S International Journal of
Molecular Sciences

Article

Selective Antifungal Activity and Fungal Biofilm Inhibition of
Tryptophan Center Symmetrical Short Peptide

Shuli Chou !, Qiuke Li !, Hua Wu !, Jinze Li !, Yung-Fu Chang 200, Lu Shang 10, Jiawei Li 1, Zhihua Wang T and

Anshan Shan 1*

check for

updates
Citation: Chou, S.; Li, Q.; Wu, H.; Li,
J.; Chang, Y.-F; Shang, L.; Li, J.; Wang,
Z.; Shan, A. Selective Antifungal
Activity and Fungal Biofilm
Inhibition of Tryptophan Center
Symmetrical Short Peptide. Int. . Mol.
Sci. 2021, 22, 8231. https://doi.org/
10.3390/1jms22158231

Academic Editor: Dharmendra

Kumar Yadav

Received: 1 July 2021
Accepted: 19 July 2021
Published: 30 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Institute of Animal Nutrition, Northeast Agricultural University, Harbin 150030, China;
choushli@mail.sysu.edu.cn (S.C.); 15636103001@163.com (Q.L.); Wh0411592x@163.com (H.W.);
18104476918@163.com (J.L.); sshanglu@163.com (L.S.); lijiawi@163.com (J.L.); jingjingkuyihui@163.com (Z.W.)
Department of Population Medicine and Diagnostic Sciences, College of Veterinary Medicine,

Cornell University, Ithaca, NY 14853, USA; yc42@cornell.edu

Correspondence: asshan@neau.edu.cn

Abstract: Candida albicans, an opportunistic fungus, causes dental caries and contributes to mucosal
bacterial dysbiosis leading to a second infection. Furthermore, C. albicans forms biofilms that are
resistant to medicinal treatment. To make matters worse, antifungal resistance has spread (albeit
slowly) in this species. Thus, it has been imperative to develop novel, antifungal drug compounds.
Herein, a peptide was engineered with the sequence of RRFSFWFSFRR-NH?2; this was named P19.
This novel peptide has been observed to exert disruptive effects on fungal cell membrane physiology.
Our results showed that P19 displayed high binding affinity to lipopolysaccharides (LPS), lipoteichoic
acids (LTA) and the plasma membrane phosphatidylinositol (PI), phosphatidylserine (PS), cardiolipin,
and phosphatidylglycerol (PG), further indicating that the molecular mechanism of P19 was not
associated with the receptor recognition, but rather related to competitive interaction with the plasma
membrane. In addition, compared with fluconazole and amphotericin B, P19 has been shown to have
a lower potential for resistance selection than established antifungal agents.

Keywords: Tryptophan center symmetrical short peptide; fungus-targeted activity and biofilm
inhibition; low drug resistance and side-effects

1. Introduction

Approximately 25% (about 1.7 billion) of the worldwide population at any one time
suffers from superficial fungal infections of skin, and nails [1], and an unprecedented
rise in the rate of emergence of antifungal-resistant strains has been observed. Hence,
C. albicans cgmcc 2.2086 compromises fecal microbiota transplantation (FMT), which is
effective in treating recurrent Clostridioides difficile infection (CDI) [2]. Furthermore, C.
albicans was also confirmed to promote tooth decay by altering microbial ecology [3].
However, antifungal resistance generates less public attention than viral and bacterial
infections [4,5]. Indeed, compared to other pathogens, the eukaryotic-like nature of fungal
cells, which possess substantial similarities to human cells has limited the scope of fungi-
specific drug discovery and development [6]. Additionally, the current broad-spectrum
antifungal drugs which may destroy common microbes and allow unwanted microbes to
flourish even if they show low toxicity to human cells results in a change of balance in
the microbes of areas of the body such as the vagina, intestine and mouth, and leading to
adverse clinical consequences [7]. New therapeutic options with low resistance potential
and discriminatory efficacy to control emerging fungal infections are a priority to resolve
these problems.

A group of small antimicrobial peptides (AMPs) with multiple functions, including
wound healing, antibacterial activity, anti-biofilm, and anti-cancer activity with modifica-
tions of their primary sequences [8-12], have recently shown great promise as antifungal
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agents. In addition, they kill pathogens through non-specific membrane permeabilization,
which displayed a low propensity to induce resistance [13,14], therefore representing an
attractive candidate as medical coatings and therapeutic drugs [15,16]. Biofilms generated
by pathogenic bacteria and some eukaryotes like C. albicans are hardy and difficult to
remove [17]. These growth formations are made of organisms typically fastened onto
tissue surfaces via a variety of adhesins. Biofilms are also characterized by a wide range of
biomolecules that render them resistant to antimicrobial agents. However, many AMPs
have come to show promise as antimicrobial agents, particularly against C. albicans, which
has been implicated as a widespread pathogen in human dental caries. Previous stud-
ies have reported that their rapid mode of action, unlike conventional antifungal drugs
that may target fungal sterols or enzyme receptor sites, can potentially reduce treatment
duration, making AMPs excellent antifungal drug candidates [18]. In addition, some
reports have indicated that screening antimicrobial peptides libraries presents a perfect
opportunity for uncovering novel potent and selective targeting motifs for a specific tar-
get [19-21]. This study implemented a search of sequences filtered from the Antimicrobial
Peptide Database (APD). Derived and synthetical peptides were eliminated from this search
(http://aps.unmc.edu/AP/) (Schedule 1). As the main active parameter, the hydrophobic
residues Leu (L), Phe (F), and Ile (I), which occurred more frequently in antifungal peptides,
were chosen as the primary components of novel antifungal short peptide candidates for
testing. Additionally, our previous researches have shown that central-symmetric «-helix
sequence contributed to improving activity and selectivity [22,23]. Therefore, sequences
distributed into that short central-symmetric «-helical template (++ hyh W hyh ++), (h,
hydrophobic amino acid; +, cationic amino acid; y, basic amino acid) were regarded as
potential targeted antibiotic alternatives, which not only decrease the production cost with
short sequences but also reduce the likelihood of drug resistance section with possible
non-receptor site via a membrane permeabilization mechanism. Hydrophilic residues
Ala(A), Cys(C), Ser(S), which occur more frequently in antifungal peptides, were chosen
to modify the whole hydrophobicity of the sequences. Finally, five short peptides with
being amidated at their C-terminus were synthesized and evaluated here (Scheme 1). The
minimum inhibitory concentrations of peptides against bacteria and fungi were first as-
sessed to confirm the spectrum of antibacterial activity. Time-killing, bacterial survival
counts, human erythrocyte cytotoxicity, human embryonic kidney 293T cells, and pig
kidney cells were also assessed to demonstrate the antimicrobial rate cell selectivity. In
addition, salt, acid sensitivity assays, and drug resistance of peptide candidates against
fungi were tested to indicate antimicrobial activity in various conditions. Fluorescent spec-
trography, whole-cell ELISA, protein-lipid overlay assays, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and confocal laser scanning microscopy
(CLSM) assays were employed to investigate the membrane-disruption mechanism of
the potential peptides synthesized in our study. The overall objective of this study was
to facilitate the development of peptide-based specific agents capable of permeabilizing
plasma membranes of target fungal cell lines.
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Scheme 1. Comparison of the amino acid distribution of peptides against bacteria and fungi (A); Helical wheel projections
of the five peptides (B); General schematic of P19 (C); Three-dimensional structure projections of the potential central-

symmetric peptide (D).

2. Results

The Matrix-Assisted Laser Desorption/lonization Time of Flight Mass Spectrometry
(MALDI-TOF MS) (Figure 1) and Reverse-Phase High-Performance Liquid Chromatog-
raphy (RP-HPLC) results suggested that all the peptides were successfully synthesized,
with their measured molecular weights being close to the theoretical molecular weights
(Table 1) and the purities of the peptides were more than 95% (Figure 2).

