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b

Antimicrobial peptides (AMPs), including mucin-derived sequences, play a vital role in host defense at
mucosal surfaces by modulating microbial interactions and supporting innate immunity. However, their
susceptibility to proteolytic cleavage limits their protective efficacy. This study investigates the peptide
FPNPHQPPKHPDK (L1), derived from human salivary mucin MUC7, and its proteolytic fragments L2
(FPNPHQPPK) and L3 (HPDK), generated by trypsin cleavage. Using a combination of potentiometry, UV-
vis spectroscopy, circular dichroism (CD), electron paramagnetic resonance (EPR), electrospray ionization
mass spectrometry (ESI-MS), density functional theory (DFT) calculations, and antimicrobial assays, we
elucidate the structural and thermodynamic aspects of metal ion coordination with Cu(i) and Zn(u), and
assess their impact on antimicrobial efficacy. Our findings reveal that the L3 fragment forms the most
thermodynamically stable complexes with both Cu(i) and Zn(i) ions, and exhibits the strongest anti-
microbial activity, which is pH-dependent. These results suggest a mechanism involving metal sequestra-
tion, consistent with the concept of 'nutritional immunity’. Notably, natural proteolytic processing of the
parent peptide enhances its functional properties upon metal coordination. This highlights a potential
evolutionary advantage of peptide fragmentation in modulating antimicrobial activity, supporting the
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Introduction

Saliva, as a rich reservoir of antimicrobial molecules, especially
AMPs, is the first line of defense against pathogenic microbes."
The pH of saliva plays a crucial role as a diagnostic and prog-
nostic biomarker in oral health, but also has a huge impact on
the activity of antimicrobial molecules present in the oral
cavity. Normal unstimulated saliva in healthy individuals exhi-
bits a pH range of approximately 6.2-7.6, with an average
around 6.7, and rarely drops below 6.3 under resting
conditions.>® Such near-neutral pH is maintained by salivary
buffering systems and is essential for protecting dental hard
tissues.”” In pathological states, salivary pH shows distinct
shifts: it becomes more alkaline in conditions like generalized
chronic gingivitis,” yet tends toward acidity in more severe dis-
eases such as generalized chronic periodontitis. Following
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development of MUC7-derived peptides as promising templates for metal-based antimicrobial agents.

food intake-particularly meals rich in fermentable carbo-
hydrates such as sucrose, glucose, or starch-salivary pH can
rapidly drop below 5.5 due to acid production by cariogenic
bacteria like Streptococcus mutans.®”’

Salivary AMPs include, e.g. histatins, defensins, chemo-
kines, cathelicidins, and mucins.*'® Mucins are a family of
glycoproteins that are present not only in saliva, where they are
responsible for its viscosity, but also are present in different
types of mucus, e.g. in the bile, stomach, and intestines, where
they protect mucous membranes against the action of digestive
enzymes.'"? Although mucins can differ significantly in
molecular mass, they all contain characteristic tandem-repeat-
ing domains - rich in amino acid residues such as serine,
proline, and threonine."®'* These domains are sites of exten-
sive glycosylation of the peptide chain (oligosaccharide chains
can constitute up to 90% of the molecular mass of the result-
ing glycoprotein).'® Because of these post-translational modifi-
cations, mucins can perform specific functions. In humans,
the presence of 16 mucins has been identified."®> They are
divided into transmembrane and secretory mucins. MUC5B
and MUC?7 are two secretory mucins present in saliva.'®

The MUC7 (Fig. 1) is a low molecular mass protein secreted
into saliva by the submandibular and sublingual glands."” The
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Fig. 1 The AlphaFold predicted structure and amino acid sequence of
MUC?7 (UniProtKB: Q8TAX7). The analysed region of this biomolecule
(FPNPHQPPKHPDK) is highlighted in orange.

amino acid sequence of MUC7 can be divided into 6 regions:
(1) signal peptide (aa'>°); (2) Domain 1 (D1) (aa**”""); (3) D2
(aa”**); (4) D3 (aa'®>%); (5) D4 (aa’****°) and (6) D5
(aa®**377)."® The central region (D3 and D4) consists of a
sequence of 23 amino acids that is repeated six times:
TTAAPPTPSATTPAPPSSSAPPE (PTS domain). The main role of
this protein is to maintain proper bacterial flora in the oral
cavity.'0

The D1 domain at the N-terminal region has a similar
sequence to the well-known AMP, histatin 5 (Hst-5), and shows
antibacterial and antifungal activity.>*

In this study, we focus on the Pro-rich, FPNPHQPPKHPDK
(L1) peptide, which is a proteolytic product of the
MUC?7 glycoprotein,* and on two fragments derived from this
sequence, which can be naturally cleaved by trypsin at the
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most susceptible site, between the amino acids Lys and His,
resulting in two shorter peptides: FPNPHQPPK (L2) and HPDK
(L3) (Fig. 2, Fig. S1).

Antimicrobial peptides often contain repeating patterns of
specific amino acids. Among the most common are peptides
rich in tryptophan (Trp), arginine (Arg), histidine (His),
cysteine (Cys), and proline (Pro) - as in the peptide under
investigation.>* AMPs primarily exert their activity through two
major mechanisms: (i) membrane-targeting mechanisms,
where peptides disrupt the structural integrity of microbial cell
membranes, and (ii) non-membrane-targeting mechanisms,
which involve the inhibition of intracellular processes such as
nucleic acid, protein, and enzyme synthesis, ultimately leading
to microbial growth arrest and inhibition of reproduction.*

Proline-rich antimicrobial peptides (PrAMPs) represent a
distinct class of AMPs with primarily intracellular activity, typi-
cally inhibiting bacterial protein synthesis. For example, bacte-
necin 7 (Bac7) and the dolphin-derived peptide TurlA exert
their inhibitory effects by interacting with ribosomes, blocking
translation by preventing the transition from the initiation to
the elongation phase.”®?” Similarly, the Api137 peptide inhi-
bits translation by arresting the release factor on the ribo-
some.”® Interestingly, proline-rich proteins (PRPs) constitute a
significant fraction (nearly 70%) of the total salivary proteins’
and play a crucial role in interspecies bacterial interactions,
thereby contributing to the maintenance of a balanced oral
microbiome.*®

