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Abstract 

Rabbit neutrophil peptide-1 (NP1) is a prototypic α-defensin with a broad antimicrobial 
spectrum. The Escherichia coli-preferential coding sequence of rabbit mature NP-1 (maNP1) was 
designed, amplified and cloned into plasmid pET32b(+) to construct an expression vector, 
pET32-maNP1. This expression vector was transformed into E. coli Rosetta-gami(DE3)pLysS for 
expressing the fusion protein, Trx-(His)6-maNP1, i.e., expressed maNP1 is sequentially downstream of 
a thioredoxin (Trx) and a (His)6-tag. The quantitative data showed that there were 52% and 4.5% of 
the fused Trx-(His)6-maNP1 expressed in the soluble and insoluble form in the E. coli carrying 
pET32-maNP1 with IPTG induction, respectively. The produced fusion protein was collected and 
purified by Ni-NTA resin, and then cleaved by enterokinsase to release maNP1 peptide. The purified 
recombinant maNP1 showed significantly antimicrobial activities against clinical bacteria, E. coli 
and Pseudomonas aeruginosa (Gram-negative) and Staphylococcus aureus and Bacillus subtilis 
(Gram-positive). The application of this expression approach represents a potential method to 
produce functional maNP1 by fusion protein expressed in E. coli. 
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Introduction  

 
The extensive use of artificial antibiotics and the increasing resistance of bacteria to 

currently available antibiotics have received attentions gradually. Therefore, the development 
of alternative natural antimicrobials is of considerable interest. The antimicrobial peptides are 
one potential source of new antibiotics with the mechanism of action different from 
conventional antibiotics and their broad-spectrum of antimicrobial activities (BROGDEN [1]; 
HANCOCK [2]). Antimicrobial peptides play an important role in primary host defense against 
microbial infection. In the past two decades, different antimicrobial peptides have been isolated 
and identified from various species of organisms ranging from amphibians, invertebrate, 
mammals and plants (WANG et al. [3]).  

Defensins are endogenous, cysteine-rich, 3- to 4-kDa cationic antimicrobial peptides that 
exert antimicrobial activity through membrane permeabilization (GUDMUNDSSON and 
AGERBERTH [4]; WHITE et al. [5]; WIMLEY et al. [6]). Three subfamilies of defensins, 
including α-, β- and θ-defensin, exist among mammals according to the position and 
connectivity of their disulfide-bond (GANZ [7]; TANG et al. [8]). Of the three defensin 
subfamilies, α-defensins are arginine- or cysteine-rich, with six-cysteine residues forming three 
disulfide bonds which are Cys1-Cys6, Cys2-Cys4, and Cys3-Cys5 (SELSTED et al. [9]). In 
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humans, α-defensins are found in neutrophils (LEHRER et al. [10]) and lymphocytes 
(AGERBERTH et al. [11]). In rabbits, but not in humans, α-defensins are also prominent in 
pulmonary alveolar macrophages (GANZ et al. [12]).  

Rabbit neutrophil peptide-1 (NP1), an arginine- and cystine-rich, and cationic peptide with 
33 amino acids (FUSE et al. [13]), is a prototypic α-defensin that is abundant in rabbit 
granulocytes and rabbit alveolar macrophages (PATTERSON-DELAFIELD et al. [14]; 
SELSTED et al. [9]), and it was first called macrophage cationic peptide-1 (MCP-1) 
(SELSTED et al. [15]). Later sequencing proved that NP1 from rabbit polymorphonuclear 
leukocytes (SELSTED et al. [15]) was identical to MCP-1. Rabbit NP-1 exhibits growth 
inhibition activity in vitro against a broad-spectrum of pathogenic microorganisms including 
bacteria (LEHRER et al. [16]; MIYAKAWA et al. [17]; SUN et al. [18]), fungi (LEHRER et al. 
[19]) and virus (LEHERE et al. [20]; SINHA et al. [21]). 

