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Introduction
Antimicrobial resistance is currently a major public health con-
cern worldwide.1 Resistant bacteria (RB) can cause serious 
infections that are becoming difficult to treat due to limited 
therapeutic options.2,3 The most critical group of RB includes 
multidrug-resistant (MDR) bacteria, which are defined as 
strains that are resistant to at least one agent in 3 or more anti-
biotic categories.3,4 These MDR strains represent a serious 
threat to human health, especially in clinics where they can 
cause nosocomial infections.3,5,6 Nonfermentative bacteria 
strains, such as Pseudomonas aeruginosa and Enterobacteriaceae 
(including Klebsiella pneumoniae), show resistance to multiple 
antibiotics and cause severe infections, such as bloodstream 
infections and pneumonia.3 Recently, resistant P aeruginosa 

and K pneumoniae were included in the World Health 
Organization (WHO) list of antibiotic-resistant bacteria that 
pose the greatest risk to human health.3 In this respect, both 
species were included in the critical category (priority 1) of the 
WHO priority pathogens list according to the urgency of the 
need for research and development of new antibiotics to fight 
against the growing global resistance to antimicrobial 
medicines.3

Within recent years, the resistance of P aeruginosa has 
increased, and they now show resistance to several antibiotics, 
such as β-lactams, aminoglycosides, fluoroquinolones, and pol-
ymyxins.7-9 To counter antibiotic attacks, P aeruginosa uses sev-
eral mechanisms that can be classified as intrinsic, acquired, 
and adaptive resistance.7 Some intrinsic resistance mechanisms 
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of P aeruginosa include the production of antibiotic-inactivat-
ing enzymes, low outer membrane permeability, and expression 
of efflux systems that pump antibiotics out of the cell.7,10,11 In 
addition to intrinsic resistance, their acquired resistance 
through mutational changes or acquisition of resistance genes 
via horizontal gene transfer greatly contributes to the develop-
ment of MDR P aeruginosa (MDRPA) strains.7,12 Several 
causes, including the overprescription and excessive use of anti-
biotics, self-medication, and incomplete courses of treatment, 
can accelerate the development of MDRPA strains, leading to 
the ineffectiveness of empirical antibiotic therapy against P 
aeruginosa.7,13 As a result, an increase in the number of MDR P 
aeruginosa strains leads to more cases of persistent infections 
and increased mortality.12,13 Similarly, multidrug resistance of 
the Enterobacteriaceae family is an increasing global public 
health concern.14 Much of the resistance in Enterobacteriaceae 
species is acquired through the transfer of different mobile 
genetic elements to plasmids, which move between cells of dif-
ferent species, and chromosomal gene mutations.14 MDR K 
pneumoniae (MDRKP) isolates carry various resistance genes 
and display high resistance to a broad spectrum of antibiotics, 
including β-lactams, aminoglycosides, quinolones, tigecycline, 
and polymyxins.6,14-17 These MDRKP strains are known to 
cause hospital-acquired infections.6,16,17 The incidence of 
infections caused by MDRPA and KPMDR strains has 
increased patient morbidity and mortality in healthcare set-
tings in Colombia and worldwide because they cause infections 
in hospitalized or immunocompromised individuals.5,9,16-19

Infections caused by these MDR bacteria are becoming 
more difficult to treat because of their limited susceptibility to 
antimicrobial agents, resulting in a growing problem regarding 
the selection of effective antibiotic treatments.6,7 Therefore, the 
development of new antibiotics or alternative therapeutic strat-
egies for the treatment of infections caused by MDR bacteria 
is urgently needed.7 Antimicrobial peptides (AMP) are prom-
ising candidates as alternatives to antibiotics because they 
exhibit antimicrobial activity against both antibiotic suscepti-
ble and MDR strains of Gram-negative and Gram-positive 
bacteria.20-28 AMPs are a large group of naturally occurring 
low-molecular-weight peptides that protect their hosts against 
diverse microorganisms.20,22,29-31 These peptides have been 
identified in several species from plants to humans and play  
a fundamental role in the innate immunity of these  
organisms.21,22,29-31 Specifically, the use of cationic AMPs 
(CAMP) is emerging as a promising nonantibiotic therapeutic 
strategy to overcome resistance as they have shown to be highly 
effective in killing bacterial strains resistant to conventional 
antibiotics.7,20,25,32-34 The mechanisms of action of CAMPs 
vary widely, and they cause bacterial cell death very quickly in 
comparison with conventional antibiotics because they induce  
killing by acting on one or more bacterial targets.24,25,35  
CAMPs can display direct activity by disrupting the integrity 
of bacterial membranes and cell wall synthesis or inhibiting 
intracellular functions, such as enzymatic activities or the 

synthesis of proteins and nucleic acids.24,36,37 In this respect, 
diverse groups of AMPs have exhibited activity against bacteria 
and other pathogens.31,32,34 In particular, cecropins (Cec) are a 
type of antimicrobial peptide with potential therapeutic appli-
cations.38 They belong to a group of naturally occurring AMPs 
in insects and have exhibited in vitro activity against Gram-
positive and Gram-negative bacteria.38

