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ABSTRACT: Amyloid-beta (Aβ) peptides, potentially relevant in the
pathology of Alzheimer’s disease, possess distinctive coordination properties,
enabling an effective binding of transition-metal ions, with a preference for
Cu(II). In this work, we found that a N-truncated Aβ analogue bearing a His-
2 motif, Aβ5−9, forms a stable Ni(II) high-spin octahedral complex at a
physiological pH of 7.4 with labile coordination sites and facilitates ternary
interactions with phosphates and nucleotides. As the pH increased above 9, a
spin transition from a high-spin to a low-spin square-planar Ni(II) complex
was observed. Employing electrochemical techniques, we showed that
interactions between the binary Ni(II)−Aβ5−9 complex and phosphate
species result in significant changes in the Ni(II) oxidation signal. Thus, the
Ni(II)−Aβ5−9 complex could potentially serve as a receptor in electrochemical
biosensors for phosphate species. The obtained results could also be
important for nickel toxicology.

■ INTRODUCTION

Peptides and proteins are common and efficient metal-binding
ligands. Many of them, including amyloid-β (Aβ) related to
Alzheimer’s disease, are rich in histidine (His) residues. The
location of His residues in the peptide chain and the nature of
the metal ion result in a variety of coordination properties and
thermodynamic stabilities of the resulting chelates.1 The
presence of the His residue near the free N-terminus of
peptides and proteins prompts high affinities of these ligands
to transition-metal ions such as Cu(II) and Ni(II) through
unique His-2 (XH) and His-3 (XZH) metal binding motifs (X
stands for any amino acid residue and Z for any residue
excluding Pro).2,3 Peptides with these motifs have been
employed in biological and medicinal applications, including
copper sensing,4 biomolecule (e.g., DNA) degradation,5

biological imaging,6 and ROS quenching.7 Most studies
published in the literature have focused on the His-3 motif,8

but the His-2 one could be even more appealing due to the
labile coordination sites and, in consequence, the propensity to
form ternary complexes.9−13 This feature seems to be of great
importance for selective recognition of biomolecules such as
anions.
Recently, we demonstrated that a Cu(II) complex with an

N-truncated Aβ analogue Aβ5−9 (Arg−His−Asp−Ser−Gly−
NH2, where −NH2 stands for C-terminal amidation) is a
promising molecular receptor for phosphates at physiological
conditions.14 In this complex, Cu(II) is bound to the N-

terminal amine, the imidazole of His2, and the intervening
deprotonated amide N−, forming a 3N complex with the fourth
labile equatorial position that could be occupied by a water
molecule, a buffer molecule, or another peptide group.12 We
proved that phosphates could replace the water molecule in the
3N Cu(II)−Aβ5−9 complex, where the Arg1 side chain
stabilizes the interaction between phosphates and the complex
by intermolecular forces.
The activity of peptides and proteins with the His-2 motif

has been related to their Cu(II) complexes, with GHK as the
most notable case.15,16 In contrast, nickel is considered mostly
a toxic metal for the human body, and therefore, Ni(II)
complexes of the His-2 peptides have been less studied.
Ni(II)−peptide complexes generally are characterized by a
higher pK of the metal-driven amide deprotonation compared
to their Cu(II) counterparts, and consequently, the complex-
ation processes are shifted to higher pH. Additionally, Ni(II)
complexes exhibit high-spin/low-spin equilibria. In complexes
with the His-2 peptides, the high-spin, hexa-, or penta-
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coordinated species prevail mostly at pH 6−7, while the low-
spin complexes structurally analogous to Cu(II) species are
generally formed at higher pH values.17,18 These features can
be expected to affect the properties of metal−peptide
complexes as anion receptors. Moreover, the oxidation of the
metal center for Ni(II) complexes is expected to occur at lower
potentials than for the Cu(II)−peptide complexes19,20 due to a
smaller gain in the crystal field stabilization energy for the
transition from d8 Ni(II) to d7 Ni(III) compared to the
transition from d9 Cu(II) to d8 Cu(III). Accordingly, it could
improve the recognition of a given analyte by the metal−
peptide receptor in electrochemical biosensors. Thus, we
decided to explore the Ni(II)−Aβ5−9 complex to improve the
recognition of phosphates by the His-2 complexes.
In this work, we investigated Ni(II) coordination to Aβ5−9

and the electrochemical properties of the resulting complexes.
Next, we explored the ability of Ni(II)−Aβ5−9 to bind
biologically relevant anions, including phosphates and
nucleotides, with a focus on the redox properties of such
ternary systems. On this basis, we determined the sensitivity
and selectivity of the Ni(II)−Aβ5−9 complex toward selected
analytes. Potentiometry and spectroscopy [UV−vis and
circular dichroism (CD)] were employed to describe the
structures and stabilities of Ni(II)−Aβ5−9 binary complexes,
while their redox properties and the effects of anions were
investigated by voltammetry [cyclic voltammetry (CV) and
differential pulse voltammetry (DPV)].

