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In vitro reconstitution of antimicrobial pathogen activity
by expressed recombinant bovine lactoferrin N-terminal
peptide in Escherichia coli
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Recombinant bovine lactoferrin N-terminal polypeptide (rbLF-N) Escherichia coli expression
system was constructed and the rbLF-N antimicrobial activity was displayed by enzymatic
proteolysis in this study. A 162 bp 5’-terminal fragment of bovine lactoferrin (bLF) gene from
bovine liver gDNA was amplified by PCR. The DNA fragment containing exon-2 of the bLF
gene was cloned into the expression vector pGEX-4T1 and the glutathione-S-transferase—rbLF-N
(GST-rbLF-N) fusion protein was obtained by over-expression in Esch. coli BL21(DE3). After
thrombin/pepsin digestion, the rbLF-N was released from the fusion protein. The recombinant
peptide was separated and identified by SDS-PAGE, HPLC and LC-MS/MS analysis. A very
strong anti-food-born microbial pathogen activity of the rbLF-N peptides was displayed through
bio- and kinetic-assays in vitro. The minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of the rbLF-N peptide for bacterial pathogens Staphylococcus
aureus, Streptococcus mutans, Esch. coli and Klebsiella pneumoniae were 11-7, 11:7, 11-7,
234 ug and 23+4, 11-7, 11-7, 464 g, respectively. This study created a new route for exploring

lactoferrin peptide application in food science.
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Milk has been shown to contain numerous biologically
active substances. Lactoferrin (LF) and its polypeptides are
of special interest. LF is an iron-binding glycoprotein with
a molecular mass of about 80 kDa (Pierce et al. 1991). LF
is especially abundant in bovine and human milk. LF is
also widely present in the milk, body fluid, tears, sperm
and saliva of many other animals. It can be found in
secondary lysosomes from blood and neutrophils as well.
LF was first isolated from bovine and human milk. The
content of LF in milk varies substantially among human,
cow, goat, pig, mouse, rat, rabbit, dog and guinea pig.
Previous studies attributed many unique biological func-
tions to LF, including iron-intake enhancement (Mikogami,
1995), antimicrobial (Samaranayake et al. 1997), antivirus
(Dapsanse et al. 2001), antioxidant (Zullo et al. 2005),
anti-inflammation and anticancer (Hayes et al. 2006).
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Other biological functions include roles in regulation of
the body immune system (Lee et al. 1998), involvement in
immune regulation, and growth promotion of osteoblast
and skeleton (Naot et al. 2005). Among all its biological
functions, the antimicrobial activity has been extensively
investigated (Farnaud & Evans, 2003).

N-terminus of LF is the active region responsible for its
biological functions. Lactoferricin (LFcin) is a fragment of
polypeptide released from the N-terminus of LF after pep-
tic cleavage at acidic condition (Tomita et al. 1991). These
were initially found in bovine and human milk, and
homologous LFcin was then proved to exist in LF from rat,
pig and goat milk (Bellamy et al. 1992a). Bovine lacto-
ferricin (bLFcin) contains 25 amino acids corresponding to
residues 17 to 41 of bLF and human lactoferricin (hLFcin)
corresponds to residues 1 to 47 of human lactoferrin (hLF)
(Bellamy et al. 1992a) while caprine lactoferricin corre-
sponds to residues 14 to 42 of goat LF (Recio & Visser,
1999). LFcin has potent antimicrobial activities against a
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wide range of microorganisms including Gram-positive
and Gram-negative bacteria as well as filamentous fungi.
The antimicrobial activity of bLFcin is much stronger than
that of LF (Farnaud & Evans, 2003). Genes encoding LF
from different sources including human, pig, bovine, horse
and mouse have been cloned and expressed in many
hosts. Especially, hLF has been expressed in hosts such as
mammals (Platenburg et al. 1994), rice (Nandi et al. 2005),
potato (Chong & Langridge, 2000) and insect cells with
virus (Liu et al. 2005). These studies provide useful data for
applied research. However, the recombinant expression
system with N-terminal polypeptide (corresponded to
exon-2 of bLF gene) derived from bLF has not been es-
tablished. In this study, the recombinant expression system
was established with N-terminus of bLF and its anti-
microbial activity was determined.

Materials and Methods

Animal materials and extraction of genomic DNA from
bovine liver

Fresh liver was obtained from single tissues of Bos taurus
domesticus Gmelin (a 4-year, bull). Genomic DNA
(gDNA) was extracted from fresh bovine liver by applying
the modified method of Sambrook et al. (2001).

