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A B S T R A C T

For the first time, we produced four lactoferricin (LFcin) peptides by a cell-free (in vitro) method. These
short antimicrobial peptides were expressed in an E. coli cell-free protein synthesis (CFPS) system and the
bioactivity of the produced peptides was demonstrated. Additionally, we designed a novel synthetic
consensus peptide (ConLFcin). The genes of bovine Lfcin (bLFcin), human Lfcin (hLFcin), camel Lfcin
(cLFcin), and ConLFcin were cloned into pET101/D-TOPO vector then peptides were synthesized in vitro
by E. coli CFPS system. The antibacterial activity of these synthesized peptides was evaluated against
Escherichia coli, Salmonella typhi, Pseudomonas aeruginosa, Staphylococcus aureus, and methicillin-
resistant Staphylococcus aureus (MRSA). The four cell-free synthesized peptides showed significant
antibacterial potency at minimum inhibitory concentration (MIC) values between 1.25 and 10 mg/mL.
cLFcin and ConLFcin showed higher antibacterial effects than bLFcin and hLFcin. Thus, cell-free
expression system is an ideal system for rapid expression of functionally active short bioactive peptides.
© 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Natural antimicrobial peptides are possibly one of the
successful forms of innate eukaryotic cells chemical defenses
against microorganisms. Various antimicrobial peptides were
isolated from nature and thousands of synthetic variants with
broad-spectrum antimicrobial activities were also identified. A
considerable number of these peptides demonstrated bactericidal,
antiviral, and anticancer activities [1,2]. Antimicrobial peptides are
commonly cationic and amphipathic, this allows interaction
between the peptides and lipid cell membranes leading to lipid
membranes disruption.

Lactoferricin is one of the most potent cationic antimicrobial
peptides, which represents a small peptide fragment from N-
terminal region of lactoferrin released by gastric pepsin digestion
and comprises the highly positively charged sequence of Lf N-
terminal region [3]. Lactoferrin is a multifunctional agent that acts
as a potent innate immune defense mechanism in the host [4–6].
Camel lactoferrin (cLf) was reported to be the most active
lactoferrin against various pathogenic bacteria, whereas human
lactoferrin (hLf) was the least active [7–10]. In addition, several
studies proved the superior inhibitory effect of native or
recombinant cLf and even its N- and C-lobes on viral infectious
diseases [11–15]. These differences in biological activities between
cLf and other lactoferrins were partly related to variance in
sequence and levels of intrinsic disorder of the amino acid region
17–41 of the Lf N-terminal that corresponds to lactoferricin
[8,14,16,17].

Most of the previous research has focused only on the
production and bioactivity evaluation of bLFcin. It was separated
from milk of cows and its sequence comprises 25 amino acid
residues; (FKCRRWQWRMKKLGAPSITCVRRAF), with 2 Cys residues
which form a disulfide bond between N-terminal region (highly

Abbreviations: bLFcin, bovine lactoferricin; CAMH, cation-adjusted Mueller-
Hinton broth; CFPS, cell-free protein synthesis; cLf, camel lactoferrin; cLFcin, camel
lactoferricin; ConLFcin, consensus lactoferricin; 3D, three dimensional structures;
ELISA, enzyme-linked immunosorbent assay; hLf, human lactoferrin; hLFcin,
human lactoferricin; HSV, herpes simplex virus; LC50, concentration lethal to 50 % of
the cells; LFcin, lactoferricin; Lf, lactoferrin; MIC, minimum inhibitory concentra-
tion; MICs, minimum inhibitory concentrations; MRSA, methicillin-resistant
Staphylococcus aureus; PBMCs, peripheral blood mononuclear cells; p-NPP, p-
Nitrophenyl phosphate; SD, Shine-Dalgarno sequence; SDS-PAGE, sodium dodecyl
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oncentrations not toxic for normal cells as erythrocytes,
ymphocytes, or fibroblasts. Additionally, bLFcin showed bacteri-
idal effect on a wide range of bacteria as well as antiviral activity
gainst many viruses such as herpes simplex virus (HSV) [22,23].
n the contrary, only a few studies about the production and in
itro bactericidal activity of hLFcin and cLFcin were published
24,25].

Production of lactoferricin by pepsin digestion of lactoferrin or
rtificial synthesis is difficult and expensive which hurdles
esearch and application of this peptide. Recombinant production
f LFcin has the advantages of being easy, quick, and scalable. For
xample, recombinant camel lactoferricin with suitable antimi-
robial activity was produced at high yield by Pichia pastoris [25].
owever, the toxicity of recombinant cationic antimicrobial
eptides to E. coli and Saccharomyces cerevisiae is still an obstacle
or recombinant in vivo expression. Besides, this short amino acid
equence is susceptible to degradation by host proteases.
ommonly, both problems were solved by expression of recombi-
ant LFcin linked with a fusion protein [26,27].
A new wave of interest in CFPS systems has shown their utility

or protein engineering, including therapeutic proteins production,
rotein microarrays, and in vitro protein evolution. This technology
ses an in vitro approach (using the necessary biological machinery
or protein synthesis without the utilization of living host
rganisms), avoiding many host-protein interactions to solve
roblematic issues associated with using living host cells for
ecombinant protein expression, for example protein cytotoxicity
nd insolubility [28–36]. Currently used CFPS model systems are
ither prokaryotic (prepared from E. coli lysate) or eukaryotic
prepared from wheat germ, rabbit reticulocytes, and insect or
uman cells lysates). Unfortunately, the focus of previous efforts
as been centered on utility and optimization of CFPS systems for
roducing various proteins at high titers not their capability of
roducing short bioactive peptides. Only a few studies addressed
he utility of CFPS systems in antimicrobial peptide synthesis
37,38].

This study is the first report where the cell-free (in vitro)
ntimicrobial peptide synthesis approach was employed to
xpress four LFcin peptides of about 6 kDa weight; LFcin peptides
inked with fusion tags in the expression vector. Recombinant
LFcin, hLFcin, cLFcin, and ConLFcin were rapidly synthesized
sing E. coli CFPS system in active form. The in vitro antibacterial
ffects of these peptides were compared, for first time, against
ome pathogens (E. coli, S. typhi, P. aeruginosa, S. aureus, and MRSA).

