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Highlights 

● CecA is one of the few AMPs with in-vitro and in-vivo activity against esophageal cancer. 

● The mechanism by which CecA selectively recognises and kills cancer cells is unknown. 

● We show how CecA selectively targets cancer and mitochondrial biomimetic membranes. 

● The formation of a three helical bundle helps CecA adapt to its target membranes. 

● By NMR and MD we propose a mechanism for the induction of apoptosis in cancer cells. 
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Abstract: As Cecropin XJ, Cecropin A from Bombyx mori is one of the very few antimicrobial peptides 

having shown activity against esophageal cancer cells. It displays remarkable sequence-similarity to 

Cecropin XJ but slightly enhanced activity. In this work we show by NMR that both peptides are 

unstructured in solution but get structured in the presence of DPC micelles, mimicking the surface of 

biological membranes. In order to get insight into the molecular basis of its anticancer, antimicrobial 

and antifungal activity, we have investigated by MD simulations their interaction with a large variety of 

lipid bilayers mimicking cancer, mitochondrial, bacterial and fungal membranes. At variance with 

CecXJ, organized in two main helices, CecA tends to form a three helix bundle resulting in enhanced 

adaptability to its membrane targets. A specificity for the headgroup of phosphatidylserine and affinity 

for phosphatidylglycerol and cardiolipin may account for its selective targeting of cancer, bacterial and 

mitochondrial membranes, respectively.  
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Abbreviations: 

AMPs: antimicrobial peptides; DPC: Dodecylphosphocholine; NMP: N-methyl-2-pyrrolidone; HBTU: 2-

(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; DIEA: N,N-

diisopropylethylamine; TFA: trifluoroacetic acid; PE: phosphatidylethanolamine; PG: 

phosphatidylglycerol; PI: phosphatidylinositol; PS: phosphatidylserine; CL: cardiolipin;  NPT: 

isothermal-isobaric ensemble ; LINCS: LINear Constraint Solver; PBC: Periodic Boundary Conditions; 

PME: particle mesh Ewald; RMSD: root-mean-square deviation; TSP-d4: Deuterated sodium 3-

(trimethylsilyl)propionate-d4; DPC: dodecylphosphocholine; POPC: 1-palmitoyl-2-oleoyl-glycero-3-

phosphocholine; POPG: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol); POPS: 1-

palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine; POPE: 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine; POPI: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoinositol; CSI: Chemical Shift 

Index; CHO: cholesterol. 

1. Introduction 

Esophageal cancer (EC) is an aggressive lethal malignancy representing major public health 

concerns worldwide. Its fast progression and late diagnosis lead to poor prognosis and high mortality 

[1], making it the sixth most common cause of cancer death in the world [2]. It is classified into two 

main histopathological subtypes: esophageal squamous cell carcinoma (ESCC) and esophageal 

adenocarcinoma (EAC). Despite important differences in cellular origin, incidence, epidemiology, and 

molecular signatures, both share poor outcomes with low 5-year overall survival rate [2]. The 

incidence increases with age and EAC is on average acquired around ten years earlier than ESCC. 

Most importantly, it is the solid malignancy with the fastest rise in incidence of the last four decades 

[1,2]. Gastroesophageal reflux is the most documented risk factor for EAC, which can gradually 

evolve from the premalignant Barrett’s esophagus [1]. Recent improvements of oncological protocols 

and surgical management have failed to improve patient outcomes. Current treatments are 

heterogeneous in their mode of action and based in alkylating agents or antimetabolites which cause 

severe side effects, including antimicrobial resistance [3]. The use of chemotherapeutic agents often 

leads to drug resistance in EC patients [4]. The observed multidrug resistance (MDR) involves an 

increase in drug efflux, a decrease in drug influx, activation of DNA repair mechanisms, among other 



 

mechanisms [4,5]. Recurrences are still a major problem, while only a few new targeted agents have 

been approved (trastuzumab and ramucirumab) [6–8]. 

