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Abstract
Multidrug-resistant bacteria present an important threat to human health. In this study, due to the weak antimicrobial activity of
chensinin-1b against multidrug-resistant (MDR) bacteria, three lipo-chensinin-1b peptides, including OA-C1b, LA-C1b and PA-
C1b, were designed and their activities against MDR bacteria were examined. Both the OA-C1b and LA-C1b peptides exhibited
potent antimicrobial activity against selected multidrug-resistant bacterial strains. In addition to the direct disruption of bacterial
membranes by antimicrobial peptides, it has also been proposed that DNA is a superior intracellular target for antimicrobial
peptides. ctDNAwas used as a model to investigate the binding properties of DNA and lipo-chensinin-1b peptides using a variety
of biophysical methods. The kinetics results of both UV-Vis and CD spectroscopy suggested that the interaction between lipo-
chensinin-1b peptides and ctDNAwas concentration-dependent and resulted in an increase in polynucleotide helicity. Viscosity
measurements, Trp fluorescence and iodide quenching experiments indicated that nonclassical groove binding and electrostatic
binding interaction modes were utilized when the peptides interacted with the ctDNA. In addition, the formation of peptide-
ctDNA complexes was monitored using dynamic light scattering experiments, during which the peptide exhibited the ability to
neutralize the negative charges on the surface of the ctDNA. These results promote the possibility of designing peptide-based
antibiotics targeted to DNA.
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Introduction

The over-prescribing of conventional antibiotics has resulted
in the emergence of multidrug-resistant pathogens, which
pose a serious public-health problem. Antimicrobial peptides
(AMPs) from natural sources have attracted much attention

from researchers due to their potential to function as novel
antibiotics, which is the result of their unique mechanisms of
action during interaction with the bacteria [1–4]. Generally,
AMPs kill bacterial cells mainly via two different hypothetical
mechanisms: barrel stave model in which the amphipathic
peptide form bundles and their hydrophobic surfaces interact
with the lipid core of the membrane and point inward to pro-
duce a pore, and carpet models in which the amphipathic
peptides initially bind onto the surface of the target membrane
and cover the membrane like a carpet-like manner [5–8].
Using the mechanisms described above, antimicrobial pep-
tides can initially bind to the outer membranes of the bacterial
cell via electrostatic interactions, destabilize the integrity of
the cell membrane, and ultimately lyse the bacterial cell [9,
10]. In addition to interacting with cells via these three mech-
anisms, some antimicrobial peptides can also penetrate the
bacterial cell membrane, where they bind to intracellular
DNA and RNA, that which will further inhibit cellular func-
tioning and induce cell death. For example, the antimicrobial
peptide buforin II can kill bacteria without disrupting the cells,
but rather by penetrating the cell membrane and interacting
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with intracellular DNA or RNA with strong affinity [11].
Other examples are the antimicrobial peptide PR-39 and
tachyplesin I, which can also bind tightly to DNA and RNA
and thereby inhibit macromolecular synthesis in the cell [12].
Generally, DNA plays an important role in vital biological
processes, including gene expression, mutagenesis, and gene
transcription, and represents an ideal intracellular target for
various drugs [13, 14]. Therefore, the mechanisms utilized
by pharmaceutical agents to bind to DNA have been widely
studied during the past few decades. This has led to the pro-
posal of the existence of three major non-covalent interaction
modes that include intercalative binding between stacked base
pairs (causing DNA structural distortion), groove binding, and
weak binding resulting from electrostatic interactions [15, 16].
During a recent study in which calf thymus DNA (ctDNA)
was used as a representative DNA molecule, the binding
mode utilized between ctDNA and small molecules was char-
acterized using various biophysical methods to generate an
interaction model that could yield valuable information for
the development of targeted therapeutics [17–19].

During our previous research, a novel antimicrobial pep-
tide, chensinin-1b, was designed according to the sequence of
the natural peptide chensinin-1, which is isolated from skin
secretions of the Chinese brown frog Rana chensinensis [10].
Compared with chensinin-1, the designed chensinin-1b pep-
tide analog exhibited potent broad-spectrum antimicrobial ac-
tivity due to its enhanced hydrophobicity and amphipathicity.
Investigation of the antimicrobial mechanism utilized by
chensinin-1b suggested that the peptide lysed the bacterial cell
membrane through the carpet mechanism. However,
chensinin-1b exhibited no activity against the specific cancer
cell lines and only slight antimicrobial activity against the
selected multidrug-resistant bacteria isolated from clinical
specimens. To improve anticancer activity, three aliphatic an-
alogs were designed and lipid acids were conjugated to the
17Lys-residue in the sequence [20]. The resulting lipopeptides
OA-C1b, LA-C1b and PA-C1b, exhibited much stronger ac-
tivity to kill the selected bacteria than chensinin-1b. In addi-
tion, the lipo-chensinin-1b peptides were able to kill the spe-
cific cancer cell lines, and were able to inhibit LPS-induced
cytokine release from U937 cells.

