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Abstract

:

The systematic studies of copper(II), nickel(II) and zinc(II) ion complexes of protected multihistidine peptides containing amino acids with different side chains (Ac-SarHAH-NH2, Ac-HADH-NH2, Ac-HDAH-NH2, Ac-HXHYH-NH2 X, Y = A, F, D or K, Ac-HXHAHXH-NH2, X = F or D) have provided information about the metal ion and protein interaction and have made it possible to draw conclusions regarding general trends in the coordination of metal complexes of multihistidine peptides. The stability of the metal complexes significantly depends on the position of the histidines and amino acids, which are present in the neighbourhood of the histidine amino acids as well. The most significant effect was observed on peptides containing aspartic acid or phenylalanine. The redox parameters of complexes, however, depend on the number and position of histidines, and the other side chain donor atoms have practically no effect on the electrochemical properties of imidazole-coordinated species. However, the presence of aspartic acid side chains results in a more distorted geometry of amide-coordinated species and increases the reducibility of these complexes.
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1. Introduction


The CuZnSOD enzyme isolated from bovine erythrocytes has been most intensively studied, and both the complete amino acid sequence [1] and the X-ray structure are known [2]. The structural analysis of the enzyme has proven that the copper(II) ion is coordinated through four histidine imidazole nitrogens, while the zinc(II) ion is bound through three histidine imidazole nitrogens and the carboxylate group of the aspartic acid. These two binding sites are connected by an imidazolato bridge [3,4].



Our research work focuses on mimicking the active site of the CuZnSOD enzyme. In order to model the active site of this enzyme, terminally protected peptides containing varying numbers of histidine in different positions were synthesized and studied. The general trends concerning the fine-tuning effect of the change in distance between histidine residues were studied for the tetra-, penta-, hexa- and heptapeptides containing 2–4 histidine residues, and these results were summarized in some previous papers [5,6,7,8,9,10,11,12,13] and reviews [14,15].



The N- and C-terminally protected multihistidine peptides may mimic the copper(II)-containing active site of the CuZnSOD enzyme, since the imidazole-coordinated [CuL] and [CuL2] complexes are structurally similar to the binding site. These complexes are formed at slightly acidic pH, but an increase in pH results in the deprotonation and coordination of peptide amide donor groups of the peptide backbone and [CuxLy], [CuxH−1Ly], [CuxH−2Ly], [CuxH−3Ly] (x = 1, 2, (3), y = 1, 2) exist in physiological and slightly basic solutions depending on the number of histidines in the ligand.



Numerous multihistidine peptides in which the histidines are separated by one, two or more amino acid were investigated, and the results were published in the aforementioned papers [5,6,7,8,9,10,11,12,13,14,15,16].



For peptides with the Ac-HXH-NH2 sequence, the two histidines are separated by one amino acid. Two and four imidazole-coordinated [CuL] and [CuL2] complexes are formed. In parallel with the increase in pH, the cooperative deprotonation and coordination of two amide nitrogens take place, and a [CuH−2L] species is formed, in which the [NIm,N−,N−,NIm] donor set binds the copper(II) ion, leading to the formation of (7,5,6) membered joined chelates [5].



The number of amino acids between histidines increases in the Ac-HXXH-NH2 ligands. The imidazole nitrogen of the C-terminal histidines behaves as an anchor group. Following the formation of stable imidazole-coordinated [CuL] and [CuL2] complexes the deprotonation of amide nitrogens takes place in separate steps, and [CuH−1L], [CuH−2L], [CuH−3L] are present in the alkali pH range. In these species, the ligand is bound to the copper(II) ion through [(N−)x,NIm] (x = 1, 2 or 3) donor groups, and the imidazole group of the N-terminal histidines may contribute to metal binding in the [CuH−1L], [CuH−2L] complexes [12,13].



In the Ac-HXHZH-NH2 peptides, one more histidine is built in the peptide chain. In slightly acidic mediums, the [CuL] complex is the major species with the formation of a macrochelate via three imidazole rings. The existence of these macrochelate rings suppresses but does not prevent the deprotonation of amide nitrogens. In the physiological pH range, the [CuH−2L] complex predominates, and the coordination mode is [NIm,N−,N−,NIm]. At a higher pH range, the [CuH−3L] complex is formed with coordination of three amide nitrogens and one imidazole nitrogen, resulting in [N−,N−,N−,NIm] coordination mode [8].



For the Ac-HXXHZH-NH2 and Ac-HGGGHGH-NH2 peptides, which also contain three histidines, the ligand coordinates the metal ion in the [CuL] complex via three imidazole nitrogens, and similarly to other multhistidine peptides, the [CuH−2L] and [CuH−3L] complexes are formed in parallel with the increase in pH [13].



In the case of all the aforementioned three-histidine-containing peptides, both the C-terminal and intermediate histidines can behave as anchor groups in the metal ion-induced deprotonation and coordination of peptide nitrogens that results in the formation of coordination isomers of [CuH−2L] and [CuH−3L] species. It was generally concluded that although the ratio of coordination isomers depends on the amino acid sequence of the peptides, the binding of metal ions in the [CuH−2L] complex of all peptides as well as in the [CuH−3L] complexes of the Ac-HXHZH-NH2 peptides is more preferred at the C-terminus, while in the [CuH−3L] complex of hexa- and hepta-peptides, the intermediate histidine is the more favourable binding site [8,13].



Due to the presence of more histidines in the molecules, polynuclear complexes are also formed in solutions containing an excess of copper(II) ions. The predominant dinuclear complex is [Cu2H−4L] in the pH range of 7–9, in which the C-terminal histidine binds one metal ion and the intermediate histidine the other with the [(NIm),N−,N−,NIm] coordination mode. At higher pH, the dinuclear [Cu2H−5L] complex was also detected with both [N−,N−,N−,NIm] and [N−, N−,NIm] coordination modes [8,13].



In this manuscript, we report the results obtained in the systematic studies of copper(II), nickel(II) and zinc(II) complexes of multihistidine oligopeptides containing aspartic acid, phenylalanyl and lysyl residues in the sequences. Our aim was the collection of equilibrium, spectroscopic and electrochemical data of multihistidine peptides containing different side chain donor groups and their comparison with those of previously studied multihistidine peptides. These data may provide an overview of the metal binding ability of the –HXH– and –HXZH– motifs, and the fine-tuning effect of the side chain carboxylate and phenylalanine group, which may contribute to a better understanding of the structure and selectivity of the enzymes with similar metal binding sites (e.g., CuZnSOD enzyme).




2. Materials and Methods


2.1. Materials


In the case of the investigated oligopeptides (Ac-SarHAH-NH2, Ac-HADH-NH2, Ac-HDAH-NH2, Ac-HAHFH-NH2, Ac-HFHAH-NH2, Ac-HAHKH-NH2, Ac-HKHAH-NH2, Ac-HAHDH-NH2, Ac-HDHAH-NH2, Ac-HGFHVH-NH2, Ac-HADHAH-NH2, Ac-HFHAHFH-NH2, Ac-HDHAHDH-NH2), solid phase peptide synthesis was performed using a microwave-assisted Liberty 1 Peptide Synthesizer (CEM, Matthews, NC). Fmoc/tBtu technique and TBTU/HOBt/DIPEA activation strategy were used. The detailed description of the procedure has already been explained in our previous papers [17,18,19]. Chemicals and solvents used for synthetic purposes were obtained from commercial sources in the highest available purity and used without further purification. The Rink Amide AM resin (substitution: 0.70 mmole/eq), all of the N-fluorenylmethoxycarbonyl (Fmoc)-protected amino acids (Fmoc-Ala-OH, Fmoc-Asp(OtBu)-OH (OtBu: 5-tert-butyl), Fmoc-Phe-OH, Fmoc-Gly-OH, Fmoc-His(Trt)-OH (TrT: trityl), Fmoc-Lys(Boc)-OH (Boc: tertbutyloxycarbonyl) Fmoc-Val-OH) and 2-(1-H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU) are Novabiochem (Switzerland) products. N-hydroxybenzotriazole (HOBt·H2O), N-methylpyrrolidone (NMP), triisopropylsilane (TIS), 2,2′-(ethylenedioxy)diethanethiol (DODT) and 2-methyl-2-butanol were purchased from Sigma-Aldrich Co., while N,N-diisopropyl-ethylamine (DIPEA) and trifluoroacetic acid (TFA) were Merck Millipore Co. products. Peptide-synthesis grade N,N-dimethylformamide (DMF) and acetic anhydride (Ac2O) were bought from VWR International, while piperidine, dichloromethane (DCM), diethyl ether (Et2O), acetic acid (96%) (AcOH) and acetonitrile (ACN) from Molar Chemicals Ltd. Concentrations of the peptide stock solutions were determined by potentiometric titrations.



The stock solutions of copper(II) chloride, nickel(II) chloride and zinc(II) chloride were prepared from analytical grade reagents, and their concentrations were checked gravimetrically via the precipitation of oxinates.




2.2. HPLC


The purity of the synthesized products was checked by analytical RP-HPLC monitoring at the absorbance 222 nm using a Jasco instrument equipped with a Jasco MD-2010 plus multiwavelength detector. Elution method was set as 0% of solvent B at 0 min, which begins to increase after 1 min up to 25% in 14 min and decreases to 0% again after 9 min. The gradient profile was achieved using solvent A (0.1 v/v% TFA in water) and solvent B (0.1 v/v% TFA in ACN) at a flow rate of 1.0 mL/min. Solid phase was a Grace Vydac 218TP C18 chromatographic column (250 × 4.6 mm, 300 Å pore size, 5 μm particle size) in the separation procedure.




