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The effect of histidine, histamine, and imidazole
on electrochemical properties of Cu(i) complexes
of Ap peptides containing His-2 and His-3 motifs¥

Aleksandra Tobolska, = Agnieszka E. Jabtonska, Aleksandra Suwinska,
Urszula E. Wawrzyniak, Wojciech Wroblewski and Nina E. Wezynfeld (2 *

The N-truncation of amyloid beta (Ap) peptides could lead to peptide sequences with the histidine
residue at the second and third positions, creating His-2 and His-3 motifs, known as high-affinity Cu(i)
binding sites. In such complexes, the Cu(n) ion is arrested in a rigid structure of a square-planar arrange-
ment of nitrogen donors, which highly limits its susceptibility to Cu(i) reduction. Cu(i) reduction fuels the
Cu(i/Cu() redox cycle, which is engaged in the production of reactive oxygen species (ROS). Employing
electrochemical techniques, cyclic voltammetry (CV) and differential pulse voltammetry (DPV), together
with UV-vis spectroscopy, we showed that low-molecular-weight (LMW) substances, such as imidazole,
histamine, and histidine, could enhance the redox activity of Cu() complexes of three models of
N-truncated Ap peptides, A4_o, ABs_o, and ABi>_16. identifying three main mechanisms. LMW compounds
could effectively compete with Ap peptides for Cu(i) ions, forming Cu(i)/LMW species, which are more
prone to Cu(i) reduction. LMW substances could also shift the equilibrium between the Cu(i)/Ap species
towards the species with higher susceptibility to Cu(i) reduction. Finally, the presence of LMW molecules
could promote Cu()) reoxidation in ternary Cu(i)/Ap/LMW systems. The obtained results raise further ques-
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Introduction

Alzheimer’s disease (AD) is the most common neurodegenera-
tive disease worldwide, affecting more than 10% of people
aged 65 and above. It causes neuron damage, leading to pro-
blems related to memory, thinking, and communication. With
AD progression, patients are no longer able to carry out daily
activities and require around-the-clock care as the disease
spreads through parts of the brain that are responsible for
basic functions, such as walking or swallowing, ultimately
leading to death."

One of the most well-known hallmarks of AD is fibrils com-
posed of amyloid beta (Af) peptides found in the brains of the
first diagnosed AD patients,>* which have been an object of
extensive research for the last several decades. Soluble Ap oli-
gomers have been found to be more toxic for neurons than
last-stage aggregates,® whereas Cu(u) complexes of AP peptides
have been recognized as active species in catalysing reactive
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tions regarding the Cu(i) redox activity in Alzheimer’s disease.

oxygen species (ROS) production.” Most studies on Ap peptides
are focused on their full-length form Af; 4042, although AB
peptides are physiologically much more of a heterogenic
family consisting of numerous analogues, whose sequences
are truncated at N- and C-termini compared to AB;_s0/42->%”
Furthermore, the amount of truncated A forms could exceed
that of AB;_40/42, such as in the case of AP, ,,, which accounts
for more than 60% of Af peptides in the brain. The removal of
the first three amino acids from the Af;_, sequence to create
AB,_, has tremendous effects on the properties of its Cu(u)
complexes. It drastically inhibits the ability of Cu(u) ions to
produce ROS by capturing them in a rigid 4N structure of a
square-planar complex, where all equatorial sites are occupied
by nitrogen donors, namely, the N-terminal amine, two
amides, and the imidazole of histidine at the third position in
the peptide sequence (His-3)® (see the structure of the Cu(u)
complex of the model Ap,_, in Scheme 1). The presence of the
His-3 motif in Ap,_, is crucial for forming such stable Cu(u)/
AB,_, complexes. A similar structure, but with one vacant posi-
tion in the equatorial plane, was reported for another Af ana-
logue, APs_y, which possesses the His residue at the second
position (the His-2 motif).® This vacant Cu(u) binding site
could be filled with external molecules, such as imidazole® or
phosphates'®'" (see Scheme 1), but also grants higher suscep-
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Scheme 1 Sequences of the applied Ap peptides and the structures of
their Cu(i) complexes at pH 7.4. R; and R; stand for amino acid residues
other than the histidine residue. L represents a labile ternary partner,
such as water, low-molecular-weight substances, or buffer molecules.
The grey curve symbolizes the further part of the peptide chain towards
the C-terminus. The structures were prepared based on literature
reports.5°16

tibility to Cu(u) reduction for Cu(u)/ABs_, compared to Cu(u)/
AB4_.°"* Cu(u) reduction followed by Cu(i) reoxidation is the
core of the Cu(u)/Cu(1) redox cycle, which fuels ROS production
by copper complexes of AP peptides.”® Consequently, the con-
tribution of the 3N Cu(u)/ABs_, complex in ROS production is
likely higher than that of the 4N Cu(u)/AB,_, complex, but still
much lower than that of the two-component Cu(u)/Ap;_,
complexes.”™*

The hydrolysis of Ap;_, peptide by neprilysin could lead to
the formation of a chimera peptide AB;,_,,"> containing both
His-2 and His-3 motifs, which is able to switch the Cu(u)
coordination mode from the 4N characteristic for the His-3
peptides and the main Cu(u)/AB;,_, species at physiological
PH 7.4 to the 3N typical for the His-2 peptides (see Scheme 1).
The equilibrium between 4N and 3N complexes for peptides
comprising the combined His-2/His3 motif shifts towards the
3N coordination with the pH decreasing®™® or in the presence
of ternary partners, such as imidazole."®

Additionally, the AP peptides containing the His-3 and/or
His-2 motifs provide much higher Cu(u) affinity compared to
the Ap;_, form. The conditional Cu(u) binding constants given
as log°K,, for the models of Af,_, are 13.53-14.18,%'¢ for
ABs_, are 12.76-12.98,° and for AP;,_;6 is 14.02.'° In contrast,
the log°K,, values for Af,_, are much lower, in the
10.04-10.43 range,”® meaning that Cu(u) ions will preferably
bind to the N-truncated Af peptides containing His-2 and His-
3 motifs. In consequence, any alteration of the activity of Cu(u)
complexes of those N-truncated Ap, including their Cu(u) redox
activity, would likely impact the overall Cu(u)-related activity,
especially that related to ROS production. To study this, we
employed three models of N-truncated Af peptides possessing
His-2 and His3 motifs, namely AB,_o, APs_o, and AP;,-16, With
their sequences given in Scheme 1. For a more straightforward
interpretation of the results, those models contain only the
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main Cu(u) binding site of each Ap form, to which Cu(u) ions
are exclusively bound assuming a huge difference between the
thermodynamic constants between the first and second Cu(u)
binding sites for AB,_, and APs_,*° namely of about seven
orders of magnitude as calculated for Ap,_,.* The C-termini of
the studied model Af peptides were blocked by amidation to
better represent the properties of the longer forms.

