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“golden age”, which peaked in the middle of the 1950s. Within just over 100 y
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processes essential for pathogens’ survival. Their mechanism of action are diverse, 





free levels. In response to the host’s metal ion sequestration, 



Copper, therefore, plays a dual role in the host’s response to microbial infections:

“bombardment”: copper concentrations are increased within the pathogen to reach 



starvation caused by “nutritional immunity”.

mechanisms to contrast the host’s zinc sequestration. They secrete specific zinc



the host’s immune response by recruiting immune cells, enhancing cytokine 

for metals classified as “borderline” according to Pearson’s classification,









atherosclerosis, Alzheimer’s disease, or diabetes. Beyond their role as markers, they also hold 



negative bacteria. This peptide was called “calcitermin”. 
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the therapeutic potential of AMPs, is the rational design of “peptidomimetics”, aimed at 
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called “speciation model”, which provides the stoichiometry of the different formed 
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is the proton molar concentration and γ
related to the interactions occurring between the solute molecules. γ describes the deviation 

valid only for very dilute solutions (C ≤ 10
law, the log γ
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and the slope factor. Calculations proceed using Gran’s method 

Gran’s linearization

prepared solutions, once again taking advantage of the Gran’s method: applying the Gran 
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while Lambert’s law states that the fraction of 

ܣ = log ூ0ூ = ܥ ݈ ߝ 
is the intensity of the transmitted radiation, ε represents the molar 

is often expressed as “absorbance units”. The 
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(ΔE). Different 

absorbed light (υ) and thus to its wavelength (λ). The higher the energy gap ΔE the smaller 
λ ܧ∆ = ℎ߭ = ℎ ௖ఒ

is Planck’s constant (6.626 ∙ 10 is the speed of light in vacuum (3.00 ∙ 10

ΔE energy (Franck
λ value which gives information on the Δ

λ
parameter provided by absorption spectra is the molar absorptivity ε at a 

states separated by Δ  ∝ λ
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intense bands (ε
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field splitting parameter Δ where the subscript “o” stand for octahedral.

orbitals split again into two groups, with an energetic gap of Δ

octahedral field (Δ = 0.44 Δ

field splitting parameter, Δ, and on 
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− increasing Δ →

− increasing Δ →

In an octahedral field, the value of Δ

orbitals). Moreover, when ligands have orbitals with local π symmetry with respect to the 

of the ligand and metal orbitals) and Δ
The ligands can be then classified as π donor or π acceptor depending on the presence (π
donor) or absence (π acceptor) of electrons in their available π orbitals; this also affects the 
energy of such orbitals and therefore the Δ
CFT can be then explained on the basis of the π bonding effect, when feasible, and most of 



− increasing Δ →

LFT                                     π donor < weak π donor < no π effects < π acceptor

– Effect of π donor and π

nce were converted in ε (M
it by the overall metal concentration and the optical pathway (ε = 

wavelength of maximum absorption (λ , nm), absorbance (ε
In literature it is possible to find the value of λ

to analyse the spectroscopic data is based on the “rule of average 
environment” (Billo’s method).



– Expected λ

Donor atoms λmax (nm)

NIm, COO- 731

2 NIm 687

3 NIm 627

2 NIm, N- 604

4 NIm 576

3 NIm, N- 557

2 NIm, 2 N- 539

 NIm, 3 N- 522

4 N- 506

– Expected λ

Coordination geometry λmax (nm)

Square planar 420 – 600

Octahedral ≈ 650; ≈ 380

For Cu(II) complexes the wavelength related to the maximum absorption λ
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Historically, circular dichroism is represented in terms of ellipticity (θ), which is defined as 

o be defined as θ = 3298 Δε. The unit 

Δ
Δε ΔA/lC Δε ε – ε

ε ε

Δε λ

– λ

Metal ion Donor λmax (nm)

Cu(II)
NIm 220

245 - 260



280 - 345

N- 295 - 315

OH 285

Otyr
- 300 - 310

NH2 233 - 245

COO- 255-265

Ni(II)

S 220 – 270

320 - 350

N- 250 - 270

NIm 260 - 270

changes (for example from random coil to β

– Typical CD bands for α helix (yellow), β



I ≠ 

μ
giromagnetic ratio, γ, which is constant and typical for each nucleus.

ࣆ = ࡶ ߛ 

angular frequency known as the Larmor frequency, ω, which is proportional to γ and B

ω = γ B

radiation of frequency equal to ω. Under these conditions, the radiation is absorbed (its 

nucleus and is expressed in terms of the chemical shift, δ, that is the difference between the 



chromatography HPLC, μ
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repulsion and the droplets undergo a “Coulomb explosion” creating many smaller and more 
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flight analyser ions “drift” down an 
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the “g value”. Usually the resonance conditions are obtained at a fixed incident radiation 
(ΔE = hυ, with constant υ), by varying the intensity of the magnetic field. The most used 
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in to any magnetic nucleus with I ≠ 0 gives rise to hyperfine 
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peptide’s peak area to that of the internal standard over time, its plasma half

of the amino acid chain. The employed synthetic strategy is Sheppard’s α
where the α

is protected at its α
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– Competition plots for a solution containing equimolar concentrations (1ꞏ10



life increased from 135 min to ≈ 150 
min (Zn(II)) or ≈ 160 min (Cu(II)) in the case of L1.
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states. In this case zinc ion can move “back and forth” 
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Cite This: https://doi.org/10.1021/acs.inorgchem.5c00672 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

5 ABSTRACT: Amide groups of the peptide backbone are very weak acids. In fact, their
6 deprotonation in water solution is not a phenomenon usually observed in the measuring
7 range of a glass electrode unless the proton is displaced by a metal such as Cu(II) or
8 Ni(II). Other metals are not usually expected to deprotonate and bind to amide
9 nitrogens, although, lately, some controversies have started to arise in the literature,

10 suggesting that Zn(II) and Fe(II) may be capable of doing so. In order to clarify this
11 phenomenon, we chose to study simple metal−peptide systems with Ala-to-Pro
12 mutations, which excluded further amides from binding. A comparison of the metal-
13 binding modes of Ac-AAAHAAA-NH2, Ac-AAPHAAA-NH2, and Ac-AAPHPAA-NH2

14 complexes with Cu(II), Zn(II), and Fe(II) is a simple and elegant way of showing that
15 neither Zn(II) nor Fe(II) is able to deprotonate and bind to amide nitrogens.

16 ■ INTRODUCTION

17 Metal−protein interactions are an intensively studied field and
18 can be regarded as one of the main pillars of bioinorganic
19 chemistry. In particular, the knowledge of the peculiarities of
20 Zn(II) and Cu(II) binding to proteins and peptides is a topic
21 that has been expanding for several decades,1−7 while the
22 studies on the thermodynamics of Fe(II) to peptide binding
23 have only recently gained some attention, and the data
24 available on Fe(II)−peptide interactions is very sparse.8−11

25 The amide dissociation constant (pKa) depends on its
26 chemical environment, usually reaching values in the range of
27 15−18.12 Cu(II) and Ni(II) ions are known to lower the
28 amide pKa: in fact, these metal ions can displace the amide
29 proton and bind the amide nitrogen at a relatively low pH
30 value (usually pH > 6.0 for Cu(II) and >9.5 for Ni(II)
31 complexes).13−15 Typically, the metal ion anchors on a
32 histidine imidazole ring in the acidic pH range; at a higher
33 pH, it deprotonates and binds the nitrogen atom of the amide
34 group that belongs to the same histidine, i.e., the amide group
35 preceding the His residue in the N-terminal direction. At
36 higher pH, further preceding amide groups can be involved in
37 complexation, forming thermodynamically stable five-mem-
38 bered and six-membered fused chelate rings.16−18

39 Proline is the only natural amino acid having a secondary
40 amino nitrogen: proline is technically an imino acid. Its
41 presence in the peptide chain results in a peptide bond that
42 does not contain a replaceable amide proton. As a
43 consequence, the introduction of proline in the peptide
44 sequence serves as a so-called “breaking point”, making the
45 typical stepwise coordination of consecutive amide nitrogens

46impossible.19 It is worth noting that, in the presence of a

47“breaking proline” before histidine, i.e., in the N-terminal

48direction, the deprotonation/coordination of amide nitrogens

49by the metal ion can proceed in the opposite (C-terminal)

50direction, as it happens for the Prion protein,20 although the
51formed metal chelates have reduced stability.
52In recent years, contradictory opinions have started to

53emerge about the capability of other divalent metal ions to

54bind amide nitrogens. Intrigued by several literature dis-

55cussions on the possibility of Zn(II)-induced amide deproto-

56nation and binding21−23 and by our own preliminary findings

57on the possible Fe(II)−amide binding,8,9 we wanted to

58understand if Zn(II) and/or Fe(II) are indeed able to

59deprotonate amide nitrogens. We decided to study metal

60complexes of a simple model system based on an N-terminally

61and C-terminally protected ligand with one histidine only

62(AHA, (Ac-AAAHAAA-NH2)). We substituted the neighbor-

63ing alanines with prolines (PHA (Ac-AAPHAAA-NH2) and

64PHP (Ac-AAPHPAA-NH2)) in order to make sure that amide

65coordination will not proceed in the N-terminal or C-terminal
66direction.
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67 ■ RESULTS AND DISCUSSION

68 Under the experimental conditions employed here, only
69 variously protonated mononuclear complexes with a metal/
70 ligand stoichiometry of 1:1 have been detected by
71 potentiometry and mass spectrometry. Precipitation of copper
72 hydroxide has been observed only in the case of copper with
73 the PHP peptide around pH 7.5, while precipitation of iron
74 hydroxide has been observed with all three peptides around
75 pH 9.5.
76 Ligand Protonation. For each peptide, the obtained

t1 77 protonation macro-constants are reported in Table 1; the

78 complete set of thermodynamic parameters, obtained by
79 potentiometry and calorimetry, is shown in Table S1. The L
80 symbol indicates the ligand in its unprotonated form, i.e., when
81 all its dissociable protons (in the explored pH range) have
82 been released. The investigated peptides AHA (Ac-AAA-
83 HAAA-NH2), PHA (Ac-AAPHAAA-NH2), and PHP (Ac-
84 AAPHPAA-NH2) have the N- and C-terminal ends modified
85 through acetylation and amidation, respectively. Each of them
86 presents only one deprotonable site, represented by the
87 histidine residue. Once completely deprotonated, the ligands
88 are neutral (L). All of the thermodynamic parameters
89 concerning ligand protonation equilibria are in good agree-
90 ment with literature values for similar systems24 and show
91 reasonable similarities among the considered peptides.
92 Cu(II) Complexes. The investigated systems are able to
93 form Cu(II) complexes in a stoichiometric ratio of 1:1 under

t2 94 the employed experimental conditions (Tables 2 and S1 in SI).
95 The identified MS signals align closely with equimolar Cu(II)
96 complexes (m/z = 343.12, 356.13, and 369.14, z = 2+ for the
97 AHA, PHA, and PHP ligands, respectively); the experimental
98 signals were compared with the corresponding simulated
99 isotopic patterns, showing perfect alignment (Figures S1−S3 in

100 SI). Furthermore, all measured mass spectra displayed signals

101corresponding to the ligands and their sodium or potassium
102adducts.
103The formation of copper complexes in solution begins
104around pH 4 for all of the studied ligands (see distribution
105diagrams reported in Figures S4−S6 in SI). The first complex
106detected by potentiometry is always [CuL]2+: the stoichiom-
107etry of this species indicates that histidine is already
108deprotonated and thus coordinated to copper. This species is
1091N (NIm), with the other coordination positions of the metal
110ion being saturated by water molecules. The complex [CuL]2+

111reaches its maximum of formation around pH 5.8 with AHA
112and pH 6.3 with PHA and PHP. The experimental
113wavelengths of maximum absorption (λmax = 767 nm for
114AHA at pH 5.0, λmax = 766 nm for PHA at pH 6.0, and λmax =
115 f1762 nm for PHP at pH 6.0; Figure 1) are in good agreement
116with the expected value for a coordination (1NIm) (expected
117λmax = 760 nm).12 Increasing the pH value, in the case of AHA,
118the first and the second amide deprotonate and coordinate
119copper almost simultaneously: the complex [CuH−1L]+ is
120quickly substituted with the [CuH−2L] species, which is, by far,
121the most abundant complex in a solution with pH of 6.3 up to
1228.3. These two steps (pKa = 6.08 and pKa = 6.13; Table 2) are
123accompanied by a shift in the visible absorption spectra toward
124shorter wavelengths, thus indicating an increase in the number
125of coordinated nitrogen atoms around Cu(II) (Figure 1A).
126The experimental wavelength of the maximum absorption at
127pH 8 is 602 nm, only a little bit higher than the predicted value
128for a (NIm, 2N−) coordination mode (583 nm).12,25 Finally,
129the last detected complex is [CuH−3L]−, which is characterized
130by pKa = 8.68. The visible spectra in the alkaline pH range
131suggest the coordination of a third amide. The formation of
132that species causes a clear blue-shift of the vis-absorption band
133to λmax = 517 nm, which almost perfectly agrees with the
134expected literature value (522 nm)12 for the (NIm, 3N−)
135coordination mode with a square planar geometry. Moreover,
136the shape and intensity of the CD signal in the pH range 9.0−

137 f211.0 (Figure 2A) show a negative Cotton eIect at 490 nm and
138a positive Cotton eIect at 624 nm, along with, in the UV
139region, a positive band at 314 nm (distinctive of a Namide

−
→

140Cu(II) charge transfer26), consistent with the suggested (NIm,
1413N−) coordination mode. In addition, the 4N binding mode
142for [CuH−3L]− is also confirmed by electron paramagnetic
143resonance (EPR) results at pH 10 (gII = 2.19, AII = 197;
144 f3(Figure 3A and Table S2 in SI).27 The coordination path
145described above and the corresponding donor-atom sets are
146also supported by complex-formation enthalpies (Table S1 in
147SI), which, in turn, are in excellent agreement with literature

Table 1. Protonation Constant (K) for the Investigated
Ligands (AHA, PHA, and PHP) at T = 298 K and I = 0.1 M
(NaCl)a

species log K residue

Ac-AAAHAAA-NH2 (AHA) HL+ 6.47(1) His

Ac-AAPHAAA-NH2 (PHA) HL+ 6.43(1) His

Ac-AAPHPAA-NH2 (PHP) HL+ 6.56(2) His
aStandard deviations on the last significant digit are listed in
parentheses.

Table 2. Equilibrium Constants and the Proposed Coordination Modes for Cu(II) Complexes at T = 298 K and I = 0.1
(NaCl)a

species log β pKa equatorial coordination

Ac-AAAHAAA-NH2 (AHA) [CuL]2+ 3.44(6) 6.07 NIm

[CuH−1L]
+ −2.63(3) 6.14 NIm, N−

[CuH−2L] −8.77(1) 8.68 NIm, 2N−

[CuH−3L]
− −17.45(2) NIm, 3N−

Ac-AAPHAAA-NH2 (PHA) [CuL]2+ 3.56(4) NIm

[CuH−2L] −9.65(2) 9.73 2N−

[CuH−3L]
− −19.38(2) 3N−

Ac-AAPHPAA-NH2 (PHP) [CuL]2+ 3.81(5) NIm

[CuH−2L] −9.66(3) NIm, N−, OH−

aValues in parentheses are standard deviations on the last significant digit.
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148 data for analogous peptides.28 Lastly, on the basis of the wide
149 available literature on Cu(II)/peptide complexes,20,29−32

150 although in the absence of direct evidence, we can reasonably
151 suggest that the progressive amide coordination proceeds in
152 the N-terminal direction, starting from the His anchoring site.
153 In the case of PHA, the [CuH−1L]+ species has not been
154 detected by potentiometry, while the formation of the
155 [CuH−2L] complex was observed, starting from pH 6 and
156 involving almost all of the Cu(II) ions around pH 8. The
157 stoichiometry of this species implies the deprotonation/
158 coordination of two amide nitrogens, necessarily in the C-
159 terminal direction (starting from the His residue to which the
160 metal ion is anchored), due to the presence of proline before
161 His. Indeed, the value of λmax ≈ 640 nm suggests a (2N−)
162 coordination mode in the equatorial plane of the complex
163 (expected λmax value: 633 nm);12 the imidazole nitrogen,

164already bound to the metal ion should be shifted to an axial
165position of the distorted octahedron, justifying the observed
166red-shift between the experimental and expected λmax values.12

167Two water molecules complete the equatorial coordination.
168Finally, at alkaline pH values, a last deprotonation step has
169been observed with a pKa = 9.73; all of the spectroscopic
170parameters suggest the coordination of a further amide
171nitrogen (available in the C-terminal direction). In addition,
172the ΔH° value for the formation of the [CuH−3L]− species (76
173kJ/mol; Table S1 in SI) is practically identical to the
174corresponding one of AHA (73 kJ/mol; Table S1 in SI),
175suggesting the same donor-atom set, most likely with the
176imidazole in the axial position.
177As for the last peptide, PHP, potentiometric and
178calorimetric measurements have been performed only up to
179pH 7.5 due to copper hydroxide precipitation. In this case, the

Figure 1. UV−vis absorption spectra of Cu(II) complexes with (A) AHA, (B) PHA, and (C) PHP at diIerent pH values: M:L 0.9:1, CM = 0.45 ×

10−3 M, optical path 1 cm. The wavelength of the maximum absorption is reported for each vis-absorption spectrum.
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180 two alanines adjacent to the histidine (positions 3 and 5) have
181 been replaced with prolines, and only one backbone amide is
182 available next to the coordinated histidine in the N-terminal
183 direction. As in the previous peptide, after the coordination of
184 imidazole nitrogen with the formation of the [CuL]2+ complex,
185 the expected deprotonation and coordination of the amide
186 nitrogen were not detectable by potentiometry. The species
187 [CuH−2L] was instead found to form, derived from the
188 deprotonation of a water molecule and starting from a pH
189 value of 6, with likely coordination (1NIm, N−, OH−). The
190 experimental value of λmax at pH 8 (≈658 nm) is in good
191 agreement with the expected value for the suggested
192 coordination mode (expected λmax = 660 nm).12 The 2N
193 binding mode is also confirmed by EPR results (Figure 3C and
194 Table S2 in SI).27 The CD spectra (Figure 2C) remain
195 unchanged throughout the entire explored pH range: no signal
196 of the coordinated nitrogens could be detected, but this is not

197unusual when only one backbone amide is bound to copper. In
198conclusion, the presence of two proline residues around the
199metal-binding site provides great structural rigidity, thus
200hindering the binding of other backbone amides far from the
201His anchoring site.
202Zn(II) Complexes. The investigated peptides are able to
203form Zn(II) complexes in a stoichiometric ratio of 1:1 under
204the employed experimental conditions. The identified MS
205signals align closely with equimolar Zn(II) complexes (m/z =
206343.12, 356.13, and 369.14, z = 2+ for the AHA, PHA, and
207PHP ligands, respectively; Figures S1−S3 in SI), and they are
208almost perfectly superimposable to the corresponding
209simulated isotopic patterns.
210 t3Potentiometric results, reported in Table 3 and plotted in
211the distribution diagrams of Figures S7−S9, show that the
212three ligands behave in a very similar way toward the Zn(II)
213ion. In fact, for all of the studied systems, at the most acidic pH

Figure 2. CD spectra of Cu(II) complexes with (A) AHA, (B) PHA, and (C) PHP at diIerent pH values: M:L ratio 0.9:1, CM = 0.44 × 10−3 M,
optical path 1 cm.
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214 values, the free metal ion is prevalent and Zn(II) complexes

215 begin to form only above pH 4. The first detected species is

216 [ZnL]2+, in which the histidine residue is deprotonated and

217 bound to the metal ion. Its complex geometry can be

218 tetrahedral,18,33,34 where three water molecules complete the

219Zn(II) coordination sphere. When the pH value is increased,

220two complexes are formed, [ZnH−2L] and [ZnH−3L]−, most

221likely derived from the [ZnL]2+ complex through the simple

222release of protons from the coordinated water molecules. All of

223the thermodynamic results unequivocally demonstrate that the

Figure 3. X-band EPR spectra of frozen solution (77 K) of Cu(II) complexes with (A) AHA, (B) PHA, and (C) PHP at diIerent pH values: I =
0.1 M (NaCl), M:L ratio 0.9:1, CM = 2 × 10−3 M.