Table 1. Peptide design and their key physicochemical parameters.

Peptide Sequence TheI:)/Il“ele\’;lcal Me;/[s‘lg ed Net Charge H? uHrel
P1 RRLALWLALRR-NH2 1422.79 1422.6 5 0.512 0.201
P2 RRLSLWLSLRR-NH2 1454.79 1454.6 5 0.448 0.262
P3 RRLCLWLCLRR-NH2 1486.92 1486.6 5 0.735 0.014
P17 RRISIWISIRR-NH2 1454.79 1454.8 5 0.485 0.267
P19 RRFSFWFSFRR-NH2 1590.86 1590.8 5 0.481 0.266

2 H represents hydrophobicity. ® pHrel represents the hydrophobic moment.
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Figure 1. Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry of the designed peptides.
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Figure 2. Reverse-Phase High-Performance Liquid Chromatography of the designed peptides.

2.1. Antimicrobial Activity

The antimicrobial activities of the peptides and control antifungals against Gram-
negative bacteria, Gram-positive bacteria and fungi are shown in Tables 2 and 3. To
confirm the potential of fungal antibiotic replacement, amphotericin B and fluconazole
antimicrobial experimental groups were also tested simultaneously. It was suggested that
all of these five designed peptides composed of APD-filtered amino acids were effective
on fungi cells. As shown in Table 2, P17 and P19 exhibited antimicrobial specificity and
efficiency with 1-4 uM MIC value against tested fungi, including fluconazole-resistant C.
albicans 56214, while with higher MIC value against tested bacteria. But P17 still showed
some antibacterial activates, including the probiotic L. rhamnosus 1.0385 at slightly above
antifungal MIC values. Thus, P19 was chosen as an ideal peptide to analyze further.

Table 2. The MICs of the peptides against bacteria.

MICs 2 (uM)

Peptides E. coli E. coli S.aureus  S.aureus  L.rhamnosus L. plantarum L. thamnosus S. thermophilus

25922 UB1005 29213 25923 1.0385 7469 1.0911 YM-C
P1 4 2 8 8 8 >128 64 128

P2 4 2 4 16 8 128 8 >128
P3 4 2 8 8 >128 128 128 >128
P17 128 16 128 128 8 >128 32 >128
P19 128 128 128 >128 >128 >128 >128 >128
Melittin 2 2 2 2 >128 >128 >128 >128
Amphotericin B >128 >128 >128 >128 >128 >128 >128 >128
Fluconazole >128 >128 >128 >128 >128 >128 >128 >128

2 Minimum inhibitory concentration (MIC, uM) was determined as the lowest concentration of peptide that inhibited 95% of the bacterial
growth. Data were representative of three independent experiments.
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Table 3. The MICs of the peptides against fungi.

MICs (1M)
Peptides C. albicans C. tropicalis C. parapsilosis C. albicans  C. albicans C. albicans C. albicans IC.lulb:lc?ns
cgmecec cgmec cgmec solate rom
2.2086 2.1975 2.3989 SP3902 SP3903 SP3957 56214 Alveolar Fluid
P1 8 2 8 32 16 16 16 8
P2 4 2 8 16 16 8 8 8
P3 8 4 16 16 16 16 16 16
P17 4 1 1 4 2 4 4 8
P19 2 2 2 4 2 4 4 4
Melittin 4 2 2 4 2 4 2 4
Amphotericin B 1 1 2 0.5 0.5 0.5 1 1
Fluconazole 1 4 4 16 32 16 >128 2
2.2. Structure Variability of the Peptides
CD spectroscopy was employed to determine the secondary structures of the peptides
in mimicking physiological environment (PBS) and mimicking the microbial membrane
environment (sodium lauryl sulfate (SDS) and trifluoroethanol (TFE). The spectra of the
peptides in 10 mM PBS, 50% TFE and 30 mM SDS were shown in Figure 3. In the mimicking
membrane environment, P1, P2, and P3 showed «-helical structure, with CD spectra show-
ing minimum peaks at 208 nm and 220 nm. In contrast, in the physiological environment,
P1, P2, P3 tended to unordered conformations with a minimum peak at approximately
198 nm. P17 showed [3-sheet structure, with CD spectra showing a minimum peak in the
200220 nm range, and a positive peak in the 195-200 nm range in the different mimicking
environments. P19 showed (3-sheet structure with CD spectra showing a minimum peak
in the approximately 210 nm range. A positive peak in the minimum 198 nm mimicking
membrane environment, while P19 showed unordered conformation in the physiological
environment.
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Figure 3. The CD spectra of the peptides. The peptides were dissolved in 10 mM sodium phosphate buffer (pH 7.4),
50% trifluoroethanol (TFE) and 30 mM sodium lauryl sulfate (SDS). The mean residue ellipticity was plotted against the
wavelength. The values from the three scans were averaged per sample, and the peptide concentrations were fixed at

150 uM.

Time killing curve and fractional cell survival were employed to measure fraction of
cell survival of C. albicans cgmcc 2.2086 upon treatment at the 1/2 MIC, MIC, and 2 MIC
levels of peptides at various exposure times determine the sterilization speed of P19.
Figure 4a showed that P19 killed C. albicans cgmcc 2.2086 in 60 s and less than 5 s at MIC
values and 2 MIC values, respectively. One hour or more was required to eliminate 90% C.
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albicans cgmcc 2.2086 at the 1/2 MIC level, suggesting that the killing rate of P19 was tightly
correlated with concentration.
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Figure 4. Time killing curve and fractional cell survival treated with potential peptide (a); The fractional cell survival of
bacteria and fungi treated with potential peptide (b).

The fractional survival rates of cells treated with P19 at 2 MIC values of E. coli.

ATCC 25922, S. aureus ATCC 29213, L. rhamnosus 1.0385 and C. albicans cgmcc 2.2086
were measured to confirm the inhibited effect on the growth of bacteria and fungi. Figure 4b
showed that P19 caused some inhibition on the growth of E. coli ATCC 25922, S. aureus
ATCC 29213 and L. rhamnosus 1.0385, while it induced much higher inhibitory levels against
C. albicans cgmcc 2.2086.

Biofilms formed by C. albicans are generally significantly more resistant to antimi-
crobial treatment than living cells and are thus harder to eradicate. Here, the activity of
P19 against biofilms was tested. Results indicated that P19 could induce obvious biofilm
eradication (60%) at 4 MIC levels (Figure 5) and it caused a similar level of antimicrobial
activity against C. albicans biofilms with amphotericin B at 16 MIC value.

1997 mm P19

80 b . o 2@ @, [ AmphotericinB
3 b a a I | Flugo.nazole
95 60+ I 3 Melittin
S 40 o i
o

Multiples of MIC

Figure 5. C. albicans cgmcc 2.2086 biofilm eradication potential of potential peptide, broad-spectrum peptide, and antibiotics.
Data were plotted as percent of biofilm eradication by setting the untreated biofilm as 100% of biofilm. Data represented
here were from three replicates. Different letters represented statistically significant (p < 0.05).

2.3. Biocompatibility of the Peptides

Biocompatibility of the designed peptides, which is a prerequisite for clinical appli-
cation, was investigated. To demonstrated the toxic effects of peptides on normal cells,
human red blood cells cytotoxicity was tested on kidney 293T cells and pig kidneysfrom
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the same lines (Figure 6). The activities of all designed peptides against fresh, healthy
human erythrocytes, human embryonic kidney 293T and pig kidney PK cells were shown
as Figure 6. All the designed peptides induced less than 5% hemolysis at their MIC values,
especially for P19, which showed less than 5% hemolysis even at the highest tested concen-
tration. The peptide cytotoxicity against 293T cells and PK cells also confirmed that the cell
viabilities after exposure to these peptides remained 80% or greater even at their highest
tested concentrations. The tissue cell lines treated with P19 retained viabilities of 100% at
most of the concentrations tested.