■ EXPERIMENTAL METHODS
Chemicals and Reagents. Fmoc amino acids were purchased

from Novabiochem. The TentaGel S RAM resin was obtained from
RAPP Polymere. Diethyl ether was purchased from Chempur.
Acetonitrile and trifluoroacetic acid (TFA) were received from
Avantor and Merck, respectively. Potassium nitrate, nitric acid,
hydrochloric acid, potassium hydroxide, sodium hydroxide, nickel(II)
chloride hexahydrate (99.999% trace-metal basis), sodium chloride,
sodium acetate anhydrous, sodium phosphate monobasic, adenosine
5′-monophosphate (AMP) sodium salt, cytidine 5′-monophosphate
(CMP) disodium salt, uridine 5′-monophosphate (UMP) disodium
salt, adenosine 5′-triphosphate (ATP) disodium salt, cytidine 5′-
triphosphate (CTP) disodium salt, and uridine 5′-triphosphate
(UTP) trisodium salt dihydrate were received from Sigma-Aldrich.
Nickel(II) nitrate hexahydrate (purity 99.999%) and dimethylforma-
mide were purchased from Carl Roth. Sodium sulfate anhydrous was
supplied by Fluka. All solutions were prepared daily with deionized
water (the resistivity was 18 MΩ·cm) passed through an Arium mini
Lab Water System (Sartorius). In order to prevent nucleotide
hydrolysis, the pH of each stock solution was adjusted to 7.0−7.4 and
the stock solutions were kept on ice during experiments. The
glassware was rinsed with 6 M HNO3, followed by deionized water
before use to avoid metal ion contamination.
Peptide Synthesis. The Aβ5−9 peptide (Arg−His−Asp−Ser−

Gly−NH2) was synthesized on a Prelude peptide synthesizer (Protein
Technologies, Inc. Tucson, AZ) according to the Fmoc strategy.21

The peptide crude was purified by HPLC on a Breeze system
(Waters) equipped with a Vydac semipreparative column (5 mm
particle size, 10 × 250 mm). The mobile phase was a linear gradient
of solution B [0.1% (v/v) TFA/90% (v/v) acetonitrile/9.9% (v/v)
water] in solution A [0.1% (v/v) TFA/99.9% (v/v) water]. The
purity of the lyophilized peptide was verified by a Q-Tof Premier mass
spectrometer (Waters) exhibiting correct molecular masses.
Potentiometric Titrations. Potentiometric titration of the Aβ5−9

peptide and its Ni(II) complexes was performed on a 907 Titrando
automatic titrator (Metrohm, Herisau, Switzerland) using a Biotrode
combined glass electrode (Metrohm, Herisau, Switzerland) calibrated
daily by nitric acid titrations. 100 mM NaOH (carbon dioxide-free)

was used as a titrant. 1.5 mL samples were prepared in a 96 mM
KNO3/4 mM HNO3 solution. Complex formation was studied using
1:0.33, 1:0.45, and 1:0.9 peptide-to-Ni(II) molar ratios. All experi-
ments were performed under argon at 25 °C in the pH range of 2.7−
11.5. The obtained data were analyzed using the SUPERQUAD and
HYPERQUAD programs.22,23

UV−Vis and CD Titrations. The pH-metric titrations were
recorded at 25 °C on a Varian Cary 50 spectrophotometer (Agilent)
over the spectral range 200−900 nm and on a J-815 CD
spectropolarimeter (JASCO) covering the spectral range of 228−
850 nm with a 1 cm-path quartz cuvette (Helma). NiCl2 solution was
added to the samples to reach a 1:0.9 peptide-to-metal ratio.
Titrations were performed in water by adding small amounts of
concentrated NaOH solution. The pH stability was checked for each
titration point and adjusted with small amounts of concentrated
NaOH or HCl solutions. Dilutions were included in the calculations.

Voltammetric Experiments. Electrochemical measurements
were performed using a CHI 1030 potentiostat (CH Instrument,
Austin, USA) in a three-electrode arrangement: glassy carbon
electrode (GCE, BASi, Ø = 3 mm) as the working electrode, an
Ag/AgCl, 3 M KCl electrode (MINERAL, Poland) as the reference
(electrolytic bridge filled with 100 mM KNO3), and a platinum wire
as the counter electrode (MINERAL, Poland). The working electrode
was sequentially polished with 1.0 μm and 0.3 μm alumina powder on
a polishing cloth to the mirror-like surface, followed by 1 min
ultrasonication in deionized water. All electrochemical measurements
were carried out in 100 mM KNO3 at room temperature under an
argon atmosphere. The concentration of peptide was 0.5 mM,
whereas the Ni(NO3)2 solution was added to the samples to obtain a
1:0.9 peptide/Ni(II) molar ratio to avoid Ni(OH)2 precipitation.

The concentration of anions (in selectivity tests) and nucleotides
was 10-fold higher than the initial concentration of the peptide. The
pH was adjusted by adding small amounts of concentrated KOH or
HNO3 solutions and controlled using a SevenCompact pH meter
(Mettler-Toledo) with an InLab Micro Pro combination pH electrode
(Mettler-Toledo). The applied techniques were CV and DPV. During
CV measurements, various scan rates (v) were applied, whereas the
following parameters were used in DPV: a pulse amplitude of 0.05 V,
a pulse width of 0.1 s, a sample width of 0.005 s, and a pulse period of
1s.

