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Abstract: Background: Thanatin is the smallest member of Beta-hairpin class of cationic peptide
derived from insects with vast activities against various pathogens.

Objective: In this study, the antimicrobial activity of this peptide against some species of human
bacterial pathogens as well as its toxicity on NIH cells were evaluated.

Methods: Thanatin DNA sequence was cloned into pcDNA3.1+ vector and transformed into a
DHSa bacterial strain. Then the recombinant plasmids were transfected into HEK-293 cells by
calcium phosphate co-precipitation. After applying antibiotic treatment, the supernatant medium
containing thanatin was collected. The peptide quantity was estimated by SDS-PAGE and
GelQuant software. The antimicrobial activity of this peptide was performed with Minimum
Inhibitory Concentration (MIC) method. In addition, its toxicity on NIH cells were evaluated by
MTT assay.

Results: The peptide quantity was estimated approximately 164.21 pmolL™. The antibacterial
activity of thanatin was estimated between 0.99 and 31.58 pmolL"' using MIC method. The result
of cytotoxicity test on NIH cell line showed that the peptide toxicity up to the concentration of
394.10 pmolL™" and for 48 hours, was not statistically significant from negative control cells
(P>0.05). The antimicrobial assay demonstrated that thanatin had an antibacterial effect on some
tested microorganisms. The results obtained in this study also showed that thanatin had no toxicity
on mammalian cell lines including HEK293 and NIH.
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Conclusion: Antimicrobial peptides such as thanatin are considered to be appropriate alternatives
to conventional antibiotics in treating various human pathological diseases bacteria.
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acids isolated from a wide range of prokaryotes (bacteria)

1. INTRODUCTION and eukaryotes (insects, plants, protozoans, fungi, and

The rapid emergence of antibiotic resistant bacteria might
be problematic in most of bacterial infection treatments and
has become the biggest challenge in modern medicine [1, 2].
Repeated and improper applications of antibiotics could be
the primary factor of the increasing number of drug-resistant
bacteria [3]. Although it is important to consider different
factors to develop any new therapeutics, researchers are
looking for natural alternatives to common antibiotics with
fewer side effects [4].

Antimicrobial Peptides (AMPs), as an excellent
alternative to traditional antibiotics, were discovered in 1939.
These peptides are one of the major groups of natural
antibiotics containing several (between 12 to 100) amino
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mammals) [4-7]. Based on AMPs multiple biological
functions against various types of microorganisms such as
viruses and parasites, they have recently attracted much
attention. The antimicrobial peptides are divided into several
groups. First, Cationic peptides such as Cecropins,
Defensins, Thionins, Amino acid-enriched class, Histone
derived compounds, Beta-hairpin and other natural structural
and functional proteins. Second, Anionic peptides including
Neuropeptide derived molecules, Aspartic-acid-rich mole-
cules, Aromatic dipeptides, Oxygen-binding proteins [4].

Thanatin is the smallest member of Beta-hairpin class of
cationic peptides and has a strong net cationic charge (+6)
with low hemolytic activity, which was extracted from
Podisus maculiventris insect (belonging to hemiptera family)
after immune system simulation. Interestingly, it is the first
antimicrobial peptide derived from insect with vast activity
against various pathogens such as Gram-negative and Gram-
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positive bacteria and fungi [4, 8, 9]. This peptide has a
disulfide bridge between two cysteines at amino acids 11 and
18, that is crucial for peptide’s biological function and has an
important role in antimicrobial activity of the bacteria [10].
This peptide fights against the bacteria by agglutinating
through binding to the outer membrane of lipopolysaccharide
or cell wall peptidoglycan [11]. This peptide has no sequence
homology with other insect defense molecules except frog
skin secretions [2, 12]. It was reported that thanatin peptide
might improve antibacterial activity of some antibiotics such
as chloramphenicol, norfloxacin against multidrug-resistant
E. aerogenes through energy-dependent efflux mechanism
and persuaded a remarkable betterment of antibiotic
susceptibility in contrast to sensitive cells [13]. Moreover, it
was demonstrated that thanatin itself did not show a better
antibiotic effect against Pseudomonas aeruginosa infections
compared to conventional treatments, although it may be
introduced as an alternative in combination with antibiotics
[14].

In the present study, recombinant thanatin peptide was
produced in HEK293 (Human Embryonic Kidney) cell line.
Then its antimicrobial activities against some human
bacterial pathogens as well as its toxicity on HEK293 and
NIH cell lines were evaluated.