 To date, the preparation of NP1 for its biological studies from natural sources and 
chemical synthesis has been investigated (PATTERSON-DELAFIELD et al. [14]; RAO et al. 
[22]). However, these approaches for isolation of NP1 are inefficiently for pharmaceutical 
application. Therefore, it is desirable to produce NP1 by recombinant technology for 
large-scale production to be economically. In previous study, we had produced rabbit NP1 in E. 
coli as insoluble form successfully (SUN et al. [18]). However, the expression level and the 
effective production of the desired rabbit NP1 were inefficiently.  

In order to investigate the possibility of pharmaceutical application of rabbit NP1, 
relatively large quantity of NP1 needs to be produced economically. Recombinant technique 
and E. coli expression system have emerged as attractive cost-effective method and its 
application is expected to be widespread (LI, [23]). In this study, we have been able to 
overexpress mature NP1 (maNP1) fused to Trx (trxA) by the plasmid pET32b(+) in E. coli 
Rosetta-gami(DE3)pLysS. The fusion strategy was employed in expression vector construction 
to avoid the bacterial toxic effect on host cells and produce the activated maNP1 after removing 
the fused partner and further purification. 

 
Materials and methods 
 
Strains, vectors, enzymes and reagents  
E. coli strain JM109 was used as the host for gene cloning and DNA manipulation. E coli 

Rosetta-gami(DE3)pLysS was purchased from Novagen (Madison, WI, USA) and used as the 
host for expression of heterologous protein. Plasmid pET32b(+) (Novagen) was chosen for the 
construction and expression of fusion protein. DNA polymerase, restriction enzymes and T4 
DNA ligase were purchased from Promega (Madison, WI, USA) and used for the construction 
of recombinant vectors. All chemical reagents were purchased from Sigma (St. Louis, MO, 
USA) or Merck (Darmstadt, Germany).  

Synthesis of the DNA fragment encoding maNP1 
The sequence information of rabbit maNP1 was obtained from the GenBank (accession 

number: M28883). In order to produce maNP1 in bacterial-expression system, the sequence of 
maNP1 was optimized according to the codon usage of E. coli. The optimized codons of 
maNP1 were synthesized by polymerase chain reaction (PCR) with the four primers, maNP1-F, 
maNP1-R, maNP1-PCR-F and maNP1-PCR-R (Table 1). The primer pair of maNP1-F and 
maNP1-R was overlapped in the sequences at their 3’ ends. 
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Table 1. Sequences of the oligomers used in this study 

Name of oligomer Oligomer sequences 

maNP1-Fa 5’-ATGGTGGTCTGCGCGTGCCGCCGTGCCCTGTGCCTGCCGCGTGAACGT
CGTGCTGGGTTC-3’ 

maNP1-Rb 5’-TTAGCGGCGGCAGCACAGTGGGTGGATGCGGCCACGGATACGGCAGA
ACCCAGCACGACG-3’

maNP1-PCR-F 5’-TCGCCCCCATGGTGGTCTGCG-3’c 
maNP1-PCR-R 5’-GAATTCTCGAGTTAGCGGCGGC-3’d 

a, b The overlapping complementary sequences of maNP1-F and maNP1-R were indicated by underlines. 
c Underlined sequences indicate the restriction enzyme Nco I recognized site. 
d Underlined sequences indicate the restriction enzyme Xho I recognized site. 

 
A reaction mixture containing 8 μL of each the oligonucleotides, maNP1-F and maNP1-R 

(10 μM of each), 10 μL dNTPs (2 mM), 0.5 U Taq DNA polymerase (HT Biotechnology, 
Cambridge, UK), 5 μL of 10 x PCR buffer (15 mM MgCl2, 500 mM KCl, 1% Triton X-100, 
0.1% gelatin and 100 mM Tris-HCl, pH 7.9), and 18 μL H2O, was incubated at 70°C for 30 min. 
The primer pair, maNP1-PCR-F and maNP1-PCR-R, was used to amplify the gene encoding 
modified maNP1. The PCR fragment containing maNP1 gene was amplified under the 
following condition: denaturation at 95°C for 5 min; followed by 40 cycles of denaturation at 
95°C for 45 sec, annealing at 55°C for 45 sec and extension at 72°C for 45 sec, and last 
elongation at 72°C for further 10 min.  