In this study, multidrug-resistant bacteria were isolated
from patients and the capability of lipo-chensinin-1b pep-
tides to kill these multidrug-resistant bacteria was examined.
The binding characteristics between lipo-chensinin-1b pep-
tides and calf thymus DNA were determined using various
biophysical methods, including UV-Vis absorption, circular
dichroism (CD) and fluorescence spectroscopy. In addition,
the peptide concentration dependent UV-vis and CD spectra
were monitored to detect ctDNA-lipochensinin-1b complex
formation. This study provides insights into the specific mo-
lecular mechanisms utilized by antimicrobial peptides to
bind to DNA.

Materials and Methods

Peptide

The synthesis of peptides was performed using standard Fmoc
solid-phase peptide synthesis protocols (Karebay Biochem
Ltd., Ningbo, China) according to the published procedures
[20]. The aliphatic acids were attached to the amine group of
the 17th lysine residue within the N-terminus ofchensinin-1b
sequence, and the structures of each peptide were shown in
Table S1. The crude pept ides were obta ined as
CH3(CH2)6CO-SKVWRHWRRFWHRAHRKL (OA-C1b),
CH3(CH2)10CO-SKVWRHWRRFWHRAHRKL (LA-C1b)
and CH3(CH2)14CO- SKVWRHWRRFWHRAHRKL (PA-
C1b) with about 12.4%, 14.9% and 6% yields, respectively,
and further purified using RP-HPLC and the purity used for
the experiments was above 95%. The molecular weights were
determined using ESI-MS.

Multidrug-Resistant Bacterial Strains

The multidrug-resistant strains that were used included
P. aeruginosa 0108 (MRPA0108), P. fluorescens 0322
(MRPF0322 ) , E . c l oa cae 0320 (MREC0320 ) ,
K. pneumon ia1112 (MRKP1112) , A.baumann i i
0227(MRAB0227), E. aerogenes 0320 (MREA0320),
S. aureus 0910 (MRSA0910) , E. faec ium 0321
(MREF0321), and E. coli 0203 (MREC0203). These selected
strains were clinically isolated from patients admitted to the
First Affiliated Hospital of Dalian Medical University. The
results of antibiotic susceptibility assays indicated that these
bacterial strains showed resistance to ciprofloxacin, cefepime,
amoxicillin, ampicillin, streptomycin, gentamicin, kanamycin
and tetracycline.

Antibacterial Activity Assays

Assays of the ability of lipo-chensinin-1b to kill the selected
multidrug-resistant bacterial strains were conducted according
to the standard micro-dilution method [21]. The assigned pep-
tides at an initial concentration of 200 μM were dissolved in
PBS buffer and then serially diluted two-fold until a final
concentration of 1.56 μM was obtained. 50 μL of peptide
solution as aliquots was added to each well of a 96-well mi-
crotiter plate, to which an equal volume of log-phase bacterial
inoculums (2 × 106 CFU/mL) was added. The final mixtures
were incubated for 24 h at 37 °C. For each sample, the OD600

was detected on a microtiter plate reader. The minimal inhib-
itory concentration (MIC) was defined as the minimal concen-
tration of the peptide in which bacterial growth was complete-
ly inhibited.
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Scanning Electron Microscopy (SEM)

Multidrug-resistant S. epidermidis and E. coli cells were se-
lected and incubated with the representative peptide OA-C1b
at 1xMIC according to the published procedures [10]. The
bacteria were collected and washed with PBS buffer. The pel-
lets were fixed in cacodylate buffer (0.1 M, 2.5% glutaralde-
hyde) (Solarbio, Beijing, China). The bacteria cells were
stained with osmium tetroxide (1%, Sigma-Aldrich,
Shanghai, China) in buffer solution for 2 h and then
dehydrated using ethanol. The samples were observed using
a Hitachi SU8010 scanning electron microscope after lyoph-
ilization and coating processes were conducted.

Circular Dichroism (CD) Spectroscopy

The conformational changes in the ctDNAwere detected via
analysis of CD spectra upon interaction with the peptides; CD
spectra derived from ctDNAwith or without the existance of
the chensinin-1b peptide and its analogs at various concentra-
tions were obtained at room temperature using spectropolar-
imeter (Bio-Logic MOS-500, France) equipped with a 1-mm
path length quartz cell and a defined wavelength rang of 220–
360 nm. The ctDNA sample were dissolved in 10mM sodium
phosphate buffer (pH 7.0), at a 50 μM fixed concentration,
while the peptide was added at actDNA: peptide ratio ranging
from 1 to 5. The CD spectra produced by the buffer solution
were recorded as the baseline. The ctDNA sample was added
to the cuvette to record the spectra of the ctDNA. Peptides
were added to the DNA sample solution at specific molar
ratios, and the final solution were mixed well. The CD spectra
were measured after 5 min of incubation for each peptide
concentration.