Bacterial strains

Escherichia coli C84010, Staphylococcus aureus 1844,
Klebsiella pneumoniae and Streptococcus mutans were
purchased from Chinese Academy of Sciences (Beijing,
China).

Primer design, synthesis and PCR amplification

Oligonucleotide primers were designed based on the
cDNA sequence of bovine lactoferrin deposited in Gene-
bank (Accession number: NM_180998, and L19982). The
primer were 5-GGATCCTGTC TGGCTGCCCC GAGG-3’
(forward) and 5'-CCGCGAATTC CCGGATACAT GCCAA-3’
(backward) with the addition of BamH. and EcoR. restric-
tion sites boxed. The bLF-N sequence fuses into the
glutathione S-transferase (GST) C-terminal through the
BamH.site, just behind the thrombin site. PCR amplifi-
cation was performed with gDNA as template using PCR
kit (MJ Research Inc., BOSTON, USA). The PCR mixture
consisted of 250 ng DNA, 0-5 um each primer, 100 pm-
dNTP, 2:5 ul 10 x PCR buffer, 2:5 U Taq DNA polymerase
and ddH,O was added to 25 pl total volume. The mixture
was heated at 95 °C for 4 min and then subjected to 35
cycles of amplification (94 °C, 30s; 55°C, 60s; 72 °C,
30 s) followed by a final extension at 72 °C for 10 min. The
PCR products was sequenced by Shanghai Sangon Co. Ltd
(Shanghai, China) to confirm the right gene sequence with
162 bp in length compared with the sequence deposited in
GeneBank.
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Cloning of recombinant plasmids and construction of
expression vector

The amplified fragment was gel-purified, sub-cloned into
a pGEM-T easy vector (Promega Corporation, USA) and
transformed into Esch. coli TOP10. Selected clones were
cultured and plasmids were prepared. The plasmids were
digested with BamH 1 and EcoR | (New England BioLabs,
Beijing Ltd.), and cloned into a pGEX-4T1 (Amersham
Biosciences) expression vector cut with the same enzymes.
The ligation reaction (mixture of 1 ng target fragment,
50 ng pGEX-4T1, 10U T, ligase, 1 pl 10 xbuffer and
ddH,O to final 10 pl) was carried out at 16 °C for 6 h. The
ligation product transformed Esch. coli BL21(DE3) was
spread on Luria-Bertani (LB) agar plate supplemented
with 100 mg ampicillin/l and a single clone was selected,
cultured overnight, and then the plasmids were prepared
for gel detection.

Heterologous expression of rbLF-N in Esch. coli
and its purification

The host strain containing recombinant plasmid was grown
overnight at 37 °C in LB medium (containing 100 mg
ampicillin/l). The expression of fusion protein was induced
by adding 0-2 mm-IPTG (isopropyl-B-D-thiogalactopyano-
side) into the culture when optical density (ODgoo nm)
reached 0-6-0-8, and cells were grown at 37 °C for
another 3 h with vigorous shaking. Cells were harvested by
centrifugation at 2,000 g for 6 min, suspended in PBS
buffer and sonicated, collecting the inclusion body pellets
by centrifugation at 15,000 g 20 min at 4 °C. The in-
clusion body pellets were solubilized by 8 m-urea with
20 mm-DTT, the supernatant of 15,000 g was dialyzed
against PBS at 4 °C for 48 h. The supernatant was loaded
on to a glutathione S-Sepharose 4B affinity chromato-
graphy column (Amersham Bioscience) equilibrated with
PBS to purify the glutathione S-transferase (GST) fusion
protein. Fusion Protein eluted with 50 mm-Tris-HCI buffer
(pH 8:0) containing 5 mm-glutathione was diluted to 5%
(w/v) with water, adjusted to pH 25 and then digested
with 0:15% (w/v) porcine pepsin (Ameresco, USA) at
37 °C for 4h (Tomita et al. 1991). The digestion was
terminated by heating at 80 °C for 10 min, centrifuging at
6000 g for 20 min, and the solution was adjusted to pH 7-0
for further application and identification.