Proline is a structurally unique amino acid, essential for
defining protein structure and function. Specifically, (i) proline
facilitates the formation of secondary structural elements such
as the polyproline II helix and (ii) induces p-turn formation,
leading to a ‘bent’ peptide conformation.’** Some studies
suggest that proline-rich antimicrobial peptides could serve as
a promising foundation for the development of novel thera-
peutics against antibiotic-resistant bacteria and may also
enhance drug delivery efficiency.>*™¢

Literature data strongly suggest that the presence of metal
ions often enhances - or, in some cases, triggers the anti-
microbial activity of AMPs, influencing factors such as net
charge, secondary structure, or participation in processes like
‘nutritional immunity’ or the generation of free radicals.*’**

->§

MUC7

FPNPHQPPK{HPDK (L1)

b FPNPHQPPK (L2)
=

HPDK (L3)

Fig. 2 The selected peptide fragment (in the middle), which underwent cleavage by proteolytic enzymes, was divided into two distinct peptides.
The amino acids at which enzymatic cleavage by trypsin occurred are highlighted in green.
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Given that saliva contains substantial concentrations of metal
ions, including zinc(u) and copper(),** and that the L1, L2,
and L3 peptides derived from the MUC7 glycoprotein possess
amino acid residues capable of effectively binding these ions
(e.g. the imidazole ring of histidine or the amino-terminal
group), it is imperative to explore the influence of these metal
ions on (i) coordination modes, (ii) secondary structure, and
(iif) the antimicrobial properties of these salivary peptides.

Therefore, this study aims to investigate the impact of pro-
teolytic hydrolysis on the biological activity of peptides derived
from MUC?7 and their complexes with metal ions, specifically
assessing whether they retain the antimicrobial and metal-
coordinating properties of the parent peptide. Furthermore,
we seek to elucidate how metal ion coordination influences
the stability and efficacy of these peptides, which could
provide valuable insights for optimizing their potential thera-
peutic applications.

Experimental section
Materials

The fragments of the salivary glycoprotein MUC7 -
FPNPHQPPKHPDK (L1), FPNPHQPPK (L2), and HPDK (L3)
were commercially synthesized by KareBay™ Biochem
company with a certified purity of 98% (Fig. S2). All peptides
were free at both the C- and N-termini. Analytical-grade
reagents were used in all experiments. The concentrations of
Cu(u) and Zn(u) perchlorate hexahydrate (Sigma-Aldrich) solu-
tions were determined using inductively coupled plasma
optical emission spectrometry (ICP-OES). A 0.1 M NaOH solu-
tion (Supelco) was potentiometrically standardized with an
acidic potassium phthalate solution (C = 0.004 M, Sigma-
Aldrich). Double-distilled water was used to prepare all
samples. The ionic strength (I = 0.1 M) was adjusted by dissol-
ving NaClO, (Sigma-Aldrich). Peptides for potentiometric titra-
tions were dissolved in 0.004 M HCIlO, (prepared from 70-72%
perchloric acid, Supelco) with an ionic strength of 0.1 M
NaClO,. All samples were weighed using an analytical balance
(Sartorius R200D).

Trypsin digestion experiment

A sample containing the peptide FPNPHQPPKHPDK (1 mg)
was incubated with trypsin (5 mg mL™", 100 pL) in ammonium
carbonate buffer (100 mM, pH 8.2, 900 pL) for 24 hours at
37 °C in a water bath. The reaction was stopped by the
addition of trifluoroacetic acid (5% TFA) to lower the pH to
approximately 3.5. The resulting mixture was transferred to
Vivaspin 500 concentrators (PES membrane, 5000 Da), centri-
fuged, and analyzed using a JEOL JMS-S3000 SpiralTOF™-plus
Ultra-High Mass Resolution MALDI-TOF MS with a cationic
matrix (z = +1). A control sample containing only trypsin and
buffer was prepared as a reference. The results were analyzed
using the msTornado Analysis software (version 2.0.11.1). The
matrix compound used to produce the matrix solution was
sinapic acid. Sinapic acid (10 mg) was dissolved in 1 mL of 50/

This journal is © The Royal Society of Chemistry 2025
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50 acetonitrile/water solvent containing 0.1% TFA. The sample
and matrix mix were mixed 1:1 by volume and spotted onto a
96 well stainless steel plate and allowed to air dry. The results
were analyzed using the msTornado Analysis software (version
2.0.11.1).

Potentiometric measurements

The stability constants for all ligands and their complexes with
metal ions Cu(u) and Zn(u) were calculated based on titration
curves in the pH range 2.0-12.0. at 25 °C in a total volume of
2.6 mL. Potentiometric measurements were carried out for all
samples, in 0.004 M HCIlO, solution with an ionic strength I =
0.1 M NaClO,. The apparatus comprised a Metrohm Titrando
905 titrator equipped with a Mettler Toledo InLab Semi-Micro
combined pH electrode. The glass cell, maintained at a con-
stant temperature, was fitted with a magnetic stirring device, a
microburet for precise liquid dispensing, and a tube system
for argon flow. Solutions were titrated with 0.1 M carbonate-
free NaOH. Before starting the experiment, electrodes were
calibrated by titration of 0.004 M HClIO, with 0.1 M NaOH
using a total volume of 3 mL. Determination of concentration
and purity level was possible through using the Gran
method.*® The ligand concentration was 0.0004 M, and the Cu
(1) and Zn(u) to ligand ratio was 0.9:1. Calculations of con-
stant stability were performed in HYPERQUAD 2006.’° The
standard deviations were computed by using HYPERQUAD
2006 and referenced to random errors only. The hydrolysis
constants of Cu(u) and Zn(u) were taken from the literature
and used in these calculations.”” The speciation and compe-
tition diagrams were computed using the HYSS program and
visualized in the Origin 2024 program.***°

Mass spectrometric measurements

The experiment was performed using Bruker Compact QTOF
(Bruker Daltonik, Bremen, Germany), equipped with an elec-
trospray ionization source with an ion funnel. The spectra were
recorded in positive ion modes, within a mass-to-charge ratio
(m/z) range of 150-3000. The experimental conditions included
dry nitrogen gas, T = 180 °C, a capillary voltage of 4500 V, and
an ion energy of 5 eV. The solutions of ligands and their com-
plexes with Cu(u) and Zn(u) ions ([L] = 0.0001 M, molar ratio
M:L = 1:1) were prepared by dissolving in a 50 : 50 mixture of
water and methanol. The instrument was calibrated externally
with the Low Concentration Tuning Mix ESI-ToF (Agilent
Technologies, Santa Clara, CA, USA). The samples were
infused at a flow rate of 3 pL min~". The obtained spectra were
analyzed using the Bruker Compass DataAnalysis 6.1 program.