2.3. Potentiometry


First, 3 mL samples of the ligands and 0.2 M carbonate-free potassium hydroxide solution titrant were used for pH-potentiometric measurements. In order to avoid the side reactions with carbon dioxide and/or oxygen, argon gas was added above the samples during titration in which the concentration of the ligand was 2 mM and KCl was a 0.2 M concentration as a background electrolyte. Interaction with metal ions was studied in samples containing copper(II) chloride, zinc(II) chloride or nickel(II) chloride at 1:2, 1:1, 2:1 and 3:1 metal to ligand ratios. All pH-potentiometric measurements were carried out at 298 K, and an IKA Topolino magnetic stirrer was used to stir the samples. To perform the titrations, a MOL-ACS microburette was used, controlled by a computer, and a Molspin pH-meter equipped with a Metrohm 6.0234.100 combination glass electrode detected the pH data, which were converted into hydrogen ion concentrations. PSEQUAD [20] and SUPERQUAD [21] computational programs enabled the calculation of the protonation constants of the ligands and the stability constants of the metal complexes. Equations (1) and (2) define the equilibrium constants:


pM + qH + rL ⇆ MpHqLr



(1)






   β  p q r   =    [   M p   H q   L r   ]       [ M ]   p  ·    [ H ]   q  ·    [ L ]   r     



(2)








2.4. Spectroscopic Methods


UV–visible absorption spectra were recorded under the same conditions as the pH-potentiometric measurements in 2.5 mL solutions at different pH values. A Perkin Elmer Lambda 25 spectrophotometer (PerkinElmer, Inc., Waltham, MA, USA) was used, and absorption values were registered in the 250–1100 nm wavelength range for copper(II) and nickel(II)-containing systems at a metal to ligand ratio of 1:2 to 3:1 in a 1.00 cm cuvette.



The circular dichroism spectroscopic measurements were carried out on a Jasco-810 spectropolarimeter using the same ligand and metal concentrations and ratios as described above. CD-spectra were recorded in quartz cells of 1.00 cm path length in the 280–800 nm range and 0.10 cm between 220–300 nm.



1H-NMR, 1H-1H COSY and 1H-1H TOCSY spectra were recorded on a Bruker AM360 MHz FT-NMR and a Bruker Avance 400 spectrometer (Bruker, Fällanden, Switzerland) at 298 K. The chemical shifts were referenced to internal sodium 3-(trimethylsilyl)-1-propane sulfonate (TSP, δTSP = 0 ppm), and D2O was used as a solvent. DNO3 and NaOD were used to set the pH of the samples; however, the pH readings were corrected to the hydrogen ion concentration using the appropriate correlation function [22].




2.5. Cyclic Voltammetry


All cyclic voltammetric measurements were carried out in aqueous solutions at slightly acidic or physiological pH (0.20 M KNO3 was used as supporting electrolyte). An adequate pH was determined from distribution curves of copper(II) complexes of ligands, which was made by means of the “Medusa program” [23]. The pH of the solutions was measured by 827 pH lab pH-meter (Metrohm) equipped with a 6.0234.100 combined electrode (Metrohm, Metrohm AG, Herisau, Switzerland).



The cyclic voltammograms of the copper(II) complexes were obtained by means of a Basi Epsilon Eclipse instrument, except for the peptides Ac-HADH-NH2 and Ac-HDAH-NH2, in which case the measurements were carried out by Metrohm VA 746 Trace Analyzer equipped with 747 VA Stand driven by a common PC. The complex solutions were degassed using argon gas. In each case, the voltammogram of the deprotonated ligand was registered, and no peaks were found. The systems were analysed at 25 °C with a three-electrode assembly. During the experiments, a glassy carbon electrode (CHI104) was used as the working electrode, depending on the redox properties of the studied complex. The counter electrode was a platinum electrode (distributed by ALS Co. Japan), while the reference electrode was a Vycor tip Ag/AgCl electrode stored in 3 M NaCl (BASI Instr. RE-5B, MF-2079). The concentration of copper(II) ion ranged from 1 to 0.1 mM. The volume of the samples was 1 mL.



The electrochemical measuring system was calibrated with the [Fe(CN)6]3−/[Fe(CN)6]4− redox system. The redox potential was 0.452 V, which is in good agreement with the published redox potential (0.458 V [24]). The potential range changed between +800 and −800 mV. The voltammograms were recorded at 25, 50, 100 and 200 mV/s sweep rate. For the analysis of the voltammograms, we used the eL-Chem Viewer program.



The half-wave potential (E1/2) values were calculated based on the following equation:


   E  1 / 2   =    E  p c   +  E  p a    2   



(3)




where Epc and Epa are the cathodic and anodic peak potentials, respectively.



The half-wave potential value was converted by taking into account that E(Ag/AgCl) versus E° (vs. NHE) is +209 mV at 25 °C.


E° = E1/2 + E°(Ag/AgCl)



(4)







Unless otherwise stated, all the potentials (E°) reported are referred to NHE.





3. Results and Discussion


3.1. The Acid-Base Properties of the Peptides


The pK values of the ligands completed with the literature data are collected in Table A1 in the Appendix A. The lowest deprotonation constants belong to the carboxyl group of the aspartic acid side chain, the increase in pH results in the deprotonation of the imidazolium groups of histidines, while the highest pK values characterize the deprotonation of the ammonium group of the lysine side chain. The pK(His) values are close to each other, indicating the overlapping steps of deprotonation of the imidazolium groups. The presence of aspartic acid in the peptide chain leads to a small increase in pK values compared to analogous peptides containing the same number and position of histidines, but without other coordinating side chains.




3.2. Cu(II) Complexes


The stoichiometry and stability constants of complexes were determined on the base of potentiometric titrations of samples at different copper(II) ion to ligand ratios. These data and the derived constants are collected in Table 1 and Table 2. (The complexes of different ligands with the same stoichiometry have different charges; therefore, the charges are not shown.) The imidazole-coordinated complexes are present in the pH range 4–7. The stoichiometry results of these complexes are different depending on the number of histidines and other donor groups in the peptides. The [CuHxL] complexes of three and four histidine-containing peptides correspond the one and two imidazole-coordinated monocomplexes, while the other histidine imidazole groups are protonated. The exceptions are the lysine-containing pentapeptides, where the presence of the lysine ammonium group results in one more proton in the stoichiometry of the complexes. Thus, a direct comparison of the stability constants is not possible, but the derived equilibrium constants can be calculated for the coordination of the ligands through one, two, three and four imidazole nitrogens:


M + HxL ⇆ MHxL



(5)






log K(M + z(NIm)) = log β(MHxL) − log β (HxL)



(6)




where x is number of the non-coordinated histidine and/or lysine groups. These calculated data can be seen in columns 2–4 of Table 2 and Figure 1.



These data clearly show that the stability of complexes increases in parallel with the increasing number of coordinated imidazoles. The data for one-, two-, three- or four-imidazole-coordinated complexes are more or less similar. However, the presence of a large hydrophobic side chain in the phenylalanine-containing peptides slightly reduces the stability of imidazole-coordinated species, while the aspartic acid side chain slightly increases it due to a weak interaction of the carboxylate group(s). These effects can be illustrated by the distribution of imidazole- and amide-coordinated species of different peptides (Figure 2.)



Similar to the previously studied multhistidine peptides, the formation of imidazole-bound complexes cannot prevent the deprotonation and coordination of amide nitrogens of the peptide backbone. In all cases, the imidazole group of histidine residues is the anchor group that induces the deprotonation and coordination of preceding peptide amide nitrogens. By increasing the pH, the deprotonation and coordination of one-, two- and three amide groups take place, resulting in the formation of [CuH−1L], [CuH−2L] and [CuH−3L] (in the case of a lysine-containing peptide, [CuL], [CuH−1L], [CuH−2L]) complexes. The deprotonation constants of these processes can be found in the last three columns of Table 2.



These data show that the deprotonation of first and second peptide nitrogens occurs at the lowest pH in the case of peptides containing phenylalanine. It can be explained by the lower stability of imidazole-coordinated complexes, which prevents less the breakage of macrochelates formed by the binding of imidazole rings. Conversely, the stacking interaction between metal ions and aromatic rings, to a small extent, promotes ionization of the amide group.



This effect of aromatic rings was previously observed, e.g., for copper(II) complexes of the phenylalanine-containing dipeptides [25]. The main coordination modes of the complexes are shown in Figure 3.



The spectroscopic parameters (Table A2 in the Appendix A) confirm the structure of the complexes. In the case of the [CuH−2L] complex of peptides containing the –HXH– sequence, [NIm,N−,N−,NIm] coordination is assumed (Figure 3b). Accordingly, the expected characteristic λmax value based on the empirical formula [26] is 540 nm (assuming that the donor atoms are in the same plane). The measured λmax values for these peptides are generally between 530–560 nm, which support the coordination mode. However, a significantly higher absorption maximum belongs to the [CuH−2L] complex of Ac-(HX)nH-NH2 peptides containing one or more aspartic acids, suggesting an axial coordination of the carboxylate group. The λmax value obtained for the [CuH−2L] complex of peptides with the Ac-HXYH-NH2 sequence is higher than expected for [N−,N−,NIm] coordination (582 nm according to the empirical formula), which supports the axial coordination of the N-terminal histidine and/or carboxylate group. For peptides with the Ac-HXYHZH-NH2 sequence, the [CuH−2L] complex can be characterized by at least two coordination modes, the ratio of which can be more accurately determined from the CD data (see later).



The [CuH−3L] complex is generally characterized by [N−,N−,N−,NIm] coordination mode (Figure 3c), which is also reinforced by spectral data (expected λmax value is 522 nm). However, especially for aspartic acid-containing peptides, a small shift in λmax is observed at higher wavelengths.



Further conclusions could be drawn from CD spectroscopic data. In the next section, the effects of side chains are shown in groups of peptides with different length.



3.2.1. Two-Histidine-Containing Tetrapeptides


The complex formation processes differ slightly for Cu(II)-Ac-HADH-NH2 and Cu(II)-Ac-HDAH-NH2 systems in the pH range 5–11, which is well demonstrated by the titration curves of the two systems (Figure 4a) and the CD spectra recorded around pH 8 (Figure 4b). It can be concluded that the interaction of the carboxylate group is significant in the [CuH−1L] complex of the Ac-HADH-NH2 peptide and in the [CuH−2L] complex of the Ac-HDAH-NH2 peptide. These effects are in agreement with the pK(amide)2 and pK(amide)3 values of the two tetrapeptides; pK(amide)2 is higher for Ac-HADH-NH2, while pK(amide)3 is higher for the Ac-HDAH-NH2 peptide, confirming that the coordinated carboxylate group hinders the deprotonation of the next amide nitrogen (see Table 2 and Appendix A, Figure A1). The carboxylate group, however, has no effect on the structure of [CuH−3L] complexes, the CD spectra are similar to each other and to that of Ac-HAAH-NH2 (Appendix A, Figure A2).