■ RESULTS AND DISCUSSION
Coordination of Aβ5−9 by Ni(II). A set of potentiometric

titrations of the Aβ5−9 peptide in the absence and in the
presence of Ni(II) ions were performed to determine the
stability of the Ni(II)−Aβ5−9 complexes. The values of
cumulative protonation constants (given as logarithms of
cumulative association constants log β) and the respective
values of stepwise constants (given as negative logarithms of
stepwise acidic dissociation constants pKa) for the Aβ5−9
peptide are collected in Table 1. These values are in agreement
with a previous determination.12 As described in Table 1 in a
descending order, they are associated with the protonation/
deprotonation of the N-terminal amine, the imidazole ring of
His2, and the carboxyl group of Asp3.
In the next step, we calculated the stability constants of

Ni(II)−Aβ5−9 complexes. Their values for the most reliable
coordination model are depicted in Table 1, whereas the
respective species distribution is shown in Figure 1. We
distinguished three major species. The formation of the first
one, [NiH−1L]

1+, started at a pH around 5 and reached a
maximum at a physiological pH around 7.4. The second one,
[NiH−2L]

0, appeared at a pH above 7, followed by [NiH−3L]
1−

that emerged at a pH above 8.5. The applied model of Ni(II)−
Aβ5−9 coordination was further verified by CD and UV−vis
titration results derived from spectra that are shown in Figure
2. The pH dependence of absorbance at characteristic
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wavelengths was merged with the species distribution, as
shown in Figure 1. Such a high degree of convergence of
spectroscopic and potentiometric data confirms the proposed
coordination model. It also allowed us to estimate the
spectroscopic parameters for individual complexes given in
Table 2 (see also spectral patterns in Supporting Information,
Figure S1).

We observed three low-intensity bands at UV−vis spectra
for [NiH−1L]

1+ at 363, 586, and 827 nm (Table 2, Figure 2A),
significantly blue-shifted from those registered for Ni(II) aqua
ions (without peptide) (see Supporting Information, Figure
S1). It demonstrates that [NiH−1L]

1+ is a high-spin, octahedral
complex, where Ni(II) is bound to several nitrogen ligands.25

Simultaneously, the [NiH−1L]
1+ stoichiometry indicates that

its formation was enabled by deprotonation of four peptide
groups, including at least one that does not undergo
deprotonation for the peptide alone at the studied pH range
2.7−11.7. Based on literature data,18 we propose that for
[NiH−1L]

1+, the Ni(II) ion is bound through the Arg1 N-
terminal amine, His2 amide, and His2 imidazole nitrogen,
forming a 3N complex (3N [Nam, N−, Nim] + H2O) with a
deprotonated Asp3 carboxyl side chain. The remaining
positions in the coordination sphere are likely occupied by a
water molecule and also by the Asp3 carboxyl or the carbonyl
oxygen.26 The CD spectra (Table 2) reveal only one negative
CT band at 235 nm described in the literature as the Nam →
Ni(II) CT band (with a possible contribution of the imidazole
nitrogen),27 confirming the proposed coordination mode.
The subsequent deprotonation resulted in the formation of

the [NiH−2L]
0 species that caused major changes in UV−vis

and CD spectral patterns (Figure 2). The position of d−d
bands at 438 nm for UV−vis and at 426/488 nm for CD (the
positive/negative band) suggests that [NiH−2L]

0 is a low-spin,
square-planar complex (see Table 2). This transition from a
high-spin to a low-spin Ni(II) complex could be associated
with the deprotonation of a water molecule, resulting in the
(3N [Nam, N−, Nim] + OH−) complex. The metal ion-induced
water deprotonation is a common feature in Ni(II) peptidic
complexes.28 It is also sufficient to trigger the spin transition.25

The proposed coordination pattern is confirmed by the
alternate pattern of d−d bands in the CD spectra, associated
with the presence of the six-membered chelate ring enabled by
His imidazole coordination next to the metal ion−peptide
nitrogen bond in Cu(II) and Ni(II) complexes.17,29,30

The [NiH−3L]
1− species occurs under the most alkaline

conditions and causes further changes in CD spectra with two
negative signals, a band at 464 nm and a shoulder at 415 nm, of
much higher intensity compared to that of [NiH−2L]

0, as well

Table 1. Cumulative Protonation and Stability Constants
(log β) and Stepwise Constant (pKa) Values for Aβ5−9 (L)
and Its Ni(II) Complexes at I = 0.1 M (KNO3) and 25 °Ca

species log βb pKa assignment coordination mode

[HL]1+ 7.37(1) 7.37 Arg1 N-
term.

[H2L]
2+ 13.51(1) 6.13 His-2

[H3L]
3+ 16.67(1) 3.17 Asp3

[NiH−1L]
1+ −0.90(1) 5.96c 3N [Nam, N−, Nim]

+H2O
[NiH−2L]

0 −9.74(1) 8.84 3N [Nam, N−, Nim] +
OH−

[NiH−3L]
1− −19.49(1) 9.75 4N [Nam, 3 N−]

aKa stands for an acidic dissociation constant. bFor a general species
NipHqLr, the stability constant β is defined as βNipHqLr = [NipHqLr]/
([Ni]p × [H+]q × [L]r). Standard deviations on the last digits
provided by HYPERQUAD, given in parentheses, represent the
statistical errors of constant determinations. Assignments are based on
literature values.12,18,24 cCalculated based on the distribution diagram
presented in Figure 1.

