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Impact of N-Truncated AB Peptides on Cu- and Cu(AB)-Generated

ROS: Cu(l) Matters!

C. Esmieu,*® G. Ferrand,® "V, Borghesani,> ?# and C. Hureau*?

Abstract:

The in vitro Cu(AB1«) induced ROS production has been extensively
and thoroughly studied. Conversely, the ability of N-truncated
isoforms of AB to alter the Cu-induced ROS production has been
overlooked even though they are main constituents of amyloid
plaques found in the human brain. N-truncated peptides at the
positions 4 and 11 (AR« and AB11.) contain an amino-terminal copper
and nickel (ATCUN) binding motif (NH,-Xxx-Zzz-His) that confer them
different coordination sites and higher affinities for Cu(ll) compared to
the AB peptide. It has further been proposed that the role of ABs
peptide is to quench Cu(ll) toxicity in the brain. However, the role of
Cu(l) coordination has never been investigated so far. In contrast to
Cu(ll), the Cu(l) coordination is expected to be the same for N-
truncated and N-intact peptides. Here, we report in-depth
spectroscopic characterizations (Cu(ll) and Cu(l)) complexes of the
AB..16 and AB11.16 N-truncated peptides and ROS production studies
with copper (Cu(ll) and Cu(l)) complexes of the AB4.16 and AB11-16 N-
truncated peptides. Our findings show that the N-truncated peptides
do produce ROS when Cu(l) in present in the medium, although to a
lesser extent than the unmodified counterpart. In addition, when used
as competitor ligands (id est, in the presence of ABiis), the N-
truncated peptides are not able to fully preclude Cu(ABi.16) induced
ROS production.

Introduction

Alzheimer disease (AD) is the most common cause of dementia,
affecting more than 30 million people in the world, characterized
by a brain deterioration leading to difficulties with memory,
behaviour, and thinking. According to the “amyloid cascade
hypothesis” an abnormal amyloid deposits formation composed
of amyloid-B peptides (AB) occurs in AD brain in extracellular
locations at the early stage of the disorder.[Y Aggregation of AB is
linked to an accumulation of the peptide induced by an imbalance
between its clearance and its production. AB is a fragment of 40-
42 amino acids derived from the proteolytic cleavage of the
amyloid precursor protein (APP) by the B- and y-secretases.
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Studies of the composition of the senile plaques in the middle of
the eighty’s showed a heterogeneity of AB sequences including
the presence of the N-truncated isoform at position 4 (ABs).
Since then, numerous studies have shown the presence of a large
number of N-terminally altered isoforms as the ABs.xand ABi11.x.E!
N-truncated ABs are produced either from the proteolysis of the
full length (AB1x), or by dedicated proteases that process directly
the APP." According to ref. 5, isolated plaques from sporadic AD
people contain up to 18,6 % of AB11-42, a level comparable to the
AB1.42 isoform.B! ABy1.4, exposes a glutamic acid residue, which
allows the N-terminal cyclization of the peptide to its
pyroglutamate derivative (pEAB11-42). It has been proposed that
PEAB11.42 also forms slowly over time.l®! Both forms are found in
the senile plagues and cerebrospinal fluid. Recently, the N-
truncated isoforms have drawn much more attention due to their
putative protective role against ROS. [ 7]

The AB full length (AB1.x) possesses two main domains, while the
last amino acid are involved in aggregation processes, the first
fourteenth are responsible of the coordination of metal ions,
mainly copper and zinc. 8 Cu ion bound to AB is able to catalyse
the production of reactive oxygen species (ROS) through
successive stepwise reduction of dioxygen.®) This ROS
production is assumed to be part of the enhancement of the
oxidative stress found in AD brain that drives the disease.*” The
copper coordination to the AB or its validated model ABi.is
(sequence in Scheme 1) has been widely investigated.'% The
coordination sites of Cu(l) and Cu(ll) to AB near physiological pH
are depicted in Scheme 1.1 Within AB1.16 the Cu(ll) is coordinated
by the N-terminal amine, the adjacent carbonyl group from the
peptide backbone, and two imidazole rings from two among the
three Histidine (His) side-chain in a square-planar geometry with
an apparent affinity constant of 10° M* at pH 7.4.2 The N-
terminal truncation of A at position 4 and 11 releases a peptide
containing an amino-terminal copper and nickel motif (ATCUN,
NH3-Xxx-Zzz-His) which is known to bind Cu(ll) with high affinity
constant (~10%* M).123 The binding site of AB411.16 (Sequence in
Scheme 1) is constituted by the N-terminal amine, the proximal
(8) nitrogen atom of the His side chain and both deprotonated
amides of the peptide backbone in between the N-terminal amine
and the His (Scheme 1).113-14

