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Article info. ABSTRACT

Received 10 Aug 2023 Antimicrobial peptides Buforin 11, derived from histone H2A, demonstrates
Revised 19 Dec 2023 strong cell-penetrating activity without cell lysis and strong affinity for
Accepted 24 Dec 2023 internal cellular nucleic acids, making it a potential candidate for

macromolecule delivery into bacteria. Herein, we designed a peptide that
is the fusion of Buforin Il and a polycation tail (KH)s and assessed its

Keywords efficiency in delivering plasmid (pGEX-RG-(TAG)S, 7,142 bp) into

Escherichia coli OmniMAX. The peptide and plasmid were incubated at
Antimicrobial peptide, cell 25°C to form the complexes at various peptide concentrations from 5 to 50
penetrating peptide, ug/mkL. After that, the complexes were incubated with the E. coli competent
Escherichia coli, plasmid, cells at 25°C. In comparison with the transformation efficiency and
transformation normalized transformation efficiency of conventional heat-shock method,

a 1.28 and 7.83 times higher transformation efficiency, correspondingly,
was achieved by using novel peptide-based delivery system at peptide
concentration of 5 ug/mL. The cell viability of over 90% was displayed at
peptide concentration of 5 ug/mL. This study can lead to the development
of a transformation approach under mild conditions and an ideal tool for
gene delivery.

1. INTRODUCTION large-sized deoxyribonucleic acid (DNA) into the
cells and it is limited by cell walls. Compared to the
heat-shock technique, electroporation is more
efficient and applicable to many more species from
both Bacteria and Archaea. Despite the ability to
deliver large-sized DNA and a very broad range of
recipient cells, it is limited by the requirement of
special equipment and the control of multiple
parameters (Aune & Aachmann, 2010). The
delivery technique using viral vectors applies to
both bacterial and mammalian cells, but the
problems are immunogenicity and cell-type specific
procedure (Islam et al., 2019). Liposome-mediated
is a choice for a broad range of cell types, but this
method is obstructed by the cell walls. To transfer

The application of synthetic biology and genetic
engineering have appreciably contributed to the
advancement of microbiome-based therapeutics
(Mimee et al., 2016), biomolecular manufacturing
(Pardee et al., 2016), in vitro and in vivo diagnostics
(Slomovic et al., 2015), and genetic therapies (Rossi
etal., 2007). Genetic delivery is among the principal
steps in synthetic biology and genetic engineering
processes. So far, no single available transformation
technique can be applied without some limitations.
Taking heat-shock transformation or
chemotransformation as an example. It is one of the
most common methods used for genetic
transformation into bacteria, but it cannot deliver
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genetic materials into some archaebacteria and
circumvent the obstacle of cell walls, transformation
of spheroplasts and protoplasts is a promising
approach. The procedure, however, is complicated
and time-consuming as well as specific for each cell
type (Aune & Aachmann, 2010). Several techniques
such as chitosan-mediated, biolistic and tribos
methods were reported, but only a few reports have
been published.

Cell-penetrating  peptide ~ (CPP)  mediated
transformation is a new technique that has been
studied in the two recent decades. Transformation
protocols using CPPs have been described for a
variety of recipient cells, including bacteria, plant
and animal cells (Chen et al., 2007; Lee et al., 2011;
Heiat et al., 2014; Jeong et al., 2016; Islam et al.,
2019). The peptides are composed of 20—-50 amino
acids and positively charged due to the basic
residues such as lysine, arginine, and histidine
(Farkhani et al., 2014; Heiat et al., 2014). These
amino acids can mediate the interaction of the
peptide with anionic motifs on the cell membrane,
and at least eight positive charges are suggested for
high-performance cellular uptake of CPPs (Farkhani
etal., 2014).

