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Highlights 

● Sesquin shows antimicrobial activity against fungi and bacteria involved in food spoilage. 

● Based on NMR and MD data we have found that Sesquin interacts with biomimetic bacterial and fungal 

membranes. 

● Sesquin specifically interacts with phosphatidylethanolamine and ergosterol altering membrane 

organization. 

● A mechanism of action at atomic level is proposed explaining additional biological activities. 

● MD data show that its activity is preserved at high pressure or with electric field pulses, commonly used 

as food preservation techniques .  

ABSTRACT 

Sesquin is a wide spectrum antimicrobial peptide displaying a remarkable activity on fungi. Contrarily to most 

antimicrobial peptides, it presents an overall negative charge. In the present study, we elucidate the molecular 

basis of its mode of action towards biomimetic membranes by NMR and MD experiments. While a specific 

recognition of phosphatidylethanolamine (PE) might explain its activity in a variety of different organisms 

(including bacteria), a further interaction with ergosterol accounts for its strong antifungal activity.  NMR data 

reveal a charge gradient along its amide protons allowing the peptide to reach the membrane phosphate groups 

despite its negative charge. Subsequently, the peptide gets structured inside the bilayer, destabilizing its order. 

MD simulations predict that its activity is retained in conditions commonly used for food preservation: low 

temperatures, high pressure, or the presence of electric field pulses, making Sesquin a good candidate as food 

preservative.  
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1. Introduction 

Food preservation is hampered by the action of a variety of bacteria and fungi. 

Different preservation techniques have been developed, including fermentation, addition of 

salts or sugars, picking, drying, cooling, addition of preservatives, heating, modified packaging 

atmosphere, high pressure or even high electric fields [1–15]. Although these techniques have 

significantly improved the preservation of food, they have also stimulated the rise of resistant 

microorganisms able to survive under these extreme conditions. Among them, Botrytis 

cinerea and Fusarium oxysporum are among the most critical microorganisms because of their 

ability to affect common products such as wheat and grapes. Botrytis cinerea is a necrotrophic 

fungus, which causes widespread infection of grapes, tomatoes, strawberries, and other fruits 

[16]. It is also the most destructive pathogen on green and leafy vegetables. Its virulence, 

which involves pathogens and hosts inflammatory response [17], is amplified by its extreme 

tolerance to low temperatures[18]. Since Botrytis infects every plant part at any growth stage, 

the advantage of the use of fungicides is very limited[19]. Fusarium oxysporum is an 

opportunistic pathogen producing Fusarium wilt disease[20] and able to infect citrus fruit[21] 

but also vegetables such as potatoes, onions and garlic, among many others [16]. Most 

importantly, Fusarium sp. is the principal pathogenic fungal genus causing spoilage of maize, 

and producing mycotoxins harmful to humans and domestic animals [22,23].  

In the attempt to develop new antifungals active against Botrytis cinerea and  

Fusarium oxysporum, we focused on Sesquin, an antifungal peptide homologous to Defensin 

that was isolated from Vigna sesquipedalis [24]. The use of antimicrobial peptides (AMPs) as 

antimicrobials is a promising strategy not only to treat health diseases but also to prevent the 

deleterious effects of pesticides in the environment [25]. In fact, they are already in use in the 

food industry because of their ability to control the growth of undesirable microorganisms 

while maintaining the qualities and nutritional properties of products [26]. Not only Sesquin 

attacks Botrytis cinerea, Fusarium oxysporum and Mycosphaerella arachidicola but also 

several bacteria (Escherichia coli, Proteus vulgaris, Mycobacterium phlei and Bacillus 

megaterium), cancer cells (MCF-7 breast cancer model and leukemia M1 cells) and viruses 

(human immunodeficiency virus-type 1 reverse transcriptase). Despite the exceptional variety 

of targeted organisms, the mode of action of Sesquin has not been deeply investigated [27]. 

A molecular picture of its interaction with fungal and bacterial membranes could explain why 

Sesquin displays wider spectrum activity than sequence-related peptides [28,29]. Studies on 
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membranes mimicking eukaryotic cells are also useful to predict possible undesirable 

cytotoxic effects for applications of Sesquin as a food preservative.  As a food preservative, 

Sesquin does not appear to be cytotoxic. Unlike other PE-specific AMPs like cyclotides, 

maximin H and lantibiotics [30–32], Sesquin does not interact with phosphatidylcholine, 

making its mechanism of action unique and reducing its toxicity as compared with other PE-

targeting peptides. In fact, contrarily to those peptides [33], Sesquin is not reported to be 

hemolytic probably due to the fact that PE is minimally exposed in healthy RBC (less than 1% 

[34]).  

In this paper, we investigate a possible use of Sesquin as a food preservative by 

observing its effects on biomembranes of different compositions and in different conditions. 

By liquid and solid-state NMR and molecular dynamic simulations we describe the interaction 

of Sesquin with membranes mimicking fungi, bacteria and eukaryotic cells. A specific 

interaction with phosphatidylethanolamine might explain why, while unaffecting mammalian 

mimetic membranes, Sesquin displays such a wide spectrum activity. In particular, we show 

how a direct interaction with ergosterol could account for its strong antifungal activity. Finally, 

we investigate the compatibility of Sesquin with modern food preservation techniques such 

as high pressure, or the presence of electric field pulses. 

