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The formation of reactive oxygen species (ROS) in the brain is a major cause of neuropathologic
degradation associated with Alzheimer's Disease (AD). It has been suggested that the copper (Cu)-
amyloid-f (AB) peptide complex can lead to ROS formation in the brain. An external chelator for Cu that
can extract Cu from the CuAB complex should inhibit the formation of ROS, making Cu chelation an
excellent therapeutic approach for AD. Such a chelator should possess high selectivity for Cu over zinc
(Zn), which is also present within the synaptic cleft. However, such selectivity is generally hard to achieve
in one molecule due to the similarities in the binding preferences of these two metal ions. As an
alternative to monotherapy (where Cu extraction is performed using a single chelator), herein we
describe a variation of combination therapy — a novel cocktail approach, which is based on the co-
administration of two structurally different peptidomimetic chelators, aiming to target both Cu?* and
Zn2+
experiments, we demonstrate that our peptidomimetic cocktail allows, for the first time, the complete
and immediate inhibition of ROS production by the CuAB complex in the presence of Zn?*. In addition,
we further demonstrate the high stability of the cocktail under simulated physiological conditions and its

ions simultaneously but independently from each other. Based on rigorous spectroscopic
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Introduction

Copper (Cu) is an essential co-factor in biology,* and disruption
of its regulation within living organisms is a cause for the
development of several conditions, including neurodegenera-
tive disorders such as Alzheimer's disease (AD).> AD is a multi-
factorial disease, and its mechanisms and causes are still
unclear; nevertheless, one of the hypotheses developed in
recent decades suggests that Cu can induce abnormal extra-
cellular accumulation of a peptide called amyloid-B (AB),
leading to the formation of insoluble fibrils and senile plaques,
which are among the pathological hallmarks of AD.* In addi-
tion, the ability of the Cu-AB complex to catalyze the incomplete
reduction of dioxygen in the presence of a natural reducing
agent such as ascorbate, leads to the formation of reactive
oxygen species (ROS) that are toxic to neurons and directly
impact their viability.> Therefore, extraction of Cu from Cu-AB
is a promising approach and an excellent strategy towards the
development of therapeutics for AD.®
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initially assessing the blood—brain barrier (BBB) permeability potential of the chelators.

Despite the growing interest in the last decade regarding AD-
associated Cu-chelation,* there are still many challenges to be
addressed for any proposed chelators to be utilized as potential
drugs. The reasons for this lie in the highly demanding criteria
that potential chelators should meet in order to be adminis-
tered as efficient drugs: in addition to the general requirements
for drug candidates, i.e. good kinetic and stability properties
under physiological conditions, the ability to cross the blood-
brain-barrier (BBB) and low toxicity,** a chelator in the context
of AD should bind Cu more strongly than AB,****” forming a Cu—
chelator complex that does not produce ROS by itself.** Along
with sufficient affinity for Cu over other metal ions, high
selectivity for Cu over Zn is extremely significant because Zn is
co-present in the synaptic cleft at a higher concentration than
Cu, thus it is more available for coordination by AB.* Moreover,
as the affinity of AB to Zn>" is lower than its affinity to Cu,”®® it is
possible that the Cu-chelator will bind Zn>" ions rather than
extracting Cu®>" ions from the toxic Cu-Ap complex (due to the
similarities in the binding preferences of these two metals),***°
thus hindering the inhibition of ROS production. Despite the
critical importance of selective chelation of Cu over Zn, the vast
majority of currently reported ligands for AD-associated chela-
tion have not been studied in the presence of zinc at all,**
leading to the conclusion that the issue of co-presence of Zn and
Cu in the synaptic cleft is currently highly overlooked. It is
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important to mention, that achieving exclusive chelation of Cu
in the presence of Zn is a challenging task; many potential Cu
chelators that can extract Cu from Cu-Af under non-biological
conditions in the absence of Zn, fail to perform in more
advanced biochemical in vitro experiments simulating physio-
logical conditions when Zn ions are co-present,**'* and do not
qualify for in vivo studies.**™* The only four examples of the
chelators that demonstrated some selectivity for Cu over Zn,
either targeted Cu’ rather than Cu®",”* couldn't achieve either
complete™ or immediate'*»*** arrest of Cu-AB mediated ROS
production in the presence of Zn>*, or their stability was
insufficient.”” Complete and immediate arrest of ROS even in
initial biochemical assays is highly important because any
kinetic effects can preclude the ability of the chelator to stop
ROS formation under subsequent biological conditions during
in vitro or in vivo studies.