 
Construction of maNP1 expression vector  

LaVallie et al. (LaVALLIE et al. [24]) had developed an expression system based on the 
use of E. coli Trx (trxA) as a fusion partner to increase the solubility of fusion protein in E. coli 
cytoplasm. In order to obtain the expression vector containing the Trx partner, the DNA 
fragment of synthesized maNP1 was purified and digested with Nco I and Xho I. The resulting 
DNA fragment was then ligated to the vector pET32b(+), which was also digested with these 
two restriction enzymes, to construct the expression vector, pET32-maNP1. The coding 
sequence of maNP1, in frame with the sequence of the Trx and the (His)6-tag were confirmed 
by direct sequencing of the vector DNA. 
 
Expression of the fusion protein   

E. coli Rosetta-gami host strains can enhance disulfide bond formation resulting from 
trxB/gor mutations with enhanced expression of eukaryotic proteins that contain codons rarely 
used in E. coli. For this reason, the confirmed expression vector, pET32-maNP1 was 
transformed into E. coli Rosetta-gami(DE3)pLysS to generate the E. coli/pET32-maNP1.  

For expressing the fusion protein, the desired E. coli/pET32-maNP1 clone was selected 
and inoculated into 3 mL enriched Luria-Bertani (LB) medium supplemented with 100 μg/mL 
ampicillin and 34 μg/mL chloramphenicol culturing at 37°C overnight with shaking at 250 rpm. 
The overnight culture was diluted 100-fold into fresh enriched LB medium with antibiotics and 
0.2% (w/v) glucose. When the cells were cultured to OD600 at about 0.5 (mid-log phase), the 
fusion protein expression was induced by the addition of isopropyl-β-D-l-thiogalatopyranoside 
(IPTG) to a final concentration of 1 mM.  

 
Purification of the fusion protein 

After additional 5 h culture by the induction of IPTG at 31°C, the harvested cells were 
immediately centrifuged at 8,000 x g for 20 min, and then resuspended in 20 mL of cooled 
binding buffer (20 mM Tris-HCl, 0.5 M NaCl and 5 mM imidazole, pH 7.9) and disrupted by 
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sonication. The cell debris was removed by centrifugation at 12,000 x g for 20 min at 4°C. The 
supernatant of fusion protein containing (His)6-tag was purified using the pre-charged 
nickel-nitrilotriacetic acid (Ni-NTA) agarose affinity chromatography (Invitrogen, Carlsbad, 
CA, USA). The fusion protein bound to the resin was washed by washing buffer (20 mM 
Tris-HCl, 0.5 M NaCl and 40 mM imidazole, pH 7.9), and then eluted with elution buffer (20 
mM Tris-HCl, 0.5 M NaCl and 1 M imidazole, pH 7.9). The fusion protein of insoluble pellet 
(inclusion body) was purified as the steps as supernatant besides the buffers containing 6 M 
guanidine-HCl. 

The elution of fusion protein was collected and dialyzed at 4°C against deionized water for 
24 h. The fusion protein was then lyophilized and stored at -80°C. The purified fusion protein 
was analyzed by 16% SDS-polyacrylamide gel electrophoresis and Western blot. The 
concentration of protein was analyzed by BCA Protein Assay Kit (Pierce, Rockford, IL, USA). 
Cleavage of the fusion protein 

An existed enterokinase recognition site and a designed cyanogen bromide (CNBr) 
cleavage site were used to release the recombinant maNP1 from the fusion protein. In CNBr 
cleavage reaction, the purified fusion protein was dissolved in 70% formic acid and the 
cleavage was performed with 0.5 M CNBr (in acetonitrile) for 48 h at 25°C to release maNP1 
peptide. The cleaved fusion protein was dissolved in 30 mL  deionized water to stop the 
reaction and rotated by rotary evaporator to remove the remaining CNBr.  

