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Abstract: Cu bound to Amyloid-f (AB) peptides can act as a catalyst
for the formation of reactive oxygen species (ROS), leading to
neuropathologic degradation associated with Alzheimer's disease
(AD). An excellent therapeutic approach is to use a chelator that can
selectively remove Cu from Cu-A. This chelator should compete with
Zn? jons (Zn) that are present in the synaptic cleft while forming a
nontoxic Cu complex. Herein we describe P3, a water-soluble
peptidomimetic chelator that selectively removes Cu(ll) from Cu-AB in
the presence of Zn and prevent the formation of ROS even in a
reductive environment. We demonstrate, based on extensive
spectroscopic analysis, that although P3 extracts Zn from Cu,Zn-
AB faster than in removes Cu, the formed Zn complexes are kinetic
products that further dissociate, while CuP3 is formed as an exclusive
stable thermodynamic product. Our unique findings, combined with
the bioavailability of peptoids, make P3 an excellent drug candidate
in the context of AD.

1. Introduction

Copper ions are key elements in the structure and function
of natural biopolymers(*], however, their overloading can be
potentially toxic to living cells and may cause oxidative stress,
cardiovascular disorders and neurodegenerative diseases
including Alzheimer's disease (AD). A known approach towards
the development of therapeutics for AD is Cu-chelation.! The
amyloid cascade hypothesis proposes that copper ions (Cu) play
a harmful role in the excessive accumulation of a peptide called
amyloid-B (AB), which is associated with AD. In addition, it was
previously shown that Cu-AB complex can catalyze the
incomplete reduction of dioxygen by ascorbate as a reduction
agent, leading to formation of reactive oxygen species (ROS),
namely, superoxide Oz, hydrogen peroxide H202 or hydroxyl
radical HO" B9, Therefore, removal of Cu-ions from Cu-AB
complex could be one of the possible therapeutic approaches to
prevent this process.®! However, an important prerequisite for any
chelator for Cu in context of AD, is not only the ability to compete
with AB on Cu binding in order to prevent Cu-AB complex from
catalyzing the production of ROS, but also to form a new Cu-

chelator complex that is unable to catalyze formation of ROS on
its own. 3!

Although Zn?* ions do not lead to the production of ROS,
their concentration in the synaptic cleft is higher than the
concentration of Cu,(l ®1 making them more available for
coordination than Cu. Moreover, as the AB affinity to Zn?* is
relatively lower than its affinity to Cu (at neutral pH, Ka(Zn?*-AB) =
10°— 10°% M1 B4 71 Ka(Cu?*-AB) = 10%1° M1 Bl and Ka(Cu*-AB) =
10710 M1 9l it is possible that the examined Cu chelator will
extract the Zn?* ions from AR rather than extracting the Cu?* ions
from the toxic Cu-AB complex, thus hindering the inhibition of
ROS production.[3 2 Therefore, an ideal candidate for copper
chelating towards the development of potential therapeutics for
AD, should: (i) have an affinity towards Cu, which is high enough
in order to extract Cu from Cu-Ap but not too high to withdraw Cu
from other essential metalloproteins,[ 3 5 9 111 (ji) have high
selectivity to Cu over Zn 19 and (jii) not lead to the production
of ROS (Scheme 1). 9]
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Scheme 1. Representation of a metal chelator designed to selectively extract
Cu ions from AR peptide complex, associated with ROS production in the
context of AD.

Although the usefulness of targeting Cu in the context of AD
was questionned,*? with the strongest argument being that none
of the promising ligands studied in vitro show any clinical benefit,
the criteria to be fulfilled by the chelators are continuously refined,
3 while improvement of the chelators is nurtured by in vitro
studies*®!4, Despite a growing number of studies reporting on
new Cu chelators, many challenges remain in order for these
chelators to be developed as efficient drugs.® This is because
such chelators should meet several requirements including
appropriate affinity and selectivity towards the targeted metal
ion(s), good kinetic and stability properties, redox inertness
together with BBB permeability and low toxicity.l 3 Small
molecules Cuchelators, for example, are usually highly toxic, lead



to a wide range of side effects, are unable to cross cell
membranes and can only reach their target in the extracellular
regions.[*] Peptide-based drugs can overcome some of these
problems, but have other disadvantages: they typically show low
blood-brain barrier (BBB) penetrability due to their large size,
polarity and large number of hydrogen bond donors/acceptors,
have short half-lives as well as low bioavailability, and they exhibit
proteolytic instability and rapid clearance.*®! Thus, it is desirable
to develop a unique type of chelators, preferably peptidomimetic-
based ones that can combine the advantages of both small
molecules and peptide-based drug candidates.