PK
293T Blood cell
- P2 @
p1 - B P3 - P2
e - F2 E P1 = F3
£ - P Z £ 10 P1
£ - P17 5; - P17 4 - P17
5 - P9 s - P19 E - P19
= T 5
8 S
0
P ¢ S & s v A ® & & & 5 v A $ ¢ 4 e = v A
Peptide concentration (M) " Peptide concentration (1M)

Peptide concentration (1M)

Figure 6. The biocompatible potential of the designed peptides. The cell lines were human embryonic kidney 293T, pig

kidney PK and human red blood cells.

2.4. Sensitivity upon Salt and Acid Condition

The susceptibility of bioactive agents to the physiological environment was another
significant effect that could prevent them from achieving clinical application. Thus, the
antimicrobial activity of the potential peptide P19 against C. albicans cgmcc 2.2086 in the
presence of physiological concentrations of different salts or acidic environments was
further evaluated (Table 4). The result showed that P19 retained its MIC values at 4 uM in
the presence of most salts, except for Na* and Ca?*, which increased MIC values to 32 uM.
Additionally, P19 showed compromised activity with MIC of 4 uM in acidic conditions.

Table 4. The MIC values of the peptides against C.albicans cgmcec 2.2086 in the presence of physiological salts and acid

environment.
Peptide Control NaCl KCl1 MgCl, NH,4Cl1 ZnCl, FeCl3 pH=6
P19 2 32 4 4 4 4 4 4
Melittin 4 8 4 8 4 4 4 4
Fluconazole 1 2 1 1 1 1 1 1
Amphotericin B 1 2 1 1 1 1 1 1

2.5. Drug-Resistance

The potential development of drug resistance to C. albicans cgmcc 2.2086 induced
by P19 and antifungals was tested using repeated assays in the presence of sub-MICs
of the antimicrobial agent. Figure 7 showed that a 20-passage repeating treatment with
fluconazole or amphotericin B at sub-lethal concentration resulted in a 1024-fold increase
in MIC value compared with the first passage. In contrast, the rise in peptide levels was
accompanied by a 2-fold MIC increase over40 days only, suggesting that resistance to P19
was not acquired easily.
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Figure 7. Resistance development in the presence of a sub-MIC concentration of potential peptide,
broad-spectrum peptide, and antibiotics.

2.6. Membrane Permeabilization and Integrity

Disc3-5 and PI were used to detect the membrane permeability of C. albicans cgmcc
2.2086 treated with P19, melittin, fluconazole, or amphotericin B. Figure 8a showed the
plasma membrane depolarization experiment, and the fluorescence intensity represents the
results. The fluorescence intensity of P19 was the highest. P19 induced a more significant
change of membrane depolarization compared with other tested agents. In contrast,
minor change of membrane depolarization occurred under treatment with fluconazole or
amphotericin B. Figure 8b showed the flow cytometry experiment. The results visually
showed the distribution of cells by the distribution of PI dye markers, and the areas
where cells were concentrated represent the state of cells as live or die. P19 and melittin
induced more than 90% increase of PI fluorescent signal while the application of antifungals
induced none.

Control without any traatment Control with only PI treatad Control with only PT and P19-treated
Toos o | R g R
= 250, :
2 : _
g i N | 1
a @ i o 3

g 150 = - CA S R E
- - ;
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Seconds e 7 % e s - R -
Control with only PI and Melittin-treated Control with only PI and Control with only PI and
Amphotenicin B Fluconazole-treated
-treated
(a) (b)

Figure 8. Cytoplasmic membrane depolarization of C. albicans cgmcc 2.2086, represented by the fluorescence intensity (a);
Flow cytometry experiment, represented the dead cells by the distribution of PI dye dots, membrane permeabilization of C.
albicans cells treated with 1x MIC potential peptide, broad spectrum peptide, and antibiotics, as measured by an increase of
fluorescence intensity of PI (b).

To visually observe morphology, ultrastructure and integrity of membrane of C.
albicans cgmcc 2.2086 treated with P19, SEM, TEM and CLSM were employed. Figure 9a,b
showed that the cell membrane surface treated with P19 was broken and roughen while
untreated cells had integrated and smooth surfaces. Figure 9¢,d showed that P19 induced
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outflow of intracellular content. The results indicated that P19 exerted its antifungal activity
by compromising the integrity of the cell membrane (Figure 10).

Figure 9. SEM and TEM micrographs of C. albicans cgmcc 2.2086 treated with potential peptide (a,c)
or none (b,d).

P19-treated

Control

Figure 10. CLSM of C. albicans 2.2086 treated with potential peptide or none.

2.7. Membrane Binding Affinity

To investigate the binding affinity of P19 to the cell membrane and cellular phos-
pholipids, whole-cell ELISA, and protein-lipid overlay assays using biotin-labeled P19
and HRP-Streptavidin were employed. Figure 11 showed that the binding affinity of P19
to C. albicans cgmcc 2.2086 was significantly higher than to S. aureus ATCC 29213 and L.
rhamnosus 1.0385 (P < 0.05), and P19 showed just a little higher but nonsignificant binding
affinity to C. albicans cgmcc 2.2086 (P > 0.05). Figure 12 further showed that P19 recognized
the negatively charged phospholipids including phosphatidylserine (PS), phosphatidyl-
glycerol (PG), phosphatidylinositol (PI), cardiolipin, PtdIns, PtdIns(4)P, PtdIns(3, 5)P, and
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PtdIns(4, 5)P,. Figure 13 showed a high binding affinity of P19 with LPS and LTA, which
might inhibit the binding of the peptide with phospholipids in bacteria.

*k

1.0+ *x

" L

0.6+

0.4+

0.2+

Absordance at OD 450 value

040' T
S. aureus E.coli L.rhamnosusC. albicans

Figure 11. The binding affinity of P19 to the bacterial or fungal whole cells. ** p < 0.05.
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3. Discussion

In this study, we developed a class of APD-filtered central-symmetric AMPs with five
sequences were synthesized. The high MIC values of P1, P2, P3, P17, P19 against tested
fungi indicated that this short central-symmetric template of 11-residues had bacteria-
killing activity and was also capable of fungicidal action. We also confirmed that hy-
drophobic amino acids (L, F, and I) and hydrophilic amino acids.(A, S and C) as the most
frequent residues found in natural antifungal peptides. In addition, the antimicrobial
spectrum of P1, P2, and P3 demonstrated that basic amino acids showed only a slight effect
on the antibacterial spectrum. Additionally, the more specific antimicrobial activity of
P19 suggested that lower hydrophobic amino acid might be a benefit for improving the
antimicrobial selectivity, which was associated with that the high hydrophobic amino acid,
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Leu-rich peptides, could indiscriminately insert or penetrate more deeply into negatively
charged phospholipids. And this specific activity of phenylalanine-replacement substituted
residues may be due to the presence of a bulky benzene ring inducing steric hindrance,
changing the secondary structure of the peptide, a key factor for antimicrobial activity [23],
which was supported by the secondary structures of these five peptides that P1-P3 showed
a-helical structure in mimicking environments but P17 and P19 showed [3-sheet structure
in membrane mimicking environments.