In this scenario, it is clear that new approaches are urgently needed, improving the 

therapeutic outcomes of EC patients. Anticancer peptides (ACPs), which can be considered as a 

subclass of antimicrobial peptides (AMPs), are receiving increasing attention [9] for their ability to 

selectively kill cancer cells by inducing their lysis. These peptides act via a non-receptor-mediated 

pathway against the target cell membranes. Differences in charge and fluidity between the plasma 

membranes of most human cells and that of cancer cells, drive ACPs to their targets, accounting for 

their selectivity and low toxicity. The presence of sialic-acid-rich glycoproteins, heparan sulfate or 

phosphatidylserine (PS) [10] (but also PE and PI phospholipids [11,12] in the case of EC) on the 

surface of cancer cells attracts positively charged ACPs. The binding of ACPs to cell membranes can 

prevent the action of growth factors or inhibit proteins involved in the progression of cancer (such as 

kinase/protease involved in tumor growth, invasion, and metastasis) or block angiogenesis [5,13]. By 

binding to transporters (e.g. ABC family), they can even reverse resistance phenomena [5,13]. The 

mode of action of most AMPs makes them less prone to the development of resistance [5,13] 

because of the difficulty to change the lipidic organization of membranes by a simple point mutation, 

their fast killing rate [14] and because transfer of AMP resistance genes is infrequent[15]. Finally, 

AMPs can in some cases act by modulating the immune response, stimulating natural killer 

lymphocytes, and induce the production of interferon [13]. 

A particular class of ACPs are mitochondrial penetrating peptides (MPPs), able to trigger 

apoptosis via mitochondrial membrane disruption [16]. They can also be considered cell penetrating 

peptides (CPPs) because of their ability to penetrate the cell without damaging the plasma membrane 

[9]. The exact mechanisms by which these peptides enter the cells remain poorly understood, but 

their translocation does not necessarily involve an energy-dependent endocytic process [17]. In some 

cases, ACPs bind to PS exposed on the external leaflet of target membranes by means of arginine 

residues, and penetration relies on phospholipid flip-flop phenomena or other translocating 

mechanisms [17–20]. In mitochondria, the absence of drug degrading enzymes and DNA repairing 

systems [21,22] fixing the damage caused by grafted drugs [21,22] accounts for the reduced tendency 

to resistance of MPPs. Furthermore, the mitochondrion offers drugs a special protection from the 



 

action of efflux pumps [23]. For MPPs, additional selectivity can be provided by the presence of 

cardiolipin (CL) in the mitochondrial membrane and a peculiar membrane potential [24].  

Being a subclass of AMPs, many ACPs also possess antibacterial properties. The specificity 

of the biological action depends on the phospholipid composition of the plasma membrane which is 

different among bacterial species, cancer cells and mitochondria. Interestingly, common traits are 

found between bacteria and mitochondria (such as the presence of cardiolipin), accounting for the co-

existence of apoptotic and antibacterial properties in MPPs [25].  

Until now, only few AMPs have been described with activity against EC, all produced by 

Bombyx mori: Cecropin XJ (CecXJ) [26,27], Cecropin A (CecA) and Cecropin D (CecD) [28]. Bombyx 

mori CecropinA is an AMP composed of 37 amino acids with sequence 

RWKLFKKIEKVGRNVRDGLIKAGPAIAVIGQAKSLGK. Its anticancer activity has been shown with 

leukemia [28,29], esophageal Eca109 and TE13 cancer cells [28]. CecA was shown to inhibit 

proliferation, migration, invasion and even tumor growth in-vivo in a xenograft mouse model [28]. 

Besides its anticancer action, CecA analogs have shown immunomodulatory properties for the 

treatment of inflammatory diseases [30,31] and antimicrobial activity against Acinetobacter baumannii, 

Pseudomonas aeruginosa, Escherichia coli and Agrobacterium. In particular, CecA has shown activity 

against bacteria (Klebsiella pneumoniae and Pseudomonas aeruginosa) [32], fungi (Botrytis cinerea 

and Fusarium [33] and entomopathogenic fungus Beauveria bassiana [34]) and even HIV [32]. 

CecA is thought to inhibit EC cells by activating the mitochondria-dependent apoptotic 

pathway [28,35] after disruption of their membranes [28]. Despite the high potentiality, the details on 

its mechanism of action are still largely unknown [32] and a description at atomic level of the 

interaction of CecA with the membranes of cancer cells, bacteria, and mitochondria is needed for its 

development as an anticancer and antibacterial agent. In this work, we show by a combination of 

experimental and computational methods that CecA strongly interacts with biomimetic models of 

cancer membranes but selectively penetrate in mitochondrial membrane models, thus explaining its 

CPP and MPP properties. A detailed comparison with the sequence-related CecXJ (a member of the 

cecropin-B family) [16,36] is also provided, explaining why the substitution of key residues allow CecA 

to be more flexible and more easily adaptable to its membrane targets.  