UV-Spectroscopy

The absorption spectra of fixed concentration of ctDNAwere
recorded using a Bruker UV spectrophotometer. The ctDNA
was incubated with peptides at various concentrations for
10 min; the molar ratio of ctDNA to peptide ranged from
0.5 to 8. The UV spectra for each peptide concentration were
recorded and PBS buffer was used as a blank.

The Fluorescence Spectra of Trp Residues
and Quenching

The fluorescence emission spectra derived from the intrinsic
Trp residues within the peptide sequences were measured
using a spectrofluorometer (Varioskan Flash, Thermo
Scientific, Beijing, China) according to the published protocol
[10]. The measurements of Trp-derived spectra for the pep-
tides titrated in the presence of ctDNA were performed ac-
cording to a previously reported method [22]. Aliquots of

ctDNA were added to a 10 μM peptides solution in 5 mM
TES buffer solution (pH 7.4) and incubated at 25 °C for
10 min. The excitation wavelength was set at 280 nm for the
Trp residues, and the emission spectra between 300 and
400 nm were collected using 5-nm band passes.
Fluorescence quenching experiments were performed that in-
vestigated the titration of peptides in the absence and/or pres-
ence of ctDNA, during which KI was used as a water-soluble
quencher. The concentration of KI was varied from 20 to
140 mM in the wells, and the molar ratio of ctDNA:peptide
ranged from 100:1 to 0:1. The excitation of Trp residues was
performed at 295 nm and the emission was examined at
350 nm in order to reduce the absorbance effect by KI. The
effects of KI on the fluorescence of each peptide were quan-
tified according to the published methods [10]. The quenching
data were analysed with the Sterne Volmer equation: F0/F =
1+ Ksv[Q], where F0 and F are the fluorescence intensities at
350 nm in the absence and presence of a quencher at a con-
centration [Q], respectively. Ksv is the Sterne Volmer
quenching constant.

Agarose Gel Electrophoresis

The ability of the peptides to bind to ctDNAwas characterized
using a previously described method [23]. The loading mix-
ture contained 0.15 mM ctDNA (fixed concentration) and the
varying concentrations of the peptides such that the molar
ratio varied from 4:1 to 1:1 in each well. The final ctDNA-
peptide solution was incubated for 30 min and mixed with
3 μL of ethidium bromide dye, and then the samples were
loaded into the wells of the gel. The experiments were con-
ducted at 80 V for 20min using a TE buffer system. The bands
were detected using a UV-transilluminator (Baygene, Beijing,
China). The ability of the peptides to bind to ctDNAwas using
mobility and relative quantitative analysis, which was based
on changes in the fluorescence intensity of the bands.

Viscosity Measurements

Viscometric titrations were conducted using an Ubbeholde
viscometer at 25 °C and the data were analyzed according to
a previously published procedure [19]. The specific r value
(r = [peptide]/[ctDNA]) used to evaluate the viscosity was ob-
tained from experiments during which an appropriate amount
of the assigned peptide was added to the viscometer while
ctDNA was added at a fixed concentration. The flow time
was recorded, and the viscosity value (η) was calculated using
the equation η = (t-t0)/t0, where the flow time for ctDNA-
peptide solution was defined as t and that for the corrected
blank ctDNA solution was defined as t0. The measurements
were performed in triplicate, and the viscosity of the com-
plexes were determined as the mean of the three values. The
data were plotted using (η/η0)

1/3 to define the y-axis and the

J Fluoresc (2020) 30:131–142 133



[peptide]/[ctDNA] molar ratio to define the x-axis; η and η0
represent the viscosity of the ctDNA with and without the
presence of the peptides, respectively.

Dynamic Light Scattering and Zeta Potential
Experiments

The size changes in the ctDNAwith and without the peptides
were monitored using dynamic light scattering experiments.
The mixtures of 1 μM ctDNA either in the absence of peptide
or in the presence of 2 μM peptide were initially filtered
through a 0.45-μm filter and incubated for 60 min. The data
were processed using the CONTIN method afforded by the
software supplied by the instrument. The measurement of the
peptide alone was used as a blank.