In this study, we investigated the in vitro antibacterial activ-
ity of a novel short synthetic CAMP derived from the ΔM2 
analog of Cec D-like (CAMP-CecD)27 against clinical strains 
of K pneumoniae and P aeruginosa. The antibacterial activity of 
ΔM2 against laboratory strains of Gram-positive and Gram-
negative bacteria has been previously reported.27 Here, the 
effects of CAMP-CecD were explored against both susceptible 
wild-type K pneumoniae (WTKP) and MDRKP strains and 
susceptible wild-type P aeruginosa (WTPA) and MDRPA 
strains. In addition, an in silico molecular dynamic simulation 
was performed to predict the interaction between CAMP-
CecD and membrane models of K pneumoniae and P 
aeruginosa.

Materials and Methods
Peptide design, sequence characteristics, and 
synthesis

CAMP-CecD is a short cationic peptide derived from the 
NH2-terminal region of ΔM2 peptide, a previously reported 
cecropin D Galleria mellonella analog.27 CAMP-CecD is com-
posed of the first 18 residues of the ΔM2 peptide. The net 
charge and wheel projections of CAMP-CecD were analyzed 
using Heliquest software (https://heliquest.ipmc.cnrs.fr/). 
CAMP-CecD was provided by GenScript Corporation 
(Piscataway, NJ, USA) with a 98% purity. The lyophilized pep-
tide was dissolved in phosphate-buffered saline (PBS, 138 mM 
NaCl, 3 mM KCl, 1.5 mM NaH2PO4, 8.1 mM Na2HPO4, 
and pH 7.4) at an initial concentration of 5000 μg/mL and 
then aliquoted to obtain the required concentration. Diluted 
solutions were prepared on the day of use.

Bacterial strains

All laboratory strains, including Escherichia coli ATCC 25922, 
K pneumoniae ATCC 2146, and P aeruginosa ATCC 27853, 
were obtained from the American Type Culture Collection 
(ATCC). A total of 60 clinical bacterial strains were tested, 
including 30 K pneumoniae and 30 P aeruginosa. All clinical 
isolates were recovered from two tertiary care hospitals in Cali, 
Colombia. The isolates were from intensive care units, and the 
sample sources were respiratory secretions, urine, and blood. 
The cultures of isolates were sent to a Microbiology Laboratory 
at Laboratorio de Salud Publica Departamental del Valle del 
Cauca (LSPD-Valle), in the context of laboratory surveillance, 
where the bacterial species were confirmed, and the antibiotic 
susceptibility characterization was performed. The strains were 
identified with the VITEK 2 Gram-Negative identification 
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(VITEK 2 GN ID) card based on established substrates and 
biochemical methods measuring carbon source utilization, 
enzymatic activities, and resistance (Ref. 21341, Biomérieux). 
The VITEK 2 GN ID card was used with the VITEK 2 sys-
tem for the automated identification of Enterobacteriaceae and 
non-Enterobacteriaceae Gram-negative bacilli.

Characterization of clinical isolates

Antibiotic susceptibility was initially assessed by disk diffusion 
according to the recommendations of the Clinical and 
Laboratory Standards Institute (CLSI).39 The antibiotic sus-
ceptibility of clinical isolates and the minimal inhibitory con-
centration (MIC) for each antibiotic were confirmed with the 
VITEK 2 Antimicrobial Susceptibility Testing (VITEK 2 
AST) card in the VITEK 2 system (Biomérieux) according to 
the clinical breakpoints defined by the CLSI and European 
Committee on Antimicrobial Susceptibility Testing 
(EUCAST).39,40 The susceptibility of all K pneumoniae clinical 
isolates to antimicrobial agents, such as amikacin (AMK), 
ampicillin/sulbactam (SAM), cefepime (FEP), cefoxitin (FOX), 
ceftazidime (CAZ), ceftriaxone (CRO), ciprofloxacin (CIP), 
doripenem (DOR), ertapenem (ETP), gentamicin (GEN), imi-
penem (IPM), meropenem (MEM), piperacillin/tazobactam 
(TZP), and tigecycline (TGC), was determined. In addition, all 
isolates of P aeruginosa were tested against AMK, FEP, CAZ, 
CIP, Colistin (CST), DOR, GEN, IPM, MEM, TZP, and 
TGC. E coli ATCC 25922 and K pneumoniae ATCC 2146 
strains were used as references for WTKP and MDRKP, respec-
tively, while P aeruginosa ATCC 27853 was used as the refer-
ence for WTPA. The susceptibility and resistance of ATCC 
strains were also confirmed with the VITEK 2 AST card.