. Materials and methods

.1. Strains and vectors

pET101/D-TOPO linear expression vector (Invitrogen, Carlsbad,
SA) was used for cell-free protein production of LFcin peptides
nder control of T7 promoter.
E. coli XL2-Blue MRF’ strain (Stratagene. Heidelberg, Germany)

as used as a cloning host for vector construction, amplification
nd storage.
Escherichia coli (Migula) Castellani and Chalmers (ATCC 25922)

nd Salmonella enterica subsp. enterica serovar Typhi (ATCC 19430)
ere obtained from American type culture collection (ATCC, USA).
seudomonas aeruginosa was collected from Botany and Microbi-
logy Department, Faculty of Science, Al-Azhar University, Assiut

2.2. Alignment of ten N-terminal amino acids sequences of lactoferrin
from different animal species to build a consensus lactoferricin peptide
(ConLFcin) and consensus sequence analysis

The multiple sequence alignment program ClustalW version 1.4
(www.ebi.ac.uk/Tools/clustalw/) [39] was used to identify con-
served sequence pattern in the amino acid sequences of hLFcin,
bLFcin, cLFcin, and seven N-terminal sequences (the amino acid
region 17–41) of lactoferrin from different animal species that
correspond to other characterized lactoferricin peptides, then
building a consensus sequence (ConLFcin). These aligned amino
acid sequences of the lactoferrin gene from different animal
species were obtained from the NCBI database (www.ncbi.nlm.nih.
gov). The alignment was checked carefully for biological relevance
and edited manually by the multifunctional sequence alignment
editor BioEdit version 7 (www.mbio.ncsu.edu/BioEdit/bioedit.
html).

The consensus sequence; ConLFcin was built by calculated
variations on the natural N-terminal amino acid sequences of
different lactoferrins. BioEdit was used to analyze the degree of
similarity of the designed ConLFcin amino acid sequence to cLFcin,
hLFcin, and bLFcin peptides using pairwise alignments. The
physico-chemical properties of the bLFcin, hLFcin, cLFcin, and
ConLFcin peptides in untagged and polyhistidine tagged forms
were computed by the ProtParam tool – ExPASy.

The hydrophobic, hydrophilic, and charge properties of primary
structures of bLFcin, hLFcin, cLFcin, and ConLFcin peptides were
analyzed by the Helical Wheel tool (https://heliquest.ipmc.cnrs.fr/
). This analysis includes the addition of the polyhistidine tag to the
recombinant peptides.

The putative three dimensional (3D) structures of the four
recombinant peptides were modeled by an automated protein
homology-modeling server; SWISS-MODEL (http://swissmodel.
expasy.org) [40]. The modeled structure was subjected to 1 ns MD
simulation with GROMACS 5.0.2 in gromos43a1 and SPC water
model to obtain correct structure [41].

2.3. Oligonucleotides design for synthesis of the hLFcin, bLFcin, cLFcin,
and ConLFcin genes

The DNA sequences obtained by reverse translation of the
amino acid sequences of hLFcin, bLFcin, cLFcin, and designed
ConLFcin were codon optimized for optimal expression in E. coli-
based CFPS system. To synthesize the bLFcin, hLFcin, cLFcin, and
ConLFcin genes, overlapped oligonucleotides that span most of the
sequence of both strands of these genes were designed based on
E. coli codon usage. Each gene was divided into four oligonucleo-
tides ranging from 30 to 35 nucleotides in length. The
oligonucleotides were designed to have partial overlaps of 5–20
bp. The gene-specific forward PCR primers designed for gene
amplification and subsequent pET101/D-TOPO expression vector
directional cloning contains the sequence CACC at the 50 end of the
primers. Oligonucleotides and pairs of gene-specific primers for
amplification and subsequent cloning were synthesized at Thermo
Fisher Scientific (Bedford, MA, USA) and were purified using
desalting.

2.4. Two-step PCR-mediated construction of the synthetic hLFcin,
bLFcin, cLFcin, and ConLFcin genes
ranch (Egypt). Staphylococcus aureus subsp. aureus Rosenbach
ATCC 25923) was purchased from Becton Dickinson (France).
RSA clinical isolate was obtained from blood of a patient at
lmery University Hospital (Alexandria, Egypt) and subjected to
he confirming BD GeneOhmTM MRSA assay. All of these bacterial
trains were used for the antimicrobial assay.
2

The bLFcin, hLFcin, cLFcin, and ConLFcin genes were assembled
and amplified in two-step PCR [42], using the designed overlapped
oligonucleotides and Expand high fidelity PCR system (Roche
Molecular Biochemicals, Mannheim, Germany). PCR reactions
were carried out using the Techne TC-3000 DNA thermal cycler
(Bibby Scientific Limited, Staffordshire, UK).

http://www.ebi.ac.uk/Tools/clustalw/
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.mbio.ncsu.edu/BioEdit/bioedit.html
http://www.mbio.ncsu.edu/BioEdit/bioedit.html
https://heliquest.ipmc.cnrs.fr/
http://swissmodel.expasy.org
http://swissmodel.expasy.org
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The optimal reaction conditions for this two-step PCR were as
follows: the oligonucleotide primers were added to a final
concentration of 10 pM/each primer in assembling step, while
the amplification step was run with 1 mL of the assembled
products (now serving as the template) and 20 pM of the
outermost oligonucleotide primers of each strand. The reaction
cocktail was; 1x reaction buffer, 0.5 mM dNTPs Mix, 2.5 mM MgCl2,
and 3.5 U Expand high fidelity polymerase mix in a final reaction
volume of 25 mL.

Reactions were run using the company-recommended profile
as follows: two stages; 10 cycles for first stage and 20 cycles for
second stage, each cycle conditions were 94 �C for 30 s, 59 �C for 2
min, 72 �C for 2 min, followed by a final extension of 72 �C for 10
min.

2.5. Plasmids construction for cell-free expression

The blunt-ended PCR products were cloned into pET101/D-
TOPO vector; the forward PCR primer for the amplification had
CACC at the 50 end that complements the pET101 vector GTGG
overhang sequence. The ligated pET-bLFcin, pET-hLFcin, pET-
cLFcin, and pET-ConLFcin plasmids were transformed into E. coli
XL2-Blue MRF’ strain as a cloning host for vector construction,
amplification and storage. The pET-bLFcin, pET-hLFcin, pET-cLFcin,
and pET-ConLFcin constructs were confirmed with PCR analysis
using pairs of designed gene-specific forward primers and
sequencing reverse primers provided with the vector. Constructs
that have the correct sized gene bands were subsequently sent for
nucleotide sequencing. Circular constructs contain a T7 promoter, a
Shine-Dalgarno (SD) sequence before the ATG start site, bLFcin,
hLFcin, cLFcin, or ConLFcin gene, and fusion tags (V5 epitope and
polyhistidine tag) controlling the cell-free peptide expression.

2.6. Cell-free peptide synthesis

Cell-free peptide synthesis was performed using the rapid
translation system RTS100 E. coli HY (5 PRIME, Hamburg, Germany)
for optimum (yield of about 400 mg/mL) T7 promoter-controlled in
vitro expression from the constructed pET-bLFcin, pET-hLFcin, pET-
cLFcin, and pET-ConLFcin templates. The cell-free synthesis
reactions were run following the company instruction manual
with some modifications. Briefly, in each reaction tube these
components were pipetted: 12 mL E. coli S30 lysate, 10 mL reaction
mix, 12 mL amino acids, 1 mL Methionine (3 mM), 5 mL
reconstitution buffer, and 0.5 mg of the circular DNA templates
(pET-bLFcin, pET-hLFcin, pET-cLFcin, or pET-ConLFcin) dissolved in
10 mL water or TE buffer. The reaction tubes were incubated at 25
�C for 4 h.