As potential molecules that could alter the properties of the
redox properties of Cu(u)/Ap peptides, we chose physiologically
occurring low-molecular-weight (LMW) substances containing
an imidazole ring, namely imidazole (Im), histamine (Hstm),
and histidine (His). Their structures are provided in Scheme 2.
Imidazole is usually investigated as a model for histidine resi-
dues in peptides and proteins and has already been shown to
act as a ternary partner in Cu(u)/peptide complexes.”%?!
Histamine is known as a central neurotransmitter, an immune
response modulator, and as a regulator of sleep-
wakefulness.?>** There are extensive studies on the potential
link between histaminergic neurotransmission and the onset
of AD. Histamine has been implicated in neuroprotection
through antioxidant and anti-inflammatory mechanisms,
potentially mitigating neurodegenerative processes related to
AD. Histamine’s role in modulating neurotransmission, par-
ticularly in pathways involving acetylcholine and glutamate,
suggests its influence on cognitive function, which is impaired
in AD.>* Moreover, the histamine level and its receptor
expression are altered in the brains of AD patients, suggesting
potential dysregulation in histaminergic neurotransmission.
Elevated histamine levels in the cerebrospinal fluid (CSF) of
AD patients have been reported in some studies,>> but many
groups have described lower levels of histamine in various
parts of AD brains.”®*” The exact implications and mecha-
nisms behind these findings require further investigation. It is
also worth noting that histaminergic pathways are being
explored as potential targets for therapeutic interventions in
AD due to their role in neuroprotection and the modulation of
cognitive functions. This includes the development of hista-
mine receptor agonists and antagonists aimed at modifying
disease progression or alleviating symptoms.>® Histidine is a
precursor of histamine,**** and the changes in its concen-
tration in body fluids could provide insights into histamine
metabolism. Indeed, for AD patients, a decline of the His con-
centration was reported in CSF,*® but an increase in the
urine.? Altogether, the literature suggests that LMW mole-
cules could participate in various AD-related processes, their

&
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Scheme 2 Structures of the applied low-molecular-weight (LMW)
substances.
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interactions with AP peptides, especially the N-truncated forms
and in the complexes with Cu(u) ions, are poorly understood.

We employed two electrochemical techniques, namely
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV), to describe the effect of LMW molecules on the redox
activity of Cu(u) complexes of the AB peptides containing the
His-2 and His-3 motifs. In both these voltammetric tech-
niques, the potential applied to a working electrode varies in
time, and the resulting current is measured. For CV measure-
ments, the working electrode’s potential changes linearly up
to a given set value and then switches in the opposite direction
to reach the initial potential value.?® Therefore, the CV tech-
nique is especially useful for studying processes in which
cycling between two oxidation states is important, as is the
case for ROS production, which is driven by the redox Cu(u)/
Cu()) cycle.*'* For DPV measurements, short pulses are
superimposed on the linear changes of the working electrode’s
potential, and an electrochemical signal is the difference
between the current measured before and at the end of each
pulse. Consequently, the background current is significantly
diminished, increasing the sensitivity of the applied method
and allowing for investigations of subtle changes in metal
complex structures, for example, resulting from the formation
of ternary complexes.'%*13%:3

The description of the redox activity for ternary Cu(u)/Ap/
LMW systems is preceded by the results obtained for binary
Cu(u) complexes of Ap peptides containing the His-2 and His-
3 motifs, as well as binary systems of Cu(u) ions with the
applied LMW substances, i.e. imidazole, histamine, and histi-
dine. In addition, we performed a series of UV-vis titrations to
see how LMW substances could alter the Cu(u)/Ap complex
structures and the Cu(u) distribution, which could also change
their redox activity. During the electrochemical studies on the
ternary Cu(u)/Ap/LMW systems, we focused on Cu(u) reduction
due to its high importance in ROS production, but we also
included an analysis of Cu(u) oxidation, which could provide
valuable information about the complex structure.

Experimental

CuCl,, Cu(NO3),-H,0, NaOH, KOH, HCIl, KNO;z;, HNOj3, imid-
azole (Im), histamine (Hstm), and histidine (His) were pur-
chased from Sigma-Aldrich (Merck). The concentrations of
CuCl, and Cu(NOj), stock solutions were determined using a
molar absorption coefficient of 12.6 M~' em™" at 816 nm (ref.
19) on a Varian Cary 50 spectrophotometer (Agilent). Amyloid
f (AB) peptides, namely AP, FRHDSG-NH,, Afso
RHDSG-NH,, and Af;,.1s VHHQK-NH,, were synthesized
according to the Fmoc procedure®” and obtained from the
Institute of Biochemistry and Biophysics PAS (Warsaw,
Poland). Their concentrations were determined by UV-vis titra-
tions of the peptide solution in 50 mM HEPES at pH 7.4 with a
CuCl, standard solution, assuming the formation of primarily
a 1:1 Cu(n): peptide complex according to the literature.>"®
The UV-vis spectra for those titrations were recorded in the
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range of 300-900 nm on a Varian Cary 50 spectrophotometer
(Agilent), and the peptide concentration was calculated based
on the inflection point of the dependence between the absor-
bance at the maximum of the d-d band and the Cu(u) concen-
tration in the cuvette.""*® For the spectroscopic studies of
ternary systems, the 0.45 mM CuCl,/0.50 mM AP solution was
titrated with the 200 mM solution of the LMW substance, and
the UV-vis spectra were recorded in the range of 250-900 nm
on a Varian Cary 50 spectrophotometer (Agilent) at least six
times to confirm the equilibrium of the system. For His/Cu(u)/
AB,o, samples of various His concentrations were prepared
separately, about 18 h before the measurements, to ensure
that equilibrium was achieved in all samples. To avoid the for-
mation of additional ternary species, we did not use an exter-
nal buffer. The pH value of 7.4 was maintained by adding
small amounts of concentrated KOH or HCI solutions as
needed.