Antimicrobial assay of CAMP-CecD

The MIC values of CAMP-CecD were determined by the 
broth microdilution test, according to the protocol of CLSI.39,41 
Briefly, pure bacterial cultures from specimens were obtained 
in brain heart infusion (BHI) agar and incubated at 37°C for 
18 to 20 hours. A colony from the pure culture was initially 
resuspended in sterile water to reach the turbidity of 0.5 
McFarland, and the resulting suspension contained approxi-
mately 1-4 × 108 colony forming units (CFU)/mL. Using this 
suspension, a final 1:1000 dilution was performed directly into 
cation-adjusted Mueller-Hinton broth to obtain a final con-
centration of 2-7 × 105 CFU/mL. These bacterial inoculums 
were incubated with different concentrations of CAMP-CecD. 
The highest tested concentration was 256 μg/mL, from which 
serial 1:2 dilutions were made. Mixtures of the peptide and 
inoculums in a final volume of 100 μL were incubated in sterile 
96-well polypropylene microplates (Sigma-Aldrich) at 37°C. A 
peptide-free control was used for every isolate evaluated. In 
addition, the reference ATCC strains were used in each assay as 
controls to ensure reproducibility. The MIC of CAMP-CecD 

for each strain was defined as the lowest concentration that 
inhibited the visible growth of bacteria after incubation for 18 
to 20 hours.39,41 The minimal bactericidal concentrations 
(MBC), defined as the lowest concentration of an antibacterial 
agent required to kill 99.9% of a particular bacterium, were 
determined by plating out the contents of the first 3 wells 
showing no visible bacterial growth onto Muller-Hinton agar 
plates incubated at 37°C for 18 to 20 hours.32,42

Hemolytic activity

Human erythrocytes were used to evaluate the hemolytic activ-
ity of CAMP-CecD at different concentrations (256, 128, 64, 
32, 16, 8, 4, 2, and 1 μg/mL). Erythrocytes were isolated from 
fresh human peripheral blood, washed 3 times with PBS by 
centrifugation for 5 minutes at 3000 g, and then resuspended in 
PBS. The different peptide concentrations were added to 4% 
human erythrocytes in PBS, incubated at 37°C for 1 hour, and 
then centrifuged at 4000 g for 5 minutes. Aliquots of the super-
natant were transferred to 96-well plates, and hemolysis was 
assessed by measuring the absorbance at 540 nm with a 
Multiskan Go spectrophotometer (Thermo). Erythrocytes in 
the absence and presence of Triton X100 (1%) were used as a 
negative (blank) and positive control, respectively. The equa-
tion [(Abs in the peptide solution − Abs in PBS)/(Abs in 
Triton X10 − Abs in PBS)] × 100 was used to calculate the 
percentage of hemolysis.27

In silico structural modeling of CAMP-CecD

First, structural models of the peptide were obtained using the 
I-TASSER platform (https://zhanglab.ccmb.med.umich.edu/
I-TASSER/).43 Here, 3-dimensional (3D) atomic models of 
the peptide were generated using multiple threading align-
ments against the protein structure database RCSB Protein 
Data Bank (https://www.rcsb.org/), and the structural predic-
tion with higher confidence according to its C-score was 
selected.43 From this model, a total of 100 molecular models 
were built for the peptide with MODELLER 9.14 using 
default parameters, and the best probable structures were 
selected based on the discrete optimized protein energy score 
(DOPE score).44 In addition, for the best models, their stereo-
chemical quality was verified using Ramachandran plots in 
PROSA II (https://prosa.services.came.sbg.ac.at/prosa.php) 
and RAMPAGE (http://mordred.bioc.cam.ac.uk/). All 
selected models had more than 90% amino acid residues in the 
favored and additional regions allowed. All the structures were 
visualized with PyMOL (https://pymol.org/2/).