Overcoming the Cu-over-Zn selectivity issue via the utiliza-
tion of a single chelator is yet to be achieved, but the utilization
of a cocktail of chelators, called combination therapy, was
studied in the context of AD." Traditional combination therapy
in AD involves the co-administration of multiple drugs for
enhanced efficacy, and typically targets a singular pathological
mechanism, such as acetylcholinesterase inhibition.***
Notably, only one study attempted to target simultaneous
chelation of Cu and Zn, and this is towards the inhibition of Af
aggregation, and not for ROS inhibition.'® In this study, the
proposed chelator combination comprised two small molecule
ligands: clioquinol (for Zn) and phanquinone (for Cu), and their
effect on the reduction of metal-induced AB aggregation when
injected together was higher than when administered sepa-
rately; however, the overall effect on Ap-aggregation was rather
moderate (50-60% inhibition).'® Therefore, the cocktail strategy
is still far from being fully developed. Thus, it is desirable to
develop a chelating cocktail system that will enable highly
selective extraction of Cu from Cu-Ap in the presence of Zn,
which will lead to complete inhibition of ROS formation. In
such systems, the Cu-targeting peptoid will extract Cu from the
Cu-AB complex, thus stopping the redox cycle and ROS
formation, while the Zn-targeting chelator will bind to the co-
present Zn,(Scheme 1). Furthermore, Zn has recently been
shown to promote AP oligomer formation;"” therefore its
chelation from the AB-complex could also be beneficial in the
context of AD-targeted chelation.

As an alternative to small molecules and peptide-based
ligands, peptoids, peptidomimetic oligomers of N-substituted
glycines, are an excellent platform for the development of metal
chelators as potential therapeutics for AD. In recent years,
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Scheme 1 Schematic representation of a cocktail of two structurally
different peptoid-based chelators, designed to selectively bind Cu or
Znions from the AB-peptide complex, stopping the production of ROS
in the context of AD.
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peptoids™® have been extensively studied for biological appli-
cations including protein—protein interactions," metal binding
and recognition,* particularly in the context of AD** and catal-
ysis.”” The interest in peptoids stems from their advantageous
properties over both small molecules and peptides: (i) they can
be easily synthesized on a solid support by the solid-phase
“submonomer” method,*”® which utilizes primary amines as
building blocks rather than amino acids, thus allowing the
introduction of a variety of functional side-chains, such as
metal-binding ligands (MBLs); (ii) they can fold into a well-
defined secondary structure in solution, when bulky-chiral
side-chains are incorporated within their sequences;** (iii)
they can be employed in various biological activities, as they
exhibit high proteolytic resistance? (thus high stability towards
proteases and peptidases), high membrane permeability,*® and
tolerance towards high temperatures,** excess salt concentra-
tions and various pH conditions.?*"

Capitalizing on the advantages of peptoids, here we present
a new cocktail of two different water-soluble peptoid-based
chelators: a new helical peptoid chelator for Cu®>* (AD2),
which is fully soluble under biological conditions, in combi-
nation with the unstructured chelator PT1, which has been
previously reported by our group as an excellent chelator for
Zn”" ions that can extract Zn from a peptide motif (the Zn finger
motif).”” We demonstrate here for the first time, how we applied
this cocktail of Cu- and Zn-peptoid chelators for the complete
and immediate inhibition of the ROS formation by the Cu-AB
complex, in an aqueous medium in the presence of Zn>". In
addition, we report the biocompatibility properties of our
proposed chelators, including their stability at physiological pH
and temperature, as well as their resistance to proteolytic
degradation by trypsin; we also report the water/n-octanol
partition coefficient, initially assessing the blood-brain barrier
(BBB) permeability potential of the chelators.

Results and discussion
Peptoid design and solubility properties

We have shown that the main prerequisite for the successful
extraction of Cu from the CuAf complex and the subsequent
inhibition of ROS formation, is the stabilization of Cu in its +2
oxidation-state.? The stabilization of Cu®" by P3 was attributed
to its helical structure, which was unable to stabilize Cu*, thus
prohibiting peptoid-bound Cu from participating in the redox
cycle. Thus, we wished to design a peptoid-chelator that can
adopt a stable helical structure to ensure the successful
extraction of Cu®' from the AB complex, followed by Cu®*
stabilization, while also improving water-solubility in buffer
solutions at physiological pH. To this aim, we have identified
N,N-diisopropylethylenediamine (N'Pr,ae) as a potential pep-
toid side-chain that can induce high water-solubility. As was
shown recently,?® peptoids containing N'Pr,ae moieties form
stable secondary structures in water when the majority of pep-
toid's side-chains consist of N'Pr,ae groups. Due to this reason,
we anticipated, that incorporation of N'Pr,ae won't affect the
peptoid's overall helical structure, while it would likely improve
the peptoid's solubility (since N'Pr,ae tertiary nitrogen is usually

© 2024 The Author(s). Published by the Royal Society of Chemistry
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protonated at neutral pH).>® In addition, the presence of posi-
tively charged groups within peptoid scaffolds could enhance
their permeability, which is crucial for the peptoid's ability to
cross the BBB. However, in this work, the position and number
of N'Pr,ae groups required to obtain peptoid sequences with
high water-solubility have not been studied.

Based on the requirements for obtaining water-soluble
peptoids using piperazine as a side-chain,® we initially
designed the peptoid-heptamer AD1 (Fig. 1A), in which we
incorporated one N'Pryae group as a side chain at the N-
terminal of the sequence.

Peptoid AD1 was synthesized via the sub-monomer approach
on a solid support, purified by preparative HPLC (>99% purity)
and characterized by analytical HPLC and ESI-MS (Fig. S1 and
S47). Next, it's solubility in un-buffered water and in HEPES
buffer was evaluated.** Surprisingly, peptoid AD1 appeared to
be completely insoluble in both un-buffered water and HEPES
buffer (Fig. 1B), implying that having only one N'Pr,ae side
chain is not enough to ensure sufficient solubility of the helical
sequence. Thus, we decided to increase the number of N'Pr,ae
side chains from one to two and designed the peptoid AD2
(Fig. 1A).