2.7. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) under non-denaturing conditions (native gel electrophoresis)

The soluble synthesized peptides were harvested from 50 mL
cell-free reactions by centrifugation for 5 min at 12,000 xg and
precipitation using 100 mL of �20 �C cold acetone. The
synthesized peptides were separated on 18 % SDS-PAGE under
non-denaturing conditions (native gel electrophoresis) to avoid
SDS interaction with these strong cationic peptides. The protocol
followed was very similar to that for denaturing SDS-PAGE but
native or non-denaturing gel electrophoresis was run in the

2.8. Detection of synthesized peptides by enzyme-linked
immunosorbent assay (ELISA)

The assay was carried out as formerly described [33]. Costar
ELISA plate (Cambridge, USA) was coated with 50 mL of each in
vitro reaction. After an incubation period of 24 h at 4 �C; the plate
was washed five times with 0.12 M NaCl, 0.04 M sodium phosphate
pH 7.2 buffer (PBS), and then 100 mL of blocking buffer (2% gelatin
in PBS) were added for 1 h at 37 �C. Then 50 mL of rabbit polyclonal
anti-lactoferrin (Abcam, Cambridge, MA, USA) diluted 1:100 in 2%
gelatin-PBS were added to each well. After 1 h of incubation at 37
�C, the plate was washed five times with PBS, and 50 mL of alkaline
phosphatase–conjugated anti-rabbit IgG (BIO-RAD, Alfred Nobel,
Hercules, USA) diluted 1:1000 with 2% gelatin–PBS were added,
followed by an incubation of 1 h at 37 �C. p-Nitrophenyl phosphate
(p-NPP) was added for color development, and optical density was
measured at 405 nm.

2.9. Bioactivity evaluation of cell-free synthesized peptides by agar
disc diffusion assay

Cell-free synthesized bLFcin, hLFcin, cLFcin, and ConLFcin
peptides were tested for antibacterial potency against Gram-
positive bacteria (S. aureus, and MRSA) and Gram-negative bacteria
(E. coli, S. typhi, and P. aeruginosa) by using the agar disc diffusion
technique on Mueller-Hinton agar [43].

Test bacterial strains were cultured overnight in LB broth
medium with shaking at 150 rpm and 37 �C. Mueller-Hinton agar
plates were overlaid with 100 mL of 1 �106 CFU/mL inoculum from
these overnight cultures, then wells were bored into agar by using
a sterile 6 mm cork borer, and 100 mL of cell-free reactions
containing synthesized peptides at concentration of 40 mg were
added into each well. Vancomycin antibacterial standard disc at
concentration of 30 mg/mL was used as positive control in case of
MRSA while chloramphenicol at concentration of 50 mg/mL was
used as positive control in case of S. aureus, E. coli, S. typhi, and P.
aeruginosa. Cell-free reaction run under the same conditions but in
the absence of plasmid constructs was used as negative control.
The culture plates were incubated at 4 �C for 2 h to allow proper
diffusion of tested antimicrobials before being incubated at 37 �C
for 24 h. Then plates were examined for the presence of the
inhibition zones. The diameters of inhibition zones were deter-
mined by measuring the radius of the zone (from the center of the
antimicrobial well or antibiotic disc to a point on the circumference
of the zone where a distinct edge is present) then multiplying this
measurement by 2. Experiment was done in triplicate and the
results were presented as mean diameter of inhibition zone � SD of
triplicate.

Activity of cell-free synthesized bLFcin, hLFcin, cLFcin, and
ConLFcin peptides at different concentrations against test bacterial
strains was also determined using this assay. Wells of inoculated
Mueller-Hinton agar plates were incubated with serial dilution of
cell-free reactions containing synthesized peptides (40, 20, 10, 5,
2.5, and 1.25 mg/mL). The culture plates were incubated at 4 �C for
2 h to allow proper diffusion of tested antimicrobials before being
incubated at 37 �C for 24 h. Then plates were examined for the
presence of the inhibition zones.

2.10. Purification of synthesized peptides
absence of SDS and reducing agent (β-mercaptoethanol or DTT).
The precipitates were dissolved in 50 mL sample buffer, heated for
5 min at 95 �C, and then separated by 18 % native gel
electrophoresis using an Invitrogen Novex Mini-Cell (USA). Gel
was stained with Coomassie brilliant blue (Sigma, St. Louis, Mo.,
USA).
3

The peptides encoded by pET101 carry six histidine (6xHis)
residues at their C-terminus, which allows their purification with a
metal-chelating resin such as Ni–NTA [33]. After the reactions
scaling up, the soluble fraction samples were loaded onto 1 mL Ni–
NTA spin columns (Qiagen, Hilden, Germany), which had been
equilibrated with binding buffer (50 mM NaH2PO4; 300 mM NaCl;
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0 mM imidazole, pH 8.0) and the bound peptides were eluted
ith elution buffer (50 mM NaH2PO4; 300 mM NaCl; 500 mM

midazole, pH 8.0). The eluted peptides concentrations were
etermined using Lowry assay [44], and were analyzed by 18 %
ative gel electrophoresis.

.11. Determination of minimum inhibitory concentrations (MICs) of
ell-free synthesized peptides

The minimum inhibitory concentrations of cell-free synthe-
ized bLFcin, hLFcin, cLFcin, and ConLFcin against MRSA, S. aureus,
. coli, S. typhi, and P. aerueginosa were determined by broth micro
ilution method [45]. The 96-well micro titer plates (Greiner,
rickenhausen, Germany) were inoculated with test microorgan-
sms (100 mL of 1 � 106 CFU/mL inoculum), and then 100 mL of
ation-adjusted Mueller-Hinton (CAMH) broth containing synthe-
ized and purified peptides in serial dilution (40, 20, 10, 5, 2.5, and
.25 mg/mL) were added. Plates inoculated with tested bacteria
ere incubated at 37 �C for 24 h. The MICs were determined by
easuring the absorbance at 600 nm for test bacterial strains. The
IC was defined as the lowest concentration at which growth was
ompletely inhibited. All MIC determinations were performed in
riplicate. Bacteria in CAMH broth were used as control of growth.

.12. Endotoxin content

The endotoxin content (bacterial lipopolysaccharide (LPS)) was
hecked as described in [46] to avoid its mitogenic effects on the
ell-culture system. All peptides synthesized by the cell-free
ystem were free of endotoxin (data not shown).