In silico construction of Gram-negative bacteria 
membrane models

P aeruginosa and K pneumoniae membrane models were devel-
oped in silico using CHARMM-GUI.45 For the construction 
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of the P aeruginosa membrane model, 3 different types of phos-
pholipids were used, including 1-Palmitoyl-2-oleoyl-sn-
glycerol-3-phosphatidylethanolamine (POPE), cardiolipin 
(PMCL1), and 1-Palmitoyl-2-oleyl-sn-glycero-3-(phospho-
rac-(1-glycerol)) (POPG).46 The number of molecules in both 
the outer and inner monolayers of the in silico P aeruginosa 
membrane model was 21 POPE, 11 PMCL1, and 60 POPG.46 
The K pneumoniae membrane model was constructed using 82 
molecules of POPE, 6 molecules of PMCL1, and 5 of POPG 
in both the outer and inner monolayers.46 The peptide was 
localized in the center of each membrane model.

Molecular dynamic simulation: prediction of the 
interaction between CAMP-CecD and bacteria 
membrane models

Gromacs software version 2019.3 was used for the molecular 
dynamics simulation.47 The ion placement method was used 
with 0.15 M KCl, a water thickness of 22.5 Å, and 
CHARMM36 m as a force field, which is suitable for describing 
the distribution of molecules within a large system like mem-
branes.48 The systems were adjusted by slowly heating to a tem-
perature of 310°K at 1 femtosecond (fs)/step for 75 picoseconds 
(ps) to ensure the system did not present steric clashes or inap-
propriate geometry and at 2 fs/step for 300 ps in the equilibra-
tion step.48 Energy minimization of the system was obtained 
using the steepest descent algorithm with a tolerance value of 
1000 kJ mol-1 nm-1 in 5000 steps with the Verlet cutoff scheme.47 
The Berendsen algorithm to 125000 n-steps was used to equili-
brate the temperature and pressure of the system. When the sys-
tem was equilibrated, the production MD for data collection was 
run for 5 nanoseconds (ns) using the Nose–Hoover and 
Parrinello–Rahman algorithms to adjust the temperature and 
pressure. Particle Mesh Ewald (PME) summation was applied 
to correct for long-range electrostatic interactions.49

To understand the mechanism of action of CAMP-CecD, 
the interaction between CAMP-CecD and phospholipids was 
analyzed using GROMACS47 and visual molecular dynamics 
(VMD) programs.50 To this end, the root mean square devia-
tion (RMSD), the radius of gyration, and the hydrogen bonds 
of the molecule were calculated. The partial density distribu-
tion of the molecule and phospholipids in the z-axis direction 
was counted.47,51 Finally, the interaction between the peptide 
and phospholipids was analyzed using the academic versions of 
PYMOL and Discovery Studio Visualizer (http://accelrys.
com). POPE and POPG phospholipids were used for the 
membrane interaction analysis of K pneumoniae and P aerugi-
nosa, respectively. The interactions between the corresponding 
phospholipids of each membrane model and the peptide resi-
dues were observed using the 2D graphic tool of Discovery 
Studio Visualizer (http://accelrys.com).

Statistical analysis

MICs and MBCs were determined in duplicate, and at least 3 
independent assays were performed for each isolate. The results 
were analyzed using descriptive statistical tools with the 
median. Statistically significant differences in MICs between 
species and between wild-type and MDR strains were ana-
lyzed and compared using the nonparametric Kruskal–Wallis 
test with R-Project software Version 1.1.463. P values ⩽ .05 
were considered statistically significant.

Results and Discussion
Peptide properties

CAMP-CecD was composed of 18 amino acid residues and 
exhibited a cationic net charge of +9 and a hydrophobicity 
index value of −0.002 (Figure 1). Helical wheel projections 
showed a strong amphipathic configuration as the hydrophilic 
face was clearly differentiated from the hydrophobic one 
(Figure 1). The hydrophilic face was composed of 10 residues, 
including R1,6,8,9,13,15; K5,12,16; and N2, whereas the hydropho-
bic core consisted of 8 residues, including A10,17; F3,4; I7,14,18; 
and G11.

Antibiotic susceptibility and resistance profiles of 
clinical isolates

The antibiotic susceptibility profiles of K pneumoniae and P 
aeruginosa clinical isolates and ATCC strains are shown in 
Figure 2. The susceptibility and resistance profiles were con-
structed using 7 and 6 antimicrobial categories for K pneumo-
niae and P aeruginosa, respectively (Figure 2). Fourteen K 
pneumoniae isolates were classified as WTKP, while the remain-
ing 16 clinical isolates were considered MDRKP due to their 
resistance to at least 3 different antimicrobial categories, 
including penicillin + β-lactamase inhibitors, cephamycins, 

Figure 1.  Helical wheel projection of CAMP-CecD. The residues are 

colored according to the classification: charged polar (blue) and neutral 

polar (pink). The hydrophobicity of residues is shown from yellow (the 

most hydrophobic residues) to gray (the least hydrophobic residues). The 

arrow points to the hydrophobic face. CAMP indicate cationic 

antimicrobial peptides.