Peptoid AD2 was synthesized via the sub-monomer approach
on the solid support, purified by preparative HPLC (>99%
purity) and characterized by analytical HPLC and ESI-MS (Fig.
S2 and S5%). The molecular weight measured by ESI-MS was
consistent with the expected mass. Next, it's solubility was
evaluated. AD2 exhibits high solubility in both un-buffered
water (1.914 x 10° mg L' at pH = 7.0) and HEPES buffer
(1.492 x 10° mg L™" at pH = 7.4) (Fig. 1B) with no signs of
aggregation at pM concentrations.

The UV/Vis titration of AD2 in HEPES buffer (50 mM, pH =
7.4) revealed that upon addition of Cu®** ions, the two bands at A
= 245 and 277 nm diminished simultaneously, and new
absorption bands appeared near A = 259, 317 and 330 nm
(Fig. 2A). A metal-to-peptoid ratio plot, constructed from this
titration, suggested a 1:1 AD2 to Cu®" ratio and the formation
of an intramolecular CuAD2 complex (Fig. S7A,t inset). To
further support the stoichiometry of the CuAD2 complex as

AD1
OH (B)
AL S .

\' ok 0 o @\r"' 0 Solubility, mg/L
HNNFNNNANYNHANyNHp,  Peptoid  water,  HEPES, 50 mM
B2 o©/\o©/\o e pH=7.0 pH=7.4

Y O A ADi  Insoluble, Insoluble,
NN <102 <102
AD2 =N AD2  1914-10°  1.492-10°

Fig. 1 (A) Chemical structures of peptoid oligomers AD1-AD2 and
PT1. (B) Solubilities of peptoid AD1 and AD2 in un-buffered water (pH =
7.0) and HEPES buffer (50 mM, pH = 7.4).
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Fig. 2 (A) UV/Vis titration of AD2 (33 uM) with Cu®* ions in HEPES
buffer (50 mM, pH = 7.4). Inset: Job-plot of AD2 with Cu?* (26 uM total
concentration). (B) UV-Vis spectra of AD2 (33 pM), it's Cu?* and Zn
complexes, and the complexes formed upon addition of a mixture of 1
equiv. of Cu?* and 5 equiv. of Zn®*.

suggested by the UV/Vis titration experiments, we conducted
a Job plot experiment. The total molar concentration of
a mixture solution containing both Cu(u) and AD2 was main-
tained constant at 26 uM, while their mole fractions were varied,
and the UV/Vis spectra of these mixtures were recorded. The
absorbance proportional to CuAD2 complex formation at
330 nm was plotted against the mole fraction (Fig. 24, inset),
and from the intersection point at y = 0.503 the stoichiometric
ratio was determined to be 1.01,*° supporting the metal-to-
peptoid ratio obtained from the UV/Vis titrations. HR-MS
analysis of the mixture of 1 equiv. each of Cu** and AD2
exclusively resulted in a mass of m/z 1639.9048, and the isotopic
distribution of this mass corresponded to the calculated mass
of the intramolecular 1:1 CuAD2 complex (m/z = 1639.5380,
Fig. S9 and S107). Notably, HR-MS analysis did not show any
other masses that could be assigned to full or half-masses of
species with different stoichiometric ratios Cu(u):AD2 1:2 or
2:2 (Fig. S11 and S127).** Overall, the results from the UV/Vis
titration, Job plot and HR-MS confirmed the formation of the
intramolecular CuAD2 complex.

The binding affinity of AD2 to Cu*" was estimated by
a competition experiment with 2,2/,2”2"-(ethane-1,2-
diyldinitrilo)tetraacetic acid (EDTA).*> The mixture of AD2 and
EDTA (16.7 uM each, in water, at pH = 7.0) was titrated with
Cu** followed by UV/Vis spectroscopy. The obtained data were
analyzed according to a previously reported method.** The slope
obtained from plotting ([AD2]iowi/[CUAD2]-1)  against
([EDTAJtotat/[CUEDTAJ-1) represents the dissociation constant
Kp(CuAD2), which was found to be 1.43 x 107 '® M (Fig. S81).
From this, we calculated the association constant K,(CuAD2) to
be 7.00 x 10" M. This value is 10° times higher than the
binding affinity of AB;_;¢ for Cu®>" under the same conditions
(Table S21),** and it reflects a strong binding affinity, suggesting
that AD2 will be able to compete with AB;_;¢ for Cu®*, thus
supporting our peptoid design.**

Circular Dichroism (CD) spectra of the metal-free peptoid
were recorded in HEPES buffer at pH = 7.4. AD2 exhibits
characteristic double-minima at 205 nm and 220 nm, indicating
the peptoid's folding into a helical structure (Fig. S7Dt). Upon
the addition of 1 equiv. of Cu”" ions, the intensity of the double
minima at 205 and 220 nm further increases, and an exciton
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couplet CD peak appears, with a minimum at 274 nm, crossing ¢
= 0 near 260 nm (Fig. S7D¥). This exciton couplet corresponds
to the 7w-m* transitions of the HQ ligand within the peptoid.*
These results confirm that AD2 adopts a helical structure in
aqueous HEPES buffer and that the secondary structure of AD2
is further stabilized upon binding to Cu®".