Additionally, the CD results of these five peptides also suggested that not only a
non-ordered structure in PBS but transformed to an a-helical structure in the membrane-
mimetic environment could induce higher broad antimicrobial activity, a non-ordered
structure in PBS. Still, it transformed to a (3-sheet structure that could improve the selective
antimicrobial activity against fungi. Our microbial survival counts result showed that
P19 could inhibit all gram-negative bacteria, gram-positive bacteria, and fungi cells with
varying degrees. This also indicated that selective antimicrobial activity of P19 might be
via an affinity for charges and hydrophobic sites located on cell membrane rather than via
a receptor-mediated pathway [24-26]. The results of the drug resistance trial also support
this view.

The primary limitations for an in vivo application of peptide-based biomaterials
stem from possible toxic effects on normal cells and sensitivity to the physiological en-
vironment [27,28]. Especially for this study because of the similarity of fungal cells and
mammalian cells. Many reports have indicated that increased length of the peptides could
facilitate rapid peptide anchor and insert into the lipid bilayer [29], which might induce
higher cytotoxicity and lead to lower sensitivity to degradation [14]. Furthermore, it is
known that salts compromise the binding activity of membrane-active peptides by dis-
rupting electrostatic interactions between the peptides and any potential cell membrane
receptors [30]. These novel peptides showed higher than 80% cell viability even at the
highest concentration of 128 M. The MIC values of P19 in the presence of physiological
salt concentrations increased somewhat were a little raised, especially in the presence of
Na*. This is primarily arising due to the high ionic strength, which can interfere with
the electrostatic attraction between cationic peptides and anionic bacterial lipid bilay-
ers [31-33]. And this is a common phenomenon for cationic peptides. Thus, these two
results demonstrated that this fungal-specific 11-residues peptide was a safe and cost-
effective antimicrobial agent and suggested exerting antimicrobial activity via bacterial
membrane permeabilization as previously reported broad-spectrum antimicrobial agents.

To further validate the antimicrobial mechanism of P19, fluorescence spectroscopy
and electron microscopy were performed using melittin, fluconazole, and amphotericin
B as controls. Membrane depolarization and flow cytometry results showed that only
membrane-active P19 and melittin increased the fluorescence and enabled the entry of the
PI probe, which indicated a characteristic of peptide-membrane interactions. Combining
with the apparent damage of C. albicans membrane surface observed by SEM, leakage of the
intracellular contents detected by TEM and localization of the FITC-labeled P19 detected
by CLSM, the action mechanism of P19 was suggested to occur in permeabilization of the
plasma membrane and leakage of cytoplasm, which was the main reason for little alteration
in the presence of drug-resistant variants.

The anti-biofilm and fast sterilization activity of P19 suggested that selective antimi-
crobial activity of P19 was not only for the lower hydrophobic amino acid. Then, to further
check the selective activity of P19 between fungi and other bacteria based on the peptide-
membrane interaction mechanism, the affinity of peptides to E. coli, S. aureus, L. rhamnosus
and C. albicans were further detected using whole-cell binding assay. Results showed that a
given level of P19 had a higher binding affinity with C. albicans than with bacterial samples
of the same density. Still, the nonsignificant binding affinity between C. albicans and E. coli
suggested that P19 showed precisely antimicrobial activity against fungi without specific
binding. Negatively-charged lipopolysaccharides (LPS) or lipoteichoic acids (LTA), which
are present in large amounts in the cell envelopes of Gram-positive and Gram-negative
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bacteria, may interact with peptides via charge residue, forming a barrier to reduce the con-
centration of peptides around the plasma membranes, thereby blunting their antimicrobial
effects. Then, the high binding ability of peptide P19 with LTA and LPS indicated that the
selective antibacterial activity of P19 might be associated with the competitive combination
of P19 with LPS (LTA) and plasma membrane [34]. In addition, since this potential peptide
showed membrane disruption discriminately without receptor-mediated pathway, lipid
binding and membrane permeabilization are key components of the mechanisms of action
of many such antimicrobial agents [35]. We then focused on interactions between P19
and lipid and analyzed the selective antimicrobial activity based on the lipid membrane
composition. Figure 9 has identified PIPs as lipid targets, such as PtdIns(4)P, PtdIns(3, 5)P5,
and PtdIns(4, 5)P, on the plasma membrane, to which P19 caused membrane disruption,
bleb formation, and ultimately cell lysis. In addition to PIPs, P19 also showed binding
affinity to other phospholipids such as PI and PS, which were common components of the
fungal plasma membrane (more) and animal cell membrane (less) but are largely absent
from bacteria [36-38]. Thus, the composition of the phospholipids of the fungal plasma
membrane that enriched in PI and PS without negative-charged LPS and LTA was a benefit
for increasing concentration or accumulation on typical fungal cell surface membranes of
P19, and then improve the peptide bioactivity functions to disrupt fungal cell membrane
integrity, resulting in fungal tissue injury or death. In addition, P19 did show somewhat
binding ability with phosphatidylglycerol (PG) and cardiolipin, two main components
of Gram-negative and Gram-positive bacterial plasma membranes, which give P19 at
least some antibacterial capabilities, although bacterial generally showed more excellent
resistance to P19 antimicrobial activity than fungi when peptide concentrations and target
cell densities were normalized, and this was in accordance with the microbial survival
rates results. It was suggested that P19 showed selective antimicrobial activity based on
the various compositions of lipids on the plasma membrane. Previous reports have shown
that high levels of negatively-charged phospholipids [39,40], increased membrane surface
area [41] and strongly expressed phosphatidylserine (PS) in tumor cells [42] may serve
as high-affinity binding targets for short peptides such as P19, indicating that this short
peptide may have some utility as an anti-tumor agent.

4. Materials and Methods
4.1. Bacteria and Fungi

Escherichia coli (E. coli)y ATCC 25,922, Staphylococcus aureus (S. aureus) ATCC 29,213 and
S. aureus ATCC 25,923 were provided by the College of Veterinary Medicine, Northeast
Agricultural University (Harbin, China), and E. coli UB1005 was kindly provided by the
State Key Laboratory of Microbial Technology (Shandong University, China). Lactobacillus
rhamnosus 7469, Lactobacillus rhamnosus 1.0911, Lactobacillus rhamnosus 1.0385, Lactobacillus
rhamnosus 1.0925 and Streptococcus thermophiles (S. thermophilus) YM-C were obtained
from the Key Laboratory of Food College, Northeast Agricultural University. C. albicans
cgmcc 2.2086, C. tropocalis cgmcc 2.1975, C. parapsilosis cgmec 23,989 were purchased from
the China General Microbiological Culture Collection Center (Beijing, China). Clinical
isolated C. albicans SP3903, C. albicans SP3937, C. albicans SP3902 and C. albicans isolated
from alveolar fluid were obtained from the Medical College of Nanchang University.
Fluconazole-resistant C. albicans 56,214 was provided by the Zhongshan Hospital of Fudan
University.

4.2. Peptide Synthesis

The filtered result was analyzed by R programming. The helical wheel projection was
performed online (http:/ /rzlab.ucr.edu/scripts/wheel/wheel.cg) (Schedule 1B). The pep-
tides designed in this study were synthesized by the Sangon Biotech (Shanghai, China), and
the actual molecular weights were tested by matrix-assisted laser desorption/ionization
time-off light mass spectrometry (MALDI-TOF MS; Linear Scientific Inc., USA). The purity
of the peptides (95%) was assessed by reverse-phase high-performance liquid chromatog-
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raphy (HPLC) using column of Shimdzu Inertsil ODS-SP column (4.6 x 250 mm, 214 nm,
20 uL) and a non-linear water/acetonitrile gradient containing 0.1% trifluoroacetic at a
flow rate of 1.0 mL min~!. The general schematic and three-dimensional structure projec-
tion of the potential peptide was graphed by using ChemDraw V10.0 or predicted online
(http://zhanglab.ccmb.med.umich.edu/I-TASSER/).