2. MATERIALS AND METHODS

2.1. Designing, Codon Optimization and Chemical
Synthesis

The coding sequence of thanatin, after codon
optimization for a proper expression in HEK293 cells, was
chemically synthesized by GenScript Corporation
(Piscataway, NJ, USA). A single Ig Kappa chain from Mus
musculus (Igk) secretion leader was used (Figure 1). This
signal peptide induces translocation of the protein into
Endoplasmic Reticulum (ER) for secretion or membrane
integration [15].

2.2. Gene Cloning

The  thanatin  sequence in  plasmid  vector
(pGHvector+thanatin) was artificially ordered. First, pGH
and pcDNA3.1+ vectors were digested separately with
HindIll restriction enzymes (Thermo Fisher Scientific, USA)
and then purified by gel extraction kit (Thermo Fisher
Scientific, USA). Then, the purified products were again
digested with BamHI restriction enzyme (Thermo Fisher

Leader sequence
Hindlll| o
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Scientific, USA) and purified. The next step in constructing a
recombinant plasmid was to ligate the thanatin DNA
sequence into a compatibly digested vector backbone by fast
ligation kit (Thermo Fisher Scientific, USA). Subsequently,
the recombinant plasmid was transformed into the E. coli
strain DH5a (Invitrogen, USA). In order to identify DH5a
containing recombinant plasmids, the bacteria were cultured
on antibiotic culture medium. Only the bacteria containing
the recombinant plasmid could be colonized on the culture
medium containing antibiotics. Colony PCR was performed
by universal pcDNA3.1+ primers for T7 promoter (forward:
TAATACGACTCACTATAGGG) and BGH (reverse:
TAGAAGGCACAGTCGAGG). Afterwards, colonies were
harvested and plasmid elicitation was performed by HiPure
Plasmid Isolation kit (Roche, Germany). Finally, mapping
and sequencing were carried out.

2.3. Transfection and Expression

HEK293 cells (ATCC® CRL-1573™) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM/F12)
supplemented with 10% Fetal Bovine Serum (FBS) and 1%
amphotericin b (Invitrogen, USA) and were then grown in an
incubator at 37°C with 5% CO,. For transfection, the cells
were reseeded in a 35 mm culture plate and were then
allowed to grow to 50-80% confluency. Moreover, calcium
phosphate co-precipitation procedure was performed in
DMEM/F12 medium supplemented with 10% FBS [16].
Next, the recombinant and self pCDNA3.1+ (with and
without thanatin fragment) were transfected separately in cell
lines, and transfected cells were selected after antibiotic
therapy with 400 mgmL™ Geneticin (Sigma-Aldrich,
Germany) for two weeks. The supernatant containing 21—
residue peptide was collected and was stored at 4°C for SDS-
PAGE analysis.

2.4. Tricine SDS-PAGE Analysis

In this study, recombinant thanatin peptide was secreted
into the culture media without any tags; thus, SDS-PAGE
was used for size determination. Besides, 30 uL of the
cultured supernatant (transfected cells by recombinant and
self-ligated pcNDA3.1+) was electrophoresed on SDS-
PAGE in Tris/glycine/SDS buffer using 16% polyacrylamide
gels. The gel was stained with coomassie Brilliant Blue. The
quantification of peptide band was carried out by GelQuant
software v 1.8.2 (www.biochemlabsolutions.com).

4

Thanatin 4 GCTTACCATGGAGACAGACACACTCCTGCTATGGGTACTGCTCTGGGTTCCAGGTTCCACTGGT

Leader sequence
The sequence of thanatin

1 1

Thanatin GACATGGGTTCCAAGAAGCCAGTGCCAATCATCTACTGCAACAGGAGGACTGGTAAGTGCCAGAGG

|Stop codon
The sequence of thanatin
140

Thanatin ATGTGATAATAAGGATCCG

Figure 1. Schematic representation of the coding sequence of thanatin including IgK signal peptide (pink), thanatin sequence (green), and

stop codon (red).
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2.5. Minimal Inhibitory Concentration Test on Some
Strains of Bacteria

Methicillin resistant staphylococcus aureus (MRSA)

ATCC3359, Acinetobacter baumannii ATCC 13304,
Escherichia coli ATCC 25922, Klebsiella pneumonia ATCC
700603, Staphylococcus aureus  ATCC 25923,

Staphylococcus aureus ATCC 29213, Enterococcus faecalis
ATCC 29212 were obtained from American Type Culture
Collection (USA). Pseudomonas aeruginosa VIMH,
Vancomycin resistant Enterococci (VRE) Salmonella typhi,
Salmonella paratyphi C, Listeria monocytogenes, Shigella
dysantriae were obtained from Mashhad School of Medicine
Collection, Mashhad, Iran.

