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A B S T R A C T

The increasing emergence of viral infections highlights the urgent need for new, broad-spectrum antiviral drugs. 
Peptide-based therapeutics, such as mucroporin-M1 derived from scorpion venom, offer promising antiviral 
potential due to their specificity and low toxicity. Here, we report on the design, synthesis, and structural and 
biological characterization of mucroporin-M1 analogues incorporating α-aminoisobutyric acid (Aib) residues and 
N-terminal lipidation to enhance helical stability and proteolytic resistance. Structural analyses via circular di
chroism and NMR confirmed amphipathic helical conformations for some of the analogues. These modifications 
significantly improved resistance to enzymatic degradation and enhanced membranolytic activity. Biological 
evaluation showed that some peptides exert potent virucidal effects against enveloped RNA and DNA viruses 
belonging to the Flaviviridae or Herpesviridae family, with minimal cytotoxicity, while they are inactive against 
non-enveloped viruses. These findings suggest that chemically optimized mucroporin-M1 analogues can repre
sent promising candidates for developing peptide-based antivirals endowed with broad-spectrum virucidal 
activity.

1. Introduction

The increasing emergence of viral infections underscores the urgent 
need for novel antiviral drugs. Emerging RNA viruses with different 
morphology (enveloped and non-enveloped viruses) belong to various 
viral families such as Flaviviridae (including West Nile virus or WNV, 
Zika virus or ZIKV, and dengue virus or DENV), Coronaviridae (including 
severe acute respiratory syndrome coronavirus 2 or SARS-CoV-2), 
Orthomyxoviridae (including human and avian strains of influenza A 
virus or IAV), and others. Also, several enveloped and non-enveloped 
DNA viruses, such those belonging to the Herpesviridae family (which 
include herpes simplex virus or HSV), represent a concern for global 
human health. Different classes of antiviral compounds, directed against 
either viral targets or host cell factors, have been developed [1–3]. 
However, existing therapies are limited by issues such as drug resis
tance, narrow-spectrum activity, and potential side effects, necessitating 
the development of innovative antiviral strategies [4–7]. In this context, 

peptides have emerged as promising therapeutic agents due to their high 
specificity, low toxicity, and ability to target viral components with 
broad-spectrum potential and minimal off-target effects [8–10].

Peptide-based drugs are increasingly being recognized as suitable 
candidates for clinical applications. In recent years, the U.S. Food and 
Drug Administration (FDA) has approved an increasing number of 
peptide therapeutics, reflecting their potential as effective treatments 
for a wide range of diseases, including viral infections [11–13]. Ad
vances in peptide synthesis and optimization have further contributed to 
their pharmaceutical development, enabling improved stability, 
bioavailability, and cost-effective production.

Among the various antiviral peptides studied, mucroporin-M1, a 
cationic peptide derived from the scorpion venom mucroporin [14], has 
demonstrated potent virucidal activity [15–17]. This peptide exhibits 
broad-spectrum antiviral properties and has been shown to act by 
interacting with and disrupting the viral envelope, thereby interfering 
with virus entry into host cells [15]. This proposed mechanism of action 
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makes it a promising candidate for the development of next-generation 
antiviral drugs with potential broad-spectrum activity against enveloped 
viruses belonging to different families. Further research on mucroporin- 
M1 and its derivatives could pave the way for novel, effective, and stable 
peptide-based antivirals.

This study aims to further improve the antiviral activity of 
mucroporin-M1 by optimizing its sequence and investigating its 
conformation and structure-activity relationship. We modified the 
sequence by incorporating the non-proteinogenic amino acid α-amino
isobutyric acid (Aib) at specific positions (replacing isoleucine at posi
tions 5 and 9, and valine at position 13) to strengthen the helical 
conformation and enhance stability against proteolytic enzymes 
[18,19]. The stabilization of an amphipathic helical structure is often a 
prerequisite for biological activity, as it ensures the optimal spatial 
segregation of hydrophobic and cationic residues, facilitating membrane 
interaction [20,21]. In addition, we synthesized several shorter ana
logues of mucroporin-M1 to identify the minimal active sequence and to 
develop a more straightforward synthetic protocol. We then investigated 
the correlation between the 3D structure of the different peptide se
quences and their virucidal activity. Finally, we demonstrated the 
broad-spectrum virucidal activity of our synthesized mucroporin-M1 
analogues against enveloped viruses belonging to different families.

2. Results and discussion

2.1. Rational design and synthesis of the peptides

The peptides designed for this study are analogues of the optimized 
mucroporin-M1 sequence (hereinafter referred to as peptide CS1) pro
posed by Li et al. [15]. To identify shorter peptides that retain biological 
activity, we generated some variants of mucroporin-M1 (i.e., peptides 
CS2, CS4, and CS5) by truncating the N-terminal region to determine the 
minimal active sequence. Considering that shortening peptides can 
reduce helical content and stability, in some of the shorter derivatives 
(CS4 and CS5) isoleucine or valine residues were replaced by the non- 
proteinogenic amino acid α-aminoisobutyric acid (Aib), known to pro
mote helix folding in both synthetic and natural sequences [18,22,23]. 
In particular, in CS4 and CS5, Aib residues were introduced in positions 
2 and 6 (Table 1). We hypothesized that maintaining helicity may be 
crucial for antiviral activity, and that the hydrophobic nature of Aib may 
help preserve the amphipathic helix characteristic of mucroporin.

Another important reason for introducing Aib is to enhance the 
stability of peptides against enzymatic degradation. As a non- 
proteinogenic amino acid, Aib is not recognized by proteolytic en
zymes, which could prolong the intracellular life of the peptides [22]. 
Thus, Aib was also introduced in CS3, the full-length analogue of 
mucroporin-M1 (CS1), replacing isoleucine at positions 5 and 9, as well 
as valine at position 13 (U5I, U9I, and U13V) (Table 1).

Among the shortened analogues of mucroporin-M1, peptide CS5, 
besides containing Aib residues, also possesses a palmitoyl chain linked 
to the N-terminus (Table 1). Capping the N-terminus of peptides with 
different acyl groups is a common strategy to increase the proteolytic 
stability of short peptides both in vitro and in vivo [24]. In addition, we 

expected that lipidation with a palmitoyl chain could facilitate micelle 
formation, enhance membrane interactions, and improve the peptide's 
bioactivity.