Buforin II is a histone H2A-derived antimicrobial
peptide (AMP) that has proline hinge structure
responsible for its cell-penetrating ability. It kills a
broad range of microorganisms without cell lysis
and has a strong affinity for internal cellular nucleic
acids (Park et al., 2000). Buforin I molecules were
proposed to form temporary toroidal pores, causing
frequent pore disintegration and increasing the
translocation rate. The Buforin II translocation was
shown to withstand cargo addition, qualifying this
peptide as a promising candidate for new CPP
generations. We repurpose AMP Buforin II for
plasmid transformation by fusing it with a
polycation domain (KH)s (from now on called
B2(KH)s) and assessed its effectiveness in
transforming plasmid into Escherichia coli
OmniMAX. The transformed plasmid was pGEX-
RG(TAG)S (7,142 bp) encoding red fluorescent
protein (RFP) and superfolder green fluorescent
protein (sfGFP) as reporter genes. The AMP-
mediated transformation of pGEX-RG(TAG)S
successfully took place and brought about a higher
transformation efficiency than the heat-shock
technique.
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2. MATERIALS AND METHOD
2.1. Materials

The One Shot™ OmniMAX™ 2 TIR E. coli strain
(Thermo Fisher Scientific, USA) was used as the
host for plasmid transformation. The plasmid
pGEX-RG-(TAG)S (7,142 bp) was used to transfer
into E. coli OmniMAX. Dehydrated Luria-Bertani
(LB) culture medium (Thermo Fisher Scientific,
USA) was utilized to prepare broth and agar media
for the growth, refresh of bacterial cells and the
recovery of transformed cells. CaCl, (Sigma-
Aldrich, USA) was used to prepare competent cells.
Ampicillin (Sigma-Aldrich, USA) was utilized in
transformation selection plate. Isopropyl B-D-1-
thiogalactopyranoside (IPTG) (Merck, Germany)
was used to stimulate the expression of reporter
genes coding for fluorescent proteins.

2.2. Peptide synthesis and preparation

The By2(KH)e polycation peptide
(TRSSRAGLQFPVGRVHRLLRKKHKHKHKHK
HKH) was chemically synthesized based on the
designed sequence. The peptide was purified and
obtained with >97% High Performance Liquid
Chromatography purity and confirmed with mass
spectrum. The peptide was dissolved in autoclaved
purified water (pH 7.0), yielding 100 pg/mL stock
solution.

2.3. Transformation of pGEX-RG-(TAG)5 into
E. coli cells

For  transformation  using  peptide-plasmid
complexes, CaCl,-washed cells were prepared by
the reported protocol with minor modifications
(Islam et al., 2019). Briefly, harvested cells were
condensed to 600-nm optical density (ODgoo) of 3.5
and rapidly washed with ice-cold 0.1 M CaCl,. After
the washing step, the cells were centrifuged and
resuspended in ice-cold 0.1 M CaCl, solution with
15% glycerol to obtain ODggo of 17.5. The cells were
then stored at —80°C until use. For heat-shock
transformation, competent cells were prepared using
a similar protocol, but the harvested cells were
incubated in CaCl, on ice for 30 minutes before
centrifugation.

The complexes of B2(KH)s and pGEX-RG-(TAG)S
were prepared by adding 10 pL of 20 ng/uL pGEX-
RG-(TAG)S5 to different volumes (0, 2.5, 12.5 and
25 pL) of 100 pg/mL AMP solution and adding
autoclaved purified water to obtain a final volume
of 50 pL. The corresponding final concentrations of
peptide in 50 pL of prepared mixtures were 0, 5, 25
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and 50 pg/mL. The solutions were thoroughly
mixed by using a pipette then shaken for 30 min at
150 rpm at 25°C. The peptide-plasmid complex
solutions were thoroughly mixed with 100 pL of
CaCl,-washed cells using a pipette and shaken for
30 min at 150 rpm at 25°C to allow transformation.
Afterwards, 1 mL of LB broth was supplemented
into each mixture. Then, the tubes containing
mixtures were shaken at 150 rpm at 37°C for 1 h.
Afterwards, the tubes were centrifuged at 13,000
rpm at 4°C for 1 min, and 850 pL of supernatant was
removed from each tube. The recovered cells in the
pellet were resuspended and plated (20 pL/plate)
onto LB agar plates containing ampicillin
(100pg/mL). Transformation efficiency was
calculated using Equation 1:

_ CFUpp x 300

TE
my, % 20

x 1,000 (1)

where

TE is the transformation efficiency by colony
forming unit (CFU);

CFUamp is the number of colonies on Ampicillin
plate;

mp, is the amount of pDNA (ng) used in
transformation.