Table 3. Equilibrium Constants and the Proposed Coordination Modes for Zn(II) Complexes at T = 298 K and I = 0.1
(NaCl)a

species log β pKa coordination mode

Ac-AAAHAAA-NH2 (AHA) [ZnL]2+ 3.70(6) NIm

[ZnH−2L] −12.27(6) 8.02 NIm, 2OH−

[ZnH−3L]
− −20.29(4) NIm, 3OH−

Ac-AAPHAAA-NH2 (PHA) [ZnL]2+ 3.60(1) NIm

[ZnH−2L] −12.00(1) 8.01 NIm, 2OH−

[ZnH−3L]
− −20.01(8) NIm, 3OH−

Ac-AAPHPAA-NH2 (PHP) [ZnL]2+ 3.70(6) NIm

[ZnH−2L] −12.13(6) 8.06 NIm, 2OH−

[ZnH−3L]
− −20.19(4) NIm, 3OH−

aValues in parentheses are standard deviations on the last significant digit.
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224 availability or not of backbone amide nitrogens near the His
225 anchoring site makes no diIerence in the complexing behavior
226 of Zn(II) ion, and the only binding site always is the imidazole
227 side group of histidine. Of particular relevance is the result
228 concerning the formation enthalpy values of the [ZnH−3L]−

229 species, formed by the three peptides, which are almost
230 identical, taking into account the standard deviations of 107
231 kJ/mol for AHA, 103 kJ/mol for PHA, and 106 kJ/mol for
232 PHP (Table S1 in SI). In fact, this is the species formed in the
233 most alkaline pH range; thus, the complex is potentially more
234 prone to involve amide nitrogens in metal coordination.
235 Fe(II) Complexes. Also, the systems containing the Fe(II)

t4 236 ion have been investigated by potentiometry (Table 4 and
237 Figures S10−S12) with the support of mass spectrometry for a
238 confirmation of the stoichiometry of the formed complexes
239 (Figures S1−S3 in SI.) Once again, only mononuclear 1:1
240 species have been detected, with a degree of protonation
241 depending on the solution pH. Iron hydroxide precipitation
242 was observed at a pH higher than 9.5.
243 For all of the studied systems, Fe(II) complexes begin to
244 form above pH 4, as in the case of Zn(II). The first detected
245 species is [FeL]2+, where the histidine residue is unprotonated
246 and bound to the metal ion. With the increasing pH, four water
247 molecules, which complete the Fe(II) coordination sphere,
248 undergo stepwise deprotonation, resulting in [FeH−1L]+,
249 [FeH−3L]−, and [FeH−4L]2− complexes. The almost perfect
250 correspondence between the speciation models of the three
251 Fe(II)/peptide systems, especially in the case of the two

252ligands AHA and PHP, leads to the conclusion that after the
253anchoring of the metal ion to the His residue, no additional
254interaction with peptide ligands (and then with backbone
255amides) takes place.
256Comparison of Metal Chelating Abilities. In an attempt
257to better understand the binding ability of the investigated
258ligands toward Cu(II), Zn(II), and Fe(II) ions, competition
259 f4plots have been built up (Figures 4 and S13). These diagrams
260are calculated from the overall stability constants of the binary
261complexes and simulate a situation in which equimolar
262concentrations of all of the chosen ligands and metals are
263present in a solution; such competition diagrams are a
264powerful way to compare the complexing aOnity of AHA,
265PHA, and PHP peptides toward the Cu(II), Zn(II), and
266Fe(II) ions for the whole explored pH range.
267From the competition plot of copper complexes with the
268three peptides (Figure 4A), it is possible to notice how AHA
269leads to the formation of copper complexes with much higher
270stability than that of the other two peptides, especially at an
271alkaline pH. The substitution of one or two alanines adjacent
272to the metal-binding site with one or two prolines reduces the
273number of available amides of the peptide backbone for the
274complexation of the copper ion. In fact, the results reported
275above show that the copper ion can coordinate up to four
276nitrogens with the peptide AHA, while with PHA and PHP,
277the coordination stops at two or three nitrogens. The
278competition curve for the Cu(II)−PHP system has been
279stopped at pH 7.5 due to precipitation.

Table 4. Equilibrium Constants and the Proposed Coordination Modes for Fe(II) Complexes at T = 298 K and I = 0.1 M
(NaCl)a

species log β pKa coordination mode

Ac-AAAHAAA-NH2 (AHA) [FeL]2+ 3.41(6) 7.75 NIm

[FeH−1L]
+ −4.34(3) NIm, OH−

[FeH−3L]
− −22.28(3) 10.25 NIm, 3OH−

[FeH−4L]
2− −32.53(3) NIm, 4OH−

Ac-AAPHAAA-NH2 (PHA) [FeL]2+ 3.15(6) 7.64 NIm

[FeH−1L]
+ −4.49(3) NIm, OH−

[FeH−3L]
−

−21.98(3) 9.66 NIm, 3OH−

[FeH−4L]
2− −31.64(4) NIm, 4OH−

Ac-AAPHPAA-NH2 (PHP) [FeL]2+ 3.30(5) 7.79 NIm

[FeH−1L]
+ −4.49(3) NIm, OH−

[FeH−3L]
− −22.28(2) 10.05 NIm, 3OH−

[FeH−4L]
2− −32.33(3) NIm, 4OH−

aValues in parentheses are standard deviations of the last significant figure.

Figure 4. Competition plots for a simulated solution containing equimolar concentrations of (A) Cu(II), (B) Zn(II), (C) Fe(II), and AHA, PHA,
and PHP. The diagrams are calculated from the overall stability constants of the binary complexes and simulate a situation in which equimolar
concentrations of all of the chosen ligands and metals are present in a solution.
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280 What is even more striking is the fact that the stabilities of
281 the Zn(II) complexes are almost identical (Figure 4B). This
282 proves that the coordination mode in the native AHA peptide
283 does not diIer from that of its Ala-substituted analogues,
284 clearly indicating that the coordination modes do not involve
285 amide nitrogens.
286 The same situation is observed for Fe(II) complexes of our
287 model systems: their stabilities are fairly similar; therefore,
288 amide binding in the case of the AHA peptide can be excluded.
289 Density Functional Theory (DFT) Studies Confirm
290 (Lack of) Amide Coordinating Abilities. Finally, in order
291 to support the experimental results, we investigated computa-
292 tionally the relative energies of the mononuclear 1:1 metal−
293 peptide MH−xL species formed as a function of the
294 deprotonation degree with the increasing solution pH. In all
295 cases, the relative energies of the complexes were evaluated for
296 the OH− vs the corresponding amide-deprotonated structures

f5 297 (Figure 5). For the peptide, stepwise amide deprotonation was
298 evaluated as Ac-A3A2A1HAAA-NH2, where for A#, # indicates
299 the sequence of deprotonated alanines.
300 In the case of the Cu(II) ion, the computational data are in
301 agreement with the experimental results in that in all cases,
302 with increasing pH value, amide deprotonation and coordina-
303 tion to copper(II) lead to more stable (NIm, nN−) complexes
304 as compared to the corresponding hydroxy (NIm, nOH−)
305 complexes ensuing from coordinated water deprotonation.
306 Considering that the Zn(II) ion binds to AHA in a 1:1
307 molar ratio, the computational data suggest that amide (NIm,
308 nN−) complexes are unlikely to form in solution due to the
309 very high strain imposed on the tetrahedral geometry of the
310 ion and because of the fact that [ZnH−xL] complexes
311 generated via the simple release of protons from the
312 coordinated water molecules are the most likely species to
313 be formed. Indeed, despite our eIorts, amide-deprotonated
314 [ZnH−2L] and [ZnH−3L]− species never converged in the
315 calculations.
316 Finally, the Fe(II) ion case proved to be the most
317 challenging and more diOcult to interpret. In its low-spin
318 state, DFT calculations indicate that for [FeH−1L]+ and
319 [FeH−3L]− species, both amide (NIm, nN−) and hydroxy (NIm,
320 nOH−) complexes are very close in energy (only ca. 0.5 kcal/
321 mol ΔE), while at high pH, [FeH−4L]2−, in which four
322 coordinated water molecules are deprotonated, is far more
323 stable than the corresponding (NIm, 3N, 1OH−) complex.
324 Overall, considering both theoretical and experimental
325 evidence, we conclude that although theoretically possible, it
326 is highly unlikely that backbone amide deprotonation is the
327 metal-anchoring site for the Fe(II) ion under experimental
328 conditions.

329 ■ CONCLUSIONS

330 In the present study, for the first time, precise details of the
331 formation equilibria and metal coordination modes of Cu(II),
332 Zn(II), and Fe(II) complexes with the model peptide Ac-
333 AAAHAAA-NH2 and two mutants have been deeply
334 investigated in order to obtain a clear answer of the capability
335 of Zn(II) and Fe(II) to displace backbone amide protons and
336 bind amide nitrogens, as Cu(II) notoriously does. Both
337 experimental and computational results clearly show that the
338 metal-induced amide deprotonation and binding are not likely
339 for the model Ac-AAAHAAA-NH2 peptide in the case of both
340 Zn(II) and Fe(II) ions. As a matter of fact, the complex-
341 formation behavior of Ac-AAAHAAA-NH2 toward Zn(II) and

342Fe(II) is nearly identical to that of its Ala-to-Pro substituted
343analogues, Ac-AAPHAAA-NH2 and Ac-AAPHPAA-NH2,
344where the tertiary nitrogen atoms of backbone amides
345belonging to proline residues around the histidine, the metal-
346anchoring site, cannot bind metal ions. This simple model

Figure 5. Correlative energies of mononuclear 1:1 metal−peptide
MH−xL species formed as a function of the deprotonation degree with
the increasing solution pH. In all cases, the relative energies of the
complexes were evaluated for the OH− versus the corresponding
amide-deprotonated structures. The * indicates a nonconvergent
structure whose energy was estimated by its lowest computed point
on the potential energy surface.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.5c00672
Inorg. Chem. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c00672?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


347 study clarifies the lately ongoing discussion about possible
348 Zn(II)- and Fe(II)-amide binding and constitutes a valuable
349 contribution to the very sparse literature data on iron−peptide
350 complexes.

351 ■ EXPERIMENTAL SECTION

352 Materials and Methods. The peptides (Ac-AAAHAAA-NH2, Ac-
353 AAPHAAA-NH2, and Ac-AAPHPAA-NH2) were purchased from
354 KareBio and used as received. Copper(II), zinc(II) chloride, and
355 ammonium iron(II) sulfate were extra pure products (Sigma-Aldrich).
356 The carbonate-free stock solution of 0.1 M NaOH (Sigma-Aldrich)
357 was potentiometrically standardized with potassium hydrogen
358 phthalate (Sigma-Aldrich). In the case of iron(II), the concentration
359 of Fe(II) ions was determined using UV−vis spectroscopy of the
360 Fe(II)−phenanthroline complex, as published before.9

361 Mass Spectrometry. High-resolution mass spectra were obtained
362 on a Bruker ESI-Q-TOF spectrometer (Bruker Daltonics, Germany).
363 The mass spectrometer was operated in positive- and negative-ion
364 modes. The instrumental parameters were as follows: scan range was
365 m/z 50−3000, dry gas was nitrogen, temperature was 180 °C, and ion
366 energy was 5 eV. The capillary voltage was optimized to the highest
367 S/N ratio, and it was 3500 V. The samples ([L]tot = 1 × 10−4 M and
368 M:L molar ratio = 0.9:1) were prepared in a 1:1 methanol−water
369 mixture, and the initial pH was set to 7.4. The sample was infused at a
370 flow rate of 180 μL min−1. The instrument was calibrated externally
371 with a Low Concentration Tuning Mix ESI-FOF instrument (Agilent
372 Technologies (SD ≤ 1 ppm) and sodium formate clusters (SD ≤ 1
373 ppm)). Data were processed using the Bruker Compass DataAnalysis
374 4.2 program. The mass accuracy for the calibration was >5 ppm,
375 enabling, together with the true isotopic pattern, an unambiguous
376 confirmation of the elemental composition of the obtained complex.
377 Potentiometric Measurements. The stability constants for
378 ligand protonation and metal complex formation were calculated from
379 potentiometric titration curves carried out over the pH range of 2.0−

380 11.0 at T = 298 K. The total volume of the solution was 3 mL in the
381 case of Cu(II) and Zn(II) complexes and 1.5 mL in the case of Fe(II)
382 complexes. The pH-metric titrations were performed with a Metrohm
383 809 Titrando pH-meter titrator provided with a Mettler-Toledo glass
384 body, microcombination pH electrode. The titration cell was
385 equipped with a magnetic stirring system, a microburet delivery
386 tube, and an inlet−outlet tube for high-purity grade argon in order to
387 maintain an inert atmosphere. Solutions were titrated with 0.1 M
388 carbonate-free NaOH. The electrode was calibrated daily for
389 hydrogen ion concentration by titrating HCl with NaOH in the
390 same experimental conditions as above. Purities and the exact
391 concentrations of the ligand solutions were determined by the Gran
392 method.35 The ligand concentration was 0.5 mM, and the metal-to-
393 ligand ratio was 0.9:1. Due to the high susceptibility of Fe(II) ions to
394 oxidation, all of the experiments were carried out in degassed solvents
395 and under anaerobic conditions according to the procedure described
396 in our previous paper.9 Argon provides an inert atmosphere and
397 prevents the oxidation and diIusion of CO2 to the solution. It is
398 worth noting that during the experiment, no color changes of the test
399 sample or iron hydroxide precipitation were observed until pH 9.5.
400 Access to the atmospheric oxygen resulted in the sample color turning
401 yellow, followed by the precipitation of a brown-yellow Fe(III)
402 hydroxide. The standard potential and the slope of the electrode
403 couple were computed by means of the Glee program.36 The
404 HYPERQUAD2013 program was used for calculating the stability
405 constants.37 The constants for hydrolytic of Cu(II), Zn(II), and
406 Fe(II) species were used in these calculations and taken from the
407 literature.38,39 The speciation and competition diagrams were
408 computed with the HySS program40 and drawn in the OriginPro
409 2016 program.
410 Calorimetric Measurements. Protonation and metal complex-
411 formation enthalpy (ΔH°) values were determined for the three
412 peptides and their Cu(II) and Zn(II) complexes by titration
413 calorimetry, with a Tronac model 450 isoperibol calorimeter,
414 equipped with a 3 mL reaction vessel. The corresponding data for

415the Fe(II) complexes cannot be determined with this system, since it
416is not possible to avoid contact with the atmosphere during the
417experiments. The calorimetric measurements were carried out by
418titrating aliquots of samples of the same composition as in
419potentiometry with a standard solution of HCl. The reaction
420heats�corrected for nonchemical contributions41 and for the dilution
421heats determined through specific experiments�were calculated by
422considering the calories as equivalent to 4.187 J. The protonation and
423complex-formation enthalpies and entropies were computed from
424experimental calorimetric titration by means of the computer program
425HypΔH.42

426Spectroscopic Measurements. The absorption spectra of
427Cu(II) containing solutions were recorded on a Varian Cary50
428Probe spectrophotometer in the range 200−800 nm, using a quartz
429cuvette with an optical path of 1 cm. In order to obtain information
430on the structure of the most abundant species in the solution, the
431observed wavelength of the maximum absorption at a given pH was
432compared with the expected λmax value obtained from the
433literature.12,21,25,43,44 Circular dichroism (CD) spectra were recorded
434on a Jasco J-1500 spectropolarimeter in the 240−800 nm range.
435Electron paramagnetic resonance (EPR) spectra were recorded in
436liquid nitrogen on a Bruker ELEXSYS E500 CW-EPR spectrometer at
437X-band frequency (9.6 GHz) and equipped with an ER 036TM NMR
438teslameter and an E41 FC frequency counter. Ethylene glycol (30%)
439was used as a cryoprotectant. The EPR parameters were analyzed by
440computer simulation of the experimental spectra using WIN-EPR
441SIMFONIA software, version 1.2 (Bruker, Billerica, MA).
442DFT Calculations. All computations were performed with
443Gaussian 09 programs. Geometry optimizations and frequency
444calculations were performed in the water. The B3LYP functional
445was used in combination with the standard 6-31G(d,p) basis sets. The
446spin state of the Cu(II) and Fe(II) ions were set, respectively, as
447doublet and singlet. The default spin formalism was followed in the
448calculations, and default Gaussian 09 values were adopted for the
449numerical integration grids, self-consistent-field (SCF), and geometry
450optimization convergence criteria. Geometries were optimized
451without symmetry restrictions. The nature of the stationary points
452was checked by computing the vibrational frequencies to verify true
453minima. The analysis also provided all thermochemical quantities
454used to calculate the relative energy of the diIerent M(II)-AHA
455species at diIerent deprotonation states. No imaginary frequencies
456were observed in any of the computed species, except for the amide-
457deprotonated [ZnH−2L] and [ZnH−3L]− species, which never
458converged.
459To calculate the relative energies of the OH− vs the corresponding
460amide-deprotonated M(II)−AHA structures, the stoichiometry was
461kept constant where possible.45 Alternatively, the relative energy of
462the deprotonated M(II)−AHA complexes was calculated considering
463the thermochemical data of the Gaussian output by adopting the free
464energies of reaction changes (ΔrG°) according to46

° = +

+

G G

G

(298.15 K) ( )

( )

r o corr products

o corr reactants

465where εo = total energy of the molecule and Gcorr = Gibbs free energy
466correction, for the following general reaction, considering the entropy
467increase of the liberated water molecules:

[ ] [ ] +L N n L N n nMH ( , OH ) MH ( , N ) H O
n

x

n

x

Im Im amide 2

468In the above reaction, nOH− and nNamide
− are the number of

469deprotonated water molecules and the number of deprotonated
470amides, respectively, directly coordinated to the metal ion M. All
471energies are given in kcal/mol calculated according to E = Hartrees *

472627.5095.

473■ ASSOCIATED CONTENT

474*sı Supporting Information
475The Supporting Information is available free of charge at
476https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00672.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.5c00672
Inorg. Chem. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00672?goto=supporting-info
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c00672?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


477 ESI-MS spectra, species distribution diagrams, thermo-
478 dynamic parameters of protonation, and metal complex
479 formation for all studied complexes; EPR parameters for
480 Cu(II) complexes; and competition plots (PDF)

481 ■ AUTHOR INFORMATION

482 Corresponding Authors

483 Denise Bellotti − Department of Chemistry, Fribourg
484 University, 1700 Fribourg, Switzerland; Email: blldns@
485 unife.it
486 Kamila Stokowa-Sołtys − Faculty of Chemistry, University of
487 Wroclaw, 50-383 Wroclaw, Poland; Email: kamila.stokowa-
488 soltys@uwr.edu.pl
489 Maurizio Remelli − Department of Chemistry, Fribourg
490 University, 1700 Fribourg, Switzerland; Email: rmm@
491 unife.it
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Impact of C‑ and N‑terminal 
protection on the stability, metal 
chelation and antimicrobial 
properties of calcitermin
Maria D’Accolti 1, Denise Bellotti 1,2*, Emilia Dzień 2, Carlotta Leonetti 1, Silvia Leveraro 1, 
Valentina Albanese 3, Erika Marzola 1, Remo Guerrini 1, Elisabetta Caselli 1, 
Magdalena Rowińska‑Żyrek 2 & Maurizio Remelli 1

The main limitation to the use of antimicrobial peptides (AMPs) as regular drugs, against antibiotic 
and antifungal resistance, mainly relates to their rapid degradation by proteolytic enzymes. The 
introduction of suitable structural changes in the peptide chain can make the peptide less susceptible 
to the action of proteases, thus overcoming this problem. To improve the plasma stability of 
calcitermin, a metal-chelating AMP present in the human respiratory tract and investigated in the 
present study, C- and/or N- terminal modifications have been introduced in the native sequence. 
Evaluation of peptide stability has been performed to determine the half-life times in human plasma 
of both native calcitermin and its derivatives. However, the protection of the peptide termini can 
also aơect its metal coordination behaviour. Thus, the characterization of Zn2+ and Cu2+ complexes 
has been performed by means of several techniques, including potentiometry, high-resolution mass 
spectrometry, UV–Vis, circular dichroism and EPR. On the basis of the obtained results, it was possible 
to compare the biological activity of the studied systems, taking into account both the metal-binding 
ability and the peptide stability to search for a link among them. A significant result of this study is 
that the N-terminal protection increases the calcitermin half-life over seven times and the formation 
of metal complexes confers resistance towards degradation almost doubling its half-life.

Antimicrobial resistance (AMR) is one of the most important health challenges of the twenty-�rst century. 
Among several novel approaches aimed at overcoming the global drug-resistance crisis, the use of antimicrobial 
peptides (AMPs) represents a promising strategy for the design of new drugs1. �ey exhibit a broad spectrum 
of activity, being e�ective against a wide variety of pathogens, like Gram-positive2 and Gram-negative bacteria3, 
fungi4, viruses5 and even cancer cells5 and are present in all living organisms (invertebrates, vertebrates, plants, 
prokaryotes)6. However, these extraordinary candidate molecules present some drawbacks, the major one being 
the fact that they are metabolically unstable. �e AMPs activity level is subject to modulation or degradation by 
both human and pathogenic proteolytic enzymes. In fact, many endo- and exo-peptidases act to transform high 
molecular weight peptides into shorter oligopeptides, making them inactive. �is problem translates into short 
half-lives (usually less than 30 min) and scarce bioavailability7. �erefore, in order to improve the therapeutic 
potential of these molecules, a rational design of new AMP analogues is required with the aim of optimizing 
their chemical properties and the engineering of delivery systems8.

Calcitermin is a 15-mer peptide (VAIALKAAHYHTHKE, WT) corresponding to the C-terminal domain of 
calgranulin C, a pro-in�ammatory protein of the S100 family. It contains an e�ective metal-binding domain with 
three alternated histidine residues in position 9, 11 and 13, and the free terminal amino and carboxyl groups9. 
�e complex-formation equilibria of this natural peptide with Zn2+ and Cu2+ ions have been recently studied by 
our research group to obtain information on stoichiometry and structure of complex species formed throughout 
a wide pH range9. Moreover, calcitermin proved to adopt a helical conformation in membranes, and Zn2+ and 
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Cu2+ ions are able to enhance its antimicrobial activity against C. albicans and common bacteria like S. aureus 
and E. faecalis9–11.

In order to improve the microbicide activity of calcitermin, di�erent strategies can be employed: (i) extending 
its life-time, i.e. its resistance to proteases; (ii) enhancing its sequestering ability towards the metal micronutrients 
(necessary for the survival and virulence of pathogens), thus hampering the microbe growth; (iii) changing the 
peptide charge and structure before and/or a�er the metal interaction12,13. It is worth to note that three calciter-
min His-to-Ala mutants − H9A, H11A and H13A, where one histidine residue is replaced with alanine—exhibit 
promising antimicrobial activity according to the estimated minimal inhibitory concentrations (MIC) in vitro9. 
�ese calcitermin mutants indeed represent an outstanding example of how di�erent metal coordination modes 
(obtained by means of His-to-Ala substitution) result in signi�cant changes of their antimicrobial properties. 
�is type of information can be obtained through a detailed investigation on thermodynamics and coordination 
chemistry of the metal-peptide interaction, which can lay the foundations for a deeper insight into the way of 
action of metal chelating AMPs, in order to design new e�ective antibiotic therapies.

Considering the above results, this work is aimed at �nding calcitermin derivatives where the peptide struc-
ture and, consequently, its physico-chemical properties are modi�ed in order to achieve, �rst of all, a longer 
half-life and a lower proteolytic susceptibility, without losing its antimicrobial properties. Several strategies to 
improve the stability of peptides have been explored in the last forty years14. To increase the resistance towards 
exo-peptidases one common strategy is based on the chemical modi�cation of one or both the peptide ends (e.g. 
by N-acylation, C-amidation, cyclization, binding to polyethyleneglycol)8. �e degradation by endo-peptidases 
can be instead prevented by replacing one or more residues with non-proteinogenic amino acids which are nor-
mally not recognized by enzymes, like D-amino acids15, N-methyl-α-amino acids16, β- and γ- amino acids17–19, 
α-alkylated amino acids20, N-substituted glycines21.