We synthesized the four modified sequences and the parent peptide, 
mucroporin-M1, using solid-phase peptide synthesis (SPPS) with the 
Fmoc strategy. The synthesis was carried out using a Biotage Syro Wave 
II automated peptide synthesizer. Rink Amide resin was used for all 
analogues to ensure C-terminal amidation, enhancing peptide stability 
[25]. All synthesized peptides were purified and characterized. Table 1
lists the peptide sequences and abbreviations used throughout the 
manuscript for reference.

2.2. Conformational analysis of the peptides by circular dichroism

Circular dichroism (CD) spectroscopy was employed to investigate 
the secondary structure of the synthesized peptides in different solvents 
and to explore potential correlations between peptide conformation and 
biological activity. Spectra were recorded in methanol (MeOH), sodium 
dodecyl sulfate (SDS, 100 mM), and 2,2,2-trifluoroethanol (TFE). 
Methanol is a classic organic solvent used for circular dichroism of 
peptides because it is less polar than water and can influence the sec
ondary structure through its ability to form hydrogen bonds [26,27]. 
SDS was chosen as a membrane-mimetic environment. TFE is known to 
induce the formation of helical conformations in peptides [28–30].

All peptides showed the typical CD spectral signature of helices: a 
positive maximum around 190 nm and two negative maxima at 
approximately 208 nm and 222 nm (Fig. 1). These bands correspond, 
respectively, to the parallel component of the π → π* transition (190 
nm), the n → π* transition (~208 nm), and the perpendicular compo
nent of the π → π* transition (222 nm), which are indicative of ordered 
α-helical or 3₁₀-helical conformations [31]. For the secondary structure 
analysis based on CD, the BeStSel algorithm was employed (Table 2) to 
calculate the helical content. Furthermore, the ratio of molar ellipticities 
at 222 nm and 208 nm (R = [θ]₂₂₂/[θ]₂₀₈) was exploited to clarify the 
nature of the helical structures. The longer peptides CS1 and CS3 
exhibited a strong propensity for helical conformations in methanol, 
with both analogues showing a helical content of approximately 40% 
(Table 2).

In TFE, the helical content for both longer peptides is maintained at 
41% and 35%, respectively (Table 2), and the curve shape suggests a 
mixed α/310 helical tendency for both peptides, as determined by 
calculating the R ratio around 0.7 (Fig. 1 and Table 2). In the membrane- 
mimetic SDS environment, however, the two peptides diverge slightly 
from their behavior in TFE, adopting a more canonical α-helical 
conformation. This is supported by an increase in the R-ratio to 
approximately 0.9 (Fig. 1 and Table 2), suggesting a shift toward a more 
stable α-helix compared to the α/310 helical character observed in TFE. 
The introduction of Aib residues in CS3 significantly stabilized the he
lical fold, resulting in a marked increase in helicity from 22% (CS1) to 
37% (CS3) in the presence of SDS (Table 2).

The contribution of Aib was more remarkable when the shorter an
alogues were compared. CS2 was unstructured in methanol, whereas the 
Aib-containing peptide CS4 exhibited a helical curve shape (Fig. 1 and 

Table 1 
Peptides and their chemical properties.

Peptide Peptide sequence* (M + H)+calcd (M + H)+exp** Purity (%) Yield (%)

CS1 LFRLIKSLIKRLVSAFK-NH2 2030.32 2031.34146 97.2 10
CS2 LIKRLVSAFK-NH2 1172.78 1173.78285 96.0 32
CS3 LFRLUKSLUKRLUSAFK-NH2 1960.25 1961.2612 97.9 25
CS4 LUKRLUSAFK-NH2 1130.73 1131.73700 99.1 34
CS5 Palm-LUKRLUSAFK-NH2 1368.96 1369.96506 96.3 18

* Aib residues are indicated by ‘U' and are highlighted in bold.
** HRMS acquired using ACQUITY UPLC I-Class PLUS System equipped with high-resolution RDa Time of-Flight (ToF).
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Table 2). In TFE and SDS, both peptides adopted a helical conformation, 
suggesting a mixed α/310 helix, as evidenced by the R ratio (Table 2). As 
expected due to their reduced length, the overall helical content is lower 
than that of their longer peptide counterparts, ranging from 15% to 
21%.

The acylation of the N-terminus with palmitic acid in CS5 resulted in 
a clear tendency for the peptide to adopt a helical structure in all three 
solvents. The R values ranged from 0.5 to 0.6 (Table 2), which is 
consistent with a mixed helical conformation that favors the 310-helix 

[23,32]. These findings reinforce the idea that lipidation favors the 
formation of secondary structures. In particular, palmitoylation could 
facilitate the interaction of the lipid part of membranes, thus contrib
uting to the antiviral activity of the peptides.

Overall, this analysis highlights the crucial role of peptide length in 
forming and stabilizing secondary structures. Furthermore, the nature of 
the solvent appears to be important. For shorter peptides, the insertion 
of Aib was fundamental to inducing helicity, even in weakly structuring 
solvents such as methanol.

2.3. Conformational analysis of the peptides by nuclear magnetic 
resonance (NMR)

We next performed a 2D-NMR analysis in solution to obtain residue- 
level structural insights into the conformational preferences of selected 
analogues, focusing on the most promising Aib-modified peptides CS3 
and CS5, compared to the parental CS1. To gain insights into the atomic- 
level structure of the three peptides and corroborate structure-activity 
relationships, complete proton resonance assignments were performed 
using 2D NMR experiments, followed by structure calculations. NMR 
studies of CS1 and CS3 were conducted in TFE, a medium that stabilizes 

Fig. 1. CD spectra of (A) long and (B) short mucroporin-M1 analogues recorded in MeOH, SDS, and TFE, at 25 ◦C.

Table 2 
Percentage of helix structure calculated with BeStSel software and R values (R=
[Θ]222/[Θ]206–208) for the five peptides in three different solvents.

