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Abstract
Nowadays, cancer remains a major cause of death affecting millions of people. Currently, the antimicrobial peptides (AMPs) as
potent anticancer therapeutic agents offer specificity and low levels of side effects in cancer therapy. In the present study, a
cationic chimeric peptide (cLFchimera), derived from camel lactoferrin, was expressed as a secretory peptide using P170
expression system in L. lactis. Peptide purification was carried out using Ni-NTA agarose column from culture medium with
21μ/mL concentration. The recombinant peptide was investigated for its activity against four tumor and one normal cell line. The
cLFchimera was more active against two tumor cell lines (chondrosarcoma and colorectal cancer cells), but the activity against
two other tumor cell lines (hepatoma and breast cancer cell line) and normal cells was low. Finally, to have better insight into the
mode of action of the peptide on cytotoxic activity, we examined the interaction of cationic peptide with two glycosaminoglycans
(GAGs), heparan sulfate (HS) and chondroitin sulfate (CS), as the two most anionic molecules on the cell surface by molecular
dynamic simulation. The results of in silico analysis showed that the cLFchimera interacted with HS and CS with a totally
different amino acid profile. Hydrogen bonding screening in GAGs-peptide complexes revealed K21, V23 and I3, R16 are the
dominant amino acids involved in peptide-HS and CS interaction, respectively. Overall, the results of this investigation showed
the P170 expression system successfully expressed a cationic peptide with potent anticancer activity. Moreover, molecular
docking analysis revealed the pattern of peptide interaction with negatively charged membrane molecules.

Keywords P170 expression system . Lactococcus lactis . Cytotoxic activity . Glycosaminoglycans . Molecular dynamic
simulation

Introduction

Nowadays, cancer remains a major cause of death affecting mil-
lions of people. Currentmethods available in cancer therapy such
as surgery and chemotherapy have a relatively low success rate;
moreover, they present a risk of reoccurrence [1]. Indeed, ineffi-
cient treatments [2], unspecific targeting of healthy mammalian
cells [3, 4] and also multiple drug resistance [5] are now public
health concerns in cancer therapy. Considering this, recently,
many efforts have been devoted to generating new drugs that
are more selective and less harmful. Currently, the antimicrobial
peptides (AMPs) as potent anticancer therapeutic agents offer
specificity and low levels of side effects [6, 7].

AMPs are a various group of innate immune system mole-
cules that exist in all organisms. AMPs usually contain 12–50
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amino acid residues and have a net positive charge and an am-
phipathic structure [8, 9]. One subgroup of AMPs includes anti-
microbial peptides derived from large proteins. Lactoferrampin
(Lfpin) and lactoferricin (Lfcin) are two well-known antimicro-
bial peptides derived from lactoferrin (LF) as a member of the
transferrin protein family [10]. N-terminus of lactoferrin has been
known as a rich source of hydrophobic and cationic antimicrobial
peptides with activity toward a broad spectrum of microorgan-
isms including bacteria, fungi, and viruses [10, 11]. Moreover, a
number of studies have determined several regions of LF which
are important for anticancer activity [12, 13]. Nevertheless, the
anticancer activity of AMPs has been proven, though it is not yet
clarified which components in the plasmamembrane render can-
cer cells more susceptible to AMPs than non-malignant cells.
Due to the cationic nature of the AMPs, the interaction with
the cell surface of the target cells is most likely facilitated by
negatively charged molecules in the plasma membrane [13].
Proteoglycans (PGs) are also expressed on the cell surface.
These are characterized by highly negatively charged glycosami-
noglycan (GAG) side chains attached to a core protein [14]. Two
major classes of GAG side chains are heparan sulfate (HS) and
chondroitin sulfate (CS). These molecules seem to be the main
target in the cancer plasma membrane for AMPs attachments,
subsequently resulting in the lysis of cells [13].

Despite the benefits of the AMPs, some difficulties might
appear during production and purification of these components
[15]. Lactococcus lactis as an efficient cell factory for recombi-
nant protein production and secretion could be considered for
solving this issue. Lactococcus lactis as a lactic acid bacterium
has been used for centuries in dairy fermentations industry. It is
commonly considered as a safe host for biopharmaceutical de-
velopment such as recombinant pharmaceutical products and
mucosal administration of live recombinant strains for in situ
delivery of therapeutic proteins [16]. It is simple to cultivate the
L. lactis, and it has the ability to secrete recombinant proteins to
the growth medium, which together facilitates downstream pro-
cessing of recombinant protein. Lactococcus lactis is thus a ver-
satile organism of industrial importance.