 

2. Materials and Methods 

 
2.1. Sequence alignment by ADAPTABLE web server 

 

The families of peptides active against both Botrytis cinerea and Fusarium sp. were created 

by the family generator page of ADAPTABLE web server[35] using the following parameters: 

“Target Organism = fusarium, cinerea”; “Substitution matrix = Blosum45”; “Minimum % of 

similarity = 60; “Experimentally validated = yes”. 

The family of peptides sequence-related to Sesquin (KTCENLADTY) was created by the 

family generator page of ADAPTABLE web server using  “Create the family of a specific 

peptide” option with the following parameters: “Substitution matrix = Blosum45”; “Minimum 

% of similarity =70”.  

As ADAPTABLE continuously updates with new entries, sequence-related families 

might change slightly with the time [35]. 
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2.2. Synthesis of Sesquin 

Fmoc(9-fluorophenylmethoxy)-amino acids and Fmoc-Tyr(tBu)-AC TentaGel® resin 

(0.22 mmol/g, particle size: 90 µm) were purchased from Iris Biotech (Germany). The other 

chemical compounds were purchased from VWR Chemicals, Iris Biotech or Acros and used 

without further purification. The peptides were synthesized on a CEM Liberty 1 Microwave 

Peptide Synthesizer, using standard automated continuous-flow microwave solid-phase 

peptide synthesis methods. Five-fold molar excess of the above amino acids was used in a 

typical coupling reaction. Fmoc-deprotection was accomplished by treatment with 20% (v/v) 

piperidine in N-methyl-2-pyrrolidone (NMP) at 75 °C. The coupling reaction was achieved by 

treatment with 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 

(HBTU) and N,N-diisopropylethylamine (DIEA) in NMP using a standard microwave protocol 

(75 °C). The peptide was cleaved and side-chain deprotected by treatment of the peptide resin 

with a mixture of 1.85 ml of trifluoroacetic acid (TFA), 50 µL of triisopropylsilane, 50 µL H2O 

and 50 mg of DL-dithiothreitol, in respective percent proportions, 92.5/2.5/2.5/2.5, during 4 

hours at room temperature. The solid support was removed by filtration, the filtrate 

concentrated under reduced pressure, and the peptide precipitated from diethyl ether. The 

precipitate was washed several times with diethyl ether and dried under reduced pressure.  

The peptides were purified on an RP-HPLC C18 column (Phenomenex® C18, Jupiter 4µ Proteo, 

90 Å, 250x21.20 mm) using a mixture of aqueous 0.1% (v/v) TFA (A) and 0.1% (v/v) TFA in 

acetonitrile (B) as the mobile phase (flow rate of 3 ml/min) and employing UV detection at 

210 and 254 nm. 

The peptide KTCENLADTY was obtained according to the precedent synthesis and 

purification procedures starting from the Fmoc-Tyr(tBu)-AC TentaGel® resin (454.5 mg, 0.100 

mmol). Peptide was obtained, as a white powder, with a total yield of 45.3%, after purification 

by reverse-phase HPLC (97% analytical purity, Fig. S1). 

 

2.2. Molecular Dynamics Simulations 

 Systems for simulations were prepared using CHARMM-GUI [36–38]. 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 a non-interacting distance (>10 Å). Lysine 

residues were protonated. Initial peptide structure was obtained from the SATPdb database 

https://paperpile.com/c/PQk7zr/4PLnF+u3Zwq+p7VWt


[39] (id: 24206). In the case of calculations with 8 peptides, they were placed next to each 

other but not in contact. 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 [40]  and CHARMM36m 

force field [41,42] under semi-isotropic (for bilayers) and isotropic (for micelles) NPT 

conditions [43,44]. The TIP3P model [45] 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 [46] and Parrinello-Rahman barostat [47,48] 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 [49,50] was chosen to maintain 

the systems at 310 K or 278 K with a time constant of 1 ps. High pressure simulations were 

performed at 1000 bar pressure level as reported in other works [51]. Simulations under 

electric fields were run setting a static field with E0= 0.1 V/nm in the Z-direction [52]. All bonds 

were constrained using the LINear Constraint Solver (LINCS) algorithm, which allowed an 

integration step of 2 fs.  PBC (Periodic Boundary Conditions) was employed for all simulations, 

and the particle mesh Ewald (PME) method [53] was used for long-range electrostatic 

interactions. After the standard CHARMM-GUI minimization and equilibration steps [43], the 

production run was performed for 500 ns and 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 [54,55] and Fatslim [56]. 

MOLMOL [57] and VMD [58] were used for visualization. Graphs and images were produced 

with GNUplot [59] and PyMol [60]. 

 

2.3. Sample preparation, NMR experiments and analysis  

Backbone and sequential resonance assignments were achieved by 1H,13C-HSQC, 

1H,1H-TOCSY (mixing of 60 ms), and 1H,1H-NOESY (mixing of 200 ms) recorded on a 500 MHz 

Bruker spectrometer equipped with a 5 mm BBI probe. Deuterated sodium 3-

(trimethylsilyl)propionate-d4 (TSP-d4) at a concentration of  100 µM was used as internal 
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reference for chemical shift. Reference random coil values in our experimental conditions (T 

= 278 K, pH 6.6 and ionic strength 0.01 M) were calculated by POTENCI web server (https://st-

protein02.chem.au.dk/potenci/) [61]. 

A 0.8 mM sample of Sesquin (90% 10 mM phosphate buffer / 10% D2O,  pH 6.6) was 

titrated with a 1 M stock solution of DPC:d38 to a final DPC concentration of 60 mM.  Titration 

was followed by 1D 1H-NMR at 278 K. For the assignment of the interacting form of the 

peptide 2D 1H,1H-NOESY and 1H,13C-HSQC were recorded at total DPC concentrations of 60 

mM. 