Enterokinase cleavage reaction of the fusion protein was performed by the 
EnterokinaseMax (Invitrogen) according to the manufacture’s instruction. The lyophilized 
purified fusion protein was resuspended in EKMax reaction buffer (50 mM Tris-HCl, 1 mM 
CaCl2, and 0.1% Tween 20, pH 8.0). Then, the enterokinase was added to the reaction mixture 
(1 IU/mg fusion protein) and incubated at 22°C for 16 h to release maNP1 from the fusion 
protein.  

The 4−12% NuPAGE Bis-Tris gel (Invitrogen) and Western blot were used for maNP1 
peptide assay.  

 
Purification of maNP1 

The maNP1 was purified by cationic exchange chromatography using a CM Sepharose 
Fast Flow (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) which was performed on the 
ÄKTA prime system (Amersham Pharmacia, Piscataway, NJ, USA). The lyophilized 
enterokinase-treated peptide was dissolved in 0.1 % acetic acid and loaded directly onto the 
column equilibrated with the binding buffer (20 mM Phosphate buffer, pH 7.2). After sample 
loading, the column was washed with equilibration buffer to remove loosely bound 
contaminants, and the bound maNP1 was eluted with a NaCl gradient of elution buffer (0.1, 0.3, 
0.5, 0.8 and 1.0 M NaCl, 20 mM Phosphate buffer, pH 7.2).  

The purified maNP1 was collected, concentrated and desalted by Amicon Ultra-15 3K 
Centrifugal Filter Devices (Millipore, Billerica, MA, USA). Finally, the purified maNP1 was 
lyophilized and stored at -80°C until subsequent assay. The purified maNP1 was identified by 
Western blot, N-terminal sequencing and MALDI-TOF. 
 
Western blot analysis  

Protein electrophoresis and Western blot were performed as previously described (CHEN, 
[25]). Protein sample was resolved by electrophoresis and electro-transferred onto PVDF 
membrane (Amersham Biosciences). The membrane was blocked with 5% (w/v) non-fat milk 
in PBS and incubated for 2 h in 1:1,000 rat anti-NP1 antiserum diluted in PBS. Following 
washed with TBS (PBS containing 0.1% Tween 20) three times, the blot was reacted in a 
1:2,500 dilution of alkaline phosphate (AP)-conjugated goat anti-rat IgG in PBS for 1 h and 
washed with TBS. The protein bound enzymes on the membrane were visualized with 
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BCIP/NBT Substrate Solution (PerkinElmer, Boston, MA, USA). The rat anti-NP1 antiserum 
used in the present study was kindly gift from Dr. Shih-Rong Wang at Animal Technology 
Institute Taiwan (ATIT). This anti-NP1 antiserum was prepared from the serum of rat that was 
immunized by intraperitoneal injection of a synthetic peptide fragment of rabbit NP1. 

 
Antibacterial activity assay 

The antibacterial activity of purified maNP1 was determined by the method described as 
Harwig et al. (HARWIG et al. [26]) against E. coli ATCC 8739 (Gram-negative) and P. 
aeruginosa ATCC 10145 (Gram-negative), B. subtilis ATCC 6633 (Gram-positive) and S. 
aureus ATCC 6538P (Gram-positive), were obtained from the American Type Culture 
Collection (ATCC).  