In contrast, the Cu(l) coordination site is expected to be similar for
the three peptides (ABiani-16) Since the two imidazole rings
required for Cu(l) binding are present in the three sequences. Itis
thus anticipated that Cu(l) lies in a digonal environment made by
two imidazole groups from the His residues at position 6, 13 and
14 (13 and 14 only for the AB11.16).*% The affinity is also expected
to be similar between the three peptides, while the values
reported for AB;.16 range between 107 to 1010 M-, [152. 16]

A vast amount of in vitro investigations on the production of ROS
by the full length ABi1.40142 OF its C-terminally truncated model AB;-
16 in presence of Cu ions have been performed.l®! Importantly it
was evidenced by electrochemistry that the direct electron
transfer between Cu'(ABi-16) and Cu'(AB1.16) is hampered by a
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large reorganization energy and thus proceeds via an unusual
mechanism.[®d ROS are therefore produced by an “in between”
state (IBS) in equilibrium with the Cu'(ABi.16) and Cu"(AB1.16).
Structurally, it has been proposed that the Cu in the IBS is linked
to the N-terminal amine, the carboxylate group from Aspl, and
one imidazole group from one His of the peptide,®® " but this
model is still under discussion. 8l

Conversely, researches on the ability of N-terminally truncated
Cu(ABa-16) to produce ROS are only very recent (and limited to
studies with Cu(ll) only).[72 132191 |t has been shown that the AB..
16 presents a highly ordered metal binding site of low redox activity
in presence of Cu(ll) and ascorbate.*3 Additionally it has been
suggested that it can extract Cu(ll) from Cu"(AB1.16) and could
have a crucial role in metal homeostasis ['® 2% and thus could be
beneficial in the context of AD as an intrinsic competitor to prevent
the ROS production generated by the Cu-metallated AB;x.["® 7
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Scheme 1 : Representation of the main coordination site of Cu(ll) bound to (a) ABi.16,
(b) AB41s and APiii1e (c) shared Cu(l) coordination site at physiological pH and
sequence of the AB peptides under investigation in the paper with the His in green and
the ATCUN motif underlined

To gain a better understanding of the coordination chemistry of N-
truncated peptides containing a ATCUN motif involved in AD, we
have investigated the Cu(ll) and Cu(l) binding properties of the
ABs16 and APii-16 isoforms, and compared them to the ARi.ie.
Furthermore, we have challenged the ROS production ability of
these two Cu(ABasai-16) in @ more biologically relevant medium
containing Cu(l). Finally, we further studied the ability of the N-
truncated isoforms ABani1-16 to extract Cu(l) and Cu(ll) from the
ABi1-16 peptide and to impact the ROS production by Cu(ABi-16)-
We confirm that AB4.16 and AB11-16 are both able to form redox inert
Cu(ll) complexes and can extract Cu(ll) from Cu(AB1-16). However
and more importantly, we demonstrate that the high-affinity and
redox-inert Cu(ll) ATCUN binding site of the N-truncated peptides
is not enough to preclude ROS production. We show that this is
due to (1) the capability of the peptides to bind Cu(l) and (2)
kinetically competitive processes (formation of the ATCUN Cu(ll)
site versus reduction of Cu(ll)-bound to ABasa1-16 in another site
than the ATCUN one). In addition, when AB4n11.16 are regarded as
intrinsic redox-silencing chelators; their effect on ROS production
is dependent on the starting conditions, and again when Cu(l) is
present in the medium, ROS production is only moderately lessen,
in line with similar Cu(l) affinity of the N-truncated peptides versus
the unmodified counterpart. As a result, a biologically relevant
mixture of the various Cu(peptides) species can produce ROS in
presence of Cu(l), dioxygen and ascorbate, which mirror
physiological conditions.

Results and Discussion

Characterization of Cu(ABas-16) and Cu(ABu11-16)

Cu(ll) binding kinetics. Stopped flow measurements have been
realized in order to qualitatively evaluate the kinetics of Cu(ll)
coordination by the two N-truncated peptides (Figure S1). The
stopped-flow system used is coupled to diode array detector in
the 250-720 nm range allowing to monitor of the d-d band
increase (for the Cu"(ABa/1-16)aTcun complexes, Amax = 520 nm),
linked to the formation of the Cu(ll) complexes, over time. In a
guasi-stoichiometric amount of Cu(ll) (0.9 equiv. per peptide) and
at about 0.5 mM, AB11.16is faster in coordinating Cu(ll) than ABa-
16, With ty, =0.13 +0.02 s vs t1,=0.45+ 0.1 s for ABll-lG and AB4_
16, respectively. The value found for the ABa4.16 agrees fairly well
with that recently determined by competition and double mixing
stopped flow experiments and attributed the formation of the
Cu"(ABas.16)atcun  motif once the Cu(ll) is anchored to the
peptide.?l Additionally, the value found for Cu"(ABi116) is in
accordance with the value very recently determined in ref.?? on
the short GGH peptide by classical stopped flow experiments and
attributed to the reshuffling of the Cu(ll) site forming the ATCUN
motif after initial anchoring to the N-terminal and side-chain of His
groups. In addition, it was not possible to measure the rate of
Cu(ll) binding to the ABi.16 under the very same conditions, thus
indicating that Cu(ll) anchoring to the peptide (mainly via His or
carboxylate containing amino-acid residues),**9 is much faster
(Figure S1). This confirms that the rate determined with the AB11.
16 and AB4.16 Mainly witnesses the formation of the ATCUN site
around the Cu(ll) ion.