Peptide MeOH SDS TFE

% Helix R % Helix R % Helix R

CS1 41.1 0.7 22.1 0.9 41.3 0.7
CS2 0 – 21.0 0.7 16.0 0.5
CS3 39.3 0.8 37.4 0.9 35.1 0.8
CS4 5.1 0.4 18.0 0.6 15.6 0.7
CS5 16.6 0.5 12.9 0.6 24.0 0.6
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the helical fold, as evidenced by CD data (Table 2). The complete 
assignment of proton resonances was established based on clip-COSY, 
TOCSY and NOESY experiments, using the Wüthrich's procedure [33].

The comparison of the αCH chemical shifts with the random coil 
reference was used to measure the helical content for each peptide. The 
deviations observed (Δδ) are reported in Fig. 2. Comparison of the 
assigned αCH chemical shifts with random coil reference values revealed 
negative deviations (Δδ) for all residues along the peptide sequences, 
consistent with helical structure in solution. The pronounced negative 
ΔδαCH values observed for CS1 and CS3 confirm the high helical content 
in TFE previously indicated by CD (Fig. 1 and Table 2). Specifically, 
these deviations, ranging from approximately − 0.4 to − 0.8 ppm, are 
highly indicative of a stable helical population along the entire sequence 
(Fig. 2).

Conformational studies of the CS5 peptide were performed by NMR 
spectroscopy in SDS micelles, as the peptide showed limited solubility in 
TFE at the concentration required for accurate NMR analysis (approxi
mately 2 mM). The presence of the palmitoyl alkyl chain confers hy
drophobic character, while the CS5 peptide backbone is predominantly 
hydrophilic, resulting in an overall amphiphilic nature. This property 
promotes self-association and favorable interactions with SDS micelles, 
enhancing solubility and making SDS an appropriate membrane- 
mimicking system for structural characterization.

The chemical shift deviations (Δδ) observed for CS5 were all nega
tive (Fig. 2), indicating helical conformation. However, a direct com
parison with the deviations observed for CS5 with those of CS1 and CS3 
is not feasible, as different solvents were used; indeed, as shown by CD 
spectroscopy, solvent effects strongly influence both the overall helical 
content and the type of helix adopted (Fig. 1 and Table 2). In general, 
helical structures are readily identified by a series of consecutive NN(i, i 
+ 1) NOEs, concomitant with some αN(i, i + 2) NOEs, αN(i, i + 3) and αN 
(i, i + 4) NOEs, that define the type of helix. In particular, the presence of 
the αCH(i) → NH(i + 2) cross-peak together with αCH(i) → NH(i + 3) 
cross-peaks are indicative of a mixed α/310 helical conformation [62], 
while prevalence of αCH(i) → NH(i + 4) cross-peaks indicate adoption of 
α-helical structure. The NOESY connectivities observed for CS1, CS3, 
and CS5 are reported in Fig. 3 and confirmed the helical folding for all 
three peptides. In CS5, the presence of strong αH(i)–HN(i + 3) NOEs and 
the lack of αH(i)–HN(i + 4) contacts were consistent with a 310-helix 
(Fig. 3C). In contrast, both CS1 (Fig. 3A) and CS3 (Fig. 3B) showed αH 
(i)–HN(i + 4) NOEs alongside i → i + 3 connectivities, suggesting a 
mixed α/310-helical conformation and confirming the CD data.

Then, the conformational properties of the three peptides were 
further investigated using distance geometry (DG) protocol, followed by 
a simulated annealing (SA) protocol, applying dihedral angle and 
interproton distance restraints. The distance restraints were derived 
from NOESY spectra, yielding 166, 129, and 77 interproton distances for 
CS1, CS3, and CS5, respectively (Fig. S7). The 100 structures generated 
for each peptide fulfilled the experimentally determined interproton 
distance restraints with violations below 0.3 Å, and dihedral angle re
straints with deviations lower than 5 degrees. The analysis was therefore 
conducted on the ten lowest energy structures. The resulting ensemble 
had a Cα RMSD (Root Mean Square Deviation) to the mean of 1.62 Å, 
1.34 Å, and 0.80 Å for CS1, CS3, and CS5, respectively, indicating good 
convergence toward a single conformation within each ensemble. 
Remarkably, CS5 exhibited the lowest RMSD (0.80 Å), indicating a 
highly convergent and rigid structure, which may contribute to its 
enhanced stability and biological activity. The lowest-energy structures 
of each peptide are shown in Fig. 4. Interestingly, all three peptides 
display an amphipathic character, with hydrophobic residues (Aib, Leu, 
Val, and Ile) clustered on one face of the helix and cationic residues (Arg 
and Lys) aligned on the opposite side.

Ramachandran plot analysis further confirmed the helical folding of 
the three peptides with backbone ϕ/ψ angles predominantly lying 
within the allowed helical regions (Fig. 4, right panels). Specifically, in 
CS1 (Fig. 4A), all backbone dihedral angles were located within the 
α-helical region, except for Ser14, which appeared as an outlier in one of 
the ten structures. Additionally, Arg11 occasionally fell into less allowed 
regions, suggesting some local flexibility near the C-terminus. In CS3 
(Fig. 4B), no outliers were observed: most residues occupied the α-he
lical region, while Ser14 consistently adopted ϕ/ψ angles in the left- 
handed helical region. Notably, this residue fell within the most 
favored area in four structures and remained within allowed regions in 
the others, indicating a consistent left-handed conformation. In CS5 
(Fig. 4C), all residues were located in sterically allowed conformations 
within the α-helical region with no outliers, consistent with its low 
RMSD and conformational rigidity.

The improved structural convergence toward a unique helical 
conformation observed for CS3 and CS5 is likely due to the presence of 
Aib residues, which restrict backbone flexibility via steric effects and 
promote helical folding, especially 3₁₀-helices [34]. This was further 
supported by hydrogen bond analysis of the ten lowest-energy structures 
(Table 3).