After the recovery, centrifugation and resuspension
steps, the same cells were 10-fold serially diluted
then plated (50 pL/plate) on LB agar plates with no
antibiotics to acquire the corresponding number of
surviving cells for transformation frequency
calculation (Tee et al., 2017). The transformation
frequency was calculated using Equation 2:

CFUppp % 50
F=— 2" " ()
CFU, 5 x Fp x 20

where
TF is the transformation frequency;

CFUamp 1s the number of colonies on Ampicillin
plate;

CFUrg is the number of colonies on LB plate
without Ampicillin;

Fp is the dilution factor.

In order to compare with the traditional heat-shock
technique, the heat-shock transformation was
carried out using previously reported protocol with
some modifications (Chang et al., 2017). The
number of E. coli cells in the heat-shock treatment
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was different from that of AMP-mediated
transformation. Therefore, the transformation
efficiencies of heat-shock were normalized using
the ratio of cell numbers in AMP-mediated
treatment and heat-shock treatment.

In order to confirm the successful transformation,
the expression of reporter genes coding for
fluorescent proteins was stimulated by IPTG. The
colonies formed on ampicillin-LB plates were
inoculated on LB agar plates containing ampicillin
(100pg/mL) and IPTG (0.01 M).

2.4. Investigation of the effect of AMP
concentrations on the growth of E. coli cells

To evaluate the effect of the peptide Bo(KH)s at
various concentrations on the growth of E. coli cells
during total 1.5 hours of transformation and
recovery, the surviving cells on LB agar plates
without antibiotics were counted. The viable cells in
the broth includes the successfully transformed cells
and competent cells. The number of colonies on LB
plates obtained when calculating transformation
frequency were used to calculate the viable cells
using Equation 3:

CFU,  * Fpp % 300

CFU =
s 50

(3)
where

sCFU 1is the number of colonies formed from
surviving cells;

CFUig is the number of colonies on LB plate
without Ampicillin;

Fp is the dilution factor.
3. RESULTS AND DISCUSSION

3.1. Transformation of pGEX-RG-(TAG)S into
E. coli cells

The peptide B2(KH)6 (theoretical pl of 13.10 and
net charge of +13 at pH 7.0; Mw of 4.027 kDa) was
utilized to transform the plasmid pGEX-RG-
(TAG)S via forming the complexes of peptide-
plasmid. Under 365-nm irradiation, the bacterial
cells transformed with the complexes of B2(KH)6
and pGEX-RG-(TAG)5 exhibited red fluorescent
color on LB agar plates containing ampicillin and
0.01 M IPTG (Figure 1). This confirmed that AMP-
mediated transformation of E. coli OmniMAX cells
with plasmid pGEX-RG-(TAG)5 was successful.

The transformation efficiency of the plasmid pGEX-
RG-(TAG)S5 was assessed by calculating the number



CTU Journal of Innovation and Sustainable Development

of transformants (CFUs) per microgram of pDNA
(Figures 2). The transformation results were
compared to the samples transformed by the
traditional heat-shock method (Chang et al., 2017).

The result of the preliminary transformation
experiment showed that plasmid DNA delivery
mediated by B2(KH)6 was sensitive to the peptide
concentration and N/P ratio. The N/P ratio is defined
as the molar ratio between the cation group (-NH3)
and the anion group (-POy) (Chen et al., 2007). The
transformation efficiencies at different peptide
concentrations of 0, 5, 25 and 50 pg/mL,
corresponding to N/P ratios of 0, 1.25, 6.24 and
12.47 were approximately 23,700, 73,258, 47,225,
57,883 CFU/ug, respectively.

For the transformation of 200 ng of plasmid pGEX-
RG-(TAG)S into E. coli OmniMAX cells, the
peptide concentration and N/P ratio significantly
influenced the transformation -efficiency (P <
0.001). The complex prepared at peptide
concentration of 5 pg/mL (N/P of 1.25) exhibited
the highest transformation efficiency of 73,258
CFU/pg, which was approximately 1.28 and 7.83
times of the transformation efficiency and
normalized transformation efficiency, respectively,
obtained using the traditional heat-shock method. In
comparison with the control (peptide concentration
of 0 pug/mL), the complex prepared at peptide
concentration of 5 ug/mL resulted in 3.09 fold
higher transformation efficiency.