Peptoids [¥7] — N-Substituted glycine oligomers — are
excellent candidates for the development of metal chelators as
potential therapeutics for AD: they can be easily synthesized on a
solid support by the submonomer approach,!*®] which utilizes
primary amines as building blocks and thus allows to introduce a
variety of functional groups within the peptoid sequence,*¥ they
are able to fold into well-defined secondary structures in
solution,?? and could be employed in various biological activities
including protein-protein interactions,! 21 metal binding and
recognition ?2, and catalysis.l Moreover, compared to peptides,
peptoids exhibit high proteolytic resistance [2*1 and high
membrane permeability,[*63 together with tolerance towards high
salts concentration and various pH conditions. In addition, some
studies on the application of peptoids (not as chelators) towards
AD therapy were previously reported and these were focused on
inhibiting Ap-peptide aggregation rather than on the arrest of ROS
production. 3]

We have recently described the helical peptoid chelator
Helix HQT i +3 (P1, Fig. 1A), which is a hexamer incorporating a
8-hydroxyquinoline (HQ) group and a 2,2"6'2"-Terpyridine
(Terpy) group at the 2™ and 5" positions, and (S)-(+)-1-
phenylethylamine (Nspe) groups at the other positions.[?6] P1
shows high selectivity to Cu?*, and can extract it from a methanolic
solution containing 20 folds of similar metal ions such as Zn?* and
Co?*.”8 We found that a primary request for this exceptional
selectivity is the helicity of the peptoid with the two binding groups
placed on the same side of the helix. The helical structure of P1
was maintained via the four bulky chiral Nspe groups incorporated
in addition within its sequence. 2 As a result, P1 is hydrophobic
and water insoluble, properties that limit its utilization as a drug
candidate, despite its selectivity to Cu?*. Interestingly, we have
recently shown that the incorporation of one or more piperazine
units within the backbone of hydrophobic peptoids ensures their
water-solubility, while maintaining their sequence and
structure.l?” Capitalizing on these findings, we present here a new,
water-soluble and helical peptoid chelator, which is selective for
Cu?, and describe how we applied it for the removal of Cu?* from
AB peptides, in aqueous medium, in order to stop the formation of
ROS associated with AD, including in presence of Zn?*.

2. Results and Discussion

2.1 Synthesis and selectivity of water-soluble hydrophobic
peptoid chelator

Our first goal was to explore whether our highly selective
peptoid chelator described above (Helix HQT i +3 or P1, Fig. 1A),
which is insoluble in water, can become water-soluble upon the
addition of one or two piperazine groups at the N- or C-terminals
of its sequence while maintaining its selectivity to Cu?* in water.
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To this aim, we have synthesized two peptoids based on P1, by
incorporating only one piperazine group at either its N- or C-
terminus, forming P2 and P3, respectively (Fig. 1A and Fig. S1 to
S6). Circular dichroism (CD) measurements of both peptoids in
water resulted in spectra that exhibit double minima near 208 and
220 nm, characteristic of Nspe-based peptoid helix, indicating that
both peptoids preserve their helical secondary structure in water
(Fig. S7). In order to evaluate the selectivity of P2 and P3 towards
Cu?* from a mixture solution containing 1 equiv. of Cu?* ions and
1 equiv. of the metal ions Co?*, Zn?*, Fe®*, Mn?* and Ni?*, 1 equiv.
of this mixture was added to 1 equiv. of each peptoid in un-
buffered water and the UV-Vis spectra was recorded. The
obtained UV-Vis spectrum in the case of P2 was different from the
spectrum of its copper complex (Fig. S8, left) suggesting that
there is no selective binding to Cu?* by P2. 2% In contrast, the UV-
Vis spectrum obtained in the case of P3 was identical to the
spectrum of its copper complex (Fig. S8, right) implying a
selective binding in this case. This selective binding was further
supported by MS studies of solutions containing either P3 and Cu
or P3 with a mixture of metal ions (Fig. S9-13). These apparent
conflicting results may be attributed to the ability of piperazine,
when incorporated at the N-terminus, to participate in the binding
of some metal ions and disable the unique coordination geometry
of the Cu?* complex that allows its selective binding. ?®! Therefore,
we can conclude that the addition of one piperazine group at the
C-terminus of P1, leads to its water-soluble analogue P3, while
maintaining both the hydrophobic sequence of P1, its helical
structure and its fairly high selectivity to Cu?*, but this time in
aqueous solution.

Figure 1. Selective binding of Cu?* in water: (A) sequences of peptoid chelators

B
Water Solubility
Peptoid (mg/L)
P1 Insoluble
P2 2.40x10°
P3 8.30 x 10°

P1-P3. (B) Water solubility data for P1-P3 at pH = 7.0

2.2 Binding of P3 to Cu?

In un-buffered water (pH 7.0), metal-free P3 exhibits
absorption bands near A = 246 and 279 nm, arising from the
ligands HQ and Terpy, respectively. Upon addition of Cu?* ions,
these two bands diminished simultaneously and new absorption
bands near A = 259, 317 and 330 nm appeared (Fig. 2A). Similar
observations were obtained for P3 binding with Cu?* ions in
HEPES buffer (50 mM, pH 7.4): the absorption bands near A =
250 and 281 nm of the metal-free peptoid diminished
simultaneously upon addition of Cu?* ions and new bands at A =
260, 317 and 330 nm appeared (Figure S15). A metal-to-peptoid
ratio plots, constructed from each titration, suggested 1:1
peptoid:Cu ratio (see inset in Fig. 2A, S14A) and the formation of
the intramolecular CuP3 complex by simultaneous binding to both
Terpy and HQ moieties.
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Figure 2. UV-Vis spectra and peptoid-to-metal ratio plot for the titration of P3
(A) with Cu? (B) with Zn?* The peptoid (17 uM) in un-buffered water (pH 7.0)
was titrated with 1 pL aliquots of a metal ion (5 mM in water) in multiple steps
(black = free ligand, red = metal complex). pH after the titration was not
significantly altered.