In thepresent study,weexpresseda recombinant chimericpep-
tide in L. lactis and showed this peptide had cytotoxic activity.
Furthermore, with the help of molecular modeling and simula-
tions, we showed molecular level insight into peptide interaction
toHSandCSasthetwomostanionicmoleculesonthecellsurface.

Materials and Methods

Bacterial Strains, Vectors, Growth Conditions,
and Other Regents

E. coliDH5α (Invitrogen,USA) andLactococcus lactisMG1363
(Bioneer, Denmark) strains were used as amplifying and host ex-
pression strain, respectively. pAMJ399 vector (Bioneer,

Denmark) was used as expression vector in P170 expression sys-
tem [17]. Staphylococcus aureus (ATCC 25923) was used as a
bacterial model in disk diffusion test. E. coli strain DH5α, and its
derivatives carrying plasmidswere grown at 37 °C,with shaking.
If DH5α strain is carrying pAMJ399 vector, it has to be grown in
LBmedium supplemented with erythromycin (250 μg/mL), and
its derivatives carryingplasmidpGH(avector harboring synthetic
gene) should be grown in LBmedium supplemented with ampi-
cillin (50μg/mL).L. lactis strainMG1363was grown at 30 °C in
rich M17 medium supplemented with 5% glucose.
Staphylococcus aureus (ATCC 25923) was freshly cultured in
Mueller-Hinton-II medium at 37 °C for 24 h and then streaked
on agar plate for disk diffusion test. Unless indicated otherwise,
all chemicals, commercial kits, and enzymes were obtained from
Sigma Chemical (USA), Roche (Germany), and Thermo Fisher
Scientific (USA) companies, respectively.

Gene Synthesis and Vector Construction

The lactoferrampin + lactoferricin encoding sequence was codon
usage for the appropriate expression in L. lactis by Genscript®
(USA)(GenBankaccessionnumber:MH327768)andwascloned
in pGHvector. The cLFchimera consists of 42 aawhichwas gen-
erated by fusion of two short regions of camel lactoferrin
284DLIWKLLVKAQEKFGRGKPS303 (ID: AHJ37525) and
49RVKKMRRQWQACKSS35 (ID:NP_001290496.1)by lysine.
Apoly-histidine tag consisting of six histidine residueswas added
toC-terminal for peptidepurification. pAMJ399andpGHvectors
wereenzymaticallydigestedbySalI andBglII restrictionenzymes
for 5h, extracted fromgel, andused for ligationby fast ligationkit.
Tenmicrolitersof ligationproductwas then transformed intocom-
petentE.coliDH5αaccordingtoSambrooketal.[18]asastandard
method.Transformed colonieswith pAMJ399 are selected onLB
agar plus erythromycin plates (250 μg/mL) at 37 °C. Colonies
were analyzed by colony PCR using pAMJ399 specific primers.
Thesequencesofprimers forconstructverificationwere5′-CTGC
CTCCTCTCCCTAGTGC-3′ for the forward and 5′-CTAA
GGATGATTTCTGGCAGGG-3′ for the reverse primer, respec-
tively. Recombinant plasmidwas extracted by plasmid extraction
kit according to themanufacturer andsubjected to restrictionmap-
ping and sequencing for verification.

Protein Expression and Purification

L. lactis MG1363 strain cells were made electrocompetent for
transformation as already described [19, 20]. Transformed
L. lactis cells were selected on GM17 plates supplemented with
erythromycin (250 μg/mL) and further analyzed by colony PCR
using pAMJ399 specific primers. A single positive colony har-
boring recombinant pAMJ399 was cultured overnight at 30 °C
on GM17 medium supplemented with erythromycin (250 μg/
mL). The next day, 500 μL of cultured materials was inoculated
in 50 mL M17 medium and incubated at 30 °C to reach proper

Probiotics & Antimicro. Prot. (2019) 11:1034–1041 1035



log-phase. The culture supernatant obtained from the
transformant strain of L. lactis was removed from the liquid
culture in order to evaluate the production and accumulation of
the heterologous peptide. The expressed protein was purified
using Ni-NTA agarose column according to the manufacturer’s
instructions. The quality and quantity of purified recombinant
cLFchimera was analyzed on a 12% SDS-PAGE gel electropho-
resis and Bradford method [21], respectively.

