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A B S T R A C T

Antimicrobial peptides (AMPs) are natural molecules of great interest in the fight against bacteria and in 
addressing antibiotic resistance. Their use as antimicrobial drugs is still limited due to their cytotoxicity and poor 
resistance to proteolysis. PMAP-36 and BMAP-27 are cathelicidins that contribute to innate immunity.

Two short sequences, PMAP(12–24) and BMAP(1–18), are the most promising analogues identified but despite 
their broad antibacterial activity, they undergo rapid proteolytic degradation.

In this study, the D and L enantiomers of the two peptides were synthesised, and their structures were 
elucidated and compared by circular dichroism (CD) spectroscopy and 2D-NMR analysis. Conformational studies 
revealed that, despite their short sequence, all peptides adopted helical structures in membrane-mimetic envi
ronments, with subtle differences between the two AMP groups, PMAP(12–24) being more prone to adopt a 
mixed α/310-helical conformation (R([Θ]222/[Θ]206 = 0.4–0.5) and BMAP(1–18) being closer to a pure α-helix (R 
([Θ]222/[Θ]208 = 0.7–0.8). These structural differences between the two peptides were found to influence their 
antimicrobial activity and mode of membrane permeabilization. Moreover, the D enantiomers of both analogues 
were resistant to proteolysis. All peptides showed a broad spectrum of antibacterial activity (main MIC range: 
1–16 μM). Cytotoxicity studies in fibroblast showed that the peptides were non-cytotoxic at concentrations 
corresponding to their antibacterial activity. Overall, this study led to the identification of structurally interesting 
short peptides that could serve as prototypes for the development of effective and practical antibacterial drugs.

1. Introduction

The rapid rise of antibiotic-resistant bacteria is a global crisis, 
threatening the effectiveness of antibiotic therapy, that revolutionised 
medicine and saved countless lives. Decades after antibiotics were first 
used to treat patients, bacterial infections are again becoming a major 
risk [1,2]. Antimicrobial peptides (AMP) are natural antibacterial agents 
of great interest for overcoming the problem of antibiotic resistance due 
to their peculiar mechanisms of action [1,3–10]. Among them, cath
elicidins are a major family of AMPs of vertebrates that play a crucial 
role as components of innate immunity [11–13]. Among the cath
elicidins of mammals, two interesting members are porcine PMAP-36 
[7,14–16] and bovine BMAP-27 [17,18].

PMAP-36 is 36-mer amphipathic α-helical peptide that was origi
nally isolated from porcine leukocytes (Ac- 
GRFRRLRKKTRKRLKKIGKVLKWIPPIVGSIPLGCG) [14]. This peptide 
has potent antimicrobial activity against a wide range of bacteria, 
including antibiotic-resistant strains [15]. PMAP-36 damages bacterial 
membranes through a carpet-like mechanism leading to cell lysis [19]. 
Several studies investigated structure-activity relationship aiming at 
identifying optimised shorter analogues of PMAP-36. The results ob
tained with truncated fragments such as PMAP-24 [20], PMAP-20 and 
PMAP-34 [21], PMAP-23 [22] and PMAP-18 [7] showed that only the 
longer peptides, which maintain helical structure, retain antimicrobial 
activity [23]. Recent data show that PMAP-36 fragments as short as 13 
residues retain helicity and antimicrobial activity with MIC in the μM 
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range and a broad spectrum of action [24]. The most interesting pep
tides identified in that study were PMAP(12–24) (Ac-KRLKKIGKVLKWI- 
NH2) and PMAP-[U]21(12–24), which contains the non-proteinogenic 
amino acid Aib (U) [25–27]. However, despite their maintained 
potent antibacterial activity and low haemolysis, these two analogues 
proved to be still susceptible to proteolytic degradation and potential 
cytotoxic [24].

BMAP-27 is a cathelicidin-derived peptide isolated from bovine 
neutrophils [17]. This peptide also exhibits broad-spectrum antimicro
bial activity against Gram-positive and Gram-negative bacteria, as well 
as antifungal properties. BMAP-27 is proposed to act through a toroidal 
pore mechanism by disrupting bacterial membranes [18]. BMAP-27 
(GRFKRFRKKFKKLFKKLSPVIPLLPHR-NH2) is a 27-mer antimicrobial 
peptide structured in an amphipathic α-helix [28]. The fragment BMAP 
(1–18) (GRFKRFRKKFKKLFKKLS-NH2) retains remarkable antimicro
bial potency both against Gram-positive and Gram-negative bacteria, 
but was inactive in vivo in a model of murine pneumonia due to its 
degradation by mice pulmonary proteases [29].

These peptide fragments displayed robust antimicrobial activity and 
were well tolerated by eukaryotic cells, suggesting a favorable 
compromise between antimicrobial effects and low cytotoxicity. This 
balance makes them a promising starting point for the development of 
more effective antimicrobial peptides. However, a common limitation 
shared by both native and synthetic AMPs is their susceptibility to 
proteolytic degradation. This is evident for both PMAP(12–24) and 
BMAP(1–18), which face significant challenges related to enzymatic 
breakdown, hindering their therapeutic potential. As such, optimizing 
peptide sequences to minimize cytotoxicity while enhancing resistance 
to proteolysis remains a critical challenge.