To support these observations, 1 equiv. of P3 was mixed with 1.1
equiv. of Cu?* in un-buffered water (pH = 7.0), and the solution
was analyzed by HR-MS techniques. The obtained mass of
1395.55 matched the calculated mass of the intramolecular 1:1
CuP3 complex (m/z = 1395.56, Fig. S17-18).

Next, CuP3 was characterised by CD spectroscopy. In un-
buffered water (pH = 7.0), the spectrum of a mixture solution
containing 1 equiv. of P3 and 1 equiv. of Cu?* exhibits a double
minima near 201 and 219 nm (typical for a helical Nspe peptoids,
Fig. S23A,B), and an exciton couplet CD peaks between 250 and
290 nm with maximum at 257 nm and minimum at 272 nm,
crossing € = 0 near 260 nm. This exciton couplet is similar to the
previously reported CD spectrum of CuPl complex,
corresponding to the HQ m-1* transition (Fig. S23C,D). [22b. 26l
Similar observations could be seen from the CD spectrum of
CuP3 in HEPES buffer (10 mM, pH = 7.4); a double-minima is
obtained near 204 and 221 nm, along with exciton couplet peaks
corresponding to the HQ m-11* transition appears with maximum
at 256 nm and minimum at 268 nm. (Fig. S23E,F).

Finally, the binding affinity of P3 to Cu?*, was estimated by
a competition experiment with EDTA.1?8 Thus, a mixture of P3 and
EDTA (17 uM each, in water, at pH =7.0) was titrated with Cu?*
followed by UV-Vis spectroscopy. The obtained data was
analyzed according to a previously reported method.[ 28?1 The
dissociation constant Kp(CuP3), represented by the slope
between ([P3Jwta/[CuP3]-1) and ([EDTAlita/[CUEDTA]-1), was
found to be 3.7x101¢M (Figure S24). From this we calculated that
the association constant Ka(CuP3) is 2.7x10® M1,

2.3 Binding of P3 to Zn?* and Cu?*

Titration of metal-free P3 with Zn?* ions (up to 0.5 equiv.) in
un-buffered water resulted in new absorption bands near A = 311
and 323 nm (Fig.2B), while almost no changes in the absorption
near A = 246 nm was recorded (Fig. S14B), reflecting the
exclusive binding of Zn?" ions to the Terpy ligand. After addition
of 0.5 equiv. of Zn?* ions the bands at A = 311 and 323 nm became
saturated, suggesting the formation of Zn(P3)z (Fig. S14B). As the
addition of Zn%* continued, the band at A = 246 nm decreased and
the appearance of a new band at A = 263 nm was recorded,
indicating the binding of Zn?* ions to the HQ ligands of P3 (Fig.
S14B). Metal-to-peptoid ratio plots, constructed from this titration,
suggested 1:2 Zn:peptoid ratio, which is consistent with the
formation of intermolecular Zn(P3)2 complex (Fig. 2B, inset)
followed by the formation of the 2:2 Zn»>(P3). (Fig. S14B). ESI-MS
analysis of this solution supported the formation of Zn2(P3)2 (Fig.
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S19-20). In addition, ESI-MS analysis of a solution containing 1
equiv. of P3 that was treated with 0.5 equiv. of Zn?* in un-buffered
water (pH = 7.0), showed a mass of 1366.60, which matched the
calculated half mass of the intermolecular 1:2 Zn(P3)2 complex
(m/2z = 1366.28, Fig. S21-22). Titration of P3 with Zn?" in HEPES
buffer showed similar results (Fig. S16).

To support our observations and further characterize the
formation of the intermolecular 1:2 Zn(P3)2 and 2:2 Znz(P3):
complexes, the corresponding CD spectra were recorded. To 1
equiv. of P3, either 0.5 equiv. or 1 equiv. of Zn?*ions were added
(Fig. S23G,H and 1,J, respectively). Similarly to CuP3, both
spectra exhibit double minima near 201, 204 and 219 nm.
However, when only 0.5 equiv. of Zn?* were added, the CD
spectrum did not show the exciton couplet CD peaks of the HQ
T-Tr* transition, suggesting no binding between Zn?* and the HQ
ligands within P3. The exciton couplet CD peaks were obtained
only when 1 equiv. of Zn?*ions were added to P3 (with a maximum
near 269 nm and minimum at 247nm and 278 nm, crossing at € =
0 twice, near 263 nm and 279 nm), suggesting binding of Zn?* to
HQ ligands only when the ratio between Zn?* and P3is 1:1. Based
on these observations we can suggest the following conclusions:
(i) Zn(P3)2 species, where the metal center is bound exclusively
to Terpy ligands, while the HQ ligands of P3 remain intact is
formed first (up to 0.5 equiv. of Zn?* per peptoid), and (ii) in the
presence of 1 equiv. of Zn?*, the first 0.5 equiv. of Zn?* binds two
Terpy ligands intermolecularly, while the additional 0.5 equiv.
binds to the HQ ligands, producing 2:2 intermolecular Zn2z(P3)2
species. Such a difference in Cu?* versus Zn?* binding to P3
(concomitant binding to Terpy and HQ moiety for Cu?* versus
sequential for Zn?*) may be in line with the higher Lewis acidity of
Cu?* that eases the deprotonation of the HQ moiety.