 

 



 

2. Material and methods 

2.1. Molecular Dynamics Simulations 

 Systems for simulations were prepared using CHARMM-GUI [37]. A total of 128 lipid molecules were 

placed in each lipid bilayer (i.e., 64 lipids in each leaflet) and peptide molecules were placed over the 

upper leaflet at non-interacting distance (>10Å). Lysine and arginine residues were protonated. Initial 

peptide structure was obtained with PEP-FOLD3 [38]. Amidation of the C-terminus was achieved via 

the CHARMM terminal group patching functionality, integrated in CHARMM-GUI. For simulations with 

8 peptides, the initial structure was obtained by placing each peptide next to the other avoiding close 

contacts. A water layer of 50-Å thickness was added above and below the lipid bilayer which resulted 

in about 15000 water molecules (30000 in the case of CL) with small variations depending on the 

nature of the membrane. Systems were neutralized with Na⁺ ⁻ or Cl  counterions. 

MD simulations were performed using GROMACS software [39] and CHARMM36m force field 

[40] under semi-isotropic (for bilayers) and isotropic (for micelles) NPT conditions. The TIP3P model 

[41] was used to describe water molecules. Each system was energy-minimized with a steepest-

descent algorithm for 5000 steps. Systems were equilibrated with the Berendsen barostat [42] and 

Parrinello-Rahman barostat [43] was used to maintain pressure (1 bar) semi-isotropically with a time 

constant of 5 ps and a compressibility of 4.5 × 10–5 bar–1. Nose-Hoover thermostat [44,45] was 

chosen to maintain the systems at 310 K with a time constant of 1 ps. All bonds were constrained 

using the LINear Constraint Solver (LINCS) algorithm, which allowed an integration step of 2 fs. PBC 

(Periodic Boundary Conditions) were employed for all simulations, and the particle mesh Ewald (PME) 

method was used for long-range electrostatic interactions. After the standard CHARMM-GUI 

minimization and equilibration steps [37], the production run was performed for 500 ns. The whole 

process (minimization, equilibration and production run) was repeated once in the absence of peptide 

and twice in its presence. Convergence was assessed using RMSD and polar contacts analysis. 

All MD trajectories were analyzed using GROMACS tools and Fatslim [46]. Graphs and 

images were produced with GNUplot and PyMol [47]. 

2.2. Synthesis of peptide 



 

 CecA (RWKLFKKIEKVGRNVRDGLIKAGPAIAVIGQAKSLGK) and CecXJ 

(RWKIFKKIEKMGRNIRDGIVKAGPAIEVLGSAKAIGK) peptides were synthesized by GeneCust 

company (Boynes, France) and purity (>95%) was confirmed by analytical HPLC and MS. Both were 

amidated at their C terminus. 

2.3. NMR Sample preparation, NMR experiments and analysis  

For backbone resonance assignment, lyophilized samples of CecA and CecXJ were hydrated 

with 500 µl of 50 mM phosphate buffer pH 6.6 containing 10% of D2O as a field-locking signal. The 

peptide final concentration was 0.8 mM or 1.6 mM. A set of 2D 1H,13C-HSQC, 1H,1H-TOCSY (mixing 

of 90 ms), and 1H,1H-NOESY (mixing of 200 ms) were acquired at 278 K and 298 K on a Bruker 500 

MHz UltraShield NMR spectrometer equipped with a BBI 5 mm probe. Deuterated sodium 3-

(trimethylsilyl)propionate-d4 (TSP-d4) at a concentration of 100 µM was used as internal reference for 

chemical shift. NMR data was analyzed and processed using Bruker TopSpin 4 software.  

For assignment and determination of secondary structure, a 0.8 mM sample of CecA was 

prepared as described above and then titrated with a 1 M stock solution of DPC:d38 to a final 

concentration of 100 mM. Titration was followed by 1D 1H-NMR at 298 K. For the assignment of the 

interacting form of the peptide 2D 1H,13C-HSQC, 1H,1H-TOCSY (mixing of 60 ms), and 1H,1H-NOESY 

(mixing of 200 ms) were recorded at a total DPC concentration of 100 mM. Reference random coil 

values in our experimental conditions (T = 278 K or 298 K, pH 6.6 and ionic strength 0.05 M) were 

calculated by POTENCI web server (https://st-protein02.chem.au.dk/potenci/) [48]. 