Several strate have been explored to improve the stability and 
selectivity of AMPs, including sequence modifications, cyclization, and 
the incorporation of non-natural amino acids [24,30,31]. One 
commonly employed approach is the use of D-amino acids, which are 
not susceptible to enzyme recognition, and are introduced strategically 
within peptide sequences to prevent proteolysis [32–34]. However, the 
targeted modification of specific residues may destabilize the overall 
three-dimensional structure of peptides, particularly since most natural 
AMPs adopt a right-handed α-helical conformation, determined by the 
presence of L-amino acids. Given that helicity is crucial for maintaining 
biological activity, a more advantageous approach involves inverting 
the configuration of all amino acids to achieve a left-handed helical 
structure, thus preserving the ability of the peptide to exert its biological 
effects [35,36]. D-enantiomeric peptides represent therefore a prom
ising strategy to avoid in vivo degradation while maintaining antibac
terial activity, as it has been done for BMAP(1–18) [29].

To investigate if this successful approach applied to BMAP(1–18) 
[29] may be extended also to PMAP derivatives, we selected PMAP 
(12–24) [37] [29] as the most promising candidate and synthesised its D 
and L enantiomers for direct comparison in terms of structure, resistance 
to protease degradation, antimicrobial activity and cytotoxicity. All-D 
and all-L BMAP(1–18) have also been synthesised, as a benchmark for 
PMAPs, but also to extend the characterisation of the two BMAP(1–18) 
enantiomers, which have great potential as antimicrobial molecules. 
Specific attention will be given to structure-activity relationship 
considerations.

2. Results and discussion

2.1. Design and synthesis of the peptides

The peptides designed for this study are shortened analogues of 
BMAP-27 and PMAP-36, specifically the 1–18 segment of the former and 
12–24 segment of the latter, that retain the antimicrobial properties of 
the native peptides. Therefore, these sequences and their D enantiomers 
were selected to deepen the understanding of how structure relates to 
function. To preserve the helical conformation of the peptides while 

avoiding disruption of the amphipathic nature of the helices, key to their 
antimicrobial activity, we replaced all L-amino acids with D-amino acids 
[35]. This approach ensures that the overall charge and hydrophobicity 
conferred by the side chains of the amino acids remain unchanged, but 
the enantiomeric change is expected to confer resistance of the peptides 
to proteases.

The all-D and all-L enantiomers of both the peptides were synthe
tized. Peptides a and b are the two enantiomers derived from PMAP-36, 
while peptides c and d are the two enantiomers derived from BMAP-27.

The designed peptides (a-d) are amidated at the C-terminus and 
acetylated at the N-terminus. The strategy of capping the N-terminus of 
peptides with different acyl groups is commonly used to increase the 
proteolytic stability of short peptides in vitro and in vivo [38]. All 
peptides were successfully synthesised in high purity using the Solid 
Phase Peptide Synthesis method [39], and their masses were confirmed 
through ESI-MS, supporting the reliability of the synthesised constructs 
(Table 1).

The shortened analogues, PMAP(12–24) and BMAP(1–18), reduced 
both the time and cost of synthesis with respect to the longer native 
cathelicidins and were expected to not compromise the helical structure 
of the original peptides or their antimicrobial activity, that was however 
assessed as follows.

2.2. Conformational analysis

Circular dichroism (CD) spectroscopy was employed to investigate 
the secondary structures of the synthesised peptides, essential to eluci
date their mechanism of antimicrobial action. Measurements were car
ried out in phosphate buffer (PB, pH = 7,0), 100 mM sodium dodecyl 
sulfate (SDS) and 2,2,2-trifluoroethanol (TFE). Since the mechanism of 
action of these peptides involves membrane disruption through in
teractions with lipids, SDS was selected as a first approximation of the 
bacterial membrane amphipathic environment and provided insight into 
the behaviour of peptides under these conditions. TFE was instead 
chosen as it promotes the formation of helical structures in peptides 
[40–42].

In aqueous solution, all peptides exhibited a characteristic maximum 
around 200 nm, negative for the L-enantiomers and positive for the D- 
enantiomers, which is indicative of unordered or random coil structures 
(Fig. 1A and B) [43]. This observation is consistent with previous studies 
on membranolytic antimicrobial peptides, which commonly adopt 
disordered structures in aqueous environments before interacting with 
membranes [44].

Conversely, in membrane-mimetic environments such as SDS 
(Fig. 1A, light and dark green), peptides a and c displayed the typical CD 
spectral signature of helical structures, characterized by three bands: 
two negative maxima at 222 nm and at around 206–208 nm, along with 
a positive maximum around 190 nm. These features correspond to the 
parallel component of the π → π* transition, the n → π* transition, and 
the parallel component of the π → π* transition, respectively. The 
spectra of peptides b and d were mirror images of their L-enantiomer 
counterparts, indicating the formation of left-handed helices. The left- 
handed helical structure of the D-enantiomers (peptides b and d) sup
ports the reasonable assumption that the D-enantiomers likely follow a 
similar mechanism of action as their corresponding L-enantiomers. This 
also aligns with the proposed mechanism of action for these peptides, 
where helical structures facilitate membrane disruption through 
perturbation or insertion into the membrane [44,45].