CS3 displayed several high-occurrence hydrogen bonds (e.g., 90% 
between Ser14 and Arg11), indicative of a mixed α/310-helix. Similarly, 
CS5 exhibited stabilizing hydrogen bonds, albeit with slightly lower 
occupancy. In contrast, CS1 showed fewer hydrogen bonds, indicating a 
less stabilized helical structure. The increased number of stabilizing 
hydrogen bonds and the higher helical content observed for CS3 and CS5 
suggest a superior structural robustness compared to the parent peptide 
CS1. Taken together, these results indicate that Aib incorporation and 
lipidation promote conformational rigidity and amphipathic helicity, 
structural features that might correlate with enhanced membranolytic 
and antiviral activity.

2.4. Proteolytic stability of the peptides

Proteolytic degradation remains a major limitation in the develop
ment of bioactive peptides as therapeutic agents. In this study, the sta
bility of synthesized mucroporin-M1-derived analogues toward 
enzymatic degradation by trypsin, chymotrypsin, and human serum was 
evaluated [35,36]. After incubation with either purified enzymes or 
serum, peptide integrity was monitored by HPLC. Proteolytic degrada
tion is reported in Fig. 5 as the percentage of intact peptide over time, 
calculated from the corresponding HPLC peak areas.

Peptide CS1 and its shortened analogue CS2 underwent rapid 
degradation upon exposure to both trypsin and chymotrypsin, with 
extensive peptide degradation occurring within the first minutes of 

Fig. 2. Comparison of αCH proton chemical shift deviations (Δδ) from random 
coil values for CS1 (blue) and CS3 (orange) peptides. Upfield shifts (negative 
values) are indicative of helical secondary structure. CS1 and CS3 display strong 
negative deviations across the entire sequence, suggesting high helical content. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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incubation (Fig. 5). A similar trend was observed for the Aib-containing 
peptide CS3 in the presence of purified enzymes (Fig. 5). The Aib- 
containing, shorter CS4 peptide was still degraded, albeit retaining a 
higher percentage of intact peptide (approximately 30% after 90 min) 
compared to CS1, CS2, and CS3 (Fig. 5). While the rapid degradation of 

CS1 and CS2 was predictable, the limited stability of CS3 was less ex
pected, as the incorporation of the non-proteinogenic Cα-tetrasub
stituted residue Aib is generally considered to hinder enzymatic 
recognition. This behavior can be rationalized by considering peptide 
length. The relatively long sequence of CS3 provides multiple potential 

Fig. 3. Overview of NOESY connectivities for CS1, CS3, and CS5. The thickness and filling of the bands are used to classify and code NOE signals according to 
interprotonic distance (see the legend in the bottom-right of the figure). Peaks that overlap are indicated by stars.
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proteolytic cleavage sites, and the insertion of three Aib residues within 
a seventeen–amino acid sequence is likely insufficient to confer sub
stantial protection. In contrast, CS4, which contains two Aib residues 
within a shorter ten–amino acid sequence, thereby reducing the number 
of accessible cleavage sites, showed an improved resistance to enzymatic 

degradation.
Among the peptides tested in purified enzyme assays, CS5, bearing a 

palmitic chain that protects the N-terminus, displayed the highest sta
bility (Fig. 5). A significant fraction of intact peptide was still detectable 
after 24 h of incubation in both enzymatic environments. In agreement 

Fig. 4. Structural analysis of peptides CS1, CS3, and CS5. For each peptide, the backbone structure of the lowest-energy conformation is shown on the left, while the 
Ramachandran plot on the right refers to the ensemble of the ten lowest-energy conformers. The plots demonstrate the good agreement between the ϕ (phi) and ψ 
(psi) angles and a helical conformation across all peptides. Outliers are labelled and marked with a red cross. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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with previous reports [37], these results confirm that the combination of 
non-proteinogenic amino acids with a hydrophobic alkyl chain can 
markedly enhance resistance to proteolytic degradation.

Overall, all peptides were degraded more slowly in human serum 

than in the presence of purified enzymes, with at least 30% of intact 
peptide remaining after 60 min (Fig. 5). Importantly, undegraded CS4 
and CS5 were detectable up to 24 h. This increased stability in serum is 
likely attributable to differences in the peptide-to-protease ratio and to 
the complexity of the serum environment, wherein interactions with 
serum proteins may partially shield peptides from proteolytic attack. 
Taken together, these findings highlight the advantages of incorporating 
non-proteinogenic amino acids, particularly in combination with hy
drophobic N-alkylation, for improving peptide proteolytic stability, 
pharmacological potential.

2.5. Membranolytic properties of the peptides

The peptides derived from mucroporin are hypothesized to exert 
their antiviral activity through a membranolytic mechanism, disrupting 
the integrity of the viral envelope. As a preliminary test to investigate 
possible membranolytic properties of the CS1-CS5 peptides, we per
formed a well-established leakage assay using synthetic liposomes of 
different compositions. PC/CH (phosphatidylcholine/cholesterol) and 
PE/PG (phosphatidylethanolamine/phosphatidylglycerol)-containing 
small unilamellar vesicles (SUVs) [38] were chosen as a first approxi
mation of membranes with different composition and net charge, even 
though these systems do not fully replicate the complexity of viral en
velopes. SUVs were incubated with increasing concentrations of pep
tides, and the release of encapsulated carboxyfluorescein (CF) was 
monitored over time. Trichogin GAIV, a peptide with established 
membranolytic properties, served as a positive control [39,40]. As 

Table 3 
Hydrogen bond occurrence observed across bundles of 10 structural models for 
each peptide.

Donor-acceptor Peptide Occurrence

Lys6-Arg3 CS1 10%
Ser14-Arg11 CS1 10%
Arg11-Leu8 CS1 30%
Leu4-Leu1 CS1 10%
Leu5-Leu1 CS1 10%
Leu12-Leu8 CS1 20%
Ile9-Lys6 CS1 20%
Lys10-Ser7 CS1 10%
Aib13-Lys10 CS3 60%
Leu8-Leu4 CS3 80%
Ser14-Arg11 CS3 90%
Ser7-Arg3 CS3 50%
Leu12-Aib9 CS3 30%
Lys10-Lys6 CS3 30%
Arg4-Leu1 CS5 30%
Ser7-Arg4 CS5 40%
Leu5-Leu1 CS5 40%
Phe9-Aib6 CS5 10%

For each donor–acceptor pair, the corresponding peptide and the occurrence of 
hydrogen bond occurrence are reported, expressed as a percentage relative to 
the total number of structures analyzed per peptide.