3.2.2. Three-Histidine-Containing Pentapeptides


In the complexes of Ac-HXHZH-NH2 peptides coordinated by the [NIm,N−,N−,NIm] or [N−,N−,N−,NIm] donor set, the metal ion may bind to either the C-terminal histidine or the intermediate histidine, and thus, coordination isomers can exist. The results of previous studies have shown that the metal binding at the C-terminus is more favourable, but if the amino acid between the two histidines has a sterically large side chain, the ratio of complexes containing the metal ion bound to intermediate histidine increases.



Based on the spectral data of the [CuH−2L] complexes of different peptides, we obtained similar CD spectra for the phenylalanine- and lysine-containing pentapeptides regardless of the sequence as the previously studied valine- and alanine-containing pentapeptides. There is a difference in the [CuH−2L] complex of the two aspartic acid-containing peptides, where the carboxylate coordination results in a significant difference in the CD spectrum (Figure 5a). This effect is independent of whether the aspartic acid is in the C-terminal or N-terminal part of the molecule. However, this difference was not observed for [CuH−3L] complexes of aspartic acid-containing pentapeptides (Figure 5b).



Conversely, the CD spectra of the [CuH−3L] complex of the Ac-HAHFH-NH2 peptide (light brown curve in Figure 5b) differ from the others. This suggests that in this case the formation of that complex is preferred, in which the metal ion is coordinated by the C-terminal –HFH– sequence, which means that the stacking interaction between the aromatic ring of the phenylalanine and the Cu(II) ion favours the binding to this sequence despite the presence of the sterically large side chain. The results obtained for the Ac-HFHAHFH-NH2 peptide are in agreement with this conclusion.



The presence of more than one histidine in the molecule also allows for the binding of more than one metal ion and the formation of dinuclear complexes. For peptides with the Ac-HXHAH-NH2 sequence (X = F, D or K), the formation of dinuclear complexes was observed in all cases, while for the Ac-HAHDH-NH2 peptide, the excess of metal ions led to precipitation. The formation of dinuclear complexes is supported by CD spectroscopic measurements, where the spectra recorded in systems at Cu(II)-L = 2:1 ratio differ from that of a 1:1 ratio. This is demonstrated by Figure A3 (in the Appendix A), where the spectra of the corresponding copper(II) complexes of Ac-HDHAH-NH2, Ac-HKHAH-NH2 and Ac-HFHAH-NH2 are shown.




3.2.3. Three-Histidine-Containing Hexapeptides


For the Ac-HXXHZH-NH2 peptides, the binding of metal ions to the C-terminal histidine and the intermediate histidine results in different binding modes. Thus, the CD studies offer an estimation of the ratio of the two coordination isomers (Figure 6, Table 3).



In the case of Ac-HGFHVH-NH2, the ratio of isomers was estimated using the CD spectra of Ac-HGGH-NH2 and Ac-HVH-NH2, while in the case of Ac-HADHAH-NH2, the CD spectra of Ac-HADH-NH2 and Ac-HVH-NH2 were used. In both cases, due to the different sequence of model peptides, only the approximate ratio could be determined.



The data collected in Table 3 reflect well that the presence of aspartic acid and phenylalanine preceding the intermediate histidine increases the ratio of complexes in which the metal ion binds to the intermediate part of the molecule. Similar to the pentapeptides, the stacking interaction of the aromatic side chain of phenylalanine and axial interaction of the carboxylate group of aspartic acid makes this coordination mode favoured. In the case of the [CuH−3L] complex, the ratio of metal binding to the intermediate histidine increases further, similarly to the Ac-HAAHVH-NH2 peptide. It can be generally stated that the –HXZH– sequence offers a sterically more favourable position for the [N−,N−,N−,NIm] coordination mode than for the –HXH– sequence at the C-terminal part.




3.2.4. Four-Histidine-Containing Heptapeptides


For the heptapeptides Ac-HDHAHDH-NH2 and Ac-HFHAHFH-NH2, mono-, di- and tri-nuclear complexes were formed depending on the ratio of the copper(II) ligand. Histidines as independent anchor groups can bind up to three copper (II) ions. As the ratio of metal ion to ligand is increased from 1:1 to 2:1 and 3:1, multinuclear (di- and tri-nuclear) complexes dominate in the alkali pH range, which is followed by spectral changes as well (see Figure 7, Figure A4 and Figure A5 in Appendix A). For the dinuclear complexes, the formation of coordination isomers can also be expected. For both heptapeptides, the CD spectra of the [Cu2H−4L] complexes formed around pH 9 are similar to those of the aspartic acid- and phenylalanine-containing Ac-HXHZH-NH2 pentapeptides (Figure A5a,c in Appendix A). However, the spectra of the [Cu2H−5L] complex formed in the strongly alkaline medium are similar to those of Ac-HAHDH-NH2 and Ac-HAHFH-NH2, respectively, and differ from those of the dinuclear complexes of the aforementioned pentapeptides (Figure A5b,d). This confirms the conclusion that for both metal ions the –HDH– and –HFH– sequences (on the C- and N-terminus) are the major binding sites.




3.2.5. Electrochemical Properties of the Copper(II) Complexes


Since the side chain effect of aspartic acid was the most significant in copper(II) complexes of multihistidine peptides, the cyclic voltammetric measurements of copper(II) complexes of these peptides were also performed to investigate whether the aspartic acid side chain had an effect on the redox properties of the copper(II) complexes.



The electrochemical parameters of the species with different coordination modes are shown in Table 4 and Table A3. As these data and Figure 8 demonstrate, CV curves of 2 × NIm and 4 × NIm ([CuL] and [CuL2]) and amide nitrogens-coordinated complexes ([CuH−1L] and [CuH−2L]) were registered in the measurable potential range. The E° (vs. NHE) values of 2 × NIm and 3 × NIm coordinated species follow the expected trend [25], namely that the increase in the number of imidazole nitrogens in the coordination sphere and the stability of [CuL] complexes is accompanied by a decrease in redox potential values (Figure 9a).



The data also reflect that the redox potential values (vs. NHE) of the imidazole-coordinated complexes are similar to those of the previously examined peptides containing an aliphatic side chain [13,27]. Thus, the redox properties of imidazole-coordinated complexes are practically not affected by the presence of aspartic acid.



However, a more significant difference can be observed in the case of copper(II) complexes coordinated by the [NIm,N−,N−,NIm] donor set (Figure 9b). The redox potential of the [CuH−2L] complex of aspartic acid-containing peptides is increased compared to the previously studied peptides.



Studies of Cu(II) complexes with different type of ligands have shown that the rigid structure of the Cu(II) complex cannot satisfy the coordination requirement of Cu(I). This explains that copper(II) complexes with quasi-square planar geometry ([NH2,N−,N−,N−] coordinated species of oligopeptides, [NH2,N−,N−,NIm] coordinated complex of GGH peptide, [N−,N−,N−,NIm] coordinated complexes of terminally protected histidine-containing peptides) have low (negative) redox potential values. The reduction process of Cu(II) complexes has been proved to be facilitated when the Cu species can easily evolve towards a tetrahedral geometry upon reduction, which increases the stability of Cu(I) complex [28,29,30,31,32,33].



Based on these facts, the redox potential values fall in the positive range due to the distorted geometry of the [CuH−2L] complex of multihistidine peptides, and the geometry of the complex is further distorted by the interaction between the metal centre and the carboxylate group of aspartic acid.





3.3. Ni(II) Complexes


Nickel(II) complexes of the aforementioned multihistidine peptides were also studied. These measurements were completed by the characterization of three other multihistidine peptides (Ac-HAAH-NH2, Ac-HAAHVH-NH2 and Ac-HAAHGH-NH2), whose copper(II) complexes had been previously investigated [13]. The stoichiometry and stability constants of the complexes are collected in Table 5 and Table 6.



Complex formation processes can be observed above pH 4. Imidazole-coordinated nickel(II) complexes exist over a wide pH range (pH 4–8), including the physiological pH range.



The derived formation constants related to coordination of imidazole nitrogens reflect that, similar to the copper(II) ion, the stability of the imidazole-coordinated nickel(II) complexes decreases when a large hydrophobic phenylalanyl side chain close to the N-terminal part or a lysyl side chain is present in the molecule, while the carboxylate group slightly increases the stability of the complexes.



The metal ion-induced deprotonation and coordination of one, two and three peptide nitrogens take place above pH 8. Typically, the cooperative deprotonation of first and second amide nitrogens takes place, while the third deprotonation step is observed at about a one-pH unit larger pH. However, in the case of the Ac-HAAH-NH2, Ac-HDAH-NH2 and Ac-HGFHVH-NH2 peptides, the [NiL] complex is converted to the [NiH−3L] complex in practically one step, and the [N−,N−,N−,NIm] coordinated species is predominant above pH 9. This suggests that nickel(II) binding to the –HXZH– sequence is preferred in these cases. For the Ac-HADH-NH2 peptide in addition to the coordination of N− and NIm donor groups, the participation of the carboxylate group is also assumed, resulting in a (7,5) joined chelate ring, which shifts the deprotonation of the second and third amide nitrogens into the higher pH range.



Spectroscopic data support these coordination modes, but the preferred metal binding site for molecules can only be concluded in a few cases. The imidazole-coordinated complexes have an octahedral geometry supported by characteristic absorption bands with low intensity (Table A4). These complexes are not CD active. The deprotonation of amide nitrogens is accompanied by the appearance of an intensive band around 435 nm, and the intensity of this band increases in parallel with the formation of [NiH−2L] and [NiH−3L], which corresponds to the deprotonation of two and three amide nitrogens (Figure 10).



In the case of tetrapeptides containing two histidines, the main anchor group is the C-terminal histidine imidazole nitrogen, and the deprotonation of preceding amide nitrogens takes place in the alkali media. The CD spectra of the peptides containing terminal histidines are similar, and a smaller difference can be observed for the Ac-SarHAH-NH2 peptide due to the different position of histidines (Figure A6 in Appendix A). Based on these data, it can also be concluded that the −HADH− sequence is the main binding site for the Ac-HADHAH-NH2 peptide, since the CD spectrum is similar to that of the Ac-HADH-NH2 peptide and differs from those of both the Ac-HAHVH-NH2 and Ac-SarHAH-NH2 peptides (Figure 11a).