4.3. Circular Dichroism (CD) Measurements

CD spectra of 150 uM peptides were measured at room temperature in 10 mM
phosphate-buffered saline (PBS) (mimicking an aqueous environment), 50% TFE (mimick-
ing the hydrophobic environment of the microbial membrane), and 30 mM SDS micelles
(negatively charged prokaryotic membrane comparable environment) on a J-820 spectropo-
larimeter (Jasco; Tokyo, Japan), with a quartz cuvette with a 1.0-mm path length. The
spectra were recorded from 195-250 nm at a scanning speed of 10 nm/min, and an average
of 3 scans was collected for each peptide. The acquired CD spectra were then converted to
the mean residue ellipticity with the following formula:

Om = (Bobs1000)/(c-1:n) ¢y

where 0y is the mean residue ellipticity [(deg-cm?)/dmol], 8,y is the observed ellipticity
corrected for the buffer at a given wavelength [md, eg], c is the peptide concentration [mM],
lis the path length [mm], and n is the number of amino acids.

4.4. Antimicrobial Assays

The peptide antimicrobial activity was determined according to the Clinical and
Laboratory Standards Institute method, with modifications. Bacteria concentration was
measured by ultraviolet spectrophotometer, and fungi concentration was confirmed by
McMillan’s turbidimetric method, which compared the fungi solution with the standard
McFarland tube in front of the horizontal line on the paper with the naked eye. Because the
light has different refract in different liquids. The standard solution is composed of sulfuric
acid and barium chloride, which is equivalent to 1*10% CFU fungi. After cultivation, the
growth of fungi and bacteria was measured by TECAN automatic enzyme label instrument.
Briefly, bacterial cells were cultured in MHB until logarithmic phase, yeast colonies cultured
in Yeast Peptone Dextrose Agar (YPDA) were picked and diluted in RPMI 1640 growth
medium buffered with morpholine propane sulfonic acid (MOPS), and then 50 pL of
bacterial or fungi cell solution (0.5-1 x 10* CFU/mL) was added to each well of sterile 96-
well plates. Each well contained 50 L of AMPs dissolved in BSA; the final concentrations
of the peptides ranged from 0.5 to 128 uM. The lowest concentration of peptide with no
microbial growth being observed were measured after incubation at 37 °C for 24 h for
bacteria or at 28 °C for 48 h for fungi. Broth with microbial cells and un-inoculated broth
were used as positive control and negative controls, respectively.

The time-kill kinetics of the potential peptide for C. albicans cgmcc 2.2086 was further
investigated by analyzing the fractional cell survival after various peptide exposure times
to determine the killing time curve. Briefly, the microbial cells were treated with a peptide
at a 1x MIC concentration. At various periods (0, 5, 10, 30, 60, 300, 600, 3000 and 6000 s),
microbial suspensions were diluted 10- and 100-folds, and then plated on solid medium
plates using 50 uL diluted suspension. Microbial colonies were counted after 28 °C for 48 h
of incubation.

Microbial survival counts of the potential against four typical microbial strains were
also made to confirm the differences in antimicrobial efficacy of peptide constructs on
bacterial and fungal targets. The microbial cells were treated with peptides at a 1x MIC
concentration for 10 min. The subsequent steps were consistent with the time-killing
kinetics method (bacterial colonies were formed and counted after 37 °C for 24 h (bacteria)
or 28 °C for 48 h (fungi) of incubation. All the above tests were performed at least
three times.
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Biofilm eradication assay was further tested to confirm the activity of P19, which was
monitored using the microtiter plate assay shown as Paola Saporito et al. described [43]
with growth media as RPMI 1640 growth medium buffered with MOPS and biofilm
incubating for 48 h.

4.5. Cytotoxicity Assays

The cytotoxicity of the peptides was determined with three cell types, including the
Pig kidney cells, HEK 293T cells and fresh, healthy human red blood cells (donated by
Zhihua Wang) via the MTT dye reduction assay and hemolysis assay [44].

4.6. Salt and Acid Sensitivity Assays

The salt and acid sensitivities of the peptides were measured using with modified
method to test MIC values; tested peptides were incubated in the presence of different final
concentrations of physiological salts. The subsequent steps were consistent with the MIC
determination protocol [26].

4.7. Drug-Resistance

Resistance development of C. albicans cgmcc 2.2086 against antifungals was explored
using a sequential passaging method, described in our previous study [22]. Briefly, MIC
testing was first conducted for P19, fluconazole and amphotericin B. After a 24 h incuba-
tion, fungal cells growing in a well with a half-MIC level were harvested and diluted to
0.5-1 x 10* CFU/mL using RPMI 1640 growth medium buffered with morpholine propane
sulfonic acid (MOPS). The inoculum was subjected to subsequent passage MIC testing,
and the process was repeated for 30 days. The fold change in MIC was plotted against the
number of passages.

4.8. Membrane Permeabilization and Integrity Assays
4.8.1. Cytoplasmic Membrane Depolarization Assay

To analyze membrane disturbances due to P19, melittin, fluconazole or amphotericin
B-treated, cells (1 x 10* cells/mL) of C. albicans cgmcc 2.2086 were incubated with antimi-
crobial agents at their respective MICs for 1 h at room temperature; the cells were then
harvested by centrifugation and resuspended in 1 mL PBS (pH 7.4). Cytoplasmic mem-
brane potential was observed with 0.4 pM DiSC3-5 (Sigma Chemical Co., USA). Changes in
fluorescence were measured from 0 to 800 s with a F-4500 fluorescence spectrophotometer
(Hitachi, Japan) at an excitation wavelength of 622 nm and an emission wavelength of
670 nm.

4.8.2. Flow Cytometer Assay

Cell membrane permeabilization after treatment with P19, melittin, fluconazole or
amphotericin B were also detected via the propidium iodide influx assay. In brief, C.
albicans cgmcc 2.2086 cells (1 x 10* cells/mL) were treated with antifungal agents for 1 h at
28 °C, then washed, harvested by centrifugation and resuspended in PBS. The cells were
treated with 10 pg/mL propidium iodide and incubated for 30 min at room temperature.
The uptake of propidium iodide into these cells was analyzed with a FACS flow cytometer
(Becton-Dickinson, San Jose, CA) with a laser excitation wavelength of 488 nm. The flow
cytometry results can be interpreted as follows. Region Q1 was identified as a living
cell region; it represents cells treated with PBS. Q2 region represents the dead cell region.
Ignored the surrounding adherent scattered points, the most concentrated scattered points
represented the largest cell density. The areas where cells were concentrated represent the
state of cells as live or die.

4.8.3. SEM, TEM and CLSM Characterization

The direct visualization of C. albicans cgmcc 2.2086 membrane and the specimens
treated with peptide or not were examined using a HITACHI S-4800 SEM, HITACHI H-
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7650 TEM and Leica TCS SP2 CLSM. For sample preparation, fungal cells were incubated
for 1 h at 28 °C with P19 at 1x MIC or in the absence of peptide as a control. After
incubation, the cells were harvested by centrifugation at 5000x g for 5 min, washed three
times with PBS, then processed as previously described [9].

4.9. Membrane Binding Affinity Assays
4.9.1. Whole Cell ELISA

Whole-cell ELISA assay was performed to compare the binding affinity of P19 with
Gram-negative, Gram-positive bacteria, and fungal cells. Briefly, 100 uL. 1 x 107 CFU/mL
microbial cells resuspended in carbonate buffer solution (CBS, Ph = 9.5). The suspension
was added to wells on a 96-well plate for coating overnight at 37 °C, followed by fixing by
ethanol and air-drying. Plates were blocked with gelatin for 2 h, and then the plate was
washed with PBST for 4 times and incubated with 100 uL of PBST containing biotin-labeled
peptides at a final concentration of 16 pM for 1 h at 37 °C. Th503-504en, incubation with
1:20,000 dilution of HRP-Streptavidin for 15 min at 37 °C after washing with PBST 4 times.
Finally, the absorbance of ODys5) was determined by using a spectrophotometer (Infinite 200
pro, Tecan, China) followed by washing the wells 4 times using the Tetramethylbenzidine
membrane peroxidase (TMB) system.