Figure 1. Species distribution calculated for 0.9 mM Ni(II) and 1.0
mM Aβ5−9 using stability constants presented in Table 1, with
selected spectroscopic parameters overlaid.

Figure 2. UV−vis (A) and CD (B) spectra of titrations of 1.0 mM
Aβ5−9 and 0.9 mM NiCl2 with NaOH coded with rainbow colors from
red to purple, pH range: 3.0−11.7.

Table 2. Spectroscopic Parameters of the Ni(II)−Aβ5−9
Complexes

UV−vis CD

species λmax/nm (ε/ M−1 cm−1) λext/nm (Δε/ M−1 cm−1)

[NiH−1L]
1+

827 (9.6)
235 (−3.30)586 (6.0)

363 (12.2)

[NiH−2L]
0 438 (135.6)

488 (−1.34)
426 (0.19)

[NiH−3L]
1− 415 (195.8)

464 (−2.20)
415 (−1.64) sha

ash stands for a spectral shoulder.
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as a 23 nm blue shift of the d−d band in the UV−vis spectra.
The stoichiometry of this final complex associated with the
change of sign of CD d−d bands to uniformly negative
indicates the coordination of the Arg1 amine and three
subsequent peptide nitrogens (His2, Asp3, and Ser4).31,32 It is
a result of the pH-driven deprotonation of the second and the
third amides and the removal of the imidazole of His2 from the
Ni(II) coordination sphere with the formation of a 4N [Nam,
3N−] complex.
The ligand exchange kinetics of Ni(II) complexes, especially

that associated with the spin transition, is usually a slow
process, which requires the rearrangement of the electronic
structure and ligand exchange.33 Therefore, we checked the
kinetics of the spin transition in the studied system. The UV−
vis signals of Ni(II)/Aβ5−9 at pH 7.4 appeared just after
reagent mixing/pH adjustment and were stable overnight
(including the band of the low-spin complex at 438 nm), as
shown in Supporting Information, Figure S2. Likewise, the pH
change from 7.0 to 10.5 led to substantial changes in the UV−
vis spectra immediately upon the pH adjustment, and only a
slight increase of about 5% was noted during the overnight
incubation (see Supporting Information, Figure S3). This
confirms that the kinetics of the formation of low-spin Ni(II)−
Aβ5−9 according to the applied procedure (with no external
buffer but with the pH adjustment and pH control before each
measurement) should not significantly alter our analysis.
Electrochemistry of Ni(II)−Aβ5−9 Binary Complexes.

The cyclic voltammograms of Ni(II)−Aβ5−9 recorded at pH
7.4 are depicted in Figures S4 and S5 (Supporting
Information) and in Figure 3 (red curves). As expected, no

electrochemical reduction of the complex metal center was
observed (Figure S4). The CV curves recorded in the positive
potential range showed the oxidation of Ni(II) at pH 7.4 with
a very weak signal of Ni(III) reduction on the reverse scan
(Figure 3B). An increase in the scan rate slightly intensified the
Ni(III) reduction (see Supporting Information, Figure S5).
However, the separation of anodic and cathodic peaks (ΔEp =
90 mV) indicates a slow electron transfer. In the literature,
reversible or quasi-reversible Ni(II)/Ni(III) redox processes
(ΔEp = 83 mV) were observed for ATCUN (His-3)
complexes, or generally, for square-planar complex struc-
tures.19 They are associated with a strong stabilization of
electrogenerated Ni(III) species in these chelates provided

mostly by deprotonated peptide nitrogens. Ni(II)−Aβ5−9
forms predominantly an octahedral complex at pH 7.4 with
just a few percent of the [NiH−2L]

0 square-planar species
present in equilibrium. The high-spin complex requires a
significant structural rearrangement on the pathway to Ni(III)
as similar Ni(III)−peptide complexes are described as
tetragonal with the approximately square-planar arrangement
of coordinated peptide nitrogens.34,35 However, there are also
known examples of Ni(III) square-pyramidal complexes
formed by NiSOD-inspired peptides.36 The Ni(III)−peptide
species demonstrate pro-oxidative properties, often causing
peptide oxidation37−39 and likely resulting in the almost
irreversible Ni(II) oxidation for Ni(II)−Aβ5−9 at slower
potential sweeps. Considering a slow electron transport in
the Ni(II)/Ni(III) cycle and associated difficulties in the
analysis of the CV data, the DPV technique was mainly used in
further studies.
To fully characterize the redox properties of the binary

complex, we analyzed the pH dependence of the Ni(II)−Aβ5−9
electrochemical signal (Figure 3A). The Ni(II) oxidation
potentials for the individual species are provided in Table 3. As

pH increased above 7.4, the intensity of the signal related to
the Ni(II)/Ni(III) couple (around 1.0 V vs Ag/AgCl)
decreased. At a pH of about 9.5, we observed three
independent peaks likely associated with the metal center
oxidation in the three coordinating forms that coexisted in the
mixture ([NiH−1L]

1+, [NiH−2L]
0, and [NiH−3L]