Bicelles were prepared as follows. A mixture of 33.3 % DMPC and 66.7 % DHPC in 

chloroform was used to obtain isotropic bicelles at a molar (q) ratio of 0.5. The solvent was 

evaporated under a nitrogen flow and the samples were then lyophilized and resuspended in 

a 10 mM phosphate buffer (pH 6.6) to reach a final concentration of 1 M (stock solution). 

DMPG, DMPS and DMPE containing bicelles were prepared as described above, except part 

of DMPC was replaced by DMPG (25%), DMPS (25%), DMPE (10%) or ergosterol (5%) 

reproducing previous experiments [62–65]. A 0.8 mM sample of Sesquin (90% 10 mM 

phosphate buffer / 10% D2O,  pH 6.6) was titrated with bicelles up to a final lipid concentration 

of 70 mM and monitored at 278 K by a 1D 1H-NMR spectrum recorded after each addition. 

 Multilamellar vesicles (MLVs) containing deuterated palmitoyl chains were prepared 

according to the conventional protocol [66–70] using the following proportions: 50%:50% 

POPC/POPC:d31, 50%:50% POPG/POPG:d31, 50%:50% POPS/POPS:d31; 70%:30% 

POPE:d31/POPG , 50%:50% CL/POPC:d31 , 70%:30% POPE:d31/POPC, 70%:25%:5% 

POPE:d31/POPC/Ergosterol, 67%:27%:6% POPE:d31/POPG/CL, 50%:50% POPC:d31/SoyPI. 

Lipids were solubilized in chloroform and solutions were mixed in order to obtain the right 

proportions in a total lipid amount of 60 mM. The resulting solution was evaporated under 

nitrogen gas flow. The sample was hydrated with ultrapure water, well-vortexed to promote 

total hydration and lyophilized overnight to remove the traces of solvents. The resulting 

powder containing lipids was hydrated by 80 µl of ultra pure water (for non charged lipids) or 

10 mM phosphate buffer pH 6.6 100 mM NaCl (for charged lipids), vortexed and homogenized 

using four free-thaw cycles involving one step of freezing (-80°C, 15 min) followed by thawing 

(40°C, 15 min) and shaking. Finally, the MLV samples were placed in a 7-mm ssNMR rotor to 

perform the experiments. 2.4 mM of peptide were added for interaction studies.  

https://st-protein02.chem.au.dk/potenci/
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ssNMR experiments were recorded at 310 K, 298 K and 283 K on a Bruker Avance 

Biospin 300 WB (7.05T) equipped with a CP-MAS 7-mm probe. Static 2H NMR was carried out 

applying a phase cycled quadrupolar echo pulse sequence (90°x-τ-90°y-τ-acq) [71]. The 

parameters used are: spectral width of 150 kHz, π/2 pulse of 5.25 μs, an interpulse delay of 

40 μs, a recycled delay of 1.5 s, and a number of acquisitions ranging from 8 k to 14 k 

depending on samples. For all spectra, an exponential line broadening of 100 Hz was applied 

before Fourier-transform from the top of the echo signal. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Property alignment highlights motifs potentially involved in Sesquin wide-spectrum 

activity 

There exist more than 6000 antifungal peptides, out of which about 200 display 

significant activity towards both Botrytis cinerea and Fusarium sp. (e.g. IC50<10uM). Sequence 

alignment by ADAPTABLE web server[35] grouped peptides active against these fungi in 

sequence-related families (SR families). Out of these, we selected the family generated by 

Sesquin shown in Figure 1A, for its simplicity (only 10 amino acid long) and its interesting 

properties. Sesquin is in fact not only antifungal but also antibacterial, anticancer and 

antiviral. The alignment reveals that a few motifs are particularly conserved: the initial K, the 

CEN triad and the D residue (Figure 1B). Using Sesquin as a bait to find similar sequences, 

independently of the activity resulted in the creation of the SR family with members which 

might also be active against Botrytis cinerea and Fusarium sp., even though they might not 

have been tested yet (Figure 1C). This latter alignment reveals that Sesquin is similar to a 

significant number of antimicrobial or anticancer peptides, in part belonging to the Defensin 

family, where it is often found at the N-terminus of much longer sequences. Their activities 

are mostly antifungal, antiviral and antibacterial but also anticancer and antiparasitic. It 

should be noted that Sesquin is an atypical antimicrobial peptide as it has a negative overall 

charge and is too short to form stable alpha-helices, although a hypothetical helix would have 

amphipathic character (Figure 1D).  

 

3.2. Sesquin is substantially unstructured in solution NMR 

https://paperpile.com/c/PQk7zr/2T1Bk
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In order to get insight into the mechanism of action of Sesquin, we analyzed the 

structure of the peptide in solution by NMR spectroscopy. Antifungal peptides commonly 

adopt a random coil or alpha helical conformation, while they rarely assume extended strand 

and beta-turn conformations[72]. 2D-NOESY, 2D-TOCSY and 1H-13C HSQC experiments were 

acquired for complete 1H, 13C resonance assignment of backbone amide protons and non-

exchangeable CH moieties (Table S1). The analysis of the NOESY spectrum did not reveal the 

presence of NOE effect between protons distant in the primary structure, suggesting that the 

peptide is completely unstructured in solution. Accordingly, the 1H amide region of the NMR 

spectrum improves in quality at low temperature, as expected by a slowing down of exchange 

phenomena with the solvent. A further confirmation comes from the Chemical Shift Index 