Similar protocols for preparing peptide-plasmid
complex and transformation were reported by Islam
et al. (2019) for the delivery of large plasmid DNA
(205 kb). The optimal N/P ratio was 0.1 for the
transformation of 205 kb plasmid into E. col/i DH5a
cells using peptide which is the fusion of CPP
BP100 and polycation (KH)9 (Islam et al., 2019). In
this study, the optimal N/P ratio for plasmid delivery
was 1.25 at the peptide concentration of 5 pg/mL in
complex formation mixture. With the N/P ratio of
1.25, the molar concentration of positive charge (—
NH3) was larger than that of negative charge (—
POj). This suggests that the remaining positive
charges of B2(KH)6 molecules after complex
formation possibly interacted with the negatively
charged groups in the cell membrane via one of the
models described before (Huan et al., 2020). The
positive charged-peptide might also aid in
transformation activity by reducing electrostatic
repulsion between the plasmid and cell membrane.
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In the present study, more positive charges were
presented in the treatments at higher peptide
concentrations in the complex formation mixtures.
Increasing of peptide concentration above 5 ug/mL
led to the decline in transformed bacteria number.
Transformation efficiency of the treatment at 50
pg/mL concentration was higher than that at 25
pg/mL concentration although the higher peptide
concentration reduced the survival ability of
bacterial cells. After complex formation, more
remaining positive charges in the treatment of 50
pg/mL peptide might be the main factor enabling the
peptide-plasmid complexes to effectively interact
with cell membranes, which increased the rate of
pore formation and caused a slight increase in
transformation efficiency. Further studies (e.g.
simulation studies) are necessary to investigate the
transformation mechanism enabled by the complex
of Bo(KH)s and plasmid DNA. Further optimization
(e.g. peptide concentration, plasmid amount, N/P
ratio, complex formation and transformation
temperature, complex formation and transformation
time) could potentially increase the transformation
efficiency for OmniMAX cells and other bacteria
strains.

For bacteria, the most popularly used genetic
transformation technique is heat-shock
transformation  (also known as chemical
transformation). The existence of several drawbacks
of this method, however, makes it not an optimal
method for many transformation processes,
especially for large sized DNA or thick cell-wall
microorganisms (Aune & Aachmann, 2010). In
recent years, several studies have been carried out
on peptide-mediation transformation with the
purposes of improving the conventional DNA
transformation method or inventing facile method
(Chen et al., 2007; Lee et al., 2011; Heiat et al.,
2014; Jeong et al., 2016; Islam et al., 2019).

In previous study of Heiat et al. (2014), the
transformation efficiency of heat-shock method was
improved by preparing E. coli BL21 (DE3)
competent cells using CaCl2 and CMI11 peptide
which is composed of Cecropin (1-7 residues) and
Mellitin (5-8 residues). In the presence of CM11
peptide, the transformation efficiencies for 100 ng
of pUC19, pGEX4T-1 and pET-28a(+) plasmids
were 4, 4.4 and 4.7 fold higher than control,
respectively. The two methods for preparing E. coli
competent cells required CM11 peptide at various
concentrations from 0.5 to 6 pg/mL in the broth
medium used for cell culture (Heiat et al., 2014).
This will require a considerable amount of peptide
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for each experiment; hence, economic efficiency is
not achieved.

Liu et al. (2018) reported a way to improve the
competence of E. coli DH5a by supplementing
LFcin-B peptide in the transformation buffer used in
the competent cell preparation step. In this
approach, the peptide can increase the permeability
of cell membrane at the sub-lethal concentration
(0.35 mg/L). In their study, high concentrations of
Ca?" and Mn?" may be important to inhibit the
antibacterial properties of LFcin-B without losing
the effect on increasing the permeability of the
DH5a cell membrane (Liu et al., 2018).

Several positively charged nanomaterials can be
used as plasmid delivery agents by forming
complexes. Aminoclays (3-aminopropyl
functionalized metal phyllosilicates) containing
Mg?" or Ca®" in the backbone can form aminoclay-
DNA complexes via the bonding between their
protonated amine groups and the phosphate groups
of plasmid DNA. Choi et al. (2013) reported that
magnesium-aminoclay led to transformation
efficiencies of ~6 x 103 and ~2 x 105 CFU/pg in
Streptococcus mutans and E. coli XL1-Blue,
respectively, whereas calcium-aminoclay created