 

3. Results and discussion 

3.1. The comparison with the sequence-related CecXJ highlights unique features of CecA  

Net charge and hydrophobicity/amphipathicity are key features modulating AMP activities [49–52]. 

Both CecA and CecXJ are highly charged peptides (+8 and +9 respectively) which can form 

amphipathic alpha helices (compare helical wheels in Figure 3D). CecA displays a high sequence 

homology with CecXJ (Figure 1A), including the AGPA motif separating the sequence in two helices 

called helix I and II. Other common features include the amphipathic nature of helix I, the presence of 

aromatic residues at the N terminus and at least two lysine residues in both helices. An important 

difference resides in the substitution M11 with valine, a beta branched amino acid. Just like glycine 



 

residues are known to weaken the helical conformation due to their flexibility, beta branched residues 

are considered helical breakers [53] because they increase the entropic cost of helix formation, due to 

the restricted motions of their side-chain in helical conformation [54,55]. In the case of CecA M11V 

substitution might break helix I into two.  

Finally, the loss of E27 increases the positive charge of CecA and could possibly enhance its 

affinity to negatively charged membranes of cancer cells, mitochondria, bacteria and fungi.  

3.2. MD simulations suggests the formation of a three helix bundle in CecA 

Our MD simulations in solution confirm what was hypothesized by the comparison of CecXJ and 

CecA sequences. DSSP (Define secondary structure of proteins) [56] secondary structure prediction 

analysis clearly show (Figure 1B,C)  that, while G12 alone in CecXJ is not able to destabilize helix I 

(Figure 1C) [36], the introduction of V11 contributes synergically to its destabilization and favours the 

formation of two fragments hereon called helix Ia and helix Ib (Figure 1B). Simulations also show that 

the two fragments are stabilized by salt bridges between the side chains of K6 and E9, R13 and D17, 

K21 and D17, which are also present in CecXJ [36].  

The loss of E27 in CecA, which in CecXJ interacts with R1 stabilizing the U-shaped pairing of 

helix I and helix II [36], leads to a more complex network of interactions (Figures S1,S2). As a 

consequence of both factors, CecA is mostly found as a three helix bundle constituted by helix Ia, Ib 

and II and this is even more apparent in its interaction with membranes (see further in the text). 

Another consequence of the loss of E27 is an increased hydrophobicity of helix II, triggering a 

tendency to self-aggregation. Our simulations with multiple peptides clearly show the formation of 

dimers quickly evolving to higher order multimers (see Figure S3).  



 

 



 

Figure 1. (A) Sequence homology between CecXJ and CecA . Residues with 100 % homologies are 

coloured in red while those with a homology between 50 and 79 % are shown in orange. Homologies 

were calculated by ADAPTABLE web-server according to BLOSUM45 substitution matrix [57]. (B, C) 

Schematic structure and elements of secondary structures along MD trajectories of CecA (B) and 

CecXJ (C). Hydrophobic amino acids are represented in gray, those with positive charge (K,R) in 

blue, negatively charged (D,E) in red and polar amino acids (N, S, Q) in yellow. Alpha-helical 

structures (helix I and helix II) are separated by the AGPA motif (residues 22-25), as shown in the 

DSSP diagram, and stabilized by salt bridges (dashed lines) between the side chains of K6 and E9, 

R13 and D17, K21 and D17. The replacement of M for V at position 11 in helix I results in a local loss 

of helical conformation in CecA, determining its tendency to fold in three helices.  

 
3.3. Solution state NMR experiments cast light on the structural features of CecA and CecXJ in 

solution and their interaction with DPC micelles 

 

The behaviour of CecA and CecXJ in solution was studied by NMR spectroscopy to get 

insight into their structural differences.  

 

3.3.1. CecA is unstructured in solution but gets structured in the presence of DPC micelles 

Similarly to CecXJ, which was shown to be unstructured in solution [58] and assume alpha 

helical conformation in the presence of target membranes [36], CecA appears unstructured in solution 

according to our NMR data. Complete 1H and 13C backbone assignment (HN, Hα and Cα) of CecA in 

water was obtained by means of 1H,1H-TOCSY, 1H,1H-NOESY, and 1H,13C-HSQC NMR experiments 

(Figure 2A and S4A,C). The comparison of chemical shift values with those expected for a random 

coil in the same experimental conditions, clearly show deviations under the significant threshold (0.1 

ppm for 1H and 0.7 ppm for 13C [59]) (Figure 2C,D). Similar results were obtained for CecXJ (Figure 

2B,E,F and S4B,D), thus confirming previous CD studies [58] but with single residue resolution.  