The zeta potential of the ctDNAwith and without the spec-
ified peptides at concentrations that varied from 0 to 0.5 mM
was determined using similar method as published [24]. In
order to achieve a high count rate, the ctDNA concentration
was set at 0.1 mM. The zeta-potential was determined using
the Helmholtz-Smoluchowski equation: u ¼ ε

η ζ, where u is

the electrophoretic mobility, ε = εr
esε0, in which εr

es and ε0
are the relative dielectic constant of electrolyte solution and
the dielectic constand of vacuum, respectively, and η is the
viscosity of the solution [25], which is based on the mobility
of the aggregates in a driving electric field of 19.2 Vcm−1.

Results

Antibacterial Activity of Lipo-Chensinin-1b Peptides

The MICs of the lipo-chensinin-1b peptides against the spec-
ified MDR bacterial strains are presented in Table 1. OA-C1b
showed potent antibacterial activity against all multidrug-
resistant bacteria, and the MIC values obtained for specific
bacterial strains were ranged from 3.12 to 50 μM. LA-C1b
exhibited much lower activity against bacteria than OA-C1b,
with the exception of S. epidermidis (MRSE1208; MIC at
12.5 μM). PA-C1b exhibited almost no antimicrobial activity
against the selected bacterial strains (all MIC values were ≥
100 μM).

Morphological Changes in OA-C1b-Treated E. coli
and E. Epidermidis Cells

The morphological changes in selected bacterial strains incu-
bated with the OA-C1b were examined using SEM as shown
in Fig. 1. In the absence of peptide, both E. coli and
E. epidermidis exhibited a normal, smooth surface. When
the bacterial cells were treated with peptide at a concentration
of 1xMIC, the partial disruption of cell surfaces in both

bacterial strains was detected, and the protoplasm released
by the bacteria exhibited viscidity.

Spectra of Chensinin-1b and its Lipo-Analogs when
Interacting with ctDNA

The nature of the interactions between the peptides and
ctDNA was monitored via UV spectrometry. As shown in
Fig. 2, the concentration of ctDNA was kept constant and
the characteristic absorbance peak of ctDNA was detected at
260 nm. Subsequently, peptides were added at increasing con-
centrations, and the molar ratio of ctDNA:peptide was de-
creased from 1:0.5 to 1:8. The absorbance intensity of the
ctDNA at 260 nm changed significantly. For chensinin-1b,
the absorbance at 260 nm increased from OD 0.39 to OD
0.52 as the concentration of the peptide was increased. A
similar trend was observed when lipo-chensinin-1b peptides
were added. For OA-C1b, the absorbance of ctDNA increased
from OD 0.29 to OD 0.38. For LA-C1b, the absorbance in-
creased from OD 0.33 to OD 0.44, and for PA-C1b, the ab-
sorbance was increased from OD 0.31 to OD 0.41. The
concentration-dependent interaction of the four peptides with
ctDNA is shown in Fig. 4a. The binding affinity was reflected
in the decrease of OD260, which is the concentration-
determining step for this binding reaction. The absorbance at
260 nm for each peptide was modeled using exponential de-
cay functions to obtain the kinetic values (k) of 0.36
(chensinin-1b), 0.67 (OA-C1b), 0.82 (LA-C1b) and 1.99
(PA-C1b); this indicated that the binding affinities of the pep-
tides, in decreasing order, were as follows: PA-C1b > LA-
C1b > OA-C1b > chensinin-1b.

Table 1 MIC of the peptides against the selected multidrug-resistant
bacteria

Microorganism MIC(μM)a

OA-C1b LA-C1b PA-C1b Chensinin-1b

G−

E.coli 6.25 25 >100 1.56

P.aeruginosa 50 100 >100 25

A. baumannii 12.5 50 >100 25

E. aerogenes 25 100 >100 >50

E. cloacae 25 100 100 >50

P. fluorescens 12.5 50 >100 >50

K. pneumonia 25 50 100 50

G+

S.aureus 6.25 25 >100 3.13

S. epidermidis 3.13 12.5 >100 12.5

E.faecium 3.13 100 100 6.25

aMinimum inhibitory concentration (MIC) was determined as the lowest
concentration of the peptide that completely inhibited bacterial growth.
Data are representative of three independent experiments
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Fig. 1 Scanning electron micrograph of S. epidermidis and E. coli cells
alone (a) and (c), and in the presence of 1 × the MIC of OA-C1b (b) and
(d). Bacteria (1 × 107 CFU/mL) were incubated with the peptide for 1 h at

37 °C in PBS (pH 7.2), and stained with osmium tetroxide in buffer
solution for 2 h, then dehydrated using ethanol