http://accelrys.com
http://accelrys.com
http://accelrys.com
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extended-spectrum cephalosporins, carbapenems, aminoglyco-
sides, fluoroquinolones, and glycylcyclines (Figure 2A).4 
Similarly, 14 P aeruginosa strains were considered wild-type 
strains with intrinsic resistance to tigecycline,52 and 16 were 
classified as MDRPA due to their nonsusceptibility to antimi-
crobial categories, such as penicillin + β-lactamase inhibitors, 
extended-spectrum cephalosporins, carbapenems, aminoglyco-
sides, fluoroquinolones, and polymyxins (Figure 2B).4 The 
presence of MDRKP and MDRPA isolates is consistent with 
the real-world bacterial resistance situation in Colombia, where 
a high frequency of K pneumoniae and P aeruginosa MDR 
strains have been reported in addition to their successful spread 
during recent years around the country, representing a serious 
threat in Colombian hospitals.17,19

Antibacterial and hemolytic activity of CAMP-
CecD
Because of their high potency and rapidity in causing bacterial 
cell death, several studies have evaluated the antibacterial activ-
ity of CAMPs.20,22,32 In this study, we investigated the in vitro 
antibacterial activity of CAMP-CecD against WTKP and 
MDRKP isolates and WTPA and MDRPA strains, which is 
summarized in Table 1. CAMP-CecD showed antibacterial 
activity against both K pneumoniae and P aeruginosa with MIC 
values between 32 and >256 μg/mL and against laboratory 
strains (Table 1). The MICs found in this study were compara-
ble to those reported for other cationic peptides but slightly 
higher in comparison with those reported for the Cecropin 
A-melittin hybrid peptide.32 Overall, this activity against 

Figure 2.  Antimicrobial susceptibility profiles of selected K pneumoniae (A) and P aeruginosa (B) clinical isolates. The phenotypic profiles were 

constructed using several antimicrobial categories: penicillin + β-lactamase inhibitors (ampicillin/sulbactam and penicillin/tazobactam), cephamycins 

(cefoxitin), extended-spectrum cephalosporins (ceftazidime, ceftriaxone, and cefepime), carbapenems (doripenem, ertapenem, imipenem, and 

meropenem), aminoglycosides (amikacin and gentamicin), fluoroquinolones (ciprofloxacin), glycylcyclines (tigecycline), and polymyxins (colistin). The 

interpretative categories for antibiotic susceptibility were susceptible (green square), intermediate (yellow square), and resistant (red square) according to 

clinical breakpoints defined by the CLSI guidelines, except for tigecycline, which was interpreted according to EUCAST guidelines. CLSI indicates Clinical 

and Laboratory Standards Institute; Ec ATCC 25922, Escherichia coli ATCC 25922; EUCAST, European Committee on Antimicrobial Susceptibility 

Testing; Kp, K pneumoniae; Kp ATCC 2146, K pneumoniae ATCC 2146; Pa, P aeruginosa; Pa ATCC 27853, P aeruginosa ATCC 27853.
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Gram-negative bacteria was consistent with previous reports in 
which different natural Cecs members and/or synthetic Cec-
analogs were effective against laboratory strains of P aeruginosa 
and Enterobacteriaceae spp. (including K pneumoniae and E 
coli).27,32,38,53-56 Following the comparison of all tested isolates, 
statistical differences were found between both species, but 
there were no significant differences between wild-type strains 
of K pneumoniae and P aeruginosa or between MDR isolates of 
K pneumoniae and P aeruginosa (Table 1). In addition, the pep-
tide was more efficient against MDRPA than MDRKP, with 
the lowest MIC value of 32 μg/mL for P aeruginosa MDR 
isolates (Table 1). The efficacy against MDR isolates found 
here was comparable to that reported previously for natural 
Cec members and Cec-like peptides, which killed MDR 
strains of Gram-negative bacteria, including Salmonella typh-
imurium, Acinetobacter baumannii, E coli, and P aeruginosa.57-60