A similar conclusion can be drawn for the Ni(II) complexes of the other Ac-HXZHXH-NH2 peptides. The CD spectrum of Ac-HGFHVH-NH2 provides clear evidence for this finding (Figure 11b). This spectrum differs from that of the other peptides, with cotton effects in the d-d range having opposite signs. This confirms that Ni(II) binds to the –HGFH– moiety, as it is known that binding to the GZH sequence results in the opposite cotton effect as the binding to XZH sequence (where X is an amino acid other than glycine) [34]. This also means that this binding mode is favourable in the presence of an aromatic phenyl ring. Moreover, the presence of phenylalanyl residue promotes the formation of a [NiH−3L] complex with coordination of a [N,N−,N−,NIm] donor set compared to other peptides.



Ac-HXHZH-NH2 peptides behave similarly to the previously studied peptides. In these cases, it was concluded that if a large side chain is present in the C-terminal part of the molecule, the ratio of complexes in which the metal ion coordinates to the C-terminal and intermediate histidine is comparable. This results in significantly different CD spectra, especially for the [NiH−2L] complex (Figure 12).



This difference in the CD spectrum is observed for the [NiH−2L] complex of peptides containing aspartic acid and phenylalanine at the C-terminal position, which means that both aspartic acid and phenylalanyl side chains are stabilizing factors in the complexes of peptides containing –HXZH– sequence, whereas for the –HDH– and –HFH– sequences, the presence of both aspartic acid and phenylalanine side chains hinders sterically the formation of amide nitrogen coordinated complexes.




3.4. Zn(II) Complexes


Since the studies of copper(II) and nickel(II) complexes have shown that only the presence of phenylalanine and aspartic acid had a more significant effect on the complex formation processes, only the investigation of zinc(II) complexes of these two types of peptides was planned. However, complexes of phenylalanine-containing peptides were practically impossible to characterize due to precipitation in the whole physiological and alkali pH range.



The stability constants of zinc(II) complexes of aspartic acid-containing peptides are collected in Table 7. The ligand is coordinated via imidazole nitrogens to the zinc(II) ion in the [ZnHL] and [ZnL] complexes. The formation constants characteristic of imidazole-coordinated complexes are slightly larger than those of the previously studied peptides (for Ac-HVVH-NH2 peptide: log β (ML) = 3.57, [10] Ac-HVHAH-NH2: log β (ML) = 5.09 [35]). The interaction of the carboxylate group results in an increase in the stability of these complexes. By raising the pH, generally, either precipitation or the formation of mixed hydroxido complexes can be assumed, as in the case of the previously studied Ac-HXHZH-NH2 peptides.



However, a different process was observed for peptides containing the –HADH– sequence, where no precipitation was observed in the strongly alkaline range either. Thus, deprotonation of the amide nitrogens was assumed for the [ZnH−1L] and [ZnH−2L] complexes formed in parallel with the extra alkali consumption process (Figure 13).



The zinc(II)-induced amide nitrogen deprotonation processes were already published for some histidine-containing peptides previously. Similar interactions were observed in the case of the Ac-HHVGD-NH2 peptide [35], and deprotonation of one and two amide nitrogen was also described in the [ZnH−1L] and [ZnH−2L] complexes of Ac-GHEITHG-NH2 and Ac-GHTIEHG-NH2 peptides with HExxH and HxxEH motifs [36].



1H NMR spectroscopy was performed to confirm the assumed structure of the [ZnH−1L] and [ZnH−2L] complexes of Ac-HADH-NH2. 1H NMR spectra of the peptide and Zn(II):Ac-HADH-NH2 = 1:1 at similar pH values were registered. Two-dimensional spectra were also recorded to facilitate signal assignment and to analyse the spectral differences between the complexes formed at different pH.



The signals of the imidazole Hδ and Hε protons of histidines in the aromatic range were monitored by 1H-NMR spectra. The pH-dependent 1H-NMR spectra and assignment of signals can be seen in Figure A7 and Figure A8 in Appendix A. The spectral studies confirmed that the [ZnL] complex formed in the physiological pH range is coordinated by both histidine imidazole nitrogens. With increasing pH, in addition to the signal of the coordinated imidazole protons in the Zn(II) complex, the signals of the free peptide also appeared. (Figure A8). This means that above pH 8, one of the imidazole nitrogen atoms is replaced with an amide nitrogen donor in the [ZnH−1L] complex. To prove this, 1H-1H NMR spectra of the peptide and Zn(II) complexes were evaluated in the alkaline region, and the signals are summarized in Table A5 in Appendix A. A comparison of 1H-1H NMR spectra of the peptide and the Zn(II) complex at pH~8.2 is shown in Figure 14, while a comparison of the 1H-1H NMR spectra of Zn(II) complexes at pH~8.2 and pH~10.8 can be seen in Figure 15.



As can be seen from Table A5 and Figure 14, the deprotonation of amide nitrogens can be concluded from the signs of the methine group of histidines and aspartic acid. If the amide nitrogen preceding the C-terminal histidine residue is deprotonated and coordinated, the signal of α-CH of the histidine is shifted towards a higher field strength, because this proton is sensitive to the negative charge (at pH~8.2 His α-CH 4.56 ppm for the free ligand and 3.94 ppm for the complex).



By increasing the pH to around 11, the signal of the methine proton of histidine hardly changes. However, in the case of α-CH of aspartic acid, another signal could be identified by comparing the TOCSY spectra of Zn(II) complexes at pH 8 and pH 11 (at pH~10.8, Asp α-CH 4.55 ppm for the free ligand and 3.53 ppm for the complex (Table A5, Figure 15)). As a conclusion, above pH 8, the second amide nitrogen was deprotonated and coordinated. Figure 15 shows the spectrum of the complex [ZnH−1L] recorded at pH 8.20 (red) and the spectrum of the complex [ZnH−2L] recorded at pH 10.8 together (black).





4. Conclusions


Systematic studies of terminally protected peptides containing two, three, and four histidines mimicking the sequence of the metal binding site of CuZnSOD (Ac-SarHAH-NH2, Ac-HADH-NH2, Ac-HDAH-NH2, Ac-HXHYH-NH2 X, Y = A, F, D or K, Ac-HXHAHXH-NH2, X = F or D) were performed. The results obtained for copper(II), nickel(II) and zinc(II) complexes have shown how the side chains of different amino acids (aspartic acid, phenylalanine, lysine) affect the complex formation processes and the electrochemical parameters of copper(II) complexes. In addition, the results provided an opportunity to draw comparisons with those of previously studied peptides with similar sequences and to summarize the equilibrium, spectroscopic and electrochemical parameters in summary tables.



It has been found that the aspartic acid side chain has the greatest effect. The presence of the negatively charged side chain and the weak axial coordination of the carboxylate group increases the stability of the imidazole-coordinated complexes formed with all three studied metal ions. Coordination of the carboxylate group can also be assumed in amide nitrogen-coordinated Cu(II) complexes. This results in an increase in the redox potential values of the [CuH−1L] and [CuH−2L] complexes and a higher reducibility of these complexes due to a greater degree of distorted geometry. In addition, the presence of aspartic acid has a significant effect on the complex formation processes that take place in the presence of zinc(II). In the case of peptides containing the −HADH− and −HDAH− sequences, the coordination of the carboxylate group stabilizes the zinc(II) complexes in the physiological pH range and promotes the zinc(II) ion-induced amide nitrogen deprotonation and coordination.



A smaller effect of the phenylalanine side chain was observed. The stacking interaction between the aromatic ring and the metal ion increases the stability of the complexes. However, due to the presence of large hydrophobic side chains, the solubility of the complexes significantly decreases, which made the characterization of these complexes difficult and did not allow for the study of zinc(II) complexes.



However, for both aspartic acid and phenylalanine-containing peptides, coordination isomers of [CuH−xL] (x = 1–3) complexes are formed, the ratios of which are influenced by the position of aspartic acid or phenylalanine amino acids. The stacking interaction of aromatic side chains of phenylalanine and axial interactions of carboxylate group of aspartic acid make the binding of copper(II) ion to the intermediate histidine favoured in the case of Ac-HXZHXH-NH2 (Z = D or F) hexapeptides, while −HFH− or −HDH− sequences are the preferred metal ion binding sites for pentapeptides. Based on these results, we continue our work with synthesis and the study of 10–15-membered peptides containing the copper(II) and zinc(II) binding sites of the CuZnSOD enzyme together.
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Table A1. The deprotonation constants of peptides completed with literature data.






Table A1. The deprotonation constants of peptides completed with literature data.















	
	pK1(Asp)
	pK2(Asp)
	pK1(His)
	pK2(His)
	pK3(His)
	pK4(His)
	pK(Lys)





	Ac-HVH-NH2 [6]
	–
	–
	5.88
	6.82
	–
	–
	–



	Ac-SarHAH-NH2
	–
	–
	6.01(1)
	6.76(1)
	–
	–
	–



	Ac-HAAH-NH2 [13]
	–
	–
	6.00
	6.74
	–
	–
	–



	Ac-HADH-NH2
	3.48(6)
	–
	6.14(3)
	7.02(2)
	–
	–
	–



	Ac-HDAH-NH2
	3.55(3)
	–
	6.20(1)
	7.01(1)
	–
	–
	–



	Ac-HAHVH-NH2 [8]
	–
	
	5.67
	6.24
	6.83
	–
	–



	Ac-HVHAH-NH2 [8]
	–
	
	5.75
	6.31
	6.94
	–
	–



	Ac-HFHAH-NH2
	–
	–
	5.78(2)
	6.29(2)
	7.03(2)
	–
	–



	Ac-HAHFH-NH2
	–
	–
	5.70(1)
	6.33(1)
	6.95(1)
	–
	–



	Ac-HAHKH-NH2
	–
	–
	5.67(2)
	6.26(2)
	6.81(2)
	–
	10.18(1)



	Ac-HKHAH-NH2
	–
	–
	5.65(6)
	6.27(1)
	6.84(9)
	–
	10.28(1)



	Ac-HAHDH-NH2
	3.43(1)
	–
	5.93(1)
	6.49(1)
	7.18(3)
	–
	–



	Ac-HDHAH-NH2
	3.42(1)
	–
	5.89(7)
	6.47(4)
	7.14(6)
	–
	–



	Ac-HAAHVH-NH2 [13]
	–
	–
	5.69
	6.31
	6.81
	–
	–



	Ac-HAAHGH-NH2 [13]
	–
	–
	5.80
	6.36
	7.00
	–
	–



	Ac-HGFHVH-NH2
	–
	–
	5.75(1)
	6.34(1)
	6.96(1)
	–
	–



	Ac-HADHAH-NH2
	2.83(3)
	–
	5.90(2)
	6.48(8)
	7.11(1)
	–
	–



	Ac-S3H4-NH2 * [9]
	–
	–
	5.51
	6.15
	6.45
	7.19
	–



	Ac-HFHAHFH-NH2
	–
	–
	5.46(2)
	6.15(2)
	6.43(3)
	6.80(3)
	–



	Ac-HDHAHDH-NH2
	2.96(2)
	3.72(1)
	5.75(1)
	6.38(1)
	6.66(1)
	7.17(1)
	–







* Ac-S3H4-NH2: is the abbreviation of Ac-His-Sar-His-Sar-His-Sar-His-NH2 peptide.
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Table A2. Visible and CD spectral parameters of the copper(II) complexes (λmax (nm), ε (dm3 mol−1 cm−1); sh = shoulder, w = wide.