The difference observed between the two peptides (formation of
Cu"(ABa-16)atcun about three times slower than that of Cu"(AB11-
16)atcun) Mmay be linked to the presence of the His13 and His14.
Such His dyad creates a second independent and thus competing
site in ABsis as recently observed for similar peptides
encompassing both a ATCUN and a His dyad site.[?®! Conversely,
the His dyad belongs to the ATCUN motif in AB11.16 thus helping
the anchoring of Cu(ll) near the final ATCUN site.

Briefly, the values we determined here mainly mirror the time
required to accommodate the Cu(ll) in the ATCUN site, in line with
a very fast anchoring process (thus not rate-limiting) at such high
concentration.

Electron Paramagnetic Resonance. Both complexes Cu"(ABa.
16) and Cu"(ABi1.16) display a classical EPR signal for a 4N
coordination, with superhyperfine lines in the perpendicular region
indicative of N equatorial ligands (Figure S2 (b) and (d)) and
reminiscent of Cu(ll) bound in a ATCUNI™ 24 motif including those
obtained with AB11.15 and ARa.16.:%4 28 This signature strongly
differs from the one of Cu"(ABi.16) (Figure S2 (a)) allowing to
easily monitor the removing of Cu(ll) from Cu'(AB1.16) by the two
N-truncated peptides. EPR signatures were identical with or
without AB1.16 demonstrating that the final species formed in the
presence of an equimolar mixture of ABsi1.16 and ABi.16 is the
Cu"(ABan1-16)atcun complex (Figure S2 (c) and (e)). The EPR
parameters are summarized in Table 1.

Electrochemistry. The cyclic voltammograms (CV) of Cu bound
to Cu"(AB4-16) and Cu'(AB11-16) are shown in Figure 1 and Figure
S3.



The AB.4.16 peptide alone displays an irreversible oxidation at EP?
= 0.76 V vs SCE (1.00 V vs NHE) corresponding to the Tyr10
oxidation (Figure S3).[3 261 The Cu'"(ABs.16) complex shows an
irreversible anodic process at EP* = 0.81 V vs SCE (1.05 V vs
NHE). This potential is close to the early reported value for the
oxidation of Cu(ll) to Cu(Ill) in an ATCUN motif.[38 27] The unusual
intensity of this peak originated from the addition of the two
processes mentioned before (i. e. Tyrl0 and Cu(ll) to Cu(lll)
oxidations). The Cu"(AB4.16) complex is reduced at EP® = -=1.06 V
vs SCE (-1.30 V vs NHE), leading to Cu'(ABs.16)" species that
chemically evolves toward the stable Cu'(ABa.16). Species that is
reoxidized at EP* = 0.24 V vs SCE (0.48 V vs NHE). It can be
postulated that the Cu(ll) coordination changes upon reduction
from a typical 4N coordination by the ATCUN motif to a linear
coordination between to imidazole rings of the His residues to
accommodate the Cu(l) ion. The electrochemical pattern is
indeed strongly reminiscent of the oxidation of a His-Cu(l)-His
species.?