When intraspecific comparisons were performed, no sig-
nificant differences were found between wild-type and MDR 
isolates of K pneumoniae (Figure 3), but WTKP strains were 

more susceptible to CAMP-CecD with the lowest MIC value 
of 32 μg/mL, whereas the lowest MIC value for MDRKP was 
256 μg/mL (Figure 3). Similarly, when susceptible and MDR 
strains of P aeruginosa were compared, no statistical differences 
were found (Figure 4). Although no statistical differences were 
found, MDRPA strains showed a higher susceptibility to 
CAMP-CecD with MIC values from 32 to > 256 μg/mL, 
whereas the MIC values of the peptide for WTPA ranged 
between 64 to > 256 μg/mL (Figure 4). Interestingly, these 
findings suggest that the activity of CAMP-CecD against K 
pneumoniae and P aeruginosa is independent of their antibiotic 
resistance patterns (Figures 3 and 4). In addition, no statistical 
differences were found between the MICs and MBCs of 
CAMP-CecD against all bacteria tested independently of their 
resistance profiles (Table 1). Because the MBC values were 
equal to the MICs in all cases, CAMP-CecD may be consid-
ered a bactericidal agent (Table 1). These findings suggest that 
the antibiotic resistance mechanisms of K pneumoniae and P 
aeruginosa isolates tested in this study (Figure 2) do not alter 

Table 1.  In vitro antibacterial activity of CAMP-CecD against susceptible wild-type and MDR strains of K pneumoniae and P aeruginosa.

K pneumoniae (number) MIC (μg/mL) MBC (μg/mL) P aeruginosa (number) MIC (μg/mL) MBC (μg/mL) P valuea

WTKP (14) 32–>256 32–>256 WTPA (14) 64–256> 64–256> 0.14

MDRKP (16) 256–>256 256–>256 MDRPA (16) 32–256> 32–256> 0.12

Total strains (30) 32–>256 32–>256 Total strains (30) 32–256> 32–256> 0.03

Ec ATCC 25922 128–256 128–256 Pa ATCC 27853 32–64 32–64  

Kp ATCC 2146 256–>256  

Abbreviations: CAMP, cationic antimicrobial peptides; Ec ATCC 25922, Escherichia coli ATCC 25922; Kp ATCC 2146, K pneumoniae ATCC 2146; MBC, minimal 
bactericidal concentration; MDR, multidrug-resistant; MDRKP, multidrug-resistant K pneumoniae; MDRPA, multidrug-resistant P aeruginosa; MIC, minimal inhibitory 
concentration; Pa ATCC 27853, P aeruginosa ATCC 27853; WTKP, wild-type K pneumoniae; WTPA, wild-type P aeruginosa.
aSignificance level between the minimal inhibitory concentrations (MICs).

Figure 3.  Minimal inhibitory concentration (MIC) distributions of 

CAMP-CecD for susceptible wild-type isolates (WTKP) and multidrug-

resistant isolates of K pneumoniae (MDRKP). No significant differences 

were found between WTKP and MDRKP isolates, according to the 

Kruskal–Wallis test (P > .05). CAMP indicate cationic antimicrobial 

peptides.

Figure 4.  Minimal inhibitory concentration (MIC) distributions of 

CAMP-CecD for susceptible wild-type isolates (WTPA) and multidrug-

resistant isolates of P aeruginosa (MDRPA). No significant differences 

were found between WTPA and MDRPA isolates, according to the 

Kruskal–Wallis test (P > .05). CAMP indicate cationic antimicrobial 

peptides.
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the efficacy of CAMP-CecD. These results showed that 
CAMP-CecD was an active peptide against the clinical iso-
lates of K pneumoniae and P aeruginosa, including wild-type 
and MDR strains. Previous studies have also reported the bac-
tericidal effect of other CAMPs, including cecropin A hybrid 
peptides, cathelicidins, magainin, and nisin, against MDR 
strains. Similar to this study, no differences were detected 
between MICs and MBCs independently of the antibiotic 
resistance patterns.25,32,34,61

We also evaluated the hemolytic activity of CAMP-CecD. 
Unlike the pattern peptide ΔM2 that showed slight hemo-
lytic activity, CAMP-CecD did not show hemolytic activity 
at the highest evaluated concentration (256 µg/mL).27 
Therefore, in this case, the hemolytic activity did not vary 
depending on the cationic charge as both peptides had a net 
charge of +9. In contrast to our results, a previous study 
reported a positive association between charge and hemolytic 
activity of the peptide V13K.62 However, variations in other 
structural properties could influence the hemolytic activity of 
each peptide. For example, the reported hydrophobicity of the 
peptide ΔM2 is substantially higher (0.178)27 than that of 
CAMP-CecD (−0.002) (Figure 1). According to previous 
reports, increased hydrophobicity can enhance hemolytic 
activity.63,64 Furthermore, increasing the length in an RW 
peptide has been shown to increase hemolytic activity.65

In silico interaction between CAMP-CecD 
and membrane models of K pneumoniae and P 
aeruginosa