For electrochemical measurements, we employed a three-
electrode cell containing a glassy carbon electrode (GCE, BASi,
@ = 3 mm) as the working electrode, Ag/AgCl 3 M NaCl as the
reference (MINERAL, Poland), and platinum wire as the
counter electrode (MINERAL, Poland). An electrolytic bridge
filled with 100 mM KNO; separated the reference electrode
from the working solution. The glassy carbon electrode was
sequentially polished with 1.0 pm and 0.3 pm alumina
powders on a polishing cloth, followed by 1 min ultra-
sonication in deionized water. All the electrochemical
measurements were carried out in 100 mM KNO; at room
temperature under an argon atmosphere using a CHI 1030
potentiostat (CH Instrument, TX, USA). The changes in the
electrochemical signals of the studied ternary systems,
especially His/Cu(u)/AB,_o, were checked over several hours.
The pH was adjusted by adding small amounts of concentrated
KOH or HNO; solutions and controlled using a SevenCompact
pH meter (Mettler-Toledo) with an InLab Micro Pro combi-
nation pH electrode (Mettler-Toledo). During the cyclic voltam-
metry (CV) measurements, the scan rate was 100 mV s ',
whereas, for the differential pulse voltammetry (DPV) measure-
ments, the pulse amplitude was 50 mV and the pulse time was
100 ms.

Results and discussion

Electrochemical properties of Cu(u)/Af,_o, Cu(u)/Afs_o, and Cu
(1)/AB1,-16 complexes

We started with electrochemical studies on the redox pro-
perties of Cu(u) complexes of three Ap forms, namely Af, o,
ABs_o, and AP;,_16. The CV and DPV curves registered at pH 7.4
are given in Fig. 1, while the electrochemical parameters for
the main coordination modes are provided in Table 1 and
Table S1f for the CV and DPV results, respectively. All the
measurements were performed using a slight excess of the
peptide over Cu(u), which was in line with the literature data
on the main 1:1 stoichiometry observed for Cu(u) complexes
of the peptides containing the His-2 or His-3 motif.>%%17:39

Dalton Trans., 2024, 53,15359-15371 | 15361
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Fig.1 CV (A and B) and DPV (C and D) curves recorded scanning
towards more negative (A and C) or more positive (B and D) potential
values for 0.45 mM Cu(i) and 0.50 mM Ap peptides in 100 mM KNOs, pH
7.4.

This approach also allowed us to reduce the amount of highly
redox-active Cu(n) ions not bound to the peptide.*®

No signals were observed for Cu(u)/Ap,-o scanning towards
negative potential values up to —0.8 V vs. Ag/AgCl during the
CV (Fig. 1A) and DPV (Fig. 1C) measurements. A similar effect
was previously reported for another model of AB,_,, namely
ABy_16.>"**" Such inertness to Cu(u) reduction resulted from
the formation of stable and rigid complexes by AB,_,, in which
all the equatorial Cu(u) binding sites were occupied by nitro-
gen donors of the N-terminal amine, two amides, and the His-
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3 imidazole, creating the 4N coordination mode.*'® Esmieu
et al. showed that reducing Cu(u) in such a complex requires
highly negative potential values around —1.5 V vs. Ag/AgCL,*'
which is far beyond physiological conditions,*” and therefore
was not used in our study.

Cu(u) reduction for the complex of the next studied
N-truncated Af form, Afs_y, was noticed at —0.54 V vs. Ag/AgCl
from the CV curves (Fig. 1A). This peptide comprised the His-
2 motif, in which nitrogen donors occupy the three equatorial
binding sites at pH 7.4, namely the N-terminal amine, the
amide, and the His-2 imidazole, forming the 3N coordination
mode. A water molecule or other loosely bound ligands could
cover the fourth site.'® The relatively large difference between
the signal assigned to Cu(u) reduction and, in the reverse scan,
Cu(1) oxidation (see Fig. 1A and Table 1) suggested a substan-
tial reorganization of the complex structure during the tran-
sition between the Cu(u) and Cu(1) oxidation states, which
aligns with the square-planar arrangement of the donors in
the Cu(u) complex and the expected linear structure of the
Cu(1) complex. These results agree with our previous studies
on Cu(u)/ABs_,,”"" as well as with literature data for other
Cu(n) complexes of His-2 peptides.'*>*

Signals assigned to the Cu(u)/Cu(1) redox cycle for the Cu(u)/
AB1, 16 complex were observed at values similar to Cu(u)/ABs_o
potential values (Fig. 1A and C), but with diminished intensities.
The APy, 16 peptide contains both the His-2 and His-3 motifs,
which supports the formation of 3N- and 4N-type complexes.'® At
pH 7.4 and an almost equimolar Cu(n) and peptide amount, the
4N coordination prevailed, utilizing about 99.8% of the Cu(u)
ions. The remaining 0.2% of Cu(u) (approximately 1 puM) was
bound in the 3N complexes (see the Cu(u) species distribution for
APyyq6 in Table S2%), justifying the presence of the Cuf(u)
reduction signal characteristic for the 3N complex. In more acidic
conditions, the molar fraction of the 3N coordination increased'®
(see Table S27), corresponding to higher intensities of the
signals, as shown in Fig. S1.f However, the acidification could
also lead to the presence of the Cu(u) ions not bound to the
peptide, which undergo reduction at less negative potential
values than for 3N complexes around 0.0 V vs. Ag/AgCl (see the
CV curves at pH 4.5 in Fig. S17).