Table A2. Visible and CD spectral parameters of the copper(II) complexes (λmax (nm), ε (dm3 mol−1 cm−1); sh = shoulder, w = wide.





	

	
[CuL]2+

	
[CuLH−2]

	
[CuLH−3]−




	
UV

	
CD

	
UV

	
CD

	
UV

	
CD






	
Ac-HVH-NH2 [6]

	
690 (35)

	
−

	
530 (126)

	
585 (−0.82)

480 (+1.15)

340 (−2.20)

	
530 (126)

	
560 (−0.60)

470 (+0.30)

335 (−0.90)




	
Ac-SarHAH-NH2

	
680 (44)

	
621 (+0.07)

325 (−0.07)

234 (−2.29)

	
560 (118)

	
646 (+0.27)

550 (−0.59)

482 (+0.39)

337 (−2.34)

246 (+6.75) sh

	
525 (126)

	
635 (+0.91)

491 (−1.38)

362 (−0.14)

320 (+0.91)

294 (−0.14)

259 (+5.67)

241 (+2.83)




	
Ac-HAAH-NH2 [13]

	
720 (38)

	
−

	
610 (87)

	
625 (−0.15)

535 (+0.63)

335 (−0.92)

	
510 (115)

	
615 (+1.06)

490 (−1.61)

355 (−0.17)

315 (+1.33)




	
Ac-HADH-NH2

	
679 (40)

	
−

	
610 (87)

	
646 (+0.30) sh

483 (−0.22)

374 (+0.05) sh

307 (−0.25)

252 (+5.86)

	
516 (125)

	
628 (+0.92)

497 (−1.34)

320 (−0.88)

295 (−0.67)

260 (+6.76)




	
Ac-HDAH-NH2

	
673 (63)

	
251 (0.31)

229 (−1.62)

	
606 (131)

	
605 (−0.24)

521 (+0.43)

334 (−0.54)

243 (+5.06)

	
517 (158)

	
609 (+1.21)

487 (−1.74)

318 (+1.74)

288 (−0.26)

257 (+7.65)




	
Ac-HAHVH-NH2 [8]

	
655 (69)

	
−

	
550 (131)

	
670 (+0.15)

560 (−0.79)

480 (+0.60)

340 (−2.88)

	
530 (121)

	
640 (+0.75)

500 (−0.81)

350 (−0.45)




	
Ac-HVHAH-NH2 [8]

	
655 (65)

	
−

	
560 (123)

	
680 (+0.06)

560 (−0.61)

480 (+0.56)

340 (−2.12)

	
520 (116)

	
630 (+0.97)

490 (−1.38)

360 (−0.17)

320 (+0.95)




	
Ac-HFHAH-NH2

	
611 (64) sh

	
655 (+0.08)

561 (−0.10)

494 (+0.14)

342 (−0.52)

253 (+1.83) sh

	
538 (99)

	
648 (+0.34)

552 (−0.55)

486 (+0.44)

343 (−2.32)

245 (+7.45)

	
527 (112)

	
626 (+0.59)

487 (−0.96)

354 (−0.38)

311 (+1.01)

256 (+6.12)




	
Ac-HAHFH-NH2

	
619 (60) sh

	
561 (−0.20)

487 (+0.07)

343 (−0.29)

249 (+1.88) sh

	
539 (95)

	
644 (+0.34)

551 (−0.63)

489 (+0.53)

340 (−2.20)

	
530 (113)

	
653 (+0.71)

532 (−0.89)

387 (+0.12)

338 (−0.59)

280 (+2.94)

258 (+0.72)




	
Ac-HKHAH-NH2

	
–

	
569 (−0.35)

490 (+0.34)

338 (−1.44)

247 (+5.42) sh

	
530 (98)

	
658 (+0.22)

547 (−0.38)

342 (−1.35)

253 (+5.82)

	
519 (102)

	
659 (+0.47)

499 (−0.73)

352 (−0.80)

259 (+5.61)




	
Ac-HAHDH-NH2

	
640 (71)

	
255 (+0.43) sh

228 (−4.09)

	
576 (91)

	
614 (+0.51)

539 (−0.05)

489 (+0.14)

336 (−1.37)

246 (+5.82) sh

	
503 (116)

	
627 (+0.72)

492 (−0.69)

351 (−0.22)

315 (+0.25)

259 (+4.28) sh




	
Ac-HDHAH-NH2

	
631 (73)

	
696 (+0.10)

498 (+0.03)

376 (+0.09)

265 (+0.94)

229 (−5.59)

	
560 (91)

	
609 (+0.74)

537 (+0.13)

493 (+0.24)

334 (−1.61)

247 (+7.20) sh

	
547 (103)

	
641 (+0.84)

499 (−0.92)

358 (+0.17)

313 (+0.80)

257 (+6.20) sh




	
Ac-HAAHVH-NH2 [13]

	
640 (63)

	
−

	
530 (118)

	
580(−0.78)

485(+1.03)

345(−2.74)

	
515 (115)

	
495 (−1.25)

360 (−0.17)

315 (+0.91)




	
Ac-HAAHGH-NH2 [13]

	
626 (71)

	
591 (−0.29)

325 (+0.30)

245 (+2.80)

	
565 (117)

	
756 (−0.13)

586 (+0.48)

505 (+0.17) sh

349 (+1.57)

300 (−1.30)

263 (+0.54)

	
524 (116)

561 sh

	
605 (+1.31)

482 (−1.16)

321 (+1.86)

288 (−0.48)

253 (+5.93)

 




	
Ac-HGFHVH-NH2

	
605 (57)

	
623 (−0.07)

529 (+0.05)

233 (−3.74)

	
529 (100)

	
676 (+0.07)

578 (−0.30)

484 (+0.44)

341 (−0.97)

248 (+4.06)

	
518 (120)

	
677 (+0.21)

586 (−0.33)

506 (+0.54)

309 (−1.72)

264 (+1.31) w




	
Ac-HADHAH-NH2

	
615 (85)

	
620 (−0.09)

517 (+0.09)

262 (+0.29)

231 (−9.07)

	
575 (108)

	
645 (+0.22)

553 (−0.32)

489 (+0.36)

337 (−2.13)

248 (+6.08) sh

	
532 (132)

	
636 (+1.04)

496 (−1.33)

319 (+1.13)

294 (−0.19)

258 (+7.50)




	
Ac-S3H4-NH2 * [9]

	
585 (68)

	
−

	
−

	
−

	
−

	
−




	
Ac-HFHAHFH-NH2

	
614 (81)

	
−

	

	

	
529 (146)

	
644 (+0.57)

540 (−0.69)

342 (−1.36)




	
Ac-HDHAHDH-NH2

	
605 (60)

	
664 (+0.05)

372 (+0.05)

255 (+1.04)

	
570 (72)

	
609 (+0.85)

533 (+0.17)

494 (+0.18)

334 (−1.19)

251 (+5.88) sh

	
538 (103)

	
623 (+1.00)

491 (−0.71)

347 (−0.26)

317 (+0.11)

256 (+6.15)

240 (+4.82)








* Ac-S3H4-NH2: is the abbreviation of Ac-His-Sar-His-Sar-His-Sar-His-NH2 peptide.
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Table A3. Parameters of the voltammetric measurements and the electrochemical data of the Cu(II)–multhistidine peptides complexes.
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Ligand

	
Complex

	
pH

	
Ik (μA)

	
Ia (μA)

	
Ek (V)

	
Ea (V)

	
ΔE (V)

	
Ia/Ik

	
E1/2 (V)

	
E°’ (V)






	
Ac-SarHAH-NH2

	
[CuL]

	
4.80

	
−5.90

	
4.45

	
0.053

	
0.234

	
0.181

	
0.75

	
0.144

	
0.353




	
[CuL2]

	
6.00

	
−3.51

	
3.28

	
−0.057

	
0.232

	
0.289

	
0.94

	
0.088

	
0.297




	
[CuLH−2]

	
8.70

	
−0.36

	
0.39

	
−0.081

	
0.149

	
0.230

	
1.09

	
0.034

	
0.243




	
Ac-HADH-NH2

	
[CuL]

	
5.41

	
−1.49

	
1.36

	
0.052

	
0.297

	
0.245

	
0.91

	
0.175

	
0.384




	
[CuLH−2]

	
8.35

	
−0.63

	
0.67

	
−0.123

	
0.276

	
0.399

	
1.07

	
0.077

	
0.286




	
Ac-HDAH-NH2

	
[CuL]

	
5.41

	
−2.05

	
1.31

	
0.079

	
0.271

	
0.192

	
0.64

	
0.175

	
0.384




	
[CuLH−1]

	
6.90

	
−1.37

	
1.00

	
0.064

	
0.259

	
0.191

	
0.73

	
0.162

	
0.371




	
[CuLH−2]

	
8.33

	
−0.30

	
0.38

	
−0.078

	
0.235

	
0.313

	
1.29

	
0.079

	
0.288




	
Ac-HAHDH-NH2

	
[CuL]

	
5.82

	
−1.23

	
1.01

	
−0.099

	
0.268

	
0.367

	
0.82

	
0.047

	
0.294




	
[CuLH−1]