The behavior of the peptide in the two membrane models of 
Gram-negative bacteria is shown in Figure 5. In the K pneumo-
niae membrane model, a greater variation in peptide structure 
was observed in comparison with its structure in the P aerugi-
nosa membrane model (Figure 5). Specifically, at the end of the 
5 ns in K pneumoniae membranes, the peptide folded in half, 
losing its initial structure (Figure 5). This change in peptide 

structure in K pneumoniae increased the radius of gyration, 
which reached up to 0.90 nm at 1 ns (Figure 6). This flexibility 
in the central region of the peptide reflects a hinge that facili-
tates contact with the nonpolar region of phospholipids, allow-
ing the peptide to be inserted into the K pneumoniae 
membrane.66 In contrast, the peptide remained stable most of 
the time in the P aeruginosa membrane, except for a slight vari-
ation in the amino-terminal end at 3 ns (Figure 5). Stability is 
also an important structural property for antibacterial activ-
ity.67 These results could explain the statistical differences in 
the activity of CAMP-CecD between both species when all 
tested isolates were compared (Table 1).

Furthermore, the density profile of phospholipids and water 
(TIP3) from the bilayers of K pneumoniae and P aeruginosa in 
the presence of the ligand along the z axis was obtained (Figure 
7). A greater asymmetry in the density of POPE compared 
with the rest of the phospholipids in K pneumoniae membranes 
was observed (Figure 7A), whereas in the P aeruginosa mem-
brane, a larger asymmetry in POPG compared with the other 
phospholipids was detected (Figure 7B). These asymmetries in 
the density of membrane phospholipids can be explained by 
the interactions with the peptide. Interactions, such as hydro-
gen bonds, were observed between these phospholipids and 
CAMP-CecD (Figure 8). Specifically, more hydrogen bonds 
between the peptide and POPE in the K pneumoniae mem-
brane were detected, reaching up to 12 hydrogen bonds between 
4 and 5 ns, while fewer interactions were found with POPG 
(Figure 8A). In the case of P aeruginosa membranes, a greater 
interaction of the peptide with POPG was observed, leading to 
the formation of up to 20 hydrogen bonds throughout the sim-
ulation (Figure 8B).

The detailed interactions between CAMP-CecD and both 
phospholipids, including POPE in K pneumoniae membranes 
and POPG in P aeruginosa membranes, are shown in Figure 9. 
The peptide folded in half at 5 ns and interacted with POPE 
in K pneumoniae mainly through hydrogen bonds (Figure 9A). 

Figure 5.  RMSD analysis of the backbone atoms of CAMP-CecD in K 

pneumoniae and P aeruginosa membrane models. A higher variation in 

peptide structure was observed in the membrane model of K pneumoniae 

in comparison with the P aeruginosa membrane model. CAMP indicates 

cationic antimicrobial peptides; RMSD, root-mean-square deviation.

Figure 6.  Radius of gyration analysis of CAMP-CecD in K pneumoniae 

and P aeruginosa membrane models. A higher variation in the radius of 

gyration was detected in the membrane model of K pneumoniae 

compared with the P aeruginosa membrane model. CAMP indicates 

cationic antimicrobial peptides.
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However, some residues of CAMP-CecD, such as the arginine 
at positions 6, 9, and 13, interacted with POPE through Van 
der Waals interactions, salt bridges, hydrogen bridges, and 
hydrophobic interactions (Figure 9B). Meanwhile, the arginine 
at positions 1 and 8 interacted with POPG through Van der 
Waals interactions, salt bridges, and hydrogen bridges in P aer-
uginosa membranes (Figure 8C and D).

According to the molecular dynamic simulation results, a 
loss of the peptide structure occurred when K pneumoniae was 
treated with CAMP-CecD due to the presence of greater inter-
actions with POPE, mainly hydrogen bonds that affected the 
stability of the peptide. In contrast, the secondary structure of 
CAMP-CecD showed greater stability in P aeruginosa mem-
branes due to the increased number of interactions with POPG, 
especially hydrogen bonds. This is consistent with previous 
studies that show a strong association between the arginine resi-
dues of CecB members and P aeruginosa membranes due to 
interactions with the anionic POPG lipid moieties.53 Although 
both K pneumoniae and P aeruginosa are Gram-negative bacte-
ria, their membrane structures differ greatly, particularly in the 