Spectroscopic studies

The absorption spectra were recorded on a Jasco V-750 spectro-
photometer, while circular dichroism (CD) spectra were
obtained by using a Jasco J-1500 CD spectropolarimeter; in
both cases, a quartz cuvette with an optical path length of
1 cm was used. In the far-UV CD experiment (wavelength
range 180-250 nm), a quartz cuvette with an optical path
length of 0.2 mm was used. All spectrophotometric measure-
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ments were conducted in a pH range of 3.0-11.5 at 25 °C. The
pH of the samples was adjusted by adding NaOH and HCIO,
solutions. Concentrations of samples were similar to those
used in the potentiometric titration. The metal-to-ligand ratio
was 0.9:1. Electron paramagnetic resonance (EPR) spectra
were recorded on a Bruker ELEXSYS E500 CW-EPR spectro-
meter at a band frequency of 9.5 GHz. Ligands were dissolved
in an aqueous solution of 0.004 M HCIO, with ionic strength
0.1 M (NaClO,). Ethylene glycol (25%) was used as a cryopro-
tectant due to the measurements were conducted at a liquid
nitrogen temperature (77 K) within a pH range of 3-11. The
concentration of Cu(u) was 0.001 M, and the metal:ligand
ratio was 0.9:1. The EPR parameters were determined by
simulating the spectra and comparing them with the experi-
mental data in Bruker’s WinEPR SimFonia (version 1.2) soft-
ware. A spectra were analyzed and visualized using Origin
2024.%

In vitro antimicrobial activity of peptides and peptide-metal
ion systems

Antimicrobial activity of peptides and their complexes was
characterized against human pathogenic strains that may
occur in the oral cavity. Four reference strains from the
American Type Culture Collection (ATCC), namely Escherichia
coli 25922, Pseudomonas aeruginosa 15442, Enterococcus faecalis
29212, Staphylococcus aureus 25923, two from the Polish
Collection of Microorganisms (PCM), namely Streptococcus
mutans 2502 and Streptococcus sanguinis 2335, and Candida
albicans SC5314 were used for antimicrobial activity assay.>°
E. coli ATCC 25922, P. aeruginosa ATCC 15422, E. faecalis ATCC
29212, and S. aureus ATCC 25923 were grown at 37 °C in
Mueller-Hinton broth (MHB) (Merck Millipore, Darmstadt,
Germany). S. mutans PCM 2502 and S. sanguinis PCM 2335
were cultured in Brain Heart Infusion (BHI) broth (Merck
Millipore, Darmstadt, Germany) and incubated overnight anae-
robically (85% N,, 10% H,, and 5% CO,) at 37 °C. C. albicans
SC5314 was grown aerobically at 37 °C on Yeast Peptone
Dextrose (YPD) broth (A&A Biotechnology, Gdansk, Poland).

Bacterial susceptibility assay

To determine the minimal inhibitory concentrations (MIC) of
the studied systems required to inhibit the growth of strains,
the serial broth microdilution method was employed.>" Briefly,
two-fold serial dilutions of each peptide/complex in MHB,
BHI, and YPD broth buffered with 0.01 M MES buffer, pH 5.4
(Merck Millipore, Darmstadt, Germany) or 0.01 M HEPES
buffer, pH 7.4 (Merck Millipore, Darmstadt, Germany) at a
volume of 100 pL were prepared in 96-well flat-bottomed
microtiter plates (Sarstedt, Nimbrecht, Germany). The final
concentration of each system ranged from 7.8 to 500 pg mL ™",
Control wells, including negative and growth controls, did not
contain the tested compounds. In addition, antimicrobial
assays were performed using Cu(u) and Zn(u) ion concen-
trations ranging from 0.5 to 65 pg mL™", corresponding to the
metal content in the complexes; no antimicrobial activity was
observed under these conditions. The plates were incubated
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for 24 hours at 37 °C for the following strains: E. coli ATCC
25922, P. aeruginosa ATCC 15422, E. faecalis ATCC 29212,
S. aureus ATCC 25923, and C. albicans SC5314. Additionally,
two oral bacterial strains, S. mutans PCM 2502 and S. sanguinis
PCM 2335, were incubated anaerobically (85% N,, 10% H,, 5%
CO,) at 37 °C for 72 h. The optical density at 600 nm (OD600)
was measured using a Spark® microplate reader (Tecan
Trading AG, Switzerland). The value of MIC was defined as the
lowest concentration that inhibited cell growth. Every assay
was performed in triplicate.

Density functional theory (DFT) calculations

All calculations were carried out using the Gaussian 09 soft-
ware. Geometry optimizations and frequency analyses were
conducted in water using the B3LYP functional,*>** coupled
with the 6-31G(d,p) basis set. For the Zn(u) ion, the default
spin formalism was applied, and default Gaussian 09 values
were used for numerical integration grids, SCF, and geometry
optimization convergence criteria. No symmetry constraints
were applied during the geometry optimizations. The nature of
the stationary points was confirmed by computing vibrational
frequencies to ensure they were true minima.

Results and discussion

To determine the protonation constants of the ligands and the
stability constants of the complexes, a series of potentiometric
titrations was performed. The coordination mode of Cu(u)
ions, including the type and number of donor atoms involved,
was investigated using various spectroscopic techniques,
including UV-vis, circular dichroism, and electron paramag-
netic resonance spectroscopies. The stoichiometry of the com-
plexes formed with Zn(u) and Cu(u) ions was confirmed using
electrospray  ionization mass spectrometry  (ESI-MS).
Additionally, studies were conducted to assess the secondary
structure of the ligands and the potential structural changes
induced by metal ion coordination. Biological assays, per-
formed both in the absence and presence of metal ions
allowed for the evaluation of the antimicrobial activity of the
studied systems against oral pathogens, with a particular focus
on pH conditions characteristic of the oral cavity.