To test the selectivity of AD2 to Cu over Zn we added 1 equiv.
of AD2 to a mixture solution containing 1 equiv. of Cu®" and 1
equiv. of Zn>" in HEPES buffer (50 mM, pH = 7.4), stirred it for
5 min, and recorded a UV/Vis spectrum of this solution. The
obtained UV/Vis spectrum was identical to that of CuAD2 only,
suggesting that AD2 binds exclusively to Cu®" over Zn>*
(Fig. S7C¥).** We repeated the experiment, increasing the excess
of Zn>" up to 5 equiv., while keeping the Cu®" amount at 1
equiv., and monitored mixing by UV/Vis until no changes in the
UV/Vis spectrum were observed, indicating the formation of the
thermodynamic product (Fig. S7Ct and 2B). Interestingly,
increasing the excess of Zn>" ions led to an increase in the time
required for the formation of the CuAD2 complex: initially, after
mixing, the UV/Vis spectrum of the mixture resembled that of
CuAD2 and ZnAD2 complexes, but over time it changed to
resemble the spectrum of CuAD2 after 10 min (for Cu®*: Zn>* =
1:2), 15 min (for Cu**: Zn** = 1:3) and 60 min (for Cu**: zn**
= 1:5). These observations suggest, that the selectivity of AD2
to Cu** over Zn>" is thermodynamically driven and requires
some preincubation time, while kinetic products such as
Zn(AD2), might form first,*® and the time needed for pre-
incubation increases with the increase in excess of Zn ions.*
Overall, introducing water-solubilising groups at the N-
terminus of the peptoid not only allowed high solubility in
HEPES buffer under physiological conditions but also improved
the selectivity for Cu>* over Zn®* from 1:1to 1:5.

ROS production by the Cu,Zn-Ap complex in the presence of
the AD2 and PT1 cocktail

The influence of AD2 on ROS production by the CuAp complex
was probed by a previously described method,** monitoring the
consumption of ascorbate (the reductant that fuels the forma-
tion of ROS H,0, or HO") by UV/Vis at 265 nm (¢ = 14
500 M~ " cm™").** As the metal-ion binding sites of AB to Cu and
Zn lie within residues 1-16,% and the fibrillary forms of Af are
found to be less active than monomeric peptides by at least one
order of magnitude,” we have focused our study on the
monomeric peptide AB; ;6 complex as the suitable model for
investigations.

At first, we checked the ability of AD2 and PT1 (the highly
selective chelator for Zn>" ions previously reported by our
group,” Fig. 1A) to extract Cu®" from the CuAPB complex and
inhibit ROS formation in the absence of Zn**. To a UV/Vis
cuvette containing 1 equiv. of the preformed CuA; ;6
complex, 1 equiv. of either AD2 or PT1 was added, and the
solution was stirred for 10 min before ascorbate was added. The
addition of the peptoid to the sample led to an increase in the
intensity of the absorbance at 265 nm, which is attributed to the
formation of the metal-peptoid complex (UV/Vis spectra of Cu
and Zn complexes with each of the peptoid are shown in Fig. 24,
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S7A, B and S131). We anticipated that the addition of ascorbate
to the mixture, aiming to start the catalytic redox cycle, would
result in no change in the intensity of the absorbance at 265 nm
if no ascorbate is consumed, indicating no ROS production
(ROS inhibition), or a decrease in intensity, which would
suggest the consumption of ascorbate and formation of ROS (no
ROS inhibition).

Typically, unbound copper leads to rapid consumption of
ascorbate, which slows down when copper is bound to AB,
regardless of the co-presence of Zn>".1*1143%37 Indeed, under our
experimental conditions full consumption of ascorbate by
unbound copper occurred within 8.5 min, while in the presence
of the Cu®>*-AB;_;¢ complex the ascorbate was fully consumed
within 29 min (see Table 1). In the absence of Zn>", addition of 1
equiv. of AD2 led to 2.0% ascorbate consumption in 30 min,
allowing for a 98% reduction in ROS production by CuAf. 1
equiv. of PT1, on the other hand, is unable to stop ROS
production, as its addition led to 71.0% ascorbate consumption
in 30 min. When repeating the experiments by mixing the AP
peptide with Cu** and Zn**, the ascorbate consumption in
30 min increased to 20.4% when 1 equiv. of AD2 was added to
the mixture and to 97.2% when 1 equiv. of PT1 was added (with
full consumption of ascorbate observed within 43 min).
However, when the ascorbate consumption experiment was
repeated and both AD2 and PT1 were added simultaneously as
a cocktail, a 99% reduction in ROS production was observed in
30 min.

