions including transport of oxygen between tissues, hormone
releasing, immunomodulatory, and hemopoietic, coronaro-
constrictory, antigonadotropic, opioid-like activities [30]. In fact,
Hb is also a potent antibacterial protein. The first report doc-
umenting Hb bactericidal properties appeared in 1958 [31],
however, this finding was questioned immediately. Some
researchers believed that the hemoglobin might promote bacterial
growth through interfering with leukocyte oxygen metabolism
under some conditions [32,33]. To mid-twentieth century, growing
evidence suggested that Hb-derived peptides should be the host
defense peptides, and they were named as hemocidins [34,35].
Hemocidins exhibited a broad-spectrum of antimicrobial activity
against Gram-positive and Gram-negative bacteria, and fungi.
Various AMPs derived fromHba or Hbbwere distributed in human,
cattle, rabbit, with minimal inhibitory concentration (MIC) of
1 mg ml�1. Furthermore, intact Hba or Hbb of human, horse, alli-
gator and snake had antibacterial activity [36]. In fish, three
peptides were derived from b-subunits of channel catfish (Ictalurus
punctata). Hbb could kill trophont stage of Ichthyophthirius multi-
filiis, and Hbb-1 had antibacterial activity against Gram-negative
and Gram-positive bacteria [37]. In addition, antimicrobial
activity has been identified in rainbow trout erythrocytes, although
the chemical identity of this activity has not been determined [38].
Table 3
Antibacterial spectra of AJHba isolated from the liver of Japanese eel, A. japonica.

Bacterium Identification code Gram reaction Ki%

E. tarda B09 Negative 88.64% � 3.91%
Aeromonas sp. B18 Negative 17.57% � 5.75%
A. hydrophila B27 Negative 8.06% � 7.30%



Fig. 6. Antimicrobial assays of synthetic peptide against ten bacterial strains. Sample1:
synthetic peptide (83.72 mM); Sample2: synthetic peptide (41.86 mM); Sample3:
synthetic peptide (20.93 mM); Sample4: synthetic peptide (10.47 mM).
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AMPs can be generated via proteolysis from a number of func-
tional proproteins, such as hemocyanin, lactoferricin, H2A, lyso-
zyme, ubiquitin and complement [39e42]. AMPs derived from Hb
support this proteolysis. 30 antimicrobial peptides were obtained
from peptic hemoglobin hydrolysate, 24 peptides were derived
from a chain of hemoglobin and 6 peptides were derived from
b chain of hemoglobin [43]. Hb could give rise to relatively long
peptides containing ca. 30 amino acid residues inside red blood
cells naturally and secreted outside the cells. Further, these rela-
tively long peptides were degraded into shorter peptides by
proteases, forming “hemoglobin peptide library” with biological
effect [44]. Thus, it is likely that AJHba is a proteolysis product of
Hba. Peptide Cutter tools (http://au.expasy.org/tools/peptide
cutter/) analysis result shows that chymotrypsin can identify Y

ˇ

X
and M

ˇ

X (Fig. 6) protease hydrolysis site, AJHba
(FAHWPDLGPGSPSVKKHGKVIM) is then hydrolyzed exactly from
Hba by chymotrypsin.

Vertebrate Hb has been thought traditionally to be exclusively
present in erythrocytes circulating in blood. Recent studies have
Fig. 7. Nucleotide and deduced amino acid sequence of a-chain of hemoglobin from
Japanese eel, A. japonica. The start codon (ATG) is boxed. The stop codon (TAA) is
asterisk. The polyadenylation signal motif (AATAAA) is bold italic. The underlined
indicates the protein sequence of AJHba as described in report, and the other residues
are deduced from the nucleotide sequence.
subverted this notion, which demonstrated that Hb is expressed in
a variety of nonhematopoietic tissues and cell lines. Liu et al. found
that b-globin gene was induced in murine macrophages by the
treatment of lipopolysaccharide (LPS) and interferon-g (IFN-g) [45].
Nishi et al. demonstrated that Hb was expressed by mesangial cells
in the kidney [46]. Two groups of scientists also independently
reported the expression of Hb in alveolar epithelial type II cells of
lung [47,48]. In addition, Hb has been also found in brain, including
cerebral neurons and neuronal [49,50]. The role of Hb in these sites
is not clear, but the function of the Hb is also predictably different
from the protein in erythrocytes. In this study, we have isolated an
antibacterial Hb fragment from the liver in Japanese eel. Thus, fish
Hb may also expressed in cell of liver, with the function distinct
from the Hb in erythrocytes.

In conclusion, a heat stable peptide with strong antibacterial
activity against E. tarda (B09) was purified from the liver of Japanese
eel, A. japonica. The amino acid sequence of the peptide was
FAHWPDLGPGSPSVKKHGKVIMwith amolecularmass of 2388.05Da.
The amino acid sequence has 100% identity with partial peptide
sequence of Hb, named as AJHba. The synthetic AJHba had strong
antibacterial activities against tenGram-positive ornegative bacteria.
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