Minimum Inhibitory Concentrations (MIC) was used
based on a microbroth dilution method by 96-well microtiter
with four replications [17].

The bacteria were cultured overnight on nutrient agar and
was suspended to approximately 1 x 10° CFU mL™', then
100 pL volumes were placed into a 96-well microtiter plate.
A 100pL medium containing thanatin peptide from stock
solution was used to prepare a serial dilution; 100 puL from
each dilution was added to each 96-well microtiter plate. The
plate was incubated at 37 °C for 24 h without shaking. In this
study, the lowest concentration of thanatin that could inhibit
the bacterial growth was used as MIC for different bacteria.

2.6. Cytotoxicity Assays on Human Cells

To determine thanatin toxicity on mammalian cells, MTT
assay was used. NTH/3T3 (ATCC® CRL-1658") cells were
cultured by Minimum Essential Medium with fetal bovine
serum. Cells were seeded into 96-well plate at a
concentration of 1 x 10° cells per well and then incubated in
a 5% CO, incubator for 24 h at 37°C. A day after the initial
plating, the cultured cells with 3 different dilutions of
thanatin were stored in triplicates for 48 h under similar
conditions. Subsequently, the cells were treated with10 puL of
MTT working solution (5 mgmL'l) (Sigma Chemical Co., St.
Louis, MO) and incubated for 4 h. The supernatant of
medium was elicited, and the remaining formazan crystals
were dissolved in 100 pL of DMSO per well for 30 min at
37°C in a CO, incubator. Finally, the absorbance was
measured at 570 nm by Epoch  Microplate
Spectrophotometer (BioTek, USA). All statistical analysis
was performed using R software version 3.0.

3. RESULTS
3.1. Cloning and Expression of Thanatin Peptide Gene

The results showed that the restriction digestion (Figure
2A) and colony PCR amplification (Figure 2B) of thanatin
peptide was successful. The sequencing revealed that the
fragment was inserted into the correct frame without any
mutation in pcDNA3.1+ vector.

3.2. Tricine-SDS-PAGE

The expression of thanatin in HEK293 cells was
evaluated by Tricine-SDS-PAGE (Figure 3). A protein band
with a size about 2.4 KDa was observed on the gel, which
suggested that the thanatin peptide was properly expressed in
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HEK293 cells and then secreted into the culture medium.
The concentration of thanatin in culture medium was
approximately estimated to be 164.21 ymolL".

L
5428 bp

Figure 2. A) Restriction digestion with Hindlll and BamHI
enzymes lane 1. Leader sequence+thanatin (142 bp fragment) lane
2. DNA size marker 100 bp lane 3. Circular pcDNA3.1+ inserted
sequence lane 4. Linear pcDNA3.1+ B) Colony PCR amplification
with universal pcDNA3.1+ primers lane 1. The amplified sequence
of self-ligated pcDNA3.1+ (without thanatin insert) lane 2. Marker
100 bp lane 3. The amplified sequence of recombinant pcDNA3.1+
with thanatin.
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Figure 3. SDS-PAGE analysis of secreted thanatin from HEK293
cells in culture medium. lane 1. Protein marker 10-250 KDa lane 2.
2.345 KDa thanatin peptide (Shown by an arrow) lane 3. Control

cells transformed with self-ligated vector without thanatin
sequence.

3.3. MIC Assays of Thanatin Peptide

The results of MIC assay against typical gram-positive
and gram-negative bacteria are summarized in Table 1.
According to the results, thanatin showed a strong activity
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Table1l. Comparative Minimum Inhibitory Concentration (MIC) of the recombinant Thanatin with antibiotics suggested by
Clinical and Laboratory Standard Institute (CLSI).
Antibacterial Activity (pgml")
Strain
Thanatin Peptide Gentamycin Vancomycin Ampicillin Ceftazidime
Gram positive bacteria

Listeria monocytegenes 76.92 31.58 >32 ND >32 ND
Staphylococcus aureus ATCC 25923 2.40 0.99 >16 >16 0.5-2 ND
Staphylococcus aureus ATCC 29213 2.40 0.99 >16 >16 0.5-2 ND

Resistant strain (Gram positive bacteria)
Methicillir: ;j}s{l;ir)lf;?ég;lg;gicm aureus 9.61 105 16 16 ND ND
Vancomycin resistant Enterococci (VRE) * Resistant >16 >32 ND ND

Gram negative bacteria

Shigella dysenteriae * 38.46 15.79 >16 ND >32 ND
Escherichia coli ATCC 25922 76.92 31.58 >16 ND 2-8 >16
Salmonella typhi* 4.80 1.97 >16 ND >32 >16
Salmonella paratyphi C* 19.23 7.89 >16 ND >32 >16