.13. Isolation of human blood lymphocytes and detection of
ytotoxicity of cell-free synthesized peptides against these normal
uman cells

Peripheral blood mononuclear cells (PBMCs) were isolated as
eported by Lohr et al. [47] and Liao et al. [11]. Briefly, peripheral
loodsamples collectedfrom a single healthy volunteerwere diluted
ith five volumes of a freshly prepared red blood cell (RBC) lysis
uffer (38.8 mM NH4Cl, 2.5 mM KHCO3, and 1 mM EDTA, pH 8.0).
fter incubation at room temperature for 10 min, the mixture was
entrifuged at 272 xg for 5 min. The nucleated cells were precipitated
nd washed with phosphate-buffered saline. Cytotoxicity of the cell-
ree synthesized peptides against human lymphocytes was detected
y MTT assay. PBMCs were plated in 96-well tissue culture plate
Greiner, Frickenhausen, Germany) in triplicate at the density 25 �
04 cell/mL, and cultured in RPMI-1640 medium supplemented with
0 % fetal bovine serum (FBS),1% penicillin–streptomycin for 24 h at
7 �C in 5% CO2, 95 % air. The medium was refreshed with new RPMI-
640 supplemented medium, and then cells were treated with
arious dilutions of purified peptides in total volume of 200 mL/well
or 24 h. At 24 h, cells were centrifuged at 484 xg for 10 min and
esuspended with 180 mL RPMI-1640 medium to rinse treated
amples. Twenty microliters of 5 mg/mL MTT solution (Sigma, St.
ouis, MO, USA) were added to each well and incubated at 37 �C for 3
. The formed formazan crystals were dissolved with 180 mL of
MSO (Sigma, St. Louis, MO, USA). Optical density was measured at
60 nm. The percentage of cytotoxicitycompared with the untreated
ells as a control was determined. The plot of % cytotoxicity versus
eptide concentration was used to calculate the concentration lethal

variants were tested using Student’s t-test and McNemar’s test; p
values of less than 0.01 were considered statistically significant.

3. Results

3.1. Amino acid sequence alignment of N-terminal amino acid
sequences of lactoferrin from different animal species

ClustalW first accomplished pairwise alignments for bLFcin,
hLFcin, cLFcin, and seven N-terminal amino acid sequences of
lactoferrin from different animal species that have sequence
homology with these characterized LFcin peptides. The alignment
result was further refined manually by alignment editor BioEdit.
This editor has a coloring scheme for amino acids facilitating
manual editing as presented in Fig.1A. The alignment identified six
conserved amino acid residues of the 30 amino acids among all
LFcin peptides indicated by * (asterisk) in consensus key (Fig.1A). A
consensus sequence of the amino acid residues most abundant in
the alignment at each position was built (Fig. 1B).

The results of BioEdit analysis to the degree of similarity of the
designed ConLFcin amino acid sequence to cLFcin, hLFcin, and
bLFcin peptides using pairwise alignments suggested that Con-
LFcin showed the highest degree of similarity (76.66 % identity) to
cLFcin (Table 1).

The physico-chemical properties of the bLFcin, hLFcin, cLFcin,
and ConLFcin peptides computed by the ProtParam tool – ExPASy
are presented in Table 2. The results represented in Table 2 reveal
that the designed ConLFcin has the highest cationicity followed by
cLFcin then bLFcin while hLFcin showed the lowest cationicity. This
high cationicity of ConLFcin and cLFcin is expected to allow these
peptides to interact more readily than other peptides with anionic
phospholipids and/or LPS in addition to peptidoglycans in bacterial
membranes leading to enhanced disruption of the structure
integrity of bacterial cell membranes, which promotes and
accelerates bacterial cell death.

Helical Wheel representation of the properties of amphipathic
cationic hLFcin, bLFcin, cLFcin, and ConLFcin peptides is showed in
Fig. 2A. The presented results revealed that hLFcin has the lowest
cationicity among the four peptides, while ConLFcin shows the
highest cationicity. The 3D structures of the four recombinant
peptides showed that bLFcin, hLFcin, cLFcin, and ConLFcin have a

Fig. 1. (A) Clustal W multiple sequence alignment of bLFcin, hLFcin, cLFcin, and
seven N-terminal amino acid sequences of lactoferrin from different animal species,
edited by BioEdit. (B) The designed ConLFcin amino acid sequence. Consensus key:
* (asterisk) - positions have a single, fully conserved residue, : (colon) -

conservation between groups of strongly similar properties, . (period) -
conservation between groups of weakly similar properties, and blank spaces
mean no consensus. Accession numbers of lactoferrin amino acid sequences of
various species in NCBI GenBank are as follows: AAA30610.1 (Bos taurus; bLFcin),
CAB53387.1 (Camelus dromedarius; cLFcin), AAA59511.1 (Homo sapiens; hLFcin),
CAA06441.1 (Bubalus bubalis), ACT53713.1 (Capra hircus), NP_001157446.1 (Equus
caballus), ACB11584.1 (Macaca cyclopis), ACL80331.1 (Mus musculus), ACT76166.1
(Ovis aries), and AAA31059.1 (Sus scrofa).
o 50 % of the cells (LC50).

.14. Statistical analysis

All experiments were done in triplicate and the results were
resented as mean � SD of triplicate. Differences between the
4
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conserved amphipathic central α-helical structure (Fig. 2B).
Furthermore, the addition of His-tag did not have any effect on
the peptides 3D-functional structures (Fig. 2B).

3.2. Oligonucleotides and gene-specific primers for synthesis of the
hLFcin, bLFcin, cLFcin, and ConLFcin genes

Overlapped oligonucleotides that span most of the sequence of
both strands of the bLFcin, hLFcin, cLFcin, and ConLFcin genes were
synthesized. The sequences were codon optimized for optimal
expression in E. coli CFPS system by changing the original
sequences to highly frequent codons used by E. coli translation
machinery. Each gene was divided into four oligonucleotides
ranging in length from 30 to 35 nucleotides. The overlap between
these oligonucleotides was 5–20 bp. The relative positions and
nucleotide sequences of the oligonucleotides are depicted in Fig. 3.
The gene-specific forward PCR primers used in gene amplification
and subsequent cloning in pET101/D-TOPO expression vector
contains the sequence CACC at the 50 end of the primers followed
by start codon ATG.

3.3. Construction of the synthetic genes encoding hLFcin, bLFcin,
cLFcin, and ConLFcin peptides

The PCR method was used to assemble and synthesize hLFcin,
bLFcin, cLFcin, and ConLFcin genes of 90 bp using four overlapped
oligonucleotides in two steps (Fig. 4A). All primers were mixed in
equal molar concentrations in the assembling step to create short
DNA duplex, thereby priming the elongation by DNA polymerase.
These short duplexes serve as substrates for formation of longer

duplexes, eventually resulting in the synthesis of the full-length
genes, which were amplified using outermost primers of each
strand. The Expand high fidelity PCR system successfully amplified
the hLFcin, bLFcin, cLFcin, and ConLFcin genes in the correct size
(90 bp) and sequences (Fig. 4A).

3.4. Construction of pET-bLFcin, pET-hLFcin, pET-cLFcin, and pET-
ConLFcin Plasmids

The blunt-ended PCR products of the hLFcin, bLFcin, cLFcin, and
ConLFcin genes were cloned into pET101/D-TOPO vector for high-
level, T7-regulated expression in the cell-free system. Four bases;
CACC were added to the forward PCR primer of each gene which
complements the GTGG overhang in the pET101/D-TOPO vector.
After transformation of the constructed pET-bLFcin, pET-hLFcin,
pET-cLFcin, and pET-ConLFcin plasmids into E. coli XL2-Blue MRF’
strain, one transformant harboring each recombinant plasmid was
subjected to PCR analysis and nucleotide sequencing. As indicated
in Fig. 4B, the constructs have the correct sized hLFcin, bLFcin,
cLFcin, and ConLFcin genes (193 bp, with 103 bp added to the
actual size of the genes from the vector cloning site). The
sequencing data strongly indicated that the transformants carried
the correct constructs with no error-born mutation found (data not
shown). The template plasmids were added to the in vitro protein
synthesis reactions to be transcribed and translated simultaneous-
ly.