 In order to verify the hypothesis that CecA and CecXJ get structured upon interaction with 

their targets [36], we studied both peptides in the presence of DPC micelles, as a rough model of 

biological membranes. The 1H spectrum of both peptides change dramatically when DPC micelles are 

added to their sample (Figure S5A). Peaks in the amide regions broaden beyond detection and re-



 

appear with an apparent larger linewidth at different frequencies, testifying a significant interaction in 

the semi-slow exchange regime in the NMR time scale (Figure S5A). 

Despite the significantly large linewidth, the presence of alpha helical structure is confirmed 

by the appearance of HN/HN NOEs in the amide proton regions. Assignment of the peptide in the 

presence of DPC micelles was achieved for HN and Hα protons (Hα/Cα peaks disappear from the 

HSQC spectrum, probably due to severe transversal relaxation), whose negative deviations from 

random coil values allowed to monitor the formation of an alpha helix as shown in Figure 3A. The 

negative deviations expected for an alpha helix are interrupted at the level of E9-K10, D17-G18, K21 

at the beginning of the loop separating helices I and II, and become somehow less pronounced 

starting from Q31 till the end of the sequence. Loss of local structure is often accompanied by higher 

mobility and a consequent reduction in the broadening of signal. Indeed, few peaks in the assigned 

region (HN/Hα region of NOESY spectrum in Figure S5B) display higher intensity than others and in 

particular the N-terminus (K3-L4; R1-W2 are not detectable probably due to exchange with the 

solvent), the central part of helix I (K10-V11), the loop interconnecting helices I and II (A22 and A25) 

and the C terminus (residues 31-37). While higher mobility in the loops and at the termini are common 

in proteins, more interesting is the mobility in the proximity of G12 which would confirm the weakening 

of the helix I hypothesized in section 3.1 and supported by MD simulations (Figure 1, 3B,C and S6).  

 

3.3.2. CecXJ also gets structured in the presence of DPC micelles 

In the case of CecXJ, spectra in the presence of DPC are very similar to those obtained for 

CecA but the broadening is more severe, preventing the assignment of most signals. However, Hα 

protons shift upfield, a phenomenon compatible with the formation of alpha helical structures [60]. The 

fragment at the center of the helix I (K10-M11) was not assigned precisely, due to its poor intensity, 

indicating that in CecXJ this part is rather rigid (or undergoes exchange phenomena). A22 and 25, 

identifying the inter-helix loop, are well visible together with signals from the C-terminus, thus 

confirming the flexibility of these elements, as previously observed in simulations [36]. 



 

Figure 2. (A,B) The 1H assignment of CecA (A) and CecXJ (B) 0.8 mM in 50 mM phosphate buffer at 

pH 6.6 and 278 K in the HN/Hα spectral region of 1H,1H, TOCSY. (C,D) Chemical shift deviations from 



 

random coil values of Hα protons (C) and Cα carbons (D) of CecA in solution. (E,F) Chemical shift 

deviations from random coil values of Hα protons (E) and Cα carbons (F) of CecXJ in solution. 

 



 

 

Figure 3. (A) Chemical shift deviations from random coil values of Hα protons of CecA in the presence 

of DPC micelles, indicating the presence of alpha helical conformation. (B,C) MD snapshot of CecA 



 

(B) and CecXJ (C) interacting with DPC micelles. Color code: phosphorus atom: yellow. DPC black 

(body) and light gray (choline group). For clarity, DPC molecules close to the peptides are shown as 

transparent spheres. BLP-3 is shown as a “tube” representation colored from blue (N-terminus) to red 

(C-terminus). Side chains are shown as sticks with the following color code: positively charged (blue), 

negatively charged (red), nonpolar (light gray), and polar (yellow). (D) Helical-wheel projections 

representing alpha-helix structures of CecA (left) and CecXJ (right). Hydrophobic amino acids are 

shown in gray, positively charged in blue, negatively charged in red and polar in yellow. Diagrams 

were created with NetWheels [61]. 