(CSI)[73–75] (Figure 1E) showing very limited deviations from random coil values of Hα, Cα 

and Cβ atoms, which are lower than the threshold (0.1 ppm for 1H and 0.7 ppm for 13C)[76].  

https://paperpile.com/c/PQk7zr/G8CgE
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Figure 1. (A) Sequence-related family generated by ADAPTABLE using Sesquin as a bait among 
peptides with IC50<10μM against both Botrytis cinerea and Fusarium sp. (B) Relative 
importance of each aminoacid in terms of conservation. (C) Sequence-related family 



generated by Sesquin used as a bait among the full ADAPTABLE database, independently of 
their activity. (D) Helical wheel plot (generated by NetWheels [77]). (E) Chemical shift 
deviations from random coil values of HN, Hα, Cα and Cβ atoms. (F) Amide region of 1H NMR 
spectrum for the reduced (blue) and oxidized (red) forms of Sesquin. 

We also investigated the influence of the cysteine residue on the structure of the 

peptide and the possible formation of disulphide-linked dimers. The NMR spectrum of 

Sesquin does change after a few days in solution and changes are reverted by the addition of 

reducing agents such as dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine (TCEP). The 

chemical shift of beta carbon of cysteine changes from 41.2 ppm to 28.2 ppm, definitively 

confirming the formation of disulfide bonds [78]. As shown in Figure 1F, oxidation perturbs 

the chemical shift of the amide region in a very specific region of the molecule that involves 

the cysteine and its neighbouring aminoacids. No other important changes are observed, 

indicating that the dimer remains substantially unstructured. 

 

3.3. The chemical shift of amide protons reveals a peculiar electronic distribution in Sesquin 

The values of chemical shifts indicate that amide protons in Sesquin appear 

progressively shielded from residue T2 to Y10 (K1 is not detected). With the exception of L6, 

also the deviations from random coil values (Figure 1E) confirm this peculiar trend. This 

indicates that the electronic density at the level of amide protons increases from the first to 

the last residue, possibly leaving on the former a substantial positive charge. Such a peculiar 

charge distribution might have a role in the interaction with its target (see section 3.7). 

 

3.4. Interaction with model membranes 

3.4.1. Studies with DPC micelles suggests poor affinity for PC head groups 

The interaction of Sesquin with dodecylphosphocholine (DPC) micelles was followed 

by NMR, to ascertain its tendency to assume secondary structure in their hydrophobic cores. 

Micelles allow the study in solution and provide a very rough model of the apolar environment 

within biological membranes.  Contrary to other peptides [79,80] and despite the 

complementary charges of the exposed choline groups, Sesquin does not seem to interact 

https://paperpile.com/c/PQk7zr/36zZK
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with DPC micelles (Figure S2), suggesting its poor affinity for the hydrophobic environment 

found in bilayers and the absence of a specific recognition of PC headgroups. Isotropic bicelles 

and liposomes are more realistic models, allowing to evaluate the interactions with a wider 

variety of phospholipids, able to better reproduce the membranes of different organisms 

[62,81]. 

3.4.2. Studies with isotropic bicelles suggests an interaction with PE head groups 

With respect to micelles, isotropic bicelles allow a certain degree of control on its lipid 

composition, providing a better model for biological membranes still amenable to studies by 

solution state NMR [62,81]. Also in this case, Sesquin showed a relative insensitivity to the 

presence of bicelles of various compositions (Figure S3A). Weakening of peaks in the HSQC 

spectra (Figure S3B) is partly attributable to partial oxidation of the sample during the 

experiments or artifacts due to the presence of bicelles, whose lipids are much more 

concentrated than the peptide (we used a peptide: lipid ratio of 1:25 and the result did not 

change even with a ratio of 1:80). On the other hand, peaks relative to the N terminus (Hα/Cα 

of residues T2, C3, E4) tend to disappear and the effect is more evident in the presence of 

DMPE, suggesting a preference for phosphatidylethanolamine (Figure S3B, bottom). The 

presence of a conserved Cys residue could indicate a possible role of disulphide bonds in the 

mechanism of action. However, the oxidised form of Sesquin remains quite insensitive to the 

presence of bicelles, possibly displaying a weak interaction with DMPC/DHPC bicelles (Figure 

S3B, top).  

3.4.3. Studies with MLVs show Sesquin preference for fungal and bacterial lipids 

Multilamellar vesicles (MLVs) or liposomes provide more realistic models of biological 

membranes in that they allow phospholipid mixtures incompatible with bicelles or micelles. 

Thanks to their properties, we have been able to study their interaction with Sesquin at 

variable temperatures (in a range from 283 K to 310 K) and using a wide range of lipid 

compositions mimicking membranes of different organisms. 

Static 2H NMR of liposomes provides valuable information on the internal dynamics of 

the bilayer when the acyl chains of phospholipids are deuterated. For a matter of simplicity 

in spectra interpretation, we performed our measurements on phospholipids deuterated only 

https://paperpile.com/c/PQk7zr/YjSKE+s7V5d
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in the palmitoyl chain.  Each 2H atom presents a quadrupolar splitting whose magnitude scales 

with its dynamics, due to averaging of orientations with respect to the external magnetic field 

[82–84].  As a consequence, 2H atoms in very mobile molecular fragments, as methyl groups, 

display small quadrupolar splitting and appear at the center of the spectrum. Conversely, 2H 

atoms located in the rigid part of the acyl chain, as well as those found close to the ester bond 

(the plateau region including carbon atoms 2-6), display almost full couplings and appear at 

the edges of the spectrum. Insertion of molecules in the bilayer is usually accompanied by a 

change in the degrees of freedom of acyl chains and can be used as an indirect experiment to 

probe the depth of the interaction [85,86]. The peptide may have a rigidifying or fluidifying 

effect, monitored as an increase or a decrease in the width of the 2H spectrum, respectively 

[84,87–91]. 

https://paperpile.com/c/PQk7zr/k5Ac5+CMt6A+aLMas
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Figure 2. Static 2H NMR spectra of various MLV liposomes in the absence (blue) and the 

presence (red) of Sesquin.  