Table 1 Electrochemical potential values related to the Cu(i) redox processes for 4N and 3N coordination modes of Cu(i)/Ap complexes calculated
based on CV curves at 100 mM KNO3 as the mean of at least three independent repetitions with standard deviation values as the last digit given in

parentheses

E (V) vs. Ag/AgCl

Ccv
Cu(u) complexes Coordination Cu(u)/Cu(1) Cu(1)/Cu(m) AEcum/cu( Cu(u)/Cu(1m) Cu(m)/Cu(u) AEcy(my/cu(im)
Cu(u)/As o AN n.d. n.d. — 0.87(1)" 0.80(1)° 0.07(1)°
Cu(u)/As_o 3N —0.54(1)" 0.04(2)° 0.58(2)° 1.32(1)% n.d. —
Cu(n)/AB1o16 3N —0.46(1)%¢ 0.15(2)° 0.60(1)" 1.29(1)° n.d. —
0.27(3)° 0.74(2)°
AN n.d. n.d. — 0.89(1)° 0.80(1)° 0.09(1)°

n.d. not detected. “Based on the measurements at pH 7.4. ” Based on the measurements at pH 3.8-4.5. “Based on the measurements at pH

4.5-5.0.
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The presence of two adjacent His residues in the Af;,46
sequence should also stabilize the Cu(i) oxidation state.
However, we did not notice the expected bigger separation
between the Cu(u) reduction and Cu(1) oxidation potentials
(AE) for AP, 46 (containing bis-His motif) compared to Afs_
(containing only the His2 residue) at pH 7.4. But, this
appeared at a more acidic pH of around 5.0 (see Table 1 and
Table S1t). Cu(1) stabilization was reported previously for AHH
in relation to an AH complex at pH 6.2."7 The lack of such
effect in the presence of APy, 16 at pH 7.4 likely resulted from
the very weak interaction between Cu(1) and Ap,, 16 during the
electrochemical measurements at this pH due to: (i) the low
amount of copper ions participating in the electrochemical
reactions (around 1 pM Cu(u) was in the 3N complex and could
be reduced to Cu(i) at pH 7.4) and (ii) the moderate Cu(i)
affinity constant for this type of peptides (around 2 x 10° M™"
by analogy to AP;;_16, EVHHQK).*! As described above, at more
acidic conditions, the amount of Cu(u) ions involved in the 3N
complex was higher (Table S27); in consequence, more Cu(u)
ions were reduced to Cu() (see Fig. S17), facilitating the inter-
action between Cu(1) and AP;, ;¢ and shifting the Cu(r) re-
oxidation potential towards higher values (see Fig. S17).

Analysing the Cu(u) oxidation signals at pH 7.4, which were
obtained when scanning towards more positive potential
values during the CV (Fig. 1B) and DPV measurements
(Fig. 1D), we noticed a high resemblance between the redox
activity of Cu(u)/AB,_ and Cu(u)/AP;,-16, both showing a predo-
minant contribution of the 4N complex at this pH value. For
the CV curves, the Cu(u) oxidation was noticed at around 0.9 V
vs. Ag/AgCl with the corresponding Cu(m) reduction signals at
70-90 mV lower potential values. These results are consistent
with literature data on short models of Ap,_,.'* In contrast,
Cu(u) oxidation for the 3N complex of Cu(u)/ABs_o occurred at
higher potentials, around 1.3 V vs. Ag/AgCl. This process was
irreversible as no signals were noticed in the reverse scan and
was likely associated with the oxidation of the His residue by
reactive Cu(m) species at high potentials. The characteristic
signals for Cu(u) oxidation for the 3N complex were also
observed for Cu(u)/AP;,_16, but at acidic conditions, as shown
in Fig. S2 and S3B.{ In agreement with the results for the 3N
complex of APs;o, the Cu(u) oxidation for the 3N complex
AP1,_16 Was also irreversible (see Fig. S37).

Electrochemical properties of Cu(u)/His, Cu(u)/Hstm, and
Cu(u)/Im binary systems

In the next step, we performed measurements for binary
systems of Cu(u) ions and LMW substances, including histi-
dine (His), histamine (Hstm), and imidazole (Im). The Cu(u)
complexes of those substances could contain more than one
ligand molecule per Cu(u) ion, and their stability highly
depends on the ligand excess, as observed during the UV-vis
titration with those LMW substances (Fig. S4f) and as
described in the literature.**™*® We also demonstrated that the
LMW :Cu(u) ratio also highly affects the electrochemical
response, especially the Cu(u)/Cu(1) cycle (Fig. S5 and S67).
Therefore, we mainly applied 5.0 mM concentration of LMW
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substances in our measurements (about 11-fold excess of the
LMW compound over Cu(u)) to saturate the copper binding
sites by the given LMW molecules. Comparisons of the
respective CV and DPV curves for all the Cu(u)/LMW binary
systems are given in Fig. 2, whereas the electrochemical para-
meters associated with the Cu(u)/Cu(1) cycle are provided in
Table 2.

Cu(u) reduction was highly facilitated in the presence of
imidazole, as indicated by its potential value of 0.08 V vs. Ag/
AgCl and the relatively high reversibility of this process due to
the proximity of the Cu(u) reduction and Cu(i) oxidation
signals (see Table 2 and Fig. S671). Cu(u) ions are more resistant
to reduction when they form complexes with ligands contain-
ing additional groups attached to the imidazole ring, such as
histamine with an amine group or histidine with amine and
carboxyl groups. In those cases, the Cu(u) reduction potential
was shifted to more negative values and was more separated
from the Cu(i) oxidation signal (see Table 2). Note that the
decrease in the Cu(u) reduction potential value and lower
reversibility of the Cu(u)/Cu(1) cycle were highly associated with
the increase of the Cu(u) complex stability in the order imid-
azole < histamine < histidine (the complex stability was esti-
mated based on values of the negative logarithms of Cu(u)
ions not bound to the ligand, i.e. pCu values of 3.8 < 9.80 <
13.15, respectively).'**>*
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Fig.2 CV (A and B) and DPV (C and D) curves recorded scanning
towards more negative (A and C) or more positive (B and D) potential

values for 0.45 mM Cu(n) and 5.00 mM histidine (His), histamine (Hstm),
and imidazole (Im) in 100 mM KNOgz, pH 7.4.
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Table 2 Electrochemical potential values related to the Cu(i)/Cu(l) cycle for the binary systems of Cu(i) and low-molecular-weight substances
(LMW): imidazole (Im), histamine (Hstm), and histidine (His) calculated based on CV and DPV curves at pH 7.4 and 100 mM KNOs as the mean of at
least three independent repetitions with standard deviation values as the last digit given in parentheses

