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Abstract

Clostridioides difficile infection is the most common cause of nosocomial and antibiotic-
associated diarrhea. C. difficile treatment is increasingly likely to fail, and the recurrence
rate is high. Antimicrobial peptides are considered an alternative treatment for many infec-
tious diseases, including those caused by antibiotic resistant bacteria. In the present study,
we identified a CM peptide, a hybrid of cecropin A and melittin, and its derivative which pos-
sesses potent antimicrobial activity against C. difficile strain 630. CM peptide exhibited anti-
bacterial activity with minimum inhibitory concentration of 3.906 ug/ml (2.21 uM). A modified
derivative of CM, CM-A, exhibited even greater activity with a minimum inhibitory concentra-
tion of 1.953 pg/ml (1.06 uM) and a minimum bactericidal concentration of 7.8125 ug/ml
(4.24 uM), which indicates that CM-A peptide is more efficient than its parent peptide. A fluo-
rescence-activated cell sorter analysis revealed that the membrane of C. difficile 630 could
be an important target for CM-A. This peptide induced high levels of cell depolarization and
cell permeability on C. difficile cell membrane. Moreover, electron microscopy imaging
showed that CM-A interferes with the C. difficile cell membrane. Hence, the antimicrobial
peptide CM-A may represent a promising novel approach for the treatment of C. difficile
infections.

Introduction

Clostridioides difficile is a Gram-positive, strictly anaerobic, and spore-forming bacterium. C.
difficile infection (CDI) can cause C. difficile-associated disease (CDAD) and antibiotic-associ-
ated diarrhea [1, 2]. The clinical symptoms range from mild to serious diarrhea, pseudomem-
branous colitis, and death [3-5]. The risk factors for C. difficile infection frequently include
antibiotic usage, exposure to environmental contamination, and long-term hospital stays [6-
9]. Either vancomycin or fidaxomicin is reccommended by the IDSA/SHEA guidelines for the
treatment of C. difficile infections in the initial episodes of adult patients [10]. However, the
recurrence of infection and failure of antibiotic treatment has led researchers to investigate
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alternative treatments [11, 12]. In previous studies, researchers examined natural antimicrobial
agents, especially antimicrobial peptides (AMPs) that can be developed into alternative treat-
ment. AMPs are peptides comprising less than 100 amino acid residues (typically 6-100 amino
acids) found in prokaryotes and eukaryotes, including insects, humans, other animals, and
microorganisms [13, 14]. AMPs are associated with innate immunity and demonstrate a broad
spectrum of antimicrobial activity. Most of AMPs are positively charged because of their argi-
nine and lysine residues [15] resulting in the formation of a pore in the bacterial cell mem-
brane, which depolarized the membrane and leads to cell death [15]. They are categorized into
four classes according to their secondary structure, including -sheets, a-helices, loops, and
extended peptides [15-17]. The various structures and amino acid residues of the peptides
play important roles in the inhibition of bacteria, fungi, viruses, and cancer cells. In particular,
o-helical and B-sheet peptides comprising cysteine-rich sequences exhibit strong antibacterial
activities [18]. These two groups of antimicrobial peptides may act as alternatives to traditional
antibiotics for C. difficile infections, especially considering the limited number of studies
involving antimicrobial peptides and C. difficile. New antimicrobial agents can be developed
for more active and stable variants upon the design and chemical synthesis of analogs of natu-
ral antimicrobial peptides [19, 20]. The synthesis of hybrid peptides containing different anti-
microbial properties is an interest approach to obtain novel AMPs [21, 22]. CM peptide is a
hybrid o-helical peptide of cecropin A and melittin. Cecropin was isolated from pig intestine
and broad-spectrum antibacterial peptides [23]. It composes of two domains as C-terminus
and N-terminus. The C-terminus is more hydrophobic helix and the N-terminus is strongly
basic [24]. For improvement antimicrobial activity of cecropin A, the o-helical 1-8 region was
usually utilized in hybridizing with others to obtain peptides [24, 25]. Melittin is a peptide
from bee venom. It showed antibacterial, anti-tumor, and anti-inflammatory activities [26]. It
composes of 26 amino acid residues. Nevertheless, it has limited for its strong toxic to eukary-
otic cells [27]. The synthetic hybrid peptide of cecropin A—melittin (CM peptide) can
improve antimicrobial activity spectrum than that of cecropin A or melittin peptides [28]. The
peptide showed a broad-spectrum bactericidal activity and exerted antibacterial effects on
microorganisms such as Pseudomonas aeruginosa, Acinetobacter baumannii, and Escherichia
coli [19, 29]. Previous studies showed that the crucial physicochemical properties of AMPs
such as structure, length, net charge, sequence and hydrophobicity can improve antimicrobial
activities while reducing undesirable cytotoxic effects of AMPs [30]. Thus, in this study, we
modified the amino acid residues of the CM peptide to improve its inhibitory effect on C. diffi-
cile. The results of this study can aid the development of AMP-based novel or derivative treat-
ment against C. difficile infections in the future.