Resistant strain (Gram negative bacteria)
Pseudomonas aeruginosa VIM+ * Resistant >16 ND >16 >32
Klebsiella pneumonia ATCC 700603 Resistant >16 ND >128 >16
Acinetobacter baumannii ATCC 13304 Resistant >16 ND ND >32

Data is collected as MICs according to CLSI (www.clsi.org), ND: Not determined.
“From Mashhad School of Medicine Collection, Mashhad, Iran.

against  Staphylococcus aureus ATCC 12923 and
Staphylococcus aureus ATCC 25923 with the least value of
MIC (2.57 umolL™). In contrast, Escherichia coli ATCC
25922 showed the highest value of MIC (82.10 pmolL'l). In
this study thanatin did not show any activity against drug-
resistant  bacteria, except for Methicillin resistant
Staphylococcus aureus (MRSA) ATCC 33591. In addition,
the comparison of MIC obtained from thanatin peptide with
Gentamycin, Vancomycin, Ampicillin, Ceftazidime antibiotics
is shown in Table 1. The results showed that this peptide has
an acceptable antibacterial activity compared to some
antibiotics.

3.4. Cytotoxicity Assays on Human Cells

In the present study, the potential cytotoxicity of thanatin
at different concentrations was evaluated by MTT assay. The
result of cytotoxicity test on NIH cells (up to 394.10 pmolL'l
for 48 hours) showed no significant differences between
various concentrations of thanatin and control group (P >
0.05). Also no adverse effects were observed on HEK293
cells producing thanatin peptide.

4. DISCUSSION

In the present study, we have used HEK expression
system for recombinant production of thanatin peptide.

Using expressive E. coli BL21 system is common because of
its low cost, clear genetic background, and its simple culture,
but several studies have shown that this system is not
suitable for small size and high expression AMPs since it
kills the bacteria [18]. Furthermore, it was shown that the
quantity of thanatin expression in HEK293 cells was higher
than that of Pichia Pastoris [19]. This peptide was
previously expressed in Pichia and prokaryotic expression
systems and showed acceptable activity towards some
bacterial pathogens [19, 20].

In this study, thanatin did not show any antimicrobial
activity against drug-resistant bacteria, except Methicillin
resistant Staphylococcus aureus (MRSA) ATCC 33591. It
might be related to higher concentrations of thanatin which is
required in growth prevention of these bacteria. It has been
proven that AMPs could have a synergism activity with other
chemicals such as antibiotics, essential oils [21, 22].

The main mechanism of many AMPs is the membrane
disruption, but some antimicrobial peptides like single
peptides could not create a pore in a lipid membrane. The
tendency to form intra-molecular connections is also
important in peptide’s function, which is concentration-
dependent. During peptides encounter with the pathogens,
they might use two methods to disrupt the membrane, they
either accumulate on the surface or once they reach a critical
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concentration, they penetrate into the membrane [23]. A
single peptide could have multiple cellular targets which
simultaneously leads to the death of microorganisms [24].
Some peptides have different mechanism against
microorganisms including indolicidin (membrane
depolarization and DNA synthesis inhibition), Nisin (by
binding to lipid II, forms membrane pores and lipids III and
IV cause autolysin function), PR-39 (blocks bacterial DNA
and protein synthesis and it also inhibits the degradation of
inhibitor of nuclear factor kB). However, the intracellular
targets of thanatin have not been reported yet [10].

Some features of antibacterial activity of cationic peptide
are as follows: amino acid profile, sequence direction,
structural conformation [25], and membrane lipid
composition [23]. In other words, AMPs destroy the bacteria
using different modes including pore formation in plasma
membrane or through barrel-stave pore model, toroidal pore
model or an overall detergent-like action [26-28]. It was
demonstrated that the antimicrobial activity of thanatin was
independent from multi-drug resistance spectrum of bacteria
which could be due to the different membrane composition
of this bacteria [29, 30]. Also we showed that thanatin is
more active against Salmonella typhi than other Gram
negative species. According to Richards, 2010 S. #yphi was
more sensitive to AMPs than S. typhimurium, which might
be due to gene regulations involved in modification of lipid
A. Lipid A gives a negative charge to the bacterial surface
which may attract some AMPs; thus, make bacteria more
sensitive to AMPs [31]. Mutations in lipid A modifying
enzymes may exhibit an increase in sensitivity to AMP [29].