As the synaptic cleft contains excess of Cu?* and of Zn?*,
we wished to understand whether P3 could selectively bind Cu?*
when both metal ions are co-present. To explore the binding of
Cu?* in the presence of Zn?* we conducted a few experiments in
HEPES buffer, where we added both Cu?* and Zn?* ions, as a
mixed solution (the mix approach) to P3 and characterized the
formed complexes by spectroscopic techniques. As a control, we
have also characterized the binding to P3 by adding one metal
after the other (the step approach). Starting with the step
approach, 1 equiv. of metal-free P3 in HEPES buffer (50 mM. pH
7.4) was treated with 0.5 equiv. of Zn?* and the changes were
followed by UV-Vis (Fig. 3A). The absorption band of Terpy at A =
281 nm diminished and two new bands appeared simultaneously
near A = 310 and 323 nm, while the absorption band assigned to
HQ showed only slight shift and no decrease in intensity,
suggesting that the HQ ligands are not participating in the binding
of Zn?* ions, and that Zn(P3)2 is formed exclusively in line with the
titration experiment. Subsequent addition of 0.5 equiv. of Cu?
ions to this complex resulted in the formation of a new band at A
= 261 nm, indicating Cu?* binding to the HQ ligands and
suggesting the overall formation of ZnCu(P3)2 (Fig. 3A), in which
Zn?* is bound to two Terpy ligands and Cu?* is bound to two HQ
ligands (no change in the region near 320 nm corresponding to
the terpy moieties).



Continuing with a mix approach in the same reaction
conditions, 1 equiv. of metal-free P3 was treated with a mixture
containing 0.5 equiv. of each Cu?* and Zn?*, and changes were
also followed by UV-Vis. The spectrum of the obtained
metallopeptoid was identical to the one obtained by the step
approach (Fig. 3A), which was assigned to the formation of
ZnCu(P3)2. As Zn?* could bind to P3 faster than Cu?* 104 we
wanted to explore if Cu?* can lead to the removal of Zn?* from
Znz(P3)2. To this aim, we have conducted an experiment in
HEPES buffer, in which excess Cu?* ions (1 equiv. instead of 0.5
equiv.) was added to 1 equiv. of P3, that was pre-incubated with
1 equiv. of Zn?* to form Znz(P3)2. This experiment was followed
by UV-Vis (Fig. 3B). The obtained spectra exhibit a gradual shift
in the absorbance bands near A = 264, 312 and 323 nm,
corresponding to the complex Zn2(P3)2, until these bands fully
disappear and new bands near A = 260, 317 and 330 nm appear,
signifying the formation of the complex CuP3 (see Fig. 2A above).
At the working concentration of 20 uM, the metal exchange has a
tw2 of about 170s. The Cu, Zn complexes formation with P3 was
also probed by Electronic-Paramagnetic-Resonance (EPR, Fig.
S26). Under our sample preparation conditions (>10 min), we
detect only the CuP3 complex regardless of the presence of Zn.
Overall, our results suggest that upon mixing molar equiv. of P3,
Cu?* and Zn?* ions in HEPES buffer, the complexes ZnCu(P3):
(not detected in the time scale of EPR sample preparation), and/or
Znz(P3)2, are formed first as kinetic products, and these will react
selectively with the remaining Cu?* to form CuP3 as a single
thermodynamic product (Fig. 3C). This conclusion indicated that
P3 is indeed selective to Cu?* in the relevant conditions and
concentrations, encouraging us to further explore the ability of P3
to remove Cu?* from A and inhibit the production of ROS.
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Figure 3. (A) UV-Vis spectra describing Cu?* binding to P3 in the presence of
Zn?* (B) UV-Vis titration of Zn(P3)2 complex with excess of Cu?* Inset: Kinetics
of decrease in absorbance of Zn(P3). (323 nm) and simultaneous increase in
the absorbance of CuP3 (330 nm). Conditions: 20 uM of peptoid or peptoid
complex in HEPES buffer (50 mM, pH 7.4) treated with 0.5 or 1 equiv. of Cu?*
(C) A schematic representation of complexes formation from 2 equiv. of P3, 2
equiv. Cu?*and 2 equiv. Zn?* using the mix approach, showing the formation of
kinetic and thermodynamic products.

2.4 Reactive oxygen species production

To probe ROS production, two approaches could be used.
The first approach includes following the consumption of
ascorbate by UV/Vis at 265 nm (¢ =14 500 M-*cm™), the reductant
that fuels the formation of H202 or HO".??! In the second approach,
the formation of HO'" is followed by monitoring the fluorescence
intensity of 7-hydroxy-coumarin-3-carboxylic acid (7-OH-CCA)
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dye that forms as a result of the reaction between HO" with
coumarin-3-carboxylic acid (CCA).B% The metal-ion binding sites
of AB to Cu and Zn lie within residues 1-16,13! therefore we have
focused our study on the monomeric peptide ABi16 complex. In
addition to it, the fibrillary forms of AR showed less activity than
the monomeric peptide by one order of magnitude,®*? making the
AB116 peptide a good model for investigation.