Vol. 16, No. 1 (2024): 106-113

higher transformation efficiency in S. mutans than
that in E. coli XL1-Blue (Choi et al., 2013). In the
investigation on the transformation of plasmid
pUC19 into non-competent E. coli JM109, the
ODgoo of E. coli IM109 and spreading time were
studied. The ODggo of 1.0 and spread time of 90 s
were favorable for the transformation process
(Mendes et al., 2021a). In the study of Mendes et al.
(2021b), 2-pyrrolidinone-functionalized needle-
shaped magnetic nanoparticles were used to form
the complexes with plasmid pUCI19 and the
translocation of nanoparticle-pUC19 complexes
across the cell envelope of E. coli IM109 were
promoted by frictional stimulation, leading to a
maximum transformation efficiency of 3.1 x 102
CFU/ug plasmid. In their study, magnetic
stimulation was not able to induce the
transformation of E. coli IM109, which highlights
the disadvantages of magnetic stimulation for
magnetic nanoparticle-assisted transformation in
microbes and the necessity of the delivery agent
with a high aspect ratio for successful
transformation of prokaryotes (Mendes et al.,
2021b)

Figure 1. Colonies with expression of red fluorescent protein in E. coli OmniMAX cells
under 365-nm irradiation

(4) E. coli OmniMAX transformants harboring pGEX-RG-(TAG)S5 encoding red fluorescent protein. (B) Normal E. coli

OmniMAX cells as a negative control.

In this plasmid delivery system, the peptide-plasmid
complex formation and transformation happened at
room temperature with no special equipment. As a

110

result, this is an advantage of the system and
B»(KH)s may become a powerful tool for simple
gene delivery platform under mild conditions.
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Figure 2. AMP-mediated transformation of pGEX-RG-(TAG)S into E. coli OmniMAX cells

(4) Normalized transformation efficiency from heat-shock (nOHS) and transformation efficiency from heat-shock (0HS)
and AMP-mediated transformation at various peptide concentrations. (B) Normalized log10 of transformation frequency
from heat-shock (nOHS) and log10 of transformation frequency from heat-shock (0HS) and AMP-mediated
transformation at various peptide concentrations. Error bars show the 3-fold standard error. Each data point is the
average of the three replicates (n = 3). In each replicate, the CFUs were counted three times to obtain the average value

for each treatment.

3.2. Effect of AMP concentrations on the
growth of E. coli cells

The growth of E. coli cells during 1.5 hours of
transformation and recovery stages was determined
by counting the CFUs on LB agar plates. The
inverse relationship between number of surviving
cells and peptide concentration was observed, but
only the AMP concentration of 50 pg/mL caused a
significant decrease in the number of surviving cells
(Table 1). Ca®" ions play an important role in
transformation by neutralizing the negative charges
present in cell membranes and DNA molecules and
decreasing the electrostatic repulsion between
bacterial outer membranes and DNA molecules
(Lim et al., 2015). The bacterial growth, however,
can be inhibited by elevated osmolality caused by
CaCl, salt addition (Alahakoon et al., 2014).
coexistence of AMP and CaCl, caused slower
growth of E. coli cells, presented by the decline in
number of transformants on LB agar plates. The
peptide concentration of 5 pg/mL led to over 90%

cell viability, so this concentration was
cytocompatible and suitable for plasmid
transformation.
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Table 1. CFUs of surviving cells at different
peptide concentrations

Peptide

concentration CFUs = SE
_(ug/mL)

0 3.4923 x 10'9+ 1.1260 x 108

5 3.1703 x 10'0+£2.9627 x 1072

25 3.3337 x 10°+ 3.1798 x 106

50 7.1700 x 103+ 5.7735 % 10%®

@ b: Means with different letters in the same row are
significantly different (P<0.05).

4. CONCLUSION

In our study, the peptide Bx(KH)s successfully
formed the complexes with the plasmid pGEX-RG-
(TAG)S at room temperature. At the peptide
concentration of 5 ng/mL, the Bo(KH)s-pGEX-RG-
(TAG)5 complex showed higher transformation
efficiency of approximately 1.28- and 7.83-fold than
the transformation efficiency and normalized
transformation efficiency of heat-shock method. In
addition, high cell viability was achieved in the
presence of 5 pg/mL peptide. These results can be
used as fundamental data for further studies on this
peptide and similar peptide types, contributing to the
development of a simple approach for
transformation under mild conditions and an ideal
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tool for gene delivery in synthetic biology and
genetic engineering platforms.
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