Fig. 5. Proteolytic degradation of the CS1-CS5 peptides in trypsin, chymotrypsin, and human serum, represented as the percentage of intact peptide over time, 
calculated from the HPLC-derived peak areas.
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shown in Fig. 6, the longer peptides CS1 and CS3 were able to disrupt 
both model membranes, whereas the shorter analogues CS2 and CS4 
showed negligible membrane-disruptive activity, regardless of the 
presence of Aib in CS4. These results suggest that shortening a peptide 
below a certain length impairs its ability to effectively interact with lipid 
bilayers and underscore the importance of peptide length for membrane 
permeabilization. While our library focuses on a selected set of ana
logues, the observed correlation between peptide length and activity 
(CS1/CS3 vs CS2/CS4) is consistent with the minimum length require
ment often observed in amphipathic helical AMPs, where a minimum of 
12–15 residues is typically required to span or effectively perturb the 
lipid bilayer [41,42]. Interestingly, despite being a shortened analogue, 
CS5 retained strong membrane-disruptive activity, most likely due to the 
presence of a palmitic acid moiety at the N-terminus. Variations in the 
lipid moiety could modulate the insertion of the derivatives into mem
branes, and consequently influence their biological potency [9,43]. 
Indeed, this moiety enhances hydrophobicity and promotes membrane 
insertion, which is consistent with previous observations reported for 
lipopeptides [44].

Differences in the extent of CF release were observed between PC/CH 
and PE/PG liposomes (Fig. 6), suggesting that peptide–membrane in
teractions are also influenced by membrane composition [38].

Specifically, the longer peptides (CS1 and CS3), along with the 
reference Trichogin GAIV, exhibited the highest permeabilizing activity 
in both models, achieving complete dye release at low peptide-to-lipid 
ratios. However, while CS1 maintained comparable potency in both 
environments, CS3 and the lipidated short analogue CS5 required higher 
concentrations to achieve full leakage in the anionic PE/PG vesicles 
compared to the zwitterionic PC/Ch system. Conversely, the non- 
lipidated short peptides (CS2 and CS4) demonstrated minimal to no 
membrane disruption, remaining largely inactive, particularly in the 
PE/PG model.

2.6. Biological evaluation

2.6.1. Antiviral activity against different viruses
We finally evaluated the antiviral activity of the peptides against two 

viruses belonging to different viral families, i.e., Flaviviridae and Her
pesviridae, as representatives of enveloped RNA and DNA viruses, 
respectively. The antiviral activity of the peptides (CS1-CS5) was first 
evaluated against Zika virus (ZIKV) and herpes simplex virus type 1 
(HSV-1) by performing plaque reduction assays (PRAs) in Vero cells. In 
parallel, the cytotoxicity of the peptides was assessed by MTT assays in 
the same cell line to exclude that the antiviral activity could be due to 
peptide toxicity.

As reported in Table 4 and Fig. S13, when the peptides were added 
both during and after ZIKV infection (i.e., along with the viral inoc
ulum), CS1, CS3, and CS5 showed good antiviral activity (Effective 
Concentration at half-maximal response [EC50] ranging from 0.6 to 2.7 
μg/mL) at noncytotoxic concentrations, thus resulting in Selectivity 
Index (SI) values >10. In these experiments, CS5 exhibited the highest 
activity and the most favorable SI. In contrast, the shortest peptides CS2 
and CS4 did not exhibit antiviral activity in the range of tested con
centrations (0.1–25 μg/mL) (Table 4). As shown in Fig. S13, when the 
peptides were added only after infection, they did not show significant 
antiviral activity toward ZIKV. These data suggest that peptides CS1, 
CS3, and CS5 could exert their antiviral effects at a stage preceding viral 
entry into the host cell. A similar trend was observed for the antiviral 
activity of the peptides against HSV-1, a DNA virus. In fact, CS1, CS3, 
and CS5 showed inhibitory activity toward HSV-1 replication, while CS2 
and CS4 resulted inactive in the same concentration range (Table 4). 
Altogether, the peptides that showed membranolytic properties also 
showed antiviral activity against two unrelated enveloped viruses.

2.6.2. Virucidal activity against enveloped viruses
To better characterize the mechanism of action of the peptides, we 

Fig. 6. Peptide-induced CF leakage at 20 min for different ratios R− 1 = [peptide]/[lipid] in PE/PG 7:3 vesicles and in PC/Ch 7:3 vesicles.

Table 4 
Cytotoxicity and antiviral activity of the peptides against ZIKV and HSV-1 in 
Vero cells.

Peptide Cytotoxicity Anti-ZIKV activity Anti-HSV-1 activity

CC50
a (μg/mL) EC50

b (μg/mL) SIc EC50
d (μg/mL) SI

CS1 46 ± 19 2.7 ± 0.9 17 4.5 ± 0.7 10
CS2 >100 > 25 > 4 > 25 >4
CS3 38 ± 8 2.7 ± 0.8 14 5.2 ± 0.4 7
CS4 >100 > 25 > 4 > 25 >4
CS5 33 ± 10 0.6 ± 0.3 55 5.0 ± 0.1 7

Reported values represent the means ± SD. All values derive from n = 2 inde
pendent experiments in duplicate.

a CC50, Cytotoxic Concentration at half-maximal response, i.e., the compound 
concentration that inhibits 50% of cell viability as determined by MTT assays in 
Vero cells at 72 h. Reported values represent the means ± SD.

b EC50, Effective Concentration at half-maximal response, i.e., the compound 
concentration that inhibits 50% of plaque formation as determined by PRAs 
against ZIKV (PRVABC59 strain) in Vero cells. Reported values represent the 
means ± SD.