3.5. Expression of bLFcin, hLFcin, cLFcin, and ConLFcin peptides by cell-
free protein synthesis system

In order to ascertain that the translation products were
definitely bLFcin, hLFcin, cLFcin, and ConLFcin peptides, samples
obtained after 4 h incubation of in vitro reactions at 25 �C were
analyzed on 18 % SDS-PAGE (Fig. 5A). From several separation
trials, we obtained clear bands until the samples come to the
position of these expressed highly positively charged hydrophobic
LFcin peptides at which a sort of "squeezing in" of the gel lanes
occurred (Fig. 5A). Thus, we separated the synthesized peptides on

Table 1
Sequence similarity of the designed ConLFcin amino acid sequence to cLFcin, hLFcin,
and bLFcin.

Sequence ID Accession Number Identities % Identity

Camelus dromedarius (cLFcin) CAB53387.1 0.7666667 76.66%
Homo sapiens (hLFcin) AAA59511.1 0.6333333 63.33%
Bos taurus (bLFcin) AAA30610.1 0.5666667 56.66%

Table 2
Physico-chemical properties of the bLFcin, hLFcin, cLFcin, and ConLFcin peptides.

Property bLFcin hLFcin cLFcin ConLFcin

Number of amino acids 30 30 30 30
36* 36* 36* 36*

Molecular weight (Daltons) 3655.47 3576.28 3542.26 3737.58
4478.31* 4399.12* 4365.11* 4560.42*

Theoretical pI 10.90 10.33 10.57 11.63
Total number of positively charged residues
(Aspartic acid (D) + Glutamic acid (E))

8 7 9 11

Total number of negatively charged residues
(Arginine (R) + Lysine (K))

1 1 1 1

Total number of atoms 520 504 503 535
622* 606* 605* 637*

Aliphatic index 71.67 58.33 45.33 48.67
59.72* 48.61* 37.78* 40.56*

Grand average of hydropathicity (GRAVY) �0.177 �0.717 �0.787 �0.863
�0.681* �1.131* �1.189* �1.253*

+Estimated half-life �1.1 h (mammalian
reticulocytes, in vitro).

�7.2 h (mammalian
reticulocytes, in vitro).

�1.9 h (mammalian
reticulocytes, in vitro).

�1.9 h (mammalian
reticulocytes, in vitro).

�3 min (yeast, in vivo). - >20 h (yeast, in vivo). - >20 h (yeast, in vivo). - >20 h (yeast, in vivo).
�2 min (Escherichia coli, in
vivo).

- >10 h (Escherichia coli, in
vivo)

- >10 h (Escherichia coli, in
vivo).

- >10 h (Escherichia coli, in
vivo).

�Instability index 81.25 55.90 44.28 80.60

72.80* 51.68* 42.00* 72.26*

Atomic Formula C164H265N51O36S4 C154H256N50O40S4 C151H258N50O40S4 C163H275N57O36S4
C200H307N69O42S4* C190H298N68O46S4* C187H300N68O46S4* C199H317N75O42S4*

+Estimated half-life: N-terminal of the hLFcin, bLFcin, cLFcin, and ConLFcin sequences are C (Cysteine).
�Instability index of the hLFcin, bLFcin, cLFcin, and ConLFcin peptides is computed to be 55.90, 81.25, 44.28, and 80.60, respectively. This classifies the peptides as unstable.

* Calculated values for peptides tagged with 6xHis-tag. The remaining data did not change after tagging of peptides.

5



1
o
c
(
s
c
a
b
c
s

a
a
w

F
c
h
6
t
a

N.A. El-Baky, M.A. Elkhawaga, E.S. Abdelkhalek et al. Biotechnology Reports 29 (2021) e00583
8 % native gel electrophoresis as shown in Fig. 5B. Soluble proteins
btained from the cell-free synthesis reactions of bLFcin, hLFcin,
LFcin, and ConLFcin peptides contain discrete dense bands
overexpression) with molecular weight of about 6 kDa corre-
ponding to the calculated molecular weight of bLFcin, hLFcin,
LFcin, and ConLFcin peptides plus added fusion tags (V5 epitope
nd polyhistidine tag) from the pET-TOPO vector (Fig. 5B). These
ands were only present with the pET-bLFcin, pET-hLFcin, pET-

templates DNA for 4 h incubation was presented as the mean � SD
of three replicates. As it shown in Table 3, the mean absorbance
values for cell-free synthesized bLFcin, hLFcin, cLFcin, and
ConLFcin peptides and human lactoferrin were respectively
0.375 � 0.01, 0.519 � 0.008, 0.351 � 0.012, 0.284 � 0.042, and
1.504 � 0.16 compared with the value of reaction mixture of
RTS100 as negative control of 0.042 � 0.003. A statistical
significant difference was found between human lactoferrin or

ig. 2. (A) Helical Wheel representation of the properties of primary structures of amphipathic cationic bLFcin, hLFcin, cLFcin, and ConLFcin peptides tagged with His-tag. The
olor codes are as follows: yellow (nonpolar hydrophobic residues), red (acidic hydrophilic residues), violet (polar, uncharged hydrophilic residues), and blue (basic
ydrophilic residues). H is abbreviation for hydrophobicity. No change was found in net charge values of peptides calculated by the Wheel after tagging of peptides with
xHis-tag. On the other hand, hydrophobicity values for untagged bLFcin, hLFcin, cLFcin, and ConLFcin are 0.505, 0.368, 0.224, and 0.260, respectively, which are higher than
hose of tagged peptides. (B) 3D-structures of bLFcin, hLFcin, cLFcin, and ConLFcin peptides made by SWISS-MODEL. All peptides 3D-functional structures remain the same
fter the addition of His-tag.
LFcin, and pET-ConLFcin templates added to in vitro protein
ynthesis reactions.
Expression of bLFcin, hLFcin, cLFcin, and ConLFcin peptides was

lso verified by ELISA using rabbit polyclonal anti-lactoferrin
ntibody. The peptides activity of the reaction mixture of RTS100
ith pET-bLFcin, pET-hLFcin, pET-cLFcin, and pET-ConLFcin as
6

cell-free synthesized peptides and the negative control in the mean
absorbance value (p < 0.001). It was observed that there is a
significant difference (p < 0.01) in ELISA activities between human
lactoferrin and cell-free synthesized peptides; it is possibly due to
that the epitopes density on human lactoferrin (full length) are
greater than epitopes density on synthesized peptides.
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3.6. Purification of synthesized peptides

Synthesized bLFcin, hLFcin, cLFcin, and ConLFcin peptides were
purified by passage through Ni–NTA columns and the eluted
peptides were analyzed by 18 % native gel electrophoresis (Fig. 5C).
Single bands of about 6 kDa molecular weight were detected and
approximately 400 mg of purified peptides were obtained from 1
mL of each cell-free peptide synthesis reaction solution as
estimated by Lowry method.