1−). At high
alkaline pH values, only one peak appeared (around 0.5 V vs
Ag/AgCl), in agreement with the predominant role of a
square-planar (4N [Nam, 3 N−]) system of (5-5-5)-membered
chelate rings in Ni(II) coordination. A similar Ni(II) oxidation
potential value (around 0.6 V vs Ag/AgCl) was reported for
Ni(II) complexes of tetrapeptides consisting of glycine and
alanine residues,20 confirming the proposed coordination
mode for the [NiH−3L]

1− species of Ni(II)−Aβ5−9. As
demonstrated previously, such systems are most suitable to
stabilize Ni(III) species.20,40 On the other hand, Bossu and
Margerum showed that the contribution of histidine residues
in the Ni(II) coordination and a reduced number of amide
donors shifted the Ni(II) oxidation potential toward more
positive values. For example, a shift to around 0.7 V versus Ag/
AgCl was noticed for the ATCUN complexes due to the
presence of a (5-5-6)-membered chelate ring and/or an
occurrence of the π-back-bonding in addition to the σ-bonding
between imidazole nitrogen and Ni(II) ions, while the shift to
around 0.6−0.7 V versus Ag/AgCl was reported for tripeptides
of noncoordinating side chains as a result of a lower number of
amide groups that stabilize Ni(III) due to their stronger
electron donor properties compared to amine or carboxylate
groups.20 Both these effects are also expected to increase the
potential of Ni(II) oxidation for the [NiH−2L]

0 species of
Ni(II)−Aβ5−9 compared to [NiH−3L]

1−. Moreover, CV data
indicate a quasi-reversible Ni(II) oxidation (ΔEp = 77 mV;

Figure 3. DPV (A) and selected CV (B) curves of the titration of
Ni(II)−Aβ5−9 (0.9:1.0 ratio) with KOH, recorded in 100 mM KNO3,
scan rate: v = 0.1 V/s. The CV curves at pH 9−10 in panel B were
recorded in a shorter potential range to avoid the effect of the other
processes at high potentials on the Ni(III) reduction in the reverse
scan.

Table 3. Oxidation Potential Values Determined from the
DPV Curves of the Ni(II)−Aβ5−9 Complexes

Ni(II)−Aβ5−9 ENi(II)/Ni(III) (V) vs Ag/AgCl ± SD

[NiH−1L]
1+ 1.016 ± 0.008

[NiH−2L]
0 0.790 ± 0.005

[NiH−3L]
1− 0.512 ± 0.012
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Figure 3B, a light-blue line), confirming the Ni(III)
stabilization in the 4N chelate.
The observed shift of the Ni(II) oxidation toward less

positive potentials for higher pH values is also consistent with
an expected impact of the complex charge on the redox
process. More negative charge of the complex should favor the
electron release and, consequently, result in the lower potential
of Ni(II) oxidation41,42 as observed for the studied Ni(II)−
Aβ5−9 system (see Table 3).
Interactions with Phosphate Anions and Nucleotides.

Based on the potentiometric (Figure 1) and the voltammetric
(Figure 3) results, the pH value of 7.4 was chosen for further
studies due to its close resemblance to the physiological pH
and the predominance of the octahedral form of the Ni(II)−
Aβ5−9 complex that may possess more than one available
analyte binding site. The investigation of the interaction
between Ni(II)−Aβ5−9 and phosphate species by spectroscopic
methods was very problematic due to the low intensity of the
basal signal of the metal complex and small spectral changes in
the course of the titration with phosphates, as shown in
Supporting Information, Figure S6. These results suggest a
very weak interaction (with the estimated Ka about 16 ± 5
M−1), even weaker than those reported between phosphates
and Cu(II)−Aβ5−9 (Ka about 50 M−1).14 However, in the
previous paper, we showed that electrochemical methods could
be very useful in the studies of similar systems14 as the redox
activity could be triggered even by small changes in the
coordination sphere. Therefore, we mostly employed CV and
DPV techniques in this work to check if phosphates could also
alter Ni(II)/Ni(III) oxidation.
We started with a titration of the binary Ni(II)−Aβ5−9

complex with phosphate solution, monitoring changes in DPV
signals (Figure 4A). As the H2PO4

−/HPO4
2− concentration

increased, the oxidation peak of the Ni(II)/Ni(III) couple
successively shifted toward less positive values. At the end of
the titration, for about a 100-fold excess of phosphate over
Ni(II)−Aβ5−9, the oxidation signal occurred at a potential
lower by ca. 175 mV than that of the source Ni(II)−Aβ5−9
complex. The large facilitation of the Ni(II)/Ni(III) redox
process in the presence of phosphate species illustrates that the
phosphate buffer used routinely in many experiments in the
concentration range of 20−100 mM could drastically impact
the results and analysis (e.g., during the investigation of an
extracellular process in a 50 mM phosphate buffer, whereas the
extracellular phosphate concentration is about 1 mM43). On

the other hand, the most extensive changes were observed up
to 5 mM of phosphates (see also Supporting Information,
Figure S7), which is consistent with the limit value of the
reported intracellular range of phosphate concentration of
0.5−5 mM.44 As such, the pattern of the response of Ni(II)−
Aβ5−9 to phosphates is very promising for the phosphate
sensing in the cell by the Ni(II)−Aβ5−9 complex.
Continuing the studies on the Ni(II)−Aβ5−9 complex as the