Starting with the first approach, it was previously shown that,
while a rapid consumption of ascorbate takes place in the
presence of unbound copper, regardless of the co-presence of
Zn?* in the tested medium, when copper is bound to AR, this
consumption slows down. [0 11a. 29,3233 \We therefore conducted
ascorbate consumption experiments in order to evaluate the
effect of P3 on the production of ROS by Cu (in blue) or Cu-AB (in
red) in the absence (Fig. 4, A-C) and in the presence (Fig. 4, D-
F) of Zn?". In order to simulate all possible conditions for probing
ROS production, three different ascorbate consumption
experiments with three different starting points were performed:
(1) starting from Cu?* (Fig. 4A, D) (2) starting from Cu* (Fig. 4B,
E) and (3) starting from a mixture of Cu* and Cu?* (Fig. 4C, F). In
the first experiment, P3 was added to Cu?* or to Cu?*-AB under
aerobic conditions, followed by the addition of ascorbate. In the
second experiment, Cu* or to Cu*-AB are generated in situ by
mixing these together with ascorbate under anaerobic conditions,
followed by the addition of P3 and then the sample was exposed
to air to trigger the ascorbate consumption. In the last experiment,
ascorbate was added to Cu?* or Cu?*-AB under aerobic conditions,
followed by the addition of P3. Notably, in the third experiment,
P3 was added when the intensity was decreased from about 1.8
to about 0.9-1. As seen in Fig. 4, each addition 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 P3 are shown in Fig. S25). After the
addition of the last component, when the catalytic cycle should
start, either no change in the intensity of the absorbance at 265
nm was observed, indicating no ascorbate consumption and thus
no ROS production, or a sharp intensity decrease occurred, which
suggests the consumption of ascorbate and formation of ROS.
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Figure 4. Kinetics of ascorbate consumption, followed by UV/Vis at 265 nm. (A)
Cu?* + P3 + Asc (blue), AB11s + Cu?* + P3 + Asc (red). (B) Cu?* + Asc + P3 +
air (blue), AB116+ Cu?* + Asc + P3 + air (red). (C) Asc + Cu? + P3 (blue), Asc
+ AB116+ Cu? + P3 (red). (D) Cu?*+ Zn?*+ P3 + Asc (blue), AB1-16 + Cu?* + Zn?*
+ P3 + Asc (red). (E) Cu?*+ Zn?" + Asc + P3 + air (blue), AB1.16 + Cu?+ Zn?* +
Asc + P3 + air (red). (F) Asc + Cu?* + Zn?* + P3 (blue), Asc + AB116+ Cu?" +
Zn?* + P3 (red). The order of components in the text (A-F) represents the order
of addition of the components in the cuvette. Conditions: [P3] = [AB1-16] =[Zn%']
=10 pM, [Cu?*] = 9 uM, [Asc] = 100 pM, [HEPES] = 50 mM, pH=7.4, with
background subtraction of the signal at 800 nm.



Looking at Fig. 4A-C, we can see that P3 is able to stop
ascorbate consumption by both free Cu and Cu-A complex only
in experiments (1) and (3), while in experiment (2), when Cu?" is
added together with ascorbate in anaerobic conditions to form Cu*,
P3 can only slow down the ascorbate consumption but not stop it
(Fig. 4B), indicating that P3 doesn’t bind Cu* under a redox inert
form and/or can not extract Cu*from Cu-Ap complex. Interestingly,
when P3 was added in the presence of Zn?" in all three
experiments, the ascorbate consumption did not stop immediately
but rather, only slowed down (Fig. 4D&F). These results indicate
that the presence of Zn?* ions limit the extraction of Cu?* from
Cu?*-Ap complex by P3. As a control, the same experiments in
the same conditions were done in the absence of P3 (Fig. S33A-
F), showing full ascorbate consumption.

Our conclusions from the UV-Vis experiments were further
examined by measurements performed according to the second
approach, in which the formation of HO" in the same experimental
setups was followed by monitoring the fluorescence intensity of
CCA. The results obtained from these fluorescence assays (Fig.
S34) matched perfectly those obtained from the ascorbic
consumption experiments, supporting the ability of P3 to prevent
the ROS production caused by either free Cu ions or Cu-Ap.

The limited ability of P3 to stop the ROS production in the
presence of Zn?* ions is explained by our observation that Zn(P3)2,
ZnCu(P3)2 complexes are formed first as the kinetic products,
while the CuP3is formed slower, as the thermodynamic product.
Thus, P3 should first bind mainly Zn?*, leaving Cu-AB mostly intact,
thus leading to ROS production, followed by the extraction of Cu?*
by P3 complexes, eventually resulting in the arrest of ROS
production. It should be noted that the formation of the AB-Cu/Zn-
P3 ternary species, where Cu remains partially bound to AB, and
therefore continues to participate in the redox cycle, could occur
in parallel to described above events. Formation of ternary
species has been reported to occur at physiological conditions
[Bab.34] - and therefore should be excluded from the possible
pathway of action of P3, and full extraction of Cu from Cu/CuZn-
AB complex should be proven first. To support full extraction of
Cu from CuAB/CuzZnAB complex by P3, CD and EPR experiments
were performed.