 Among the large variety of liposome types tested (Figure 2),  a  clear fluidifying effect 

is observed with PE (Figure 2B) over PC (Figure 2A). Note that PE solutions must contain at 

least a small percentage of PC (see Material and methods section) for the correct assembly of 

liposomes [92–99]. The effect is conserved in the presence of ergosterol, which was added to 

PE liposomes to better model fungal membranes [100–104]. The presence of ergosterol 

slightly reduces the fluidification induced by Sesquin (Figure 2C), proportionally to its 

https://paperpile.com/c/PQk7zr/APq4Y+7BuuT+aHYZC+DTHPx+hvFZM+3GOv4+2kItO+gsdIm
https://paperpile.com/c/PQk7zr/P8nmg+KXG8I+Llga4+5GMOn+udvIa


concentration (Figure S4). Analyzing liposomes with different phospholipid compositions, we 

observed small effects for PI (Figure 2F) and CL (figure 2G), typically found in fungal 

[103,105,106] and bacterial membranes (but also mitochondrial)[107–110], respectively, 

while not for pure PG and PS (Figures 2D,E). This is an interesting observation as Sesquin 

targets several bacteria, although with lower activities than fungi [24].  

Bacterial membranes are typically composed of a mixture of PE, PG and CL [107–110]. 

Our experiments with mixed lipid compositions show that Sesquin has an important 

fluidification effect on such type of liposomes (Figure 2I) but is not able to perturb the internal 

dynamics of PE/PG bilayers (Figure 2H), probably because of the richer network of 

interactions that the peptide would need to break for its insertion[108,111]. The addition of 

CL in PE/PG bilayer rigidifies the membrane significantly as demonstrated by the increase in 

the overall width of the spectrum (compare Figure 2H and figure 2I) while breaking some of 

these interactions [112]. As a consequence, the peptide might penetrate more easily causing 

a change in fluidity even more apparent.   

3.5. Molecular dynamics studies on phospholipid bilayers confirm a specific recognition of 

PE 

Molecular dynamics (MD) simulations were performed to study Sesquin interaction 

with various bilayers. While other techniques and sampling algorithms are better suited for 

the detection of processes needing a longer time scale to occur [113–119], MD still allows us 

to better understand the mechanism of action of this peptide at the first stages of the 

interaction and to study a wider range of membrane lipid compositions otherwise harder to 

achieve experimentally. MD also permits a direct comparison with NMR data, providing a 

molecular picture for their interpretation.  

Snapshots of characteristic peptide-membrane interactions are shown in Figure 3. In 

our simulations, Sesquin does not show an affinity for POPC membranes (Figure 3), although 

the two-fold positive N-terminus might be electrostatically attracted to the negatively 

charged phosphate groups of POPC. Likewise, another electrostatic interaction could 

potentially be established between the choline group and the side chains of E4 and D8, which 

are deprotonated at physiological pH. The absence of interaction is probably due to the steric 

hindrance of the choline headgroup, which does not allow distances sufficiently short for a 
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significant Coulombic attraction. This result is consistent with the absence of relevant 

interaction with the PC headgroup observed by liquid and solid-state NMR (Figures S2, S3 and 

2). 

In POPE membranes (Figure 3), this steric hindrance is removed (the three methyls of 

choline are replaced by three hydrogen atoms) and the interactions hypothesized above are 

allowed to take place: we observe the formation of a salt bridge between the amine groups 

of K1 with the negatively charged oxygen atoms of the membrane phosphates and between 

the carboxylates of E4, D8 and of the C-terminus with the positively charged amine group of 

POPE. In order to have a more quantitative analysis of such interactions, we calculated the 

radial distribution function[45] of each N, O atom of the membrane with respect to each N, 

O atom of the peptide and we extracted the maximum of these curves within the H-bond/salt-

bridge distances. The obtained values for each couple of polar atoms (Figures S5-S7) give an 

estimate of the frequency of such interactions along MD trajectories and, consequently, of 

their probabilities. Results in Figure S5 show very clearly that Sesquin approaches the 

membranes with its N-terminus but, with the exception of POPE, it is not able to establish a 

stable interaction involving its complete sequence. The frequency of the interaction is very 

poor in POPC  (even the most frequent, between the N-terminus of Sesquin and one oxygen 

of its phosphate, occurs rarely) while it becomes important in POPE. In this case, the most 

frequent interaction is between the lysine side chain of Sesquin and one oxygen of its 

phosphate. Most importantly, Figures 3 and S5-S9 show that Sesquin interacts entirely with 

membranes (and not only with its N-terminus) uniquely when POPE is present because only 

POPE (and POPS) provide an accessible positively charged group that can interact with its 

negatively charged groups (E4, D8 and the C-terminus). In the case of POPS (Figure S5), the 

carboxylate of serine headgroup probably reduces the accessibility of Sesquin and/or 

weakens the electrostatic interaction with the amine of POPS.  Accordingly, most of the 

interactions established by negatively charged carboxylates of Sesquin with POPE are lost 

with PS.  