	
7.20

	
−1.22

	
1.17

	
−0.142

	
0.186

	
0.328

	
0.96

	
0.022

	
0.231




	
Ac-HADHAH-NH2

	
CuLH

	
4.69

	
−2.12

	
1.54

	
0.023

	
0.212

	
0.189

	
0.73

	
0.118

	
0.327




	
[CuL]

	
6.51

	
−1.33

	
0.85

	
−0.090

	
0.199

	
0.289

	
0.64

	
0.055

	
0.264




	
[CuLH−2]

	
8.40

	
−0.45

	
0.19

	
−0.108

	
0.151

	
0.259

	
0.42

	
0.022

	
0.231




	
Ac-HDHAHDH-NH2

	
[CuL]

	
8.67

	
−2.53

	
1.738

	
−0.390

	
0.209

	
0.599

	
0.69

	
−0.091

	
0.119
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Table A4. Visible and CD spectral parameters of the nickel(II) complexes.
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[NiL]

	
[NiH−2L]

	
[NiH−3L]




	
UV

	
CD

	
UV

	
CD

	
UV

	
CD






	
Ac-HGH-NHMe [10]

	
635 (12)

	
−

	
470 (166)

	
−

	
445 (208)

485 (176) sh

	
499 (+3.69)

422 (−2.85)

278 (+4.44)




	
Ac-SarHAH-NH2

	
645 (5) sh

386 (10)

	
481 (−0.02)

420 (+0.02)

259 (+0.09)

233 (−0.93)

	
410 (22) sh

	
512 (+0.22)

407 (−0.75)

295 (−0.41)

260 (+4.21)

237 (+1.00)

	
429 (150) sh

	
539 (+0.14)

419 (−3.06)

261 (+12.87)

232 (−5.50)




	
Ac-HAAH-NH2

	
631 (31)

449 (40)

372 (46)

	
231 (−1.44)

	
435 (165)

	
505 (+1.22)

419 (−2.68)

260 (+5.53)

244 (+3.08)

231 (+6.84)

	
433 (235)

	
505 (+0.93)

419 (−2.68)

261 (+6.94)

241 (+2.10)

233 (+2.76) sh




	
Ac-HADH-NH2

	
641 (11)

384 (26)

	
230 (−1.66)

	
−

	
−

	
440 (120)

	
513 (+0.79)

420 (−2.46)

262 (+6.83)

241 (+2.55)

234 (+2.87)




	
Ac-HDAH-NH2

	
647 (4)

388 (11)

	
230 (−1.45)

	
435 (80) sh

	
500 (+3.66)

420 (−1.10)

264 (+1.45)

221 (−8.11)

	
437 (135) sh

	
504 (+0.95)

420 (−3.05)

262 (+5.31)

243 (+2.38)

235 (+3.45)




	
Ac-HAHVH-NH2 [10]

	
615 (25)

365 (61)

	
−

	
450 (121)

	
505 (+1.24)

425 (+0.40)

295 (−3.82)

255 (+11.5)

	
440 (196)

	
535 (+0.41)

425 (−2.19)

260 (+7.83)




	
Ac-HFHAH-NH2

	
626 (6)

383 (15)

	
348 (−0.03)

254 (+0.08) sh

	
447 (107)

	
510 (+0.50)

421 (−0.84)

258 (+3.33)

	
436 (124) sh

	
520 (+0.32)

418 (−2.10)

259 (+7.88)




	
Ac-HAHFH-NH2

	
639 (26)

382 (55)

	
561 (−0.20)

487 (+0.07)

343 (−0.29)

249 (+1.88) sh

	
479 (126)

	
530 (+0.77)

476 (+0.22)

442 (+0.46)

297 (−1.50)

231 (+1.24) sh

	
456 (29)

	
540 (+0.54)

426 (−2.84)

261 (−7.67)

245 (+6.52)

239 (+8.70) sh




	
Ac-HAHKH-NH2

	
−

	
−

	
436 (100) sh

	
522 (+0.35)

420 (−1.85)

298 (−0.60)

262 (+11.79)

236 (+3.43)

	
435 (142) sh

	
527 (+0.40)

422 (−3.52)

263 (+14.67)

235 (+3.01)




	
Ac-HKHAH-NH2

	
−

	
−

	
433 (137) sh

	
521 (+0.34)

420 (−2.79)

262 (+14.61)

235 (+1.49)

	
431 (171) sh

	
517 (+0.81)

419 (−4.38)

262 (+18.46)

225 (−4.02)




	
Ac-HAHDH-NH2

	
634 (10)

383 (27)

	
257 (+0.09) sh

232 (−1.20)

215 (+2.65)

	
445 (89)

	
508 (+0.38) sh

291 (−0.60)

257 (+2.88)

239 (+2.09)

221 (+4.41)

213 (−5.14)

	
442 (129)

	
507 (+0.38)

423 (−1.07)

259 (+3.31)

224 (+2.59)

216 (+6.63) sh




	
Ac-HDHAH-NH2

	
627 (8)

386 (20)

	
275 (+0.30) w

233 (−1.70)

212 (+3.94)

	
439 (77) sh

	
520 (+0.17)

421 (+0.90)

262 (+6.80)

233 (−1.30)

	
434 (132) sh

	
546 (+0.10)

421 (−1.91)

263 (+9.66)

236 (+1.97)

219 (+9.52)




	
Ac-HAAHVH-NH2

	
631

380

	
487 (−0.04)

418 (+0.02)

261 (+0.08) sh

230 (−3.46)

	
441 sh

	
526 (+0.19)

417 (−3.84)

308 (−0.06)

259 (+1.38)

233 (+0.15)

226(+2.82)

	
441 sh

	
511 (+0.74)

419 (−1.66)

260 (+3.53)

244 (+2.42)

231 (+4.02)




	
Ac-HAAHGH-NH2

	
630 (14)

380 (38)

	
513 (+0.05)

416 (−0.09)

259 (+0.20) sh

234 (−1.16)

216 (+9.08) sh

	
−

	
−

	
440 (220) sh

	
501 (+3.42)

421 (−4.29)

277 (5.78)

230 (13.35) sh




	
Ac-HGFHVH-NH2

	
618 (5)

379 (11)

	
233 (−1.60)

	
−

	
−

	
483 (46)

435 (52)

	
499 (−3.41)

421 (+5.05)

269 (−5.57)

245 (+0.79)




	
Ac-HADHAH-NH2

	
630 (9)

380 (21)

	
231 (−2.93)

	
438 (97) sh

	
551 (+0.04)

421 (−0.73) sh

300 (−0.33)

263 (+4.99)

235 (−0.94)

221 (+8.01)

	
433 (147) sh

	
509 (+1.15)

420 (−3.78)

260 (+14.23)

230 (−1.98)

221 (+10.73)




	
Ac-HDHAHDH-NH2

	
620 (20)

380 (39)

	
482 (−0.06)

418 (+0.03)

261 (+0.09) sh

228 (−6.48)

	
−

	
−

	
445 (136) sh

	
512 (+1.03)

426 (−2.27)

260 (+7.23)

250 (+6.98)

225 (+11.94) sh








(λmax (nm), ε (dm3 mol−1 cm−1) sh = shoulder, w = wide.
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Table A5. Characteristic 1H NMR spectral parameters (medium values, ppm) of the Ac-HADH-NH2 ligand and zinc(II) containing system (Zn(II):L = 1.2:1, cL = 5 mM).
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	His (1),(4) Hα
	His (1),(4) Hβ
	Asp Hα
	Asp Hβ
	Ala Hα
	Ala Hβ
	His (1),(4) Hδ
	His (1),(4) Hε





	Ac-HADH-NH2, pH~6
	–
	–
	4.59
	2.62
	4.30
	1.30
	8.11
	7.12



	Zn(II)-Ac-HADH-NH2, pH~6
	4.59
	3.11
	4.68
	2.70
	4.38
	1.36
	7.90
	7.02



	Ac-HADH-NH2, pH~8.2
	4.56
	3.11
	4.56
	2.64
	4.30
	1.30
	7.68
	6.95



	Zn(II)-Ac-HADH-NH2, pH~8.2
	3.94
	3.04
	4.56
	2.67
	4.10
	1.33
	7.84
	7.01



	Ac-HADH-NH2, pH~10.8
	4.55
	3.09
	4.55
	2.62
	4.30
	1.34
	7.68
	6.94



	Zn(II)-Ac-HADH-NH2, pH~10.8
	3.91
	3.05
	3.53
	2.63
	4.28
	1.36
	7.69
	6.97
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Figure A1. Distribution curves of complexes formed in the equimolar solution of Cu(II)-Ac-HDAH-NH2 (a) and Cu(II)-Ac-HADH-NH2 (b) (cL = cM = 2 mM). 
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Figure A2. CD spectra registered in equimolar solution of Ac-HADH-NH2 (■) and Ac-HDAH-NH2 (■) systems at pH 11.5. 
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Figure A3. CD spectra registered in the solution containing copper(II) ion and ligand 2:1 (blue) and 1:1 (red) ratio at different pH; L = Ac-HDHAH-NH2 (a), L = Ac-HFHAH-NH2 (b), L = Ac-HKHAH-NH2 (c). 
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Figure A4. Distribution curves of complexes formed in the Cu(II)-Ac-HDHAHDH-NH2 solution at 1:1 ratio, cL = 2 mM (a); at 2:1 ratio, cL = 1 mM (b) and at 3:1 ratio cL = 1 mM (c). 
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Figure A5. The CD spectra of the Cu(II)-L system, at different ratio and pH. L is aspartic acid containing penta- and hepta-peptides, pH 8.5–9.2 (a), pH 11.3–11.5 (b); L is phenylalanine containing penta- and heptapeptides, pH 8.8–9.2 (c), pH 11.4–11.6 (d). 
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Figure A6. CD spectra registered in equimolar solution of Ni(II)-tetrapeptides solution at pH 11. 
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Figure A7. The aliphatic (a) and aromatic region (b) of the pH-dependent 1H NMR spectra of Ac-HADH-NH2 (cL = 5 mM): a: Asp Hα, His(1),(4) Hα; b: Ala Hα; c: His(1),(4) Hβ; d: Asp Hβ; e: Ac-CH3; f: Ala Hβ; g: His (1),(4) Hδ; h: His (1),(4) Hε. 