c SI, Selectivity Index, determined as the ratio between CC50 and EC50.
d EC50, Effective Concentration at half-maximal response, i.e., the compound 

concentration that inhibits 50% of plaque formation as determined by PRAs 
against HSV-1 (F strain) in Vero cells.
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then decided to perform virucidal assays with ZIKV, West Nile virus 
(another flavivirus), and HSV-1. In these experiments, a high concen
tration of each test virus was first incubated for 1 h at 37 ◦C with either 
the peptides at a fixed, active concentration (20 μg/mL), or with 50 μM 
Epigallocatechin gallate (EGCG), a natural compound with a well- 
established virucidal activity against both ZIKV and HSV-1 [45,46], as 
a positive control. Then, the viruses were serially diluted and titrated on 
fresh monolayers of Vero cells to test the residual infectivity. As shown 
in Fig. 7, peptides CS1, CS3, and CS5 demonstrated potent virucidal 
activity against ZIKV, WNV, and HSV-1, similarly to the positive control 
EGCG. Once again, CS5 was the most active of the tested peptides. By 
contrast, peptides CS2 and CS4 exhibited no virucidal activity (Fig. 7).

2.6.3. Virucidal activity against naked viruses
To test further the hypothesis that the peptides could act by dis

rupting viral envelope membranes, we repeated virucidal assays with 
two viruses without envelope, i.e., Coxsackie virus B1 (COXV-B1) and 
Enterovirus A71 (EV-A71). As reported in Fig. 8, none of the peptides 
reduced the infectivity of these viruses at the tested concentration, thus 
corroborating the hypothesis on the virucidal mechanism of action of 
the peptides.

The specific inactivity against non-enveloped viruses (COXV-B1 and 
EV-A71) provides crucial evidence that the membranolytic activity 
observed in PC/CH and PE/PG liposomes translates directly to the 
disruption of the viral envelope, rather than an interaction with viral 
proteins or genetic material [47].

3. Conclusions

The present study demonstrates that the rational modification of 
mucroporin-M1, through sequence shortening, incorporation of Aib 
residues, and N-terminal lipidation, is a highly effective strategy for 
improving both its structural stability and antiviral profile, resulting in 
broad-spectrum antiviral peptides.

While it was previously shown that mucroporin-M1 can inhibit some 
enveloped RNA viruses, such as the measles virus and pseudoviruses 
bearing SARS-CoV or influenza virus glycoproteins [14], no activity has 
been reported so far against emerging flaviviruses and against any DNA 
virus. Our findings significantly broaden this activity spectrum, 
providing the first evidence that CS1 (parental mucroporin-M1), and its 
optimized derivatives CS3 (Aib-modified analogue) and CS5 (lipidated 
shortened analogue), possess potent virucidal activity against different 
families of enveloped RNA and DNA viruses, including ZIKV, WNV, and 
HSV-1.

The deep structural investigation conducted on our peptides pro
vides a clear rationale for their biological behavior. Circular dichroism 

spectroscopy and NMR-based secondary structure predictions indicated 
that the most bioactive analogues adopt predominantly amphipathic 
helical conformations. The presence of Aib was found to reinforce he
lical structuring, contributing to a conformational rigidity that is likely 
essential for both membrane interaction and resistance to degradation. 
These structural features are consistent with a mode of action involving 
direct interaction with viral lipid membranes, as supported by liposome 
leakage assays in membrane-mimicking environments. A key insight 
into this mechanism is provided by the striking selectivity of the most 
promising analogues, particularly CS3 and CS5; their virucidal activity 
against a panel of enveloped viruses, contrasted with a total lack of ef
ficacy against non-enveloped viruses, further corroborates a mechanism 
based on disruption of the viral lipid envelope.

Furthermore, the potential of these peptides is underscored by their 
significantly improved chemical profile. Proteolytic stability assays 
revealed that these modifications significantly enhance resistance to 
enzymatic degradation by trypsin, chymotrypsin, and human serum, 
thereby increasing peptide half-life in these conditions. Among the 
synthesized variants, CS5 emerged as the most promising lead candi
date, offering an optimal balance of structural integrity, low cytotox
icity, and broad-spectrum potency for the further development of 
virucidal antivirals targeting several enveloped RNA and DNA viruses. 
Ultimately, this work provides a robust framework for transforming 
natural peptide scaffolds into viable therapeutic tools to combat diverse 
and emerging viral threats.

4. Experimental section

4.1. Peptide synthesis

All the peptides were synthesized by solid phase peptide synthesis 
using a Biotage Syro Wave II automated synthesizer following standard 
Fmoc-chemistry strategy [48]. For all the peptides Fmoc Rink Amide AM 
resin (loading 0.65 mmol/g) was used as the solid support. The amino 
acids were activated with 3 eq. of Oxyma Pure (Ethyl cyano(hydrox
yimino)acetate)/DIC (N,N′-Diisopropylcarbodiimide). The coupling 
steps were performed under stirring at room temperature with 3 eq. of 
activated protected amino acid (1 h) in DMF (N,N-dimethylformamide). 
Deprotection of the Fmoc group was carried out with a 20% piperidine 
solution in N,N-dimethylformamide (1 × 5 min and 1 × 15 min). The 
cleavage of the peptides from the resin was performed with a TFA/H2O/ 
TIS (Triisopropylsilane) mixture in a 95:2.5:2.5 ratio. The recovery of 
the crude peptide was achieved by precipitating the filtrated peptide 
solution in diethyl ether, centrifuging (10 min at 5500 rpm × 3) and 
drying the solid in a desiccator under reduced pressure.

The peptides were purified by HPLC using the ÄKTA pure 

Fig. 7. Virucidal activity of the peptides against different enveloped viruses. The graphs show (A) ZIKV, (B) WNV, and C (HSV-1) titers (expressed as Plaque Forming 
Units, PFU/mL) measured after incubation of the viruses with the indicated peptides at 20 μg/mL. Graphs show means ± SD derived from n = 3 independent ex
periments. EGCG was used as a positive control for virucidal activity. Data were analyzed by one-way ANOVA followed by Dunnett's multiple comparison test. ****p 
< 0.0001; **p < 0.005; *p < 0.05 versus calibrator sample (solvent-incubated cells).