 

3.3.3. Implication of the presence of three helices for CecA in DPC micelles  

Despite the limitations in the use of DPC micelles as models for biological membranes [62,63], our 

data confirm that the substitution of M11 with beta-branched V11 creates a substantial difference in 

the secondary structure of CecA when interacting with a lipidic environment. The high curvature of 

DPC micelles do not seem to affect the integrity of helix I in CecXJ (see Figure 3C), suggesting that 

the effect observed for CecA is meaningful. The quality of spectra prevents an analysis in a more 

realistic membrane model suitable for liquid state NMR (e.g. isotropic bicelles) [62,63], unless isotopic 

labeling is performed. For this reason, in section 3.4 we relied on molecular dynamic simulations for a 

deeper understanding of how the flexibility observed in the presence of micelles might still be relevant 

in more realistic quasi-planar surfaces exposing headgroups representative of different cell types.  

 



 

 

Figure 4. Representative MD snapshots of CecA interacting with several membranes of variable 

phospholipid compositions. (A) 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC); (B) 

POPC/cholesterol (CHO); (C) POPC/1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine 

(POPS)/CHO; (D) POPC/POPS; (E) POPS; (F) 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (POPE); (G) 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) 

(POPG); (H) POPE/POPG; (I) POPE/POPG/cardiolipin (CL); (J) CL; (K) 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoinositol (POPI); (L) POPE/ergosterol (ERGO). Color code: phosphorus atom: 

yellow; POPC black (body) and light gray (choline group); POPS brown (body), gold (headgroup), light 



 

yellow (amine of the headgroup) and orange (carboxyl of the headgroup); POPE dark green (body), 

turquoise (headgroup), light green (amine of the headgroup); POPG dark violet (body), violet 

(headgroup), light violet (hydroxyls of the headgroup); POPI blue (body), light blue (headgroup), cyan 

(hydroxyls of the headgroup); CL dark red (body) and light red (headgroup); ERGO dark orange 

(body) and light orange (hydroxyl); CHO purple (body) and light purple (hydroxyl). For clarity, only 

functional groups of headgroups are shown (spheres) in the upper leaflet. CecA peptide is shown as a 

“tube” colored from blue (N-terminus) to red (C-terminus). Side chains are shown as sticks with the 

following color code: positively charged (blue), negatively charged (red), non-polar (light gray), polar 

(yellow). 

 

3.4. The interaction of CecA and CecXJ with biomimetic membranes as studied by MD 

simulations 

 

With the aim of characterizing the specific interactions at the basis of the biological activity of CecA, 

we have performed several MD simulations with biomimetic bilayers and compared them with our 

previous studies on CecXJ [36]. The study of long processes [64,65] such as the internalization of 

peptides into membrane bilayers is generally addressed by advanced sampling algorithms such as 

metadynamics, coarse-grain simulations, steered MD, umbrella-sampling, replica exchange or others 

[64,65]. In this work we want to unravel the initial steps characterizing the recognition of specific 

membranes, which explain the selectivity of cecropins for cancer and bacterial cells. In many cases 

our simulations are long enough to observe complete internalization, supporting their reported fast 

killing properties.   

 

3.4.1. The interaction of CecA with mammalian biomimetic membranes 

 

MD simulations do not show a relevant interaction between CecA and POPC membranes (Figure 4A), 

representing a simplified model of the external leaflet of mammalian cell membranes [66]. Polar and 

apolar contacts were calculated as the maximum of the radial distribution function [41] of CecA atoms 

from each phospholipid atom in the range of interatomic interaction distances (H-bonds, salt bridges 

and van der Waals). Only few interactions are established (Figure S7) and no peptide insertion is 



 

observed (Figure S10). The addition of cholesterol (Figure 4B) does not change the overall behaviour, 

also in this case few polar (Figure S8) and apolar contacts are observed (Figure S11). These results 

are consistent with the reported lack of cytotoxicity for this peptide [28]. 

3.4.2. The interaction of CecA with cancerous biomimetic membranes 

Cancer cells tend to expose PS and PE phospholipids in the outer leaflet of their membrane, while in 

non-cancerous cells they are both preferentially kept in the inner leaflet [10,11,67,68]. While exposure 

of PS introduces a net negative charge on the surface, PE displays a rather small headgroup which 

might facilitate the entrance of exogenous molecules, provided their chemical moieties are capable to 

break or replace the rich network of interaction among the PE amine and unesterified phosphate 

oxygen atoms.  

Indeed, CecA appears to interact strongly with POPS containing membranes (Figure 4C-E), 

as indicated by the large variation in the order parameter observed in simulations with multiple 

peptides (Figure S13). Such a parameter expresses the degree of order of selected molecular 

fragments (the C-H moiety of the palmytoil chain in the present case) [69]. It can be used to monitor 

the perturbation in the organization of the membrane inner core caused by the presence of the 

peptide. Peptides which penetrate deeply in membrane bilayers generally lower the value of such 

parameters; however, a strong superficial interaction can in some cases increase the lipid packing 

with consequent increase of the order parameter [36,70–72]. In any case, a significant perturbation of 

its value indicates a strong interaction.  