Materials and methods
Bacterial strains and culture conditions

Clostridioides difficile strain 630 (kindly provided by Prof. Nigel Minton, University of Not-
tingham, UK) was cultivated in brain heart infusion (BHI, Himedjia, India) medium supple-
mented with 0.1% (w/v) taurocholate and 0.75% (v/v) thioglycolate at 37°C for 2-3 days under
anaerobic cabinet. The pre-culture was prepared by inoculating BHI broth with a single, well-
isolated colony and incubated at 37°C for 16-18 hours. The pre-culture was added to the BHI
broth at a concentration of 1% and grown at 37°C prior to use.

Antimicrobial peptide synthesis

The synthetic CM and CM-A peptides (Table 1) were synthesized via Fmoc/tBu solid phase
synthesis by China Peptide (Shanghai, China). The molecular mass and purity of the peptides
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Table 1. Amino acid sequences and properties of synthetic CM and CM-A.

Peptide Sequence Net charge Hydrophobicity (%)
CM KWKLFKKIGAVLKVL-NH2 +5 60
CM-A KWKLFKKIGAVLKVLA-NH2 +6 62

https://doi.org/10.1371/journal.pone.0257431.t001

were verified by mass spectroscopy and reverse phase high-performance liquid chromatogra-
phy (RP-HPLC), respectively. The purity of the peptides was greater than 98%. The helical
wheel projection and additional physicochemical properties, including the hydrophobicity
and the net charge at neutral pH, were determined using Heliquest (http://heliquest.ipmc.cnrs.
fr/cgi-bin/ComputParamsV2.py) [31]. A three-dimensional structure of the peptide CM and
CM-A was predicted by I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) as
shown in Fig 1. The stock solutions were freshly prepared in dimethyl sulfoxide (DMSO;
Merck, USA) at a concentration of 10 mg/ml. Peptides used in the experiment were two-fold
diluted and concentrations were varied ranging 0.488 to 62.5 ug/ml.

Determination of the minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) of the peptides

The MIC was defined as the lowest concentration of a compound that inhibits the growth of
tested organisms. An inoculum of C. difficile 630 (10° CFU/ml) was tested with peptides at var-
ious concentrations. The MIC of the CM and CM-A peptides was determined using 96-well
microtiter plates. Peptides were two-fold diluted to obtain concentrations of 62.5, 31.25,
15.625, 7.8125, 3.906, 1.953, 0.976, and 0.488 pg/ml (0.28-35.30 uM for CM peptide and 0.27-
33.94 uM for CM-A peptide). C. difficile inoculum (1%) was transferred into BHI broth (300

Fig 1. Structures of synthetic antimicrobial peptide CM and CM-A. Helical wheel projections and three-
dimensional structure of CM peptide (A) and CM-A peptide (B). Hydrophobic residues are presented in yellow while
positive charged residues are shown in blue. The positions of amino acid residues are presented by number.

https://doi.org/10.1371/journal.pone.0257431.g001

PLOS ONE | https://doi.org/10.1371/journal.pone.0257431 September 13, 2021 3/13


http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParamsV2.py
http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParamsV2.py
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
https://doi.org/10.1371/journal.pone.0257431.t001
https://doi.org/10.1371/journal.pone.0257431.g001
https://doi.org/10.1371/journal.pone.0257431