https://paperpile.com/c/PQk7zr/R1pw9


 

Figure 3.  MD snapshots showing Sesquin at characteristic distance from several membranes 

with variable phospholipid compositions. Color code: phosphorus atom: yellow. POPC black 

(body) and light gray (choline group); POPE dark green (body), turquoise (headgroup), light 

green (amine of the headgroup); POPS brown (body), gold (headgroup), light yellow (amine of 



the headgroup) and orange (carboxyl of the headgroup);  POPI blue (body), light blue 

(headgroup), cyan (hydroxyls of the headgroup);  POPG dark violet (body), violet (headgroup), 

light violet (hydroxyls of the headgroup); CL dark red (body) and light red (headgroup); CHO 

purple (body) and light purple (hydroxyl); ERGO dark orange (body) and light orange 

(hydroxyl); SITO deep-dark green (body) and pea-green (hydroxyl); STIGMA electric blue (body) 

and light electric blue (hydroxyl). For clarity, only functional groups of headgroups are 

represented as spheres in the upper leaflet. Sesquin is shown as “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), non-polar (light gray), polar 

(yellow).  

A remarkable affinity for PE containing membranes is confirmed by a deep insertion 

of the peptide, highlighted by a significant amount of apolar contacts (Figure S8). This 

phenomenon is observed not only in pure PE membranes but also with bacterial biomimetic 

membranes containing PE and in most PE based membranes with different sterols (Figures S9 

and S10). 

In the case of POPI, the network of interactions shown in Figure S6 is very simple as 

compared to other cases. Despite the steric hindrance of the inositol ring, the interaction 

between the N-terminus of Sesquin and one oxygen of POPI phosphate is frequent (Figure 

S6). No other significant interactions are observed while NMR data suggest a slight 

fluidification of POPI containing MLVs (Figure 2F).  

In the case of POPG, the oxydrils in the headgroup do not seem to be involved in 

specific H-bonds and Sesquin interacts sporadically with only its N-terminus (Figure S5), 

without being able to penetrate the bilayer (Figure S8), as experimentally confirmed (Figure 

2).  The situation is different with CL, despite the similarity of the functional groups in the two 

lipids. In this case, the oxygen atoms of the phosphate groups (OP13, OP14, OP33 and OP34) 

are accessible and readily available for interaction and Sesquin can bind them in bidentate 

fashion by using both its N-terminal and K1 side chain amines (Figure S6). Even if the 

interaction remains superficial (Figure S9), the geometry of CL makes Sesquin closer to the 

acyl chains of the bilayer.    



3.6. The antifungal activity of Sesquin seems to involve a specific recognition of both PE and 

ergosterol 

If our data have revealed an enhanced preference of Sesquin for PE phospholipid, it 

should be noted that PE is present in many different organisms and this specificity can explain 

Sesquin activity towards a wide range of organisms (not only fungi but also bacteria, virus 

[33,120–123] and cancer cells [33,124–127]). We therefore decided to investigate the effect 

of other lipids in POPE bilayers (Figure 3) and reproduce the composition of fungal 

(POPE/ERGO) [100] and bacterial (POPE/POPG or POPE/POPG/CL) membranes. The effect of 

sterols found in plants (SITO or STIGMA)[128] or vertebrates (CHO) was also studied to 

evaluate potential additional specificities.  

In all cases, Sesquin interacts extensively, making a wide network of interactions with 

the membranes (Figure S6 and S7). The detailed behavior of Sesquin varies significantly from 

case to case. In bilayers representing bacterial membranes, a preference for PE over PG can 

be observed (Figure S6). When CL is present, the affinity increases significantly but 

interactions with CL predominate over PE.  

An interesting aspect emerging from simulations is the formation of alpha helical 

structures in some POPE containing membranes. In most simulations, Sesquin is unstructured 

and quickly loses the initial alpha helical conformation predicted by the SATPdb database [39]. 

However, such helical structure reforms in POPE, ergosterol-containing POPE  (typical of 

fungi) and sitosterol membranes (Figure S11 and S12). In other words, the amphipathic 

character of Sesquin created by the helical conformation (Figure 1D) is probably necessary for 

its action and could explain why Sesquin is a more potent antifungal than antibacterial. Figure 

3 clearly shows that when a helix is formed, Sesquin can penetrate much deeper and establish 

polar contacts from the interior (the positive side chain of K1 with the phosphate oxygen 

atoms and the negative side chains of E4 and D8 with the amine groups of PE), thus 

destabilizing the membrane order. If the helix is not formed, the peptide still interacts but 

remains outside the bilayer.  Once in the membrane it may act as other common AMPs [129]. 

As its short length does not allow encompassing the full membrane for the formation of a 

channel, Sesquin may be viewed as a PE specific AMP acting on membrane by carpet model 

[27].  
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Even if outside the scope of this work, it is interesting to point out that the selectivity 

for PE is able to explain its anticancer activity, due to the fact that apoptotic cancer cells and 

mitochondria of carcinogenic cells[130] tend to expose PE on their outer leaflet [33,124–127].  

In a similar way, Sesquin could disrupt the envelope of HIV explaining its antiviral activity 

[33,120–123], although this has been ascribed to a direct interaction with the HIV reverse 

transcriptase. 