Identification of fusion protein and rbLF-N

A 12% SDS-PAGE system was hired to analysis the rbLF-N
protein fusion product (Laemmli, 1970). Coomassie bril-
liant Blue and Silver staining was performed according
to Oakley et al. (1980). Recombinant fusion protein was
digested by thrombin, and the product (rbLF-N) was puri-
fied by 10 KDa molecular weight cut membrane filtration
(Millipore, USA). The protein concentration was deter-
mined by the Bradford protein assay method using bovine


https://doi.org/10.1017/S0022029907002531

Antibacterial pathogen activity by expressed rbLF-N peptide

NM 180998, mRNA

L19982, mRNA
bLF Exon-2
bLF-N, PCR

NM_ 180998, mRNA

119982, mRNA
bLF Exon-2
rbLF-N, PCR

NM_180998, mRNA

1,19982, mRNA
bLF Exon-2
rbLF-N, PCR

NM_ 180998, mRNA

L19982, mRNA
bLF Exon-2
rbLF-N, PCR

NM_ 180998, mRNA

119982, mRNA
bLF Exon-2
rbLF-N, PCR

ATGAAGCTCTTCGTCCCCGCCCTGCTGTCCCTTGGAGCCCTTGGACTGTG
ATGAAGCTCTTCGTCCCCGCCCTGCTGTCCCTTGGAGCCCTTGGACTGTG
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------------------------------------------ GGATCCTG

TCTGGCTGCCCCGAGGAAAAACGTTCGATGGTGTACCATCTCCCAACCTG
TCTGGCTGCCCCGAGGAAAAACGTTCGATGGTGTACCATCTCCCAACCCG
TCTGGCTGCCCCGAGGAAAAACGTTCGATGGTGTACCATCTCCCAACCCG
TCTGGCTGCCCCGAGGAAAAACGTTCGATGGTGTACCATCTCCCAACCCG

AGTGGTTCAAATGCCGCCGATGGCAGTGGAGGATGAAGAAGCTGGGTGCT
AGTGGTTCAAATGCCGCCGATGGCAGTGGAGGATGAAGAAGCTGGGTGCT
AGTGGTTCAAATGCCGCCGATGGCAGTGGAGGATGAAGAAGCTGGGTGCT
AGTGGTTCAAATGCCGCCGATGGCAGTGGAGGATGAAGAAGCTGGGTGCT

CCCTCTATCACCTGTGTGAGGAGGGCCTTTGCCTTGGAATGTATCCGGGC
CCCTCTATCACCTGTGTGAGGAGGGCCTTTGCCTTGGAATGTATCCGGGC
CCCTCTATCACCTGTGTGAGGAGGGCCTTTGCCTTGGCATGTATCCGGGC
CCCTCTATCACCTGTGTGAGGAGGGCCTTTGCCTTGGCATGTATCCGGGA

CATCGCGGAGAAAAAGGCGGATGCTGTGACCCTGGATGGTGGCATGGTGT. . .
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Fig. 1. The alignment of the PCR amplified rbLF-N fragment and partial bLF sequences from Genebank. The rbLF-N was cloned from
bovine gDNA by PCR with the primers given in the text. The alignment showed the rbLF-N sequence correspondeing to that of bLF
exon-2 (bLF exon-2, Genbank NM_180998 and L19982), with 1 base difference, except there were 3 bases different at both ends for

fit into the vector.

serum albumin as the standard (Bradford, 1976). The
molecular weight distribution of rbLF-N and its porcine
pepsin digestion were analysed by HPLC (Waters 1515
system, Milford, MA, USA) with YMC-pack Diol-60 gel
filtration column (5um, 8 x300 mm, Japan). The pepsin
digested rbLF-N, after Sephadex G-10 column (Pharmacia
Corp., USA) desalting was applied for LC-MS/MS identifi-
cation. The peptide sequence of rbLF-N peptide was ana-
lysed on Finnigan LCQ™ Deca XP MAX LC/MS" (Thermo
Electron Corporation, Waltham, MA) with an ODS column
(3um, 0:175x4cm) and an Electro Spray lonization
source (Delahunty & Yetes, 2005). The column was
washed with buffer A (0-1% formic acid in water) for
10 min, and then with linear gradient of buffer B (0-1%
formic acid in acetonitrile) from 10 to 90% over a period
of 160 min with total mobile phase flow rate 200 nl/min.
The mass-to-charge ratio (m/e) of the peptide data
were analysed by Bioworks™/Turbo SEQUEST™ (Thermo
Electron, San Jose, CA).