4.9.2. Protein-Lipid Overlay Assay

Membrane-bound P19 to various phospholipids (including Membrane Strips and PIP
Strips) (Echelon Biosciences) was measured according to the manufacturer’s instructions.
Briefly, the membrane strips were blocked with gelatin for 1 h at 37 °C, the plate was
washed with PBST 4 times and incubated with 100 uL of PBST containing biotin-labeled
peptides at a final concentration of 16 uM for 1 h at 37 °C. Plates were incubated with
1:20,000 dilution of HRP-Streptavidin for 15 min at 37 °C after washing with PBST 4 times.
Peptide binding was detected by ECL as P19 labeled with biotin.

4.10. Binding Affinity to LPS or LTA

The peptide binding affinity to LPS or LTA was dependent on the probe bound to
cell-free LPS or LTA. Briefly, 50 ug/mL LPS from E. coli or 50 pg/mL LTA from S.aureus and
5 ug/mL BC were kept in the dark at room temperature for 4 h. Then, peptides were added
to the mixtures at minimum inhibitory concentrations and cultured for another 1 h at
room temperature. Fluorescence was measured (excitation A = 580 nm, emission A = 20 nm,
Excitation bandwidth = 9 nm, Emission bandwidth = 20 nm, Z-axis height = 20,000 um) on
a Spectro fluorophotometer (the Infinite 200 pro, Tecan, China). 10 pg mL~! polymyxin B
as control.

4.11. Statistical Analysis

All data were subjected to a one-way analysis of variance (ANOVA) and significant
differences between the means were evaluated by Tukey’s test for multiple comparisons.
The data were analyzed and diagrammed by using the GraphPad Prism 5.0. Quantitative
data were expressed as the mean & standard error (SE).

5. Conclusions

In summary, short sequence peptides with sequences derived using APD-filters
showed efficient and rapid selective activity against fungi, tolerance to a broad range
of physiological conditions, high biocompatibility and low-likelihood drug-resistance,
suggest ideal candidates for drugs against C. albicans induced infection. Furthermore, selec-
tive mechanism and change of structure of the peptides indicated that fungicidal peptide
P19 had targeting antimicrobial activity through membrane attraction and properties of
the peptide instead of receptor targeting. Short peptides with specific sequences can be
tailored to target specific cell surface lipids on pathogens, allowing researchers to develop
antimicrobials with great precision and a low potential for developing target cell resistance,
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which facilitates the development of further development novel non-receptor targeted
antimicrobial agents.
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Abbreviations

AMPs Antimicrobial peptides

LPS Lipopolysaccharides

LTA Lipoteichoic acids

MALDI-TOF-MS  Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
RP-HPLC Reverse-phase high performance liquid chromatography
SEM Scanning electron microscopy

TEM Transmission electron microscopy

CLSM Confocal laser scanning microscopy

CD Circular dichroism

PI Phosphatidylinositol

PIP Phosphatidylinositol (4,5)bisphosphate

PS Phosphatidylserine

PG Phosphatidylglycerol

FITC Fluorescein Isothiocyanate

PBS Phosphate-buffered saline

PBST Phosphate-buffered saline with 0.05% tween 20

TFE Trifluoroethanol

SDS Sodium lauryl sulfate

MICs The minimum inhibitory concentrations

MTT 3-[4,5-dimethylthiozol-2-yl]-2,5-diphenyltetrazolium bromide
YPDA Yeast Peptone Dextrose Agar

MOPs Morpholinepropanesulfonic acid

MHB Mueller-Hinton Broth

DiSC3-5 3,3-dipropylthiadicarbocyanine

CDI Clostridium difficile infection

FMT Fecal microbiota transplantation

APD The Antimicrobial Peptide Database

TMP Tetramethylbenzidine membrane peroxidase

References

1.

Mufioz, A.; Gandia, M.; Harries, E.; Carmona, L.; Read, N.D.; Marcos, J.F. Understanding the Mechanism of Action of Cell-
Penetrating Antifungal Peptides Using the Rationally Designed Hexapeptide PAF26 as a Model. Fungal Biol. Rev. 2013, 26,
146-155. [CrossRef]

Zuo, T.; Wong, S.H.; Cheung, C.P; Lam, K,; Lui, R.; Cheung, K.; Zhang, F; Tang, W.; Ching, ].Y.L.; Wu, ].C.Y,; et al. Gut Fungal
Dysbiosis Correlates with Reduced Efficacy of Fecal Microbiota Transplantation in Clostridium Difficile Infection. Nat. Commun.
2018, 9, 1-11. [CrossRef] [PubMed]

Du, Q.; Ren, B.; He, J.; Peng, X.; Guo, Q.; Zheng, L.; Li, J.; Dai, H.; Chen, V.; Zhang, L.; et al. Candida Albicans Promotes Tooth
Decay by Inducing Oral Microbial Dysbiosis. ISME ]. 2020, 15, 894-908. [CrossRef] [PubMed]

Faruck, M.O.; Yusof, E; Chowdhury, S. An Overview of Antifungal Peptides Derived from Insect. Peptides 2016, 80, 80-88.
[CrossRef] [PubMed]

Fisher, M.C.; Hawkins, N.J.; Sanglard, D.; Gurr, S.J. Worldwide Emergence of Resistance to Antifungal Drugs Challenges Human
Health and Food Security. Science 2018, 742, 739-742. [CrossRef] [PubMed]


http://doi.org/10.1016/j.fbr.2012.10.003
http://doi.org/10.1038/s41467-018-06103-6
http://www.ncbi.nlm.nih.gov/pubmed/30202057
http://doi.org/10.1038/s41396-020-00823-8
http://www.ncbi.nlm.nih.gov/pubmed/33149208
http://doi.org/10.1016/j.peptides.2015.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26093218
http://doi.org/10.1126/science.aap7999
http://www.ncbi.nlm.nih.gov/pubmed/29773744

Int. . Mol. Sci. 2021, 22, 8231 18 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

McLellan, C.A.; Vincent, B.M.; Solis, N.V.; Lancaster, A K.; Sullivan, L.B.; Hartland, C.L.; Youngsaye, W,; Filler, S.G.; Whitesell,
L. Inhibiting Mitochondrial Phosphate Transport as an Unexploited Antifungal Strategy. Nat. Chem. Biol. 2018, 14, 135-141.
[CrossRef]

Brown, G.D.; Denning, D.W.; Gow, N.A.R,; Levitz, S.M.; Netea, M.G.; White, T.C. Hidden Killers: Human Fungal Infections. Sci.
Transl. Med. 2012, 4, 1-10. [CrossRef]

Song, D.W.; Kim, S.H.; Kim, H.H.; Lee, K.H.; Ki, C.S.; Park, Y.H. Multi Biofunction of Antimicrobial Peptide-Immobilized Silk
Fibroin Nanofiber Membrane: Implications for Wound Healing. Acta Biomater. 2016, 39, 146-155. [CrossRef]

Murioz, A.; Read, N.D. Live-Cell Imaging and Analysis Shed Light on the Complexity and Dynamics of Antimicrobial Peptide
Action. Front. Immunol. 2012, 3, 1-4. [CrossRef]