The AB11-16 peptide alone yield no electrochemical activity in line
with the absence of redox active amino-acid residue (i.e.Tyr10) in
the peptide sequence (Figure S3). As for the Cu"(ABs.1s), the
Cu"(AB11-16) can be oxidized to Cu"(AB11.16) at EP2 = 0.78 V vs
SCE (1.02 V vs NHE) but this time the Cu'"' species can be
reduced at EP? = 0.67 V vs SCE (0.91 V vs NHE) leading to a
quasi-reversible process. The reversibility of the Cu(lll/Il) process
in the ATCUN motif is dependent on the nature of the Xxx and
Zzz amino acid residues which can explain the difference with
Cu'"(AB4-16) in addition to the absence of the concomitant oxidation
of Tyr10.7°-291 Cu"(AB11.16) Shows an irreversible cathodic peak at
EP¢ = -1.26 V vs SCE (-1.50 V vs NHE) attributed to its reduction
to a Cu'(AB11.16)* complex followed by a structural rearrangement
leading to a re-oxidation peak at EP? = 0.27 V vs SCE (0.51 V vs
NHE), as observed for Cu"(ABsie). The different cathodic
potentials between the two complexes can tentatively be
attributed to (i) a less stabilized ATCUN motif in the Cu"(ABa-16)
due to the presence of Arg5 adjacent to His6. Such proximity
between these two amino-acid residues has been previously
proposed to hinder the Cu(ll) binding by His* and (ii) more stable
Cu(l) species due to the presence of three His leading to three
possible His binding dyads. Conversely, the re-oxidation peak of
the electrochemically generated Cu(l) species are at the same
potential value in line with similar Cu(l) coordination. To
summarize, we have thus observed a classical ECEC
(Electrochimical-Chemical-Electrochemical-Chemical)
mechanism, where the first electrochemical process is the
reduction of the Cu(ll) in the ATCUN site, the first chemical
evolution leads to a linearly bound bis-His Cu(l) species, that is
oxidized (second electrochemical process) and evolves back to
the initial Cu(ll) species.

For both N-truncated sequences the Cu(ll) complexes can be
reduced to Cu(l) but at a very low potential, EP® < -1 V vs SCE.
This reduction potential of the Cu(ll) complexes is well beyond the
oxidation potential of ascorbate, hence, the Cu(ll) complexes are
expected to be stable upon reduction with ascorbate.l!
Electrochemical potential (EP) are summarized in Table 1.
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Figure 1 : Cyclic voltammogram (CV) of Cu"(AB11.16) (pink line) and Cu'"(ABa-16)
(blue line). The dotted black lines are CV measured in oxidation showing no
electrochemical process at 0.24 V vs SCE. [AB41-16] = 0.2 mM, [Cu(ll)] = 0.19
mM in [phosphate buffer] = 50 mM at pH 7.4 under argon. Scan rate = 100 mV.s
1, WE = Glassy carbon, Ref = SCE, CE = Pt wire. First scans are shown starting
from the open circuit potential (from the arrows).

Cu(l) NMR. NMR experiments were performed to evaluate the
Cu(l) binding to the different peptides. Expected chemical shift of
the protons in the Cu(l) vicinity are observed for Cu'(ABi-i6)
complex. For instance, in the aromatic region the Hs and He
protons of His, present at around 7.70 and 6.85 ppm, are strongly
shifted indicating that the His residue are involved in Cu(l) binding
(Figure 2a).°¥! Similar trends are followed by the two N-truncated
peptides, with a large shift of the protons of the His residues.
Interestingly the protons of the Vall2 are strongly shifted for the
AB11-16 peptide but are not really affected in the AB1.16 and ABs.16
cases. This is strongly indicative that the coordination of Cu(l) into
the ABii.16is different than the one in ABi.16 and APs.a6. From a
peptide sequence point of view, AB11.46 lacks the His6, implying
that the Cu(l) is coordinated only by the His 13 and His 14. The
different proton behavior of Vall2 observed for AB11.16 Suggests
the involvement of the His6 in the Cu(l) coordination with the ABi.-
16 and ABa..16 peptides in contrast to our previous report.®! The
present observation is consistent with a recently published article
showing that His6 is the His mainly involved in Cu(l) binding.[*%



Table 1: Apparent binding affinities determined for Cu(l), conditional binding affinities reported for Cu(ll), redox potentials, UV-vis and EPR

parameters determined for 5Cu(ll) for ABs-16 and AB11-16 peptides.

"Ka (M) I EP (vs NHE) UV-Vis EPR (A in G)&
. Ka (M)
Peptide pCu for Cu for Cu(Il) Amax (nm) (g in
Cu(l)® P Cu*—Cu* Cu*—Cu?* Cu* —Cu® mal\;l,l cml) g1 a Ayl
_ 13
ABase Srx o4 e 130V 0.48 V 1.05V 520 (100) | 2055 218 211
_ 13
AB111s 19+05 oo 150V 0.51V 1.02V 522(102) | 2049 219 217
75+1.0 =101
AB1.16 6.2 8.9 [12a] 625 (65) 2.06 2.27 181

®pCu = -log [Cu]iee for 1.2 *[Cu] = [L] and [Cu] = 10 uM. PEPR parameters were determined in 50 mM HEPES, pH 7.4 buffer containing 10% glycerol (v/v).
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Figure 2 : 'H NMR spectra of AB1.16 (light green) with 1 equivalent of Cu(l) (dark
green), of ABa.s (light blue) with 1 equivalent of Cu(l) (dark blue) and of ABi1-16
(light pink) with 1 equivalent of Cu(l) (dark pink) at pH 7.3 in phosphate buffer,
His region (a) and Val12 region (b). The chemical shifts of His protons observed
upon addition of Cu(l) are indicated with dotted lines.