Unlike pore forming AMPs, some AMPs such as thanatin
could kill the bacteria through cell agglutination. On the
other hand, they directly interact with the components within
the bacterial membranes such as Lipopolysaccharide (LPS)
of gram negative or cell wall peptidoglycans of gram
positive bacteria, which leads to the inhibition of cell wall
synthesis [11, 32]. Unfortunately, the use of some
antimicrobial peptides such as pore forming AMPs, as
alternative to chemical antibiotics, has been limited due to
hemolytic toxicity and other types of cytotoxicity [33]. In
contrast, thanatin can agglutinate bacteria and then can be
efficiently removed by immune system without releasing
toxic substances [11, 34]. The MIC of thanatin against gram-
negative and positive bacteria and fungi is mostly reported
under 2.5 pM (6.089ugml™) [35, 36]. Experiments on the
effect of S-thanatin on FEscherichia coli, Klebsiella
pneumoniae, Enterobacter cloacae, Enterobacter aerogenes,
Klebsiella ornithinolytica and Klebsiella oxytoca showed
that MICs were between 4 and 16 pgml’', and in gram
positive bacteria, MIC was above 128 pgml™ [30, 37].

Current treatment of antibiotic resistant microorganisms
is an important challenge. The number of antibiotic-resistant
bacteria has been increasing significantly, especially
resistance to beta-lactam antibiotics. Generally, the
mechanisms of resistance to beta-lactam antibiotics are as
follows: mutations and changes in the target molecule;
altering the enzymes and turning them into a family of
hydrolyzing and inactive beta-lactam called beta-lactamases;
removing purine proteins in the bacterial cell wall; activating
the Efflux pump in order to exhaust antibiotics from the
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bacteria; altering the cell wall of the bacterium to minimize
its antibiotic access [38] and reducing the activity of
Autolytic enzymes [17]. AMPs seem to be a proper solution
[39]. Thanatin is an AMP with antibacterial activities against
drug-resistant bacteria [9, 40] such as B-lactamase-producing
Escherichia coli with minor hemolytic toxicity [41]. S-
thanatin, as an analog of thanatin, could be a promising
candidate against some antibiotic resistant bacteria [42]. It
was reported that shorter derivative peptide (R-thanatin) had
higher antibacterial features against coagulase-negative
staphylococci, including S. epidermidis, S. haemolyticus, and
S. hominis at concentrations of 2 to 64 ugml™”. Additionally,
this peptide inhibited the growth and biofilm formation of
methicillin-resistant S. epidermidis (MRSE) in vitro and in
vivo conditions [33].

In this study, thanatin had no cytotoxicity on NIH cells,
which makes this peptide a proper candidate in treating
human diseases. In case of eukaryotes and prokaryotes,
different cell membranes have different composition and
structure. Eukaryotic cell membranes have more cholesterol
compared to bacterial cells, which seems to be related to this
process. The presence of this neutral lipid in the membranes
of animal cells inhibited the fragmentation of lipid vesicles
by cationic, linear Magainin derived AMPs [43, 44].
Although, the mechanism of thanatin peptide against cells
has not been fully explained, three anticellular mechanisms
have been reported for AMPs: cell plasma membrane
disruption  (extracellular ~mechanism), inhibition of
angiogenesis and activation of apoptosis (intracellular
mechanism) [45]. Since membrane disruption is not the only
mechanism of action of antimicrobial peptides, the
intracellular targets of thanatin have not been yet reported
due to the low permeability of thanatin [10]; therefore,
thanatin may not effectively inhibit cell growth through
intracellular mechanisms.

Investigating the cytotoxicity of R-thanatin on human in
vitro umbilical vein endothelial cells revealed that R-
thanatin, up to concentration of 1.024 pgml’, had little
toxicity in mammalian cells (P> 0.05) [33]. In another study,
it was shown that cyclic thanatin (C-thanatin) and linear
thanatin (L-thanatin) had toxicity against human Red Blood
Cells (hRBCs) and Human Umbilical Vein Endothelial Cells
(HUVECS) at concentrations as high as 256 ugml™ [10].

CONCLUSION

In conclusion, the results obtained in this study confirmed
the feasibility of mammalian cell lines for heterologous
expression of thanatin. Leader and secretion sequence were
placed in gene cassette to promote the expression and to
facilitate the harvest of recombinant protein. We included a
leader sequence (Igk) to the N terminus of thanatin peptide
sequence, which allowed peptide secretion to culture medium.
An important finding here was the low cytotoxicity of thanatin
for mammalian cells. The antimicrobial assay conducted in the
present study showed that the recombinant thanatin had an
antibacterial effect on some tested species. Synergy of thanatin
with other components such as antibiotics, essential oils or
even other AMPs might be another option to consider in future
research to overcome antibiotic resistant pathogens.
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