Focusing on its antifungal properties, we need to take into account the activity in the 

presence of ergosterol, the most common fungal sterol [100]. Despite their relatively similar 

structure, we found an apparent preference of Sesquin for ergosterol. Such an affinity is 

highlighted by the presence of both polar and apolar contacts (Figures S7 and S10),  but also 

a perturbation of the area per lipid (Figure S13 and S14) and the order parameter of the POPE 

palmitoyl side chains S(CD). The latter expresses the order of CH moieties in phospholipid acyl 

chains. It can be measured as a reduction of the quadrupolar splitting in NMR 2H spectra 

[82,84,131] or calculated in MD simulations (Figure S15).   

In particular, Sesquin can form polar contacts between the T2 or C3 side chains and 

the hydroxyl of ergosterol (Figure S7) that were not found with other sterols. As mentioned 

above, Sesquin folds into a helix only in the presence of sitosterol and ergosterol (Figure S12), 

but penetrates more deeply in the latter case (Figure S10) for which direct peptide-sterol 

contacts are observed, thus explaining the different effects on the order parameter (Figure 

S15). In the case of cholesterol and stigmasterol, Sesquin never penetrates deeply, probably 

due to the increased rigidity conferred by these sterols [84,132] (higher values of the order 

parameter in Figure S15). The preference for ergosterol over other sterols might be due to 

the slightly different geometry of its condensed ring body, caused by the introduction of a 

double bond between carbons 7 and 8 making the overall shape more planar than the other 

sterols  (see the comparison with cholesterol in Figure S16). 

3.7. A linear gradient of charge to approach the membrane and an amphipathic helix for its 

disruption 

As discussed in section 3.3, NMR data indicate a progressive decrease in electronic density 

towards Sesquin N-terminus. In simulations, we observe that the peptide approaches the 

membrane as an arrow (see Figure 4) inserting in the membrane either the side chain or the 
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terminal amine of K1. Subsequently, the peptide folds into alpha helical conformation which 

allows the establishment of salt bridges with the amine of PE headgroups. By clinging to such 

a group with the carboxylates of E4 and D8 (which reside on the same side of the helix), 

hydrophobic side chains on the opposite side “fall” into the hydrophobic core. Subsequently, 

other interactions can be formed including a further salt bridge between the amine of PE and 

the carboxy terminus.  



 

Figure 4.  Schematic representation of the mode of action of Sesquin peptide approaching 

targeted membranes. (A) Sesquin approaches the target membrane by forming a salt bridge 



between the N-terminal and/or its side chain amine and the negatively charged phosphate 

moieties of phospholipids (yellow spheres).  A gradient of electron density (shown as an 

“arrow”) amplifies the positive charge at the N terminus. (B) The interaction is stabilized by 

salt bridges between the carboxylates of E4 and D8 (red spheres), forming salt bridges with 

the amine moiety of PE head groups (blue spheres). (C) These interactions also stabilize the 

formation of an alpha helical conformation bringing E8 and D4 on the same side of an 

amphipathic helix, exposing hydrophobic residues L6 and Y10 towards the interior of the lipid 

bilayer. (D) As a consequence, the helix flips inside the bilayer, maintaining the salt bridges 

previously formed. (E) The same complex shown in D with a view rotated by 90 degrees. (F) In 

the presence of ergosterol a further interaction takes place in step C (framed with a dashed 

line), between oxydrils of the side chain of T2 (but also C3) and that of the sterol  (red spheres). 

T9 is on the same side of the helix as T2 but does not seem to participate in the recognition.  

A possible cooperative effect was explored by performing the simulations with 8 

peptides per system. Although Sesquin tends to form aggregates by approaching the 

hydrophobic surface in helical conformation, each peptide seems to act independently in the 

first stages of the interaction with the membrane. The overall effect on the membrane can 

be better evaluated by calculating the area per lipid (Figures S13 and S14). In the case of PE-

containing membranes the ensemble of the peptides exert a significant pressure on the 

surface, invaginating the bilayers as demonstrated by the increase and decrease of the area 

per lipid of the outer and inner leaflet, respectively.   

 

3.8. A potential food preservative 

For its unique properties as antifungal and antibacterial and the lack of hemolytic or 

cytotoxic activities [24], we have investigated the effect of some of the most used food 

preservation techniques on the molecular properties of Sesquin. In particular we have 

focused on temperature and pressure changes but also on the usage of electrical pulses. MD 

simulations have shown to be suitable to study novel food processing technologies such as 

high pressure and electric fields in combination with antimicrobial peptides [51,133–137]. 

https://paperpile.com/c/PQk7zr/EtPRT
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When lowering the temperature to 278 K, some membranes undergo phase 

transitions, namely POPE (Tm=298 K) and POPS (Tm=287 K). Others approach the phase 

transition: POPC (Tm=271 K) and POPG (Tm=271 K) [138]. With the exception of CL (Tm=345 K), 

all other systems are significantly more rigid [139]. In this conditions, two effects play a role 

in the mode of interaction: (i) due to the decreased kinetic energy available at lower 

temperature, Sesquin tends to reside longer on membrane surfaces, establishing similar polar 

contacts as those described at 310K (Figures S17-S19); (ii) due to the increased rigidification 

of the membrane, Sesquin tends to penetrate less in the bilayers (Figures S19-S21). The first 

effect determines invagination of the membrane with one or multiple peptides (see the effect 

on the area per lipid, Figures S22 and S23) while the second effect significantly reduces the 

amount of apolar contacts with the acyl chains of phospholipids (Figures S19-S21). Overall, 

Sesquin penetrates only in pure PE, PE/ergosterol and in pure CL membranes where the acyl 

chains are directly accessible for the absence of a large headgroup. 