Affinity of ABuai1116 for Cu(l). Cu(l) apparent binding affinity to
ABuyami-16 were determined by competition with the chromophoric
[CU'(F2),]* (Fz = ferrozine = 5,6-diphenyl-3-(2-pyridyl)-1,2,4-tri-
azine-4,4”-disulfonic acid) according to the model of Alies et. al.
(Table 1 and Figure S4).1*% This gives K, values of 1.9 + 0.5 108
M? and 3.7 + 0.4 105 M? for CUI(ABM.le) and CUI(AB4.16)
respectively. Those values are of the same order of magnitude
that the one reported in the literature by Alies et al. for the Cu'(AB:-
16) complex (7.5 + 1.0 108 M) determined by the very same
method. The two N-truncated peptides studied here are His—
containing peptide sequences. It is then anticipated that ABa1-16
bind soft Cu(l) cation similarly to the AB1.16 with two His in a linear
geometry. The lower value found for AB1116 can be attributed to
the lack of the third His (His6) in line with the weaker value
reported for the mutated AB1.16-H6A peptide.[*62. 165 The two-fold
weaker affinity for the 3-His containing AB4.16 peptide may mirror

second sphere effects due to modification of the N-terminal sequence,
and is in line with modification of the Cu(l) affinity by acetylation of the
terminal amine, previously reported.!2¢"!

We have described here the Cu(ll) and Cu(l) coordination sites in
the three peptides under study (Scheme 1) and also determine
their Cu(l) affinity values (Table 1). From those values and the
similarity of binding site, it is expected that the N-truncated
peptides can compete with AB116 peptide for Cu(l) coordination,
but cannot remove Cu(l) from Cu'ABi.16. In contrast, the ATCUN
peptides do remove Cu(ll) from Cu"AB;.s6.

Reactive Oxygen Species (ROS) production.

The intrinsic properties of Cu bound to the N-truncated AB to
produce ROS in presence of ascorbate and O, were evaluated
according to routine methods.[*? Briefly, in order to evaluate the
ability of Cu to produce ROS when this latter is bound to the
different peptides, an ascorbate consumption assay was
performed in the presence of the different AR peptides, oxygen,
and a slightly substoichiometric amount of Cu(ll) (for details see
ESI).B1 38 The ascorbate concentration that fuels the reaction is
followed by UV-vis at 265 nm.

Starting from Cu(ll). Compared to the ABi.16 Which produces a
high level of ROS in these conditions, indicated by a quick and
total consumption of the ascorbate in 2000 s (33 min), ABaa1-16
prevent the formation of ROS (Figure S5). Between 2500 and
3000 s of the experiment, a rate constant for the ascorbate
consumption around 0.04 ms? is calculated (Figure 4a left). This
basal consumption of ascorbate is attributed of the auto-oxidation
of the ascorbate in our experimental conditions, indeed the same
value is obtained with ascorbate only in the buffer (Figure S5).
These results show the ability of both N-truncated peptides to
chelate Cu(ll) in the ATCUN motif, stabilizing the Cu(ll) redox
state under the Cu"(ABa/11-16)aTcun complex and is in line with the
low reduction potential of the Cu(ll/l) couple observed by
voltammetry. Those results are also in agreement with the
reported lower level of hydroxyl radical produced with Cu"(AB..
16)aTcun Measured by APF (2-[6-(4’-amino)phenoxy-3H-xanthen-
3-on-9-yl]benzoic acid) fluorescence in quite similar concentration
conditions.[*3a

Starting from Cu(ll/l). To go further and challenge the abilities of
the APBaniae to stop ROS under more biologically relevant
conditions, the ascorbate consumption assay was performed in




presence of Cu(l) and in presence of a mixture of Cu(l) and Cu(ll).
Such conditions could better mimic the extracellular brain
environment, which is at the same time rich in ascorbate and
dioxygen and where the predominant redox state of Cu is not
determined.B4
In order to obtain the Cu(ll/l) mixture, Cu(ll) was first reacted with
ascorbate to generate Cu(l) by redox cycling and then the
different AR peptide forms (i. e. ABi-16 , ABa-16 and ABi116) Were
added (Figure 3).
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Figure 3: Kinetics of ascorbate consumption, followed by UV-visible
spectroscopy at 265 nm. Asc + Cu(ll) (black curve), Asc + Cu(ll) + AB1-16 (green
curve), Asc + Cu(ll) + ABi-16 (pink curve), Asc + Cu(ll) + ABa1s (blue curve).
[ABuan116] = 12 UM, [Cu(ll)] = 10 uM, [Asc] = 100 pM, [HEPES] = 100 mM, pH
7.4.