Given the importance of the peptide termini in the degradation processes carried out by exopeptidases—
enzymes that catalyze the cleavage of the terminal peptide bonds—we protected the amino- and carboxyl-
termini of calcitermin by acetylation and amidation respectively22, obtaining the following derivatives: Ac-
VAIALKAAHYHTHKE (L1), Ac-VAIALKAAHYHTHKE-NH2 (L2) and VAIALKAAHYHTHKE-NH2 (L3). 
�e terminal protection should confer higher proteolytic stability and preserve the principal metal binding site 
of calcitermin, corresponding to the histidine motif -HxHxH-. Moreover, the study of the protected peptides 
will elucidate the role of the terminal groups in calcitermin antimicrobial and metal-chelating properties. An 
in-depth investigation on the complex-formation equilibria of these derivatives with Zn2+ and Cu2+ ions, together 
with their stability and activity, will provide further information on their way of action.

Results and discussion
Under the experimental conditions here employed, only variously protonated mononuclear complexes, with 
metal/ligand stoichiometry of 1:1, have been detected by potentiometry and mass spectrometry. No precipitation 
has been observed over the explored pH range (2.5–10.5). �e overall complex-formation constants (logβ) and 
corresponding acid dissociation constants (pKa) are reported in Tables 1, 2 and Tables S1, S2, and the calculated 
species distribution diagrams for each system are shown in Figs. S1–S8. Spectroscopic results, including Vis 
absorption spectra, CD spectra and EPR spectra, recorded at di�erent pH values, are shown in Figs. S9–S20.

Table 1.   Equilibrium constants and proposed coordination modes for Cu2+ complexes at T = 298 K and 
I = 0.1 M (KCl). Values in parentheses are standard deviations on the last signi�cant �gure.

Species

Ac-VAIALKAAHYHTHKE (L1)
Ac-VAIALKAAHYHTHKE-NH2 
(L2)

logβ pKa Coordination logβ pKa Coordination

[CuH2L]4+ 18.21(3) 4.40 NIm, COO– 23.06(4) 5.49 2NIm

[CuHL]3+ 13.81(2) 5.38 2NIm, COO– 17.57(5) 6.30 3NIm

[CuL]2+ 8.43(2) 6.59 3NIm 11.27(7) 6.70 3NIm, N–

[CuH-1L]+ 1.84(3) 6.88 3NIm, N– 4.57(6) 9.44 2NIm, 2N–

[CuH-2L]  − 5.04(3) – 2NIm, 2N–  − 4.87(9) 9.91 2NIm, 2N–

[CuH-3L]– – – –  − 14.78(7) – NIm, 3N–

Species

VAIALKAAHYHTHKE-NH2 (L3)

logβ pKa Coordination

[CuH5L]5+ 51.38(2) 5.16 2NIm

[CuH4L]4+ 46.21(2) 6.21 3NIm

[CuH3L]3+ 40.00(3) 6.90 2NIm, NH2

[CuH2L]2+ 33.11(2) 7.75 2NIm, NH2, N–

[CuHL]+ 25.36(3) 9.53 2NIm, 2N–

[CuL] 15.83(5) 10.01 2NIm, 2N–

[CuH-1L]– 5.82(4) – NIm, 3N–

[CuH-3L]3–  − 15.03(9) – NIm, 3N–
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Formation of copper complexes with L1, L2 and L3
ESI–MS results are reported in Table S4 and Figs. S21–S23: the only detected m/z signals correspond to equi-
molar Cu2+ complexes with di�erent protonation states. Potassium and/or sodium adducts are also formed. �e 
formation of copper complexes in solution begins around pH 3–3.5. �e �rst detected species, however, display 
di�erent coordination modes depending on the system.

L1 is the only ligand with the free carboxyl terminus, and its �rst formed species, [CuH2L]4+, is likely charac-
terized by a coordination mode (NIm, COO–). In this case, besides the histidine residue, one or both the carboxyl 
groups of C-terminal glutamic acid can participate in the complexation, forming a macrocycle. �e wavelength 
of maximum absorption measured at pH 4, at least partly imputable to the species [CuH2L]4+ (760 nm, Fig. S9), 
is in fair agreement with the expected value for a coordination (NIm, COO–)23, taking into account that at this 
pH most of the copper is still present as a hexa-aquo complex. �e complex [CuH2L]4+ is rapidly substituted in 
solution by the species [CuHL]3+, where a second histidine interacts with the metal center (pKa = 4.40) giving a 
(2NIm, COO–) complex (experimental λmax = 655 nm, Fig. S9; predicted λmax = 663 nm23). In the case of amidated 
peptides (L2 and L3), the stoichiometry of the complex species formed at the most acidic pH values ([CuH2L]4+ 
and [CuH5L]5+, respectively) suggests that two histidines are already deprotonated. In other words, the protection 
of the C-terminus likely favors the initial formation of a 2N complex where Cu2+ interacts with two imidazole 
groups of the histidine side chains. Indeed, the 2N species are predominant in solution in the pH range 4–5.5. 
EPR spectra registered at pH 5.5 con�rm the presence of 2N complexes (L1: A// = 174; g// = 2.28; g⊥ = 2.02; L2: 
A// = 157; g// = 2.31; g⊥ = 2.02; L3: A// = 163; g// = 2.28; g⊥ = 2.02; Table S3)24. Increasing the pH value, the Cu2+ 
ion can displace the acidic proton from a third histidine, and it coordinates three imidazoles forming a (3NIm) 
species, which is prevalent in solution at around pH 6 in all the systems. �e obtained wavelengths of maximum 
absorption at pH 6.0 range from λmax = 626 nm to λmax = 635 nm and agree with the proposed coordination mode 
(expected λmax = 627 nm)23.

In the alkaline pH range, we can distinguish two situations depending on the considered system. In the case 
of acetylated peptides, L1 and L2, the next deprotonation step involves an amide group of the peptide backbone, 
while in L3, the free terminal amino group can deprotonate and interact with the metal ion. �e EPR results 
con�rm the formation of 4N species, since the spectra above pH 7 show the same superhyper�ne structure 
and the following EPR parameters: A// = 182–198; g// = 2.20–2.21; g⊥ = 2.02–2.05 (Table S3), that agree with the 
expected literature values24.

Examining in details the systems L1 and L2, starting from pH 5.5, we can observe the formation of [CuH-1L]+ 
(for L1) and [CuL]2+ (for L2) (Figs. S3, S4) with pKa = 6.59 and 6.30, respectively. �e experimental values of λmax 
for solutions where these complexes reach their maximum of formation is 557 nm (Figs. S9, S12), exactly the 
value expected for a coordination (3NIm, N–)23. Circular dichroism spectra recorded at pH above 6 (Figs. S10, 
S13) also show the appearance of intense signals in the visible spectral region, which can be attributed to the 
coordination of the amide nitrogen (it is closer to the chiral α-carbon of the peptide backbone and therefore 
can produce a stronger CD absorption when the metal binding occurs). Increasing the pH value the intensity 
of CD bands increases suggesting the binding of a second amide that replaces a histidine in the equatorial plane 
of the complex, forming a (2NIm, 2N–) species and increasing the square-planar character of the corresponding 
complexes, [CuH-2L] (for L1) and [CuH-1L]+ (for L2)25,26. For Cu2+/L2 system, increasing the pH two further 
species were detected [CuH-2L] and [CuH-3L]–. �e former one is obtained with a pKa = 9.44, likely corresponding 
to the deprotonation of the phenolic group of tyrosine, which does not participate in the metal complexation, 
while the latter one is formed under the most alkaline conditions and can be ascribed to the displacement of a 

Table 2.   Equilibrium constants and proposed coordination modes for Zn2+ complexes at T = 298 K and 
I = 0.1 M (KCl). Values in parentheses are standard deviations on the last signi�cant �gure.

Species

Ac-VAIALKAAHYHTHKE (L1)
Ac-VAIALKAAHYHTHKE-NH2 
(L2)

logβ pKa Coordination logβ pKa Coordination

[ZnH2L]4+ – – – 20.29(6) 6.14 2NIm

[ZnHL]3+ 11.00(5) 5.80 2NIm 14.15(4) 7.63 3NIm

[ZnL]2+ 5.21(2) 7.33 3NIm 6.52(5) 8.93 3NIm, OH–

[ZnH-1L]+  − 2.12(3) – 3NIm, OH–  − 2.41(7) 9.44 3NIm, 2OH–

[ZnH-2L]  − 11.85(3) – 3NIm, 2OH–

Species

VAIALKAAHYHTHKE-NH2 (L3)

logβ pKa Coordination

[ZnH5L]5+ 48.7(1) 5.6 2NIm

[ZnH4L]4+ 43.07(3) 7.32 3NIm

[ZnH3L]3+ 35.75(6) 7.69 3NIm, OH–

[ZnH2L]2+ 28.06(4) 8.65 3NIm, OH–

[ZnHL]+ 19.40(5) 9.47 3NIm, 2OH–

[ZnL] 9.94(4) – 3NIm, 2OH–

[ZnH-2L]2–  − 10.70(7) – 3NIm, 2OH–
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third amide proton, giving rise to the (NIm, 3N–) species (λmax = 525 nm) (Fig. 1a). �e employed experimental 
techniques however do not allow to establish which His residues or backbone amides mainly participate in the 
complex formation.

As mentioned above, L3 behaves di�erently than the acetylated analogues. Close to neutral pH, we observe 
the formation of the [CuH3L]3+ species, which dominates around pH 6.5. �e Vis spectra show a clear blue-shi� 
between pH 5.5 (where [CuH4L]4+ complex is predominant) and pH 6.5, but the wavelength of maximum absorp-
tion does not drop below 600 nm, as expected for 4N-type Cu2+ complexes (i.e. with four equatorially bound 
nitrogen atoms). �erefore, it can be assumed that the increase of pH favors the coordination of the terminal 
amine that replaces an imidazole donor group in the metal coordination sphere (Fig. 1b). �e prevailing complex 
at physiological pH is [CuH2L]2+: the wavelength of maximum absorption signi�cantly decreases, and the value 
recorded at pH 7.5 (553 nm) is very close to both those expected for a coordination (3NIm, N–) (557 nm) and 
(2NIm, NH2, N–) (549 nm). It cannot be excluded that both complexes are present in solution, or that it may exist 
a continuous and rapid “interconversion” between them, given the lability of the coordination bonds with the 
Cu2+ ion. Above pH 7.5, once again we observed the gradual coordination of three backbone amides, forming 
(2NIm, 2N–) and (NIm, 3N–) species, which dominate under alkaline conditions. �e tyrosine and the two lysine 
residues simply lose their proton without participating in the complexation.

Formation of zinc complexes with L1, L2 and L3
Only mononuclear zinc complexes have been identi�ed under the employed experimental conditions. MS spectra 
con�rm the presence of di�erent Zn2+ complexes with various protonation states: [ZnHL]3+ (L1, m/z = 599.3), 
[ZnL]2+ (L2, m/z = 898.4), [ZnH3L]3+ (L3, m/z = 584.6) and [ZnH2L ∙ K]3+ (L3, m/z = 597.3) (Table S4). For all the 
systems, the stoichiometry of the �rst identi�ed species indicates that only one histidine residue is protonated 
and therefore the Zn2+ ion should coordinate two imidazole nitrogens, with a geometry that can be reasonably 
assumed to be tetrahedral28. �e terminal Glu residue (or at least one of its carboxylate moieties in L1) can also 
bind the metal replacing a water molecule, as already reported for wild-type calcitermin9. When pH is increased, 
an acidic proton is released from the third histidine with a pKa of 5.80 (L1), 6.14 (L2) and 5.6 (L3), forming the 
species (3NIm) where the third His can replace the carboxylate group (if coordinated) in the set of donor groups. 
A further deprotonation step leads to the formation of complexes [ZnH-1L]+ (L1, pKa = 7.33), [ZnL]2+ (L2, 
pKa = 7.63) and [ZnH3L]3+ (L3, pKa = 7.32). In these cases, the release of the proton is attributable to the ioniza-
tion of a coordinated water molecule. Increasing the pH, the complex-formation pattern and the geometry of 
the formed complexes with the acetylated peptides, L1 and L2, are practically the same, with the only di�erence 
that, in the case of L2, we observe the deprotonation of the Tyr residue (pKa = 9.44) without metal coordination. 
�e formed zinc species with L1 and L2 are most likely tetrahedral complexes with two or three coordinated 
histidines (Fig. 2), while water molecules saturate the coordination sphere. Instead, in the case of L3, a�er the 
formation of [ZnH3L]3+, we observe the mere deprotonation of the four basic sites of the ligand, in the order: 
the terminal amine (pKa = 7.69), the phenolic oxygen of tyrosine (pKa = 9.47), and the two ε-amino groups of 
lysines. In the end, above pH 9 and in the case of the amidated peptides, the formation of [ZnHL]+ (for L3) and 
[ZnH-1L]+ (for L2) may be due to the release of an acidic proton from a second water molecule, which occupies 
a coordination position in a trigonal bipyramidal complex.

Comparison of metal chelating abilities
Competition diagrams (Fig. S24) allow to compare the overall capacity of the studied ligands to coordinate Zn2+ 
or Cu2+ ions. Although they can be used only for a qualitative comparison of the binding a�nities, the stability of 

Figure 1.   (a) Coordination hypothesis (NIm, 3N–) for [CuH-3L]– species of peptide L2. (b) Coordination 
hypothesis (2NIm, NH2) for the [CuH3L]3+ species of peptide L3. Molecular structure generated with PyMol27.
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the formed complexes in the entire explored pH range, regardless of stoichiometry and structure of the formed 
species, can be evaluated.

In Fig. S24a the a�nity for copper of the wild-type calcitermin is compared to that of its protected deriva-
tives. �e metal chelating ability of WT and L1 is the same under acidic conditions. �e presence of the terminal 
carboxylic group moderately enhances the stability of the formed complexes. Above pH 4.5, WT exhibits the best 
copper binding ability. Both the free terminal amine and carboxylate contribute to thermodynamically favour 
the formed complexes, thanks to the presence of a higher number of donor sites. On the other hand, the metal 
binding ability of the protected analogues above pH 5 is comparable. �is is in accordance with the speciation 
models that indicate a similar coordination behaviour for these systems, with the progressive binding of the three 
histidines, followed by the terminal amino group and the backbone amides.

In the case of zinc (Fig. S24b), WT is a slightly better ligand in the entire pH range. �e protected analogues 
behave similarly up to pH 6, a�er which the greater stability is shown by the complexes formed by the N-acety-
lated peptide, L1. �is trend can con�rm that the terminal amine is not involved in zinc complexation. On the 
contrary, the C-terminal carboxyl group seems to stabilize the formation of the complexes; suggesting that Glu 
residue takes part in the coordination by means of its side chain and/or terminal COOH, as in the case of WT9.

Peptide stability in plasma
�e stability of the investigated peptides in human plasma is reported in Fig. 3a and is compared with the pro-
teolytic susceptibility of wild-type calcitermin (WT). �e concentration of all the peptides decreases with an 
approximately exponential decay and a half-life period (t1/2) of about 20 min for L3, 68 min for L2 and more than 
two hours (135 min predicted with an exponential regression) in the case of L1. �e degradation pro�le of L3 
follows that of the native peptide, with a t1/2 comparable to the value obtained for WT (t1/2 = 18 ± 3 min). On the 
contrary the acetylated peptides, L1 and L2, showed an improved resistance to degradation, with L1 displaying 
the highest persistence in the human plasma. �is result highlights the e�cacy of the N-terminus protection as 
a general method to increase the resistance to proteolytic degradation of antimicrobial peptides8. �e amidation 
of the C-terminus, instead, seems to a�ect less the resistance of calcitermin toward the activity of peptidases.

�e e�ect of metal complex formation on the peptide stability has been evaluated for WT and L1—the least 
and most stable peptides, respectively. �e complexation of Cu2+ and Zn2+ increases the half-life of WT from 

Figure 2.   Coordination hypothesis for the (3NIm) Zn2+ complexes. Molecular structure generated with PyMol27.

Figure 3.   Stability in human plasma of wild-type calcitermin (WT) and its (a) N- and/or C-terminal protected 
analogues (L1, L2, L3); or (b) Zn2+ and Cu2+ complexes.
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18 min to about 33 min (Fig. 3b), while the t1/2 rises from 135 min to ≈150 min (Zn2+) or ≈160 min (Cu2+) in 
the case of L1 (Fig. S25).

Antimicrobial activity
�e antimicrobial activity of WT calcitermin and its protected derivatives (L1, L2, L3) was assessed on C. 
albicans, S. aureus, and E. coli, respectively representative of human pathogens of fungal and bacterial origin.

Regarding C. albicans (Fig. 4), the results showed a remarkable CFU reduction of the yeast in the presence 
of WT compared to untreated controls. �e reduction was already evident a�er 3 h (Fig. 4A), with all used 
concentrations, despite a true dose-dependence was not observable (− 67%, − 67%, and − 73%, for 0.032–0.064 
and 0.128 mg/mL respectively, p < 0.05). A signi�cant reduction was also observed with 0.128 mg/mL WT in the 
presence of ZnCl2 (− 49%, p < 0.05), whereas no signi�cant reduction was observed for the Cu2+/WT complex. 
A�er 24 h of contact, the reduction was maintained and remarkably increased by ZnCl2 presence, especially at 
0.128 mg/mL (− 96%, p < 0.0001) (Fig. 4B). Instead, at 3 h, the L1 derivative exhibited some antifungal action 
only at 0.128 mg/mL (Fig. 4C). At 24 h, limited yet signi�cant CFU reduction was observed with L1 alone 
(− 18%, − 17%, and − 23%, for 0.032, 0.064, and 0.128 mg/mL, respectively; p < 0.05), and increased activity was 
detected with the addition of ZnCl2 (− 26% and − 88%, for 0.064 mg/mL and 0.128 mg/mL, p < 0.05 and p < 0.001, 
respectively). Some CFU decrease was also observed with L1 + CuCl2 (− 12%, − 28% and − 34% for 0.032, 0.064, 
and 0.128 mg/mL, respectively; p < 0.05) (Fig. 4C,D). Similarly, at 3 h, the L2 derivative was signi�cantly active 
only at 0.128 mg/mL in the presence of ZnCl2 (− 74%, p < 0.01), while at 24 h a signi�cant CFU reduction was 
observed at 0.064 and 0.128 mg/mL plus ZnCl2 (respectively − 46%, p < 0.0001; and − 97%, p < 0.0001) and plus 
CuCl2 (− 17% and − 23%, respectively; p < 0.01) (Fig. 4E,F). Comparable results were observed for L3, which at 
3 h was active only at 0.128 mg/mL in the presence of ZnCl2 (− 51%, p < 0.01), and at 24 h exhibited antifungal 
activity at 0.064 and 0.128 mg/mL in the presence of ZnCl2 (respectively − 37%, p < 0.05; and − 76%, p < 0.01) 
(Fig. 4G,H). ZnCl2 alone, included as a control, exhibited a signi�cant antifungal activity in all performed assays, 
reducing C. albicans CFU number up to 64.9% at 3 h and to 94% at 24 h (p < 0.0001). By contrast, negligible or 
no CFU reduction was observed in all conditions with CuCl2 alone, which signi�cantly reduced C. albicans CFU 
number only at 24 h, in one out of the total performed assays (Table S5).

Summarizing, the results on C. albicans con�rmed the antifungal activity of WT calcitermin, even at low 
concentrations, at both 3 and 24 h. �e WT/zinc complex was quite e�ective against C. albicans at 24 h, at 
0.128 mg/mL, although only a slightly lower activity was found for ZnCl2 itself at the same concentration. On 
the other hand, no activity was shown by CuCl2 alone and its presence did not signi�cantly a�ect the WT activ-
ity, although Cu2+ can form stable complexes with calcitermin even at pH 5.4. Of note, previous studies showed 
that both Zn2+ and Cu2+ ions possess antifungal activity per se at concentrations consistent with those used in 
our study, showing similar minimal inhibitory concentrations, although Zn2+ was generally proven to be more 
e�ective compared to Cu2+29–31. Our results con�rmed the Zn2+ anti-C. albicans activity, whereas a marked anti-
fungal activity by Cu2+ ion was not evidenced. �is might be due to: the di�erent type of assay performed in our 
study compared to those previously reported; the di�erent metal ion formulations tested (Zn/Cu chloride vs. 
Zn/Cu oxide), the absence in our study of a nanoparticle delivery system32,33; the suboptimal concentrations of 
ions used in our assays, which may have induced some yeast tolerance to metal ions. Further studies would be 
needed to address these points. �e amidation of the carboxyl terminal (peptides L2 and L3) did not improve 
the antifungal activity of WT, also in the presence of zinc. Some e�ect due to acetylation of the N-terminus of 
calcitermin (L1 and L2 peptides) was observed in the presence of CuCl2, a�er 24 h; in particular, Cu2+ complexes 
with a concentration of 0.128 mg/mL were signi�cantly more active than both the corresponding controls and 
the calcitermin complexes.

�e antimicrobial action of calcitermin and its derivatives was also tested on bacteria, including the Gram-
negative bacillus E. coli and the Gram-positive coccus S. aureus. Regarding E. coli, the results showed that WT 
was active essentially in the presence of ZnCl2 or CuCl2 (Fig. 5A,B). At 3 h, the CFU number decreased to − 38% 
(p < 0.05), − 55% (p < 0.01), and − 91% (p < 0.001) with respect to controls, using 0.032, 0.064, and 0.128 mg/mL 
of peptide + ZnCl2, respectively. With the addition of CuCl2, the CFU decrease corresponded to − 38% (p < 0.01), 
− 56% (p < 0.05), and − 91% (p < 0.001) for 0.032, 0.064, and 0.128 mg/mL of peptide, respectively. At 24 h, no 
signi�cant CFU reduction was observed with WT with or without ZnCl2, whereas a − 82% decrease of CFU 
number was detected with 0.128 mg/mL of calcitermin in the presence of CuCl2 (p < 0.0001).