While our simulations at 310 K did not reveal a specificity for POPI, at 278 K  a clear 

reduction of the order parameter is observed only for this type of membranes (see Figure 

S24), demonstrating that Sesquin does not need to insert deeply in the POPI bilayer to fluidify 

it. 

Pressure has been used as a way to preserve food [6,140]. Some of the advantages of 

this approach are the short process times[141], energy saving, and a good conservation of 

organoleptic properties [142]. High pressure has also been tested to prevent prions 

contamination [143,144]. On the other hand, some organisms including fungi [142,145] are 

tolerant to high pressures [146–148], or express resistance genes to tolerate such conditions 

[149,150]. Combination with other agents, as AMPs, could help to overcome these issues. 

Under high pressure conditions and in the absence of Sesquin, we observe a significant 

decrease of area per lipid (data not shown) and an increase in the order parameter of acyl 

chains (Figure S25), in some cases due to the induction of phase transitions. Electron density 

profiles comparing the different membranes under atmospheric and high pressures (1000 

bar) were also evaluated (see Figure S26). For most of the membranes (except for those 

undergoing phase transitions like POPE and POPS)  it can be seen that densities are slightly 

lower at the two peaks corresponding to the lipid head groups while higher at the central 
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region. This would indicate a reduction in the volume in the center of the bilayer, while it is 

harder to compress further the more dense regions close to the head groups. Such effects 

were previously described in the literature for POPC and DOPC [51]. Pure POPE and POPS 

membranes undergo a phase transition at these high pressure conditions, leading to more 

remarkable changes in the profiles (Figure S26). 

When a high pressure is applied in the presence of Sesquin, behaviors similar to those 

described at low temperature are observed but in this case the rigidification of the membrane 

can be dramatic, independently of the phase transition temperature. As a consequence, 

larger perturbations of the area per lipid are observed for PE, PE/ergosterol, PI and PS 

(compare Figures S27 and S28 with Figure S29) while the peptide penetrates poorly in all 

bilayers (Figures S30-S32) with the notable exception of PE and PE/ergosterol bilayers. This 

confirms the selective preference of Sesquin for fungal-like membranes and its possible use 

under high pressure conditions, allowing a synergistic effect aiming at destroying recalcitrant 

bacterial or fungal cells. 

An emerging technique for food preservation is electric field processing. It has been 

successfully used with liquid or semi solid food such as milk, youghourts, soups and liquid 

eggs. In the last years it has been extended to solid meals  [151]. Additionally, this technique 

has shown its capacity to preserve nutritional properties such as the vitamins content 

[10,13,15,152–156]. At variance with the previously described preservation methods, electric 

fields fluidify membranes (Figure S33) rather than making them more stiff, thus favouring the 

penetration of Sesquin. The choice of the electric field strength was dictated by the need to 

weaken the studied bilayer without disrupting it by its sole action. The analysis of polar and 

apolar contacts clearly show that electric fields amplify the antimicrobial effect of Sesquin 

(Figures S34-S38). In these conditions, Sesquin clearly lowers the order parameters of 

palmitoyl acyl chains (Figure S39) in PE and PE/Ergosterol bilayers due to its penetration in 

their inner cores. In parallel, the antibacterial properties are amplified with the establishment 

of polar and apolar contacts with all phospholipids present in bacterial membranes (PE,PG 

and CL) and their mixtures. It is worth pointing out that POPC bilayers (here representing 

mammalian membranes) remain poorly perturbed by the presence of the peptide even in 

such conditions. The use of Sesquin could allow lowering the power of electric fields 
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commonly used for food preservation with benefits for food integrity, organoleptic properties 

and lower energy consumption.  

 

4. Conclusions 

While we chemically synthesized Sesquin for our mechanistic study, applications should take 

into account strategies to make the production costs feasible such as its synthesis via 

fermentation. Once the ecological impact on fields is ascertained, applications in crop-

protection could also be postulated by bioengineering of symbiotic bacteria although  this is 

beyond the scope of the present workUnlike most antimicrobial peptides, Sesquin is a 

negatively charged molecule. Such a feature is the key for its specificity towards 

phosphatidylethanolamine headgroup, which contains a positively charged amine group. The 

overall negative charge of Sesquin is limited to -1 at physiological pH which could be a 

compromise between attraction to the PE amine groups and the overall negative charge, 

typically found in fungal membranes. In Sesquin, the electronic density on each amide proton 

gradually diminishes from the C-terminus to the N-terminus where two positive charges are 

present on the backbone and sidechain amine groups. The N-terminus is able to interact with 

negatively charged phosphate oxygen atoms in the interior of the bilayer, acting as an arrow. 

After an initial electrostatic attraction, the negatively charged residues E4 and D8 form salt 

bridges with the amine moieties of PE, whose flexibility and poor hindrance facilitate the 

folding of Sesquin in an amphipathic alpha helix. In the final step, the apolar side of the helix 

drops into the interior of the target bilayer and Sesquin remains anchored to the phosphate 

groups, while occupying the layer underneath. In the case of phosphatidylcholine 

membranes, the presence of methyl groups in the amine of choline might account for the 

impossibility to form salt bridges with E4 and D8 while their increased steric hindrance might 

prevent the insertion of the helix.  

Our data clearly show a remarkable selectivity of Sesquin for ergosterol containing 

membranes, thus explaining its main antifungal activity and making it a good candidate for 

food preservation. Its activity does not seem to be hampered by the use of common 

preservation techniques, possibly allowing its use for a synergistic antimicrobial action.   
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