2.5 Cu?* extraction from Cu-AB complex in the absence
and presence of Zn?*

After having shown the thermodynamic selectivity of P3 for
Cu?* (compared to Zn?*) and the likely Zn?*-induced slow-down of
ROS lessening by P3, we investigated by CD and EPR whether
P3 has a higher selectivity than AB, a pre-requisite to remove Cu?*
from AP in presence of Zn?* 33201 The CD spectrum of free A
16in HEPES buffer (10 mM, pH = 7.4) exhibits two bands with a
minimum near 201 nm and a maximum near 223 nm (Fig. S36A),
indicating the presence of the polyproline type Il (PPII) helical
structure conformation, as previously reported.l*® The addition of
1 equiv. of Cu?* to the solution resulted in an intensity decrease of
both bands, indicating the weakening of the helical conformation
of ABi.16 resulted from the partial change of it to B-sheet upon
binding to Cu?*ions B8, In contrast, addition of 1 equiv. of Zn?*to
1 equiv. of AB11s showed a slight increase in the positive band
near 223 nm (Fig. S36B-C), suggesting that ZnAB species
maintain the initial conformational preference, and that the Zn?*
ions rather stabilize the overall conformation of ABiis at the
chosen conditions. Interestingly, when both Cu?* and zZn?" were
added to a solution of 1 equiv. of AB1.1s, the obtained spectrum
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resembled the spectrum of CuAB, suggesting that Cu?* binds to
the same binding site in both experiments and that Zn?* ions do
not interfere strongly with the binding to ABiis, in line with
previous report. % The changes in the positive band of ABi-1s
upon its binding to the metal ions are summarized in Fig. S36.

As the addition of Cu?* to AB1.16leads to a decrease in the
absorbance band near 200 nm, extraction of Cu?* by P3 should
lead to an increase in intensity of this band. However, P3 has an
intense minimum near 200 nm, thus it is difficult to make a
conclusion reading the extraction of Cu?* based on this band. In
contrast, P3, Zn(P3)2, AB11s, CUAB, ZnAB and CuZnAB do not
absorb at the 250-300 nm range (see Sl), while CuP3 and
Zn2(P3)2 exhibit band(s) in this range with a minimum near 270
nm (CuP3, Fig. 5A and S23D,F) or with a maximum near 270 nm
and a minimum near 280 nm (Znz(P3)2, Fig. 5B and 23J).
Therefore, obtaining a single minimum band near 270 nm in
competition experiments between AB1.16 and P3 for Cu?* binding
will be a clear indication for the exclusive formation of CuP3.
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Figure 5. CD studies for Cu?* extraction from Cu-AB complex in the the absence
and presence of Zn?*. CD spectrum of the near UV range for (A) free P3 (black)
and Cu?*+ P3 (blue) (B) free P3 (black) and Zn? + P3 (red) (C) ABi.16+ Cu?*
(black) and ABi16+ Cu?* + P3 (blue) (D) AB1.16+ Cu?* + Zn?* (black) and AB1.16
+ Cu?* + Zn?* + P3 (blue). The order of components in the text (A-D) represents
the order of addition of the components in the cuvette. Conditions: [P3] = [AB1-
16] =[Zn?*] = 100 pM, [Cu?] =90 uM, [HEPES] = 10 mM, pH=7.4.

To probe this point, extraction of Cu from CuAR complex by
P3 in the absence and presence of Zn was studied by CD
spectroscopy. First, mixtures of 1 equiv. of ABi16 and Cu?* or
Cu?*/Zn?" mixture (0.9 equiv. and 0.9:1 equiv., respectively) in
HEPES buffer (10 mM, pH = 7.4) were allowed to react for 5 min
and then their CD spectra were recorded and compared to the CD
of P3 in the same conditions (Fig. 5C,D, black curves). Next, 1
equiv. of P3 were added to the mixtures and the solutions were
incubated for 24 hours, before their CD spectra were measured
and compared to the spectrum of P3 with Cu?* (Fig. 5C,D blue
curves, and S37). These spectra show a single band with a
minimum between 270-280 nm, resembling the spectrum of CuP3,
which suggest the successful extraction of Cu from
CuAB/CuZnAB complex.

To further probe the ability of P3 to remove Cu?* from ABi-
16, EPR is the method of choice.[*% Figure 6 shows the monitoring
of AB11s-bound Cu?* extraction by P3 in absence of Zn, with the