In the presence of SDS, the maximum at 220 nm was not well defined 
for PMAP-36 analogues (a and b) (Fig. 1A), resembling a shoulder rather 
than a distinct peak, and the 206 nm band associated with the n → π* 
transition was slightly shifted from the ideal value of 208 nm. This 
suggests a deviation from the canonical α-helix conformation. Further
more, the ratio of the molar ellipticity at 222 nm to that at 206 nm, R 
([Θ]222/[Θ]206), was significantly lower than the ideal value close to 1 
as for a typical α-helix. The values around 0.6, approaching the range 
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(0.4–0.5) characteristic of 310-helical peptides [46–49], suggested a 
mixed 310− /α-helical conformation. In contrast, the R([Θ]222/[Θ]208) 
ratio for the two BMAP-27 analogues (c and d) (Fig. 1B) was approxi
mately 0.7–0.8, demonstrating a predominant α-helical character [50], 
in agreement with previous studies on BMAP18 [51]. The results ob
tained in TFE (Fig. 1A and B, light and dark blue) were very similar to 
those observed in SDS, suggesting a complete structuration already in 
the presence of SDS (and hypothetically also in the presence of biolog
ical membrane). Moreover, spectra measured in TFE corroborated a 
mixed 310− /α-helical structuration for PMAP(12–24) and the preva
lence of α-helices for BMAP(1–18). The conformational analysis also 
revealed subtle differences between the two peptide groups. Specif
ically, the PMAP-36 analogues (peptides a and b) are likely to adopt 
mixed α− /310-helical conformation, with the ratio of the molar ellip
ticity at 222 nm and 206 nm favouring the 310-helix, both in SDS and in 
TFE [47]. On the other hand, the BMAP-27 analogues (peptides c and d) 
exhibit a greater contribution of α-helix in SDS and in TFE, with R values 
suggesting a preference for the α-helix. This observation is consistent 
with previous findings that 310-helical structures are more common in 
short peptides rather than in longer ones [46,52].

Finally, the relative intensity of the CD bands for the two peptide 
groups indicates that PMAP has a greater helical content than BMAP. 
This increased helicity may enhance the ability of PMAP to interact with 
lipid bilayers, suggesting that PMAP(12–24) is better suited to interfere 
with bacterial membranes.

To obtain a deeper view of the conformational preferences of the 
peptides, 2D-NMR analysis was performed in TFE-d2 solution. The NMR 
spectra of a was already reported in a previous work [24]. As an 

explicative example the spectra of peptide c, BMAP(1–18) are here 
reported.

2D TOCSY and NOESY NMR spectra were recorded in d2-TFE, and 
complete assignment of proton resonances was established for peptide c, 
using the procedure proposed by Wuthrich [53]. The Cα signals were 
clearly identified from the TOCSY spectrum, with the full assignment 
provided in the Supporting Information. In the NOESY spectrum 
(Fig. 2A), most of the αCH(i) → NH(i + 1) cross-peaks are readily visible, 
confirming the presence of well-defined sequential connectivities 
[53–55]. More importantly, all the NH(i) → NH(i + 1) sequential NOE 
cross-peaks are clearly observed, supporting the presence of a stable 
helical conformation (Fig. 2B). These sequential NOEs are strong in
dicators of a defined and consistent secondary structure, typical of 
α-helices.

Some long-range NOE cross-peaks were also observed in the NOESY 
spectrum. Specifically, the presence of the αCH(i) → NH(i + 2) cross- 
peak between Lys8 and Phe10, as well as the αCH(i) → NH(i + 3) 
cross-peaks between Phe10 and Leu13 and Lys11 and Phe14 (Fig. 2A), 
are indicative of a mixed α/310 helical conformation [55]. These long- 
range interactions are characteristic of peptides adopting a hybrid sec
ondary structure, supporting the conclusion that both α- and 310-helical 
elements are present in the overall peptide conformation. In the NMR 
spectra of the other peptides similar NOE cross-peaks were observed, 
particularly αCH(i) → NH(i + 3), which is indicative of a helical struc
ture, though these data do not distinguish between different types of 
helices (data not shown).

The NMR analysis corroborated the findings from circular dichroism 
(CD) measurements, confirming that peptide c adopts both 310- and 

Table 1 
List of the synthetized peptides and of their physico-chemical properties.

Name Peptide sequence [M + H]+calcd [M + H]+exp Purity 
%

tR *
(min)

PMAP-36 H-GRFRRLRKKTRKRLKKIGKVLKWIPPIVGSIPLGCG-NH2

a L-PMAP(12–24) Ac-KRLKKIGKVLKWI-NH2 1651.1 1651.1 96 13.5
b D-PMAP(12–24) Ac-krlkkigkvlkwi-NH2 1651.1 1651.1 99 12.4

BMAP-27 H-GRFKRFRKKFKKLFKKLSPVIPLLHLG-NH2

c L-BMAP(1–18) Ac-GRFKRFRKKFKKLFKKLS-NH2 2383.5 2383.1 95 14.4
d D-BMAP(1–18) Ac-grfkrfrkkfkklfkkls-NH2 2383.5 2383.1 96 14.7

* Retention time refers to 10–40 %%B (CH3CN/H2O, 9:1) over 30 min gradient for a and b and 15–45 %B over 30 min gradient for c and d. Binary elution system A: 
0.05 % TFA (2,2,2-Trifluoroacetic acid) in CH3CN/H2O (1:9 v/v) and B: 0.05 % TFA in CH3CN/H2O (9:1 v/v). Phenomenex Luna C18 column (4.6 × 250 mm, 5 μ, 100 
Å).