To test the synergistic effect of the cocktail, we repeated the
ascorbate consumption assays but adding either AD2 or PT1 as
single chelators to Cu®>*-AB;_y in the presence of Zn>*,ina2:1
ratio. This ratio was used to imitate the ratio between the pep-
toids in the cocktail and Cu**-AB,_¢ in our initial experiments.
The results showed 66.9% and 94.1% ascorbate consumption in
30 min, when either 2 equiv. of AD2 or 2 equiv. of PT1 were
used, respectively, indicating that each chelator separately
cannot stop ROS production (see Table 1). These results
demonstrate that using a single peptoid-chelator at an
increased concentration does not have a positive effect on ROS
arrest in the presence of Zn>".

Furthermore, we sought to compare the activity of the
peptoid-cocktail to that of a known Cu-chelator. For this
purpose, we performed ascorbic consumption assays using
EDTA as the chelator. EDTA is a small-molecule chelator well-
known for its high affinity for many metal ions, including
Cu”" (Ky = 6.31 x 10"”* M ") and Zn** (K, = 3.16 x 10"° M ). As
can be seen from Table 1, in the absence of Zn**, 1 equiv. of
EDTA significantly decreases ROS production, with only 11.3%
ascorbate consumption in 30 min. However, in the presence of
Zn**, EDTA completely loses its ability to arrest ROS production
and shows full ascorbic consumption within ~20 min, regard-
less of whether 1 or 2 equiv. of EDTA were added to the cuvette.
This illustrates the lack of selectivity of EDTA for Cu®" in the
presence of Zn*>*, and again supports the unique function of our
cocktail method.

Taking together, the control experiments show that the
complete and immediate arrest of ROS production provided by
peptoid-cocktail arises from the synergy between the two

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of the kinetics of ascorbate consumption, followed by UV/Vis at 265 nm. The experiment performed for each peptoid from
the set involves AB;_1 + Cu?* + Zn°* + ligand (Cu-chelator/Zn-chelator) or cocktail of ligands (Cu-chelator and Zn-chelator) + Asc, where the
order of components in the text represents the order of addition of the components to the cuvette. Control experiments are experiments where

chelator/s are not added to the cuvette®

Experimental conditions Degree of helicity

ROS production

Molar ellipticity per residue % of Asc % of
Cu-peptoid Zn-peptoid at 219 nm, [4] x 10" (deg cm”® dmol ™) consumption in 30 min ROS arrest
In the absence of Zn**
Control Cu®* only” — 100 0
Control Cu-AB;_;6° — 100 0
EDTA (1 equiv.) Not helical 11.3 88.7
AD2 (1 equiv.) — ~1.9651 2.0 98.0
— PT1 (1 equiv.) Not helical 71.0 29.0
In the presence of Zn>*
EDTA’ (1 equiv.) Not helical 100 0
EDTA? (2 equiv.) Not helical 100 0
AD (1 equiv.) — ~1.9651 20.4 79.6
AD2 (2 equiv.) — ~1.9651 66.9 33.1
— PT1° (1 equiv.) Not helical 97.2 2.8
— PTY (2 equiv.) Not helical 94.1 5.9
AD2 (1 equiv.) PT1 (1 equiv.) —1.9651/not helical 1.0 99.0

Full consumption of ascorbate happens within: ¢ 8.5 min (free Cu*). ? 29 min (CuAB,_). © 21.5 min (CuZnAB,_; + 1 equiv. EDTA). ¢ 18.5 min
(CuZnABy_s6 + 2 equiv. EDTA). € 43 min (CuZnAB, ;¢ + 1 equiv. PT1). / 44 min (CuZnAB, s + 2 equiv. PT1). ¢ Conditions: [PT1, AD2, EDTA
(1 equiv.)] = [AB1_4¢] = [Zn**] = 10 pM, [PT1, AD2, EDTA (2 equiv.)] = 20 puM, [Cu®*] = 9 uM, [Asc] = 100 pM, [HEPES] = 50 mM, pH 7.4, with

background subtraction of the signal at 800 nm.

chelators, rather than from the increase in the overall chelator
concentration, and that the rational design of this cocktail
system, where each peptoid chelator is selective to a specific
target ion, is a crucial element in Cu extraction in the presence
of Zn>*. This is in contrast to the activity of a single chelator,
such as AD2 or EDTA, which, despite having higher binding
affinity to Cu than to Zn, lack selectivity for Cu®" in the presence
of Zn**.

To further support the synergy between AD2 and PT1, we
wished to show that their ability to selectively bind Cu or Zn,
respectively, when they are not present in the solution together
as a cocktail, is limited. To this aim, we studied the interaction
of each chelator separately with the CuZn-AB complex by ESI-
MS, EPR, and CD and compared it to the interaction of the
cocktail of chelators with the CuZn-AB complex.

Cu®* and Zn”* extraction from the Cu,Zn-AB complex by
either AD2 or PT1 separately

At first, we wanted to characterize the ability of each chelator
AD2 and PT1 separately to compete with the CuZnAf complex
for their relevant targeted metal ion (Cu®" for AD2, and Zn”* for
PT1). For this, we monitored the interaction of CuZnAf with
either AD2 or PT1 by EPR and HR-MS spectroscopy.