Single colony of bacteria was inoculated in 3 mL NB broth and cultured overnight at 37°C 
with shaking. Then, the bacteria was transferred to fresh NB broth and grown until the OD600 
reached to 0.5 (mid-log phase). The suspension of bacterial culture was diluted to approximate 
1 x 106 CFU/mL with 10 mM PBS (pH 7.4). After adding the serially PBS-diluted maNP1 at 
concentrations ranging from 0 to 50 μg/mL, the cultures were incubated for 3 h at 37°C with 
shaking. The bacterial cultures were serially diluted using the 10 mM PBS (pH 7.4), and 
applied in triplicate onto the Petrifilm Aerobic Count Plates (3M Microbiology, Bothell, WA, 
USA). After incubation at 37°C for 48 h, the individual colonies were counted.  

The antibacterial activity was presented by survival percentage defined as the ratio of 
colonies in the presence of maNP1 to the numbers of colonies without maNP1.  

 
Results and Discussion 
 
Synthesis of the maNP1 gene for E. coli codon optimization 

E. coli is the host cell that most commonly used and cost effective expression system for 
producing recombinant proteins, including antimicrobial peptides. However, some barriers 
have been hampered when E. coli is used as the host of expression of small cationic peptides, 
such as preferential codons (GUSTAFSSON et al. [27];  PENG et al. [28]) and the intrinsic 
antimicrobial activity to the host cells (LI, [23]; PIERS et al. [29]). In order to eliminate the 
adverse effect of codon bias in E. coli expression system, the preferential codons of targeted 
antimicrobial peptides can be synthesized chemically to match the host expression system 
(HUANG et al. [30]; PENG et al. [28]). To overcome the obstacle of codon bias in E. coli 
expression system, the maNP1 gene was cloned according to the E. coli-preferential codon 
usage without modifying the amino acid sequences to increase the expression of maNP1.  

There are 33 amino acids in the maNP1 and 12 of amino acids are encoded by the rare 
codons of E. coli. According to the optimized codons, two primer-pairs (Table 1) were designed 
to clone the E. coli-preferential maNP1 in this study. For providing the CNBr cleavage site for 
releasing the maNP1 from the fusion protein expressed by the host cells, an ATG codon, 
encoding Met residue, was introduced at the N-terminal of the sequence. Thereof, the modified 
maNP1 gene fragment (105 bp) of which 12 rare codons was replaced with preferential codons 
of E. coli was synthesized and amplified by PCR. Fig. 1A shows the comparison of the original 
and modified maNP1 sequences and their encoded amino acids.  

 
Construction of expression vector 

The modified maNP1 gene suitable for E. coli expression was successfully cloned into 
plasmid pET32b(+) to construct the expression vector, pET32-maNP1. The DNA fragment 
encoding maNP1 was constructed by the method described in our previous report (SUN et al. 
[31]) and the overall scheme for the construction of expression vector was illustrated in Fig. 2. 
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The structure of the pET32-maNP1 was verified and shown in Fig. 1B and Fig. 2. The maNP1 
gene was under the control of T7 promoter and fused with a downstream of Trx-(His)6-tag. 
Between Trx and maNP1 coding sequence, there is a (His)6-tag for fusion protein purification 
by affinity chromatography, and an enterokinase recognition site to be an alternative cleavage 
site to release the maNP1 efficiently. 

 
Fig. 1. Sequences of rabbit mature neutrophil peptide-1 (maNP1) and the map of DNA fragment for 
encoding the fusion protein of maNP1 with thioredoxin (Trx) and (His)6-tag. A. The original and optimal 
sequences of rabbit maNP1, and its encoded amino acids. The modified nucleotides in optimal sequences 
according to the E. coli -preferential coding sequences were indicated by bold/underline. B. The DNA fragment 
for encoding the fusion protein Trx-(His)6-maNP1, i.e. maNP1 is sequentially downstream of Trx-tag and 
(His)6-tag. In the map, one enterokinsase recognized site and the methionine (Met) residues providing cyanogen 
bromide (CNBr) cleavage sites were indicated. Therefore, the recombinant maNP1 can be released from the 
fusion protein Trx-(His)6-maNP1 treated enterokinsase or CNBr.  
 