proportion of POPE and POPG phospholipids.46 For example, 
K pneumoniae has a higher proportion of POPE, which 
increased the interaction of the peptide with this phospholipid. 
This destabilized the secondary structure of the peptide, which 
may be related to the decreased antimicrobial activity in K pneu-
moniae compared with P aeruginosa in which the peptide had 
higher stability and effectiveness, even in MDR isolates. The 
relationship between the structural stability of the peptide and 
its antimicrobial activity provided by the interaction of arginine 
residues and membrane phospholipids has been previously 
reported.68 Although a relationship between arginine residues 
and the antibacterial effect of the peptides is evident, it is not 
entirely clear what specific properties contribute to this activ-
ity.69 A probable relationship could be inferred for the interac-
tion between arginine residues from helical CAMPs and anionic 
phospholipids in bacteria membranes, such as POPG.70-72 
Hence, salt bridges and electrostatic interactions between the 
side chain (amino groups) of arginine residues at the ends of the 
alpha-helix of the peptide and phosphates in the headgroup of 
POPG can be formed.70-72 These interactions allow the entry of 

Figure 7.  Partial density profile (PMCL, POPE, POPG, TIP3-water) in the Z direction in K pneumoniae (A) and P aeruginosa (B) membrane systems. 

CAMP indicates cationic antimicrobial peptides; PMCL, cardiolipin; POPE, 1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphatidylethanolamine; POPG, 

1-Palmitoyl-2-oleyl-sn-glycero-3-(phospho-rac-(1-glycerol)); TIP3, density profile of phospholipids and water.

Figure 8.  Hydrogen bonds between CAMP-CecD and the phospholipids of K pneumoniae (A) and P aeruginosa (B) membranes. CAMP indicates 

cationic antimicrobial peptides; PMCL, cardiolipin; POPE, 1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphatidylethanolamine; POPG, 1-Palmitoyl-2-oleyl-sn-

glycero-3-(phospho-rac-(1-glycerol)).
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the peptide into the bacterial membrane and simultaneously 
contribute to the stability of its helical structure.68 In addition, 
these interactions disrupt the lipid bilayer structure, likely 
inducing the lateral separation of phospholipids because of 
interactions between their polar heads and the cationic residues 
of the peptide.25 This interaction facilitates the insertion of 
CAMP-CecD into the membrane by laterally displacing the 
phospholipids and rearranging the anionic lipids in a separate 
domain.46,73 The reorganization of the lipids around the domain 
induces defects in the bacterial membrane, such as the recruit-
ment of anionic lipids from other locations on the membrane 
and the disturbance of the existing domains on the lipid 
bilayer.73 This causes membrane pore formation and likely 
results in a rapid killing effect of the bacteria.25

Regarding peptide structural characteristics, some param-
eters, such as helicity, hydrophobicity, and amphipathicity, 
may increase the antibacterial activity and improve the 
prokaryotic selectivity of CAMPs.74 It has been reported 
that a range of hydrophobicity between 40% and 60% facili-
tates the electrostatic interaction of the peptide with the 
membrane.75,76 CAMP-CecD exhibited a hydrophobicity of 

39% (Figure 1), which indicates a high probability of its 
interaction with the bacterial membranes and subsequent 
insertion. Finally, the enhanced prokaryotic selectivity of 
CAMP-CecD may be explained by its high affinity for ani-
onic phospholipids in P aeruginosa, such as POPG (Figure 
8), as well as the net charge of +9 (Figure 1),77 which was 
confirmed by the antibacterial activity and low hemolytic 
activity of this peptide.

Conclusion
In conclusion, the results of this study demonstrated the activ-
ity of CAMP-CecD against Gram-negative bacteria with sig-
nificant differences between K pneumoniae and P aeruginosa, 
possibly explained by the increased stability of the peptide in 
the P aeruginosa membrane model. This peptide exhibited 
antibacterial activity against both wild-type and MDR strains 
of K pneumoniae and P aeruginosa that show different antibiotic 
phenotypes. In this respect, and due to its minimal hemolytic 
effect, CAMP-CecD can be considered as a potential alterna-
tive drug to conventional antibiotics to control MDR bacteria 
associated with severe infectious diseases.

Figure 9.  Interactions between CAMP-CecD and the phospholipids of K pneumoniae and aeruginosa membranes. (A) 3D model of hydrogen bonds 

between the peptide (in violet arginine residues) and POPE in K pneumoniae. (B) 2D image of interactions between the peptide and POPE in K 

pneumoniae. (C) 3D model of hydrogen bonds between the peptide (in violet arginine residues) and POPG in P aeruginosa. (D) 2D image of interactions 

between the peptide and POPG in P aeruginosa. CAMP indicates cationic antimicrobial peptides; POPE, 1-Palmitoyl-2-oleoyl-sn-glycerol-3-

phosphatidylethanolamine; POPG, 1-Palmitoyl-2-oleyl-sn-glycero-3-(phospho-rac-(1-glycerol)).
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