Ligands’ deprotonation constants

For the studied ligands - FPNPHQPPKHPDK (L1),
FPNPHQPPK (L2), and HPDK (L3) - potentiometric titrations
determined 9, 4, and 5 deprotonation constants, respectively,
as summarized in Table 1. The distribution diagrams of ligand
species as a function of pH are presented in Fig. S3. The depro-
tonation constants obtained for peptides L2 and L3 are com-
parable to those of the corresponding amino acid residues in
L1. A, obtained pK, values are consistent with literature
data.>*™7

This journal is © The Royal Society of Chemistry 2025
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Table 1 Deprotonation constants (pK,) for L1, L2, and L3 peptides and stability constants (log ) for their complexes with Cu(i) and Zn(i) ions in
aqueous solution of 0.004 M HCLO4 with / = 0.1 M NaClOy4 at 25 °C. C, = 0.0004 M. The standard deviations are reported in parentheses as uncer-
tainties on the last significant figure. R — corresponds to amino-acid residues and C-t and N-t correspond to C-terminus and N-terminus,
respectively

Ligands
L1 (FPNPHQPPKHPDK) L2 (FPNPHQPPK) L3 (HPDK)
Species log fj pK,” R Species log i pK,” R Species log fj “ pK.” R
[H,L]P* 48.15(5) 3.03 C-t [H,L** 26.63(3) 2.77 C-t [HsL]* 30.89(2) 2.99 C-t
[HeL]** 45.12(5) 4.00 Asp [HsL** 23.85(3) 6.20 His [H L 27.99(2) 3.97 Asp
[HsL** 41.12(4) 6.11 His [HoL] 17.65(2) 7.81 N-t [HsL]" 24.02(1) 5.76 His
[HLL* 35.01(4) 6.63 His [HL] 9.84(1) 9.84 Lys [H,L] 18.26(1) 7.67 N-t
[HsL]" 28.38(5) 7.52 N-t [HL]™ 10.59(1) 10.59 Lys
[H,L] 20.86(3) 10.15 Lys
[HL]” 10.71(5) 10.71 Lys
Cu(u) complexes
. c d c d . c d

log Bk pK, log Bk pKa log fix pKa
[CuHSL]y; 34.64(3) — N
[CuH,LJ? 28.38(4) 6.26 [CuH,L]? 22.04(4) —
[CuHL]" 20.05(7) 8.33 [CuHL]* 16.92(1) 5.12 [CuHL] 19.95(2) —
[CuL] 11.67(5) 8.38 [CuL]" 9.07(2) 7.85 [CuL] 12.56(5) 7.39
[CuH_,L] 1.51(7) 10.16 [CuH_,L] —-0.16(2) 9.23 [CuH_,L]~ —2.56(6) 10.00
[CuH_,LJ? -9.44(8) 10.95 [CuH_,L] -10.22(2) 10.06 [CuH_,L]*~ -8.29(6) 10.85

Zn (i) complexes

log B¢ pK, “ log S © pK,“? log fii.© pK,“?
[znH,LP** 31.54(4) -
[ZnH,L]** 24.93(1) 6.61

[ZnHL]" 15.79(2) —
[ZnL] 7.77(1) — [ZnL] 6.76(3) 9.03
[ZnH_,1] -2.74(1) -

[ZnH_,L]*~ -13.25(5) —

Constants are presented as cumulative log fj values. S(H;Li) = [HLg/(|
peptide. ? pK, values of the peptides were derived from cumulative con

[L]%), in which [L] is the concentration of the fully deprotonated
stants pK, = log f(HL) — log f(H;_1Lg). “ Cu(u) and Zn(n) stability con-

stants are presented as cumulative log f;; values. L stands for a fully deprotonated peptide ligand that binds Cu(u)/Zn(u) ion: AMHLy) =

[MH,LJ/(IM]THY[L]9), where [L] is the concentration of the fully deprotonated peptide. ¢ pK, =

Cu(u) complexes

Based on the obtained ESI-MS spectra, it can be concluded
that, under the applied measurement conditions, only equi-
molar complexes were detected for all studied systems with
Cu(n) ions (Fig. S4-S6, Table S1).

Potentiometric studies of Cu(i) complexes also confirm the
absence of polynuclear complexes and bis-complexes (Table 1).

In the Cu(u)-L1 system, six distinct complex species with an
equimolar metal-to-ligand stoichiometry were identified in the
PH range from 3.0 to 12.0 (Table 1, Fig. 3A).

The first complex species, [CuH;L]**, reaches its maximum
concentration at pH 5.5. The presence of a d-d transition band
in the UV-vis spectrum, with the highest molar extinction
coefficient at a wavelength of 682 nm (Fig. 4A), suggests that
the Cu(n) is coordinated to one or, at most, two nitrogen
atoms.>® The band at 249 nm in the CD spectra (Fig. 5A)
corresponds to a charge transfer transition from Nj, to Cu(),
while the band at 677 nm suggests the coordination of an

This journal is © The Royal Society of Chemistry 2025

log f (M;H;Ly) — log f(M;H;_;Ly).

amide nitrogen from the peptide bond, supporting a donor set
of {1Nj,,, 1N} for the [CuH;L]*" complex species.’®®" The
EPR spectra at pH 5.5, with parameters: A = 151.7 and g, =
2.29 (Fig. S7A, Table S2) also support the 2N
coordination.’®°*%

In the subsequent complex species, [CuH,L]** and [CuHL]"
(with maximum concentrations at pH 7.24 and 8.36,
respectively), the coordination mode remains unchanged,
with only the deprotonation of the imidazole nitrogen atom of
the His residue (pK, in the free ligand = 6.63, pK, in the
complex = 6.26 for [CuH,L]**) and the N-terminal amine group
(pK, in the free ligand = 7.52, pK, in the complex = 8.3 for
[CuHL]", Table 1) occurring. The absence of notable spectral
changes (Fig. 4A and 5A, S7A; Table S2) strongly supports the
proposed donor set {1Njy, 1N,,} in these three complex
species.