Khara, J.S.; Obuobi, S.; Wang, Y.; Hamilton, M.S.; Robertson, B.D.; Newton, S.M.; Yang, Y.Y.; Langford, P.R.; Ee, PL.R. Disruption
of Drug-Resistant Biofilms Using de Novo Designed Short o-Helical Antimicrobial Peptides with Idealized Facial Amphiphilicity.
Acta Biomater. 2017, 57, 103-114. [CrossRef] [PubMed]

Maraming, P. The Cationic Cell - Penetrating KT2 Peptide Promotes Cell Membrane Defects and Apoptosis with Autophagy
Inhibition in Human HCT 116 Colon Cancer Cells. Cell. Physiol. 2019, 234, 1-14. [CrossRef]

Wang, Y.; Wang, M.; Shan, A.; Feng, X. Avian host defense cathelicidins: Structure, expression, biological functions, and potential
therapeutic applications. Poult. Sci. 2020, 99, 6434-6445. [CrossRef]

Wang, J.; Chou, S.; Yang, Z.; Yang, Y.; Wang, Z.; Song, J.; Dou, X.; Shan, A. Combating Drug-Resistant Fungi with Novel
Imperfectly Amphipathic Palindromic Peptides. |. Med. Chem. 2018, 61, 3889-3907. [CrossRef]

Chou, S.; Shao, C.; Wang, J.; Shan, A.; Xu, L.; Dong, N.; Li, Z. Short, Multiple-Stranded 3-Hairpin Peptides Have Antimicrobial
Potency with High Selectivity and Salt Resistance. Acta Biomater. 2016, 30, 78-93. [CrossRef]

Shukla, A.; Fleming, K.E.; Chuang, H.F,; Chau, T.M.; Loose, C.R.; Stephanopoulos, G.N.; Hammond, P.T. Controlling the Release
of Peptide Antimicrobial Agents from Surfaces. Biomaterials 2010, 31, 2348-2357. [CrossRef]

De Breij, A.; Riool, M.; Cordfunke, R.A.; Malanovic, N.; De Boer, L.; Koning, R.I.; Ravensbergen, E.; Franken, M.; Van Der Heijde,
T.; Boekema, B.K.; et al. The Antimicrobial Peptide SAAP-148 Combats Drug-Resistant Bacteria and Biofilms. Sci. Transl. Med.
2018, 10, 423. [CrossRef] [PubMed]

Camele, L; Elshafie, H.S.; Caputo, L.; Sakr, S.H.; De Feo, V. Bacillus mojavensis: Biofilm formation and biochemical investigation of
its bioactive metabolites. J. Biol. Res. 2019, 92, 39-45. [CrossRef]

Ng, SM.S,; Yap, ].M.; Lau, Q.Y,; Ng, EM.; Ong, EH.Q.; Barkham, T.; Teo, ] W.P.; Alfatah, M.; Kong, K.W.; Hoon, S.; et al.
Structure-Activity Relationship Studies of Ultra-Short Peptides with Potent Activities against Fluconazole-Resistant Candida
Albicans. Eur. |. Med. Chem. 2018, 150, 479-490. [CrossRef]

Jagadish, K.; Gould, A.; Borra, R.; Majumder, S.; Mushtaq, Z.; Shekhtman, A.; Camarero, J.A. Recombinant Expression and
Phenotypic Screening of a Bioactive Cyclotide Against «-Synuclein-Induced Cytotoxicity in Baker’s Yeast. Angew. Chemie Int. Ed.
2015, 54, 8390-8394. [CrossRef]

Wang, G.; Li, X.; Wang, Z. APD3: The Antimicrobial Peptide Database as a Tool for Research and Education. Nucleic Acids Res.
2016, 44, D1087-D1093. [CrossRef] [PubMed]

McCarthy, K.A.; Kelly, M.A; Li, K.; Cambray, S.; Hosseini, A.S.; Van Opijnen, T.; Gao, J. Phage Display of Dynamic Covalent
Binding Motifs Enables Facile Development of Targeted Antibiotics. J. Am. Chem. Soc. 2018, 140, 6137-6145. [CrossRef] [PubMed]
Chou, S.; Wang, J.; Shang, L.; Akhtar, M.U.; Wang, Z.; Shi, B.; Feng, X.; Shan, A. Short, Symmetric-Helical Peptides Have
Narrow-Spectrum Activity with Low Resistance Potential and High Selectivity. Biomater. Sci. 2019, 7, 2394-2409. [CrossRef]
[PubMed]

Chou, S.; Li, Q.; Nina, Z.; Shang, L.; Li, J.; Li, ].; Wang, Z.; Shan, A. Peptides With Triplet-Tryptophan-Pivot Promoted Pathogenic
Bacteria Membrane Defects. Front. Microbiol. 2020, 11, 1-12. [CrossRef] [PubMed]

Wiradharma, N.; Khoe, U.; Hauser, C.A.E.; Seow, S.V.; Zhang, S.; Yang, Y.Y. Synthetic Cationic Amphiphilic x-Helical Peptides as
Antimicrobial Agents. Biomaterials 2011, 32, 2204-2212. [CrossRef] [PubMed]

Lai, Z.; Tan, P; Zhu, Y.; Shao, C.; Shan, A.; Li, L. Highly Stabilized o -Helical Coiled Coils Kill Gram-Negative Bacteria by
Multi-Complementary Mechanisms under Acidic Condition. Biol. Med. Appl. Mater. Interfaces 2019, 11, 22113-22128. [CrossRef]
[PubMed]

Dong, N.; Wang, Z.; Chou, S.; Zhang, L.; Shan, A,; Jiang, ]. Antibacterial Activities and Molecular Mechanism of Amino-Terminal
Fragments from Pig Nematode Antimicrobial Peptide CP-1. Chem. Biol. Drug Des. 2018, 91, 1017-1029. [CrossRef] [PubMed]
Dong, N.; Wang, C.; Zhang, T.; Zhang, L.; Xue, C.; Feng, X,; Bi, C.; Shan, A. Bioactivity and Bactericidal Mechanism of
Histidine-Rich 3-Hairpin Peptide Against Gram-Negative Bacteria. Int. J. Mol. Sci. 2019, 20, 3954. [CrossRef]

Stone, T.A.; Cole, G.B.; Ravamehr-lake, D.; Nguyen, Q.; Khan, F.; Sharpe, S.; Deber, C.M.; Stone, T.A.; Cole, G.B.; Ravamehr-lake,
D.; et al. Positive Charge Patterning and Hydrophobicity of Membrane-Active Antimicrobial Peptides as Determinants of Activity,
Toxicity, and Pharmacokinetic Stability. ]. Med. Chem. 2019, 62, 6276-6286. [CrossRef]

Gopal, R;; Seo, C.H.; Song, P1; Park, Y. Effect of Repetitive Lysine Tryptophan Motifs on the Bactericidal Activity of Antimicrobial
Peptides. Amino Acids 2013, 44, 645-660. [CrossRef]