PLOS ONE

Effective inhibition of Clostridioides difficile by the novel peptide CM-A

ml) and cultivated for 6 hours at 37°C under anaerobic conditions. One hundred microliters
of the culture were transferred into a 96-well plate. The CM and CM-A peptides (100 pl) with
various concentrations were also added into the well. Vancomycin was used as a positive con-
trol. After 24 hours of incubation, the optical density at 600 nm was measured using a micro-
plate reader (Tecan Sunrise™, Tecan Group Ltd, Switzerland). MIC values represented the
lowest concentration of CM and CM-A peptides that inhibited the growth of C. difficile 630
under the tested conditions. The MBC was defined as the lowest concentration of an antibacte-
rial substance that kills >99.9% of the bacteria. After 24 hours of incubation, the mixture of C.
difficile and the CM or CM-A peptide was used to inoculate onto BHI agar plates. The MBC of
the peptides was investigated by observing the viability of the bacteria on the agar plate after
incubation for 24 hours at 37°C under anaerobic conditions. The experiments were performed
in triplicate.

Cytotoxicity assays

The human colon adenocarcinoma cell line (Caco-2, HBT37) was used to investigate the cyto-
toxicity of CM-A peptide. Dulbecco’s modified Eagle’s medium (DMEM) (Hyclone, USA)
containing 10% fetal bovine serum was supplemented with 1% penicillin and streptomycin
(Hyclone, USA). Ten milliliters of media were added into T75 flasks for the culture of Caco-2
cells at 37°C in the presence of 5% CO,. Cells were grown until 70%-80% confluence prior to
testing [31, 32]. A concentration of 3x10* cells/well of Caco-2 cells were seeded into a 96-well
plate and incubated at 37°C for 24 hours. Culture supernatants were removed. CM-A peptide
and DMEM were then added into the 96-well plate at a ratio of 1:1. After 24 hours, 0.5 mg/ml
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (Calbio-
chem, St. Louis, USA) was added into each well. The mixture was incubated for 2 hours in a
dark room. The reaction was stopped using one hundred microliters DMSO. DMEM with bac-
terial medium (tryptic soy agar) was used as negative control). The absorbance of the reaction
solution was measured using microplate reader (Biofil, Elgin, USA) at a wavelength of 570 nm.
The viability of Caco-2 cells was calculated by comparing the OD of Caco-2 incubated with
TSB broth with that of the Caco-2 cells treated with the peptides. The experiments were per-
formed in triplicate.

Flow cytometry

Flow cytometry was used to investigate the effects of CM-A peptide on the permeability and
membrane potential of C. difficile 630. Membrane permeability and membrane potential were
tested using propidium iodide (PI) and bis-(1, 3-dibutylbarbituric acid) trimethine oxonol
(DiBAC4) (Calbiochem, St. Louis, USA), respectively [3]. BHI broth was inoculated with 1%
C. difficile 630 pre-culture and was then continually grown for 6 hours at 37°C under anaero-
bic conditions. Bacterial cells were harvested by centrifugation at 5,000 rpm for 5 minutes, and
pellets were re-suspended in two milliliters of BHI broth. The CM-A peptide were added into
the solution at a concentration of 4 times of the MIC (4xMIC), while the positive control was
heated at 70°C for 30 minutes. PI and DiBAC4 were then added into the solution at final con-
centrations of 20 pug/ml and 5 uM, respectively. After incubation for 10 minutes, the mixtures
were centrifuged at 4,500 rpm for 10 minutes. The pellets were collected and resuspended in
four hundred milliliters of phosphate buffer saline (PBS) with a pH of 7.4. The fluorocyto-
metric analyses were performed using flow cytometry with a BD FACSCanto Cell Analyzer
(BD Biosciences, Belgium). The number of fluorescence events versus the fluorescence of the
population were plotted as a histogram using FACSDiva version 6.1.1 [33, 34]. The experi-
ments were performed in duplicate.
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Transmission electron microscopy

The membrane structure of C. difficile after treatment with the CM-A peptide was visualized
via transmission electron microscopy. Following peptide treatment, C. difficile pellets were
fixed with 2.5% glutaraldehyde for 1 hour and then washed three times with sucrose phosphate
buffer. For postfixation, cells were re-suspended in 1% osmium tetraoxide, incubated for 1
hour, washed three times with sucrose phosphate buffer, and dehydrated with increasing con-
centrations of alcohol (30%, 50%, 70%, 90%, and 100%). Then, samples were embedded with
resin and cut with an ultramicrotome (Leica UC7, Germany). Sections were strained with ura-
nyl acetate and lead citrate. Ultrathin sections were visualized using a HT7700 transmission
electron microscope (Hitachi Global Company, Japan) [35, 36].