Antibacterial Activity Tests

Disc diffusion method was performed to determine the rate of
bacterial inhibition by culture supernatant against
Staphylococcus aureus (ATCC25923) as Gram-positive bacteria.
Various volumes of culture supernatant of transformed cells (10,
20, 30, and 40 μL) were loaded as peptide solution on 6-mm
sterile paper discs. Each loaded disc was placed on the surface of
aMuller Hintone Agar petri dish and incubated at 37 °C for 16 h.
The discs loaded by standard antibiotic Gentamicin (10 mg/disc)
as well as 40 μL of supernatant obtained from non-transformed
L. lactis were used as positive and negative control respectively.
Antimicrobial activity was evaluated by measuring the diameter
of the inhibition zone around the discs (mm).

Cytotoxicity Assay

SW1353 (chondrosarcoma cells, ATCC HTB-94), NIH/3T3
(mouse embryo fibroblast cell line, ATCC CRL-1658), HUH7
(hepatoma Cells [22]), C26 (colorectal cancer cells, ATCCCRL-
2638), mda-mb-231 (human breast cancer cell line, ATCCHTB-
26), whichwere grown in 25 cm2 cell culture flasksmaintained at
37 °C in a humidified environment of 5% CO2 were used in this
study. Dulbecco modified Eagle medium (DMEM) or Roswell
ParkMemorialInstitute(RPMI)1640mediumsupplementedwith
10% (v/v) fetal calf serum (FCS), 100 U/ml penicillin, and
100 mg/ml streptomycin was replenished every 2 days. After
90% confluence, the cells were collected by trypsinization using
Trypsin solution (Gibco) and cultured in 96-well plate at a density
of 5000 cells/well. After overnight incubation in which the cells
reached confluence, the recombinant peptides were dispersed in
the medium at concentration of 1000, 500, 250, 125, 62.5, and
31.25μg/ml.Thewellswith recombinantpeptideswere incubated
at37°Cfor48h.Theviabilityof cellswasdeterminedusingMTT
assay. Then, the IC50 of formulations was calculated. Also,
SW1353, NIH, and HUH7 cultures in DMEM medium supple-
mentedwith10%FCS,C26.WT,andmda-mb-231cells inRPMI-
1640 medium supplemented with 10% FCS and their treatments
with peptideswere performed in the sameway.

Modeling, Docking, and Dynamic Simulation

The cLFchimera was initially modeled using PEP-FOLD on-
line server [23, 24]. Peptide structure refinement was

performed via molecular dynamics (MD) simulations for
10 ns. The structure of HS and CS in this study was taken
from the crystal structure of solution conformation of heparin
(PDB ID: 1HPN) [25] and sulfated glycosaminoglycan (PDB
ID: 1C4S) [26]. To simplify the calculation, HS was broken
into two building blocks according to Sapay et al. [27]. All
MD calculations were carried out in water boxes using
GROMACS 5.0.1 [28], GROMOS 54a7 protein force field,
and well-tested SPC/E model [29] for water molecules.
Protein was solvated in explicit solvent box with 0.5 nm dis-
tance from each of the box walls with periodic boundary con-
ditions. Charges of each simulation box were neutralized
using sodium and chloride ions. Particle Mesh Ewald (PME)
summation method was used for calculating the total electro-
static energy in each periodic box [30]. The other non-bonded
interactions were calculated by L-J model with a cutoff dis-
tance of 10 A°. A steepest-descent algorithm was used to
minimize the energy of each system and to relax the solvent
molecules. LINCS algorithm was applied to fix the chemical
bonds between the atoms of the protein and SETTLE algo-
rithm in the case of solvent molecules. To maintain a constant
temperature (310 K) and pressure of each system during sim-
ulations, pressure and temperature baths were applied using
the Berendsen coupling algorithm [31]. Weak-coupling algo-
rithm was used for the temperature and pressure regulation
with a coupling time of 1.0 ps. To avoid any dependencies
on the initial conditions and to increase the accuracy of the
simulations, each simulation was repeated four times with the
different initial conditions. All graphical representations were
constructed by PyMOL [32].