Dong, N.; Chou, S.; Li, J.; Xue, C.; Li, X.; Cheng, B.; Shan, A.; Xu, L. Short Symmetric-End Antimicrobial Peptides Centered on
-Turn Amino Acids Unit Improve Selectivity and Stability. Front. Microbiol. 2018, 9, 2832. [CrossRef]


http://doi.org/10.1038/nchembio.2534
http://doi.org/10.1126/scitranslmed.3004404
http://doi.org/10.1016/j.actbio.2016.05.008
http://doi.org/10.3389/fimmu.2012.00248
http://doi.org/10.1016/j.actbio.2017.04.032
http://www.ncbi.nlm.nih.gov/pubmed/28457962
http://doi.org/10.1002/jcp.28774
http://doi.org/10.1016/j.psj.2020.09.030
http://doi.org/10.1021/acs.jmedchem.7b01729
http://doi.org/10.1016/j.actbio.2015.11.002
http://doi.org/10.1016/j.biomaterials.2009.11.082
http://doi.org/10.1126/scitranslmed.aan4044
http://www.ncbi.nlm.nih.gov/pubmed/29321257
http://doi.org/10.4081/jbr.2019.8296
http://doi.org/10.1016/j.ejmech.2018.03.027
http://doi.org/10.1002/anie.201501186
http://doi.org/10.1093/nar/gkv1278
http://www.ncbi.nlm.nih.gov/pubmed/26602694
http://doi.org/10.1021/jacs.8b02461
http://www.ncbi.nlm.nih.gov/pubmed/29701966
http://doi.org/10.1039/C9BM00044E
http://www.ncbi.nlm.nih.gov/pubmed/30919848
http://doi.org/10.3389/fmicb.2020.00537
http://www.ncbi.nlm.nih.gov/pubmed/32328042
http://doi.org/10.1016/j.biomaterials.2010.11.054
http://www.ncbi.nlm.nih.gov/pubmed/21168911
http://doi.org/10.1021/acsami.9b04654
http://www.ncbi.nlm.nih.gov/pubmed/31199117
http://doi.org/10.1111/cbdd.13165
http://www.ncbi.nlm.nih.gov/pubmed/29266746
http://doi.org/10.3390/ijms20163954
http://doi.org/10.1021/acs.jmedchem.9b00657
http://doi.org/10.1007/s00726-012-1388-6
http://doi.org/10.3389/fmicb.2018.02832

Int. . Mol. Sci. 2021, 22, 8231 19 of 19

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Shao, C.; Zhu, Y;; Jian, Q.; Lai, Z.; Tan, P,; Li, G.; Shan, A. Cross-Strand Interaction, Central Bending, and Sequence Pattern Act as
Biomodulators of Simplified 3-Hairpin Antimicrobial Amphiphiles. Small 2021, 17, 2003899. [CrossRef]

Li, Q. Li, J.; Yu, W.; Wang, Z.; Li, J.; Feng, X.; Wang, J.; Shan, A. De novo design of a pH-triggered self-assembled (3-hairpin
nanopeptide with the dual biological functions for antibacterial and entrapment. J. Nanobiotechnol. 2021, 19, 1-19. [CrossRef]
Wang, C.; Shao, C.; Fang, Y.; Wang, J.; Dong, N.; Shan, A.. Binding loop of sunflower trypsin inhibitor 1 serves as a design motif
for proteolysis-resistant antimicrobial peptides. Acta Biomater. 2021, 124, 254-269. [CrossRef]

Malanovic, N.; Lohner, K. Gram-Positive Bacterial Cell Envelopes: The Impact on the Activity of Antimicrobial Peptides. Biochim.
Biophys. Acta Biomembr. 2016, 1858, 936-946. [CrossRef]

Jarva, M.; Phan, TK.; Lay, ET,; Caria, S.; Kvansakul, M.; Hulett, M.D. Human-defensin 2 Kills Candida Albicans through
Phosphatidylinositol 4,5Bisphosphate-Mediated Membrane Permeabilization. Sci. Adv. 2018, 4, 1-10. [CrossRef] [PubMed]
Loffler, J.; Einsele, H.; Hebart, H.; Schumacher, U.; Hrastnik, C.; Daum, G. Phospholipid and Sterol Analysis of Plasma Membranes
of Azole-Resistant Candida albicans Strains. FEMS Microbiol. Lett. 2000, 185, 59-63. [CrossRef]

White, D.A.; Lennarz, W.J.; Schnaitman, C.A. Distribution of Lipids in the Wall and Cytoplasmic Membrane Subfractions of the
Cell Envelope of Escherichia coli. ]. Bacteriol. 1972, 109, 686-690. [CrossRef] [PubMed]

Mishra, N.N.; Bayer, A.S. Correlation of Cell Membrane Lipid Profiles with Daptomycin Resistance in Methicillin-Resistant
Staphylococcus aureus. Antimicrob. Agents Chemother. 2013, 57, 1082-1085. [CrossRef]

Ran, S.; Thorpe, P.E. Phosphatidylserine Is a Marker of Tumor Vasculature and a Potential Target for Cancer Imaging and Therapy.
Int. ]. Radiat. Oncol. Biol. Phys. 2002, 54, 1479-1484. [CrossRef]

Fidler, 1.].; Schroit, A.].; Connor, J.; Bucana, C.D.; Fidler, 1.]. Elevated Expression of Phosphatidylseine in the Outer Membrane
Leaflet of Human Tumor Cells and Recognition by Activated Human Blood Monocytes. Cancer Res. 1991, 51, 3062-3066.
Yamazaki, D.; Kurisu, S.; Takenawa, T. Regulation of Cancer Cell Motility through Actin Reorganzation. Cancer Sci. 2005, 96,
379-386. [CrossRef] [PubMed]

Miyazaki, Y.; Aoki, M.; Yano, Y.; Matsuzaki, K. Interaction of Antimicrobial Peptide Magainin 2 with Gangliosides as a Target for
Human Cell Binding. Biochemistry 2012, 51, 10229-10235. [CrossRef]

Saporito, P.; Biljana, M.; Lebner, A.; Hadvard, O. Antibacterial Mechanisms of GN-2 Derived Peptides and Peptoids against
Escherichia coli. Biopolymers 2019, 110, €23275. [CrossRef] [PubMed]

Shao, C.; Li, W,; Tan, P,; Shan, A.; Dou, X.; Ma, D.; Liu, C. Symmetrical Modification of Minimized Dermaseptins to Extend the
Spectrum of Antimicrobials with Endotoxin Neutralization Potency. Int. J. Mol. Sci. 2019, 20, 1417. [CrossRef] [PubMed]


http://doi.org/10.1002/smll.202003899
http://doi.org/10.1186/s12951-021-00927-z
http://doi.org/10.1016/j.actbio.2021.01.036
http://doi.org/10.1016/j.bbamem.2015.11.004
http://doi.org/10.1126/sciadv.aat0979
http://www.ncbi.nlm.nih.gov/pubmed/30050988
http://doi.org/10.1016/S0378-1097(00)00071-9
http://doi.org/10.1128/jb.109.2.686-690.1972
http://www.ncbi.nlm.nih.gov/pubmed/4550815
http://doi.org/10.1128/AAC.02182-12
http://doi.org/10.1016/S0360-3016(02)03928-7
http://doi.org/10.1111/j.1349-7006.2005.00062.x
http://www.ncbi.nlm.nih.gov/pubmed/16053508
http://doi.org/10.1021/bi301470h
http://doi.org/10.1002/bip.23275
http://www.ncbi.nlm.nih.gov/pubmed/30951211
http://doi.org/10.3390/ijms20061417
http://www.ncbi.nlm.nih.gov/pubmed/30897850

	Introduction 
	Results 
	Antimicrobial Activity 
	Structure Variability of the Peptides 
	Biocompatibility of the Peptides 
	Sensitivity upon Salt and Acid Condition 
	Drug-Resistance 
	Membrane Permeabilization and Integrity 
	Membrane Binding Affinity 

	Discussion 
	Materials and Methods 
	Bacteria and Fungi 
	Peptide Synthesis 
	Circular Dichroism (CD) Measurements 
	Antimicrobial Assays 
	Cytotoxicity Assays 
	Salt and Acid Sensitivity Assays 
	Drug-Resistance 
	Membrane Permeabilization and Integrity Assays 
	Cytoplasmic Membrane Depolarization Assay 
	Flow Cytometer Assay 
	SEM, TEM and CLSM Characterization 

	Membrane Binding Affinity Assays 
	Whole Cell ELISA 
	Protein–Lipid Overlay Assay 

	Binding Affinity to LPS or LTA 
	Statistical Analysis 

	Conclusions 
	References