Fig. 1. CD spectra and R([Θ]222/[Θ]206–208) values for (A): L-PMAP(12–24) (a) and D-PMAP(12–24) (b). (B): L-BMAP(12–24) (c) and D-BMAP(12–24) (d). The 
spectra were taken in PB (yellow/brown), SDS (light and dark green) and TFE (light and dark blue), at 25 ◦C. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

F. Albini et al.                                                                                                                                                                                                                                   Bioorganic Chemistry 163 (2025) 108715 

3 



α-helices in TFE solution. Overall, for all peptides, the helical structure 
observed in TFE, as indicated by the CD results, was further validated by 
NMR analysis.

2.3. Proteolytic stability

The stability of antimicrobial peptides against proteolytic degrada
tion is a major challenge in their development as potential peptide 
drugs. In this study, we investigated the stability of the synthetic pep
tides when exposed to trypsin [56,57] and human serum. After incu
bation with either enzyme or serum, the integrity of the peptides was 
monitored by HPLC. Proteolytic degradation is reported as a function of 
time (Fig. 3) [56,57].

As shown in Fig. 3, both peptides a and c, the L-enantiomers, were 

readily degraded by trypsin and serum. In trypsin solution, the degra
dation of the L-enantiomers a and c started immediately after the 
addition of protease, with a loss of 50 % and 95 %, respectively, at the 
first time point (10 min). Peptide c was completely degraded after 15 
min, whereas peptide a was slightly more resistant, with complete 
degradation occurring within 30 min. The degradation products of 
peptide c were not detectable in the HPLC chromatograms (Supporting 
Information). In human serum (Fig. 3B), degradation products of pep
tides a and c were detected after 15 min, while complete degradation 
occurred in the first few hours, with 20 % of PMAP-36 derivative a still 
visible after 6 h. On the other hand, the D-enantiomers, peptides b and d, 
as expected, were not degraded both in the presence of trypsin and 
serum (Fig. 3), with chromatograms remaining unchanged throughout 
the 24-h period of analysis (Supporting Information).

Peptides a and c both underwent rapid degradation upon exposure to 
trypsin. This immediate breakdown suggests the formation of small 
fragments that are likely undetectable by HPLC, which aligns with the 
known mechanism of action of trypsin [56,57]. Trypsin is a highly 
specific and efficient protease that cleaves peptide bonds on the carboxyl 
side of lysine and arginine residues, that constitute more than 50 % of 
the amino acid residues of peptide c. The degradation of both the pep
tides was slower in serum. Discrepancy between the observations in 
trypsin and serum could be due to different ratio between peptides and 
enzyme, given that serum contains a complex mixture of enzymes that 
cannot be accurately measured. Moreover, the abundance of proteins in 
serum offers to the peptides several possible interactions that may 
partially shield them from the proteases.

The potential advantages of using D-peptides are therefore evident in 
applications where resistance to proteolytic degradation is critical for 
bioavailability and efficacy.

2.4. Membranolytic properties

The antimicrobial peptides PMAP-36 and BMAP-27 exert their ac
tivity through a membranolytic mode of action, disrupting integrity of 
bacterial membranes [44,58,59], although through different mecha
nisms. To investigate the interactions among the peptides synthesised in 
this study and the biological membranes, a carboxyfluorescein (CF) 
leakage assay was conducted using DOPE/POPG (7:3) liposomes, which 

Fig. 2. Regions of the NOESY spectrum of peptide c, L-BMAP(1–18) (600 MHz, TFE d2, 308 K). (A) Fingerprint region where the αCH(i) → NH(i + 2) and αCH(i) → 
NH(i + 3) cross-peaks are highlighted in blue and red, respectively. (B) NH(i) → NH(i + 1) region of the NOESY spectrum. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Proteolytic degradation of the peptides a-d in trypsin (A) and human 
serum (B), represented as the percentage of intact peptide over time calculated 
as the HPLC-peak area. (An example of the HPLC profiles with labelled peaks 
corresponding to hydrolysis products is reported in the Supporting Informa
tion, Fig. S8).
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are artificial bilayers that mimic the lipid composition of Gram-negative 
bacterial membranes. Increasing concentrations of the peptides were 
added to the liposomes, and fluorescence measurements were taken 
after incubation. Trichogin GAIV, a peptide with well-established 
membranolytic activity [15,60], was used as a benchmark.

The behaviour of the PMAP analogues was comparable to that of the 
membranolytic control, confirming a marked ability of shorter PMAPs 
derivatives to interact with- and permeabilize bacterial membranes 
(Fig. 4) as reported for another derivative consisting of the first 24 N- 
terminal residues PMAP36 [19] instead of the central 12–24 residues 
used in this study. In contrast, the BMAP-27 analogues, showed a lower 
ability to damage liposomes inducing CF leakage. The moderate fluo
resceine leakage induced by shorter BMAP-27 derivatives has already 
been reported and does exclude that BMAP-27 derivatives can affect the 
bacterial membrane. In fact, BMAP27(1–18) can induce small discon
tinuities in the bacterial envelope whose reduces size impairs large 
molecules such as calcein to pass through and to exit the liposomes. On 
the other hand, the damages exerted by BMAP27(1–18) to the bacterial 
envelope are still relevant from a functional point of view, since they end 
in the depolarization [61] or the permeabilization [50] of the bacterial 
membranes, which becomes visible using small dyes like the propidium 
iodide.