Fig. 2 Molecular interaction of
chensinin-1b and its lipo-analogs
with ctDNA monitored by UV-
Vis spectroscopy: (a) chensinin-
1b, (b) OA-C1b, (c) LA-C1b and
(d) PA-C1b. The spectra of
ctDNA in the presence of
peptides at increasing
concentrations in PBS buffer and
were recorded in the range of
220–360 nm, the ratio of peptide
and ctDNAwas abbreviated as
P:D in the figure legend

J Fluoresc (2020) 30:131–142 135



Conformational Changes in ctDNA Determined Via CD
Spectra

To determine whether the peptides are able to induce DNA
conformational changes, circular dichroism spectra were re-
corded following the addition of peptides at varying concen-
trations to a fixed concentration of ctDNA. The resulting spec-
tra showed an obvious negative band at 245 nm due to poly-
nucleotide helicity, which is characteristic of DNA in right-
handed B form; meanwhile, a positive peak at 275 nm indi-
cated the presence of base stacking in the ctDNA.As shown in
Fig. 3, for chensinin-1b, two negative bands at 245 and
260 nm were observed once the peptide was added, and the
intensity of the two bands decreased as the molar ratio of

peptide:DNA increased from 1 to 5; the obvious peak at
275 nm almost completely disappeared, which indicated that
the presence of base stacking was decreased. Comparatively,
only one obvious band at 245 nm was observed during incu-
bation with the OA-C1b, LA-C1b and PA-C1b peptides, and
the intensity of the band decreased as the peptide concentra-
tion increased, which indicated that the degree of helical con-
formation was increased. The intensity of the peak at 240 nm
was plotted as shown in Fig. 4b. The trends showing a de-
crease were simulated using a linear equation, which showed
that the slope (k values) for each peptide was −0.36
(chensinin-1b), −0.29 (OA-C1b), −1.22 (LA-C1b) and −
3.79 (PA-C1b), respectively. Based on the slope changes, the
ability of the peptides to induce a helical conformation, in

Fig. 3 Molecular interaction of
chensinin-1b and its lipo-analogs
with ctDNA monitored by CD
spectroscopy: (a) chensinin-1b,
(b) OA-C1b, (c) LA-C1b and (d)
PA-C1b. The spectra of ctDNA in
the presence of increasing
concentration of the peptides in
PBS buffer were recorded in the
230–320 nm range, the ratio of
peptide and ctDNAwas
abbreviated as P:D in the figure
legend

Fig. 4 Concentration dependent
courses of the intensity changes in
UV-Vis spectra at 260 nm (a) and
CD spectra at 240 nm (b). The
decline in the amplitude was
modeled by exponential and
linear function for UV-vis and CD
spectra, respectively. The rate
constants are indicated in the
legend
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decreasing order, is as follows: PA-C1b > LA-C1b > OA-C1b
~ chensinin-1b. For LA-C1b and PA-C1b, the bands at ap-
proximately 280 nm were slightly more intense when the mo-
lar ratio of the peptide: ctDNA was 5:1, indicating that base
stacking was increased.

Agarose Gel Electrophoresis

Agarose gel electrophoresis experiments were performed
to assess the ability of the peptides to bind to ctDNA. The
concentration of ctDNAwas fixed while the molar ratio of
ctDNA and peptide was varied between 0.25 and 1. The
agarose gel electrophoresis experiments were performed
for 20 min at 80 V, after which the final gels were illumi-
nated by UV light and photographed. As shown in Fig.
S1, a clear band for ctDNA was observed for the blank
sample in the second well. As the concentration of the
four peptides was increased, the fluorescence intensity of
the ctDNA in each lane was gradually diminished, which
indicated that ctDNA can bind the peptides to form rela-
tively stable complexes and thereby remain in the wells of
the gel. The relative fluorescence intensity was measured
using the software that was supplied with the instrument.
Based on comparison of the fluorescence intensity of the
ctDNA in the second lane, the binding rates were 49.51%,
57.22%, 33.48% and 59.34% for chensinin-1b, OA-C1b,
LA-C1b and PA-C1b, respectively, when the molar ratio
of ctDNA: peptide was 1:1.

Fluorescence Spectroscopy

Trp fluorescence spectra for chensinin-1b and its lipo-
analogs was measured and used to determine the binding
affinity of the peptides for ctDNA. As shown in Fig. 5,
when chensinin-1b and its lipo-analogs were measured in
an aqueous solution, they exhibited a maximum absorp-
tion peak at approximately 345 nm, which indicated that
the Trp residues in the sequences were completely ex-
posed in the aqueous environment. After ctDNA was
added at a molar ratio of chensinin-1b: ctDNA of 0.25,
the fluorescence was almost completely quenched by the
ctDNA and the maximum absorbance peak occurred at
approximately 345 nm; as the ctDNA concentration de-
creased, the emission fluorescence intensity increased. For
OA-C1b, when the molar ratio of OA-C1b and ctDNA
was 0.25, a blue-shifted wavelength emission at 336 nm
was observed and the fluorescence intensity also in-
creased as the ctDNA concentration decreased. Similar
trends were also observed for LA-C1b and PA-C1b. The
maximum fluorescence shifts in the presence of ctDNA
were approximately 9 nm.