E (V) vs. Ag/AgCl

Cv
DPV
Binary Cu(ir)/LMW system Cu(u)/Cu(y) Cu(1)/Cu(m) AEcuqny/cu() Cu(u)/Cu(y)
0.45 mM Cu(u)/5.0 mM Im 0.08(2) 0.14(2) 0.07(1) 0.14(2)
0.45 mM Cu(u)/5.0 mM Hstm -0.29(2) -0.13(2) 0.16(2) —0.20(2)
0.45 mM Cu(m)/5.0 mM His —0.48(2) -0.22(4) 0.27(5) —0.34(3)

In contrast, scanning towards more positive values, the
main signal observed in the CV and DPV curves for all the Cu
(1)/LMWSs systems appeared at a similar potential of about
1.25 vs. Ag/AgCl (Fig. 2B and D). Such a picture is characteristic
of the irreversible electrochemical oxidation of the imidazole
ring in the imidazole-containing substances, often leading to
the adsorption of a polymer-like product on the electrode.*®™>°
The presence of Cu(u) likely slightly affects this process as the
intensities of the oxidation signals registered for imidazole
and histamine were decreased upon Cu(u) addition, while the
peak of the histidine oxidation was shifted by about 50 mV, as
shown in Fig. S7.+

Spectroscopic analysis of the ternary Cu(u)/AB/LMW systems

The investigation of the effects of the LMW substances on the
electrochemical properties of Cu(u)/Ap complexes was per-
formed by spectroscopic characterization of the ternary
systems. The UV-vis spectra for the titration of Cu(u)/Af com-
plexes with the studied LMW substances, together with the
control spectra of the Cu(u)/LMW complexes, are provided in
Fig. 3.

No significant changes were observed upon the addition of
imidazole to the Cu(u)/AB, o complex (Fig. 3A). This aligns
with the theoretical calculations on the Cu(u) distribution
between AP and LMW substances given in Table S3.f
Considering the formation of exclusively binary complexes,
imidazole is unlikely to compete for Cu(u) ions with Af, o as
well as with APs_o or A, 1. However, for ternary systems com-
prising imidazole and APs_¢ or ABy,-16, @ d—d band shift was
noticed towards shorter wavelengths for the APs; o system
(Fig. 3D) and towards longer wavelengths for the Ay, 46
system (Fig. 3G). Such spectral fingerprints are characteristic
of the formation of ternary complexes with peptides contain-
ing the His-2 motif>'%*"*»*> and combined His-2 and His-
3 motifs,'® respectively. In the first case, imidazole fulfils the
vacant space in the equatorial plane of the 3N Cu(u) complex
of the His-2 peptide (ABs_o), resulting in a blue-shift of the d-d
band.’ For the Cu(u) complex of the His-2/His-3 peptide (such
as APj,-16), with the predominant 4N coordination at pH 7.4,
the formation of the ternary complex with imidazole required
a switch to the 3N Cu(u)/peptide coordination, which makes
the fourth site in the equatorial plane available for the inter-
action with imidazole.'® The internal rearrangement of the Cu

15364 | Dalton Trans., 2024, 53, 15359-15371

(u) complexes of His-2/His-3 peptides from the 4N to 3N
coordination, followed by the formation of a ternary 3N + 1N
complex, was in line with the red-shift of the registered d-d
band for the Im/Cu(11)/AB1,-16 System (Fig. 3G).

In contrast, comparison of the Cu(u) affinity of the studied
N-truncated Af peptides and histidine (see Table S37)
suggested potential competition between those molecules for
Cu(u) ions. Indeed, we observed a gradual conversion in the
UV-vis spectra in the course of the measurements for all the
studied Cu(u)/AB complexes with histidine (Fig. 3C, F and 1), as
expected for the transfer of Cu(u) ions from Af to histidine.
Note that such transfer could last longer than the mixing time
due to the rigid structure of the studied Cu(u)/Ap complexes.
For example, monitoring the changes of the UV-vis spectra
upon the addition of histidine to the Cu(u)/Ap complexes
(Fig. S8, final reagent concentrations of 5.0 mM His/0.45 mM
Cu(u)/0.50 mM Ap), we demonstrated that it took about 3 h to
achieve equilibrium for the Af, o system, while it took about
15 min for AB;, 46, and less than 3 min (time of the reagent
mixing and registering the spectrum) for Aps_o (see the kinetics
in Fig. S9t). The relatively slow withdrawal of Cu(u) ions from
AB,_o, the peptide containing the His-3 motif, agreed with the
previously reported results on the interaction of Cu(u) com-
plexes of AP, , with metallothionein-3, EDTA, Cys, and
GSH.>*™> The much faster reactivity of Cu(u)/AB;,_16 with GSH
compared to Cu(u)/ABso has also been reported.>® On the
other hand, the His-2 motif, which facilitates Cu(u) transfer to
the histidine compared to the His-3 motif, also promotes the
formation of Cu(u)-peptide complexes, as reported by Gonzalez
et al.; the slowest rate of the Cu(u) binding was noted for the
His-3 peptide AAH, faster than for the His-2/His-3 peptide
AHH, and the fastest for AH.>® Thus, the presence of combined
His-2 and His-3 motifs in the peptide sequence significantly
facilitate both the association and dissociation of their Cu(u)
complexes compared to those with the His-3 motif alone. The
spectra collected in Fig. 3 are the final ones after reaching
equilibrium. Besides the ternary system compromising histi-
dine and A4 or AP, 416, We did not notice any significant
time-related changes upon mixing in the reagents.