The EPR spectra of a mixture containing CuAf;_;¢ in the
presence of 1 equiv. of Zn** and 1 equiv. of either AD2 or PT1
were recorded and compared to the EPR spectra of CuZnAf and
CuAD2 or CuPT1, respectively. CuAD2 is characterized by the
following Hamiltonian parameters obtained from experimental
spectra: g = 2.26, g, = 2.060 and A = 160 G (Fig. S141 and 3,
green), which are identical to those obtained from the CuP3

© 2024 The Author(s). Published by the Royal Society of Chemistry

EPR spectrum reported previously.”* In contrast, the Hamilto-
nian parameters for CuPT1 were found to be g = 2.26, g, =
2.10 and A = 146 G (Fig. S161 and Fig. 3, cyan). Both spectra are

3200 3400

[G]

Fig. 3 EPR spectra of Cu®" + AD2 (green), AB;_16 + Cu®"t + Zn?*
(black), ABi_16 + Cu?* + Zn?* + AD2 + PT1 EPR tube frozen asap (blue),
AB1_16 + Cu®* + Zn?* + AD2 + PT1 EPR tube frozen after four hours
(red), Cu®* + PT1 (cyan). Conditions: [PT1] = [AD2] = [AB;-16] = [Zn?*]
= 280 pM, [Cu?*] = 250 uM, [HEPES] = 50 mM (pH = 7.4). Recording
conditions: T = 203 K, » = 9.5 GHz, modulation amplitude = 3 G,
microwave power: 20 mW.

2800 3000
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typical for the Cu®* center in an axial environment and consis-
tent with a square pyramidal coordination geometry.*® The
signature of CuAP;_;¢ is identical to that previously reported
with two species co-existing at pH 7.4 in the presence of Zn (Fig.
S15, S17+ and 3, black).?** Hyperfine lines of CuAD2 (or CuPT1)
and CuAP;_,¢ are shown as plain and dotted lines, respectively.

In the presence of Zn, AD2 and PT1 alone cannot fully extract
Cu”* from CuAB - in both cases, the EPR spectra recorded one
hour after the addition of peptoid resemble the overlap of CuAB
and Cu-peptoid signals (Fig. S15, brown and S17, pinkf).
However, while the spectrum of the CuZnAf mixture with AD2
appears closer to that of CuAD2 (Fig. S15, brownt), suggesting
that most of Cu was extracted from A and is bound by AD2, the
spectrum of the CuZnAp mixture with PT1 suggests that both
CuAp and CuPT1 are co-present in similar amounts (Fig. S17,
pinkt). The formation of the ternary species AB-Cu-PT1 is ruled
out by the subsequent HR-MS analysis of the mixture
(Fig. S207). The isotopic distribution comparison of the peak at
744.0536 m/z suggests the formation of a mixture of CuPT1 and
ZnPT1 (Fig. S21f%), while detailed analysis of fragmentation
showed a major peak at 1954.5327 m/z corresponding to full
mass of free AB,_;6, and few minor peaks corresponding to
CuAp and ZnPT1 complexes (see details in Fig. S20 and Table
S37). Notably, we did not observe any peaks that could be
assigned to AB-Cu-PT1 species, suggesting these complexes are
not formed. These observations support the results obtained
from the EPR studies and suggest that PT1 alone (not in
a cocktail with AD2) is unable to extract Zn from CuZnAf
complex selectively; instead it forms a mixture of CuPT1 and
ZnPT1, leaving AP partially coordinated to the remaining Cu
and Zn. A possible reason for the lack of selectivity of PT1 for Zn
over Cu could arise from the rather small difference in the
binding affinities of PT1 to Cu®>" and Zn**, which is only one
order of magnitude,” while both affinities are 2-6 orders of
magnitude higher than the affinity of AB to Cu** and Zn** (Table
S27).°%* Hence, under these conditions, the coordination of
PT1 to both Cu®>" and Zn*" is plausible leading to its low selec-
tivity to Zn*",

Cu”* and Zn”* extraction from the Cu,Zn-AB complex using
a cocktail mixture of AD2 and PT1

The ability of AD2 and PT1 to act together to remove Cu®* and
Zn>" from AP, j¢ was studied first by EPR. Fig. 3 shows the
monitoring of Cu®" extraction from CuZnAf using the cocktail
mixture: green and cyan lines represent the EPR signature of
CuAD2 and CuPT1, black line corresponds to CuAp in the pres-
ence of 1 equiv. of Zn>" and red and blue lines represent the
resulting species after the addition of a cocktail mixture of AD2
and PT1. In the presence of Zn>*, the spectrum recorded imme-
diately after cocktail addition was already similar to that of
CuAD2 (Fig. 3, blue), while after four hours, the whole signature
of CuAD2 was detected (Fig. 3, red). The EPR experiment perfectly
demonstrates that the cocktail mixture enables fast extraction of
Cu by AD2 from AB;_; even in the presence of Zn.