The two sets of peptides, PMAP-36 analogues (peptides a and b) and 
BMAP-27 analogues (peptides c and d), likely exhibited differences in 
interaction with the target membranes, evaluated by using DOPE/POPG 
liposomes. Peptides a and b, which independently of their chirality, 
exhibited potent membrane disrupting behaviour comparable to that of 
the full length PMAP-36 [19,20] but also with the positive control Tri
chogin GAIV, are likely to act by a mechanism that does not require 
spanning of the lipid bilayer, but rather by a carpet-like action dis
rupting membrane integrity, as it had been widely demonstrated in the 
literature [25,62–64]. In contrast, our data on the BMAP-27 analogues 
(peptides c and d) indicate lower, but still appreciable membrane per
meabilization on a model of Gram-negative membranes, confirming and 
complementing previous analyses on BMAP-18 performed on the Gram- 
positive S. aureus [51]. It is likely that the shortened peptides, with 
respect to their native molecules, are unable to organize into aggregates 
spanning the bilayer [65,66], resulting in less efficient membranolytic 
behaviour. The differences observed for the two peptide groups may 
instead be due to differences in helix content as observed in CD analysis, 
where PMAP(12–24) have a higher helix content than BMAP(1–18).

2.5. Antibacterial activity and cytotoxicity

The antimicrobial activity of the four derivatives was evaluated by 
determining the minimum inhibitory concentration (MIC) and mini
mum inhibitory concentration (MBC) against a panel of Gram-positive 
(S. aureus, S. epidermidis) and Gram-negative (A. baumannii, K. pneu
moniae, P. aeruginosa) bacterial strains (Table 2). The conventional an
tibiotics tobramycin and rifampicin were also tested to make a 
comparison, as well as the lipopeptide lytic last-resort antibiotic colistin 
(Table 3S).

The peptides showed potent, broad-spectrum antimicrobial activity, 
inhibiting all strains with MIC values ranging from 1 to 16 μM, often 
comparable with those of reference antibiotics (Table 3S). The only 
exception was the peptide a, which was ineffective against S. aureus 
(MIC>64 μM), as previously reported with the same strains for com
pound a [24]. Interestingly, these shortened peptides experienced only a 
partial a reduction of their antimicrobial efficacy with respect to their 
full-length relatives. E.g., the peptide PMAP-36 (1–34) had MIC = 1 μM 
toward the same ATCC strains of S. aureus, E. coli and P. aeruginosa used 
in this work [21]. Similarly, previous studies on the full-length BMAP-27 
[67] reported MIC90 > 64 μg/mL (corresponding to >20 μM) against a 
panel of clinically isolated S. aureus strains and an MIC90 = 16 μg/mL 
(corresponding to 5 μM) against a panel of clinical isolates of 
P. aeruginosa. Notably, both D-form peptides b and d displayed antimi
crobial activity comparable with- or, in some cases, greater than their L- 
counterparts. Specifically, peptide b demonstrated higher antibacterial 
activity than its enantiomer against S. aureus (MIC = 16 μM vs >64 μM), 
while D-peptide d exhibited two-fold decrease in MIC across all the 
tested strains compared to its L-isomer. PMAP derivatives were more 
active than BMAP derivatives against Gram-negative strains 
A. baumannii, K. pneumoniae, and P. aeruginosa. In contrast, BMAP de
rivatives were more effective against gram-positive S. aureus and 
S. epidermidis. Interestingly, this general trend was observed when 
comparing the D-enantiomers. These results suggest possible clinical 
applications of these peptides. Both the L- and D- isomers of BMAP 
(1–18) in previous experimentation on a panel of P. aeruginosa clinical 
isolates from cystic fibrosis displayed MIC values mainly in the range of 
8–16 μg/mL (corresponding to 3,5–7 mM) [17,29]. So, given the higher 
antimicrobial effect of both the PMAPs toward this pathogen with 
respect to the BMAPs, it would be interesting to investigate the potential 
also of PMAPs to target P. aeruginosa in relevant clinical context like 
cystic fibrosis or other opportunistic infections by this pathogen.

The differences in the antibacterial effects between enantiomers of 
the same peptides are moderate but still worthy of analysis (Table 2). 
This trend had been already observed for the enantiomers of BMAP-18 
analysing panels of both P. aeruginosa and S. aureus [29], in line with 
data collected in the current study. A possible explanation for the 
slightly enhanced antimicrobial activity of D-enantiomers is that pep
tides containing L-amino acids may undergo partial degradation by 
bacterial enzymes during incubation. On the other hand, peptides con
taining D-amino acid were resistant to such enzymatic degradation, 
making them more effective. D-enantiomers may therefore offer ad
vantages in specific contexts, potentially providing greater stability 
against proteolytic degradation and improving the overall therapeutic 
potential of the peptides.

It is worth noting that the MBC values often matched the MIC values 
and, only in a few cases, were twice the MIC. This confirms the bacte
ricidal nature of all derivatives, which is desirable for antimicrobial 
compound as allows them to eradicate bacterial pathogens and not only 
to limit their replication. These features of all the considered peptides 
are also informative and confirmative for their mode of action. The near- 
complete overlap between MIC and MBC values is in line with the typical 
behaviour of strong membrane-permeabilizing antimicrobial agents 
[68].

The effects of PMAP-36 and BMAP-27 derivatives, along with their 
D-enantiomers, were evaluated on eukaryotic cells. To assess cell 

Fig. 4. Peptide-induced CF leakage at 20 min for different ratios R− 1 = [pep
tide]/[lipid] in DOPE/POPG 7:3 vesicles.
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viability in the presence of the peptides, the MTT metabolic assay was 
performed on mouse embryonic fibroblast 3 T3 cell line, incubated with 
increasing concentrations of each compound (Fig. 5). L-enantiomers of 
both peptides did not cause a significant reduction in cell viability after 
24 h of incubation, at concentrations up to 16 μM. However, at 32 μM, 
both the a and c peptides resulted in approximately a 40 % decrease in 
cell viability.