potential molecular receptor, we also analyzed the response of
the studied binary system toward selected anionic species.
Therefore, we performed DPV measurements for the Ni(II)−
Aβ5−9 solution containing interfering physiological and
environmental anions (Figure 4B). The noteworthy changes
for the Ni(II) oxidation signal were observed only in the
presence of acetate and phosphate anions (Figure 4B, a green
line and a blue line, respectively); for about a 20-fold excess of
the anions over Ni(II)−Aβ5−9, the Ni(II) oxidation potential
decreased by 70 mV after the addition of acetate and even
more, by 160 mV, for phosphate (see Supporting Information,
Table S1). Nevertheless, the electrochemical response
registered in a mixture of all tested anions (phosphate,
chloride, sulfate, and acetate) indicated a significant selectivity
toward the phosphate (Figure 4B, a cyan line).
The selectivity of receptors designed for phosphate anion

recognition remains problematic, especially for inorganic
phosphates over phosphorylated biomolecules. Thus, we tested
the effect of the addition of various nucleotides on Ni(II)−
Aβ5−9 redox properties. As nucleotides are electroactive
species,45 we examined molecules whose oxidation potential
is higher than 1.0 V (vs Ag/AgCl) at pH 7.4. We rejected the
guanosine phosphates based on these criteria and chose
adenosine, cytidine, and uridine phosphates for further studies.
It is well known from the literature that nucleotides

coordinate metal ions. For complexes of all types of
nucleotides, the metal ion is bound via the most basic terminal
phosphate group and also in the purine nucleotides partially by
nitrogen (N7) of the purine moiety.46 The control DPV curves
for the respective Ni(II)−nucleotide binary systems did not
yield peaks in the potential range from 0.5 to 1.0 V, and the
only signals visible at the potential higher than 1.2 V were
related to the nucleobase oxidation (see the DPV curves
obtained for ATP in the absence and presence of Ni(II) ions in
Supporting Information, Figure S8). Hence, this proved that
the voltammetric signal observed around 0.8−1.0 V for the
ternary system with nucleotides was not associated with the
redox process of the binary Ni(II)−nucleotide complex.
The presence of nucleotides in the Ni(II)−Aβ5−9 solution

shifted the oxidation peak toward less positive potentials
(Figure 5). It could be associated with the destabilization of
the Ni(II) complex structure and the stabilization of the
electrogenerated Ni(III) form in a ternary system facilitated by
electrostatic and stacking interactions between the His
imidazole ring and the nucleobase.47 However, in contrast to
the previous study,14 the signal in the DPV curves occurred at
different potentials for mono- and triphosphates (but only a
slight shift of oxidation peak toward less positive potentials was
observed with an increase of the AMP concentration from 10
mM to 30 mM). This can be explained by the ability of
octahedral Ni(II) to interact with more than one nucleotide
phosphate group due to the possible chelating effect and
preference for phosphates over nucleobase nitrogens,48 in
contrast to the more rigid four-coordinate planar structure of
Cu(II)−Aβ5−9 complexes.

Figure 4. DPV curves of the titration of 0.45 mM Ni(II)−Aβ5−9
(0.9:1.0 ratio) with NaH2PO4/Na2HPO4 (A) and DPV curves
obtained for 0.45 mM Ni(II)−Aβ5−9 alone and after the addition of
10 mM of selected anions (B), recorded in 100 mM KNO3 at pH 7.4.
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In accordance with the above considerations, the most
facilitated (ΔEox ∼240 mV) Ni(II) oxidation process was
noticed for ternary systems with nucleoside triphosphates (see
Supporting Information, Table S1). This feature was evident
for the obtained CV curves that showed a more reversible
Ni(II)/Ni(III) redox process in the presence of nucleoside
triphosphates (see Supporting Information, Figure S9). In
addition, a signal intensity decrease observed after the
triphosphate addition may be the result of slower diffusion
of the complex to the electrode surface due to the increased
size of the chelate.
Comparison with the Ni(II) Complexes of Other His-2

Peptides. We compared the properties of the Ni(II)−Aβ5−9
complex to the literature data of Ni(II) complexes of His-2
peptides. However, it was not straightforward due to multiple
binding models, different stoichiometries, and the formation of
multimeric species proposed for these systems. Therefore, we
calculated a pNi parameter according to the following equation

CpNi log Ni(II)= −

where CNi(II) is the concentration of Ni(II) aqua ions.
The simulation was performed by the Hyss software49 for 1

mM Ni(II), 1−5 mM peptide, and pH 7.4 (see Figure 6). The
pNi values for the Ni(II)/Aβ5−9 system are in the middle of
pNi values estimated for the previously studied Ni(II)/peptide
system. Aβ5−9 has been found to have a higher affinity to