Di�erently from WT, the L1 derivative induced a dose-dependent CFU decrease at 3 h (− 28%, − 39%, 
and − 40%, for 0.032, 0.064, and 0.128 mg/mL, respectively; p < 0.05). �e reduction was increased in the presence 
of ZnCl2 (− 67%, − 81%, and − 96%, respectively; p < 0.001), and CuCl2 (− 65%, − 63%, and − 85% for 0.032, 0.064, 
and 0.128 mg/mL, respectively; p < 0.01). At 24 h, L1 was active only at 0.128 mg/mL, alone (− 19%, p < 0.05) or 
in the presence of CuCl2, which signi�cantly increased L1 action (− 67% and − 90% for 0.064 and 0.128 mg/mL, 
respectively; p < 0.001) (Fig. 5C,D).

A similar trend was observed for L2, which at 3 h reduced E. coli CFUs only in the presence of ZnCl2 
(− 64%, − 76%, and − 96% at 0.032, 0.064 and 0.128 mg/mL, respectively; p < 0.001) or CuCl2 (− 55%, − 65%, 
and − 82%, respectively; p < 0.01). At 24 h, no signi�cant CFU reduction was observed except for 0.032 and 
0.064 mg/mL in the presence of ZnCl2 (Fig. 5E,F). �e activity of the L3 derivative was essentially detectable 
only at 3 h in the presence of ZnCl2 and CuCl2, inducing a signi�cant CFU decrease at 0.032, 0.064 and 0.128 mg/
mL (for ZnCl2, − 58%, − 79%, and − 94%, respectively, p < 0.001; for CuCl2, − 51%, − 81%, and − 82%, respectively, 
p < 0.001). A�er 24 h, no signi�cant reduction was observed at any L3 concentration, except for 0.128 mg/mL in 
the presence of CuCl2 (− 41%, p < 0.01) (Fig. 5G,H).

As also observed in the antifungal assays, ZnCl2 exhibited an anti-E. coli activity per se, reducing the CFU 
number up to − 95% at 3 h (p < 0.0001), although it was not anymore active at 24 h, showing a − 30% reduction 



7

Vol.:(0123456789)

Scientific Reports |        (2023) 13:18228  | https://doi.org/10.1038/s41598-023-45437-0

www.nature.com/scientificreports/

Figure 4.   In vitro antifungal activity of WT and L1, L2, L3 derivatives. All assays were performed in the 
presence or absence of ZnCl2, or CuCl2 in aqueous bu�er (5.4 pH). (A,B) WT-calcitermin action at 3 and 
24 h-incubation; (C,D) L1 action at 3 and 24 h-incubation; (E,F) L2 action at 3 and 24 h-incubation; (G,H) L3 
action at 3 and 24 h-incubation. Results are expressed ad mean value of CFUs ± SD obtained in triplicate samples 
from two independent experiments; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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Figure 5.   In vitro anti-E. coli activity of WT and L1, L2, L3 derivatives. All assays were performed in the 
presence or absence of ZnCl2, or CuCl2 in aqueous bu�er (5.4 pH). (A,B) WT-calcitermin action at 3 and 
24 h-incubation; (C,D) L1 action at 3 and 24 h-incubation; (E,F) L2 action at 3 and 24 h-incubation; (G,H) L3 
action at 3 and 24 h-incubation. Results are expressed ad mean value of CFUs ± SD obtained in triplicate samples 
from two independent experiments; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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only in one of the performed assays (p < 0.05). Also CuCl2 displayed a high antibacterial activity, inducing an up 
to 96% reduction at both 3 and 24 h of incubation (p < 0.0001) (Table S6). In conclusion, only the derivative L1 
showed a signi�cant anti-E. coli activity in the absence of metals, especially a�er 3 h. Interestingly, L1 was also 
the least sensitive peptide of the series towards the proteolytic enzymes. Copper and zinc exhibited antimicro-
bial activity against E. coli at 3 h, both in their free and complexed form; this behaviour was very similar for all 
peptides, regardless of the protection of the terminals. However, at 24 h, only copper (and its complexes) showed 
some activity, especially in the case of L1, whose complexes with Cu2+ were already active at the concentration 
of 0.064 mg/ml.

Regarding S. aureus, the assays were performed only at 3 h, since at 24 h of incubation in aqueous bu�er 
at pH 5.4 no viable bacteria were detectable even in untreated controls. At 3 h, the data showed that WT was 
signi�cantly active only at 0.128 mg/mL in the presence of ZnCl2 (− 41%, p < 0.05) (Fig. 6A).

Similarly, both L1 and L2 derivatives induced a signi�cant CFU decrease only at 0.128 mg/mL in presence 
of ZnCl2 (− 46%, p < 0.05; − 54%, p < 0.01, respectively for L1 and L2) (Fig. 6B,C). L3 action was instead more 
evident, inducing a CFU decrease corresponding to -28% (p = n.s.), − 43% (p < 0.05), and − 49% (p < 0.05) at 
0.032, 0.064, and 0.128 mg/mL concentration, respectively. Moreover, the action of 0.128 mg/mL of L3 was 
increased by the addition of ZnCl2 (− 73% CFU decrease, p < 0.001) (Fig. 6D), and by the presence of CuCl2 
(− 47%, p < 0.01) (Fig. 6).

Likewise, ZnCl2 alone showed a clear antimicrobial activity toward S. aureus, inducing an up to 77% CFU 
reduction, compared to controls (Table S7). Regarding S. aureus, in conclusion, WT calcitermin showed no e�ect, 
but a signi�cant antimicrobial activity was observed for L3. Zn2+ complexes of all peptides were active at higher 
concentrations, especially when the terminals were protected. Among the Cu2+ complexes, only the one with L3 

Figure 6.   In vitro anti-S. aureus activity of WT and L1, L2, L3 derivatives. All assays were performed 
for 3 h-incubation time in the presence or absence of ZnCl2, or CuCl2 in aqueous bu�er (pH 5.4). (A) 
WT-calcitermin action; (B) L1 action; (C) L2 action; (D) L3 action. Results are expressed ad mean value of 
CFUs ± SD obtained in triplicate samples from two independent experiments; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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showed a detectable action, at a concentration of 0.128 mg/ml, although this was comparable to that shown by 
the same peptide in the absence of metals.

Concluding remarks
Although calcitermin and its antimicrobial activity have been known for over twenty years, this peptide is still 
sparsely studied as a potential new drug. �e studies of Cole and coworkers10 �rst showed that bivalent endog-
enous metals, such as zinc and copper, can modulate the antimicrobial activity of calcitermin; later on, our 
research group investigated its metal binding properties. �en, a systematic study on calcitermin derivatives has 
begun, modifying the amino acid sequence in an opportune manner, with a view to improving interaction with 
cell membranes, to increasing stability towards proteolytic enzymes and/or to improving the sequestering ability 
towards metal ions to promote nutritional immunity. �e encouraging previous results have led us to study the 
new calcitermin derivatives reported in this paper, where the native peptide has been protected at one or both 
of its termini. �is is one of the ways, already known in the literature, to increase the resistance to proteolytic 
degradation of a peptide34–37. However, since any variation in the structure of the peptide can a�ect both its 
ability to form metal complexes and its antimicrobial properties, we have carried out a thorough study, both 
from the chemical and microbiological point of view, to shed light on the behaviour of the modi�ed peptides. 
�e formation of metal complexes with calcitermin is driven by the presence of its three histidine residues. �is 
coordination site is preserved in all peptides studied here, and stable complexes with all ligands have always 
been observed. According to Pearson’s classi�cation, in fact, the imidazole side chain of histidine is a good bind-
ing site (borderline basic character) for Cu2+ and Zn2+ ions (borderline Lewis acids)38 and, on the basis of their 
electronic con�guration, the Irving-Williams series also predicts a higher binding a�nity for Cu2+ than Zn2+39.

�e metal coordination did not a�ect the peptide structure, and for all the systems a prevalence of random 
coil conformation was observed (Figs. S16–S18). However, the contribution to the complex-formation by the 
amino and carboxyl termini, although secondary, is evident: both with copper and zinc, the most stable com-
plexes are always those formed by the native calcitermin, throughout the explored pH range. Noteworthy, the 
metal complexed forms of the studied peptides display higher resistance to degradation. Indeed, the formation 
of both copper and zinc complexes with calcitermin almost doubled its half-life in human plasma, suggesting 
that the interaction with metal ions can be a fruitful strategy to increase the peptide stability in biological �uids. 
Whether this correlates with the slightly better antimicrobial activity of the studied metal complexes is not easy 
to judge, and further investigation is required. Similarly, it is not straightforward to link the antimicrobial activity 
of the studied peptides with their stability in plasma.

Acetylation of the N-terminal confers a much longer half-life with respect to peptides with free amino ter-
minus. �is is an important indication for the design of calcitermin derivatives (as well as other AMP deriva-
tives)35–37 that may persist in the body long enough to perform their microbicidal action. Indeed, the study of 
peptide degradation will be deepened trying to identify the responsible enzymes and the most vulnerable peptide 
bonds, also extending the investigation to other biological �uids, such as saliva and gastric juices. Moreover, a 
preliminary investigation on peptide interaction with albumin (one of the major proteins in plasma) has been 
carried out to evaluate the protein-peptide binding, which may a�ect the decrease of peptide concentration 
detected a�er incubation in plasma. We observed a variation in the α-helical content of albumin structure when 
the studied peptides are added to the solution (Fig. S26). �e mechanism and e�ect of such interaction will 
require further speci�c investigations; however, all the investigated peptides, even in their metal complexed 
form, behave in the same way and decrease the same extent the α-helix structure of the protein. �erefore, the 
interaction with albumin does not a�ect the relative stability of calcitermin and its derivative systems.

Lastly, although the new calcitermin derivatives studied here were not particularly promising as commercial 
antimicrobials against fungi such as C. albicans or against Gram-positive or Gram-negative bacteria, encourag-
ing results have been obtained for their metal (especially Zn2+) complexes. �e investigation will be therefore 
extended to other derivatives, other microorganisms and other experimental conditions. In conclusion, cal-
citermin and its derivatives remain a promising class of peptides of great interest as new generation of metal-
enhanced antimicrobials.

Methods
Potentiometry
Stability constants for proton and metal complexes were obtained from pH-metric titration curves registered at 
T = 298 K and ionic strength 0.1 M (KCl). �e potentiometric apparatus was previously described40. Solutions 
were titrated with 0.1 M carbonate-free KOH. �e electrode was daily calibrated for hydrogen ion concentration 
by titrating HNO3 with the standard base solution, under the same experimental conditions as above. �e asym-
metry potential and the slope of the electrode couple were computed by means of SUPERQUAD41 and Glee42 
programs. �e purities and exact concentrations of the ligand solutions were determined by the Gran method43. 
�e HYPERQUAD44 program was employed for the overall formation constant (β) calculations, referred to the 
following equilibrium equation: pM + qL + rH ⇆ MpLqHr (charges omitted; p is 0 in the case of ligand protona-
tion; r can be negative). �e computed standard deviations (referring to random errors only) were given by the 
program itself and are shown in parentheses as uncertainties on the last signi�cant �gure. Hydrolysis constants 
for metal ions were taken from the literature45,46. �e distribution and competition diagrams were computed 
using the HYSS program47.

Mass spectrometry
High-resolution mass spectra were obtained on the LCMS-9030 qTOF Shimadzu (Shimadzu, Kyoto, Japan), 
equipped with a standard ESI source and the Nexera X2 system. �e instrumental parameters were as follows: 
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positive ion mode, scan range m/z 100–3000, dry gas nitrogen, temperature 170 °C, and ion energy 5 eV. �e 
capillary voltage was optimized to the highest S/N ratio and it was 4500 V. �e small changes in voltage (± 500 V) 
did not signi�cantly a�ect the optimized spectra. �e samples ([L]tot = 1∙10−4 M and M:L molar ratio = 1:1) were 
prepared in a 1:1 methanol–water mixture at pH 5.2 and 7.4. �ey were directly infused at a �ow rate of 3 μl/min. 
�e instrument was externally calibrated with a Tunemix™ mixture (Bruker Daltonik, Germany) in quadratic 
regression mode. Data were processed using the Bruker Compass DataAnalysis 4.2 program. �e mass accuracy 
for the calibration was > 5 ppm, enabling together with the true isotopic pattern (using SigmaFit) an unambigu-
ous con�rmation of the elemental composition of the obtained complex.

Spectroscopic measurements
�e absorption spectra of Cu2+ containing solutions were recorded on a Varian Cary50 Probe spectrophotometer, 
in the range 350–900 nm, using a quartz cuvette with an optical path of 1 cm. To describe the species present 
in solution, the observed wavelength of maximum absorption at a given pH was compared with the expected 
λmax value obtained from literature23,48–50. Circular dichroism (CD) spectra were recorded on a Jasco J-1500 
spectropolarimeter in the 180–800 nm range, using a quartz cuvette with an optical path of 1 cm in the visible 
and near-UV range, and 0.01 cm in the 180–250 nm range. Electron paramagnetic resonance (EPR) spectra were 
recorded in liquid nitrogen on a Bruker ELEXSYS E500 CW-EPR spectrometer at X-band frequency (9.5 GHz) 
and equipped with an ER 036TM NMR teslameter and an E41 FC frequency counter. Ethylene glycol (30%) was 
used as a cryoprotectant. �e EPR parameters were analyzed by computer simulation of the experimental spectra 
using WIN-EPR SIMFONIA so�ware, version 1.2 (Bruker, Billerica, MA, USA).

Peptide stability in plasma
�e persistence of calcitermin and its analogues and metal complexes in human plasma has been studied in vitro 
by means of the following procedure51. Each peptide (C = 1·10–4 M) and metal complex (metal:ligand ratio 1:1) 
was incubated in a sample containing 1 ml of human plasma (obtained as a pool of 40 individuals from the Uni-
versity Hospital of Ferrara) and 1 ml of ammonium acetate bu�er (pH 7.4) at 37 °C. L-phenylalaninol is added 
as internal standard. At regular time intervals, 200 μl aliquots were taken and enzymatic reaction was blocked by 
adding 300 μl of HClO4 0.5 M. �e sample was then centrifugated for 6 min at 14,000 × g. �e supernatant was 
then �ltered and analysed by HPLC. �e analytical column was an Agilent Poroshell 120 SB-C18 (4.6 × 100 mm, 
2.7 μm, pore size 120 Å). Flow rate = 0.5 ml/min, mobile phase H2O + 0.1% v/v TFA, linear gradient from 0 to 60% 
of acetonitrile + 0.1% v/v TFA over 30 min for the elution of peptides, temperature 25 °C, detection wavelength 
210 nm. �e results on calcitermin are the mean of three independent measurements while only one test was 
performed with the three protected peptides; in the latter cases, the errors have been estimated on the basis of 
those obtained for the wild-type calcitermin. Informed consent was obtained from all subjects and/or their legal 
guardian(s) prior to the donation of blood samples. All experimental protocols were approved by the National 
Research and Research Transversal Processes boards at University of Ferrara. All methods were carried out in 
accordance with relevant guidelines and regulations.

Biological tests
�e potential antimicrobial activity of wild-type calcitermin and N- and C- terminally protected derivatives was 
investigated by using the yeast C. albicans (ATCC 10231), the Gram-positive S. aureus (ATCC 25293), and the 
Gram-negative E. coli (ATCC 25922) (all from American Type Culture Collection, ATCC, �ermo Scienti�c, 
Milan, Italy). All microbes were grown at 37 °C in Tryptic Soy Broth (TSB; Biolife, Milan, Italy) or Tryptic Soy 
Agar plates (TSA, Biolife, Milan, Italy). Peptides were tested at a �nal concentration C = 0.128, 0.064, 0.032 mg/
mL, in the presence or absence of ZnCl2 or CuCl2, at a M:L molar ratio 0.9:1. Brie�y, all the microbes were 
expanded in TSB at 37 °C under agitation for 12 h and then sub-cultured by 1:10 dilution in TSB under the same 
conditions until reaching OD600nm = 0.3–0.4, as measured by spectrophotometric reading using a GENESYS 10S 
UV–Vis spectrophotometer (�ermo Scienti�c, Milan, Italy), corresponding to 0.9–1.2 × 107 colony forming units 
(CFU) per mL, 1.5–2 × 108 CFU/mL and 2.4–3.2 × 108 CFU/mL, for C. albicans, S. aureus and E. coli respectively. 
�e cultures were then centrifuged at 4500 rpm for 10 min in a SL 8 centrifuge (TX-150 Rotor) (�ermo Scien-
ti�c, Milan, Italy), and the cellular pellets were washed with PBS pH 5.4. Pelletized cultures were then suspended 
in 10 mL of PBS pH 5.4, then the suspensions were diluted to a �nal concentration of 104 CFU/mL. Aliquots of 
100 µl (corresponding to 103 CFU) were seeded in each well of a 96-wells plate. 3 µl of TSB at pH 5.4 were added 
to each well to obtain a �nal 1.5% TSB concentration in the culture medium. Peptides were serially diluted in 
PBS pH 5.4 to C = 0.257, 0.128, and 0.064 mg/mL. ZnCl2 and CuCl2 solutions were added where requested to 
obtain a M:L ratio 0.9:1. 100 µl of the prepared peptides ± ZnCl2/CuCl2 solutions were then added to each well, 
obtaining the �nal 0.128, 0.064 and 0.032 mg/mL peptide concentrations in a total 0.2 mL volume. PBS alone and 
PBS + ZnCl2/CuCl2 solutions were included as controls. �e plates were incubated at 37 °C on a platform rocker 
with slow stirring for 3 and 24 h. At the end of the incubation times, 100 µl aliquots were taken from each sample 
and diluted in PBS pH 5.4 to be seeded on TSA plates. Speci�cally, aliquots were diluted 1:10 at 3 h, and 1:200, 
1:100,000 and 1:10 at 24 h, for C. albicans, E. coli, and S. aureus respectively. A�er incubation for 24 h at 37 °C, 
grown CFUs were enumerated. Samples were assayed in triplicate in two independent experiments. Student’s 
t-test was used for the evaluation of signi�cance in biological tests; a p value ≤ 0.05 was considered signi�cant.

Data availability
�e datasets used in the current study is available from the corresponding author upon request.
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Positively charged residues play a signi�cant role in enhancing the 
antibacterial activity of calcitermin
Silvia Leveraro a, Maria D’Accolti a,*, Erika Marzola a, Elisabetta Caselli a, Remo Guerrini a,  
Magdalena Rowinska-Zyrek b, Maurizio Remelli a, Denise Bellotti a,*

a Department of Chemical, Pharmaceutical and Agricultural Sciences, University of Ferrara, L. Borsari 46, 44121 Ferrara, Italy
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A B S T R A C T

A systematic study on the human antimicrobial peptide calcitermin (VAIALKAAHYHTHKE) and its carefully 
designed derivatives was undertaken to verify the impact of divalent copper and zinc ions on the stability, co
ordination and antimicrobial activity of the formed complexes. In this work we investigate the calcitermin 
mutants where the alanine in position 7 and 8 is substituted with an arginine residue, with the aim of enhancing 
the antibacterial activity. Additionally, the analogue where alanine in position 7 is replaced with a histidine is 
considered, to obtain a chelating sequence with four histidines in alternate position; the aim of this change was to 
increase the cationic properties of the peptide under acidic conditions and possibly enhance its binding ability 
towards the metal ions. Through a comprehensive analytical approach involving potentiometric titrations, mass 
spectrometry, UV–Vis spectrophotometry, NMR and circular dichroism, we delved into the formation equilibria 
and coordination chemistry of the formed copper(II) and zinc(II) complexes. Antimicrobial assays are also 
performed to assess the bioactivity of the compounds against a broad spectrum of microorganisms, revealing the 
pivotal role of positively charged residues in enhancing the antibacterial activity of calcitermin. The obtained 
results serve as an important stepping stone towards the development of novel metal-based antimicrobial agents.

1. Introduction

Antimicrobial resistance (AMR) is one of the major threats to global 
health of the 21st century. Antibiotics are powerful life-saving drugs, but 
over time, they are losing their effectiveness due to the emerging growth 
of resistant pathogens. The excessive and often inappropriate use of 
antimicrobial drugs has triggered an evolutionary process in microor
ganisms, which have developed different resistance mechanisms. In 
order to slow the spread of AMR, there is an urgent need to design new 
drugs. Among several approaches, the use of antimicrobial peptides 
(AMPs) is one of the most promising. AMPs are fundamental compo
nents of the innate immune system. Indeed, they represent the �rst line 
of defense for plants and insects against pathogenic microorganisms. 
However, they possess a distinct function in higher eukaryotes, which 
includes the regulation of both innate and adaptive immune pathways 
[1]. Most eukaryotic AMPs are cationic and amphiphilic peptides pre
senting both lipophilic and hydrophilic domains [2]. Due to their 
amphiphilic nature and a net positive charge, the interaction with 

negatively charged groups on the bacterial membranes is facilitated. The 
interaction can lead to the insertion of the peptide into the membrane, 
causing the formation of pores or channels, resulting in the pathogen 
death [3,4]. Furthermore, AMPs are excellent candidates for the devel
opment of novel drugs due to their ability to act through diverse 
mechanisms of action, resulting into a lower susceptibility towards the 
development of resistance. Among the numerous mechanisms of action, 
nutritional immunity is of particular interest. According to this mecha
nism, AMPs can bind metal ions, such as copper, zinc, manganese or 
calcium, which are fundamental for pathogens survival and virulence 
[5]. Furthermore, the binding of metal ions may enhance AMPs anti
microbial activity, owing to modi�cations in structure and/or charge 
[5].

Noteworthy, all kingdoms of life are treasure troves repleted with 
biomolecules possessing potential antimicrobial properties. In recent 
decades many peptides originated from the cleavage of human proteins 
have shown antimicrobial activity, expanding the potential pool of novel 
peptide-based antimicrobial drugs [6–9]. These “cryptides”, also known 
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as encrypted or cryptic peptides, are the result of protein maturation 
processes which lead to the formation of waste products, i.e. peptides, 
which often exhibit biological activities. Numerous bioactive peptides 
with different functionalities are then produced by the cleavage of a 
precursor protein [10,11]. They can display a wide range of bio
activities, such as host defense, protease inhibition, antithrombotic, 
signaling, analgesic, and angiogenesis activity [11–14]. Examples of 
cryptides from human proteins include AMPs derived from hemoglobin 
fragmentation [15], and the 13-mer antifungal (against Candida albi
cans) peptide from the C-terminal domain of albumin [16].