In contrast, significant spectral changes occur at approxi-
mately pH 9, where the next dominant complex species, [CuL],
is observed (Fig. 3A). The presence of a d-d transition band in

Dalton Trans., 2025, 54,13257-13270 | 13261
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Fig. 3 Representative distribution diagram for (A) Cu(n-L1

(FPNPHQPPKHPDK); (B) Cu(i)-L2 (FPNPHQPPK) and (C) Cu(n)-L3
(HPDK) systems in aqueous solution of 0.004 M HClO4 with / = 0.1 M
NaClOy. [L] = 0.0004 M; molar ratioM:L - 0.9:1. T=25°C.

the absorption spectrum at 586 nm with ¢ = 105.44 M
em™" suggests Cu(u) coordination by three nitrogen donors
(Fig. 4A). Additionally, the positive Cotton effect at A =
315 nm and the negative one at 592 nm indicate the invol-
vement of an additional nitrogen atom from the peptide
bond. The EPR spectral parameters (4; = 163.9 and 170.0,
gy = 2.27 and 2.23, Fig. S7D) suggest the coexistence of
two equilibrium complex species with 2N and 3N coordi-
nation modes, which is consistent with the species distri-
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Fig. 4 UV-vis spectra for (A) Cu(i)—-L1 (FPNPHQPPKHPDK), (B) Cu(i)—-L2
(FPNPHQPPK), and (C) Cu(i)-L3 (HPDK) complexes. The molar ratio of
M:Lis 0.9:1, with [L] = 0.0004 M. Measurements were conducted in an
aqueous HCLO, solution (0.004 M) with an ionic strength of / = 0.1 M,
adjusted using NaClOy, at T = 25 °C. The optical path length was 1 cm.
The peptides and their complexes with Cu(n) ions exhibited high solubi-
lity, and no turbidity or precipitation was observed across the entire pH
range studied.

bution diagram at pH 9 (Fig. 3A). The formation of sub-
sequent complex species, [CuH_;L]” and [CuH_,L]*", does
not induce spectral changes, indicating that only the depro-
tonation of Lys residues in the peptide occurs while the
coordination mode remains unchanged.

The first complex species formed in the Cu(u)-L2 system,
where L2 corresponds to the N-terminal fragment of L1

This journal is © The Royal Society of Chemistry 2025
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Fig.5 CD spectra in the UV-vis range for (A) Cu(n)-L1

(FPNPHQPPKHPDK), (B) Cu(n)-L2 (FPNPHQPPK), and (C) Cu(n)-L3
(HPDK) complexes. The molar ratio of M: L is 0.9:1, with [L] = 0.0004
M. Measurements were conducted in an aqueous HCLO, solution (0.004
M) with an ionic strength of | = 0.1 M, adjusted using NaClOy, at T =
25 °C. The optical path length was 1 cm.

(FPNPHQPPK), is [CuH,L]**. This species is most likely formed
via the coordination of Cu(u) to the imidazole nitrogen (1Njy,).
The involvement of the imidazole nitrogen in Cu(u) coordi-
nation is supported by a strong absorption band with a
maximum at 245 nm in the CD spectrum (Fig. 5B), the pres-
ence of a d-d transition band in the UV-vis spectrum with a
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maximum at approximately 703 nm (Fig. 4B), as well as EPR
spectral parameters (g = 2.33, A = 160.7) at pH 5 (Fig. S7B).

The second complex species, [CuHL]**, which reaches its
maximum concentration at pH 7, is most likely formed due to
the deprotonation of the amide nitrogen, as indicated by the
presence of an absorption band with a maximum at 676 nm
(Fig. 4B) and the EPR spectral parameters (g, = 2.29, 4; =
164.7, Fig. S7B). Circular dichroism analysis reveals bands at
245 nm and 686 nm - similar to those observed in the Cu(u)-
L1 system in the pH range of 5-8 (Fig. 5) — which correspond
to the involvement of imidazole and amide nitrogen atoms,
respectively, forming a {1Nj;,, 1N,,} donor set. The next
species, [CuL]", which reaches its maximum concentration at
pH 8.55, likely results from the deprotonation of the
N-terminal amino group of the peptide. However, this group
does not participate in Cu(u) coordination, as evidenced by the
similar pK, values for the N-terminus in both the free ligand
and the Cu(u) complex (pK, = 7.81 and pK, = 7.85, respect-
ively). Furthermore, the lack of spectral changes in the UV-vis
and CD spectra, along with similar EPR parameters, confirms
the suggested 2N coordination mode, with the same donor set
{1Njm, 1Nu,} as in [CuHL]*". Another complex species,
[CuH_,L], is most likely formed due to the deprotonation of a
water molecule present in the coordination sphere of the Cu(u)
ion, resulting in a donor set of {1Njy, 1N,y,, 10H }. The
absence of significant spectral changes further supports this
coordination mode. Finally, the formation of the last complex
species, [CuH_,L]™, is attributed to the deprotonation of a
lysine residue, which does not participate in Cu(u)
coordination.

An intriguing phenomenon is the remarkable similarity of
CD spectra at relatively extreme pH values, such as 3.5 and
10.5, as well as 5.0 and 9.5 (Fig. S8). In both cases, the spectra
almost completely overlap. The complex at pH 3.5 and 10.5
exhibits bands at the same wavelengths: 266 nm and 236 nm
(Fig. S8A). A similar trend is observed for the second pH pair
(5.0 and 9.5), where UV-range bands appear at 258 nm and
235 nm (Fig. S8B), differing only slightly in intensity.
Additionally, in alkaline conditions (above pH 8.0), a broaden-
ing of bands in the UV-vis spectra (Fig. 4B) is observed, par-
ticularly in the longer wavelength region. This effect may be
attributed to the high number of proline residues in the rela-
tively short peptide, potentially inducing conformational
changes that take place in the proximity of the Cu(u) coordi-
nation sites.

The first complex species, [CuHL]', in the Cu(m)-L3 system
(L3, HPDK - a four-amino-acid C-terminal fragment of peptide
L1), is likely formed through Cu(u) coordination to the imid-
azole nitrogen of histidine and the N-terminal amine nitrogen,
resulting in a {1N;,,, -NH,} donor set. Evidence for 2N coordi-
nation includes: (i) a d-d transition band in the UV-vis spec-
trum with a maximum absorption at 678 nm (Fig. 4C) and (ii)
EPR spectral parameters (g, = 2.29, 4, = 163.8) at pH 6
(Fig. S6C). The involvement of the imidazole nitrogen is
further supported by negative Cotton effect bands at 235 nm
and ~315 nm in the CD spectrum (Fig. 5C). Additionally, the
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negative Cotton effect band at 276 nm indicates the partici-
pation of the N-terminal amine group in Cu(u) coordination.®*
The formation of the subsequent species, [CuL] and
[CuH_4L]7, is accompanied by the sequential deprotonation of
two water molecules occupying the Cu(u) coordination sphere.
The absence of additional nitrogen coordination is confirmed
by spectroscopic parameters characteristic of 2N coordination
(Table S2). The involvement of the imidazole nitrogen in Cu(u)
binding is evidenced by CD bands at approximately 235 nm
and 320 nm: at 236 nm and 319 nm for [CuL], and at 238 nm
and 324 nm for [CuH_,L]". These CD bands in the UV region
likely obscure signals corresponding to the participation of the
N-terminal amino group, whose maxima are expected in the
260-280 nm range.®* The final species, [CuH_,L]*", is formed
through the deprotonation of the lysine residue, with a pK,
value of 10.85, comparable to the corresponding pK, of the
free peptide (10.59). This species retains the same coordi-
nation mode as the preceding complexes, involving the imid-
azole nitrogen and the N-terminal amino nitrogen, along with
two deprotonated water molecule, giving {1Nj,,, -NH,, 20H"}
donor set. For all species, the CD spectra exhibit a positive
Cotton effect band with a maximum at approximately 700 nm
(705 nm, 704 nm, 700 nm, and 708 nm for each respective
species), indicative of ‘histamine-like’ coordination (character-
ized by coordination through the N-terminal amine group and
the imidazole nitrogen), which further supports the proposed
binding mode.®>%°