These observations were further confirmed by the ESI-MS
technique, which is routinely used to investigate the

18860 | Chem. Sci, 2024, 15, 18855-18864
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interactions between AP peptides and metal ions.* The ESI-MS
chromatogram of AB;_;¢ in HEPES buffer (50 mM, pH = 7.4)
exhibits a multitude of intense signals, with the most
pronounced signals at m/z 652.4 (assigned to the triply charged
ion [M + 3H]*") and m/z 978.1 (assigned to the doubly charged
ion [M + 2H]*"), suggesting that AB; ;4 contains many sites
which can accommodate protons (Fig. S22A7).** Next, 1 equiv. of
AB;_16 was treated with 1 equiv. of Cu®" and 1 equiv. of Zn**
ions, and the mixture was stirred for 5 minutes to ensure
complex formation, and the ESI-MS spectrum was measured
again. In the obtained spectrum, in addition to peaks at m/z
652.4 and m/z 978.1 assigned to metal-free AB,_;5, new peaks
appeared, indicating the formation of various AB;_;s-metal
complexes, with the signal at m/z 1041.1 assigned to [M + Cu(u) +
Zn(u)*" (Fig. S22B and Ct). This mixture was further treated
with a cocktail solution containing 1 equiv. each of AD2 and
PT1, stirred for one hour before it was analyzed again by ESI-MS.
The measured MS spectrum showed only the peaks assigned to
[M +3H]*" and [M + 2H]*" at m/z 652.4 and 978.0 while the peaks
assigned to metal-AB;_;5 complexes diminished, indicating the
presence of metal-free AB; ;¢ (Fig. S22D and Et). In addition,
two new peaks at m/z 1017.3822 and 1639.9246 appeared, and
isotopic distribution analysis of these two peaks confirmed the
formation of ZnPT1 and CuAD2 complexes, respectively
(Fig. S23 and 24t). Notably, we did not observe peaks that could
be assigned to CuPT1 or ZnAD2, suggesting that these
complexes are not formed.

Our conclusions from the EPR and ESI-MS experiments were
further examined by the CD study under the same experimental
conditions. The results obtained from this study (Fig. S25%)
matched perfectly with those obtained from EPR and ESI-MS,
supporting the ability of AD2 to selectively extract Cu** from
the CuAB complex in the presence of Zn>" and PT1.

The restored ability of AD2 and PT1 to bind selectively to
Cu”" and Zn** when added together in a cocktail correlate
perfectly with the differences in binding affinities of these
peptoids for these metal ions: binding affinity of AD2 for Cu*" is
4 orders of magnitude higher than the affinity of PT1 to Cu**
under the same conditions. This difference allows AD2 to win
the competition with PT1 for Cu®', while PT1 binds the
remaining Zn>*. Overall, EPR, ESI-MS, and CD experiments
support the ability of the AD2/PT1 cocktail to extract Cu and Zn
ions from the A peptide complex simultaneously in a selective
manner, where AD2 helps PT1 and vice versa, further high-
lighting the uniqueness of the tandem of cocktail peptoids.

Metabolic stability of peptoid cocktail

Among biochemical requirements, for a molecule to be
considered for in vitro and in vivo models, metabolic stability
and stability to proteolytic degradation are crucial parameters,
together with the molecule's ability to cross the BBB.** The
general ability of peptoids to withstand different ranges of pH
and temperatures, as well as the stability towards proteolytic
degradation has been studied before.??¢"24%25 However, these
features have not been previously studied for the peptoid olig-
omers bearing metal-binding ligands.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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First, the stability of peptoids AD2 and PT1 at physiologically
relevant pH and temperature was studied by UV-Vis spectros-
copy. The stability experiments were performed at pH 7.4 and
4.0, representing two main physiological pH for a potential oral
drug candidate (simulating body fluids such as blood or
stomach juice). In a typical experiment, an aliquot of peptoid
AD2 or PT1 was added to the buffer, mixed, and its spectrum
was recorded at RT (25 °C). Next, the sample holder was heated
to 37 °C, and the spectrum of the mixture was recorded again.
The temperature was maintained constant at 37 °C and the
spectra were recorded at 1, 24, and 72 hours after heating
(Fig. 4A, B and S267). It is seen that under both pH conditions,
at 37 °C, there are no significant changes in the spectra with
respect to time, and both AD2 and PT1 are stable under these
conditions for the entire duration of 72 hours (3 days).

To evaluate the relative proteolytic stability of the peptoids,
we performed an enzymatic degradation study. For this assay,
we chose trypsin, which is a key digestive enzyme and is known
to be frequently used in cell culture applications.*” In a typical
experiment, each of the peptoids AD2 or PT1 was exposed to 0.1
UM trypsin in PBS buffer (50 mM, pH = 7.4) and the reaction
was maintained at a constant temperature of 37 °C. The aliquots
were taken once a day and prepared for the chromatographic
analysis (for more details see ESI{).*?

The maximum absorbance of each aliquot sample was
normalized against its respective control (peptoid sample in
buffer under the same conditions but without trypsin) at fixed
retention times, and the results are depicted in Fig. 4C and D.
From the obtained HPLC spectra of each peptoid, it is clear that
the retention peaks of the aliquots taken at different time scales
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Fig. 4 Stability of (A) AD2 and (B) PT1 under physiological conditions
(pH = 7.4 and T 37 °C), as monitored by UV\Vis. Conditions: [PT1] =
[AD2] = 100 pM, [PBS] = 50 mM. Proteolysis experiments: overlap of
the retention peaks of (C) AD2 and (D) PT1 from the corresponding
HPLC chromatograms (2 = 214 nm, a linear gradient of 5-95% ACN/
H,O 0.1% TFA over 10 min, at a flow rate of 0.7 min mL™! on the
analytical C18 column), taken at different times from the proteolytic
stability experiment. Conditions: [PT1] = [AD2] = 0.1 mg mL™?, [trypsin]
=0.1puM, [PBS] =50 mM (pH = 7.4), at the constant temperature of 37
°C.
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overlap and remain consistently intact throughout the experi-
ment (3 days). Based on these results, we can conclude that AD2
and PT1 maintained the stability towards proteolytic degrada-
tion by trypsin.