sample frozen as soon as possible after addition of P3 (panel A,
red line) and after 2 hours (panel A, blue line). In panel B, the
same experiment is performed on CuZnAp complex. In green
lines, are the EPR signature of Cu-P3, in black lines that of Cu?*-
AB1-16 or CuZnAR in presence of one equiv. of Zn and in red and
blue lines the resulting species after addition of P3. Cu-P3 is
characterized by the following 8°Cu-EPR parameters: g; =2.26 Ay
=160 10 cm™* and g =2.06, while the signature of Cu-AB1.16 is
identical as that previously reported with two species co-existing
at pH 7.4 BL 38 Hyperfine lines of Cu-P3 and Cu-Ap1-16 are shown
in plain and dotted lines, respectively. In absence of Zn, and upon
addition of P3, the EPR signature corresponds to a mixture of Cu-
AB116 and Cu-P3 species in about a 1:1 ratio (panel A, red line).
After two hours (panel A, blue line), the EPR signature of the
mixture is superimposable to that of Cu-P3. In presence of Zn, the
spectrum recorded immediately after P3 addition is similar to the
one of Cu-AB (panel B, red line) while after two hours, the
signature of Cu-P3 is detected (panel B, blue line). The EPR
experiment perfectly demonstrates that (i) Cu is removed from
AB1-16 regardless of the presence of Zn and (i) in presence of Zn,
the Cu extraction takes more time. In other words, the
thermodynamic Cu over Zn selectivity of P3 is fully appropriate, 1%
3l while Zn has a kinetic effect on the Cu?* extraction from AB1.1s.
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Figure 6. EPR spectra of (A) Cu?* + P3 (green), AB1-16 + Cu?* (black), ABi-16 +
Cu?" + P3 - EPR tube frozen asap (red) and ABi1s + Cu?* + P3 - EPR tube
frozen after two hours (blue). (B) Cu?* + P3 (green), AB1.16 + Cu?* + Zn?* (black)?,
AB116 + Cu?* + Zn?" + P3 - EPR tube frozen asap (red), AB11s + Cu? + Zn?" +
P3 - EPR tube frozen after two hours (blue). [a] note that the difference in the
EPR signature of Cu- AB1.16 with or without Zn is due to the co-binding of Zn to
the Ab peptide and has been documented before.?®! Conditions: [P3] = [AB1-16]
=[zn?*] = 200 pM, [Cu?] = 180 uM, [HEPES] = 50 mM, pH=7.4. Recording
conditions: T = 120 K, v = 9.5 GHz, modulation amplitude = 5 G, microwave
power: 20 mW.

Overall, the CD and EPR experiments exclude the possible
formation of AB-Cu/Zn-P3 ternary species in significant amount.
To further explore whether the limited ability of P3 for immediate
arrest of ROS production in the presence of Zn?*is indeed related
to the differences in kinetics of Cu?* and Zn?* coordination to P3,
we set to evaluate the rates of Cu?* and Zn?* binding to P3 in the
relevant reaction conditions.

2.6 Kinetic study

To evaluate to which of the metal ions, Cu?* or Zn%, P3
coordinates first, we measured the rates of Cu?* and Zn?* binding
to P3 in the presence of AB peptide. Thus, 1 equiv. of P3 was
added to a buffered solution of quasi-stoichiometric amount of
each metal ion (0.9 equiv. of Cu?* and/or 1 equiv. of Zn?,
respectively) and 1 equiv. of AB, and followed by addition of 1
equiv. of P3. The AB and metal ions were allowed to react for 500
s to ensure complex formation prior to the addition of 1 equiv. of
P3. The reactions were followed by UV-Vis spectroscopy and the
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results are depicted in Fig. 7A-D. In the case of single metal-
peptoid complex formation, we can see that while Cu?* binds
faster than Zn?* to the HQ binding site of P3 (Fig. 7A, green versus
black, respectively (formation of complex); and purple versus blue,
respectively (consumption of P3), both Cu?* and Zn?* bind at
similar rate to the Terpy site (Fig. 7B, blue and red curves,
respectively). In the presence of the mixture of both Cu?* and Zn?*
metal ions plots several observations could be made: (i) the
reactions are faster as expected due to double concentration of
the metal ions; (ii) the decrease in the curves showed in Fig. 7D
indicates that the Terpy binding site of P3 initially binds Zn?*,
followed by binding of Cu?* (see also Fig. S40, where the arrow
indicates a shift of metal-complex absorption band from 311-323
nm for ZnP3 species towards 317-330 nm, that corresponds to
CuP3 species); (iii) the slight decrease in the curves showed in
Fig. 7C (green and black curves) can suggest the simultaneous
formation of several species; the overall decrease (Fig. 7C)
indicates that like the Terpy site, the HQ site of P3 initially binds
Zn?*, followed by the binding of Cu?* (see also Fig. S40, where
the arrow in spectra indicates shift of metal-complex absorption
band from 264 nm for ZnP3 species towards 260 nm, that
corresponds to CuP3 species).
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Figure 7. Kinetics of Cu or Zn extraction by P3 from CuAB or ZnAB at (A) HQ
region: Cu?*AB116+ P3 at 250 nm (purple) and at 260 nm (green), and Zn?*
AB116+ P3 at 250 nm (light blue) and at 264 nm (black); (B) Terpy region: Cu?*-
AB11s+ P3at 329 nm (blue) and Zn?*"AB116+ P3 at 323 nm (red). Kinetics of
Cu,Zn competition extraction by P3 from the Cu,Zn-AB complex at (C) HQ
region: Cu?*,Zn?""-AB1.16+ P3 at 250 nm (light blue), at 260 nm (green) and
at 264 nm (black) or (D) Terpy region: Cu?*,Zn?*-AB1.16 + P3 at 329 nm (blue)
or at 323 nm (red) Conditions: [P3] = [AB1.16] =[Zn?"] = 20 uM, [Cu?] = 18 uM
[HEPES] = 50 mM, pH=7.4, with background subtraction of the signal at 800
nm. Additions of P3 were performed att = 0s. (E) Ascorbate consumption in pre-
incubated solution of Cu?AB1.16-P3 (blue curve) or Cu?Zn?*-AB1.16-P3 (black
curve) for 24 hours. Ascorbate was added at t = 541s to ensure that the
absorbance intensity of the formed species is stabilized. Conditions: [P3] = [AB1-
16] = [Zn?*] = 10 pM, [Cu?*] = 9 uM, [Asc] = 100 uM, [HEPES] = 50 mM, pH 7.4,
with background subtraction of the signal at 800 nm.
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Overall, the kinetic data demonstrates that in the presence of
Zn?* the extraction of Cu?* ions by P3 is slown down by the
formation of ZnP3 complexes as kinetic products, and this hinders
the immediate inhibition of ROS production. However, our data
shows that P3 can extract Cu?* ions in the presence of Zn?*, which
leads to the formation of CuP3 as the thermodynamic product and
results in some inhibition of ROS production also in the presence
of Zn?*. As the full extraction of Cu?* by P3 is a thermodynamic
process, we wanted to see if we could increase ROS inhibition
using this result. To this aim, Cu?* and Zn?* ions were added
simultaneously to AB to form the complexes Cu-AB or CuzZn-AR,
(as indicated by UV-Vis, Fig. S41A), followed by the addition of
P3, and the solution was incubated for 24 hours. After 24 hours,
the UV-Vis spectrum of this solution was measured (Fig. S41B),
and the obtained spectrum in the presence of Zn?* indicated the
formation of the mixture of species. Thereafter ascorbate was
added, and the spectrum showed almost no consumption - 12 %
consumption (Fig. 7E) vs. 32 % consumption in 25 min for the
same experiment, performed without pre-incubation (Fig. 4D).
These results, together with the data presented in Fig. 4D-F,
support the extraction Cu?* from CuzZn-AR by P3 to form CuP3 via
a thermodynamic process, and allow for almost full inhibition of
ROS production also in the presence of Zn?* ions.