The D-enantiomer of PMAP(12–24) exhibited a similar behaviour, 
showing no significative increase in cytotoxicity compared to its all-L 
enantiomer. In contrast, the D-enantiomer of BMAP(1–18) at 16 μM 
reduced cell viability, with levels falling below 50 % at higher peptide 
concentrations. Notably, the D-form of BMAP(1–18) appeared more 
cytotoxic than its L-counterpart, though these concentrations (16 and 
32 μM) are generally higher than those required for bactericidal activity. 
These findings align with previous data on BMAP(1–18) [27]. This 
behaviour might be attributed to the greater stability of D-enantiomers, 
which protects them from proteolytic degradation in both bacterial and 
eukaryotic cells but possibly enhancing cytotoxic phenomena. However, 
overall, the increased activity of the D-enantiomers was accompanied by 
a slight decrease in biocompatibility with 3 T3 fibroblasts only in the 
case of BMAP(1–18) and not PMAP(12–24), whose D-enantiomer did 
not display the dramatic gap in tolerability by eukaryotic cells that was 
observed comparing L- and D- BMAP(1–18).

3. Conclusions

This study provided insights into how the chirality of amino acids in 
cathelicidin peptides PMAP(12–24) and BMAP(1–18) affects antimi
crobial activity, stability profiles, and how structural differences be
tween the peptides influence activity and cytotoxicity.

Although both the L- and D-forms of these peptides adopt helical 
structures in membrane-mimetic environments, subtle differences were 
observed between their PMAP-36 and BMAP-27 derivatives, which 

could be correlated with differences in their spectrum of activity and 
mechanism of action. PMAP-36 analogues were more prone to adopting 
mixed α/310-helical conformations, a behaviour commonly observed in 
short natural antimicrobial peptides. At the same time, these derivatives 
effectively disrupted artificial membranes, suggesting a carpet-like 
mechanism. This enhanced membrane-disrupting ability correlated 
with superior antimicrobial potency, particularly against Gram-negative 
bacteria such as A. baumannii, K. pneumoniae and P. aeruginosa. 
Conversely, BMAP-27 analogues favoured a more pronounced α-helical 
structure and destabilised membranes possibly by forming smaller 
pores. Their antimicrobial activity was mainly directed against Gram- 
positive bacteria.

The D-enantiomers proved to be advantageous in terms of proteolytic 
stability, not only against trypsin but also in a physiological environ
ment, such as human serum. Another benefit of using D-enantiomers 
was their enhanced antibacterial activity, likely due to increased resis
tance to bacterial proteolytic enzymes. However, D-enantiomer of BMAP 
(1–18) appeared to be slightly more cytotoxic than their L-form coun
terpart, raising issues that require further investigation. Nonetheless, 
they remained biocompatible at concentrations effective against 
bacteria.

In conclusion, D-enantiomeric analogues of PMAP-36 and BMAP-27 
peptides exhibit a promising combination of antimicrobial activity, 
proteolytic stability, and low cytotoxicity. In particular, D-PMAP 
(12–24) showed the most favorable properties for further optimisation 
to enhance its bioactivity, making it a strong candidate for therapeutic 
development.

4. Experimental

4.1. Peptide synthesis

All the peptides were synthetized by solid phase peptide synthesis 
with an automatic Syro Wave synthesizer (Biotage, Uppsala, Sweden), 
using standard Fmoc-chemistry strategy [37,62]. For all the peptides 
Fmoc Rink Amide AM resin (loading 0.64 mmol/g) was used as the solid 
support. The amino acids of the L-peptides were activated with 3 eq. of 
Oxyma Pure (Ethyl cyano(hydroxyimino)acetate)/DIC (N,N′-Diisopro
pylcarbodiimide), whereas the ones of the D-peptides were activated 
with 3 eq. of HBTU (N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl) 
uronium hexafluorophosphate)/HOBt (Hydroxybenzotriazole) and 6 eq. 
of DIPEA (N,N-Diisopropylethylamine). The coupling was performed 
with 3 eq. of activated protected amino acid (1 h) in DMF (N,N-dime
thylformamide). Deprotection of the Fmoc group was carried out with a 
20 % piperidine solution in N,N-dimethylformamide (2 × 10 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 x3) and 
drying the solid in a desiccator under reduced pressure.

The peptides were purified with an Isolera Prime chromatographer 
(Biotage, Uppsala, Sweden) using a Biotage SFAR Bio C18 (100 Å, 12 g) 
cartridge and a binary elution system (A: H2O + 0.05 % TFA, B: CH3CN/ 
H2O 9:1 v/v; gradient from 10 to 45 %B in 50 min). The purified 

Table 2 
Minimum inhibitory and bactericidal concentrations (MIC and MBC, μM) of BMAP- and PMAP-derivatives toward reference strains representative of pathogens of 
clinical concern.