    
Fig. 2. Schematic presentation of the procedure to synthesize the DNA fragment encoding maNP1 and to 
construct the expression vector, pET32-maNP1. The synthesized and hybrid maNP1-F and maNP1-R was used 
as template and the primer pair, maNP1-PCR-F and maNP1-PCR-R, was used to amplify the DNA fragment (105 
bp) by PCR. Restriction enzyme Nco I and Xho I sites were designed at the 5’ and 3’ termini in the DNA fragment, 
respectively. On the other hand, the plasmid pET32b(+) were also digested with Nco I and Xho I, and the large 
DNA fragment was recovered to ligate with Nco I/Xho I-treated maNP1 DNA fragment. Construction and features 
of the maNP1 expression vector are detailed in the section of Materials and Methods. 
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To facilitate the expression of antimicrobial peptides in E. coli, selection of the proper 
vector and fusion partner can protect the host cells from the toxicity of antimicrobial peptides, 
avoid proteolytic degradation and enhance the yield of production (LI, [23]; CIPÁKOVÁ et al. 
[32]; HUANG et al. [33]; RAO et al. [34]). In the present study, the pET32b(+) vector was 
selected for production of fusion protein, Trx-(His)6-maNP1, for the following two reasons: 
First, fusion of the antimicrobial peptides to Trx could decrease the toxicity of product to E. coli 
host, facilitate the formation of disulfide bonds (LaVALLIE et al. [24]; LaVALLIE et al. [35]) 
and provide the high-level expression of peptides. Second, it provides the (His)6-tag sequences 
for effective detection and purification by Ni+-chelating chromatography. 
 
Expression and purification of Trx-(His)6-maNP1 fusion protein 

The constructed pET32-maNP1 was transformed into E. coli strain, 
Rosetta-gami(DE3)pLysS, to obtain recombinant strain, named E. coli/pET32-maNP1. The E. 
coli/pET32-maNP1 was cultured in enriched LB medium with 1 mM IPTG induction, and then 
the soluble and insoluble proteins were extracted for the further analysis. According to 
SDS-PAGE analysis, there was an obvious foreign protein band with a molecular weight of 
about 23 kDa, which is consistent with the predicted molecular weight of fusion protein, 
Trx-(His)6-maNP1 (Fig. 3A). To confirm whether the fusion protein was highly expressed in 
soluble form or not, the insoluble inclusion bodies and soluble supernatant samples were 
analyzed by SDS-PAGE. The electrophorestic results show that the Trx-(His)6-maNP1 was 
predominantly expressed in soluble fraction (Fig. 3B), demonstrating that the 
Trx-(His)6-maNP1 fusion protein was high-level expression in soluble form. Moreover, the 
quantitative data showed that there were 52% and 4.5% of the fusion protein expressed in the 
soluble and insoluble form, respectively (Table 2).  

 
Fig. 3. Expression of the fusion protein Trx-(His)6-maNP1. A. SDS-PAGE analysis of the expressed 
Trx-(His)6-maNP1 was shown; lane M indicates protein marker and the molecular weight was indicated. Lane 1 
and 3 indicate that total protein profile from the E. coli host and cultured in the LB medium without and with IPTG 
induction, respectively. Lane 2 and 4 indicate that total protein profile from the E. coli transformed with expression 
vector pET32-maNP1 and cultured in the LB medium without and with IPTG induction, respectively. B. Lane 1 
and 2 indicate the protein profiles isolated from the inclusion bodies (i.e., the fraction of insoluble protein) and 
supernatant (i.e., the fraction of soluble protein) of the E. coli carrying pET32-maNP1 by the cultures with IPTG 
induction.  
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Table 2. Summary of the fusion protein Trx-(His)6-maNP1 purification from the E. coli Rosetta-gami(DE3)pLysS 
carrying expression vector pET32-maNP1. 