Multiple polar contacts are established between R and K residues and the carboxyl of serine 

headgroup (and to a minor extent with the phosphate moiety), thus testifying the specificity of CecA 

for PS phospholipids (Figure S7). Additionally, E9 side chain sporadically interacts with PS amine. 

Such contacts are maintained when the ratio of POPS is lowered to 50% (i.e., POPC/POPS (50/50%)) 

or even to 35% and cholesterol is added (POPC/POPS/CHO (35/35/30%)) (Figure S9). The latter 

more complex models aim at mimicking more realistic cancer membrane compositions, including the 

effect of cholesterol on fluidity [73].  

Despite the strong affinity for PS-containing membranes, poor penetration is observed, as 

demonstrated by the low occurrence of apolar contacts (Figures S10, S12). As in the case of CecXJ 

[36], we believe that CecA might act as a cell penetrating peptide (CPP) and translocates by induction 



 

of endocytosis or by means of flip-flop equilibria once tightly bound to the membrane surface, as 

hypothesized for peptides rich on Arginines or Leucines [17–20].  

When evaluating the interaction of CecA with PE (Figure 4F), we found much less polar 

contacts than in the case of PS (Figure S7) and rare apolar contacts (Figure S10). This is consistent 

with the low affinity for uncharged membranes, as it was the case for PC. Nonetheless, sparse apolar 

contacts can be observed (Figure S10), indicating some degree of penetration (probably due to the 

accessibility provided by the small head group of PE) that can also be monitored by a perturbation of 

the order parameter of the lipid acyl chains (Figures S13,S14). As in the previous case, CecA 

interacts by means of helix I, forming salt bridges between the R and K side chains with oxygen atom 

of the phosphate groups but also between the carboxylate of E and D residues with the amine of the 

ethanolamine headgroup (Figure S7).  

Overall, CecA displays a much higher affinity for POPS than POPE. This is also reflected by 

the important invagination of PS membranes in the presence of CecA, that can be monitored as an 

increase and decrease of the area per lipid in the inner (distal) and outer (proximal) leaflets, 

respectively (Figure S15). These findings suggest that if its anticancer activity is due to the interaction 

with a phospholipid, PS is more likely to be directly involved.  

3.4.3. The interaction of CecA with mitochondrial biomimetic membranes 

Cardiolipin is the most characteristic lipid in mitochondria [24], making up to 25% of the inner 

membrane of such organelle, also rich in PE [74]. CecXJ has been shown to induce apoptosis in 

cancer cells [75], probably due to its ability to interact with CL phospholipid [36]. In cancer cells, 

mitochondria often express a higher amount of CL in the outer membrane than in non-cancerous cells 

[76].  

CecA acts very similarly to CecXJ in our simulations, in that we observe a marked preference 

for CL (Figure 4J). Part of the reason resides in the strong electrostatic attractions (CL displays a 

doubly negative charge while CecA has an overall +8 charge). However, differences exist in the mode 

of interaction: while CecXJ tends to penetrate by means of helix I [36], CecA also uses helix II 

(Figures S8, S11). This is probably due to the E27A mutation in helix II which removes local 

electrostatic repulsion with the surface. The accessibility of CL bilayers, characterized by the absence 



 

of a headgroup must also play a role because such helix penetrates CL-free bilayers with much lower 

frequencies (Figures S10-S12).  

  

3.4.4. The interaction of CecA with bacterial biomimetic membranes 

 

Phosphatidylglycerol (PG) is hardly found in eukaryotes and can be considered as a signature of 

bacterial membranes [66,77,78]. In bacteria, PG is almost invariably associated with PE and, 

depending on the bacterial species, with CL [77,78].  

Simulations with pure POPG membranes (Figure 4G) predict an affinity comparable to that 

observed with POPS, as suggested by frequent polar contacts in which K and R side chains form salt-

bridges with phosphate oxygen atoms (Figure S7). The absence of polar contact with hydroxyl 

moieties of the PG headgroup testify a somewhat deeper insertion than in the case of PS. 