In this work we focus on calcitermin (VAIALKAAHYHTHKE, WT), a 
15 amino acids cryptide, corresponding to the C-terminal domain of 
calgranulin C, a pro-inJammatory protein of the S100 family [17]. 
Calcitermin presents an effective metal-binding domain encompassing 
three alternated histidine residues (His9, His11 and His13) in addition to 
its free terminal amino and carboxyl groups. Speci�cally, the coordi
nation of metal ions, such as Cu(II) and Zn(II), has the potential to 
enhance the antimicrobial activity against common bacteria, like 
Staphylococcus aureus and Enterococcus faecalis, and against the yeast 
Candida albicans at acidic pH [18–20]. To further increase the antimi
crobial power of calcitermin, we introduced modi�cation to its native 
sequence aimed at enhancing the interaction with microbial cell mem
branes by increasing the number of positively charged residues. Litera
ture provides many strategies to achieve this aim, however one of the 
most fruitful strategies is the introduction of arginine amino acid in the 
peptide sequence [21–26]. Also, there are evidence supporting the 
importance of this residue in the activity of AMPs with a membrane- 
permeabilization mechanism [25–28]. For this reason, we focused on 
Ala-to-Arg substitutions for the development of new calcitermin de
rivatives: VAIALKRAHYHTHKE (A7R) and VAIALKARHYHTHKE (A8R), 
in which alanine in position 7 or 8 has been substituted with one argi
nine residue. We have also investigated the A7H mutant (VAIALKHA
HYHTHKE), in which the alanine in position 7 is replaced by a histidine 
residue. This modi�cation affects the net charge of the peptide at acidic 
conditions (where histidines are expected to be protonated) and extends 
the number of possible coordination sites for Cu(II) and Zn(II) ions, 
giving a sequence with four alternated histidines (-HxHxHxHx).

The coordination ability, and thermodynamic and structural char
acterization of the new calcitermin derivatives (A7R, A8R and A7H) 
require a thorough analysis, in order to identify similarities and differ
ences with the native peptide and understand how the modi�cation of 
the peptide sequence affects the coordination property and antimicro
bial activity, speci�cally against three classes of pathogens: a Gram- 
positive bacterium Enterococcus faecalis, a Gram-negative bacterium 
Escherichia coli and the yeast Candida albicans. This work therefore sheds 
light on the role of positively charged residues in affecting the formation 
of metal complexes and in enhancing the power of the antimicrobial 
peptide calcitermin.

2. Results and discussion

2.1. Protonation of the ligands

The potentiometric titrations of the peptides allow to determine the 
protonation macro-constants referred to the following equilibrium 
equation: L + nH ⇆ LHn (charges omitted). The symbol L here indicates 
the ligand in its unprotonated form, i.e. when all the dissociable protons 
have been released. The net charge of L is −3 for A7H, and − 2 for A7R 
and A8R due to the presence of the positively charged arginyl guani
dinium group, which is always protonated in the pH range here 
employed. The protonation constants are reported in Table 1 and show 
reasonable similarities with literature values of calcitermin and other 
derivatives [29,30] as well as with those of similar ligands [31].

In ligands A7R and A8R there are nine sites able to undergo acid- 
base reaction: the carboxyl groups of the C-terminal glutamic acid, the 
imidazole groups of the three histidine residues, the terminal amine, the 

phenolic group of tyrosine and two lysyl amino groups. In A7H, the 
substitution of an alanine residue with the histidine entails a further 
protonation step for the fourth imidazole group. Furthermore, the 
release of a proton from the amide groups of the peptide backbone 
cannot spontaneously occur in the pH range explored by potentiometry, 
since they are very weak acids (pKa ≈ 15) [32].

The most acidic moieties are the carboxyl groups. Their logK varies 
from 2.79 to 4.37, with the terminal -COOH being more acidic than the 
Glu sidechain. Histidine residues are characterized by logK values 
ranging from 5.13 to 6.98, in good agreement with the expectation 
based on literature data. At slightly basic pH, the spontaneous depro
tonation of the terminal amino group occurs with logK values 7.86 
(A7R), 7.48 (A8R) and 7.45 (A7H). Then, the three ligands show very 
similar logK values for the phenolic functionality of Tyr (9.53, 9.24 and 
9.21). Under basic conditions, the deprotonation of lysines occurres with 
logK values ranging from 10.00 to 10.80.

2.2. Thermodynamic and spectroscopic characterization of metal 
complexes

The formation of Cu(II) and Zn(II) complexes has been studied by 
means of different experimental techniques, including potentiometric 
titrations, mass spectrometry, spectroscopic methods (UV–Vis absorp
tion, circular dichroism (CD)) and nuclear magnetic resonance (NMR). 
The obtained experimental data were therefore comparatively analyzed, 
and the stoichiometry, coordination and structure of the complexes were 
inferred. Comparison with literature data on similar systems also sup
ported the obtained characterization.

In the case of both Cu(II) and Zn(II), under the experimental condi
tions here employed, only variously protonated mononuclear complexes 
with metal/ligand stoichiometry of 1:1 have been detected by potenti
ometry and mass spectrometry. The overall complex-formation con
stants (logβ) and the corresponding acid dissociation constants (pKa) are 
reported in Tables 2 and 3. The corresponding species distribution dia
grams, calculated from the experimental thermodynamic constants, are 
shown in Figs. S1-S6.

High resolution mass spectrometry supports the data obtained by 
potentiometry and the only detected m/z signals correspond to 

Table 1 
Overall (β) and step (K) protonation constants for the investigated ligands at T =
298 K and I = 0.1 M (KCl). CL = 0.5•10−3 M.

VAIALKRAHYHTHKE (A7R) VAIALKARHYHTHKE (A8R)
Species logβ logK logβ logK
HL− 10.71(2) 10.71 10.80(8) 10.80
H2L 21.08(1) 10.37 20.80(4) 10.00
H3L+ 30.61(2) 9.53 30.04(7) 9.24
H4L2+ 38.47(3) 7.86 37.52(9) 7.48
H5L3+ 45.32(3) 6.85 44.40(8) 6.87
H6L4+ 51.60(3) 6.28 50.55(9) 6.16
H7L5+ 57.27(3) 5.67 56.19(8) 5.64
H8L6+ 61.64(4) 4.37 60.36(9) 4.17
H9L7+ 64.54(4) 2.90 63.60(9) 3.24

VAIALKHAHYHTHKE (A7H)
Species logβ logK
HL2− 10.77(4) 10.77
H2L− 21.05(3) 10.28
H3L 30.25(5) 9.21
H4L+ 37.70(7) 7.45
H5L2+ 44.68(7) 6.98
H6L3 + 50.95(8) 6.28
H7L4+ 56.90(7) 5.95
H8L5+ 62.03(7) 5.13
H9L6+ 65.77(7) 3.74
H10L6+ 68.56(7) 2.79
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equimolar Cu(II) and Zn(II) complexes with different protonation states. 
Potassium and/or sodium adducts are also formed (Table S1). ESI-MS 
spectra and simulation of the isotopic patterns are reported in 
Figs. S7-S9.

The characterization of copper complexes also occurred with the 
support of spectroscopic techniques: Vis absorption spectra and CD 
spectra, recorded at different pH values, are shown in Figs. S10-S15, 
while spectroscopic data are summarized in Tables S2-S4. Being Zn(II) a 
diamagnetic ion and thus silent to the aforementioned techniques, we 
have deepened the study of its complexes by NMR (Figs. S18–S20).

2.2.1. Copper complexes
The formation of copper complexes in solution begins around pH 3 

for all the studied peptides. However, their show slightly differences 
depending on the considered ligand.

In the case of A7R and A8R the �rst detected species is [CuH6L]6+. 
According to stoichiometry, in these complexes three acidic protons 
have been already released by the ligands (from His, Glu and terminal 
COOH). Hence, besides the histidine residue, one or both the carboxyl 
groups of C-terminal glutamic acid (sidechain and C-terminal COO−

groups) can participate in the complexation, forming a macrocycle. The 
next species [CuH5L]5+ has been detected only for A7R system. It 
rapidly substitutes [CuH6L]6+ in solution, giving a (2NIm, COO−) com
plex. The coordination mode is con�rmed by the Vis absorption band at 
pH 4.8 – where [CuH5L]5+ reaches its maximum of formation in solution 
– that shows a λmax value of 663 nm, (Fig. S10; predicted λmax = 663 nm) 
[32,33]. The interaction with the C-terminus at acidic pH is also in 
agreement with the coordination behaviour of other calcitermin de
rivatives, and the obtained spectral results are consistent with literature 
data [29,30]. It is also important to consider that various macrochelated 
species may exist in solution, depending on the interacting His residues. 
Indeed, the determined pK value (4.47) is an equilibrium macro-constant 
that does not allow to identify which speci�c histidine is involved in the 
deprotonation step. Increasing the pH value, the Cu(II) ion can displace 
the acidic proton from a third histidine from both ligands A7R and A8R; 
the metal therefore coordinates three imidazoles forming a (3NIm) spe
cies, which is prevalent in solution at around pH 5–6. The corresponding 
complex is [CuH4L]4+. The obtained wavelengths of maximum absorp
tion at pH 5.5 and 5.8, respectively for the A7R and A8R solutions, are 
λmax = 640 nm and λmax = 630 nm and agree with the proposed coor
dination mode (expected λmax = 627 nm) [32]. The slight deviation from 
the theoretical value in the case of A7R can be due to the copresence in 
solution of the species [CuH5L]5+, which is instead not detected for A8R 
system and that can cause the overlap of the absorbance bands of the 
(2NIm, COO−; λmax = 663 nm) and (3NIm; λmax = 627 nm) species; or it 
can be due to a weak axial interaction of one of the C-terminal 
carboxylate groups, that can cause the shift of the λmax towards higher 
wavelengths (red-shift) [34]. The interconversion in solution between 
coordination mode (3NIm) and (3NIm, COO−(axial)) is also possible.

Increasing the pH value to the neutrality, [CuH3L]3+ and [CuH2L]2+

form by two subsequent deprotonation steps (pKa = 6.44 and 6.85 
(A7R); pKa = 6.35 and 6.74 (A8R)). The analysis of Vis absorption 
spectra suggests that the binding of the terminal amino group and of a 
deprotonated backbone amide occurs to form a species with 4 N equa
torial donor groups. For [CuH2L]2+, a mixture of isomers should 
therefore exist in solution. The equatorial positions of the complex can 
be occupied by two histidine residues, an ionized amide group, and the 
terminal amine (2NIm, NH2, N−; theoretical λmax = 549 nm) or three 
histidines and the backbone amide (3NIm, N−; theoretical λmax = 557 
nm). An axial donor group can also stabilize the coordination and cause 
a slight red-shift (≈ 10–15 nm) [34,35]. In fact, the experimental λmax 
value at pH 7.5 for A7R and 7.3 for A8R (where [CuH2L]2+ is pre
dominant in solution) is 564 nm. The possible axial interaction can be 
due to the third histidine residue or to the terminal amino group, that 
move from the equatorial position. Circular dichroism data also suggest 
the binding of the backbone amides starting from pH 6, since changes in 
CD signals are observed (an intense band for d–d and CT transitions with 
negative and positive signs of the Cotton effect at 546 and 637 nm, 
respectively); therefore the coordination of an equatorial N-amide likely 
occurs in [CuH2L]2+ [33,36,37]. Above pH 8, the main species in solu
tion is [CuHL]+. It is formed by the deprotonation of [CuH2L]2+ with 
pKa values 7.96 (A7R) and 7.58 (A8R), attributable to the ionization and 
coordination of a second amide. Indeed, the formation of this complex is 
accompanied by signi�cant changes of the absorption spectra, suggest
ing that the deprotonation step is not related to an hydroxo complex 
formation. Contextually, the intensity of CD bands increases, together 
with the square-planar character of the copper complex [36,38]. Vis 
absorption bands recorded in the pH range 8–9.5 are characterized by a 
λmax = 545–540 nm (Figs. S10 and S12) that also supports the 

Table 2 
Equilibrium constants for the formation of Cu(II) complexes with the investi
gated ligands at T = 298 K and I = 0.1 mol dm−3 (KCl). CL = 0.5•10−3 M and Cu: 
L = 0.8:1.

VAIALKRAHYHTHKE (A7R) VAIALKARHYHTHKE (A8R)
Species logβ pKa logβ pKa

[CuH6L]6+ 56.69(5) 4.47 55.96(3) –

[CuH5L]5+ 52.22(3) 5.13 – –

[CuH4L]4+ 47.09(4) 6.44 46.50(3) 6.35
[CuH3L]3+ 40.65(5) 6.85 40.15(7) 6.74
[CuH2L]2+ 33.81(5) 7.96 33.41(6) 7.58
[CuHL]+ 25.85(6) 9.53 25.83(6) 9.25
[CuL] 16.32(7) 10.13 16.58(9) 9.97
[CuH−1L]− 6.19(6) – 6.61(8) –

[CuH−3L]3−
−14.53(6) – −14.21(9) –

VAIALKHAHYHTHKE (A7H)
Species logβ pKa

[CuH6L]5+ 56.84(5) 5.01
[CuH5L]4+ 51.84(8) 5.06
[CuH4L]3+ 46.78(5) 7.2
[CuH3L]2+ 39.6(1) 7.3
[CuH2L]+ 32.33(8) 7.82
[CuHL] 24.51(9) 9.26
[CuL]− 15.25(9) –

[CuH−2L]3−
−5.2(1) 10.8

[CuH−3L]4−
−16.0(2) –

Table 3 
Equilibrium constants for the formation of Zn(II) complexes with the investi
gated ligands at T = 298 K and I = 0.1 M (KCl). CL = 0.5•10−3 M and Zn:L =
0.8:1.

VAIALKRAHYHTHKE (A7R) VAIALKARHYHTHKE (A8R)
Species logβ pKa logβ pKa

[ZnH5L]5+ 49.14(8) 6.03 – –

[ZnH4L]4+ 43.11(4) – 42.45(2) 7.43
[ZnH3L]3+ – – 35.02(6) 7.56
[ZnH2L]2+ 27.57(5) 9.52 27.37(4) 8.64
[ZnHL]+ 18.04(9) 9.60 18.72(5) 9.15
[ZnL] 8.44(7) – 9.58(4) –

[ZnH−2L]2−
−13.0(1) – −11.10(4) –

VAIALKHAHYHTHKE (A7H)
Species logβ pKa

[ZnH6L]5+ 54.7(1) –

[ZnH4L]3+ 43.42(4) 7.2
[ZnH3L]2+ 36.2(1) 7.4
[ZnH2L]+ 28.79(7) 8.36
[ZnHL] 20.43(9) 9.18
[ZnL]− 11.26(9) –

[ZnH−2L]3−
−9.26(9) –
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predominance in solution of a coordination isomer with a (2NIm, 2 N−) 
binding mode (expected λmax = 539 nm) [32]. d–d CD bands (Figs. S11, 
S13) also con�rm the coordination of His side-chains and backbone 
amides [38]. The next deprotonation step, that leads to the formation of 
the species [CuL] (pKa = 9.53 (A7R) and 9.25 (A8R)), likely refers to the 
deprotonation of the tyrosine residue, which does not participate in the 
metal complexation. Indeed, the obtained constants are identical to 
those expected for the spontaneous release of the phenolic proton 
(Table 1) and no changes in the spectroscopic parameters (Tables S2, S3) 
are observed for the formation of [CuL]. When the pH is raised up to 
10.5, a further hypsochromic shift to λmax = 528 nm is observed. 
Therefore, the formation of [CuH−1L]− and [CuH−3L]3− is due to the 
displacement of a third amide proton, giving rise to the (NIm, 3 N−) 
species (theoretical λmax = 525 nm) [32] and to the mere deprotonation 
of the non-coordinating Lys residues. Once again it is not possible to 
unequivocally establish which amide groups are involved in the metal 
coordination. Both the histidine residues and the C-terminal carboxyl 
groups are anchor sites at acidic pH, and then they can favour the metal 
ion-induced deprotonation and coordination of peptide nitrogens, giv
ing rise to different coordination isomers [33,39–41]. For the A7H de
rivative the �rst detected complex is once again the exa-protonated 
species, [CuH6L]5+. In this case, however, the carboxyl groups and two 
histidine residues should be deprotonated to form a 2 N complex, as 
suggested by the obtained λmax = 688 nm. The participation of one or 
both the carboxylate groups to metal binding cannot be excluded. The 
next two deprotonation steps lead to the formation of [CuH5L]4+ and 
[CuH4L]3+; they are characterized by pKa values of 5.02 and 5.06, and 
can be ascribed to the two additional His residues. Since these pKa values 
are signi�cantly lower than those measured for the free ligand (6.28 and 
6.98), the involvement of further histidines in Cu(II) binding is strongly 
suggested. From the spectroscopic analysis, we observe a Vis band at 
589 nm (Fig. S14, pH 6.4–7.1) which has a bathochromic deviation of 
+13 nm from the theoretical λmax = 576 nm [32,34] and that is 
consistent with the axial interaction of one of the four bound histidines, 
giving a distorted octahedral geometry. The sharp blue-shift of the Vis 
spectra above pH 7.6 (λmax < 554 nm) indicates a change in the coor
dination mode, which is also con�rmed by the different shape of the 
obtained CD spectra from pH 7.6 to 10.5. As in the case of A7R and A8R, 
such spectroscopic changes suggest the increasing of the square-planar 
character of the complexes which occurs upon the coordination of the 
backbone amides. Indeed, the formation of the species [CuH3L]2+, 
[CuH2L]+, [CuHL] is accompanied by the deprotonation of the terminal 
amine and of two backbone amide groups (pKa values = 7.2, 7.3 and 
7.82). The additive property of absorbance makes dif�cult the analytical 
assignment of a Vis band to each single species, giving their coexistence 
in solution. In fact, a broad band in the pH range 8.6–9.2 is observed. 
This can also indicate the presence of isomeric species, where the donor 
groups mutually exchange in the copper coordination sphere. Never
theless, the λmax = 536 nm strongly suggests a (2NIm, 2 N−) donor set at 
pH 9.6, where [CuL]− is the main complex in solution. As for A7R and 
A8R, also in this case, the deprotonation of the tyrosine occurs without 
involvement in the complexation; in fact, the deprotonation constant of 
the complex (pKa = 9.26, Table 2) is almost identical to that of the free 
peptide (9.21, Table 1). The formation of the [CuH−2L]3− species in
volves two deprotonation steps that likely refers to the binding of a third 
deprotonated amide and to the mere deprotonation of one Lys residue, 
to form a (NIm, 3 N−) square planar complex (experimental λmax = 529 
nm; expected λmax = 525 nm) [32]. The last detected deprotonation step 
leads to the formation of [CuH−3L]3− and occurs with pKa = 10.8, which 
strongly suggests the spontaneous deprotonation of the second lysine 
residue (pK = 10.80 for free peptide, Table 1).

2.2.2. Zinc complexes
The formation of zinc complexes occurs at pH 4–4.5 with all the three 

ligands. The obtained thermodynamic data for the studied derivatives 
(Table 3) show very high consistency with those of wild-type calcitermin 

and derivatives [29,30]. According to the stoichiometry, the �rst 
detected species for A7R ([ZnH5L]5+) and A7H ([ZnH6L]5+) corre
sponds to a macrochelated zinc complex likely formed by two coordi
nated histidines and the glutamic acid. By contrast, the �rst detected 
complex for A8R is [ZnH4L]4+, which is likely characterized by a (3NIm, 
COO−) donor set. Increasing the pH, A7R ligand releases an acidic 
proton (pKa = 6.03) to form [ZnH4L]4+: this deprotonation step can be 
attributed to the binding of a third histidine residue. In fact, the pKa 
value is signi�cantly lower than that obtained for the spontaneous 
deprotonation (6.85). For A7H, instead, the third and fourth histidine 
residues likely interact with Zn(II) ion in a cooperative mode, forming 
the [ZnH4L]3+ complex. The coordination of the histidine and glutamic 
acid residues in A7R and A8R complexes at pH ~ 7.4 is supported by 
NMR results, where Hδ-Hε and Hα-Hβ protons signals of all the histidine 
residues and the proton correlations of the glutamic acid are broadened 
to baseline in the presence of the metal ion (Figs. S18, S19). In the case of 
A7H, although the interaction with Glu is still an option, the broadening 
of its proton signals is less intense (Fig. S20) and may suggest the 
simultaneous presence of more than one coordination mode, where the 
species with four bound histidines (4NIm) is prevalent in solution. 
Moreover, for all the three ligands, the involvement of the N-terminal 
amino group cannot be excluded, since we observed a signi�cant shift of 
the Hα-Hβ correlations of Val1 in NMR spectra (Figs. S18–20). At higher 
pH values, the deprotonation of tyrosine and lysine residues occurs 
without participating in the complex formation. This is con�rmed by the 
comparison of the obtained thermodynamic constants for zinc complex 
formation and ligand protonation, which are consistent with the spon
taneous release of the proton from the aforementioned acid-base sites. 
Hydrolysis of coordinated water molecules may also occur as a result of 
the zinc electron density withdrawing, with pKa values which are usu
ally >7 [42–46], also for calcitermin and its derivatives [29,30]. Such 
behaviour is therefore con�rmed also for the Ala-to-Arg and Ala-to-His 
derivatives investigated in the present work (Table 3). Moreover, 
although the attribution of such deprotonation steps to the coordination 
of backbone amides is plausible, it is strongly discouraged by recent data 
on zinc inability to ionized peptide nitrogens, which con�rm the 
stronger tendency of Zn(II) to undergo hydrolysis than amide coordi
nation [47].

2.2.3. Comparison of metal-binding ability
The determined thermodynamic constants for the complex- 

formation equilibria provide an effective tool to understand the capac
ity of the investigated peptides to stably coordinate metal ions. Such 
evaluation can be obtained comparing the metal-binding af�nity of each 
system in the whole pH range by means of competition diagrams 
(Fig. 1). These diagrams allow to simulate the behaviour of the ligands in 
a solution containing equimolar amounts of each of them and of the 
metal ion, describing the formation of the binary metal complexes. In 
Fig. 1 we compared the stability of the complexes with the native cal
citermin WT with respect to that of the derivatives A7R, A8R and AH7.