The competition plot (Fig. 6), which compares the
efficiency of Cu(u) ion binding to the ligands studied in this
work, indicates that Cu(u) ions coordinated in a ‘histamine-
like’ manner in L3 form the most stable complexes. In con-
trast, complexes with peptide L2 exhibit the lowest Cu(u)
binding efficiency.

100 - — —

% of complex formation relative to [Cu(ll)]

(FPNPHQPPKHPDK), L2

between L1
(FPNPHQPPK), and L3 (HPDK) with Cu(i) ions describing complex for-
mation at different pH values in a hypothetical situation, in which equi-
molar amounts of all the reagents are mixed. Conditions: T = 25 °C,
[Cu(u] = [L1] = [L2] = [L3] = 0.001 M.

Fig. 6 Competition plot
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Zn(u) complexes

Obtained ESI-MS spectra of all systems confirmed the for-
mation of only equimolar species of complexes under applied
conditions (Fig. S9-S11, Table S1).

Calculations based on fitting the titration curves indicate
the formation of four complex species in Zn(u)-L1 system
within the pH range of 4 to 11 (Table 1, Fig. 7A). The first
species, [ZnH,L]**, appears below pH 5 and reaches its
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Fig. 7 Representative distribution diagram for (A) Zn(1)-L1

(FPNPHQPPKHPDK); (B) Zn(1)—-L2 (FPNPHQPPK) and (C) Zn(i1)-L3 (HPDK)
systems in aqueous solution of 0.004 M HCIO4 with / = 0.1 M NaClO,.
[L] = 0.0004 M; molar ratioM:L-0.9:1. T =25 °C.
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maximum concentration at pH 6.5. Most likely, in this
complex species, the zinc ion is coordinated by two imidazole
nitrogen atoms in the {2Nj,} or {1N;,,, -NH,} donor set. The
loss of a proton from the N-terminus (if it was not previously
involved in coordination) or deprotonation of a water molecule
leads to the formation of [ZnH,L]*".

A comparison of the pK, values of the N-terminal amino
group in L1 and Zn(u)-L1 (pK, 7.52 for the free ligand vs. 6.61
in the complex) may suggest involvement of this group in
Zn(u) coordination. However, a similar pK, is also observed for
a deprotonation of a water molecule in the Zn(u) coordination
sphere.®” Moreover, the possibility of deprotonation of a non-
coordinating histidine residue (if it was not previously involved
in coordination) — whose side chain exhibits a pK, of 6.63 in
the free ligand - cannot be excluded, making unambiguous
assignment of the deprotonation event challenging.

At pH values above 9, the [ZnL] species dominates in solu-
tion. This species likely arises from deprotonation of a co-
ordinated water molecule and the N-terminal amino group -
provided the latter was not already involved in coordination —
or alternatively, from deprotonation of an additional water
molecule. These equilibria may result in a complex with one of
several donor sets: {2Njy,, -NH,, 10H}, {1N;,, -NH,, 20H},
or {2Nim, 20H7}, with the latter two coordination modes
appearing more plausible considering that Zn(u) typically
prefers a coordination number of four over five.® The last
detected species, ([ZnH_,L]>”), forms as a result of deprotona-
tion of the nonbonding two lysine side chains.

Density functional theory (DFT) calculations were employed
to resolve the aforementioned question regarding the coordi-
nation mode of Zn(u) ions by ligand L1. The results of the cal-
culations indicate that the first species, [ZnH;L]** (pH range
5-6.5), may be assigned to the zinc ion coordinated by two
imidazole nitrogen atoms in the {2N;,,} donor set. At this, and
higher pH values, involvement of N-terminus binding to the
Zn(u) ion (resulting in a {1N;,,, -NH,} donor set) could be
excluded due to the rigidity of the peptide associated with the
presence of several prolines. Indeed, structures involving a
{INj,, -NH,} donor set could never converge in the calcu-
lations, indicating that this binding mode is of relatively high
energy on the potential energy surface.

In a pH range 7-8, the [ZnH,L]** species is best described
as having the Zn(u) ion coordinated to the {2N;,,} donor set, in
a mixed species characterized by either loss of a proton from
the N-terminus or with a deprotonated water molecule in the
ion coordination sphere. In this latter case, deprotonation
occurs for H, (Fig. 8), the only H atom not involved in
H-bonding with the peptide. The two species differing by only
6.7 keal mol™ (28 kJ mol™"), with the former (N-terminus
deprotonation) being more stable, are likely in equilibrium.
The small calculated energy difference supports the experi-
mentally measured similar pK, values for the two deprotona-
tion steps.

At pH values above 9, following the previous two deprotona-
tions, the lowest energy [ZnL] species features a {2N;,, 20H}
donor set with a deprotonated N-terminal amino group.

This journal is © The Royal Society of Chemistry 2025
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H-bonding
network

Fig. 8 DFT calculated structure of Zn(1)-L1 (FPNPHQPPKHPDK) in a
water molecule at pH range 7-8.

In the Zn(u)-L2 system, only one complex species was
detected [ZnH_,L] (Table 1, Fig. 7B), which reaches its
maximum concentration at pH 9.15. In this complex, the Zn(u)
ion is most likely coordinated by two nitrogen atoms: one from
the imidazole ring of the histidine residue and the other from
the N-terminal amino group, forming an {1N;,,, -NH,} donor
set. Above pH 10, the formation of zinc(u) hydroxides was
observed (not shown in the diagram). DFT -calculations
support the presence of an {1N,, -NH,} donor set, and
further reveal that the Zn(u) ion is coordinated to the L2
system in a distorted pentacoordinate geometry stabilized by
an extended H-bonding network (Fig. 9). Interestingly, this
binding mode appears relatively stable if a {OH,, OH™} donor
set completes the Zn(u) ion coordination sphere, but further
deprotonation of a bound water molecule (resulting in a

Fig. 9 DFT calculated structure of Zn(1)—L2 (FPNPHQPPK) in water at
pH range 7.5-8.5.
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{20H7} donor set) distorts the complex to a geometry unlike to
be persistent in solution, and therefore leading to the for-
mation of zinc(u) hydroxides, as experimentally observed.