C. Storti et al.                                                                                                                                                                                                                                    Bioorganic Chemistry 179 (2026) 110041 

9 



chromatograph with UV–vis detection at 220 nm and 280 nm; a Jupiter 
10 μm C18 300 Å, 250 × 22 mm column and a binary elution system (A: 
H2O + 0.05% TFA, B: CH3CN/ H2O 9:1 v/v were used. The purified 
peptides were freeze-dried from 0.1 M HCl to constant weight and 
characterized by analytical HPLC and ESI-MS. ESI-MS was performed 
using an Agilent technologies 1260 Infinity II instrument equipped with 
an Agilent technologies quadrupole LC–MS 6130. All the peptides had a 
purity >95% and were stored at − 20 ◦C.

HRMS spectra were acquired for all peptides. Analyses were per
formed with an ACQUITY UPLC I-Class PLUS System equipped with 
high-resolution RDa Time of-Flight (ToF) mass analyzer with an Elec
trospray Ionization (ESI) source (Waters Corporation). Samples were 
analyzed in FIA (Flow-Injection Analysis), using 50:50 H2O:MeOH as 
eluent at 0.3 mL/min. Analyses were performed in full scan in positive 
mode (ESI+) with a capillary voltage of 1.2 kV, a cone voltage of 30 V 
and a desolvation temperature of 250 ◦C. Injection volume was 0.1 μL.

4.2. Circular dichroism

Electronic CD curves in the far-UV region (190–260 nm) were ob
tained on a Jasco (Tokyo, Japan) model J-1500 spectropolarimeter. A 
fused quartz cell of 0.02-cm path length (Hellma, Mühlheim, Germany) 
was employed for the measurements in methanol, trifluoroethanol 
(TFE), and aqueous sodium dodecyl sulphate (SDS, 100mM). Spectra 
were collected at room temperature with peptide concentrations of 5 ×
10− 4 M. After baseline subtraction, the values recorded were trans
formed into [θ]T, the total molar ellipticity (deg × cm2 × dmol− 1) by 
means of the JASCO software Spectra Manager.

4.3. NMR

NMR spectra of 2 mM peptide solutions in d3-TFE (CS1 and CS3) or 
20 mM d 25 -SDS in water (CS5) were acquired at 298 K (CS1 and CS3) 
or 313 K (CS5) on a Bruker 600 MHz spectrometer equipped with an 
autosampler (60 samples) and a nitrogen-cooled cryoprobe. Water or 
TFE suppression was achieved using the excitation sculpting pulse 
scheme [31] with a 180◦ Gaussian-shaped selective pulse of 2 ms applied 
to the solvent signal at 5.2 ppm (CS1 and CS3) or 4.7 ppm (CS5). Spin 
systems were determined using CLIP-COSY [49] and CLEAN-TOCSY 
[50] spectra. TOCSY experiments employed an MLEV-17 pulse sequence 
for the spin lock applied for 70 ms with 2.5 ms trim pulses. The 
sequential resonance assignment was accomplished using 2D NOESY 
spectra collected with a NOE mixing time of 100 ms. All spectra were 
acquired with 48 scans, and 2048(t 2) *512(t 1) complex points. NMR 
spectra were processed with TopSpin 4.2.0 (Bruker BioSpin GmbH 
Rheinstetten, Germany), and chemical shifts were referenced to the re
sidual solvent signal at 5.2 ppm (CS1 and CS3) or 4.7 ppm (CS5).

4.4. NMR data analysis and structure calculation

Peak assignment and integration were performed using Sparky [51]. 
Spectra were assigned with standard methods [33]. Dihedral angle re
straints were obtained from the Hα chemical shift values using the web 
server CSI 3.0 [52]. Semiquantitative interproton distance restraints (rij) 
were derived from NOE cross-peak volumes (vij) using the following Eq. 
[33]: 

rij = rref ⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
vref

vij

)
6

√

where rref was set to 1.78 Å, corresponding to the fixed distance between 
the β1 and β2 protons of a phenylalanine residue, and vref is the cross- 
peak volume of the reference peak (Phe16 for CS1 and CS3, or Phe9 
for CS5).

Dihedral angle and distance restraints (Fig. S7) were used for 
structural calculations, which were performed using X-PLOR-NIH 3.10 
[53]. The workflow for structure calculation involved an initial distance 
geometry (DG) protocol, followed by a simulated annealing (SA) pro
tocol. In the SA protocol, 100 structures were generated for each peptide 
through 100 steps of initial energy minimization, followed by 30 ps of 
high-temperature dynamics at 1500 K, and 15,000 steps of gradual 
cooling from 1500 K to 100 K. The resulting preliminary structures were 
further refined by 200 steps of energy minimization. The 10 lowest- 
energy structures with no violations of NOE distance restraints or 
dihedral angle restraints (threshold: 0.3 Å and 5 degrees) were selected 
for conformational analysis. The resulting structures were visualized 
and analyzed using VMD-XPLOR [54] and MOE suite [55].

4.5. Proteolytic stability

The proteolytic stability of the synthetized peptides was tested using 
trypsin (Sigma-Aldrich), chymotrypsin (Sigma-Aldrich) and human 
serum (Sigma-Aldrich). When using trypsin or chymotrypsin, the sam
ples were prepared in a total volume of 1 mL, diluting a 5 mg/mL so
lution of the peptides in DMSO and a 1 mg/mL solution of enzyme in 
water with Tris-HCl (50 mM, pH 7.8) up to 0.25 mg/mL and 0.0025 mg/ 
mL, respectively. The samples were incubated for 24 h at 37 ◦C and at 
selected time-points, 50 μL of the solution were withdrawn and added to 
200 μL of EtOH at 0 ◦C (15 min) and then centrifuged at 13,000rpm for 
5 min. The supernatant of the solution was analyzed by HPLC and/or 
HPLC-MS. A sample without the enzyme was used as a control. All the 
degradation experiments were performed in triplicates. An example of 
the degradation behavior followed by HPLC is provided by the Sup
porting Material (Fig. S14). When using human serum, the measure and 
control samples were prepared by adding 40 μL of a 5 mg/mL solution of 

Fig. 8. Virucidal activity of the peptides against non-enveloped viruses. The graphs show COXV-B1 and EV-A71 titers (expressed as PFU/mL) after incubation of the 
viruses with the indicated peptides at 20 μg/mL. Graphs show means ± SD derived from n = 2 independent experiments.
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the peptide in DMSO to 1 mL and 1.25 mL of 25 mM HEPES, 2-[4-(2- 
hydroxyethyl)piperazin1-yl]ethanesulfonic acid buffer (pH 7.2), 
respectively. Then to start the measurement, 250 μL of human serum 
(20%) were added to the measure sample. The samples were incubated 
for 24 h at 37 ◦C and at selected time-points, 100 μL of the solution were 
withdrawn, added to 200 μL of EtOH at 0 ◦C (15 min) and then centri
fuged at 13,000rpm for 5 min.