A more detailed analysis of the spectral changes during the
titrations of Cu(u)/Ap complexes with histidine is given in
Fig. S101 and showed that the increase in the intensity of the
d-d band characteristic for Cu(u)/His complexes was less pro-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 UV-Vis spectra for the titration of 0.45 mM Cu(1)/0.50 mM Ap peptides, Aps-o (A—C), APs.g (D—F), and ABi>-16 (G—I) with LMW substances,
imidazole (A, D, G), histamine (B, E, H), and histidine (C, F, ), in the 0.50-30 mM concentration range coded with the gradient colors from green
(0.50 mM LMW) to red (30 mM LMW). The black line refers to the initial spectrum of 0.45 mM Cu(i1)/0.50 mM Ap peptide, whereas the grey line refers
to the control spectrum of 0.45 mM Cu(1)/5.0 mM LMW substance. The titration was performed at pH 7.4. The arrows represent the direction of

spectral changes during the titrations.

nounced for Afs_o and AB;, 16 than expected from theoretical
calculations, where we assumed only the formation of binary
Cu(u)/Ap and Cu(u)/His complexes. For Cu(u)/APs_o/His, such
analysis could be hampered by the proximity of the d—-d bands
of the Cu(u)/ABs_¢ and Cu(u)/His binary complexes (Fig. 3F).
But even if the whole theoretical spectra were analyzed (data
not shown), the theoretical amount of binary Cu(u)/LMW com-
plexes would still be higher than the experimental ones. This
could be explained by the participation of the intermediate
species, likely the ternary complex Cu(u)/Ap/His, in transfer-
ring Cu(u) ions from APs_o and APy, 16 to histidine, which is in

This journal is © The Royal Society of Chemistry 2024

line with their ability to form ternary complexes with those
His-2 peptides.

The interpretation of the results obtained during the titra-
tions with histamine was even more challenging due to the
increase in absorbance at lower wavelengths observed at
higher histamine concentrations, which also affected the
signal of the d-d band of the Cu(u)/Ap complexes (Fig. 3B, E
and H). For example, a similar increase of the d—-d band inten-
sity, but without the spectral shift, was noted for the system
with AB, ¢ and APy, 16 (Fig. 3B and H). Theoretical calculations
indicated that histamine would not effectively compete for Cu(u)
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ions with those peptides (Table S31), and as shown for the
ternary system Im/Cu(i)/AP,o (Fig. 3A), the 4N complexes of
the His-3 motif were not prone to form ternary complexes with
the external molecules. Therefore, there was no clear evidence
confirming the formation of ternary complexes between hista-
mine and Cu(u)/AB,_o or Cu(u)/AB;» 16. On the other hand, the
titration of Cu(i)/Afs_o with histamine was associated with a
blue-shift of the d-d band characteristic for the ternary Cu(u)
complexes of the His-2 peptides. Based on the theoretical cal-
culations given in Table S3,T Cu(u) transfer from Aps_o to hista-
mine is also possible, but considering practically the same
position of the d-d bands for Cu(u)/Afs-¢ and Cu(u)/Hstm
(about 600 nm), but higher intensity of the latter, such a reac-
tion should be manifested mostly as an increase in Aggo inten-
sity but without a shift. Despite the fingerprint of the ternary
Hstm/Cu(u)/ABs_o complex being clearly spotted, we could not
exclude the formation of the binary Cu(u)/Hstm species, as
their spectral signals are very alike.

Following the changes at the d-d bands that could be
assigned to the ternary complexes, Cu(u)/Afs_o with imidazole
and histamine, and Cu(u)/AB;,1¢ With imidazole, given in
Fig. S11,7 we could conclude that their stability decreased
in the order Im/Cu(u)/ABs_¢ > Im/Cu(u)/ABy, 16 > Hstm/Cu(w)/
APs-o. The four-times weaker affinity of imidazole to Cu(u)/
APiy-16 than to Cu(u)/APs-o aligned perfectly with the results
obtained for the interaction of imidazole with Cu(u)/AHH and
Cu(u)/AH, respectively.'® The lowest stability of the ternary
system of Hstm/Cu()/APs-o could be due to the more extensive
structure and higher positive charge of histamine compared to
imidazole, which could impede the formation of ternary
species. However, the error in the K, value calculated for this
system was likely higher than obtained from the fitting due to
the mentioned increase in the basal signal at high histamine
concentrations.

Electrochemistry studies of the ternary Cu(u)/AB/LMW systems

Cu(u) reduction in the ternary Cu(u)/AB/LMW systems. The
CV curves for the ternary systems Cu(u)/Ap/LMW recorded in
the potential range typical for the Cu(u)/Cu(1) cycle and the
respective signals for binary systems Cu(u)/Ap and Cu(u)/LMW
are shown in Fig. 4. The analogous DPV curves are given in
Fig. S12.f For clarity, those comparisons represent the
measurements for 0.45 mM Cu(u), 0.50 mM Af peptides, and
5.0 mM LMW substance concentrations. The electrochemical
results in the 0.5-5.0 mM concentration range of LMW com-
pounds are available in the ESI, Fig. S137 for the CV curves,
and Fig. S141 for the DPV curves.

We did not notice any significant signal for Cu(u) reduction
upon imidazole addition to AB,_o, as shown in Fig. 4A, S12A,
S13A, and S14A.f Thus, imidazole did not induce the
reduction of Cu(u) ions engaged in the rigid structure of the
complex with the His-3 peptide. This aligns with the theore-
tical calculations on the Cu(u) distribution between Ap and
LMW substances given in Table S31 and the results of the
respective spectroscopic titrations (Fig. 3A). On the other
hand, imidazole caused a slight alteration in the shape of the
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electrochemical curves for Cu(u)/Afs_o (especially for the CV
measurements around —0.55 V, Fig. 4D, S13Dt) and a current
increase for the signals related to Cu(u) reduction and Cu(y)
oxidation for Cu(u)/AB1,-16 (Fig. 4G, S12G, S13G and S14Gt). In
both cases, i.e. for Cu(u)/Afs_o and Cu(u)/AP;,_16, such effects
were likely primarily associated with the formation of the
ternary 3N + 1 complex. However, whereas the “weak redox-
active” 3N complex was already a major species for Cu(u)/Afs_o
at pH 7.4, the major coordination mode for Cu(u)/AB;, 16 at
the same condition was the “redox-inert” 4N complex, which,
in the presence of imidazole, was forced to convert to the 3N
coordination and finally to the 3N + 1IN complex. As the
amount of “weak redox-active” 3N complex increased for the
Im/Cu(u)/AB;,-16 System, we observed a current rise for the
signals for the Cu(u)/Cu(i) cycle, whereas the completion of the
equatorial plane of the 3N complex by the labile imidazole
molecule for the Im/Cu(u)/ABs_o system was associated with a
slight alteration of the Cu(u) reduction signal.