Purification step Total protein (mg) Fusion protein (mg) Purity (%) b Yield (%) c 

Insoluble fusion protein a 256 11.4   4.5  

Ni-NTA affinity chromatography 9.2 7.7 84 68 c 

Soluble fusion protein a 73.2 38.2 52  

Ni-NTA affinity chromatography 32.6 28.2 87 74 d 
a The starting material was the extract from 1 g bacterial lysis of IPTG-induced E. coli/pET32-maNP1 as described 
under Materials and Methods. 
b The purification fold was calculated based on the amount of total protein vs. fusion protein. 
c The yield was calculated based on the amount of fusion protein in total insoluble protein. 
d The yield was calculated based on the amount of fusion protein in the total soluble protein. 

 
The Trx-tag was used as a fusion partner to increase the expression of soluble foreign 

protein and this strategy has also been used in production of other antimicrobial peptides 
successfully, e.g., human α- and β-defensin (HUANG et al. [33]; PENG et al. [36]; WANG et al. 
[37]; XU et al. [38]). 

As the Trx-(His)6-maNP1 fusion protein contained a (His)6-tag, the Ni-NTA agarose resin 
was used to purify the target fusion protein. Following affinity chromatography and the results 
of SDS-PAGE show that the soluble Trx-(His)6-maNP1 could be purified from the Ni-NTA 
affinity column by a purity of 87% and there was 74% of fusion protein could be recovered 
from the soluble protein of E. coli carrying pET32-maNP1 (Table 2). In conclusion, amount of 
about 64% of expressed fusion protein Trx-(His)6-maNP1 could be purified from the soluble 
protein of E. coli/pET32-maNP1 cultured in LB medium and with IPTG induction.  
Cleavage of the fusion protein 

After CNBr cleavage at N-terminal Met residue of Trx-(His)6-maNP1, the CNBr-treated 
solution was analyzed by 4–12 % NuPAGE gel. The result shows that the Trx-(His)6-tag was 
removed from Trx-(His)6-maNP1 fusion protein to yield the target maNP1 band with the 
molecular weight of about 4 kDa which was further identified by Western blot with anti-NP1 
antiserum (Fig. 4A). However, apparent additional bands except maNP1 were shown on the 
NuPAGE profile. On the other hand, the fusion protein was cleaved by enterokinase and the 
result was shown in Fig. 4B. It is observed that there were intense bands corresponding to the 
molecular weight of the expected peptides, the maNP1 band (corresponding to approximate 4 
kD) and another band about 17 kDa which was identical to the fusion partner, Trx-(His)6-tag 
(Fig. 4B).  

Fused antimicrobial peptides were usually cleaved with either chemicals (CNBr or 
hydroxylamine) or enzymes (enterokinase or Factor Xa) to release desired antimicrobial 
peptides (WANG et al. [37]; JING et al. [39]; PAZGIER et al. [40]). CNBr is the most common 
and widely used chemical for selective cleavage of fused antimicrobial peptides. However, 
there are some problems with CNBr digestion. Firstly, fusion proteins or fusion partner may 
contain additional CNBr recognition sites to make the further purification complicated and to 
have low recovery efficacy. Secondly, CNBr digestion is known as the most robust way of 
specific polypeptide chain cleavage with yields reaching 90–100 %, but the inadequate reaction 
condition can generate incomplete digestion of peptides. Finally, CNBr is high toxicity to 
human and must be handled carefully in a chemical hood (PIERS et al. [29]; RAO et al. [34]; 
WEI et al. [41]). Nevertheless, considering the cost of industrial production, the cleavage of 
CNBr or other chemicals are still the feasible strategies. 
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Fig. 4. Identification of maNP1. A. The purified Trx-(His)6-maNP1 was treated by CNBr and resolved on 4−12% 
NuPAGE Bis-Tris gel (lane 1) and then Western blot analysis was used to verify the expressed maNP1 by rat 
anti-NP1 antiserum (lane 2). B. The purified Trx-(His)6-maNP1 was treated by enterokinsase and resolved on 
4−12% NuPAGE Bis-Tris gel (lane 1) and the expressed maNP1 was verified by Western blot analysis (lane 2). 
The recognized maNP1 was indicated by the arrows.  