Stern-Volmer quenching constants (Ksv) can be used to
evaluate the ability of Trp residues in the peptide sequences

to bind ctDNA. Trp residues can be quenched by the anion
quencher KI when exposed to water. This quenching can be
analyzed using the Stern-Volmer equation. As shown in
Fig. 6, compared to the slopes obtained from Stern-Volmer
plots in the absence of ctDNA, the slopes obtained in the
presence of KI quencher and ctDNA exhibited a decrease in
the Ksv, especially for LA-C1b and PA-C1b, which contain
longer alkyl chains(Table 2). The lowest slope obtained for
PA-C1b in the presence of I−was approximate 2.0M−1, which
is approximately 1/4 of that obtained for chensinin-1b. A low-
erKsv value indicated that the Trp residues were locatedwithin
a hydrophobic region that could not be accessed by KI, and
indicates that the LA-C1b and PA-C1b peptides are able to
tightly bind to DNA. When the temperature increased to
37 °C, the slopes exhibited an increase in the Ksv, which
showed almost no obvious difference.

Evidence of the Formation of ctDNA-Peptide
Complexes

The formation of ctDNA-peptide complexes was moni-
tored using DLS experiments. Initially, both ctDNA and
the peptides exhibited a single distribution peak and the
average diameters size was 8 and 13 nm, respectively
(Fig. 7). The most abundant particle distribution was
mainly observed at 44 nm when chensinin-1b was added
into the DNA solution and allowed to incubate for15-min;
for OA-C1b, the most abundant particle sizes was ob-
served to be 164 nm. Similarly, the particle size for LA-
C1b was observed to be 32 nm, and 106 nm for PA-C1b.
All observations indicated that larger ctDNA-chensinin-1b
aggregates were formed.

Viscosity Measurements

Viscosity experiments are useful for determining the mode
utilized during the binding of small peptides to ctDNA.
Measurements were performed by varying the concentration
of peptide that was added to a fixed concentration of ctDNA.
The changes in the relative viscosity of ctDNA in the presence
of various concentrations of peptides are shown in Fig. 8a.
The relative viscosity of ctDNA decreased as the concentra-
tion of peptide increased, and the changes in the viscosity
slopes, in decreasing order, were as follows: PA-C1b > LA-
C1b > OA-C1b > chensinin-1b; this indicated that a nonclas-
sical intercalation mode was utilized using the interaction of
antimicrobial peptides with ctDNA.

Zeta Potential Changes in ctDNA in the Presence
of the Peptides

Zeta potential measurements were performed to evaluate the
charge neutralization ability of the peptides in the presence of
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ctDNA. As shown in Fig. 8b, a negative zeta potential of
approximately −9.51 mV was observed for ctDNA alone.
The addition of increasing concentrations of peptides was able
to effectively neutralize the negative charges in the ctDNA.
When chensinin-1b was incubated with ctDNA at a final pep-
tide: ctDNA molar ratio of 0.125:1, the zeta potential was
increased to −2.37 mV. The zeta potential was increased to
−1.27, −1.43 and − 1.07 mV upon addition of the same con-
centration of OA-C1b, LA-C1b and PA-C1b, respectively.
When the peptide: ctDNA molar ratio was increased to
0.25:1, an overcompensation of charges was observed for
the four peptides and the resulting zeta potentials were 0.29,
0.13, 1.43 and 2.71 mV for chensinin-1b, OA-C1b, LA-C1b
and PA-C1b, respectively, indicating that the pure charge
compensation capability of PA-C1b was greater than that of
the other three peptides.

Discussion

In the present study, we investigated the antimicrobial ac-
tivities of lipo-chensinin-1b peptide against selected
multidrug-resistant bacterial strains. The parent peptide
chensinin-1b, exhibited potent antibacterial activity against
several specific multidrug-resistant bacterial strains, includ-
ing E. coli (MREC0203), S.aureus (MRSA0910),
E. faecium (MREF0321) and S. epidermidis (MRSE1208),
as demonstrated by MIC values that were less than 12.5 μM
[26]. Compared with chensinin-1b, the lipo-chensinin-1b
peptides exhibited different degrees of antimicrobial activ-
ity against bacteria. OA-C1b exhibited potent activity
against all tested bacterial strains except P. aeruginosa
(MRPA0108), K. pneumonia (MRKP1112), E. cloacae
(MREC0320) and E. aerogenes (MREA0320), which all