Similarly to the Cu(u)/AB,o/Im ternary system, we did not
notice changes upon the addition of histamine to Cu(u)/AP,-o
(Fig. 4B, S12B, S13B and S14Bft), whereas evident signals
related to the Cu(u)/Cu(i) cycle appeared for Cu(u)/AB,-o/His
(Fig. 4C, S12C, S13C and S14Cf¥). As shown in the spectro-
scopic studies, this could be explained by the competitive
binding of Cu(u) ions by histidine from AP, (Fig. 3C),
whereas histamine could barely compete with A, for Cu(u)
under analogous conditions (Fig. 3B, Table S37).

Histidine could also effectively withdraw Cu(u) ions from
ABs o and APi, 16, as confirmed by the spectroscopic results,
while histamine could theoretically remove Cu(u) ions from
APs_o (see Table S3t). However, as mentioned above, for the
systems involving His-2 peptides, such as APs_o and AB;, 46,
another scenario was also possible: the formation of ternary
complexes. The electrochemical indication of the former
process, i.e. the competitive Cu(u) binding to LMW, could be
observed for Cu(u)/ABs_o/Hstm with the current rise at poten-
tials typical for the reduction of Cu(u) ions bound to histamine
(see the DPV curves in Fig. S12Ef). On the other hand, the
alteration in the signal shape for Cu(u) reduction (Fig. 4E) was
analogous to those registered for the ternary complex of the
Im/Cu(u)/ABs_o system (Fig. 4D). Thus, both reactions, i.e. the
competitive binding of Cu(n) ions by histamine and the for-
mation of the ternary Hstm/Cu(u)/ABs_o complex, could occur
for this system. It was more problematic to distinguish those
signals for the systems comprising histidine and the His-2
peptides, as the Cu(u) reduction potentials for the 3N Cu(u)/
peptide complex were close to those of the Cu(u)/His com-
plexes (see Fig. 4F, I, S12F, S12If and Tables 1, 2, and
Table S1}). However, the barely noticeable impact of histamine
on the Cu(u) reduction in the system involving Cu(u)/ABy,-16
(Fig. 4H) suggested that the more extensive structure of LMW
molecules and more positive charge of histamine compared to
imidazole could impede the formation of the ternary com-
plexes. Steric hindrance could be expected to be even greater
in the case of histidine, but the negative charge of its car-
boxylic acid should be in favour of the interaction between the

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 CV curves recorded scanning towards more negative potential values for ternary systems containing 0.45 mM Cu(i); 0.50 mM Ap peptides,
ABa-o (A-C), ABs_g (D—F) or APi2.16 (G-1), and 5.0 mM imidazole (Im) (A, D, G), histamine (Hstm) (B, E, H) or histidine (His) (C, F, I) (blue, orange or
green solid lines, respectively). The curves for the corresponding binary systems containing 0.45 mM Cu(1)/0.50 mM Ap peptides (black lines) and
0.45 mM Cu(1)/5.00 mM imidazole (Im), histamine (Hstm) and histidine (His) (blue, orange or green dotted lines) are shown for comparison. The

measurements were performed in 100 mM KNOsz, pH 7.4.

LMW substance and the positive-charged AB;, 16. Both those
effects could promote Cu(n) reduction in the Cu(u)/AB;,_16/His
system (Fig. 4I), but as shown by the spectroscopic studies,
Cu(u) ion removal from Cu(u)/APi,_46 by histidine prevailed
due to the unique stability of the Cu(u) complexes of histidine
among the studied Cu(n) complexes of the LMW substances®*
and the relatively tight Cu(u)/AB;,_16 Structure.

The picture was more straightforward for the Cu(i) oxi-
dation processes during the reverse CV scans. The signals for
the ternary systems with histamine and histidine clearly fol-
lowed those of the binary Cu(u)/LMW systems (Fig. 4E, F and
I). In consequence, the Cu(u)/Cu(i) cycle became far more

This journal is © The Royal Society of Chemistry 2024

reversible for the ternary systems of Cu(u)/His-2 peptide with
Hstm or His compared to that of the binary Cu(u) complexes
of the His-2 peptides. This effect was even more enhanced as
the signal for Cu(u) reduction for the 3N complex was shifted
slightly towards less negative values in the presence of those
LMW molecules. For example, the difference between the
Cu(u) reduction and Cu(i) oxidation potential decreased from
about 0.58 V for the binary Cu(u)/Afs_o complex to about 0.40
V for the ternary system Cu(u)/Afs_o/Hstm (Fig. 4E).

Cu(u) oxidation in the ternary Cu(u)/Af/LMW systems.
Analysis of Cu(u) oxidation for the ternary Cu(u)/AB/LMW
systems was mainly based on the DPV results due to their

Dalton Trans., 2024, 53,15359-15371 | 15367
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Fig. 5 DPV curves recorded scanning towards more positive potential values for ternary systems containing 0.45 mM Cu(i); 0.50 mM A peptides,
AB4-9 (A—C), APs_g (D—F) or ABi2-16 (G-I), and 5.0 mM imidazole (Im) (A, D, G), histamine (Hstm) (B, E, H) or histidine (His) (C, F, 1) (blue, orange or

green solid lines, respectively). The curves for the corresponding binary

systems containing 0.45 mM Cu(1)/0.50 mM AB peptides (black lines) and

0.45 mM Cu(1)/5.00 mM imidazole (Im), histamine (Hstm) and histidine (His) (blue, orange or green dotted lines) are shown for comparison. The

measurements were performed in 100 mM KNOs at pH 7.4.

better signal separation compared to the CV signals.
Comparison of DPV curves of the Cu(u)/Ap, Cu(u)/LMW, and
Cu(u)/Ap/LMW systems for Cu(u) oxidation is shown in Fig. 5,
whereas the respective CV signals are available in Fig. S15.f
The electrochemical results in the 0.5-5.0 mM LMW range are
given in Fig. S16% for the CV curves, and Fig. S17t for the DPV
curves.