E. coli S. aureus A. Baumanni K. pneumoniae P. aeruginosa S. epidermidis

ATCC 25922 ATCC 25923 ATCC 19606 ATCC 700603 ATCC 27853 ATCC 12228

Peptide MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC
a 4 4 >64 >64 2 2 4 4 8 8 4 4
b 2 2 16 32 2 2 4 4 4 4 4 4
c 8 16 16 16 8 16 16 16 16 32 2 2
d 4 8 8 8 8 8 8 16 8 16 1 1

Fig. 5. Effects of PMAP (12–24) and BMAP(1–18) derivatives on the viability of 
3 T3 cell line. MTT assay on 3 T3 cells after treatment with different concen
tration of peptides. Cell viability was measured (as absorbance at 570 nm) 24 h 
after treatment with different concentrations of peptide. Samples treated with 
water instead of peptides were set as 100 % of viability (H2O). Data are the 
mean ± standard deviation of five independent experiments in internal tripli
cate (n = 15). One-way ANOVA and Tukey’s multiple comparisons test. *p ≤
0,05; ** p ≤ 0,01; *** p ≤ 0,001; ****p < 0,0001 vs Untreated control (H2O).
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peptides were freeze-dried from 0.1 M HCl to constant weight and 
characterized by analytical HPLC and ESI-MS. For the HPLC a Phenom
enex Luna C18 column (4.6 × 250 mm, 5 μ, 100 Å) was used coupled to a 
VWR HITACHI Chromaster instrument with a spectrophotometric 
detection at λ = 214 nm and λ = 280 nm. The binary elution system used 
was A: 0.05 % TFA in CH3CN/H2O (1:9 v/v) and B: 0.05 % TFA in 
CH3CN/H2O (9:1 v/v). ESI-MS was performed using an Agilent tech
nologies 1260 Infinity II instrument equipped with an Agilent technol
ogies quadrupole LC–MS 6130. All the peptides had a purity >95 % and 
were stored at − 20 ◦C.

4.2. Circular dichroism

The circular dichroism spectra of 2 × 10− 4 M solutions of the pep
tides in TFE (99.9 % Acros Organics, Geel, Belgium), PB (phosphate 
buffer) and 100 mM SDS (the final molar peptide-to-lipid ratio is 1:300) 
were recorded at room temperature on a J-1500 spectropolarimeter 
(Jasco, Tokyo, Japan) with a fused quartz cell of 0.02 cm pathlength 
(Hellma, Mühlheim, Germany). The values are expressed in total molar 
ellipticity ([θ]R, deg. × cm2 × dmol− 1).

4.3. NMR

The monodimensional and correlated spectroscopy (COSY)/total 
correlation spectroscopy (TOCSY) and NOESY 2D NMR spectra of the 
selected analogues were obtained at 308 K by the use of a Bruker 
AVANCENEO-600 spectrometer from an about 1.5 mM concentration 
sample dissolved in approximately 700 μL of TFE,d2 solution. Sup
pression of the solvent signal was achieved by the use of an excitation 
sculpting program [69]. All homonuclear spectra were acquired by 
collecting 512 experiments, each one consisting of 64–80 scans and 2 K 
data points. The spin systems of the coded amino acid residues were 
identified using standard double-quantum filtered-COSY [70] and clean 
TOCSY [71] spectra. In the latter case, the spin-lock pulse sequence was 
70 ms long. NOESY experiments were utilized for sequence-specific as
signments [53]. To avoid the problem of spin diffusion, the build-up 
curve of the volumes of the NOE cross peaks as a function of the mix
ing time (50–500 ms) was obtained first (data not shown). The mixing 
time of the NOESY experiment used for interproton distance determi
nation was 150 ms (i.e., in the linear part of the NOE build-up curve).

4.4. Proteolytic stability

The proteolytic stability of the synthetized peptides was tested using 
trypsin (Sigma-Aldrich) and human serum (Sigma-Aldrich [72]). When 
using trypsin, the samples were prepared in a total volume of 1 mL, 
diluting a 5 mg/mL solution of the peptides in DMSO and a 1 mg/mL 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 timepoints 50 μL of the solution were withdrawn 
and added to 200 μL of EtOH at 0 ◦C (15 min). The supernatant of the 
solution was analysed by RP-HPLC. A sample without the enzyme was 
used as control. All the degradation experiments were executed in 
triplicates.

When using human serum the measure and control samples were 
prepared by adding 40 μL of a 5 mg/mL solution of the peptide in DMSO 
to 1 mL and 1.25 mL of 25 mM HEPES, 2-[4-(2-hydroxyethyl)piperazin- 
1-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 
timepoints 100 μL of the solution were withdrawn, added to 200 μL of 
deionized water and subjected to 3 cycles of 5 min at 100 ◦C and then 5 
min at 0 ◦C.

4.5. Leakage from liposomes

4.5.1. Liposome preparation
DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) and POPG 

(1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol) (Avanti Polar 
Lipids) were dissolved in CH2Cl2 in a ratio of 7:3. Then CH2Cl2 was 
removed under a flow of N2, an excess of a 40 mM carboxyfluorescein 
solution in HEPES 5 mM was added and the solution was left in the dark 
for the night. The liposomes were purified by exclusion size column 
chromatography using Sephadex as the solid phase and a 100 mM NaCl 
solution in HEPES 5 mM as the eluent. The purified liposomes were 
stored in 0.06 mM solutions of the eluent at 0 ◦C.