3.7. Antibacterial activity of cell-free synthesized bLFcin, hLFcin,
cLFcin, and ConLFcin peptides

Cell-free synthesized bLFcin, hLFcin, cLFcin, and ConLFcin
peptides were proved to be bioactive by exhibiting antibacterial
effects on tested Gram-positive bacteria (S. aureus, and MRSA) and
Gram-negative bacteria (E. coli, S. typhi, and P. aeruginosa) (Fig. 6
and Table 4). At amount added of 40 mg, all peptides showed the
lowest antibacterial activities against MRSA (the smallest inhibi-
tion zones in size) compared to their effects on S. aureus, E. coli, S.
typhi, and P. aeruginosa (Fig. 6 and Table 4). In addition, at this
concentration, synthesized bLFcin, hLFcin, cLFcin, and ConLFcin
peptides produced large overlapped inhibition zones against S.
aureus, E. coli, S. typhi, and P. aeruginosa that cannot be used to
compare their antimicrobial activity (Fig. 6 and Table 4). Results
also showed inhibition zones around the wells containing cell-free
synthesized peptides or vancomycin and chloramphenicol, and
inhibition zones were not found when cell-free reaction run under
the same conditions but without adding plasmid constructs was
incubated into wells.

Furthermore, we found that cell-free synthesized bLFcin,
hLFcin, cLFcin, and ConLFcin peptides inhibited MRSA, S. aureus,
E. coli, S. typhi, and P. aeruginosa growth in a dose-dependent
manner (produced concentration-dependent inhibition zones) at
concentrations of 1.25�40 mg/mL (see Table 5). cLFcin and
ConLFcin were able to inhibit the MRSA growth at concentrations
ranging from 5 to 40 mg/mL. On the other hand, bLFcin and hLFcin
inhibited the MRSA growth at concentrations ranging from 10 to 40
mg/mL (Table 5). These results suggested that cLFcin and ConLFcin

cLFcin and ConLFcin could inhibit S. typhi growth at concentrations
of 1.25�40 mg/mL, while hLFcin at concentrations of 5�40 mg/mL
and bLFcin at concentrations of 2.5�40 mg/mL (Table 5). These
observations suggested that cLFcin and ConLFcin demonstrated
two times higher inhibitory activity against this pathogen than
bLFcin and four times higher inhibitory activity than hLFcin.
Additionally, cLFcin and ConLFcin inhibited P. aeruginosa growth at
concentrations of 2.5�40 mg/mL, while bLFcin and hLFcin at
concentrations of 5�40 mg/mL (Table 5), indicating superiority of
antibacterial potency of cLFcin and ConLFcin (two times higher)
against this pathogen than bLFcin and hLFcin.

Fig. 3. Relative positions and nucleotide sequences of overlapped oligonucleotides used for the synthesis of; (A) hLFcin, (B) bLFcin, (C) cLFcin, and (D) ConLFcin genes by PCR
assembling and amplification. Forward oligonucleotides are highlighted in yellow color while reverse oligonucleotides are highlighted in turquoise color. Gaps left between
the designed oligonucleotides were not highlighted.

Fig. 4. (A) Analysis of PCR products from the assembly and amplification of bLFcin,
hLFcin, cLFcin, and ConLFcin genes on 2% agarose gel electrophoresis. Lane M points
to GeneRuler 100 bp DNA marker, Lane 1 is assembly product of bLFcin, Lane 2 is
amplified product of bLFcin (90 bp), Lane 3 is assembly product of hLFcin, Lane 4 is
amplified product of hLFcin (90 bp), Lane 5 is assembly product of cLFcin, Lane 6 is
amplified product of cLFcin (90 bp), Lane 7 is assembly product of ConLFcin, Lane 8

is amplified product of ConLFcin (90 bp). (B) Analysis of PCR products for positive
transformants of pET-bLFcin, pET-hLFcin, pET-cLFcin, and pET-ConLFcin on 1.5 %
agarose gel electrophoresis. Lane M points to GeneRuler 100 bp DNA marker, Lane 1
is negative transformant, Lane 2 is PCR product for positive transformant of pET-
bLFcin, Lane 3 is PCR product for positive transformant of pET-hLFcin, Lane 4 is PCR
product for positive transformant of pET-cLFcin, and Lane 5 is PCR product for
positive transformant of pET-ConLFcin.
demonstrated superior inhibitory activity (two times higher)
against MRSA than bLFcin and hLFcin. In case of S. aureus and E. coli,
cLFcin and ConLFcin could inhibit their growth at concentrations
ranging from 1.25 to 40 mg/mL, while bLFcin and hLFcin at
concentrations ranging from 2.5 to 40 mg/mL (Table 5). This
confirmed superiority of cLFcin and ConLFcin antibacterial activity.
7
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.8. The MIC values of the LFcin peptides

Both cLFcin and ConLFcin showed MIC values of 5, 1.25, 1.25,
.25, and 2.5 mg/mL for MRSA, S. aureus, E. coli, S. typhi, and P.
eruginosa, respectively, while MIC values of bLFcin and hLFcin
ere 10, 2.5, 2.5, 2.5 and 5, and 5 mg/mL, respectively. This

ndicates superiority of antibacterial activities of cLFcin and
onLFcin over those of bLFcin and hLFcin against these pathogens
Table 6). cLFcin and ConLFcin achieved twice the inhibitory
ctivity of bLFcin and hLFcin against test bacterial strains and even

 times higher than that of hLFcin against S. typhi (Table 6).

.9. Detection of cytotoxicity of cell-free synthesized peptides against
ormal human cells

The cytotoxic effect of purified cell-free synthesized bLFcin,
LFcin, cLFcin, and ConLFcin on human lymphocytes was evaluated

after 24 h incubation by MTT assay. The LC50 values of the four
recombinant peptides against normal human PBMCs presented in
Table 7 were significantly (P < 0.01) higher than their MIC values
against test bacterial strains indicating their toxicity to be selective
toward bacterial cells but not toward the human cell line.

4. Discussion

Research has shown that lactoferrin exhibits its antimicrobial
activity via two mechanisms, iron sequestering and iron-indepen-
dent pathways [24,48]. Iron-independent antimicrobial mecha-
nisms involve LF direct interaction with different cell surfaces. The
positively charged N-terminal of LF performs this direct interac-
tion. Gastric pepsin digestion in the body releases a cationic
peptide from LF N-terminal region that comprises the highly
positively charged sequence of this region; called lactoferricin.
LFcin was identified as the bactericidal domain of lactoferrin. LFcin
has many biological functions of the lactoferrin complete protein
and sometimes it can be even stronger than its parent protein [49].
It displays broad antibacterial spectrum against Gram-positive and
Gram-negative bacteria, and has antiviral, antifungal, antiparasitic,
and even antitumor activities [18,49–56].