Antimicrobial activity assay

Esch. coli C84010, Staph. aureus 1844, Kleb. pneumoniae
and Str. mutans were used as target pathogenic micro-
organisms in the antimicrobial activity assays of rbLF-N.
MIC and MBC methods as described by Vorland et al.
(1999) and Groenink et al. (1999).
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Results and Discussion

Cloning of the bLF gene target fragment and recombinant
plasmids, and construction of expression vector

The sequence authenticity of the pGEM-T easy-bLF-exon
2 subclone (pGEM-T/rbLF-N) was verified at this step
(bLF-N, PCR; Fig. 1). DNA sequencing of the fragment
was in accordance with the deposited genes in Genebank
(Accession Number NM_180998, and L119982). The
162 bp DNA fragment (bLF exon-2 gene) corresponded to
a 54 amino acid residual peptide. After sequence analysis,
the target DNA fragment was excised from the pGEM-
T/rbLF-N with BamH. and EcoR. and cloned to pGEX-4T1
expression vector digested with the same enzymes. The
generated recombinant pGEX-4T1/rbLF-N was verified by
enzyme digestion and gel electrophoresis (Fig. 2).

Recombinant plasmids are expressed and purified

Recombinant pGEX-4T1/rbLF-N was introduced into Esch.
coli BL21(DE3) and the host strain containing the verified
recombinant plasmid was induced with IPTG. A specific
new protein band was observed at 33-9kD on the
Urea/SDS PAGE (Fig. 3). The fusion protein was up to
20:4% in total proteins, and the approximate yield of
the fusion protein was 1:68 g/l. In this study, pGEX-4TT1
was used as the expression vector and the recombinant
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Fig. 2. The bLF-N PCR fragment and pGEX-4T1/rbLF-N recom-
binant expressing plasmid. lane M, DNA ladder; lane 1, bLF-N
Amplified fragment from gDNA; lane 2, pGEX-4T1 vector; lane
3, linear pGEX-4T1 vector digested by BamH and EcoR; lane 4,
pGEX-4T1/rbLF-N recombinant; lane 5, linear pGEX-4T1/rbLF-N
digested by BamH and EcoR; lane 6, rbLF-N PCR product with
pGEX-4T1/tbLF-N as template.lane 7, negative control.

pGEX-4T1/rbLF-N was successfully expressed in Esch. coli
BL21(DE3). The fusion protein was tested for proteolytic
digestion. The GST-rbLF-N fusion protein was cleaved by
thrombin to release the rbLF-N. The separated rbLF-N was
digested by pepsin to release the native part of the bLFcin.
The purity of rbLF-N was 93-23 %.

Further purified fusion protein from the inclusion
body was achieved by surfactant treatment solubilisation,
affinity chromatography isolation, enzyme digestion
and molecular cut-off membrane separation. The pepsin-
digested rbLF-N peptides were successfully identified on
LCQ™ Deca XP MAX LC/MS" mass spectrometer (Fig. 4).
GST expressed by the blank vector pGEX-4T1 vector was
clearly identified. The purified rbLF-N and its peptide
fragments after pepsin digestion were also identified to
be correct (Fig. 4). The identified peptide fragments were:
(L)AAPRK, KKLGAPSI(T), and TCVRRAF(A). The results
confirmed the correct ORF in the pGEX-4T1/rbLF-N
expression vector and the recombinant peptide rbLF-N
containing native bLFcin peptides derived from pepsin-
digested bLF.

Antimicrobial activity reconstitution

The results showed that the purified rbLF-N fusion protein
displayed antimicrobial activity only after peptic cleavage
while no antimicrobial activity was detected with that of
untreated (no pepsin hydrolysis) inclusion body and fusion
protein. The MIC and MBC of rbLF-N towards different
bacterial pathogens Staph. aureus, Str. mutans, Esch. coli
and Kleb. pneumoniae were 11-7, 11:7, 11-7, 23-4 pg and
234,117, 11-7, 46-4 pg, respectively.
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Fig. 3. Heterologous expression of the GST-rbLF-N fusion
protein in Esch. coli BL21(DE3). Lane M, Molecular standard
markers; lane 1, purified fusion protein by affinity chromato-
graphy column; lane 2, supernatant from Esch. coli BL21(DE3)
harboring empty pGEX-4T1 after centrifugation at 15,000 g; lane
3, supernatant from Esch. coli BL21(DE3) harboring empty
pGEX-4T1 after centrifugation at 2000 g; lane 4, pellet from
IPTG-induced Esch. coli BL21(DE3) harboring pGEX-4T1/rbLF-N
after centrifugation at 15,000 g; lane 5, supernatant from no
induced Esch. coli BL21(DE3) harboring pGEX-4T1/rbLF-N after
centrifugation at 2000 g; lane 6, supernatant from IPTG-induced
Esch. coli BL21(DE3) harboring pGEX-4T1/rbLF-N after centrifu-
gation at 2000 g.