Fig. 5 Trp fluorescence spectra of
chensinin-1b and its lipo-analogs
with ctDNA at 25 °C. The four
peptides were incubated with
ctDNAwith increasing
concentration, (a) chensinin-1b,
(b) OA-C1b, (c) LA-C1b and (d)
PA-C1b

Fig. 6 The Stern-Volmer plots for the fluorescence quenching of Trp residues in the presence of ctDNA at 25 °C (a) and 37 °C (b) and aqueous buffer (c)
by KI
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had MIC values were greater than 12.5 μM. However, due
to the increased length of the aliphatic chains, the antimi-
crobial activity of LA-C1b was decreased and was almost
completely lost in the case of PA-C1b peptide. The results
were totally opposite previously published results for
cheninin-1, in which the antimicrobial activity of the mu-
tant chensinin-1 peptides was greatly increased due to in-
creased hydrophobicity resulting from the replacement of
three Gly residues in the sequence with Trp residues [24].
Multiple linear regression was performed with several func-
tions of 1/MIC as the dependent variable and one, two, or
three independent variables-mean hydrophobicity, mean
hydrophobic moment, and α-helix content [27]. In our ex-
periments, the attachment of aliphatic acid to the peptide
increased the activity against multi-drug resistant bacteria
as the length increasing of aliphatic chain, which indicated
that 1/MIC is much more affected by hydrophobicity.

AMPs generally serve as one of the primary defense strat-
egies in nature, and they affect cell wall synthesis, transmem-
brane pore formation, and binding to DNA [28, 29]. DNA
plays an important role in the synthesis of proteins, cell pro-
liferation and is the intracellular target of various antibiotics
[30]. In the current study, we investigated the interaction of
ctDNA with the antimicrobial peptide chensinin-1b and its
lipo-analogs. Using UV-vis spectroscopy to observe the inter-
action of ctDNAwith the peptides, a hypochromic effect was
observed that was reflected in the exponential decrease in the
absorbance intensity, which could be due to base stacking in
the ctDNA caused by the interaction of the peptides with
hydrophobic environments [31, 32]. In addition, isosbestic
points were not observed, which also reflected the binding
interaction of ctDNA and the peptides [33].

Both chensinin-1 and its chensinin-1b analog mainly ex-
hibit a random coil conformation in membrane environment
according to published CD spectra results [34]. In addition,
most chemotherapeutic pharmaceuticals can interact with
DNA via several different binding modes, including DNA
intercalation, covalent binding, groove binding and electro-
static interaction [35]. However, the conformational changes
of DNA when interacting with antimicrobial peptide
chensinin-1b have not been fully understood. Therefore, the
binding interactions and conformational changes in ctDNA
were directly observed using CD spectroscopy. ctDNA exhib-
ited a broad signal during CD spectroscopy, and two negative

Fig. 7 The formation of ctDNA-
peptide complexes monitored by
DLS experiments. The peptides
were incubated with ctDNA for
15 min (a) chensinin-1b, (b) OA-
C1b, (c) LA-C1b and (d) PA-C1b

Table 2 Ksv in PBS buffer or in the presence of ctDNA

Peptide Ksv (M
−1) (quenched by KI)

Buffer ctDNA(25 °C) ctDNA(37 °C)

Chensinin-1b 7.4 6.9 21

OA-C1b 5.3 7.0 21

LA-C1b 4.6 2.4 20

PA-C1b 4.4 2.0 16
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peaks were observed at approximately 240 nm and 260 nm
during its interaction with chensinin-1b (which didnot contain
an aliphatic chain). The presence of the negative band
reflected the helicity of the right-handed B form of the
ctDNA, and the amount of helicity slightly increased as the
concentration of chensinin-1b increased [36]. In the presence
of the lipo-chensinin-1b analogs with attached aliphatic
chains, the broad band gradually became sharper as the molar
ratio of ctDNA and OA-C1b was increased, and the peak at
260 nm was as obvious as the broad band. Similarly, for LA-
C1b, an obvious peak at 240 nm was observed that increased
in intensity as the concentration of peptide was increased;
meanwhile, the peak at approximately 260 nm didnot change
in intensity. Furthermore, as the length of the lipophilic alkyl
chain was increased, only a single peak at 240 nm was ob-
served, and no peak was observed at 260 nm. These observa-
tions indicated that the ctDNA strands were more efficiently
wound as the length of the lipophilic alkyl chain increased,
which likely arises from the hydrophobicity increase of the
peptide and insertion between the DNA bases [37]. The pres-
ence of these hydrophobic alkyl chains gives them the addi-
tional properties of various modes of aggregation upon dis-
persal in buffer [20], and the alkyl chains can interact with the
hydrophobic interior of the DNA. The propensity of the alkyl
chains of the lipo-chensinin-1b peptides to interact with the
hydrophobic interior of DNA is further necessitated from the
spontaneous tendency of surfactant hydrocarbon chains to
minimize water contacts. In addition, the binding interaction
of lipo-chensinin-1b peptides with DNA might also lead to
important changes in the ‘structure’ of water molecules
around the DNA backbone [38].