In the case of copper, we observed that WT, A7R and A8R behave 
very similarly in the considered pH range, with only maximum 20 % 
difference in the percentage of complex formation between the native 
peptide and the Ala-to-Arg derivatives. This data is consistent with the 
proposed speciation model, since arginine residues are not directly 
involved in the formation of the complex. However, it can be interesting 
to note that, in general, A8R somewhat proved to form slightly more 
stable complexes. This is not straightforward to explain, because the 
three ligands WT, A7R and A8R are characterized by the same coordi
nation, which is mostly con�rmed by spectroscopic results: three histi
dine residues bind the metal ion at acidic conditions, while the 
interaction with the terminal amino group and up to three backbone 
amides is expected to start at neutral pH. An effect of the arginine in 
position 8, that is not occurring when Arg substitutes Ala residue in 
position 7, is conceivable in accordance with recent literature that shows 
different metal-binding af�nity of calcitermin derivatives where Ala-7 
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and Ala-8 are substituted with non-coordinating polar residues [30]. 
Many hypotheses can be formulated (electrostatic effects, formation of a 
hydrogen bond with one of the deprotonated C-terminal carboxyl 
groups, weak interactions with coordinated solvent molecules, etc.) 
requiring further investigations. However, A8R noteworthy also dis
plays higher proteolytic stability in human plasma (see Section “Peptide 
resistance to degradation in human plasma”).

The analysis of the competition diagram in Fig. 1a also shows that 
A7H ligand displays a copper-binding af�nity comparable to WT and 
A7R until pH 6.5, above which it becomes the less effective ligand. This 
is likely due to the presence of a fourth histidine able to bind the Cu(II) 
ion, which prevents the interaction with the backbone amides and 
moves their coordination to higher pH values [39,48]. By contrast, the 
presence of a fourth coordinating histidine in A7H peptide clearly in
creases the zinc binding af�nity (Fig. 1b), due to either the formation of 
a thermodynamically stable complex, and the entropic effect that in
creases the number of potentially available donor groups and the pos
sibility to form polymorphic binding states, in which at least two 
different sets of His imidazole residues are bound to the metal, where 
one of His residue is the same in two cases. The presence of such poly
morphic binding states, in which the metal can move”back and forth” 

along the peptide binding sites, is well known to be the reason for the 
enhancement of metal complex stability [49–54].

2.3. Near-UV CD Structural Characterization

The obtained near-UV CD spectra for the A7R, A8R and A7H systems 
are very similar to the spectra of their Cu(II) and Zn(II) complexes 
depicted in Figs. S16, S17, therefore metal coordination has no effect on 
the secondary structure of the peptides. One negative absorption band at 
~295–298 nm is obtained for both the apopeptides and metal complexes 
in water solution (Figs. S16), and this strongly suggests a random coil 
structure [55]. Fig. S17, instead, shows a slightly different structural 
conformation in 10 mM sodium dodecyl sulfate solution (SDS), that has 
been chosen as membrane-mimicking solvent. In particular, spectra in 
Fig. S17 display a positive absorption band at ~190 nm and two nega
tive bands at ~202 nm and ~223 nm, which suggest the partial adoption 
of a helical conformation [56,57]. The observed structure variation from 
water solvent (unstructured systems) to a membrane-mimicking solvent 
(α-helical systems) may have signi�cant implications on the bioactivity 
of the investigated compounds: peptides with helical structure usually 
afford stronger membrane activity and toxicity than the corresponding 
non-helical peptides, therefore the capability of undergoing smart 
transitions of the secondary structure provides a promising approach to 
enhance the selectivity towards pathogen cell membranes (e.g. by 
modulating the conditions of the delivery system) and limit toxicity 
against the host cells [58].

2.4. Peptide resistance to degradation in human plasma

The activity of antimicrobial peptides is subject to modulation or 
limitation by human proteolytic enzymes. In fact, many endo- and exo- 
peptidases can degrade high molecular weight peptides into shorter 
oligopeptides, making them inactive. The study of calcitermin degra
dation in human plasma showed that the main contribution to its 
degradation is due to aminopeptidases or dipeptidylaminopeptidases 
acting on the N-terminus. This results into a half-life of about 18 min.30 

Endo-peptidases can also affect the stability of calcitermin, and the study 
of the effect of Ala-to-Arg and Ala-to-His substitution on the calcitermin 
proteolytic stability has been carried on. In Fig. 2 the degradation pro�le 
of A7R, A8R and AH7 is reported; WT is included for comparison. The 
substitution of alanine residue in position 7, either with an arginine or a 
histidine, does not affect the stability of calcitermin in plasma; indeed 
they display the same half-life period of WT: t1/2 = 16 ± 2 min (A7R), 
t1/2 = 16 ± 3 min (A7H). A8R is instead more resistant to degradation 
phenomena, and it reaches t1/2 = 33 ± 7 min. This value is very similar 

Fig. 1. Competition plots for a simulated solution containing equimolar con
centrations of (A) Cu(II), (B) Zn(II), and WT [29], A7R, A8R and A7H.

Fig. 2. Stability of wild-type calcitermin (WT) and its derivatives (A7R, A8R, 
A7H) in human plasma.
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to that obtained for metal complexes with WT (33 min) [29]. Such re
sults lead us to consider a scenario where the arginine residue in position 
8 is able to exert a “protective” effect on the vicinal metal-binding site 
(-AHYHTHK-) that hinders the action of proteolytic enzymes in a way 
similar to the effect that would occur with the formation of a complex 
(the presence of the metal cation may therefore be comparable). By 
contrast, the residue in position 7, which is positioned on the opposite 
side of the peptide backbone with respect to residue-8, is likely inef
fective. Certainly, the hypothesis requires further studies.

2.5. Antimicrobial activity of peptides and their Cu(II) and Zn(II) 
complexes

2.5.1. Antifungal activity
Remarkable antifungal activity was not observed with any of the 

tested peptides, compared to untreated controls (Table S5).
More speci�cally, a slight decrease was observed after 3 h for A8R, 

although the results were not statistically signi�cant (−5 % and − 17 % 
for 0.064 and 0.128 mg/mL, p = ns), and for A7H (−20 % at 0.128 mg/ 
mL, p = ns).

By contrast, similarly to what observed in previous studies per
formed with other derivatives [29], a signi�cant CFU reduction was 
observed with 0.128 mg/mL A7R, A8R and A7H in the presence of Zn2+

(−37 %, −66 %, −76 %, p < 0.05 and p < 0.0001, respectively); a sig
ni�cant reduction was also observed with A8R in the presence of Cu2+ at 
the highest concentration (−42 % decrease at 0.128 mg/mL, p < 0.05).

After 24 h of contact, the observed reduction values were maintained 
or increased in the presence of Zn2+, especially at 0.128 mg/mL (−92 % 
for A7R + ZnCl2, −85 % for A8R + ZnCl2, and − 96 % for A7H + ZnCl2, 
p < 0.0001) (Table 1). A similar reduction was detected also in presence 
of Cu2+, with up to 30 % of reduction for A7R (0.128 mg/mL, p < 0.01) 
and up to 35 % for A7H (0.128 mg/mL, p < 0.001). ZnCl2 alone, 
included as a control, however, exhibited a signi�cant antifungal ac
tivity in all performed assays, reducing C. albicans CFUs up to 74 % at 3 h 
and to 93 % at 24 h (p < 0.0001). By contrast, negligible or no CFU 
reduction was observed in all conditions with CuCl2 alone (Table S5). 
Fig. 3 summarizes the results obtained with C. albicans in a graphical 
way.

2.5.2. Antibacterial activity
The antibacterial effect of peptides was analyzed by using the Gram- 

negative Escherichia coli and the Gram-positive Enterococcus faecalis 
strains as bacterial targets. Regarding E. coli (Table S6), the results at 3 h 
showed that A7R and A8R induced a 30 % (p < 0.05) and 40 % (p <
0.01) decrease of CFUs at the highest concentration (0.128 mg/mL). 
Both peptides exhibited a dose-dependent action, inducing −10 % (p =
ns), −26 % (p < 0.05) and − 30 % (p < 0.05) at 0.032, 0.064, 0.128 mg/ 
mL of A7R, and − 28 % (p < 0.05), −37 % (p < 0.01), −40 % (p < 0.01) 
at 0.032, 0.064, 0.128 mg/mL of A8R. The activity of the peptides was 
signi�cantly increased by the presence of ZnCl2 and CuCl2, reaching 
−91 % (p < 0.001) and − 86 % (p < 0.001) CFU reduction for A7R 
(0.128 mg/mL), −95 % (p < 0.001) and − 76 % (p < 0.001) for A8R 
(0.128 mg/mL), and − 81 % (p < 0.001) and − 65 % (p < 0.001) for 
A7H (0.128 mg/mL), respectively. At 24 h, no signi�cant reduction of 
CFUs was observed with any of the tested peptides, although a slight 
activity was evidenced when Zn2+ was present, reaching an overall −20 
% (p = ns), −28 % (p = ns) and − 37 % (p = ns) decrease for A7R, A8R 
and A7H (0.128 mg/mL), respectively. Similarly, the addition of Cu2+

led to a − 24 % (p = ns), −30 % (p = ns) and − 54 % (p = ns) decrease of 
CFUs for A7R, A8R and A7H (0.128 mg/mL), respectively. Fig. 4 sum
marizes graphically the results obtained with E. coli.

Regarding E. faecalis (Table S7), the results at 3 h showed that A7R 
and A8R reduced CFU number of −15 % (p = ns) and − 40 % (p < 0.05) 
at the highest concentration (0.128 mg/mL). Some dose-dependent ac
tion was evidenced, being the reduction values corresponding to −6 % 
(p = ns) and − 15 % (p = ns) for 0.064, 0.128 mg/mL of A7R, 

respectively; −12 % (p = ns), −36 % (p = ns), −40 % (p < 0.05) for 
0.032, 0.064, 0.128 mg/mL of A8R respectively. The peptides’ activity 
was not signi�cantly increased by the presence of ZnCl2 after 3 h. 
Instead, a signi�cant decrease of CFUs was observed with A8R (0.128 
mg/mL) in the presence of CuCl2, showing a − 70 % reduction (p <
0.01).

A7H at the highest concentration (0.128 mg/mL) was associated 
with a − 31 % decrease (p < 0.05) of CFUs, which was increased in the 
presence of Zn2+ and Cu2+, reaching −44 % (p < 0.05) and − 61 % (p <
0.01) respectively, at the highest peptide concentration. At 24 h, no 
signi�cant reduction of the target CFU number was observed, being 
detected rather some increased proliferation of the bacterial target 
(Table S7). Fig. 5 summarizes graphically the results obtained with 
E. faecalis.

2.5.3. Comparison of antimicrobial activity among calcitermin derivatives
To sum up the results and draw some conclusions, the collected data 

showed a certain antimicrobial activity of peptides after 3 h of contact, 
especially in the presence of bivalent metal ions. A CFU reduction was in 
fact observed for C. albicans, E. coli, and E. faecalis with A7R, A8R, and 
A7H at the highest concentration tested (0.128 mg/mL) (Fig. 6).

A7R exhibited an activity primarily directed against E. coli (up to 
−30 %) and E. faecalis (up to −15 %), whereas no antifungal effect after 
3 h of contact.

A8R showed effect against E. coli (up to −40 %), E. faecalis (up to 
−40 %) and a slight action also against C. albicans (up to −17 %), at 3 h.

A7H was most effective against E. faecalis (up to −31 %), and sec
ondly against C. albicans (up to −20 %) and E. coli (up to −7 %).

In most cases, the presence of zinc and copper increased the activity 
of the peptides: the effect was more evident against the Gram-negative 
bacterial target rather than towards the other targets. However, re
sults showed that both Zn(II) and Cu(II) ions possess antimicrobial ac
tivity per se, similarly to what reported in previous studies (Fig. 6) 
[29,59,60]. This also suggests that a possible synergistic effect between 
the peptide and the metal ion can occur, since under the tested diluted 
conditions the metal complexes tend to dissociate (Fig. S21).

Finally, in the attempt to make a direct comparison between the 
different types of peptides tested so far, the data collected with WT 
calcitermin, its terminally protected derivatives L1 (Ac-.

VAIALKAAHYHTHKE), L2 (Ac-VAIALKAAHYHTHKE-NH2), L3 
(VAIALKAAHYHTHKE-NH2) [29], and A7R, A8R, A7H have been put 
together and shown in Fig. 7 (metal ions were not included in the �gure, 
to focus exclusively on the comparison between individual peptides). To 
note, the Gram-positive bacterial target was represented by S. aureus for 
L1, L2, and L3 and by E. faecalis for A7R, A8R, and A7H. This because 
previous results showed that at 24 h of incubation in aqueous buffer at 
pH 5.4, no viable S. aureus bacteria were detectable even in untreated 
controls [29]; thus, E. faecalis was used in substitution of S. aureus in the 
last experiments. However, WT calcitermin was tested against both 
bacterial targets (Fig. S22): since no signi�cant differences in the growth 
of S. aureus and E. faecalis were observed in the two independent ex
periments compared to untreated controls, the average value of CFU 
reduction percentage was included in the graph of Fig. 7.

Of note, results obtained after 3 h of contact showed that WT calci
termin displayed the highest antifungal activity, followed by L1, A7H, 
A8R, L3, A7R and L2. By contrast, WT calcitermin had no activity on 
both Gram-positive and Gram-negative bacteria, although a slight 
antimicrobial effect was exerted by some of its derivatives: speci�cally, 
L3, A8R and A7H were active against Gram-positive bacteria, whereas 
all derivatives, except for A7H, showed activity against E. coli (Fig. 7A).

After 24 h of incubation, WT calcitermin and derivatives generally 
lost their antibacterial activity, except for A8R, showing an anti- 
E. faecalis action causing up to −24 % CFUs decrease. Instead, the 
antifungal activity was maintained after 24 h by WT calcitermin (−41 
%), L1 (−23 %), L3 (−14 %) and A7H (−14 %) (Fig. 7B). Taken 
together, the collected results showed that peptides alone are minimally 
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Fig. 3. In vitro activity of A7R, A8R, and A7H derivatives against C. albicans. All assays were performed in aqueous buffer (5.4 pH) in the presence or absence of 
ZnCl2, or CuCl2. A-B) A7R action after 3 and 24 h. C–D) A8R action after 3 and 24 h. E-F) A7H action after 3 and 24 h. Results are expressed as mean CFU N. ± SD 
per 0.1 mL of seeded suspension, obtained in triplicate samples from two independent experiments; CTR, untreated controls; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.
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Fig. 4. In vitro activity of A7R, A8R, and A7H derivatives against E. coli. All assays were performed in aqueous buffer (5.4 pH) in the presence or absence of ZnCl2, or 
CuCl2. A-B) A7R action after 3 and 24 h. C–D) A8R action after 3 and 24 h. E-F) A7H action after 3 and 24 h. Results are expressed as mean CFU N. ± SD per 0.1 mL 
of seeded suspension, obtained in triplicate samples from two independent experiments; CTR, untreated controls; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.
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effective even at the highest concentration tested (0.128 mg/mL), while 
their action is more apparent in the presence of metal ions. Further 
studies may be performed to evaluate higher concentration of WT cal
citermin and derivatives.

3. Conclusions

In this study, we investigated the Zn(II) and Cu(II) complexes for
mation and the antimicrobial activity of three peptide derivatives of the 
antimicrobial peptide calcitermin: A7R, A8R, and A7H.

With respect to wild-type calcitermin, the investigated peptides do 
not exhibit signi�cant differences in the metal coordination, expect for 
the A7H derivative, which forms most stable complexes with zinc, 
mostly due to the presence of one more histidine residue and the pos
sibility to form polymorphic binding states.

The structural characterization highlights the possible occurrence of 
a transition from an unstructured system in water solvent to an α-helical 
system in a membrane-mimicking solvent, that could signi�cantly 
impact the bioactivity of the studied compounds. This offers a promising 
strategy to enhance selectivity and activity towards pathogens: peptides 

Fig. 5. In vitro activity of A7R, A8R, and A7H derivatives against E. faecalis. All assays were performed in aqueous buffer (5.4 pH) in the presence or absence of 
ZnCl2, or CuCl2. A-B) A7R action after 3 and 24 h. C–D) A8R action after 3 and 24 h. E-F) A7H action after 3 and 24 h. Results are expressed as mean CFU N. ± SD 
per 0.1 mL of seeded suspension, obtained in triplicate samples from two independent experiments; CTR, untreated controls; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.
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with a helical structure typically exhibit higher membrane-disrupting 
activity, but at the same time the less toxic unstructured conformation 
may be favoured by proper development and engineering of, for 
example, water-based delivery systems (e.g. smart hydrogels).

The substitution of the alanine residue at position 7 with either 
arginine or histidine does not affect the stability of calcitermin in 
plasma, as the A7R and A7H (t1/2 = 16 min) derivatives exhibit the same 
half-life as WT (t1/2 = 18 min). A8R showed instead a better perfor
mance (t1/2 = 33 min), which is comparable to that of WT metal com
plexes. Overall, the obtained half-life values are consistent with those of 
other known antimicrobial peptides (usually less than 30 min) [61]. 
Certainly, a possible strategy to increase the resistance to degradation of 
these derivatives relies on the protection of the amino-terminal end of 
the peptide, as already reported for wild-type calcitermin [29]. Such 
modi�cation confers stability towards the action of aminopeptidases 
[62–64].

Finally, our �ndings also indicate that these peptides exhibit signif
icant antimicrobial properties, particularly in the presence of bivalent 
metal ions, Zn(II) and Cu(II). Moreover, their antibacterial activity 
against the tested Gram-positive and -negative bacteria is higher than 
WT at pH 5.4, con�rming the positive effect of the introduction of 
positively charged arginine and histidine residues in the peptide 
sequence. Such an effect is not exerted against C. albicans, against which 
WT is still a better antifungal agent.

Overall, we obtained calcitermin derivatives with better antibacte
rial activity, which is also enhanced by Cu(II) and Zn(II) ions. Our results 
contribute understanding the coordination behaviour and antimicrobial 
potential of native calcitermin and its Ala-to-Arg and Ala-to-His de
rivatives, providing a foundation for future research and potential 
therapeutic applications.

Fig. 6. Growth of the tested microbial targets in the presence of A7R, A8R, and A7H at the highest concentration used (0.128 mg/mL). The presence of added ZnCl2, 
or CuCl2 is also indicated. A) A7R action at 3 h incubation; B) A8R action at 3 h incubation; C) A7H action at 3 h incubation. Results are expressed as mean value of 
percentage of growth ± SD obtained in triplicate samples from two independent experiments; CTR, untreated controls; * p ≤ 0.05; ** p ≤ 0.01.
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4. Experimental

4.1. Materials

ZnCl2 and CuCl2 were extra pure products (Sigma-Aldrich); the 
concentrations of their stock solutions were standardized by EDTA 
titration. The carbonate-free stock solutions of KOH and HCl (Sigma- 
Aldrich) were prepared by diluting concentrated solutions (Sigma- 
Aldrich) and then potentiometrically standardized with primary stan
dard (99.9 % purity) potassium hydrogen phthalate and sodium car
bonate, respectively. All sample solutions were prepared with fresh 
Milli-Q® water. Soda lime traps were used to preserve solutions from 
atmospheric CO2. The ionic strength was adjusted to 0.1 M by adding 
KCl (Sigma-Aldrich). Grade A glassware was always employed.

4.2. Peptide synthesis and puri<cation

Calcitermin derivatives (VAIALKRAHYHTHKE, A7R; VAIALKAR
HYHTHKE, A8R and VAIALKHYHTHKE, A7H) were synthesized ac
cording to published methods [65] using Fmoc/t-butyl chemistry with a 
Syro XP multiple peptide synthesizer (MultiSynTech GmbH, Written 
Germany). Wang resin preloaded with Fmoc-Glu(OtBu) was used as a 
solid support for the synthesis of the three peptides. Fmoc-amino acids 
(4-fold excess) were sequentially coupled to the growing peptide chain 
using DIPCDI/HOBt (N,N′-diisopropylcarbodiimide/1-hydroxybenzo
triazole) (4-fold excess) as activating mixture for 1 h at room tempera
ture. Cycle of deprotection of Fmoc (40 % piperidine/N,N- 
dimethylformamide) and coupling with the subsequent aminoacids 
were repeated until the desired peptide-bound resin was completed. N- 
terminal acetylation has been performed with acetic anhydride (0.5 M) 
with the presence of N-methylmorpholine (0.25 M) (3:1 v/v; 2 mL/0.2 g 
of resin) as the last synthetic step. The protected peptide-resin was 

Fig. 7. Growth of microbial targets (Gram-negative and Gram-positive bacteria, and yeasts) in the presence of Cal-WT, L1, L2, L3, A7R, A8R, and A7H after 3 h (A) 
and 24 h (B) of incubation. The results are expressed as mean percentage values. CTR, untreated controls.
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treated with triJuoroacetic acid (TFA)/H2O/triisopropylsilane 90:5:5; 
v/v; 10 mL per 0.2 g of resin [66] for 1.5 h at room temperature. After 
�ltration of the resin, the solvent was concentrated in vacuo and the 
resin triturated with ethyl ether. Crude peptides were puri�ed by pre
parative reversed-phase HPLC using a Water Delta Prep 3000 system 
with a Jupiter column C18 (250 × 30 mm, 300 A, 15 μm spherical 
particle size). The column was perfused at a Jow rate of 20 mL/min with 
a mobile phase containing solvent A (water in 0.1 % TFA), and a linear 
gradient from 0 to 80 % of solvent B (60 % v/v, acetonitrile in 0.1 % 
TFA) over 35 min for the elution of peptides. Analytical HPLC analyses 
were performed on Beckman 116 liquid chromatograph equipped with a 
Beckman 166 diode array detector. Analytical purity of the peptides was 
assessed using a Zorbax C18 column (4.6 × 150 mm, 3 μm particle size) 
with the above solvent system (solvents A and B) programmed at a Jow 
rate of 0.7 mL/min using a linear gradient from 0 % to 100 % B over 30 
min. All analogues showed ≥95 % purity when monitored at 220 nm. 
Molecular weight of �nal compounds was determined by a mass spec
trometer ESI Micromass ZMD-2000.