Ni(II) ions compared to dipeptides (Gly−His and Gly−
Hist),28,50 very similar to that of the tripeptide GHK,18 and
lower than longer peptides with additional Ni(II) binding sites
provided by further His or Cys residues.24,51 For all of them,
the primary Ni(II) binding sites are believed to occur at the N-
terminus composed of the N-terminal amine, the His2 amide,
and the His2 imidazole forming the 3N complex. However,
other than 1:1 stoichiometries have been proposed especially
for shorter peptides due to the formation of oligomeric
Ni(II):peptide species.18,28,43 The model proposed by us for
Ni(II)/Aβ5−9 does not include multimeric species as their
implementation did not improve the fitting. In accordance, the
UV−vis titration of 0.9 mM Ni(II)/1 mM Aβ5−9 with the
Aβ5−9 peptide did not show clear signs of such species (see
Supporting Information, Figure S10). The addition of the
peptide caused an increase in the intensity of the Ni(II)
complex bands, but it was correlated with the general rise in
neighboring signals of the high-intensity bands in the UV
region due to the higher peptide concentration. Overall, we
could not exclude the presence of multimeric species for
Ni(II)/Aβ5−9, but their stability (if they exist) would be very
low. Moreover, the presence of positively charged Arg1 should
successfully hinder the interaction with other peptide
molecules.
Finally, the highest pNi values were observed for the

AHAAAHG/AHAAAC-NH2 peptides.24,51 The presence of
another His/Cys residue at the C-terminus of AHAAAHG/
AHAAC-NH2 peptides indeed increased the affinity to Ni(II)
ions compared to Aβ5−9 or GHK. However, this amplification
resulted likely from the interaction typical for His-2 peptides
3N chelating with the His/Cys residue further. Such
interactions are not favored for our system as 3N [Nam, N−,
Nim] + H2O is supposed to interact with phosphate and not
compete with other groups of the peptide.
As such, the sequence of Aβ5−9 provides beneficial features

compared to other peptides bearing the His-2 motif for its
application as a Ni(II) complex in the receptor system of the
sensor for the phosphate species. The Ni(II) affinity of Aβ5−9
should ensure a robust anchoring site for Ni(II) ions. On the
other hand, the 3N [Nam, N−, Nim] + H2O species of the
Ni(II)/Aβ5−9 complex, the core of the potential recognition of
phosphates, is less susceptible to interaction with other
peptide-derived groups of the intermolecular (as for Gly−
His, Gly−Hist and also GHK at a slightly higher pH) or
intramolecular character (as for peptides containing His/Cys
residues at further positions).

Effect of Altering the Metal Center of the Aβ5−9
Complex. At pH 7.4, the conditional stability constant of
the Ni(II)−Aβ5−9 complex for 1 mM concentrations of
reagents (Kc = 1.7 × 106 M−1) is more than 5 orders of
magnitude lower than for Cu(II)−Aβ5−9 (Kc = 5.8 × 1012

M−1). As such, the peptide Aβ5−9 would primarily form
complexes with Cu(II) ions for the equimolar amounts of
Cu(II)/Ni(II)/Aβ5−9 at pH 7.4 and generally at pH higher
than 3.6, as calculated based on the potentiometric constants
(see Supporting Information, Figure S11). Also, we checked
the kinetics of the ligand exchange between Cu(II) and Ni(II)
complexes adding an equimolar amount of Cu(II) ions to the
Ni(II)−Aβ5−9 complex at pH 7.4. As shown in Supporting
Information, Figure S12, the transfer was accomplished within
the mixing time and the time of pH adjustment, confirming the
dominance of Cu(II) complexes in the analyzed mixture.

Figure 5. DPV curves obtained for 0.45 mM Ni(II)−Aβ5−9 alone (a
black curve), after the addition of 10 mM nucleoside mono-
phosphates (pink, blue, and green curves) or nucleoside triphosphates
(faded pink, blue, and green curves), and after the addition of 30 mM
adenosine monophosphate (a dashed pink curve). The measurements
were done in 100 mM KNO3 at pH 7.4.

Figure 6. Dependence of pNi values on the peptide/Ni(II) molar
ratio for different peptides calculated for 1 mM Ni(II) and 1−5 mM
peptide at pH 7.4 based on potentiometric results obtained in this
work for Aβ5−9 and published previously.18,24,28,50,52 Hist stands for
histamine.
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On the other hand, the binding of Ni(II) to Aβ5−9 was
strong enough to prevent the Ni(OH)2 precipitation noticed
for other biomolecules, such as isomers of urocanic acid or
peptide models of the prion protein.53,54 Thus, the stability of
the Ni(II)−Aβ5−9 complex should be sufficient for its
employment as a receptor for molecules of low Ni(II) affinity
(such as phosphates).
Considering the electrochemical behavior of the studied

system, the change of the metal center in the Aβ5−9 complex
from Cu(II) to Ni(II) facilitated the oxidation of the metal
center (Table 4) due to different geometries and stabilities of

the complexes. This effect favors the application of the Ni(II)−
Aβ5−9 complex in the receptor layer of an electrochemical
biosensor. However, changes in the electrochemical response
of such a complex upon phosphate anions addition were
similar to those obtained for Cu(II)−Aβ5−9 (see Supporting
Information, Figure S7 and Table 4). Thus, the sensitivity of
anion recognition of both chelates is comparable. These results
are related to similar Lewis acidities of Cu(II) and Ni(II) and
suggest that despite potentially accessible axial sites in the
Ni(II) complex, the phosphate anion’s favorable binding site is
the equatorial position in the coordination sphere of the metal.
Nevertheless, an enhanced affinity for chloride and sulfate

anions was observed for the Ni(II)−Aβ5−9 complex, which
may be caused by the increased impact of electrostatic effects
on the octahedral geometry of the binary complex (Figure 7).