In the Zn(u)-L3 system, the formation of two complex
species was detected under the given experimental conditions:
[ZnHL]" and [ZnL] (Table 1, Fig. 7C). The first species reaches
its maximum concentration at pH 7.6 and is most likely
formed through the coordination of the Zn(u) by a ‘histamine-
like’ motif, {1N;,, -NH,}, similar to what has been observed
with Cu(u) ions. Deprotonation of a water molecule (pK, =
9.03) leads to the formation of the second species, [ZnL].
Above pH 9.5, the formation of zinc(u) hydroxides was
observed, as in the case of the Zn(u)-L2 system (not shown in
the diagram). DFT calculations strongly support these assign-
ments (Fig. 10).

The comparison of Zn(u) binding affinity among the
studied ligands (Fig. 11) demonstrates that the ‘histamine-like’

Fig. 10 DFT calculated structure of Zn(n)-L3 (HPDK) in water at pH
range 6-8.5.
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Fig. 11 Competition plot between L1 (FPNPHQPPKHPDK), L2
(FPNPHQPPK), and L3 (HPDK) with Zn(i) ions describing complex for-
mation at different pH values in a hypothetical situation in which equi-
molar amounts of all the reagents are mixed. Conditions: T = 25 °C, [Zn
(] = [L1] = [L2] = [L3] = 0.001 M.
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coordination mode observed in the Zn(u)-L3 system leads to
the formation of the most stable complexes at pH values below
9. Above this pH, L1 exhibits the highest Zn(u) binding
efficiency.

Secondary structure

Antimicrobial peptides are often characterized by well-
defined secondary structures, such as o-helices or p-sheets,
which are frequently associated with enhanced antimicrobial
activity.®® Metal ions are known to induce the formation of
such ordered structures upon coordination with this type of
peptides.”®

To elucidate the mechanism of antimicrobial action of a
given system, characterization of its secondary structure is of
critical importance. Fig. S12 presents selected far-UV CD
spectra recorded for the investigated systems. None of the
spectra exhibits distinct features indicative of well-ordered sec-
ondary structure formation. Only minor spectral changes were
observed for the Cu(u) and Zn(u) complexes at pH ~7.4 for the
L1 and L2 peptides, which may suggest a slight tendency
toward the formation of polyproline type II (PPII) helices.”" In
the case of L3-based metal complexes, spectral variations were
observed for the Cu(un) complexes at both pH 5.4 and 7.4
(Fig. S12C). However, the short length of the peptide
sequences precludes the formation of stable and well-defined
secondary structures.”*”?

Biological activity tests

To evaluate the antimicrobial efficacy of the peptide L1
(FPNPHQPPKHPDK), its proteolytically derived fragments L2
(FPNPHQPPK) and L3 (HPDK), and their coordination com-
plexes with Cu(u) and Zn(u) ions, a standard broth microdi-
lution method was employed. This assay enabled the deter-
mination of the MIC, defined as the lowest concentration
of a compound that visibly inhibits microbial growth.
Given that human salivary pH can range from 5.3 to 7.8,”*
depending on physiological and pathological conditions,
antimicrobial activity was examined at mildly acidic (pH
5.4) (Table 2, Tables S3-5S10) and near-physiological (7.4)
(Table 3), both of which are relevant to the oral
environment.

The peptides and their metal complexes exhibited modest
antibacterial activity primarily against Gram-positive bacteria,
including S. aureus, E. faecalis, S. mutans, and S. sanguinis,
whereas Gram-negative strains such as E. coli and P. aeruginosa
remained largely resistant under both tested pH conditions
(5.4 and 7.4). No antifungal activity against C. albicans was
detected for any of the tested compounds. Free Cu(u) and Zn
(n) ions at concentrations ranging from 0.5 to 65 pg mL™,
corresponding to those present in the peptide-metal com-
plexes, did not exhibit measurable antimicrobial effects
against the tested bacterial strains or C. albicans (data not
shown).

The antibacterial efficacy of the peptides was enhanced
under slightly acidic conditions (pH 5.4) and upon coordi-
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Table 2 The antibacterial and anti-Candida activities of peptides/complexes were assessed in vitro by determining their MIC (ug mL™).
Antimicrobial tests were conducted in a 0.01 M MES buffer at pH 5.4. Experiments were performed for peptides and their copper(i) and zinc(i) com-
plexes. N/D — not determined within the concentration range used in this study

FPNPHQPPKHPDK (L1) FPNPHQPPK (L2) HPDK (L3)
Strain L1 +Cu(n) +Zn(u) L2 +Cu(m) +Zn(n) L3 +Cu(n) +Zn(u)
E. coli ATCC 25922 N/D N/D 500 N/D N/D N/D N/D N/D N/D
P. aeruginosa ATCC 15422 N/D N/D N/D N/D N/D N/D N/D N/D N/D
S. aureus ATCC 25923 N/D 500 500 N/D N/D N/D 500 500 500
E. faecalis ATCC 29212 N/D N/D 500 N/D N/D N/D N/D N/D 500
S. mutans PCM 2502 N/D N/D 500 N/D N/D N/D N/D 500 500
S. sanguinis PCM 2335 N/D N/D 500 500 250 250 500 125 125
C. albicans SC5314 N/D N/D N/D N/D N/D N/D N/D N/D N/D

Table 3 The antibacterial and anti-Candida activities of peptides/complexes were assessed in vitro by determining their MIC (ug mL™%).
Antimicrobial tests were conducted in a 0.01 M HEPES buffer at pH 7.4. Experiments were performed for peptides and their copper(i) and zinc(i)
complexes. N/D — not determined within the concentration range used in this study