4.3. Potentiometry

Stability constants for proton and metal complexes were obtained 
from pH-metric titration curves registered at T = 298 K and ionic 
strength 0.1 M (KCl). The potentiometric apparatus was previously 
described [37]. High purity grade nitrogen was saturated with water 
vapors by prior passing through a solution of the same composition as 
the samples (I = 0.1 M KCl) to avoid concentration changes of the 
titrated solution due to water addition/removal, then the gas was gently 
blown over the test solution in order to maintain an inert atmosphere. 
Solutions of peptides ([L]tot = 5⸱10−4 M) and metal complexes ([L]tot =
5⸱10−4 M and M:L molar ratio 0.8:1) were titrated with standardized 0.1 
M carbonate-free KOH. At least three titrations were performed for each 
peptide and its metal complex. The pH range considered for titrations 
and data treatment is from 2.5 to 10.5 to avoid acid and alkaline elec
trode errors. The electrode was daily calibrated for hydrogen ion con
centration by titrating HCl with the standard base solution, under the 
same experimental conditions as above. The asymmetry potential and 
the slope of the electrode couple were computed by means of SUPER
QUAD [67] and GLEE [68] programs. The purities and exact concen
trations of the ligand solutions were determined by the Gran method 
[69]. The HYPERQUAD [70] program was employed for the overall 
formation constant (β) calculations, referred to the following equilib
rium equation: pM + qL + rH ⇆ MpLqHr (charges omitted; p is 0 in the 
case of ligan protonation; r can be negative). The computed standard 
deviations (referring to random errors only) were given by the program 
itself and are shown in parentheses as uncertainties on the last signi�
cant �gure. Hydrolysis constants for metal ions were taken from the 
literature [71,72]. The distribution and competition diagrams were 
computed using HYSS program [73].

4.4. Mass Spectrometry

High-resolution mass spectra were obtained on the Bruker ESI-Q TOF 
spectrometer (Bruker Daltonics, Germany). The instrumental parame
ters were as follows: positive ion mode, scan range m/z 45–3000, dry gas 
nitrogen, temperature 180 ◦C and ion energy 5 eV. The capillary voltage 
was optimized to the highest S/N ratio and it was 3500 V. The sample 
([L]tot = 0.2 mM and M:L molar ratio = 0.8:1) were prepared in a 1:1 
methanol-water mixture at pH 7.4. The variation of the solvent 
composition down to 5 % of methanol did not change the species 
composition. The instrument was externally calibrated with the Low 
Concentration Tuning Mix ESI-TOF (Agilent Technologies (SD ≤ 1 ppm) 
and sodium formate clusters (SD ≤ 1 ppm)). Data were processed using 
the Bruker Compass DataAnalysis 4.2 program. The mass accuracy for 
the calibration was better than 5 ppm, enabling together with the true 
isotopic pattern an unambiguous con�rmation of the elemental 

composition of the obtained complex.

4.5. Spectroscopic measurements

The absorption spectra of Cu2+ containing solutions were recorded 
on a Varian Cary50 Probe spectrophotometer, in the range 350–850 nm, 
using a quartz cuvette with an optical path of 1 cm. Circular dichroism 
(CD) spectra were recorded on a Jasco J-1500 spectrophotometer in the 
180–800 nm range, using a quartz cuvette with an optical path of 1 cm in 
the UV–visible, and 0.01 cm in the 180–250 nm range. To describe the 
species present in solution, the observed spectroscopic parameters at a 
given pH were compared with the expected values obtained from liter
ature [32,74,75]. The pH values where each species is predominant in 
solution were chosen for spectroscopic analysis. By means of the pa
rameters of the average environment (Billo’s method) [74] the wave
lengths of maximum absorption (λmax) are attributed to the presence of 
characteristic donor groups.

4.6. NMR measurements
1H NMR spectra were collected on a Bruker AVANCE Neo 500 MHz 

spectrometer at T = 298 K. The temperature was controlled with an 
accuracy of ±0.1 K. All the samples were prepared in D2O (99.95 % from 
Merck). Proton resonance assignment was accomplished by 2D 1H–1H 
total correlation spectroscopy (TOCSY) experiment, carried out with 
standard pulse sequences. Samples of analyzed zinc complexes (metal: 
ligand in a 0.8:1 stoichiometry, [ligand]tot = 1.0 mM) were prepared by 
adding the metal ion to the solution of the ligand, and the pH was then 
adjusted to 7.4 by adding proper amount of NaOD (40 wt% in D2O from 
Merck). Spectral processing and analysis was performed using Bruker 
TOPSPIN 4.4.1 and MestRe Nova software [76]. Spectra were referenced 
to the residual HDO peak [77].

4.7. Peptide stability in human plasma

The persistence of A7R, A8R and A7H peptides in human plasma has 
been studied in vitro by means of the following procedure [78]. Each 
peptide (C = 1⸱10−4 M) was incubated in a sample containing 1 mL of 
human plasma (obtained as a pool of 40 individuals from the University 
Hospital of Ferrara) and 1 mL of ammonium acetate buffer (pH 7.4) at 
37 ◦C. L-phenylalaninol was added as internal standard. At regular time 
intervals, 200 μL aliquots were taken and enzymatic reactions were 
blocked by adding 300 μL of HClO4 0.5 M. The sample was then 
centrifuged for 6 min at 14000 xg. The supernatant was then �ltered and 
analyzed by HPLC. The analytical column was an Agilent Poroshell 120 
SB-C18 (4.6 × 100 mm, 2.7 μm, pore size 120 Å). Flow rate = 0.5 mL/ 
min, mobile phase H2O:acetonitrile = 83:17 + 0.1 % v/v TFA, isocratic 
elution, temperature 25 ◦C, detection wavelength 214 nm. The reported 
results are the mean of three independent measurements.

4.8. Microbial strains

The potential antimicrobial activity of A7R, A8R and A7H de
rivatives of calcitermin was investigated by using the yeast Candida 
albicans (ATCC 10231), the Gram-positive bacterium Enterococcus fae
calis (ATCC 51299), and the Gram-negative bacterium Escherichia coli 
(ATCC 25922) (all from American Type Culture Collection, ATCC, 
Thermo Scienti�c, Milan, Italy). All microbes were grown at 37 ◦C in 
Tryptic Soy Broth (TSB; Biolife, Milan, Italy) and seeded in Tryptic Soy 
Agar plates (TSA, Biolife, Milan, Italy). For antimicrobial tests, all strains 
were expanded in TSB at 37 ◦C under mild agitation for 12 h and then 
sub-cultured by 1:10 dilution in TSB under the same conditions until 
reaching OD600nm = 0.3–0.4, as judged by spectrophotometric reading 
using a GENESYS 10S UV–Vis spectrophotometer (Thermo Scienti�c, 
Milan, Italy). This OD corresponded to 0.9–1.2 × 107 colony forming 
units (CFU) per mL, 1.5–2 × 108 CFU/mL and 2.4–3.2 × 108 CFU/mL, 
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for C. albicans, E. faecalis and E. coli respectively.

4.9. Antimicrobial assays

Microbial subcultures reaching OD600nm = 0.3–0.4 were centrifuged 
at 3,200 xg for 10 min washed with PBS pH 5.4, and �nally suspended in 
10 mL of PBS pH 5.4, to obtain a �nal concentration correspondent to 
104 CFU/mL. Aliquots of 100 μL (corresponding to 103 CFU) were 
seeded in each well of a 96-wells plate, then 3 μL of TSB at pH 5.4 were 
added to each well to obtain a �nal 1.5 % TSB concentration in the 
culture medium. Peptides were tested at a �nal concentration C = 0.128, 
0.064, 0.032 mg/mL, in the presence or absence of ZnCl2 or CuCl2, at a 
M:L molar ratio 0.9:1. To this purpose, peptides were serially diluted in 
PBS pH 5.4 to obtain a concentration corresponding to 0.257, 0.128, and 
0.064 mg/mL, then ZnCl2 or CuCl2 solutions were added where 
requested. 100 μL of peptide ± ZnCl2/CuCl2 solution were then added to 
each well, obtaining the �nal 0.128, 0.064 and 0.032 mg/mL peptide 
concentrations in a total 0.2 mL volume. PBS alone and PBS + ZnCl2/ 
CuCl2 solutions were included as controls. The plates were incubated at 
37 ◦C on a platform rocker with slow stirring for 3 and 24 h. At the end of 
the incubation times, 100 μL aliquots were taken from each sample, 
appropriately diluted in PBS pH 5.4 and seeded on TSA plates. Specif
ically, C. albicans, E. coli, and E. faecalis aliquots were diluted 1:10 at 3 h, 
and 1:200, 1:1,000,000 and 1:10 at 24 h, respectively. After a further 
incubation for 24 h at 37 ◦C, CFUs grown on TSA plates were enumer
ated. Samples were assayed in triplicate in two independent 
experiments.

4.10. Statistics

Student’s t-test was used for the statistical analysis of assays’ results; 
a p value ≤0.05 was considered signi�cant.
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A B S T R A C T

In this work we presented how the use of suitable electroanalytical, thermodynamic and spectroscopic methods 
combined with proper experimental conditions can provide comprehensive information on the interaction be
tween metal ions and peptides in solution, as a successful strategy for studying biological systems. Our candidate 
peptide is calcitermin, an effective metal chelator with signi1cant anti-Candida and antibacterial activity in the 
presence of divalent metals. While the bioinorganic chemistry of calcitermin with zinc and copper is quite well 
described in the literature, no data about nickel complexes are available; we therefore deepened calcitermin 
ability to form nickel complexes by different analytical techniques, including potentiometry, ultraviolet–visible 
absorption spectrophotometry, circular dichroism and high-resolution mass spectrometry. Moreover, for the 1rst 
time we have investigated the antiviral activity of calcitermin and its metal complexes towards Herpes simplex 
type 1. Despite the nickel-associated slow kinetics, which requires speci1c experimental precautions, calcitermin 
forms stable complexes with this cation at different pH conditions. Both the apopeptide and its metal complexes 
show a random coil secondary structure, which is often characteristic of viral cellular adhesion inhibition. This 
research highlights that calcitermin and its metal complexes can interfere with viral infections, particularly HSV- 
1, most likely by altering cell membrane permeability.

1. Introduction

When thinking about antimicrobial peptides and their mechanism of 
action, one is suddenly aware of the complexity of the investigation, due 
to the many factors affecting the biological environment where a peptide 
operates. If we consider metal-binding peptides, the complexity signif
icantly increases, since one must consider the interactions between the 
peptide and the metal ion, but also the interference of other metal- 
chelators and competing metal ions. All this translates into the need 
for simpli1cations to study the mechanisms of metal interaction in detail 
and enlighten the underlying bioactivity.

To fully understand the system, various conditions must be consid
ered during experimental investigations to gather information on spe
cies distribution, ligand coordination modes, and stoichiometry and 

geometry of the formed complexes in solution. In this work we aim at 
tackling the complexity of metal-peptide interactions, presenting a 
multi-technique approach that covers the most widely used thermody
namic and spectroscopic methods for investigating the interaction be
tween metal ions and peptides in solution. A further effort is dedicated to 
the methodological study of the bioactivity of such systems, with a 
particular focus on the antiviral properties.

Indeed, antimicrobial peptides (AMPs), which lie between small 
molecules and biologic drugs, hold promise as a source for new, clini
cally relevant antiviral therapeutics. Traditionally recognized for their 
antibacterial and/or antifungal properties, many AMPs are now also 
known to possess antiviral activity. These peptides typically consist of 
short sequences of amino acids (from 10 to 100), with cationic and 
amphipathic properties. They exhibit antiviral activities by targeting 
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various stages of the viral life cycle, for example by disrupting the 
membranes of enveloped viruses, blocking cellular penetration or 
intracellular traf1cking, limiting viral transcription and translation, 
and/or preventing the budding of mature viral particles. Unlike tradi
tional antiviral drugs, which often face challenges such as drug resis
tance and limited ef1cacy against emerging viral strains, AMPs offer a 
versatile and adaptable approach to antiviral therapy [1,2]. The multi
faceted mechanism of action of AMPs not only enhances their antiviral 
ef1cacy but also reduces the likelihood of resistance development. 
Recent advances in peptide engineering and high-throughput screening 
techniques have accelerated the discovery and optimization of AMPs, 
leading to the identi1cation of numerous candidates with 
broad-spectrum antiviral activities.

Moreover, analogously to antibacterial and antifungal peptides, the 
antiviral power can be enhanced or modulated by metal ions and for
mation of metal-complexes [3–5]. Metal ions are crucial components of 
life, playing important roles in various biological functions. They serve 
as essential cofactors for many enzymes and help regulate electrolyte 
balance, electron transfer, and oxygen transport. Additionally, they are 
involved in modulating the immune system and defending against 
pathogens. The diverse properties of metals, including their coordina
tion numbers, geometries, redox states, reactivity, and thermodynamic 
behaviour, underline their signi1cant role in medicine and their wide
spread use in the treatment and diagnosis of numerous diseases. In 
literature, many examples of metal complexes with antiviral activity can 
be found [5–13].

Calcitermin is a 15-mer AMP that has been isolated from the human 
airways [14]. Recently, it has been investigated in combination with 
metal ions to verify the ability to form stable metal complexes and how 
this can affect the antibacterial and anti-Candida activity. Interestingly, 
the presence of copper and zinc enhances the bioactivity of the peptide 
[15–18]. Here, we decided to extend the knowledge on calcitermin 
metal chelating ability, studying the coordination of nickel(II) ion. 
Indeed, the histidine residues in position 9, 10 and 11, and the amino- 
and carboxyl-ends of the peptide can function as binding sites not only 
for divalent zinc and copper ions but also for nickel [19–23]. The 
importance of nickel in bioinorganic chemistry has surged since the 
discovery of the nickel enzyme urease [24,25]. Subsequently, numerous 
nickel complexes have been identi1ed with a wide range of activity 
against pathogens. This is likely due to their ability to penetrate mi
crobial cells and inHuence enzyme activity [26]. Nickel is often recog
nized for its toxic potential, causing adverse effects like changes in 
metabolism, inHammation, oxidative stress, cell proliferation, and cell 
death. These effects are typically due to nickel non-speci1c interaction 
with metal-binding macromolecules and to the production of reactive 
compounds like radical oxygen species. It can also alter gene expression, 
mimicking oxygen deprivation and triggering immune responses. 
However, despite its toxicity, nickel is essential for various organisms 
(plants, bacteria, archaea, and unicellular eukaryotes). While not found 
in higher animals, it is considered a “possibly essential element” for 
humans for at least 50 years [27], potentially due to its role in mammal 
microbiota [26]. Moreover, the antimicrobial and antiviral role of nickel 
complexes is well documented in literature [6,7,28–32].

The investigation of the formation of Ni(II) complexes with calci
termin has been obtained through various techniques, including 
potentiometry, UV–Vis absorption spectrophotometry, circular dichro
ism (CD) and mass spectrometry (MS). Once the Ni(II) coordination 
behaviour has been unravelled, similarly to what has already been done 
for Zn(II) and Cu(II) [15,16], we aimed at testing the antiviral properties 
of calcitermin and its Cu(II), Zn(II) and Ni(II) complexes, since all these 
metal ions may inHuence the microbicidal properties of the peptide. In 
literature only data about antibacterial (against both Gram-positive and 
Gram-negative) and antifungal (against C. albicans) properties of calci
termin are available [14–18], but no information on its virucidal activity 
is known by far. In this regard, the viral model selected for this study is 
Herpes simplex type I (HSV1), one of the most common viruses 

responsible for a variety of clinical manifestations. HSV1 infection, 
mainly transmitted by oral contact, is characterized by the formation of 
epidermal lesions inside and around the mouth as well as in the nose or 
in other body zones, such as the 1ngers, with frequent recurrences [33,
34]. HSV1 is a pathogen that establishes a latency in the sensory ganglia 
giving rise to periodic reactivation whose consequences, when not 
asymptomatic, range from cold sores to blindness, meningitis or en
cephalitis; HSV1 infections can range from mild to severe, depending on 
the area affected and the host’s immune response [35]. It is an oppor
tunistic pathogen that, despite the availability of antiviral therapies, 
continues to pose a signi1cant public health challenge. A major reason 
for its persistence is the development of mechanisms of resistance to 
antiviral agents. The development of antiviral resistance has important 
clinical implications, in fact, resistant HSV infections can become 
chronic, causing increased morbidity and mortality, increased trans
missibility – individuals infected with resistant strains can more easily 
transmit the infection to others – and treatment dif1culties, since 
resistant HSV infections are more dif1cult to treat, requiring combina
tion therapies or new drugs [36]. In this study the antiviral activity of 
calcitermin and its metal complexes were therefore evaluated and their 
inhibitive capacity on the plaque formation of HSV-1 in cultured cells 
was studied.

2. Materials and methods

2.1. Materials

Wild-type calcitermin (VAIALKAAHYHTHKE, WT) was purchased 
from KareBay Biochem (USA) with a certi1ed purity of 98 % and it was 
used as received. NiCl2, ZnCl2 and CuCl2 were extra pure products 
(Sigma-Aldrich); the concentrations of their stock solutions were stan
dardized by EDTA titration. The carbonate-free stock solutions of 0.1 M 
KOH were prepared by diluting concentrated KOH (Sigma-Aldrich) and 
then potentiometrically standardized with potassium hydrogen phtha
late (99.9 % purity), as primary standard. All sample solutions were 
prepared with fresh Milli-Q® water. The HCl stock solutions was pre
pared by diluting concentrated high purity, HCl and then standardized 
with standard KOH. The ionic strength was adjusted to 0.1 M by adding 
KCl (Sigma-Aldrich). Sample solutions of metal-peptide complexes were 
prepared with metal:ligand ratio 0.8:1. Grade A glassware was 
employed throughout.

2.2. Potentiometry

Stability constants for proton and metal complexes were obtained 
from pH-metric titration curves recorded at T = 298 K and ionic strength 
0.1 M (KCl). The potentiometric apparatus was previously described 
[37]. Solutions of the ligand ([L]tot = 5 × 10−4 M) and metal complexes 
([L]tot = 5 × 10−4 M and metal:ligand molar ratio 0.8:1) were titrated 
with 0.1 M carbonate-free KOH. The electrode was daily calibrated for 
hydrogen ion concentration by titrating HCl with the standard base 
solution, under the same experimental conditions as above. The asym
metry potential and the slope of the electrode couple were computed by 
means of SUPERQUAD [38] and Glee [39] programs. The purities and 
exact concentrations of the ligand solutions were determined by the 
Gran method [40]. The HYPERQUAD [41] program was employed for 
the overall formation constant (β) calculations, referred to the following 
equilibrium equation: pM + qL + rH ⇆ MpLqHr (charges omitted; p is 
0 in the case of ligand protonation; r can be negative). The computed 
standard deviations (referring to random errors only) were given by the 
program itself and are shown in parentheses as uncertainties on the last 
signi1cant 1gure. Hydrolysis constants for metal ion were taken from 
the literature [42,43]. The distribution and competition diagrams were 
computed using the HYSS program [44]. Competition diagrams repre
sent simulations of solutions containing the selected ligand(s) and metal 
ion(s) and are based on the binary speciation models, admitting that all 
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the components compete to form the respective binary complexes 
without mixed species formation [45,46].

2.3. Mass spectrometry

High-resolution mass spectra were obtained on the ESI-Q-TOF Maxis 
Impact (Bruker Daltonics) spectrometer. The instrumental parameters 
were set as follows: positive or negative ion mode, scan range m/z 
150–2000, dry nitrogen gas, temperature 200 ◦C, capillary voltage of 
3500 V and ion energy 5 eV. The samples ([L]tot = 1 × 10−4 M and 
metal:ligand molar ratio = 0.8:1) were prepared in a 1:1 methanol-water 
mixture at pH about 7.4. The samples were infused at a How rate of 3 μl/ 
min. The instrument was calibrated externally with the Low Concen
tration Tuning Mix ESI-TOF (Agilent Technologies (SD ≤ 1 ppm) and 
sodium formate clusters (SD ≤ 1 ppm)). Data were processed using the 
Bruker Compass DataAnalysis 4.2 program. The mass accuracy for the 
calibration was <5 ppm, enabling together with the true isotopic pattern 
an unambiguous con1rmation of the elemental composition of the ob
tained complex.

2.4. Spectroscopic measurements

The absorption spectra of Ni(II) containing solutions were recorded 
on a Varian Cary300 Bio spectrophotometer, in the range 250–800 nm, 
using a quartz cuvette with an optical path of 1 cm. Circular dichroism 
(CD) spectra were recorded on a Jasco J-1500 spectropolarimeter in the 
200–800 nm range, using a quartz cuvette with an optical path of 1 cm in 
the UV–visible, and 0.01 cm in the 180–250 nm range. To describe the 
species, present in solution, the observed spectroscopic parameters at a 
given pH were compared with the expected values obtained from liter
ature [20,47,48]. The pH values where each species is predominant in 
solution were chosen for spectroscopic analysis and the wavelengths of 
maximum absorption (λmax) were attributed to the presence of charac
teristic donor groups and coordination geometries.

2.5. Cytotoxicity

Cell viability was assessed using a neutral red uptake assay. Vero 
cells were seeded in triplicate at a density of 20 × 103 cells/well in 100 
μL of DMEM high glucose medium supplemented with 10 % FCS. The 
following day, cells were treated with various concentrations (50-10-1 
μM) of NiCl2, ZnCl2, CuCl2, or calcitermin (WT), either alone or in 
combination. After a 24-h incubation period, the medium was removed, 
and cells were gently washed with phosphate-buffered saline (PBS). 
Subsequently, 250 μL of neutral red (NR) dye solution (25 μg/mL NR 
concentration) was added to each well, and the plates were incubated at 
37 ± 1 ◦C, 90 ± 5 % humidity, and 5.0 ± 1 % CO2/air for 3 h. The NR 
medium was then removed, cells were rinsed with PBS, and 150 μL of a 
desorbing solution (50 % bi-distilled water, 49 % ethanol, 1 % acetic 
acid) was added to each well. The plates were shaken for 45 min to 
extract the NR dye from the cells, forming a homogeneous solution. The 
absorbance was measured at 540 nm using a spectrophotometric 
microplate reader (within 60 min of adding the desorbing solution) 
[49].