So far, lactoferricin peptides have been isolated and character-
ized from numerous animal species but most research studies
focused on bLFcin [3,19–23,50,52–56]. bLFcin comprises 25 amino
acids; amino acids 17–41 from the N-terminal of bovine lactoferrin
and has been shown to be more potent than its parent protein in
terms of biological activity. In contrast, only a few studies about the
production and in vitro antimicrobial activity of hLFcin and cLFcin
were published. hLFcin was derived from N-terminus of human
lactoferrin and was found to be highly effective against infections
with antibiotic-resistant bacteria [24]. The first study aimed at the
identification and production of cLFcin was published in 2016,
where Chahardooli et al. [25] for the first time characterized and
expressed recombinant cLFcin in Pichia pastoris and investigated its
antimicrobial activity. They confirmed that it had suitable
antimicrobial activity and its production by Pichia pastoris was
successful. Tanhaeian et al. [57] have fused a codon-optimized
partial cLFcin and camel lactoferrampin DNA sequences to
construct a fused peptide. They used human embryonic kidney
293 (HEK-293) cells for synthesizing this recombinant peptide.
This recombinant chimera inhibited the growth of test Gram-
negative and Gram-positive bacterial plant pathogens at MIC
values between 0.39 and 25.07 mg/mL for different bacterial
isolates [57].

Production of lactoferricin peptides from different organisms by
either pepsin digestion of lactoferrin parent protein or artificial
synthesis is laborious and costly. Since the cost and yield of
antimicrobial peptides production are vital for their use in
pharmaceutical applications, recombinant production presents a
favorable alternative method in which peptides can be produced
quickly, easily, and on a large scale for research and further
applications. Nevertheless, recombinant expression of LFcin
peptides in E. coli and Saccharomyces cerevisiae is limited by
toxicity of these recombinant cationic antimicrobial peptides to
host expression cells besides the sensitivity to degradation of these
short amino acid sequences by host proteases during in vivo
expression. Mostly, recombinant LFcin was expressed linked with a
fusion protein to overcome these obstacles [26,27].

This peptide has not been produced by a cell-free protein

ig. 5. Separation of the LFcin peptides produced in the cell-free system on SDS-
AGE and native gel. (A) SDS-PAGE analysis of cell-free synthesized ConLFcin. Lane
: protein molecular weight marker. Lane 1: Soluble proteins obtained from the
ell-free synthesis reaction of ConLFcin. The arrow points to "squeezing in" of the
el lane occurred at the peptide position. (B) Native gel analysis of cell-free
ynthesized bLFcin, hLFcin, cLFcin, and ConLFcin. Lane M: protein molecular weight
arker. Lanes 1, 2, 4, and 6 are soluble proteins obtained from the cell-free synthesis

eactions of bLFcin, hLFcin, cLFcin, and ConLFcin, respectively. Lanes 3, 5, and 7 are
ell-free reactions run under the same conditions but without adding plasmid
onstructs as negative control. The arrow points to cell-free synthesized peptides.
C) Native gel electrophoresis analysis of purified cell-free synthesized bLFcin,
LFcin, cLFcin, and ConLFcin (at concentration of 15 mg/50 mL). Lane M: protein
olecular weight marker. Lanes 1-4 are purified cell-free synthesized bLFcin,
LFcin, cLFcin, and ConLFcin, respectively.

able 3
eactivity of rabbit polyclonal anti-lactoferrin antibody against cell-free synthe-
ized peptides.

Sample OD at 405 nm (mean � SD)

Human lactoferrin 1.504 � 0.16

Negative control 0.042 � 0.003a

Cell-free synthesized bLFcin 0.375 � 0.01a

Cell-free synthesized hLFcin 0.519 � 0.008a

Cell-free synthesized cLFcin 0.351 � 0.012a

Cell-free synthesized ConLFcin 0.284 � 0.042a

a Polyclonal anti-lactoferrin antibody reacted significantly (p < 0.001) with cell-
ee synthesized peptides.

8

production method so far, and this is the first study to report in
vitro expression of three natural recombinant lactoferricin
peptides; bLFcin, hLFcin, and cLFcin. Moreover, we designed a
novel synthetic consensus peptide (ConLFcin) which might prove
more effective than its natural counterparts. In addition, this is the
first report to compare antibacterial potency of natural bLFcin,
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hLFcin, and cLFcin peptides as well as including a designed
synthetic lactoferricin peptide. The genes of bLFcin, hLFcin, cLFcin,
and ConLFcin were cloned into pET101/D-TOPO expression vector
then peptides were synthesized in vitro by prokaryotic extract-
based CFPS system; prepared from E. coli cells lysate. After 4 h of
incubation at 25 �C, bLFcin, hLFcin, cLFcin, and ConLFcin peptides
were expressed in the cell-free reactions with a yield of about 20
mg/50 mL in a soluble active form. Expressed peptides were
separated by 18 % native gel electrophoresis, strong bands of the
expected size (about 6 kDa) were detected after 4 h of the
reactions. Polyclonal anti-human lactoferrin antibody reacted
significantly (p < 0.001) with cell-free synthesized peptides,
showing strong signals in ELISA. pET101 vector carries six histidine
residues at its C-terminus; this polyhistidine has high affinity for
Ni–NTA resin permitting single-step purification of cell-free
synthesized peptides. The peptides were detected as single bands
in 18 % native gel electrophoresis indicating the efficiency of

ExPASy and Helical Wheel tool analysis which revealed that the
designed ConLFcin has the highest cationicity followed by cLFcin
then bLFcin while hLFcin showed the lowest cationicity. This high
cationic characteristic of ConLFcin and cLFcin is expected to allow
these peptides to interact more readily and vigorously than other
peptides with anionic bacterial membranes LPS and peptidogly-
cans leading to enhanced disruption of the bacterial cell membrane
integrity and improved antibacterial activities [58]. ConLFcin and
cLFcin achieved twice the inhibitory activity of bLFcin and hLFcin
against test bacterial strains and even 4 times higher than that of
hLFcin against S. typhi. Meanwhile, the high cationic characteristic
of ConLFcin and cLFcin has significantly minor effect on normal
mammalian PBMCs compared to its effect on bacterial cells (LC50

values of these peptides against PBMCs presented in Table 7 were
significantly (P < 0.01) higher than their MIC values against test
bacterial strains presented in Table 6). This makes ConLFcin a
suitable candidate for further development into therapeutic use.

Fig. 6. Assay of cell-free synthesized bLFcin, hLFcin, cLFcin, and ConLFcin peptides antibacterial activity. +ve: represents positive control (chloramphenicol for S. aureus, E. coli,
S. typhi, and P. aeruginosa and vancomycin for MRSA), -ve: represents negative control (cell-free reaction run under the same conditions but without adding plasmid
constructs).

Table 4
Antibacterial activity of cell-free synthesized peptides against tested Gram-positive and Gram-negative bacteria.