FPNPHQPPKHPDK (L1) FPNPHQPPK (L2) HPDK (L3)
Strain L1 +Cu(n) +Zn(u) L2 +Cu(m) +Zn(n) L3 +Cu(n) +Zn(u)
E. coli ATCC 25922 N/D N/D N/D N/D N/D N/D N/D N/D N/D
P. aeruginosa ATCC 15422 N/D N/D N/D N/D N/D N/D N/D N/D N/D
E. faecalis ATCC 29212 N/D N/D N/D N/D N/D N/D N/D N/D N/D
S. aureus ATCC 25923 N/D N/D N/D N/D N/D N/D N/D N/D N/D
S. mutans PCM 2502 N/D N/D N/D N/D N/D N/D N/D N/D N/D
S. sanguinis PCM 2335 N/D N/D 500 N/D N/D 500 N/D N/D 250
C. albicans SC5314 N/D N/D N/D N/D N/D N/D N/D N/D N/D

nation with metal ions, particularly for peptide L1 and its
C-terminal fragment L3 (HPDK). The most notable effects were
observed against S. aureus, S. sanguinis, and S. mutans. The
increased activity of L3 may be attributed to its higher metal-
binding capacity, possibly facilitated by a histamine-like
binding motif. This interaction is consistent with the mecha-
nism of nutritional immunity, wherein sequestration of essen-
tial metal ions by host peptides or proteins limits microbial
access to these nutrients, thereby inhibiting microbial growth
and virulence.”” Nutritional immunity is a critical innate
defense strategy in which the host tightly regulates and
restricts the availability of transition metals such as zinc and
copper, which are essential cofactors for numerous microbial
enzymes and metabolic processes. By forming stable com-
plexes with these metal ions, peptides like L3 may mimic this
natural defense mechanism, effectively starving pathogens of
necessary nutrients and reducing their ability to proliferate.
This mode of action complements direct antimicrobial effects
and highlights the multifunctional nature of metal-binding
peptides in host defense.

This observation is consistent with previous studies demon-
strating that metal ion binding can enhance bactericidal
activity.®’® A similar effect has been reported in the design of
synthetic antimicrobial peptides, where coordination to tran-
sition metals such as Zn(u) and Cu(un) improves both peptide
stability and antimicrobial efficacy.*®*!

This journal is © The Royal Society of Chemistry 2025

Among the compounds tested, peptide L1 showed moderate
antimicrobial activity in combination with Zn(u) at pH 5.4,
with MIC values around 500 pug mL™'. Peptide L2 exhibited
limited activity, restricted to S. sanguinis, but its metal com-
plexes displayed improved potency with MIC values reduced to
approximately 250 pg mL™". Peptide L3 and its metal com-
plexes demonstrated the highest antibacterial activity under
mildly acidic conditions, particularly against S. sanguinis, with
MIC values as low as 125 pg mL™". These findings suggest that
the full-length peptide sequence may not be essential for anti-
microbial activity and highlight the critical role of metal
coordination in enhancing this function. At near-physiological
pH (7.4), only the Zn(u) complexes of L1, L2, and L3 showed
detectable activity against S. sanguinis. This bacterium is a
well-known oral pathogen implicated in dental plaque for-
mation and associated oral diseases such as caries and
periodontitis.”””®

Therefore, the selective activity against S. sanguinis under
both acidic and physiological pH conditions could be relevant
for oral therapeutic strategies that aim to target cariogenic bac-
teria without broadly disrupting the oral microbiome. While
no antifungal effects were observed, the specificity of these
peptides and their complexes toward Gram-positive bacteria
may be advantageous for the development of narrow-spectrum
antimicrobials. The lack of antimicrobial activity from free
Cu(u) and Zn(u) ions confirms that the enhanced effects arise
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from peptide-metal complexation rather than from metal ion
toxicity alone.

Conclusions

Coordination of Zn(u) and Cu(u) ions to the antimicrobial
peptide, FPNPHQPPKHPDK, and the two products of its hydro-
lysis leads to distinct structural and biological outcomes. DFT
calculations provided insights into the structures of the
observed coordination preferences and pH-dependent specia-
tion, supporting the formation of specific donor sets in each
Zn(u)-peptide system: {2N,,} for L1, {1N;n,, -NH,} for L2, and
a histamine-like {1Nj,,, -NH,} motif for L3 at near-physiologi-
cal pH.

The antimicrobial activity of the tested peptides was
enhanced in the presence of metal ions and exhibited selecti-
vity toward Gram-positive bacteria, with increased efficacy
observed under slightly acidic conditions (pH 5.4), which
reflect the oral environment. Notably, Zn(u) coordination sig-
nificantly improved the antimicrobial properties of peptide L1,
particularly against S. aureus, E. faecalis, and S. sanguinis, as
confirmed by MIC values. In contrast, Cu(u) did not produce a
comparable effect under the same conditions, suggesting a
specific role of Zn(u) in modulating the antimicrobial potential
of L1.

Although CD spectra indicated no substantial changes in
the global secondary structure upon metal coordination, the
differences in biological activity suggest that more localized
factors may be involved. These could include subtle confor-
mational rearrangements, altered charge distribution, or
modifications in peptide-membrane interactions. Such
mechanisms are currently under further investigation.

Among the studied peptides, HPDK (L3) demonstrated the
highest antimicrobial potency and thermodynamic stability
when complexed with either Cu(u) or Zn(u) (histamine-like
binding mode). The minor conformational changes observed
in the CD spectra of the Cu(u)-L3 system are unlikely to fully
account for the antimicrobial activity, which is more plausibly
attributed to a ‘nutritional immunity’ mechanism, whereby
strong and stable metal-ligand complexation reduces the avail-
ability of essential metal ions to microbes, thus impairing
their growth. In contrast, the other peptides appear to coordi-
nate metal ions through a less specific binding mode, likely
resulting in lower complex stability and consequently a
reduced or different pattern of antimicrobial activity.

Peptides obtained through proteolytic processing retained
the bioactivity of the parent sequence. In some cases,
improved MIC values and enhanced complex stability were
observed, indicating that naturally derived peptide fragmenta-
tion can yield products with optimized functional properties.
This reinforces the concept of biological efficiency in the
design of host defense peptides.

The lack of antimicrobial activity against Gram-negative
bacteria and C. albicans highlights the specificity of these
systems toward selected bacterial targets. For the less active
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systems, we do not exclude the possibility that their function
may involve interactions with intracellular targets or modu-
lation of neighboring sequence regions within the native
MUC? protein. These aspects will be addressed in future
stages of the research. Furthermore, targeted structural modifi-
cations of peptide L1 or refinement of its metal-binding pro-
perties may provide a means to enhance and broaden its anti-
microbial spectrum.
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