Figure A7. The aliphatic (a) and aromatic region (b) of the pH-dependent 1H NMR spectra of Ac-HADH-NH2 (cL = 5 mM): a: Asp Hα, His(1),(4) Hα; b: Ala Hα; c: His(1),(4) Hβ; d: Asp Hβ; e: Ac-CH3; f: Ala Hβ; g: His (1),(4) Hδ; h: His (1),(4) Hε.
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Figure A8. The aromatic region of the pH-dependent 1H NMR spectra of Ac-HADH-NH2 and Zn(II)-Ac-HADH-NH2 = 1.2:1 (cL = 5 mM): g: His (1),(4) Hδ; h: His (1),(4) Hε. 






Figure A8. The aromatic region of the pH-dependent 1H NMR spectra of Ac-HADH-NH2 and Zn(II)-Ac-HADH-NH2 = 1.2:1 (cL = 5 mM): g: His (1),(4) Hδ; h: His (1),(4) Hε.
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Figure 1. Equilibrium constants of imidazole-coordinated copper(II) complexes (log K(M + z(NIm))) of various histidine-containing peptides (data from refs. [8,9,13]); (■) data-related complexes of peptides containing aspartic acid. 
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Figure 2. Distribution of imidazole- and amide nitrogen-coordinated complexes formed in equimolar solution of Cu(II)-Ac-HADH-NH2 (■), Cu(II)-Ac-HADHAH-NH2 (■) and Cu(II)-Ac-HDHAHDH-NH2 (■) (a). Cu(II)-Ac-HFHAH-NH2 (■) and Cu(II)-Ac-HDHAH-NH2 (■) (cL = cM = 2 mM) (b). 
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Figure 3. Schematic structure of the main complexes: [CuL], L = Ac-HADHAH-NH2 (a), [CuH−2L], L = Ac-(HX)nH-NH2 (b), [CuH−3L] (c). 






Figure 3. Schematic structure of the main complexes: [CuL], L = Ac-HADHAH-NH2 (a), [CuH−2L], L = Ac-(HX)nH-NH2 (b), [CuH−3L] (c).



[image: Molecules 27 03435 g003]







[image: Molecules 27 03435 g004 550] 





Figure 4. Titration curves of L, Cu(II)-L = 1:3 and 1:1 systems (L = Ac-HADH-NH2, Ac-HDAH-NH2) (a); CD spectra registered in equimolar solution of Ac-HADH-NH2 (■) and Ac-HDAH-NH2 (■) systems at pH 8 (cL = 2 mM) (b). 
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Figure 5. CD spectra of the [CuH−2L] (a) and [CuH−3L] (b) complexes of different pentapeptides. 
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Figure 6. Comparison of experimental CD spectra of the [CuH−3L] complex of Ac-HADH-NH2 (blue), Ac-HVH-NH2 (orange) [5] and Ac-HADHAH-NH2 (red) with superposition of CD spectra of [CuH−3L] of Ac-HADH-NH2 and Ac-HVH-NH2 in 75:25% (black). 
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Figure 7. The CD spectra of the Cu(II)-Ac-HFHAHFH-NH2 system in function of the Cu(II)-L ratio (pH = 10.5). 
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Figure 8. Cyclic voltammogram of [CuL] complex of two histidine-containing tetrapeptides (Ac-SarHAH-NH2, Ac-HADH-NH2, Ac-HDAH-NH2) (a) and three histidine-containing penta-, hexa- and heptapeptides (Ac-HAHDH-NH2, Ac-HADHAH-NH2, Ac-HDHAHDH-NH2) (b). 
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Figure 9. Redox potentials (vs. NHE) of [CuL] (a) and [CuH−2L] (b) complexes of aspartic acid containing (■) and other multihistidine peptides (■) (Data from refs. [13,27]). 
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Figure 10. UV–Vis spectra (a) and concentration distribution curves of equimolar solution of Ni(II):Ac-HADHAH-NH2 system and the absorption values at 435 nm in function of pH (cL = 2 mM) (b). 
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Figure 11. CD spectra registered in equimolar solution of Ni(II)-multihistidine peptide systems at pH 11.0–11.5; data of Ac-HAHVH-NH2 from Ref. [9]. (a) CD spectra comparision of Ac-HADHAH-NH2, Ac-SarHAH-NH2, Ac-HAHVH-NH2 and Ac-HADH-NH2; (b) CD spectra comparision of Ac-HADHAH-NH2, Ac-HGFHVH-NH2, Ac-HAAHVH-NH2, Ac-HAAHGH-NH2, Ac-SarHAH-NH2, Ac-HAHVH-NH2. 






Figure 11. CD spectra registered in equimolar solution of Ni(II)-multihistidine peptide systems at pH 11.0–11.5; data of Ac-HAHVH-NH2 from Ref. [9]. (a) CD spectra comparision of Ac-HADHAH-NH2, Ac-SarHAH-NH2, Ac-HAHVH-NH2 and Ac-HADH-NH2; (b) CD spectra comparision of Ac-HADHAH-NH2, Ac-HGFHVH-NH2, Ac-HAAHVH-NH2, Ac-HAAHGH-NH2, Ac-SarHAH-NH2, Ac-HAHVH-NH2.
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Figure 12. CD spectra registered in equimolar solution of Ni(II)-multihistidine pentapeptide systems at pH 9.0–9.5. 
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Figure 13. Distribution curves of complexes formed in the equimolar solution of Zn(II)-Ac-HADH-NH2 (a) and Zn(II)-Ac-HDAH-NH2 (b) (cL = cM = 2 mM). 
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Figure 14. 1H-1H TOCSY spectra of the Zn(II)-Ac-HADH-NH2 system (red) compared to the free Ac-HADH-NH2 ligand (black) (pH~8.2). The presence of the zinc(II) ion causes different chemical shifts of two histidyl and alanyl methine protons. The marked cross peaks are derived from the correlation between the Hβ and Hα protons. 






Figure 14. 1H-1H TOCSY spectra of the Zn(II)-Ac-HADH-NH2 system (red) compared to the free Ac-HADH-NH2 ligand (black) (pH~8.2). The presence of the zinc(II) ion causes different chemical shifts of two histidyl and alanyl methine protons. The marked cross peaks are derived from the correlation between the Hβ and Hα protons.
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Figure 15. 1H-1H TOCSY spectra of the Zn(II)-Ac-HADH-NH2 system at pH~8.2 (red) and at pH~10.8 (black). The increase in the pH causes different chemical shifts of aspartic acid methine protons. The marked cross peaks are derived from the correlation between the Hβ and Hα protons. 
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Table 1. Stability constants (log β) of complexes formed in the different Cu(II)-multihistidine peptide systems (T = 298 K, I = 0.2 M KCl).






Table 1. Stability constants (log β) of complexes formed in the different Cu(II)-multihistidine peptide systems (T = 298 K, I = 0.2 M KCl).




















	
	Ac-SarHAH-NH2
	Ac-HADH-NH2
	Ac-HDAH-NH2
	Ac-HFHAH-NH2
	Ac-HAHFH-NH2
	Ac-HKHAH-NH2
	Ac-HAHDH-NH2
	Ac-HDHAH-NH2
	Ac-HGFHVH-NH2
	Ac-HADHAH-NH2
	Ac-HFHAHFH-NH2
	Ac-HDHAHDH-NH2





	[CuL2]
	10.96(5)
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–



	[CuH3L]
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	25.10(3)



	[CuH2L]
	–
	–
	–
	–
	–
	23.24(3)
	18.28(8)
	17.57(6)
	–
	–
	19.39(2)
	–



	[CuHL]
	–
	–
	–
	12.79(3)
	13.25(1)
	18.22(3)
	13.66(6)
	13.49(2)
	13.28(4)
	13.64(2)
	14.79(2)
	16.54(2)



	[CuL]
	6.45(2)
	6.70(4)
	6.50(4)
	7.57(4)
	8.08(1)
	11.70(6)
	8.89(4)
	8.38(2)
	8.49(1)
	8.65(2)
	9.94(2)
	10.95(5)



	[CuH−1L]
	–
	−0.07(1)
	−0.25(8)
	1.76(4)
	2.04(1)
	4.67(5)
	1.98(7)
	1.49(3)
	1.07(4)
	–
	3.36 (5)
	–



	[CuH−2L]
	−6.21(2)
	−8.07(9)
	−7.37(6)
	−5.77(7)
	−4.63(1)
	−5.02(8)
	−5.23(6)
	−6.08(3)
	−6.80(6)
	−6.20(4)
	−4.00(7)
	−4.36(6)



	[CuH−3L]
	−15.45(4)
	−16.40(9)
	−16.56(9)
	−16.85(8)
	−15.59(1)
	−15.35(7)
	−15.47(7)
	−16.9(1)
	−15.89(6)
	−15.70(6)
	−14.74(2)
	−14.61(8)



	[Cu2L]
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	12.70(4)
	–



	[Cu2H−1L]
	–
	–
	–
	–
	–
	8.6(1)
	–
	–
	–
	–
	–
	–



	[Cu2H−2L]
	–
	–
	–
	–
	−0.44(1)
	–
	–
	–
	–
	−1.02(6)
	2.37(2)
	3.26(3)



	[Cu2H−3L]
	–
	–
	–
	–
	–
	−3.99(7)
	–
	−8.09
	–
	−7.54(4)
	–
	–



	[Cu2H−4L]
	–
	–
	–
	−13.24(5)
	−11.79(1)
	–
	–
	−17.7(3)
	–
	−14.64(5)
	−9.62(3)
	−12.16(5)



	[Cu2H−5L]
	–
	–
	–
	−23.58(9)
	−22.39(1)
	−24.8(1)
	–
	−29.8(3)
	–
	−23.64(8)
	−20.22(5)
	−22.59(8)



	[Cu2H−6L]
	–
	–
	–
	–
	–
	–
	–
	–
	–
	−34.54(7)
	−31.41(3)
	−33.84(6)



	[Cu3H−5L]
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	−14.6(1)



	[Cu3H−6L]
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	−18.85(3)
	−23.7(5)



	[Cu3H−7L]
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	−28.68(4)
	−32.9(2)
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Table 2. Derived equilibrium constants of imidazole-coordinated complexes and deprotonation constants of amide nitrogen coordinated complexes.
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lgK(Cu(II) + NIm)

	
lgK(Cu(II) + 2NIm)

	
lgK(Cu(II) + 3NIm)

	
lgK(Cu(II) + 4NIm)

	
pK(Amide)1

	
pK(Amide)2

	
pK(Amide)3






	
Ac-HVH-NH2 [6]

	
–

	
6.63

	
–

	
11.58

	
6.25 (av.)