Statistical Analysis

GraphPad Prism version 5 (GraphPad Software, USA) was
used for data analysis. The average of data is shown as the
mean ± SD (standard deviation). Dunnett’s multiple compar-
isons test for two-way ANOVAwas used. P value < 0.05 was
considered statistically significant.

Results

Vector Construction, Protein Expression,
and Purification

The results of vector construction, protein expression, and pu-
rification are illustrated in Fig. 1. The coding sequence of
cLFchimera was successfully cloned into pAMJ399 expression
vector (Fig. 1a(a)) without any mutation and was confirmed by
sequencing (Fig. 1a(b)), colony PCR and restriction digestion
mapping (Fig. 1b(a and b), respectively). A single band with an
approximate molecular mass of 4.2 kDa was observed after
nickel affinity column purification and SDS-PAGE analysis
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(Fig. 1b(c)). The His-tag purified peptide concentration was
21 μ/mL. Antibacterial activity of culture supernatant contain-
ing secreted peptide was determined against S. aureus before
cytotoxicity assessment. Disc diffusion analysis showed con-
siderable antibacterial activity of culture supernatant against
S. aureus as Gram-positive bacteria (Fig. 1c).

Cytotoxicity Assay

Statistical analysis between percentage of the survived cells of
treated groups in comparison with their control groups (re-
ceiving no treatment) indicated no significant difference in
the HUH7, HUH7.5, B16F0, and NIH cell lines (P value >
0.05). However, there was a significant difference in the C26
and SW1353 cell lines. Therefore, the IC50s and the

percentage of the survived C26 and SW1353 cells exposed
to peptides are calculated and shown in Table 1.

Molecular Modeling and Dynamic Simulation

The crystal structure of HS and CSwas considered as the starting
model for evaluating cell surface glycosaminoglycans-peptide
interaction during 5 ns MD simulation in water. In this regard,
one peptide was separately added to around HS and CS and
simulation was run. The cLFchimera interacted with HS and
CS in different sites (Fig. 2a(a, b)). The location of the interac-
tions and alsoH bond forming between residuals are illustrated in
Fig. 3a, b.Moreover, the details of residualswhichwere involved
in peptide-cell surface glycosaminoglycans interaction in
Lactoferricin and Lactoferrampin are listed in Fig. 3c.

Fig. 1 Vector construction and recombinant peptide expression. a a
Schematic representation of L. lactis expression vector (pAMJ399,
6949 bp). a b coding sequence of cLFchimera which was inserted into
pAMJ399 vector. b a, b Colony PCR amplification on recombinant
L. lactis with specific primers annealed to LFchimera coding sequence
and pAMJ399 backbone, respectively. a-line1: DNA ladder, a-line2: a
130-bp fragment of LFchimera coding sequence. b-line1: a 500-bp
fragment containing pAMJ399 backbone and LFchimera coding

sequence, b-line2: a 350-bp fragment containing MCS of self-ligated
pAMJ399 vector. b c SDS-PAGE analysis which confirmed the
existence of recombinant peptide with a size of 4.2 kDa after peptide
purification. c The result of disc diffusion assay. Four different volumes
of culture supernatant containing cLFchimera [10 (a), 20 (b), 30 (c), and
40 μL (d)] were considered as treatments. +C: Gentamicin (10 mg/disc),
−C: culture supernatant of L. lactis harboring self-ligated pAMJ399
vector. Abbreviation: MCS multiple cloning site
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Discussion

In the present study, we introduced a nonpathogenic expres-
sion platform for production of recombinant peptide and
showed that this peptide had specifically cytotoxic activity
against some cancer cell lines. In silico analysis revealed that

the cLFchimera had considerable affinity to heparan sulfate
and chondroitin sulfate, as the two most anionic molecules on
the cell surface.

Bioengineered L. Lactiswhich was generated in this inves-
tigation successfully expressed functional chimeric peptide
with the ability to specifically target colorectal and
chondrosarcoma cancer cell lines without toxicity to normal
cells. L. lactis has been widely used as a food-grade microor-
ganism in the food fermentation industry and also in the pro-
duction of therapeutic proteins [33]. In contrast to gram-
negative bacteria such as Escherichia coli, the membrane of
L. lactis does not contain endotoxins, which makes this sys-
tem more cost-effective particularly in protein purification
process [15]. Here, we showed that the recombinant L. lactis