Statistical analysis

In this study, the data was analyzed by SPSS program version 22.0 was used for analysis.
Results are presented as mean * standard deviation (SD) for MIC and cytotoxicity. T-tests
were used to evaluate differences in cell viability between each concentration of peptides and
control. A p-value < 0.05 was considered statistically significant.

Results

Design of a novel short peptide derivative

Amino acid sequences and properties of short peptide (CM) and its derivative (CM-A) are
shown in Table 1. CM and CM-A peptides compose of 15 amino acid and 16 amino acid resi-
dues with positive charge of +5 and +6, respectively. CM-A peptide was designed by adding
one alanine residue to the C-terminus (Fig 1). This alanine was added at position 16 because
this position can link the hydrophobic and hydrophilic faces of the peptide. This modification
improves the secondary structure, increases positive charge and increases hydrophobicity.

Antimicrobial activity of CM and CM-A peptides against C. difficile

C. difficile was treated with various concentrations of CM and CM-A peptides to evaluate the
inhibitory effects of peptides. MIC values of the tested peptides are shown in Table 2. CM pep-
tide showed antimicrobial activity against C. difficile at MIC of 3.906 pug/ml (2.21uM). CM-A
was more effective than CM with MIC of 1.953 pg/ml (1.06 uM). However, CM and CM-A
peptides were less effective compared with that of vancomycin, positive control. The minimum
bactericidal concentration (MBC) of CM and CM-A was 3.906 ug/ml and 7.8125 pug/ml
(2.21uM and 4.24 uM), respectively (Fig 2). Based on the greater efficacy of the CM-A, this
peptide was selected for further investigations into its effects on C. difficile.

Cytotoxicity assay

The effect of CM-A peptide on the viability of Caco-2 cells was investigated using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide tetrazolium (MTT) assay. Viability of
Caco-2 cells reduced when the cells were treated with higher concentrations of CM-A. Ata
MIC of 1.953 pg/ml (1.06 uM), viability of Caco-2 cell reduced by 11%. Statistical analyses

Table 2. The MIC values of CM and CM-A peptides against C. difficile 630.

Peptides MIC (ug/ml) MIC (uM)
CM 3.906 + 0.001 2.21
CM-A 1.953 +0.002 1.06
Vancomycin 0.488 + 0.001 0.34

https://doi.org/10.1371/journal.pone.0257431.t1002
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Fig 2. MBC of CM and CM-A peptides on C. difficile 630. C. difficile was incubated with various concentrations of
CM (A) and CM-A (B) peptides. After incubation for 24 hours at 37°C under anaerobic condition, the mixture was
stamped on BHI agar. The viability of the C. difficile was observed. Vancomycin (C) was used as positive control. Each
condition was done in triplicate.

https://doi.org/10.1371/journal.pone.0257431.9002

(t-test) showed no significant differences compared with that of the control as shown in Fig 3.

However, the increasing of CM-A concentration to 62.5 pg/ml (33.94 uM) can reduce viability
of Caco-2 cells to 40%. This finding indicates that the use of this peptide at its MIC concentra-
tion was not toxic to the Caco-2 cells.