Overall, the trend of the ascorbate consumption reflecting the
ROS production is close to the one reported with Cu(ll) only
(Figure 3, Figure 4b left). Both N-truncated peptides are able to
lower the consumption of ascorbate significantly compared to the
non-truncated peptide ABi.16. For ABani-16, after 1500 s of reaction,
the rate constant for the consumption of ascorbate are
comparable with the one obtained with Cu(ll) only, no matter the
initial presence of Cu(l) (Figure 4d right). This observation
indicates that at the end of the kinetic study the Cu"(ABa4/11-16)aTcun
complexes are the predominant species in solution. Hence we
propose that the Cu(l) initially present has been oxidized in Cu(ll),
mainly generating the redox stable Cu(ll) complexes as seen
before.

However, the initial rates of the ascorbate consumption (between
260 and 900 s) are accentuated in presence of Cu(l) (Figure 4d
left) compared to experiments done starting with Cu(ll) only
(Figure 4a). Quantitatively, in presence of Cu(l), the initial
ascorbate consumption rate constants are four times higher (0.05
ms?tvs 0.21 ms? for ABs-16and 0.07 ms™ vs 0.28 ms™ for AB11.16).
We hypothesized that a linear Cu'(ABa4a1-16) complex is initially
generated by the direct coordination of Cu(l) by the peptides and
get oxidized by O; giving a Cu(ll) species that may keep a linear
coordination mode (Scheme 2). This new intermediate species
named Cu"(ABsu146)L (L for linear) can evolve in two different
ways, (i) through a rearrangement to form the redox stable
Cu"(ABa/11-16)atcun (Scheme 2 black arrow) or (i) can be reduced
by ascorbate and thus produce ROS by redox cycling (Scheme 2
grey arrow). Therefore, the ROS production becomes dependent

3000

of the kinetic of the reduction of the transient Cu"(ABau1-16)L
species vs its rearrangement into the Cu"(ABa4/11-16)atcun cOmplex.

Redox active Redox silent

Cu'(ABy41.16) Cu'(ABy41.46). —

Scheme 2: Schematic representation of the formation of the transient Cu"(ABa/11-
16). by oxidation of the Cu'(ABa11-16) leading to either its re-organization into
Cu'"(ABas1-16)atcun (black arrow) or to its reduction (grey arrow).

In the presence of more peptide (2 equiv., see Figure S6), the rate
of ascorbate consumption is slow down for all three peptides in
line with previous report on ABi.16," and witness the decrease of
the amount of free Cu.

Starting from Cu(l) only. In this experiment the Cu(l) is
generated in situ directly in the sealed UV-vis cuvette by addition
of ascorbate on a Cu(ll) solution under anaerobic conditions. The
different peptides are then added to the Cu(l)-asc solution to form
the Cu'(AB1i11-16) Species. The cuvette is finally opened at 1120
s and air is vigorously bubbled inside. The ascorbate consumption
exhibits the same shape whether starting from Cu(l) or from the
mixture of Cu(ll/l) (Figure S7). The production of ROS is quicker
at the beginning and stabilizes progressively to meet the level
attributed to the auto-oxidation of the ascorbate, meaning a total
arrest of the ROS production by the AB4n1-16 peptides (Figure 4c
left). Again we attribute this phenomenon to the oxidation of the
Cu'(AB411.16). leading to a Cu(ll) species which can be reduced
by ascorbate or undergoes a rearrangement to form the redox
inert CU”(AB4/11.15)ATCUN complex (Scheme 2).



_ 1
Kms'}  starting from Cu(ll) k(ms')  starting from Cu(li)
1 T T 14 T T T
roRdScSl\on “Competition” 12 ROS “Competition” -
08 [ A it __ experiments ] production experiments
abilities L | abilies

06 E

02| :

oL, e [l sl Jl_-l

Initial Final Initial Final Initial Final Initial Final
AB?WG
[ FX
) A8 16 {d Comparison of the “ROS

production abilities” starting

k -1 .

(ms™) Starting from Cu(l) kogms )" “from Cu(ll) and from Cu(li)

12 . ; ! . ‘ ) I

M medScSﬂon _“Compatiion” | 55| l:lgoo: SS((::)‘j
abilities experiments

0.8

06 [~

0.2
o j_.L..

Initial Final Initial Final

Initial Initial Final Final
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addition of the peptides (initial) and at the end during the 8 last minutes of the
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panel d the grid bars represent experiments starting from Cu(ll/l). [AByvan1-16] =
12 puM, [Cu(I)] = 10 pM, [Asc] = 100 puM, [HEPES] = 100 mM, pH 7.4.

Ability of the N-truncated peptides to extract Cu(ll) and Cu(l)
from ABi16 peptide: Competition experiments.