	
10.34




	
Ac-SarHAH-NH2

	
–

	
6.45

	
–

	
10.96

	
6.33 (av.)

	
9.24




	
Ac-HAAH-NH2 [2]

	
–

	
6.08

	
–

	
–

	
7.01

	
7.12

	
8.34




	
Ac-HADH-NH2

	
–

	
6.70

	
–

	
–

	
6.77

	
8.00

	
8.33




	
Ac-HDAH-NH2

	
–

	
6.50

	
–

	
–

	
6.75

	
7.12

	
9.19




	
Ac-HAHVH-NH2 [8]

	
–

	
6.25

	
8.08

	
–

	
6.81

	
7.12

	
9.96




	
Ac-HVHAH-NH2 [8]

	
–

	
6.39

	
8.42

	
–

	
6.59

	
7.40

	
9.53




	
Ac-HFHAH-NH2

	
–

	
5.76

	
7.57

	
–

	
5.81

	
7.53

	
11.08




	
Ac-HAHFH-NH2

	
–

	
6.30

	
8.08

	
–

	
6.04

	
6.67

	
10.96




	
Ac-HKHAH-NH2

	
–

	
6.12

	
7.94

	
–

	
6.52

	
7.03

	
9.69




	
Ac-HAHDH-NH2

	
4.61

	
6.48

	
8.89

	
–

	
6.91

	
7.21

	
10.24




	
Ac-HDHAH-NH2

	
3.96

	
6.35

	
8.38

	
–

	
6.89

	
7.57

	
10.81




	
Ac-HAAHVH-NH2 [13]

	
–

	
6.22

	
8.17

	
–

	
7.04

	
7.97

	
9.40




	
Ac-HAAHGH-NH2 [13]

	
–

	
6.02

	
8.55

	
–

	
7.02

	
7.43

	
9.05




	
Ac-HGFHVH-NH2

	
–

	
6.32

	
8.49

	
–

	
7.42

	
7.87

	
9.80




	
Ac-HADHAH-NH2

	
–

	
6.53

	
8.65

	
–

	
7.42 (av.)

	
9.50




	
Ac-S3H4-NH2 * [9]

	
–

	
5.89

	
7.41

	
9.29

	
–

	
–

	
–




	
Ac-HFHAHFH-NH2

	
–

	
6.16

	
7.99

	
9.94

	
6.58

	
7.36

	
10.74




	
Ac-HDHAHDH-NH2

	
4.89

	
–

	
9.37

	
10.95

	
7.65 (av.)

	
10.25








* Ac-S3H4-NH2 is the abbreviation of Ac-His-Sar-His-Sar-His-Sar-His-NH2 peptide.
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Table 3. The estimated ratio of –HXZH– coordinated and –HXH– coordinated species of three-histidine-containing hexapeptides.
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	Ac-HGFHVH-NH2
	Ac-HADHAH-NH2
	Ac-HAAHVH-NH2 [11]





	[CuH−2L]
	50:50
	60:40
	10:90



	[CuH−3L]
	60:40
	75:25
	80:20
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Table 4. Redox potentials (vs. NHE) of the Cu(II) complexes of ligands.
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	Coordination Mode
	2 × NIm
	3 × NIm
	4 × NIm
	[NIm,N−,NIm]
	[NIm,N−,N−,NIm]





	
	[CuL]
	
	[CuL2]
	
	



	Ac-SarHAH-NH2
	0.353 V
	–
	0.297 V
	–
	0.243 V



	Ac-HVVH-NH2 [27]
	0.389 V
	–
	0.339 V
	–
	0.235 V *



	Ac-HAAH-NH2 [13]
	0.397 V
	–
	0.323 V
	–
	0.267 V *



	Ac-HADH-NH2
	0.384 V
	–
	–
	–
	0.286 V



	Ac-HDAH-NH2
	0.384 V
	–
	–
	0.371 V
	0.288 V



	
	[CuHL]
	[CuL]
	
	[CuH−1L]
	[CuH−2L]



	Ac-HVHAH-NH2 [27]
	–
	0.253
	–
	–
	0.181 V *



	Ac-HAHPH-NH2 [27]
	–
	0.244 V
	–
	–
	0.165 V *



	Ac-HAAHGH-NH2 [13]
	0.334 V
	0.276 V
	–
	0.214 V
	0.201 V



	Ac-HAAHVH-NH2 [13]
	0.329 V
	0.264 V
	–
	0.202 V
	0.177 V *



	Ac-HAHDH-NH2
	–
	0.294 V
	–
	0.231 V
	–



	Ac-HADHAH-NH2
	0.327 V
	0.264 V
	–
	–
	0.231 V



	Ac-HDHAHDH-NH2
	–
	0.119 V
	–
	–
	–







* Previously unpublished data.
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Table 5. Stability constants (log β) and derived equilibrium constants of complexes formed in the different Ni(II)-multihistidine tetrapeptide systems (T = 298 K, I = 0.2 M KCl).
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	lgβ [MpLqHr]
	Ac-SarHAH-NH2
	Ac-HAAH-NH2
	Ac-HADH-NH2
	Ac-HDAH-NH2





	[NiL]
	4.23(4)
	3.90(2)
	4.33(4)
	4.11(3)



	[NiH−1L]
	–
	–
	−4.50(7)
	–



	[NiH−2L]
	−13.06(5)
	−13.56(3)
	–
	−13.71(3)



	[NiH−3L]
	−21.92(4)
	−22.48(2)
	−22.95(5)
	−22.74(3)



	lgK(Ni(II) + 2NIm)
	4.23
	3.90
	4.33
	4.11



	pK(amide)1
	–
	8.73
	8.83
	–



	pK(amide)1,2
	8.65
	–
	–
	8.91



	pK(amide)2,3
	–
	8.92
	9.27
	–



	pK(amide)3
	8.86
	–
	–
	9.03
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Table 6. Stability constants (log β) and derived equilibrium constants of complexes formed in the different Ni(II)-multihistidine peptide systems (T = 298 K, I = 0.2 M KCl).
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	lgβ [MpLqHr]
	Ac-HFHAH-NH2
	Ac-HAHFH-NH2
	Ac-HKHAH-NH2
	Ac-HAHKH-NH2
	Ac-HDHAH-NH2
	Ac-HAHDH-NH2
	Ac-HAAHGH-NH2
	Ac-HAAHVH-NH2
	Ac-HGFHVH-NH2
	Ac-HADHAH-NH2
	Ac-HDHAHDH-NH2





	[NiH2L]
	–
	–
	20.99(3)
	20.90(3)
	–
	–
	
	
	
	–
	18.22(6)



	[NiHL]
	10.16(4)
	11.00(5)
	15.20(2)
	15.21(2)
	11.57(8)
	11.59(3)
	10.70(7)
	10.55(4)
	11.07(3)
	11.19(4)
	12.05(9)



	[NiL]
	4.52(1)
	5.48(3)
	–
	–
	5.67(5)
	5.55(3)
	4.79(4)
	4.57(3)
	5.14(2)
	5.15(2)
	6.30(4)



	[NiL2]
	–
	–
	–
	–
	9.77(7)
	9.37(5)
	–
	–
	8.97(4)
	–
	–



	[NiH−1L]
	–
	–
	−1.79(3)
	−2.10(3)
	–
	–
	–
	–
	−3.19(4)
	–
	−2.23(7)



	[NiH−2L]
	−12.33(1)
	−11.15(4)
	−11.29(5)
	−11.83(5)
	−11.83(6)
	−11.79(3)
	−12.26(5)
	−12.91(4)
	–
	−12.56(3)
	–



	[NiH−3L]
	−22.09(2)
	−20.71(8)
	−21.45(5)
	−21.76(3)
	−21.30(6)
	−21.89(4)
	−21.21(6)
	−22.62(5)
	−20.21(2)
	−22.29(3)
	−21.51(7)



	lgK(Ni(II) + 2NIm)
	3.13
	4.05
	3.87
	3.91
	4.43
	4.41
	3.70
	3.74
	4.11
	4.08
	4.39



	lgK(Ni(II) + 3NIm)
	4.52
	5.48
	4.92
	5.03
	5.67
	5.55
	4.79
	4.57
	5.14
	5.15
	4.88



	lgK(Ni(II) + 4NIm)
	–
	
	–
	–
	–
	–
	–
	–
	–
	–
	6.27



	pK(amide)1
	–
	–
	–
	–
	–
	–
	–
	–
	8.33
	–
	8.53



	pK(amide)1,2
	8.42
	8.32
	8.50
	8.70
	8.75
	8.67
	8.52
	8.74
	–
	8.85
	–



	pK(amide)2,3
	–
	–
	–
	–
	–
	–
	–
	–
	8.51
	–
	9.64



	pK(amide)3
	9.76
	9.56
	9.50
	9.73
	9.47
	10.10
	8.95
	9.71
	–
	9.73
	–
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Table 7. Stability constants (log β) and derived equilibrium constants of complexes formed in the different Zn(II)-multihistidine peptide systems (T = 298 K, I = 0.2 M KCl).
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	lgβ [MpLqHr]
	Ac-HADH-NH2
	Ac-HDAH-NH2
	Ac-HAHDH-NH2
	Ac-HDHAH-NH2
	Ac-HADHAH-NH2





	[ZnHL]
	–
	–
	–
	10.84(8)
	10.91(5)



	[ZnL]
	4.41(7)
	4.01(3)
	5.14(5)
	5.38(3)
	5.63(1)



	[ZnH−1L]
	−3.13(12)
	−3.49(5)
	–
	–
	−2.40(6)



	[ZnH−2L]
	−11.69(12)
	–
	–
	–
	−11.23(6)



	lgK(Zn(II) + 2NIm)
	4.41
	4.01
	–
	3.70
	3.80



	lgK(Zn(II) + 3NIm)
	–
	–
	5.14
	5.38
	5.63



	lgK(ZnL/ZnH−1L)
	7.54
	7.50
	–
	–
	8.03



	lgK(ZnH−1L/ZnH−2L)
	8.56
	–
	–
	–
	8.83
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