 
In contrast, the use of enterokinase could overcome the problem that circumvented by 

CNBr treatment but more expensive and difficult to scale up. Enterokinase is a highly specific 
protease and cleaves at C-terminal side of Asp-Asp-Asp-Asp-Lys linkage. Furthermore, there 
is no additional residue left at N-terminal of the cleaved protein after enterokinase digestion. In 
this study, an enterokinase recognition site existed at the N-terminal of the maNP1. After 
incubation of the fusion protein with enterokinase, the recombinant maNP1 and Trx-(His)6-tag 
fusion partner were released but no other peptides. After cleavage with enterokinase, the 
high-purity peptide could be obtained by following purification steps.  
Purification of recombinant maNP1 

The maNP1 treated with enterokinase was purified by cationic exchange chromatography 
directly. The purified maNP1 was collected and analyzed by 4–12% NuPAGE. As shown in Fig. 
5, the maNP1 major peak was eluted when the concentration of NaCl was 0.8 M and the purity of 
recombinant maNP1 reached to 96%. The purified maNP1 was also confirmed by its N-terminal 
sequences as Val-Val-Cys-Arg-Cys- which was identical to that of the natural one. Additionally, 
the purified maNP1 was matched to the amino acids of the rabbit antiadrenocorticotropin, 
corticostatic peptide CSIII (GenBank accession no. AAB21588) (also named NP-1 or MCP-1) 
(FUSE et al. [13]; ZHU et al. [42]) by MALDI-TOF analysis (data not shown). 

 
Fig. 5. The Purified recombinant maNP1. The fusion protein Trx-(His)6-maNP1 was treated with enterokinsase 
and the released maNP1 was purified by cationic exchange chromatography with a NaCl gradient of elution buffer 
(0.3, 0.5, 0.8, and 1.0 M NaCl, 20 mM Phosphate buffer, pH 7.2). The recovered maNP1 was subjected to cationic 
exchange chromatography again and a major peak was eluted with 0.8 M NaCl buffer indicating that the purity of 
recombinant maNP1 reaches to 96%. The electrophoretic result shows the purified maNP1 from the collected 
fractions of cationic exchange chromatography as indicated.  
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Antibacterial activity of recombinant maNP1 
The in vitro antibacterial activity of expressed and purified maNP1 was verified against 

Gram-negative (E. coli ATCC 8739 and P. aeruginosa ATCC 10145) and Gram-positive 
bacteria (B. subtilis ATCC 6633 and S. aureus ATCC 6538P). As shown in Fig. 6, the growth of 
E. coli and S. aureus were dramatically suppressed with increasing concentrations of prepared 
maNP1. The survivability of bacteria was obviously descended when the concentration of 
maNP1 was over 12.5 μg/mL. The calculated IC50 (the maNP1 concentration that gave 50% 
inhibition of bacterial growth) for the Gram-negative bacteria, E. coli and P. aeruginosa, was 
6.7 μg/mL and 6.3 μg/mL, and for the Gram-positive bacteria, B. subtilis and S. aureus, was 
7.0 μg/mL and 5.9 μg/mL, respectively. On the other hand, antibacterial activity was 
undetected when these bacteria challenged with purified fusion protein Trx-(His)6-maNP1. 
This result indicates that the purified recombinant maNP1 showed a high antibacterial activity 
against clinical pathogens. 

 

 
Fig. 6. Antimicrobial activities of the recombinant maNP1 and the fusion protein Trx-(His)6-maNP1 against 
Gram-negative bacteria (E. coli ATCC 8739 and P. aeruginosa ATCC 10145) (A) and Gram-positive bacteria (B. 
subtilis ATCC 6633 and S. aureus ATCC 6538P) (B) in liquid culture. Each data point represents an average of 
three independent experiments. The values of the standard deviations were indicated by the vertical bars. 
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