ROS from Cu(ll). As the N-truncated forms of the peptide ((i. e.
AB4-16 and AB11.16) Co-exist with non N-truncated forms (i. e. ABs-
16) in the brain,3 51 the effect on the ROS production of having
in the experiments the two types of peptide (i. e. N-truncated and
non-truncated) has been investigated. An ascorbate consumption
assay was performed in presence of O, and an equimolar mixture
of peptides being either AB1.16 and ABa4.16 or AB1-16 and AB11-16, and
a slightly substoechiometric amount of Cu(ll) (Figure S8). In the
presence of ABsis or ABiiis and Cu'"(ABiie) the ascorbate
consumption resemble to the one of the Cu'"(ABa4u1-16) (Figure 4a
right). The formation of the thermodynamically stable Cu'(ABa1-
16)atcun in line with the EPR data showing the removal of Cu(ll)
bound to ABi-16 by the ATCUN-peptides prevents the production
of ROS.

Stopped-flow Cu(ll) exchange kinetics. The ability of the N-
truncated peptides to extract Cu(ll) from Cu'(ABi.16) has been
investigated by stopped flow measurements.

The total extraction of the Cu(ll) from the AB1.16 is slow and takes
about 60 s for both N-truncated peptides (Figure S9) with ABas.16
faster than ABi1.16 in extracting Cu(ll) (tz» + 15.5 s vs ti,+ 10.8 s
for AB11.16 and AB4.16 respectively).

ROS from Cu(ll/). As previously described ROS production
measurement was also conducted in the presence of Cu(ABi-16)
in its two-redox forms. The experiment consisted to add ascorbate,
to pre-form the Cu'(ABi.16) complex, and then to add the N-
truncated peptides during ascorbate consumption (Figure 5, blue
and pink curves)

The Cu induced ROS level increases in presence of ABi.16 for
both N-truncated peptides (compared Figure 3 vs Figure 5, and
see figure 4b right). In other terms, the presence of ABi.i6 in the
reaction medium slow down the formation of the redox stable
Cu"(ABa1-16)aTcun complex. As it was previously demonstrated
(Table 1), the ABii16 cannot compete with the N-truncated
peptides for the Cu(ll) coordination, the difference in the ROS
production is then assigned to the Cu(l) complexes formation, for
which the ABi.16 and the N-truncated peptides have the same
affinity.
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Figure 5: Kinetics of ascorbate consumption, followed by UV-visible

spectroscopy at 265 nm. Asc + AB1.16 + Cu(ll) + either AB1-16 (green curve), or
+ AB11-16 (pink curve), or + ABs.16 (blue curve). The arrows indicate the order and
time of the different addition into the UV-vis cuvette. [ABwya11-16] = 12 pM or 24
UM (green curve), [Cu(ll)] = 10 pM, [Asc] = 100 pM, [HEPES] = 100 mM, pH 7.4.
The grey lines are the data presented in Figure 3 (Cu(ll/l) + peptides), for
comparison purpose.

The existence of an equilibrium between the different Cu(l)
complexes (i. e. Cu'(ABa11-16) and Cu'(ABi-16)) would contribute to
slow down the formation of the redox stable Cu"(ABa4s1-16)aTcun
complexes and maintain the Cu'(ABi1s) Species in solution
leading to a significant ROS production increase (Scheme 3b).
The ascorbate consumption experiment has also been performed
by first adding the N-truncated peptides to the Cu(ll/l) mixture
allowing the formation of the Cu'(ABsui-16) and Cu'(ABasi-16)
species and followed by the addition of the AB1.16 at 25 s (before
the full formation of the Cu"(ABa/11-16)aTcun, Figure S10). Again, the
ROS production increases in presence of ABi.16 Showing that the
Cu'(AB116) complex, which produces ROS, can be quickly
generated by exchange with the Cu'(AB411-16). The coordination
and exchange processes are summarized in Scheme 3b.



ROS from Cu(l).

As expected, when the same competition experiment is done in
presence of Cu(l) only the results obtained are similar (Figure 4c
right and Figure S11).

Proposed mechanisms.

Based on the previously described studies, we here propose two
mechanisms to explain (i) the ROS production of Cu(ABa11-16)
(Scheme 3a) and (ii) the impact of AB4/11.16 0N the Cu(AB1.16) ROS
production (Scheme 3b).