Determination of the membrane potential and permeability of C. difficile
by treating with CM-A peptide

Two fluorescent dyes were used to evaluate the bactericidal activity of the peptide, CM-A,
against C. difficile. Dead cells can be visualized with propidium iodide (PI), which acts as a
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Fig 3. Effect of CM-A peptide on the viability of Caco-2 cells investigated by a MTT assay. Bars denoted by an
asterisk (*) indicate a significant difference (p < 0.05) in comparison to the control. The experiments were performed
in triplicate.

https://doi.org/10.1371/journal.pone.0257431.9003

nucleic acid intercalating agent. DiBAC4, another dye, can enter into cells and detect mem-
brane depolarization caused by injury, stress, or cell death. The fluorescence dot plots of C. dif-
ficile stained with PT and DiBAC4 are shown in Fig 4. The dot plot of untreated cells (Fig 4A)
showed that most of the untreated C. difficile cells were not stained with both PI and DiBAC4
(Q1) indicating no cell damage. When C. difficile 630 was heated (Fig 4B), more florescence
dots were observed in the B+/P+ panel than in those of untreated cells, which indicates that
the bacterial cells were damaged and were stained with both fluorescent dyes. Treatment of C.
difficile with the CM-A peptide with the concentration at MIC (Fig 4C) and at 4x MIC (Fig
4D) exhibited an increase of inhibitory effect of the peptide to C. difficile cells, as shown by the

B+/P+

Q2,83 %

10*
DiBAC4

B-/P+

Q1,0.8%

Q2,81.4%

S

10* 10
DiBAC4

Fig 4. Fluorescence dot plot of C. difficile stained with PI and DiBAC4. (A) Untreated C. difficile. (B) C. difficile
heated at 70°C. (C) C. difficile treated with 1X MIC of CM-A. (D) C. difficile treated with 4X MIC of CM-A.

https://doi.org/10.1371/journal.pone.0257431.9004
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increased number of fluorescent dots in panel Q2. The percentage of damaged C. difficile cells
increased to 37.5% and 81.4% when treated with CM-A at the MIC and 4x MIC, respectively.
These results indicate that CM-A can damage the C. difficile cell membrane, which causes
membrane depolarization and bacterial cell lysis.

Investigating the effect of CM-A peptide on the cell membrane of C. difficile

To investigate the inhibitory effects of the CM-A peptide on the C. difficile cell membrane,
morphological structure of the C. difficile cell membrane were observed under a transmission
electron microscopy (TEM). Fig 5A showed the structure of untreated C. difficile cells with no
morphological damage. The double membrane was observed in untreated C. difficile cells.
Treatment with the CM-A peptide at 4xMIC for 30 minutes can lyse the cell membrane and
cause leakage of the cytoplasm in C. difficile. The degenerated membrane was observed in
treated cells (Fig 5B), indicating that the CM-A peptide can inhibit C. difficile by altering the
bacterial cell membrane.

Discussion

Clostridioides difficile infection (CDI) is the most common pathogen implicated in nosocomial
and antibiotic-associated diarrheal disease [1, 2]. The use of antibiotics for the treatment of
CDI infection can lead to treatment failures and the recurrence of infection [11, 12].

Fig 5. Membrane structure of C. difficile via transmission electron microscopy. (A) Untreated C. difficile. (B) C.
difficile treated with CM-A peptide at 4xMIC. Arrows indicate the leakage on the cell membrane of C. difficile.