Cloning and expression of LF have been well docu-
mented. As reported (Chong & Langridge, 2000; Liu et al.
2005; Nandi et al. 2005), hLF has been expressed in rice,
Saccharomyces cerevisiae, Aspergillus nidulans, tobacco,
insect and potato. The full length hLF was also expressed
in galactophore bioreactor from mouse and bovine.
However, few reports were presented with bLF and its
N-terminal polypeptide which is the active region for
biological function. Our data suggest that bLFcin have
been separated from the N-terminal of LF generated in
rbLF-N in this study. Theoretically, bLFcin and hLFcin can
be cleaved from the N-terminal of LF by enzymatic di-
gestion of their native protein. bLFcin and hLFcin share
one similar peptide motif believed to be responsible for
their antimicrobial activity. Activity of bLFcin with two
tryptophan residues was higher than that of hLFcin with
only one tryptophan residue (Schibli et al. 1999). Fusion
expression of N-terminal polypeptide derived from bLF lay
foundation for further study of its structure and function.
Most of the LF antimicrobial and antifungal pathogen ac-
tivity studies used synthetic peptides to study the structure
and function of the peptides. Results confirmed that the
recombinant N-terminal peptide of bLF could be expressed
as fusion protein and provided a new route to produce the
native antimicrobial peptide with activities. Many studies
attributed the biological functions to LF and LFcin, in-
cluding enhancement of iron-transfer and absorption, anti-
inflammation, antioxidant, antiviral, strengthening the
immune system, balance of enteric microflora, and most
importantly their broad antimicrobial activity (Shimazaki,
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Fig. 4. Identification of the expressed products and peptide sequence analysis by LC-MS/MS. The isolation and purification of rbLF-N
peptide was as described in the text. The de novo peptide sequence analysis from data of MS? M/+662-57 peptide fragment (r,:
79-55 min) was performed on Bioworks™/TurboSEQUEST™ Station. A: the profile of MS® of M/+662-57 peptide fragment (r;:
79-55 min); B: The alignment of different LF N-terminal peptide sequences and identified peptide fragments in the rbLF-N. The

underlined sequences (L)AAPRK, KKLGAPSI(T), and TCVRRAF(A) were identified peptides.

1989). Small polypeptides from pepsin-digested bLF dis-
played antimicrobial activity against Gram-positive and
Gram-negative bacteria and their activity was stronger
than that of LF (Tomita et al. 1991, 2002). Antimicrobial
activities of bLFcin and hLFcin derived from the
N-terminal of bovine and human LF were higher than that
of native LF. Antimicrobial activity of bLFcin was stronger
than that of hLFcin (Bellamy et al. 1992b). The results of
MIC and MBC showed that the purified fusion protein
demonstrated antimicrobial activity after pepsin digest
while no antimicrobial activity was observed without
pepsin digestion. The activity may arise from a small
peptide generated by the digestion. Bovine lactoferricin is
proposed to exert its effect at the surface of the bacterial
membrane (Bellamy et al. 1993) and positive charges
within the peptide are thought to aid interaction with
membrane components. The greater the number of posi-
tive changes, the greater the number of interactions with
negatively charged membrane components (Nikaido &
Vaara, 1985). The cationic small peptide is capable of
binding anionic lipopolysaccharides (LPS) found in the
cell membrane of Gram-negative bacteria, alter the per-
meability of the cell membrane causing the release of
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LPS which disrupt the physiological function of the cell
membrane and lead to death of bacteria (Schroder et al.
1992). The sensitivity of Gram-positive and Gram-negative
bacteria varied with Gram-negative being relatively more
sensitive. This may be due to variations in composition
of LPS, and structure and amount of phospholipids
between the two bacteria (Rana et al. 1991). bLFcin and
hLFcin share one similar region (Tomita et al. 1991).
Antimicrobial activity of synthetic bLF peptide 17-30 was
tested with different indicator strains, MIC and MBC
towards Staph. aureus, Str. mutans, Esch. coli and Kleb.
pneumoniae were 75, 37, 37, 75 pg/ml and 150, 37, 37,
150 pg/ml, respectively, and hLF peptide 18-31 with MIC
and MBC of 300 pg/ml (Groenink et al. 1999). MIC of
bLFcin (17-41) and hLFcin (derived from pepsin digested
bLF and hLF, respectively) towards Esch. coli ATCC 25922
were 30 and 100 pg/ml (Samuelsen et al. 2004).
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