The effect of the studied LMW substances on the Cu(u) oxi-
dation signals characteristic for AB, and Af;,-16 complexes
was very subtle. It was associated with a slight shift of the
anodic peaks towards less positive values (for the DPV curves,
on average about 18 mV vs. Ag/AgCl upon the addition of

15368 | Dalton Trans., 2024, 53, 15359-15371

5 mM LMW substances to Cu(u)/AB,_ and about 35 mV vs. Ag/
AgCl upon the addition of 5 mM LMW substances to Cu(u)/
AB15 46, Fig. 5) and a minor improvement in the Cu(u) oxi-
dation reversibility in both cases (AE decreased by about
10 mV, Fig. S15A-C and S15G-If). Thus, the influence of the
studied LMW molecules on Cu(u) oxidation of the Ap, ¢ and
AP, 16 complexes was likely limited to the second coordi-
nation sphere of the copper-peptide chelates.

A more pronounced impact of LMW substances was
noticed for the Cu(u) oxidation of Cu(u)/ABs_o, as shown in
Fig. 5D-F and Fig. S15D-F.T The oxidation potential registered
by DPV was about 200 mV lower upon the addition of 5 mM

This journal is © The Royal Society of Chemistry 2024
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imidazole to Cu(u)/APs_y (Fig. S15D%). In our previous electro-
chemical studies on Cu(u) oxidation for His-2 peptide com-
plexes in the presence of imidazole®?> and phosphates,'®'* we
also observed a shift of the anodic peak towards less positive
values. In such species, imidazole and phosphates fulfil the
vacant position in the square-planar Cu(u)/His-2 peptide
complex structure, facilitating Cu(i) conversion to the Cu(u)
oxidation state. Analysis of the oxidation processes for the
ternary Cu(u)/Afs_o systems with histamine and histidine is
more challenging due to the proximity to the region for imid-
azole ring oxidation for those LMW compounds (Fig. S15E and
Ft). A better separation of the signals was achieved by using
DPV (Fig. 5D-F) and decreased LMW concentrations
(Fig. S17D-F and S187%). For example, considering the ternary
Cu(u)/ABs_o system with 2.5 mM histamine or 2.5 mM histidine
(Fig. S18%), we could estimate that the shift of the Cu(u) oxi-
dation signal upon the addition of those LMW substances to
Cu(u)/APs_o was highly depressed compared to the ternary
system with imidazole (respectively about 70 mV for histamine
and histidine and about 190 mV for imidazole). This aligns
with the limited ability of histamine and histidine to create
ternary species with Cu(u)/ABs_o as proposed in the previous
section related to Cu(u) reduction. Moreover, a significant
decrease in the current was noticed for the Cu(u)/APs-o/His
DPV signals compared to for Cu(u)/Afs_o (see Fig. S15F, S17F
and S18Ct), confirming the competitive Cu(u) binding by histi-
dine from Cu(u)/ABs_o (Table S37).

Conclusions

The high stability of Cu(u) complexes with AP peptides with
His-2 and His-3 motifs suggests that Cu(u) ions preferentially
interact with N-truncated peptides rather than other Af forms.
Moreover, the N-truncated forms, such as Ap,_,, constitute a
substantial portion of AP peptides in the brain. Thus, any
alteration of the redox activity of their Cu(u) complexes could
significantly affect the overall status of the potentially toxic
copper redox-active species. Employing electrochemical tech-
niques, such as cyclic voltammetry and differential pulse voltam-
metry, as well as UV-vis spectroscopy, we distinguished various
mechanisms for the changes triggered by imidazole-containing
low-molecular-weight substances, such as imidazole, histamine,
and histidine. The most crucial ones involve (i) competitive Cu(u)
binding by LMW substances from the Af peptide, creating
species more prone to Cu(u) reduction (i.e. in the ternary system
Cu(u)/AB,—o/His), (ii) changes in the Cu(u)/Ap coordination mode
triggered by LMW substances, promoting Cu(n) reduction in the
Cu(u)/Ap complexes (i.e. in the ternary system Cu(u)/AB;, 16/Im),
(iii) Cu(1) reoxidation supported by LMW substances narrowing
the distance between the Cu(u) reduction and the Cu(1) oxidation
potentials (i.e. in the ternary system Cu(u)/APs o/Hstm system).
Altogether, these processes favour Cu(u)/Cu(r) cycling, which
likely participates in the production of reactive oxygen species
and the elevated level of oxidative stress detected in the brain of
Alzheimer’s disease patients.

This journal is © The Royal Society of Chemistry 2024
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Moreover, the oxidation of either Cu(u) or the imidazole
ring of LMW molecules was also promoted in the studied
ternary Cu(u)/Ap/LMW systems, especially in those containing
the His-2 peptide complexes. But, in contrast to the Cu(u)
reduction-related process, the potential values of the oxidation
of Cu(u) ions or LMW compounds were still too high to
provide a high biological importance. Still, those measure-
ments could serve as valuable information on the Cu(u)
complex structure or may be employed in analytical methods
for the recognition of LMW substances and AB peptides.'®"!

In view of the substantial effect of LMW compounds on Cu
(w)/Cu(1) cycling in N-truncated AB complexes, further studies
on such systems are highly recommended. More detailed
studies on the electron-transfer mechanism in the selected
ternary systems, similar to those performed for binary Cu(u)/
AB1_16,”” are planned to describe how the Cu(n) species are pre-
organized prior to the redox reaction. Measurements at
various pH values could also provide valuable data on such a
mechanism, especially for systems in which the LMW sub-
stances affect the coordination mode of the Cu(u)/peptide com-
plexes, such as for the ternary systems comprising Af;,-16. The
pH dependence has already been described for the electro-
chemical activity of Cu(u) ions in complexes of AP;_i6,°°
Aﬁ4—16,59 Aﬁs—leyss Aﬁps—ls,ss Aﬁ11—16,34 ABp11716134 and here for
AB;,_16, but similar studies in ternary systems are missing. It is
also worth employing physiological reducing and oxidizing
agents to induce the redox reaction instead of initializing it by
changes in the electrode potential. Furthermore, methods that
are more suitable for a few orders of magnitude lower levels of
analytes could better correspond to the physiological Ap con-
centration in cerebrospinal fluid,’® whereas expanding the
project by including kinetic measurements could align the
latest discoveries regarding the formation of Cu(u) complexes
with N-truncated AP peptides and other His-3 peptides.®’
Therefore, we plan to continue this study considering various
effects of LMW substances on the redox activity of the Cu(u)/Ap
complexes demonstrated here by electrochemical methods due
to the potential high importance of the obtained results for
Alzheimer’s disease pathology.
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