4.6. Liposomes leakage assays

Leakage from small unilamellar vesicles (SUVs) induced by peptides 
was measured at 293 K by use of 5,6-carboxyfluorescein (CF)-entrapped 
vesicle technique and a Perkin–Elmer model MPF-66 spectrofluorimeter. 
CF-encapsulated SUV of egg phosphatidylcholine (PC)/cholesterol (Ch) 
(7:3), and phosphatidylethanolamine (PE)/phosphatidylglycerol (PG) 
(7:3), purchased from Avanti Polar Lipids, were obtained by sonication 
in HEPES buffer, pH 7.4. The phospholipid concentration was kept 
constant (0.06 mM) and increasing peptide/lipid molar ratios (R− 1) 
were achieved by adding DMSO aliquot solutions of peptides, while 
maintaining the final concentration below 5% by volume. After a rapid 
and vigorous stirring, the time course of fluorescence change corre
sponding to the CF escape was measured at 520 nm (6 nm-band pass) 
with λexc 488 nm (3 nm-band pass). The percentage of released CF at 
time t was obtained as (Ft ̶ F0)/(FT ̶ F0) × 100, with F0 = fluorescence 
intensity of vesicles in the absence of peptide, Ft = fluorescence intensity 
at time t in the presence of peptide, and FT = total fluorescence intensity 
determined by disrupting the vesicles by addition of 50 μL of a 10% 
Triton X-100 solution. The kinetics experiments were stopped after 20 
min.

4.7. Compounds for biological studies

EGCG (Epigallocatechin gallate) was purchased from Merck and was 
dissolved in DMSO, while test peptides were dissolved in 10% DMSO in 
H2O, v/v. All stock solutions were stored at − 20 ◦C.

4.8. Cells and viruses

African green monkey Vero cells (VR-CCL-81) were purchased from 
American Type Culture Collection (ATCC) and were grown in Dulbecco's 
modified Eagle's medium (DMEM, Life Biotechnologies) supplemented 
with 10% (v/v) fetal bovine serum (FBS, Life Technologies) and anti
biotics (100 U/mL penicillin and 100 μg/mL streptomycin, Life Tech
nologies). Cells were maintained at 37 ◦C in a humidified atmosphere 
with 5% CO2.

Zika virus (ZIKV PRVABC59 strain) and West Nile virus (WNV NY99 
strain) were purchased from the National Collection of Pathogenic Vi
ruses (NCPV) (Public Health England, UK). Herpes simplex virus type-1 
(HSV-1, F strain, VR-733), Coxsackievirus B1 (COXV-B1, VR-28) and 
Enterovirus A71 (EV-A71, BrCr strain, VR-1775) were purchased from 
ATCC. All the viruses were propagated and titrated in Vero cells. All 
work with infectious WNV was performed in a biosafety level 3 (BSL3) 
laboratory according to the safety guidelines as approved by the 
Department of Molecular Medicine (University of Padua, Italy) Com
mittee on Microbiological Safety.

4.9. Cytotoxicity assays

Cytotoxicity of peptides was tested in Vero cells by the 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) method, 
as previously reported [56,57] with some modifications. Briefly, Vero 
cells (1 × 104 per well) were cultured in 96-well plates at 37 ◦C for 72 h 
in DMEM supplemented with 10% FBS and containing serially diluted 
peptides (from 100 to 0.7 μg/mL).

4.10. Plaque reduction assays

Plaque reduction assays (PRAs) were performed as previously re
ported [58,59] with some modifications. For PRAs with ZIKV, Vero cells 
were seeded at a density of 3.5 × 105 cells per well in 12-well plates. 
After 24 h of incubation, cells were infected with 30 PFU per well in 
serum-free DMEM in the absence or the presence of the peptides at 
different concentrations (or solvent as a control). After infection, the 
inoculum was removed, and medium containing various concentrations 
of peptides or solvent as a control, 2% FBS, and 1.2% Avicel micro
crystalline cellulose (FMC BioPolymer) was added. For PRAs with HSV- 
1, Vero cells were seeded at a density of 1 × 105 cells per well in 24-well 
plates. After 24 h of incubation, cells were infected with 80 PFU per well 
in serum-free DMEM in the presence of the peptides at different con
centrations (or solvent as a control). After infection, the inoculum was 
removed, and medium containing various concentrations of peptides or 
solvent as a control, 2% FBS, and 0.6% carboxymethylcellulose (Merck) 
was added. After 72 h for ZIKV and 48 h for HSV-1, cells were fixed, 
stained, and plaques were counted. The EC50 of each compound was 
determined from the concentration-response curves obtained by the 
nonlinear regression function of GraphPad Prism software version 10.

4.11. Virucidal assays

To evaluate the virucidal activity of peptides, a previously reported 
protocol was followed [60] with some modifications. Briefly, 1 × 106 

PFU of ZIKV, WNV, HSV-1, or EV-A71 and 1 × 105 PFU of COXV-B1 
were incubated with each peptide at a concentration of 20 μg/mL, or 
EGCG at a concentration of 50 μM (as a positive control), or solvent (as a 
negative control), in serum-free DMEM, at 37 ◦C and 5% CO2 for 1 h. 
After incubation, 10-fold serial dilutions of the different virus/peptide 
mixtures were prepared in serum-free DMEM and the viruses' residual 
infectivity was determined by titration on fresh monolayers of Vero 
cells, as previously described [61].
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