2.6. Cell culture

Vero cells (African green monkey kidney, ATCC-LGC Standards S.r.l., 
Milan, Italy) were maintained in Eagle’s Minimum Essential Medium 
(DMEM) supplemented with 5 % fetal bovine serum (FBS), 100 μg/mL 
penicillin, and 100 μg/mL streptomycin. Cells were incubated at 37 ◦C in 
a humidi1ed atmosphere containing 5 % CO2. For plaque assays, cells 
were seeded at a density of 5 × 105 cells/well in six-well plates 24 h 
prior to infection.

2.7. Herpes virus stock Generation

Vero cells (2 × 10⁷ cells) were seeded into 175 cm2 tissue culture 
Hasks containing 10–20 mL of medium and incubated overnight at 37 ◦C 
in a humidi1ed 95 % air–5% CO₂ incubator. The following day, the cells 
were infected with the herpes simplex virus strain KOS at a multiplicity 
of infection (MOI) of 0.01. Viral adsorption was performed for 1 h at 
37 ◦C, with gentle mechanical agitation every 15 min to promote ef1
cient virus-cell contact. After the adsorption period, the virus inoculum 
was aspirated, and fresh culture medium was added to each Hask, 
bringing the 1nal volume to 10–20 mL. The infected cells were further 
incubated at 37 ◦C in a humidi1ed 95 % air–5% CO₂ atmosphere for 
36–48 h, or until a complete cytopathic effect (CPE) was observed. After 
the CPE was reached, the cells and supernatant were harvested. The cell 
debris was removed by low-speed centrifugation, and the supernatant 
was subsequently centrifuged at 20,000 rpm for 30 min to pellet the 
virus. The resulting pellet was resuspended in 1 mL of culture medium, 
aliquoted, and stored at −80 ◦C until further use [49].

2.8. Titration of virus by plaque assay

To determine the viral titer, a plaque assay was performed on Vero 
cells. One day prior to the assay, 6-well plates were seeded with 0.5 ×
106 Vero cells per well. A series of ten-fold dilutions (10−2 to 10−10) of 
the viral stock was prepared in 1 mL of serum-free cell culture medium. 
Each dilution was added to a well containing Vero cells and incubated 
for 1 h at 37 ◦C to allow for viral adsorption. After incubation, the viral 
inoculum was removed, and the cells were overlaid with 3 mL of 1 % 
methylcellulose. The plates were incubated for 3–4 days until well- 
de1ned plaques formed. The methylcellulose overlay was removed, 
and the cells were stained with 2 mL of crystal violet solution for 10–20 
min. The number of plaques in each well was counted, and the average 
plaque count for each dilution (n = 3) was multiplied by 10 to the power 
of the dilution to calculate the plaque-forming units per milliliter (PFU/ 
mL) [49].

2.9. Infection treatment

Vero cells were treated with 10 μM of NiCl2, ZnCl2, CuCl2 or WT, 
either alone or in combination, and simultaneously infected with the 
HSV-1 KOS strain 1 × 105 PFU/mL for 1 h. After 1 h at 35 ◦C, the viral 
inoculum was removed, and the cells were washed. The methylcellulose 
medium (1 %) was added. The number of plaques was determined as 
previously described [50,51], and the percentage of viral inhibition was 
calculated by comparison with viral control.

2.10. Post-infection treatment

Vero cell monolayers were infected with 1 × 105 PFU/mL concen
trations of the HSV-1 KOS strain for 1 h at 35 ◦C. After the adsorption 
time, the viral inoculum was removed and 10 μM of NiCl2, ZnCl2, CuCl2 
or WT, either alone or in combination, were added for 1 h at 35 ◦C. The 
formulations were removed, and 1 % methylcellulose medium was 
added. The number of plaques was determined as previously described, 
and the percentage of viral inhibition was calculated by comparison 
with viral control [51].

2.11. Statistical analysis

All experiments were repeat three times. For all data analysis, 
GraphPad Prism 9 software (GraphPad Software Inc., San Diego, CA, 
USA) was used. ANOVA one-way nonparametric test- Kruskal-Wallis test 
provides a * p-values <0.05 considered statistically signi1cant.
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3. Results and discussion

3.1. Formation of Ni(II) complexes

Wild-type calcitermin (WT) has been previously investigated by our 
research group in aqueous solutions and ionic medium NaClO4 [16] and 
KCl [15]. For the sake of comparison, in the present work, potentio
metric studies of Ni(II)/WT complexes have been performed in ionic 
medium KCl. Potentiometric titrations of the ligand WT have been 
performed in order to control the ligand purity and con1rm the previ
ously determined protonation constants. The obtained experimental 
results show a very good agreement with literature data of WT pro
tonation equilibria [15], with negligible differences between this work 
and literature results (ΔlogK < 0.2, Table S1).

The equilibrium constants referring to Ni(II)/WT complex formation 
are reported in Table 1, and the corresponding species distribution di
agram is shown in Fig. 1. Spectroscopic data are summarised in Table 2
and UV–Vis and CD spectra are depicted in Figs. 2 and 3. The speciation 
model obtained by potentiometric titrations is supported by MS results 
and it describes the formation in solution of 1:1 metal:ligand complexes 
under the employed experimental conditions. Long waiting times be
tween each titrant addition were guaranteed (up to 15–20 min per 
point), due to slow kinetics of the Ni(II) complex formation [52,53]. No 
precipitation was observed in the explored pH range. High resolution 
mass spectra revealed the formation of mononuclear Ni(II) complexes 
under the employed experimental conditions (Fig. S1). Signals corre
sponding to various sodium and potassium adducts, together with the 
differently protonated free ligand and metal complexes have been 
detected. The most intense signals (m/z = 563.65, z = +3 and m/z =
844.96, z = +2) correspond to the free peptide, con1rming its purity. 
Signals from the complex (m/z = 872.92, z = +2 and m/z = 582.29, z =
+3) correspond to the species [NiH4L]3+ and [NiH3L]2+, which are also 
the major species in solution at the same pH condition (pH 7.4, Fig. 1). 
No poly-nuclear complexes or bis-complexes have been identi1ed.

The potentiometric results show that the formation of Ni(II) com
plexes with WT starts at pH 4.5. The formed complex, [NiH5L]4+, is 
likely characterized by a (2NIm) coordination, where two histidine res
idues should be already bound to the metal ion. Indeed, according to the 
stoichiometry, the ligand has already lost four acidic protons from its 
fully protonated form, and they correspond to its most acidic residues, i. 
e. the terminal carboxyl group, the glutamic acid and two histidine 
residues. Under such acidic condition, histidines do not spontaneously 
deprotonate, therefore the release of their acidic proton must be fav
oured by the metal coordination. It is also reasonable to consider the 
metal interaction with the carboxyl groups of Glu residue, enabling the 
interconversion among different coordination modes in an octahedral 
environment. The remaining coordination positions are saturated with 
water molecules. The speciation diagram plotted in Fig. 1 shows that the 
percentage of formation in solution of [NiH5L]4+ remains rather low 
(≈30 %) since this complex is quickly substituted by the [NiH4L]3+

species, that is by far the most abundant complex in solution from pH 6 
until pH 7. The associated deprotonation step has a pKa value of 6.0, 

attributable to the deprotonation and binding of a third imidazole 
group. For [NiH5L]4+ and [NiH4L]3+ a distorted octahedral coordination 
is likely conceivable due to the very low intensity of Vis absorption 
bands and the lack of signi1cative CD signals until pH 8.0 (Table 2). This 

Table 1 
Overall and step formation constants for Ni(II)/WT complex formation at T =
298 K and I = 0.1 M (KCl). Values in parentheses are standard deviations on the 
last signi1cant digit.

Species logβ logK
[NiH5L]4+ 49.5(1) 6.0
[NiH4L]3+ 43.51(6) 7.14
[NiH3L]2+ 36.37(9) 8.2
[NiH2L]+ 28.1(1) 8.9
[NiHL] 19.2(1) 9.2
[NiL]– 10.0(1) 9.7
[NiH-1L]2– 0.3(1) –

[NiH-3L]4–
−20.6(1) –

Fig. 1. Representative species distribution diagram of Ni(II)/WT; CL = 0.5 ×
10−3 M and Ni:L = 0.8:1.

Table 2 
Spectroscopic data for Ni(II) complexes with ligand WT, at T = 298 K and I = 0.1 
M (KCl). CL = 0.5 × 10−3 M and Ni:L = 0.8:1.

Species pH Vis absorption CD
λ (nm) ε (M−1cm−1) λ (nm) Θ (mdeg)

– 3.5–5 390 24 240 −0.92
[NiH5L]4+ 5.5 385 

634
28 

11
240 −0.92

​ 6.0 380 
634

38 
14

240 −0.92

[NiH4L]3+ 6.5 377 
634

40 
16

240 −0.92

[NiH4L]3+ 7.0 377 
634

38 
16

240 −0.92

​ 7.5 378 
607

45 
18

240 −0.92

[NiH3L]2+ 8.0 480 
615

25 
20

252 +0.77

[NiH2L]+ 8.5 465 
615

50 
20

252 
290 
431 
510

+2.28 
−0.45 
+0.27 
+0.48

[NiHL] 9.0 465 81 257 
290 
431 
510

+2.51 
−1.01 
+0.50 
+0.89

[NiL]– 9.5 461 105 261 
294 
431 
510

+1.70 
−1.26 
+0.40 
+0.98

[NiH-1L]2– 10.0 457 110 261 
294 
431 
513

+1.33 
−1.26 
+0.22 
+0.84

[NiH-3L]4– 10.5 445 120 265 
294 
463 
520

+1.05 
−1.03 
−0.16 
+0.67

[NiH-3L]4– 11.0 445 127 267 
294 
446 
520

+1.11 
−0.55 
−0.37 
+0.54
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is consistent with previously studied Ni(II) complexes with His- 
containing peptides [19,54–58].

A further deprotonation step with pKa = 7.14 leads to the [NiH3L]2+

species. In this case, the acidic proton is likely released by the terminal 
amino group. In these conditions, a mixture of coordination isomers 
should exist in solution and the terminal amine can also partially 
interact with Ni(II) and substitute a coordinated water molecule in the 
octahedral environment [20,59]. The formed [NiH3L]2+ complex pro
gressively evolves to the classical yellow, square planar, low spin com
plex at alkaline pH, due to the coordination of deprotonated amide 
nitrogens of the backbone. This hypothesis is corroborated by the ob
tained equilibrium constants for the formation of [NiH2L]+ and [NiHL] 
(pKa = 8.2 and 8.9, respectively), and it is con1rmed by the experi
mental Vis absorption spectra in the pH range 8.5–11.0 (λmax = 465–445 
nm). Therefore, two backbone amides substitute the oxygen donor 
groups in the equatorial plane of Ni(II), giving a coordination mode 
which is likely (2NIm, 2N−) for [NiHL]. Increasing the pH value, the 
species [NiL]– is formed (pKa = 9.2) and a slight hypsochromic shift 
(≈15–20 nm) from 465 nm to 445 nm of the maximum absorption is 

observed. The interaction of a third backbone amide can be then sug
gested, giving the coordination mode (NIm, 3N−). The CD spectra 
con1rm this hypothesis with a band near 250 nm corresponding to the 
N− → Ni(II) transition [60–63]. Finally, the release of further protons at 
the most alkaline pH values, to form the species [NiH-1L]2– (pKa = 9.7) 
and [NiH-3L]4–, can be ascribed to the mere deprotonation of tyrosine 
and lysines residues, without any interaction with the metal ion. A 
similar behaviour has been also observed for the formation of Zn(II) and 
Cu(II) complexes of WT and its derivatives [15,16,18].

3.2. Near-UV CD Structural characterization

Secondary structure and hydrophobicity of the peptide play a sig
ni1cant role in determining its antiviral ef1cacy and speci1city for 
targeting virulence factors (e.g. viral envelope, viral replication, viral 
cellular entry, etc.) [64]. The formation of metal complexes may affect 
both the secondary structure and the hydrophilic character of the ligand. 
The former aspect has been deepened by the circular dichroism tech
nique. The obtained near-UV CD spectra for WT at three different pH 
values are very similar to the spectra obtained in the presence of Ni(II) 
ions, in water solution (Fig. 4). This behavior has been also observed for 
other calcitermin metal complexes and strongly suggests that the 3D 
arrangement of the apo-peptide is retained upon metal coordination. No 
speci1c conformations have been detected, and the random coil struc
ture (typical negative CD band at 198 nm) [65,66] is predominant. Most 
of anti-HSV peptides acting by inhibiting the virus adhesion and cellular 
entry show higher content of random coil secondary structure [64].

3.3. Comparison of metal binding ability

Once the thermodynamic constants of complex formation equilibria 
are known, it is possible to compare the metal-binding af1nity of WT for 
Ni(II) (studied in this work), Zn(II) and Cu(II), under the same condi
tions of temperature and ionic strength [15]. The competition diagrams 
in Fig. 5 show that the complexes formed with Cu(II) are always more 
stable than those formed with Zn(II) and Ni(II) throughout the explored 
pH range. The WT ability to bind Zn(II) and Ni(II) is instead comparable. 
These results are in perfect agreement with the Irving-Williams series 
that, on the basis of the metal ion electronic con1guration, predicts a 
higher binding af1nity for Cu(II) than Ni(II) and Zn(II) [67].

3.4. Citotoxicity Evaluation

Concentration and safety of NiCl2, ZnCl2, CuCl2 or calcitermin (WT), 
either alone or in combination, were determined on Vero cell lines. The 
cell viability was tested after a 24 h incubation period with the neutral 
red assay. The neutral red assay determines the accumulation of the 
neutral red dye in the lysosomes, viable cells can release the incorpo
rated dye under acidi1ed extracted conditions. The data in Fig. 6 show 
the viability of cells after treatment at different concentrations (50-10-1 
μM). The obtained results did not show alterations in viability. The 
range always remains above 60 %, considered as a threshold value.

3.5. In vitro antiviral activity

A plaque reduction assay was used to evaluate in vitro anti-HSV-1 
activities of NiCl2, ZnCl2, CuCl2 or calcitermin (WT), either alone or in 
combination. Different protocols were used in which the formulations 
were added during different stages of infection to determine the time 
and mode of action: (a) direct contact, in which the formulations and 
virus were in contact with the cells simultaneously; (b) pre-treatment, in 
which case the cells were pretreated with the formulations before to 
viral infection; and (c) post-infection, in which the addition of the for
mulations to the infected cells occurred after virus removal (Fig. 7). 
Percentual reduction was calculated compared with the amount of viral 
control in the absence of formulations. In the direct contact assay, no 

Fig. 2. Vis absorption spectra of Ni(II) complexes with WT at different pH 
values. CM = 0.4 × 10−3 M; Ni:L 0.8:1; optical path 1 cm.

Fig. 3. CD spectra of Ni(II) complexes with WT at different pH values. CM =
0.4 × 10−3 M; Ni:L 0.8:1; optical path 1 cm.
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reduction in plaque formation was observed compared to the untreated 
control with the formulations tested alone or in combination with WT 
(data not shown). Pre-treatment of cells with the formulations showed a 
reduction in the number of plaques. In fact, after 1 h of incubation at 
35 ◦C and subsequent titration on the cell monolayer, a reduction in viral 
growth was observed in treatments with the formulations alone, 32 % 
for CuCl2 and ZnCl2 to 45 % for NiCl2, 67 % in the WT. The formulations 

combined with WT showed a plaque reduction of 25 % for CuCl2WT, 30 
% for ZnCl2WT, and 50 % for NiCl2WT, suggesting that the metal- 
peptide combination may promote a slower and more prolonged ac
tion. In the treatment of cells with the formulations 1 h after infection, 
no reduction in plaques was observed for CuCl2 and ZnCl2 treatments; 
however, NiCl2 treatment resulted in 30 % reduction, and WT alone 
showed a 45 % reduction. The combination of the formulations with the 

Fig. 4. CD spectra of (A) WT calcitermin and (B) its Ni(II) complexes at T = 298 K, in aqueous solution; M:L ratio 0.8:1, CL = 0.1 × 10−3 M, optical path 0.01 cm.

Fig. 5. Competition plots for simulated solutions containing equimolar concentrations (1 mM) of (A) WT, Cu(II) [15], Zn(II) [15], and Ni(II); and (B) WT, Zn(II) [15], 
and Ni(II).

Fig. 6. Effects of formulations on the viability of Vero cell model. Treatment conducted using the formulations alone or in combination with calcitermin at different 
concentrations (50-10-1 μM). Cell viability was assessed by Neutral Red assay after 24h of treatment. Panel A shows the change in viability with CuCl2 alone or in 
combination, panel B shows viability after treatment with ZnCl2 alone or in combination and panel C is related to treatment with NiCl2 alone or in combination.
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WT resulted in a plaque reduction of 15 % for CuCl2WT, 25 % for 
ZnCl2WT, and 30 % for NiCl2WT. The WT-metal complexes do exhibit 
similar virucidal effects to the metal salts. However, the potential of 
these complexes as pharmaceutical agents lies beyond their direct 
virucidal activity. While the raw metal salts might possess signi1cant 
antimicrobial properties, their potential for pharmaceutical applications 
can be limited by factors such as toxicity, covalently binding to essential 
biomolecules, unde1ned absorption and distribution. Metal complexes 
can offer advantages like increased solubility, reduced toxicity, and 
targeted delivery, making them more suitable for therapeutic use [68]. 
These results suggest that the action of the formulations combined with 
WT may inHuence the virus absorption and penetration phases into the 
cells, particularly when the formulation is applied prior to viral infec
tion. It is well-known that metal complexes of nickel, copper, and zinc 
can interact with the lipids and proteins of the cell membranes [5,69]. 
This interaction can alter the structure and Huidity of the membrane, 
affecting and changing its permeability, which, in turn, may make it 
more dif1cult for the virus to penetrate the cell, thereby reducing the 
amount of virus that can infect the cells. The potential antioxidant 
properties of calcitermin, in particular when combined with copper and 
nickel (as already reported for histidine-containing antimicrobial pep
tides [13,70,71]), may also help reduce cellular damage and oxidative 
stress caused by the viral infection, improving cell health and their 
ability to withstand infection [72]. These characteristics may make 
calcitermin and its complexes promising as potential therapeutic agents, 
but the complexity of the mechanism of action requires further research 
to clarify these aspects.

4. Conclusions

This work represents an in-depth study of the metal coordination 
ability and antiviral properties of the antimicrobial peptide calcitermin. 
Its metal-binding site, consisting of three alternated histidines and the 
terminal amino and carboxyl groups, proved to be effective in coordi
nating not only divalent zinc and copper, but also nickel. The impor
tance of nickel in bioinorganic chemistry arises from the discovery of the 
nickel enzyme urease, and nowadays many examples of antimicrobial 
and antiviral Ni(II) complexes are known. The present work shows that 
calcitermin is able to form octahedral complexes with Ni(II) at acidic 
and neutral pH values, while the diamagnetic, square planar con1gu
ration is obtained at alkaline pH due to the backbone amides 

coordination. The stability of the formed species is comparable to that of 
Zn(II) complexes.

It is also worth noting that the secondary structure of the investi
gated systems (both apopeptide and metal/peptide complex) proved to 
be prevalently random coil, and it is not affected by the pH. Most pep
tides that interfere with virus cellular adhesion and entry are hydro
philic and often form random coils or possess an unstable secondary 
structure. Such Hexibility likely allows them to interact with multiple 
targets as required to exert this virucidal action. The formation of metal 
complexes usually causes changes in the molecule charge that may in
crease the hydrophilicity, even though the amphiphilic character of the 
ligand is maintained. Thus, the antiviral properties of calcitermin and its 
Zn(II), Cu(II) and Ni(II) complexes have been studied for the 1rst time. 
They have shown potential in the treatment of HSV-1 infections, 
although the mechanism of action is not fully understood; in fact, their 
effectiveness depends on the timing of application, either before or after 
viral infection. When associated with metal ions, calcitermin has 
demonstrated the ability to inHuence the permeability of cell mem
branes. By altering membrane permeability, calcitermin can also inHu
ence intracellular signaling, which can modulate the immune response, 
contributing to the regulation of inHammation, for example potentially 
leading to an increase in cytokine production and better activation of 
immune cells, creating a less favorable environment for the virus [73]. 
Higher ef1cacy of calcitermin and its complexes incorporated into smart 
gels have also been observed [17]; this, along with the presented results, 
encourages the study of calcitermin to develop novel antiviral agents 
with topical administration to treat viral HSV infections.
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Fig. 7. Virucidal effect of NiCl2, ZnCl2 and CuCl2 alone or in combination with calcitermin, against HSV-1 Kos strain 1 (1 × 105 pfu/ml). Vero cells were treated with 
the formulations before (A) and after infection (B). A signi1cant reduction was observed in the case of Vero cell treated before infection with WT alone or in 
combination with NiCl2. The values were obtained by comparing the results with the untreated control. Data represents the mean of three independent experiments. 
ANOVA one-way nonparametric test- Kruskal-Wallis test provides a * p-values <0.05.
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tetrahedral complexes: characterization, antimicrobial properties, theoretical 
studies and a new family of charge-transfer transitions, Spectrochim. Acta Mol. 
Biomol. Spectrosc. 106 (2013) 60–67.

[33] R.D. Everett, HSV-1 Biology and life cycle, in: R.J. Diefenbach, C. Fraefel (Eds.), 
Herpes Simplex Virus: Methods and Protocols, Springer New York, New York, NY, 
2014, pp. 1–17.

[34] J.B. Epstein, C. Scully, Herpes simplex virus in immunocompromised patients: 
Growing evidence of drug resistance, Oral Surg. Oral Med. Oral Pathol. 72 (1991) 
47–50.

[35] F. Nicoli, E. Gallerani, C. Skarlis, M. Sicurella, A. Cafaro, B. Ensoli, A. Caputo, P. 
C. Marconi, R. Gavioli, Systemic immunodominant CD8 responses with an effector- 
like phenotype are induced by intravaginal immunization with attenuated HSV 
vectors expressing HIV Tat and mediate protection against HSV infection, Vaccine 
34 (2016) 2216–2224.

[36] I. Roca, M. Akova, F. Baquero, J. Carlet, M. Cavaleri, S. Coenen, J. Cohen, 
D. Findlay, I. Gyssens, O.E. Heure, G. Kahlmeter, H. Kruse, R. Laxminarayan, 
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[47] E. Székely, G. Csire, B.D. Balogh, J.Z. Erdei, J.M. Király, J. Kocsi, J. Pinkóczy, 
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