Accordingly, many apolar contacts are formed between the side chains of CecA and the acyl chains of 

POPG, reaching the inner core of the bilayer (Figure S10). Also the impacts on the order parameter 

(Figures S13,S14) and the area per lipid (Figure S14) are of similar importance as in the case of PS. 

Despite all these similarities, simulations indicate that CecA is able to penetrate POPG membranes 

deeply, while it strongly attaches to the surface of POPS membranes, suggesting a different 

mechanism of action.  

In more realistic bacterial membranes, where PE and PG co-exist [78] (Figure 4H), a clear 

preference is apparent for PG (Figure S8), probably due to its negative charge (PE is neutral), which 

attracts this extremely positive peptide. The high occurrence of apolar contacts reveal that CecA 

penetrates deeply as in the case of pure PG (Figure S10), even reaching the terminal part of the lipid 

acyl chains (Figure S11). 

For a more complete analysis we also examined the case of membranes composed of PE, 

PG and CL, often found in bacteria [78] (Figure 4I). The analysis of the polar contacts clearly shows a 

preference for the latter (Figure S8). As in the case of pure CL membranes (see section 3.3.3), we 

observe a deep insertion of helix II (Figure S11), probably due to the increased negative charge, and 

augmented accessibility [78] caused by the presence of CL. 

 

3.4.5. The interaction of CecA with fungal biomimetic membranes 



 

CecA has been shown to display antifungal activity [33,34]. Fungal membranes are mainly composed 

of PE, but they can also contain PS and PI [79–81]. This is the case of Beauveria bassiana, one of the 

targets of CecA, that can also expose PG under certain environmental conditions [79,80,82]. 

Ergosterol (ERGO) is the sterol characterizing the fungal kingdom and the main target of many 

antifungal compounds [83]. 

The introduction of ERGO in POPE membranes does not modify what we had previously 

observed with pure POPE membranes (Figure 4L). Polar contacts are sparse and mostly established 

with helix I (Figure S8). The penetration of the peptide is poor (Figure S11) even though it can affect 

the order parameter of acyl chains (Figures S13, S14).  

On the contrary, CecA interacts significantly with POPI membranes (Figure 4K) making salt 

bridges with their phosphate moieties by means of lysine and arginine side chains. Few H-bonds can 

be formed also with the inositol hydroxyl groups by means of S34 (Figure S7). Residues able to 

establish polar contacts with the membrane are often flanked by hydrophobic residues able to 

penetrate deeply in the bilayer. We have observed this pattern often [36,70], especially in flexible 

regions. For example, the N-terminal amine, which is capable of forming strong polar contacts is often 

followed by an apolar residue [36,84] which inserts its side chain in the target bilayer. In the case of 

CecA, the couple S34 and L35 could act similarly, as indicated by the deep insertion of the latter in 

POPI bilayers (Figure S10).  

In summary, the antifungal activity of CecA could be due to a direct interaction with PI rather 

than PE, although it should be considered that also PS can be present in some fungi and play a role. 

 

4. Conclusions 

 

CecXJ and CecA are among the very few peptides active against esophageal cancer cells. They are 

highly sequence homologous and share several similarities in terms of both anticancer and 

antimicrobial activity. Nonetheless, CecA displays a somewhat higher anticancer activity [27,28], 

suggesting that the comparison of their sequence might reveal key amino acids for the development 

of new anticancer agents for the treatment of esophageal cancer. The picture coming out from NMR 

and MD results show how both CecXJ and CecA get structured upon interaction with their target 

membranes. While a strong superficial binding is observed with membranes mimicking the external 



 

leaflet of cancer cells (exposing PS), both peptides destabilize the inner core of bilayers mimicking 

mitochondria. These findings are in agreement with the reported cell penetrating and apoptotic 

properties, where strong superficial binding (followed by internalization by endocitosis of flip-flop 

mechanisms) allows the entrance of the peptide in the cytoplasm and damage to mitochondrial 

membranes triggers apoptosis. The same mechanism can also explain the antibacterial activity of 

these compounds, in light of the similarity of mitochondrial and bacterial bilayers. Our data also show 

that the enhanced anticancer activity of CecA might stem from the substitution of E27 with the non-

charged residue A27 and the replacement of M11 with the beta branched V11. The former facilitates 

the interaction of helix II with negatively charged surfaces (as those found in mitochondria), which 

adds up to the strong binding of helix I. The latter is able to break helix I into two helices, allowing 

CecA to adapt and penetrate more easily in mitochondrial, bacterial and fungal membranes.  
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