Mean diameter of inhibition zonea (�1 mm)

Test strains bLFcin (40 mg/100 mL) hLFcin (40 mg/100 mL) cLFcin (40 mg/100 mL) ConLFcin (40 mg/100 mL) C VA

MRSA 15 16 21 22 R 20
S. aureus 28 27 29 29 40 NT
E. coli 27 25 27 28 42 NT
S. typhi 25 25 27 27 45 NT
P. aeruginosa 26 25 28 28 45 NT

a Mean of three assays; C- Chloramphenicol and VA – Vancomycin antibacterial standards at concentrations of 50 and 30 mg/mL, respectively; R - Resistant (no inhibition
zone); NT – Not tested.
purification. The four peptides showed significant antibacterial
potency against E. coli, S. typhi, P. aeruginosa, S. aureus, and MRSA at
MIC values between 1.25 and 10 mg/mL.

In this work, a new chimeric artificial peptide was engineered;
ConLFcin that is anticipated to display stronger bioactivity than
natural peptides as concluded from results of ProtParam tool –
9

The use of cell-free protein expression as an alternative to cell-
based protein production offers unique advantages and applica-
tions. CFPS systems have shown their utility for protein production
at high titers, time saving, producing proteins that require
posttranslational modifications, expressing proteins which are
sensitive to proteolytic degradation or cytotoxic, establishing
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enetic regulatory element libraries (e.g., promoters, ribosome
inding sites) in nonmodel organisms, sensing biomarkers for
iagnostic applications, and biosynthetic pathways optimization
efore cells implementation [28–36]. Cell-free (in vitro) protein
ynthesis format avoids transformation, clone selection, expres-
ion induction, and cell lysis steps typically essential for cell-based
in vivo) protein synthesis. Cell lysates used for cell-free protein

considerably extended the range of applications of cell-free
systems [32]. However, several problems have limited the use of
cell-free systems as a protein production technology including
expensive reagent costs, small reaction scales, lower recombinant
protein yields, deleterious changes in the chemical environment
associated with supplying needed energy and substrates for
protein synthesis, and limited abilities of some source organisms
from which the cell-free lysates are prepared to support
posttranslational modifications. Nevertheless, new technical
advances have dealt with these problems to increase the potential
of cell-free systems to meet the increasing demands for recombi-
nant protein synthesis at industrial scale [35].

Unfortunately, most previous efforts have focused on cell-free
protein production rather than cell-free peptide production.
Therapeutic proteins such as interferons, peptide hormones,
vaccines, and diagnostic enzymes were produced using cell-free
systems [28–30,33,35]. In contrast, cell-free peptide production is
certainly not widespread published method. Only two recent
studies have described the production of short antimicrobial
peptides using CFPS [37,38]. Using lyophilized E. coli CFPS system,
ten different antimicrobial peptides have been synthesized
successfully, three of which (BP100, Cecropin B, and Cecropin P1)
were proved to be functional by E. coli inhibition assay [37]. Des
Soye et al. [38] established Vibrio natriegens CFPS system and
demonstrated its ability to be lyophilized and produce antimicro-
bial peptides. However, contrary to the former study, the
bioactivity of the produced peptides was not demonstrated.

After our previous achievement of cell-free expression of
consensus interferon-alpha [33], we conducted the first cell-free
synthesis of lactoferricin and produced four recombinant peptides;
three natural lactoferricin peptides and synthetic one. Cell-free
peptide synthesis of ConLFcin enables us to avoid any problematic

able 5
ffect of different concentrations of cell-free synthesized peptides on tested Gram-positive and Gram-negative bacteria.

Agent Concentration (mg/mL) Mean diameter of inhibition zonea (�1 mm)

MRSA S. aureus E. coli S. typhi P. aeruginosa

bLFcin 40 16 28 27 25 26
20 13 25 25 24 20
10 9 20 22 20 15
5 R 17 19 18 9
2.5 R 11 14 15 R
1.25 R R R R R

hLFcin 40 16 26 25 24 24
20 13 24 21 21 20
10 8 20 18 16 16
5 R 15 14 11 8
2.5 R 9 10 R R
1.25 R R R R R

cLFcin 40 20 28 26 27 28
20 17 26 25 25 25
10 14 24 23 24 20
5 8 21 21 20 16
2.5 R 17 17 18 10
1.25 R 10 12 13 R

ConLFcin 40 21 29 28 28 29
20 17 28 26 27 25
10 15 26 25 24 21
5 9 24 23 20 16
2.5 R 19 20 18 10
1.25 R 12 14 15 R

 - Resistant (no inhibition zone).
a Mean of three assays.

able 6
IC values of cell-free synthesized peptides against tested Gram-positive and
ram-negative bacteria.

Test strains MIC values (mg/mL)

BLFcin hLFcin cLFcin ConLFcin C VA

MRSA 10 10 5 5 R 1.87
S. aureus 2.5 2.5 1.25 1.25 0.75 NT
E. coli 2.5 2.5 1.25 1.25 1.56 NT
S. typhi 2.5 5 1.25 1.25 1.56 NT
P. aeruginosa 5 5 2.5 2.5 1.56 NT

able 7
he LC50 values of cell-free synthesized peptides against PBMCs.

Sample LC50 (mg/mL)

bLFcin 27.46 � 0.53
hLFcin 25.49 � 0.27
cLFcin 27.18 � 0.22
ConLFcin 28.52 � 0.38

ll values were expressed as mean � SD of three replicates.
xpression continue to be optimized, starting with the traditional
. coli, wheat germ, and rabbit reticulocyte lysates (batch, semi-
atch, and continuous exchange formats) and extended with insect
nd human cell-free systems [30,31]. Recently, novel systems have
een developed based on reconstituted highly purified compo-
ents named PURE cell-free expression systems, which have
1

host-peptide interaction as well as laborious and lengthy in vivo
expression of this peptide and subsequent purification for rapid
analysis of its biological activity and comparing its antibacterial
efficiency with that of its natural counterparts. We also could
rapidly confirm that cLFcin is the most active among natural
lactoferricin peptides comparable to its parent lactoferrin protein
0
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we proved previously [8–10]. The addition of histidine to the cell-
free synthesized LFcin peptides was to facilitate their purification
and does not affect the peptides 3D-functional structures, their net
charge values calculated by Helical Wheel tool and ProtParam tool
– ExPASy, and most importantly their antibacterial activity as
documented previously [59,60]. Remarkably, the cell-free system
was an ideal system for rapid expression and activity analysis of
recombinant short (about 6 kDa) bioactive peptides as can be seen
from the antibacterial activity assay.

5. Conclusion

Every day the pressure of antibiotic resistance increases. New
and effective antimicrobial agents are important and urgent target.
The study successfully produced four functional lactoferricin
peptides in vitro for first time. Although, the synthesized bLFcin,
hLFcin, cLFcin, and ConLFcin revealed a comparable antimicrobial
activity, but cLFcin and ConLFcin antimicrobial activities were
better. We suggest applicability of cell-free protein synthesis to
provide quick access to the target peptides by rapid expression of
the bioactive valuable peptides and their function analysis.
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