https://doi.org/10.1371/journal.pone.0257431.9005
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Antimicrobial peptides (AMPs) are of interest as an alternative treatment for bacterial infec-
tions, especially in drug-resistant bacteria. In this study, hybrid peptides between cecropin A
and melittin (CM peptide) and a CM derivative peptide, CM-A, were synthesized and tested
for their inhibitory effect against C. difficile strain 630. The CM and CM-A peptides showed
antimicrobial activity with MIC of 3.906 pg/ml (2.21 pM) and 1.953 pg/ml (1.06 uM), respec-
tively. The MIC of our peptides was comparable to that of several antimicrobial peptides have
been reported to inhibit the growth of C. difficile [17, 37]. Nisin, a 34-amino-acid AMP, pro-
duced by Lactococcus lactis, showed a MIC range from 0.8 to 6.2 pg/ml, while thuricin CD,
produced by Bacillus thuringiensis isolated from human intestinal flora, exhibited a MIC of
0.125-0.5 uM [38]. A new technology on hybrid peptide is one of the most effective techniques
used to design new AMPs with better properties than their parent peptides. Jindal HM and
colleagues have reported that hybrid peptides derived from ranalexin and indolicidin inhibited
Streptococcus pneumonia. Four of these hybrid peptides (RN7-IN10, RN7-IN9, RN7-IN8, and
RN7-IN6) exhibited the strongest antipneumococcal activity [39]. In our study, the peptide
CM-A exhibited a more potent antibacterial activity than that of the parental peptide. This dif-
ference may be the result of an increased hydrophobicity of the peptide via the addition of ala-
nine at position 16. It could improve secondary structure by linking hydrophilic and
hydrophobic regions in the structure. This result was in agreement with the study of Klubtha-
wee N that truncation and amino acid substitution of P7, derivatives peptide from o.-helical
cathelicidin (P0), showed significantly improved antimicrobial activity. This result may be
from higher hydrophobicity and amphipathicity of peptide [40]. In this study, the MIC value
from CM-A peptide was lower than that of other studies such as the cathelicidin-derived pep-
tide, SMAP-29 deduced from sheep myeloid mRNA showed antimicrobial activity against C.
difficile with MIC and MBC at 2.4 mg/L and 4.8 mg/L, respectively [41]. SMAP-29 is o-helical
conformation which is similar toward CM-A peptide. The 28 residue peptide of SMAP-29 has
anet charge +10 [42] while 16 amino acid residue of CM-A has a net charge +6. It could be
indicated that CM-A peptide had a more antimicrobial activity toward C. difficile than SMAP-
29. Moreover, coprisin, a peptide from Copris tripartitus, showed inhibitory effect against C.
difficile ATCC 43255 with MIC of 1.5 pug/ml [17] which was lower than that of CM-A peptide.
The a-helical structure of Coprisin is like with CM-A but coprisin is adding B-sheet into the
structure [42, 43]. Therefore, the various structures and amino acid residues of the peptides
may play an important role in the inhibition of bacteria [18]. Although, in this study, the MIC
against C. difficile of CM and CM-A peptides was not compared with that of the parent pep-
tides, cecropin A and melittin. Several cecropin A-melittin hybrid peptides were designed and
tested for their inhibitory activity against Gram-positive and Gram-negative bacteria. The
result showed that the hybrid peptides CA(1-7)M(2-9), similar sequence with CM peptide,
possessed higher antimicrobial activity against Bacillus subtilis, Bacillus megaterium, Staphylo-
coccus aureus and Streptococcus pyogenes than that of the parent peptides [44, 45]. The interac-
tion of CM-A peptide with the membrane of C. difficile was studied by flow cytometry and
transmission electron microscopy. The CM-A peptide is an antimicrobial agent that targets
the cell membrane of C. difficile. We found that a higher concentration of the CM-A peptide
increased deterioration of the C. difficile cell membrane investigated by flow cytometry and
transmission electron microscopy. According to the findings from Nuding S et al., they
revealed that the concentration of synthetic peptide, HBD3, tested with C. difficile, required 3X
and 40X of MIC in flow cytometry assay and transmission electron microscopy, respectively
[18, 46]. At concentration 4x MIC of the CM-A peptide resulted the strong effect that exhib-
ited more damage on the C. difficile cell membrane and its permeability leading to high num-
ber of bacterial cells was stained with dual PI/DiBAC4 dyes. These results were in accordance
with the study of Kang JK and Furci L that C. difficile treated with synthetic coprisin peptide
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and human-o defensin 5 (HD5) peptide can cause bacterial fragmentation and depolarization
of the cell membrane [17, 47]. Cell membrane structures of C. difficile were observed using
TEM after incubation with 4xMIC of CM-A peptide. The membrane perturbation and disrup-
tion of the C. difficile cell membrane was similar to the damage caused by nisin [38, 48]. In
addition, the o-helical hybrid peptide CA-FO (charge of +13), which comprised cecropin A
(charge of +5) (CA (1-8)) and the most potent region of fowlicidin-2 (charge of +9)(FO (1-
15)), exhibited the greatest antibacterial activity against both Gram-positive and Gram-nega-
tive bacteria. Furthermore, CA-FO can also damage the membrane integrity and increase
membrane permeability [49].

Conclusions

The derivative CM-A peptide was more effective against C. difficile than that of the parental
peptide, CM, resulting from the modification which linked hydrophilic and hydrophobic
regions, improved secondary structure, and altered hydrophobic and positive charge. Thus,
the derivative peptide CM-A could represent a promising novel approach for the treatment of
C. difficile infections.
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