Assessing the ability of the peptoids to cross the blood-brain
barrier (BBB)

Recently, some studies have reported peptoid oligomers
capable of crossing the BBB.* The initial assessment of the
ability to cross the BBB could be evaluated by determining the
lipophilicity of the proposed molecules.*® For this purpose, the
n-octanol/water partition coefficient (P,,) is widely used in
bioactivity predictive studies, where an immiscible mixture of
octanol and water serves as a model for biological lipid and
aqueous phases in partition processes.*® Generally, the distri-
bution of the compound between the two phases is illustrated
by the log to base ten of the ratio of its concentration in both
phases at the equilibrium, where:

Cl-octa
10g Pow _ log( (@ oclanol))
C(Water)

Based on the interpretation of Lipinski's rules for drug
development in the context of neurodegenerative diseases,
a molecule should have positive value of log P, in the range of
0.3 to 3, or less than 5 (ref. 48) in order to be able to cross the
BBB. Molecules, that showed too low log P,,, (below 0.3) are too
hydrophilic and therefore their uptake is not sufficient;**** too
high values of log P,,, indicate that the molecule is too hydro-
phobic to maintain the ability to cross the BBB.

The n-octanol/water partition coefficient (P,,,) for peptoids
AD2 and PT1 was determined by the shake-flask method.** In
a typical experiment, a peptoid solution (10 uM) in PBS buffer
(50 mM, pH = 7.4) was added to an equal volume of n-octanol
and the system was allowed to equilibrate under gentle agita-
tion for 1 week (~150 hours) to ensure the partitioning of the
peptoid between two immiscible phases.”® Next, the phases
were separated by centrifugation, and the UV-Vis spectrum of
each phase was recorded. From the absorbance at An.x the
concentration of peptoid in each phase was established, and
log P,,, was calculated (Fig. S287). The values of log P,,, obtained
for AD2 and PT1 (1.05 and 0.52, respectively) are in the
prediction range of 0.3 to 3, suggesting that both peptoids could
potentially cross the BBB.

Overall, the stability experiments demonstrate the peptoids’
ability to withstand physiological conditions (pH and body
temperature), as well as their high stability towards proteolysis
by enzymes and potential to cross the BBB, and therefore the
proposed peptoids could be good candidates for further thera-
peutic applications.

Conclusions

Cu-chelation is one of the known and extensively studied
approaches in the context of AD. Among all the prerequisites for
potential drug candidates, their selectivity for Cu over Zn is
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a crucial factor; the ionic pool of the synaptic cleft, where
harmful ROS production takes place, contains a higher
concentration of Zn over Cu, which can potentially hinder Cu
binding by a proposed chelator due to the similar binding
preferences of Cu and Zn. Nevertheless, the selectivity of
a chelator for Cu over Zn, does not guarantee full inhibition of
ROS production because the selectivity can be thermodynamic
and/or insufficient. To overcome this, herein we implemented
another approach: the co-administration of a cocktail contain-
ing two structurally different chelators that aim to target two
different metal ions, ie. Cu** and Zn>*, simultaneously, but
independently from each other. In contrast to commonly
known combination therapy, where two or more different drugs
aim at the same target, in our strategy two different chelators
aim at the binding of two different metal ions simultaneously,
towards complete and immediate inhibition of ROS formation.
The chelators we develop are based on peptoids, which are more
versatile than small molecule-based chelators and more stable
than peptide-based chelators. As a Cu-targeting chelator, we
utilized a helical sequence containing the metal-binding
ligands terpyridine and hydroxyquinoline pre-organized at the
same site of the helix for enhanced metal-binding, and two
water-solubility-inducing side-chains which enable the pep-
toid's solubility in HEPES buffer under physiological conditions
(the peptoid AD2). We demonstrated that AD2 is highly selective
for Cu®" and is able to extract Cu from the CuAB complex and
slow down ROS production under physiological conditions in
areducing environment and in the co-presence of excess of Zn>*
ions. Furthermore, we illustrated, that when AD2 is co-
administrated in a cocktail that contains PT1, a peptoid-
chelator for Zn>" previously developed in our lab, the ROS
production by the CuAB;_;s complex in the presence of 7Zn*" is
immediately and fully prevented (>99% inhibited). To support
the application of these peptoids as drug candidates in the
context of AD, we further evaluated the stability and blood-
brain barrier (BBB) penetrability of AD2 and PT1. We found that
both AD2 and PT1 are stable under conditions that simulate
physiological pH and temperature and invulnerable to proteo-
lytic degradation by enzymes like trypsin, as well as show
potential to cross the BBB.

We believe that our cocktail approach, demonstrated here
for the first time towards ROS inhibition in the context of AD,
opens up an excellent and new avenue for alternative AD-
associated chelation therapy.}
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