Fig. 2 a Peptides-cell surface glycosaminoglycans interaction after MD
simulation in water. a Peptide-HS complexes and b Peptide-CS
complexes b The structure of HS (a) and CS (b) in this study was taken
from the crystal structure of solution conformation of heparin (PDB ID:

1HPN), and sulfated glycosaminoglycan (PDB ID: 1C4S). c Schematic
model of the interaction of HS and CS chains with cLFchimera on the cell
surface. Abbreviation: MD molecular dynamic, HS heparan sulfate, CS
chondroitin sulfate

Table 1 The results of
MTT assay Cell line IC50 (mg/ml)

C26 0.0870

SW1353 37.90

C26 Colorectal cancer cell line, SW1353
Chondrosarcoma cells
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strains based on the P170 expression system appear to be an
attractive system for production of short peptides. To this end,
we used a P170 secretory expression vector which successful-
ly expressed approximately 21 μ/mL peptide in medium. The
P170 expression system which was previously developed by
Bioneer Company [17] has been used successfully for produc-
tion of more than 100 recombinant proteins of both eukaryotic
and prokaryotic origin. The majority of these are unpub-
lished and confidential studies from their laboratories [17].
To the best of our knowledge, this is the first report regard-
ing the use of P170 expression system for production of
antimicrobial peptides.

Although AMPs have been essentially studied and devel-
oped as potential alternatives for fighting infectious dis-
eases [34, 35], their use as anticancer peptides (ACPs) in
cancer therapy either alone or in combination with other
conventional drugs has been regarded as a therapeutic strat-
egy to be explored. In vitro assessment of the cytotoxic
effects of cLFchimera showed that this peptide did not have
significant cytotoxic activity against human hepatoma, hu-
man breast cancer, and normal mouse embryo fibroblast cell
line, whereas it exhibited cytotoxic effects on colorectal and
chondrosarcoma cancer cell lines. There are some reports
which indicated this selectivity could be due to more nega-
tively charged cell surface of the tumor cells [6]; however,

the exact mode of action remains unclear. In this study, we
attempted to investigate the mode of action of cLFchimera
by in silico analysis. To this end, we usedMD simulation for
evaluating the likely interaction between the cLFchimera
and HS and CS, as two well-known factors that may con-
tribute to elevated negative charges on cancer cells [36].
The results of in si l ico analysis showed that the
cLFchimera interacted with HS and CS with a totally differ-
ent amino acid profile. Fadnes et al. [13] showed that bovine
AMP lactoferricin interacts with heparin sulfate, and this
interaction makes the peptide far away from the lipid mem-
brane. They indicated that heparin sulfate had inhibitory
effect on anticancer activity of bovine lactoferricin.
Considering this, we postulated that the selective antitumor
mechanisms of cLFchimera could be due to the different
numbers of the GAG chains attached to a core protein in
the cell surface. This variety is dependent upon the proteo-
glycan species and kind of cells [37, 38].

Hydrogen bonding screening in GAGs-cLFchimera
complexes revealed K21, V23, and I3, R16 are the domi-
nant amino acids involved in peptide-HS and CS interac-
tion, respectively. These results could be useful in order to
increase the chance of peptide escaping from GAGs and
subsequently increasing the anticancer activity of the
cLFchimera in the future studies. In our ongoing study,

Fig. 3 H-bond formation between peptide and cell surface
glycosaminoglycans after 5 ns MD simulation. a HS-peptide complex.
b CS-peptide complex. c the details of residuals which participated in

peptide-cell surface glycosaminoglycans interaction in Lactoferricin and
Lactoferrampin on the cLFchimera. Each interaction was simulated in
four replicates
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we are focused on this aspect and also are trying to pre-
dict the likely intracellular mode of action of cLFchimera
after cell penetration by computational modeling analysis.

In conclusion, here, we have shown that the P170 expres-
sion system in L. lactis successfully expressed a cationic pep-
tide with selective cytotoxic activity against tumor cell lines.
Moreover, molecular modeling and docking analysis revealed
the negatively charged molecules on the surface of tumor cells
can be considered as target sites for cLFchimera activity.
Previous studies have shown that low expression of cell sur-
face HS is more susceptible to treatment with AMPs.
Therefore, to confirm our in silico results regarding the selec-
tive properties of cLFchimera, further experimental studies
such as cell surface expression analyses of HS and CS in
C26 and SW1353 cell lines should be done.
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