4.5.2. Leakage test
A LS50B Luminescence Spectrometer (Perkin Elmer) with a λexcitation 

of 488 nm and λemission of 520 nm (excitation and emission slits of 5.0 
and 7.5 nm, respectively) was used to record the fluorescence of the 
solutions of peptide-liposomes. The samples were prepared by adding 
increasing amounts of peptide to 0.06 mM liposome solutions in 100 mM 
NaCl/5 mM HEPES (peptide concentration range from 4 × 10− 5 mM to 
3 × 10− 2 mM) and incubating them for 20 min (Ft). Then 50 μL of a 10 % 
Triton solution was added to the samples and the fluorescence was 
recorded again (FTOT). Trichogin GA IV peptide was used as a control.

4.6. Cell experiments

4.6.1. Bacterial culture
The bacterial strains used were Escherichia coli ATCC 25922, Staph

ylococcus aureus ATCC 25923, Klebsiella pneumoniae ATCC 700603, 
Acinetobacter baumannii ATCC 19606, Pseudomonas aeruginosa ATCC 
27853 and Staphylococcus epidermidis ATCC 12228, purchased from 
American Type Culture Collection (ATCC) (Manassas, Virginia, USA). 
Bacterial culture was e grown overnight (o/n) at 37 ◦C in complete 
Müller-Hinton broth (MHB, Difco) with shaking (130 rpm). The day 
after, the overnight bacterial cultures were diluted 1:30 in fresh MHB 
and incubated at 37 ◦C with shaking (130 rpm) for approximately 2 h 
(mid-log phase) until reaching an optical density (OD) at 600 nm 
(OD600) ≈ 0.3.

4.6.2. Minimum inhibitory and bactericidal concentration (MIC and MBC) 
assay

Peptides diluted in MHB to a concentration of 128 μM were added to 
the first column of wells of a 96-well round-bottom microtiter plate 
(Sarstedt, Milan, Italy) and two-fold serially diluted in a final volume of 
50 μL MHB. Then, mid-log bacterial cultures (OD 600 ≈ 0.3) were diluted 
to 5 × 105 colony-forming units (CFU)/mL in MHB and 50 μL of this 
bacterial suspension was added to each well. Halving in this way, the 
final bacterial concentration to 2.5 × 105 CFU/mL and the peptide 
concentration in the wells in a final volume of 100 μL (final bacteria load 
was 2.5 × 104 CFU/well). The same number of bacteria in untreated 
MHB was used as a control for bacterial growth. MHB only (100 μL) was 
used as a negative control to check the sterility of the medium. The plate 
was sealed with parafilm to minimize evaporation and incubated over
night at 37 ◦C (approximately 18 h). MIC was determined by visual in
spection at the end of incubation as the first clear well.

After having checked the MIC, to calculate the MBC, 25 μL from all 
the clear wells were taken after pipetting, then plated on agarized MH 
medium. Plates were incubated o/n at 37 ◦C and the day after viable 
colonies were counted. The MBC was the conditions killing 99.9 % of the 
initial bacterial inoculum.

Data are reported as the mode of independent experiments repeated 
three times or four times in case of uncertain values.

4.6.3. Cytotoxicity assay on human cells
Cell viability was assessed using the tetrazolium salt (MTT) assay as 

previously reported [73]. NIH/3 T3 murine fibroblasts (ATCC CRL- 
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1658) were cultured at 37 ◦C with 5 % CO2 until they reached approx
imately 80 % confluence in a T-25 flask (Sarstedt) containing 5 mL of 
Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich), supple
mented with 100 U/mL penicillin (Sigma), 100 μg/mL streptomycin 
(Sigma), 2 mM L-glutamine, and 10 % (v/v) fetal bovine serum (Euro
Clone). Upon reaching sub-confluence, cells were detached by incu
bating with 2 mL of trypsin solution (500 mg/L trypsin, 370 mg/L EDTA, 
EuroClone SpA) for 5 min at 37 ◦C. Trypsin was then neutralized with 4 
mL of complete DMEM. Cells were counted using a Burker-Türk cham
ber in the presence of 1 mg/mL trypan blue to confirm the absence of 
non-viable cells. The suspension was then diluted in complete DMEM to 
achieve a final concentration of 5 × 104 cells/mL. Subsequently, 100 μL 
of this suspension was seeded into 96-well flat-bottom microtiter plates 
(Sarstedt) and incubated overnight at 37 ◦C with 5 % CO2. The following 
day, the spent medium was removed and replaced with 100 μL of pep
tide solutions prepared at the desired concentrations in DMEM. Un
treated control wells received an equivalent volume of sterile water. The 
plate was further incubated for 24 h under the same conditions. Cyto
toxicity was then assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT) assay. The spent medium contain
ing the test compounds was discarded, and 125 μL of DMEM containing 
1 mg/mL MTT (Merck Life Science S.r.l.) was added to each well. The 
plate was incubated in the dark for 4 h at 37 ◦C with 5 % CO2. Following 
incubation, the solution was carefully removed to avoid the loss of MTT 
formazan crystals, and each well was gently washed with 100 μL of 
sterile PBS. Then, 100 μL of IGEPAL (Sigma) (10 % w/v in 10 mM HCl) 
was added to each well to solubilize the formazan crystals, and the plate 
was incubated overnight at 37 ◦C with 5 % CO2. The next day, absor
bance was measured at 570 nm using a Nanoquant Infinite-M200Pro 
plate reader (Tecan). Cell viability was calculated by normalizing 
absorbance values to the untreated control wells, which were set as 100 
% viability. Results represent the mean of five independent experiments, 
each performed in triplicate (n = 15).
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