The most significant difference in receptor properties of
Cu(II)−/Ni(II)−Aβ5−9 is reflected in the interactions between
nucleotides and the studied complexes. Cu(II)−Aβ5−9 is a
square-planar Jahn−Teller distorted complex. Thus, it has a
strong tendency to coordinate ligands in the equatorial
position and prefer an interaction with the nucleotide’s most
basic phosphate group, which resulted in a similar oxidation
peak potential of Cu(II)−Aβ5−9 after AMP and ATP addition
(Figure 7).14 The accompanying intermolecular forces, such as
stacking interactions, will be preferred in the high-spin Ni(II)−
Aβ5−9. The presence of the oxidation peak at a similar potential
upon the addition of the same amount of phosphate anions
and monophosphate nucleosides but at different potentials
upon the addition of the same amount of triphosphates
suggests a strong dependence of the Ni(II) oxidation potential
on the number of phosphate groups in the phosphate species.
Moreover, the signal related to Ni(II)/Ni(III) in that ternary
system with Aβ5−9 occurs at the same potential value for
pyrimidine and purine nucleotides, indicating irrelevance of the
nucleobase type in such interactions.

Biological Relevance. The facilitated Ni(II) oxidation of
Ni(II) complexes of His-2 peptides in the presence of
phosphates could also be very important for nickel toxicity.
As phosphates are an integral part of the DNA structure, the
DNA phosphate groups could attract the Ni(II) complexes of
the His-2 peptides, increase the oxidative stress level provided
by the Ni(II)/Ni(III) couple, and, in consequence, assist in the
DNA cleavage. Previously, oxidative DNA cleavage was
described mainly in the presence of Ni(II) complexes of His-
3 peptides.55−57 The Ni(II) oxidation potential of such
complexes was reported at about 0.7−0.9 V versus Ag/
AgCl20,34,58 and was much lower than that of Ni(II) high-spin
complexes with the His-2 peptides (about 1.0 V versus Ag/
AgCl at pH 7.4). As shown by us, the interaction with
phosphate could decrease the oxidation potential of the Ni(II)
complexes of the His-2 peptides even to 0.8 V versus Ag/AgCl
at pH 7.4. This value was reported for the known DNA
cleavage catalysts − Ni(II) complexes of the His-3 peptides.
The oxidative activity of Ni(II) complexes of the His-2
peptides has to be further proven by appropriate methods.
However, the results obtained by us could be vital for studies
of nickel toxicology.

■ CONCLUSIONS
The Ni(II)−Aβ5−9 complex offers beneficial features as a
potential receptor of phosphate anions. The sequence of the
peptide with a histidine residue at the second position and with
no further Ni(II)-binding sites should ensure a relatively strong
Ni(II) binding (anchored at the His2 residue) with labile
coordination sites eager to interact with phosphates. Such an
interaction prompts a strong electrochemical response that
could be valuable for phosphate sensing, including the
detection of phosphate groups in more complex structures
such as nucleotides.
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Table 4. Comparison of the Oxidation Potential Values
EM(II)/M(III) at pH 7.4 Determined from DPV Curves of
Binary Ni(II)/Cu(II)−Aβ5−9 Complexes Alone and in the
Presence of 10 mM Phosphates

EM(II)/M(III) (V) vs Ag/AgCl ± SD

studied complex binary complex
binary complex + 10 mM

phosphates
ΔEox
(mV)a

Ni(II)−Aβ5−9 1.016 ± 0.008 0.860 ± 0.002 −160
Cu(II)−Aβ5−9 1.204 ± 0.005 1.056 ± 0.006 −150

aΔEox is the difference in the potential values in mV of Cu(II) or
Ni(II) oxidation of the ternary system with phosphates and the binary
complex round to the nearest tens.

Figure 7. Comparison of selectivity of phosphate anion recognition at
pH 7.4 between Ni(II)−Aβ5−9 and a Cu(II)−Aβ5−9 complex
described previously.14 ΔEox is the difference in the potential values
of Cu(II) or Ni(II) oxidation of the respective ternary system and the
binary complex. Concentrations of reagents: 0.5 mM Aβ5−9, 0.45 mM
Cu(II) or Ni(II), and 10 mM anions or nucleotides.
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toward more positive values at different scan rates; UV−
vis titration of Ni(II)−Aβ5−9 with phosphates; compar-
ison of the oxidation potentials for Ni(II) and Cu(II)
complexes of Aβ5−9; DPV curves for ATP and Ni(II)/
ATP mixtures; CV curves of Ni(II)−Aβ5−9 in the
presence of nucleoside monophosphates and nucleoside
triphosphates; UV−vis titration of Ni(II)−Aβ5−9 with
Aβ5−9; theoretical ligand distribution in the mixture of
Aβ5−9/Ni(II)/Cu(II); competition experiment between
Ni(II)−Aβ5−9 and Cu(II) ions; and oxidation potential
values for Ni(II)−Aβ5−9 in the presence of selected
anions and nucleotides (PDF)
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