To correlate the amount of P3-bound Cu?* and Zn?* with the
amount of ascorbate that is consumed during the reaction, we
constructed a calibration curve by following the addition of 1 equiv.
of P3 to a set of Cu?* and Zn?* mixtures in different equiv. ratios,
via UV-Vis (Fig. S42). The recorded spectrum of each mixture
was compared to the corresponding spectrum obtained from the
ascorbate consumption experiments. The results (Table S5-6 and
Fig. S43) suggest the following: (i) without pre-incubation, about
50-70 % of Cu?* and 30-50 % of Zn?* are bound to the P3, which
is in agreement with the amount of ascorbate consumption (about
32 %), (i) with pre-incubation, about 80-90 % of Cu?* and no more
than 10-20 % of Zn?* are bound to the P3, and this also correlates

with the amount of ascorbate consumption in this case (about
12 %)).

Our observations support our hypothesis as depicted in
Scheme 2: in the absence of Zn?*, the extraction of Cu?* from AR
is immediate, and so is ROS inhibition, which is fully achieved
(scheme 2A), while in the presence of Zn?* the extraction of Cu®
ions by P3 is slower than the extraction of Zn?* and therefore
various complexes are formed as kinetic products, hindering the
immediate inhibition of ROS production (scheme 2B) .

Conclusions

Herein we showed that the incorporation of one piperazine
group at the C-terminus of a water-insoluble hydrophobic helical
peptoid chelator with high selectivity to Cu?* resulted in the water-
soluble peptoid chelator P3. We demonstrated that the selectivity
of P3 to Cu?, in the presence of excess of other metal ions,
including Zn, is preserved also in water. Selectivity to Cu in the
presence of Zn is extremely important in the context of AD,
because the ionic pool of the synaptic cleft, where A aggregation
and ROS production take place, contains excess of Zn, which can
potentially hinder Cu binding by an external chelator due to
possible similarities in the binding preferences of these two metal
ions. However, we show that P3 binds Cu?* and zZn?* differently:
Cu?* binds HQ and Terpy simultaneously, leading exclusively to
the 1:1 metal:peptoid intramolecular CuP3 complex, while Zn?*
binds first two Terpy ligands from two peptoids in a 1:2
metal:peptoid ratio, forming the intermolecular Zn(P3)2 complex,
followed by the binding of additional equiv. of Zn or Cu?* that are
present in solution, forming the complexes Znz(P3)2 or ZnCu(P3)2,
respectively.

Despite the fast formation of Zn complexes being kinetically
favored products, as illustrated from the mixture and step
approach and kinetic studies, Cu?* ions can replace Zn from these
complexes, resulting in the formation of CuP3 as an exclusive



thermodynamic product. Furthermore, we show here for the first
time, that the selectivity of this water-soluble peptoid chelator, P3,
to Cu?* can be used in the context of AD: P3 can successfully
extract Cu?* from the CuAB-complex even in the presence of Zn
ions, to form the thermodynamically stable complex CuP3, and by
this enables the inhibition of ROS production in a reducing
environment at physiological pH (Scheme 2), as confirmed by
both ascorbate consumption experiments and CCA Fluorescence
assays. These unique abilities of P3, combined with the
advantages of peptoids as therapeutics including their high
proteolytic resistance, high membrane permeability and tolerance
towards high salts concentrations, make P3 an excellent chelator
compared to the other peptidomimetic ligands known as drug
candidates in a context of AD.

Further studies will focus on possible modifications of the
P3 sequence to allow full arrest of ROS production caused by
CuApB-complex, in physiological conditions and in biological
systems. In addition, the effect of P3, as well as similar peptoid
chelators, on the aggregation of AB peptides, associated with high
toxicity, will be further evaluated.
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