To determine the binding mode of the antimicrobial pep-
tides with ctDNA, fluorescence quenching in the absence and
presence of ctDNA was measured using potassium iodide as
the quencher. ctDNA contains a phosphate anchor that is neg-
atively charged; thus, anionic quenchers are readily repelled
by it [39]. Non-intercalative binding plays a vital role in the
interaction of the fluorophore, which is located in the outside
environment. KI can quench Trp fluorescence both in the

presence and absence of ctDNA. Based on this, the Ksv values
were calculated using the Stern-Volmer equation, and the de-
crease in Ksv values, both in the presence and absence of
ctDNA, occurred in the following order: chensinin-1b~OA-
C1b > LA-C1b~PA-C1b, which could suggest that the length
of the lipophilic alkyl chain and temperature were balanced
for Ksv values; while when the temperature was set at 37 °C,
the data showed a good correlation. These observations were
also verified using viscosity measurements. Viscosity was
considered to be a convincing method to determine the bind-
ing mode utilized by the antimicrobial peptides and ctDNA, as
it is sensitive to changes in the length of the ctDNA [40].
While electrostatic interaction may cause the compactness
and aggregation of DNA, and the aggregation reduces the
number of independently moving DNA molecules which re-
sults in lowering of the solution viscosity [41]. Therefore,
considering both the electrostatic and hydrophobic interac-
tion, the overall utilization of the classical intercalative mode
finally induce a significant increase in the viscosity of the
DNA solution, since small molecule intercalative agents could
finally separate the base pairs and thus increase the length of
the DNA. However, the non-classical groove binding and
electrostatic binding interaction modes could cause bending
of the DNA helix and reduce the length of the DNA, which
was quite similar with the previous observations that
chensinin-1b and its analogue can strongly bind with phos-
phate group of LPS via electrostatic interactions between the
seven positive charges in the peptides and the negative
charges displayed by LPS in solution, as well as hydrophobic
interactions [42]. In such cases, the viscosity of the DNA
could be reduced or remain unchanged when it interacted with
small molecule agents. In our case, the relative viscosity of the
ctDNA exhibited obvious decreases as the concentration of
the peptides was increased, indicating that the binding mode
of the peptides in the presence of ctDNAwas electrostatic due
to the cationic nature of the peptides and the negative charges
in the ctDNA. The changes in the relative viscosity, in de-
creasing order, were as follows: chensinin-1b > OA-C1b >
LA-C1b > PA-C1b, which reflect the fact that, in addition to

Fig. 8 The relative viscosity of
ctDNA affected by the increasing
concentration of the peptides (a)
and the neutralization ability of
the cationic peptides on the
negative charge of ctDNA (b)
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electrostatic interactions, hydrophobic interactions also had a
great effect on viscosity due to the increase in the length of the
lipophilic alkyl tails. The formation of ctDNA-peptide com-
plexes was also confirmed using agarose gel electrophoresis
and DLS experiments. The fluorescence intensity of the
ctDNA band in the agarose gel gradually became weaker
due to the increase in ctDNA-peptide complex formation;
the size of the complex was confirmed using DLS
experiments.

Conclusion

In this study, the antimicrobial activity of lipo-chensinin-1b
peptides against multidrug-resistant bacterial strains was ex-
amined. It was shown that chensinin-1b and its lipo-analogs
can bind to ctDNA, and this interaction can be investigated
using a combination of various biophysical techniques. UV-
Vis absorbance, agarose gel electrophoresis and DLS mea-
surements indicated the presence of complex formation be-
tween ctDNA and antimicrobial chensinin-1b and its lipo-an-
alogs. The ctDNA exhibited significant conformational
changes upon binding with the antimicrobial peptides due to
increases in helicity and the loss of base pair stacking. Iodide
can promote quenching of Trp fluorescence in both the pres-
ence and absence of DNA; viscosity measurements of ctDNA
incubated with the antimicrobial peptides indicated that the
peptides interacted with ctDNA via an electrostatic binding
mode and were not able to intercalate between the base pairs
of ctDNA. However, the possibility that the groove binding
mode was utilized and cannot be excluded in this case. In
general, our findings provided important information about
the interactions of ctDNA with chensinin-1b and its analogs
that will be valuable for the rational design of chensinin-1b-
based antibiotics with greater specific activity and efficacy.
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