(i) In presence of Cu(ll), we observe the formation of complexes
resistant to ascorbate reduction for the two N-truncated peptides
(and thus there is no ROS produced) conversely to Cu(ABi-16)
(orange arrow in Scheme 3a). In presence of Cu(l) or Cu(ll/l), the
ROS production ability of the peptides differs. For the Cu(ABi-16),
its ability to catalyze the ROS formation has been widely studied
before and is not dependent on the Cu redox starting state (See
[®1). For the N-truncated peptides, we thus anticipate that a key
step in the mechanism is the formation of a Cu"(ABau1-16)
intermediate species that can evolve either (i) back to the reduced
counterpart (grey line in Scheme 2 and dotted grey line in Scheme
3a) or (i) to the Cu"(AB411-16)atcun site (black line in Scheme 2
and 3a). To validate such hypothesis, the Cu(ll/l) ROS experiment
were conducted with an higher ascorbate concentration, with the
aim to favor the reduction of Cu'(AB411-16)L (grey line in Scheme
2). It has to be noted that those conditions are probably closer to
the AD brain environment were concentration up to the mM in
ascorbate can be found.B At 500 pM of ascorbate Cu(ABii.16)
does produce ROS as much as the parent Cu(ABi-16), While the
ROS production level of Cu(ABa-16) is similar to the one evaluated
at 100 uM of ascorbate (Figure S12). There are two possible
explanations: (a) the rate of the formation of the reduction-
resistant Cu"(ABa/11-16)aTcun Versus the rate of the reduction of the
Cu"(ABan1-16)L is faster for AB4.16 than ABi1.16 Or (b) the amount of
free Cu' contributing to the ROS produced is higher for ABy1.16 that
has a weaker binding affinity (See Table 1). The identification of
the Cu(ll) binding site in the Cu"(ABa4x1-16). Species is beyond the
scope of the present report based on in-house experience of
similar studies on the Cu(AB1.16) complex (see refs. 192 9. 17, 36])
However we can propose a linearly bound Cu(ll) species, where
the Cu(ll) might be linked by two His (reminiscent from Cu' site)
or by one His and the N-terminal amine, based on recent articles
aiming at deciphering the very first species appearing during the
formation of CU”(AB4-16)ATCUN (1] and CU”(GGH)ATCUN.[ZZ]

(i) In presence of Cu'(AB1.16), the time requested for getting the
Cu(ll) bound inside the N-truncated peptides is at least one order
of magnitude longer than for Cu(ll) (compare Figures S1 and S8)
and there is no ROS produced provided that the mixture time
between Cu"(AB1.16) and the AB411-16iS long enough. In presence
of Cu"(AB1.16), the main difference compared to Cu(ll/l) is the
almost equal distribution between Cu'(ABi-16) and Cu'(ABs.16) Or
Cu'(AB11-16) that decreases the amount of Cu'(AB411-16) present in
the medium and thus the concentration of their oxidized
counterparts. As a consequence, the formation of the Cu'(ABa4.1-
16)aTcun Species is slowed down, allowing more ROS to be
produced.

Conclusion

In conclusion, in this work we have investigated the Cu(ll) and
Cu(l) binding properties of the N-truncated ARii116 and ARas-i6
peptide isoforms, and compared them to the AB1.16. We show by
EPR, electrochemistry and ascorbate consumption assays that
AB11-16is able to form a redox inert Cu(ll) complex and can extract
Cu(ll) from the Cu"(AB1.16) such as its analogue ABs.1s that was
previously studied. However, we demonstrate that the presence
of the ATCUN motif into the N-truncated peptides that present
high affinity constant for Cu(ll) does not guaranty its redox
inertness in presence of Cu(l). We then show that a key factor is
the ratio between (i) the rate of reorganization of the intermediate
Cu"(ABas1-16)L Species into the Cu"(AB4/11-16)aTcun complex and (ii)
the rate of its reduction to Cu'(ABax1-16). Such ratio is different for
both N-truncated peptides, with only the AB4.16 being able to form
the reduction-resistant ATCUN complex even at high ascorbate
concentration. Hence, we can foresee that in biologically relevant
conditions, the ABs.16 doesn’t participate in ROS formation, in
contrast to the other two peptides.

A possible role of in situ generated ATCUN binding motif using
peptide drug has been regarded as a possible therapeutic
approach although requiring the modification of the sequence to
render the peptide suitable for going through the blood brain
barrier.’”] Along the same research line, other ATCUN peptides
have also been studied.® Following a similar line of though, it
could be anticipated that ABs.16 could play a similar role, as a
natural peptide drug, which would counterbalance the ROS
produced by Cu(AB1.16) by extracting Cu(ll) and redox-silencing it.
If one consider only the Cu(ll) state, AB..16 is indeed able to extract
it from Cu(ABi-16) and further redox-silence it, thus preventing
ROS formation by Cu(ABi-16). However in presence of Cu(l),
which is likely the most biologically relevant situation, the AB4.16 is
only able to lessen the ROS production of Cu(AB1.16) but cannot
fully preclude it as other synthetic molecules do.% This points out
the importance of considering Cu(l) not only in the metal
homeostasis in the synaptic cleft but also in the design of drug-
candidates.
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Scheme 3: Summary of Cu chelation and ROS production by the N-truncated
peptides in absence (a) or in presence of ABi.16 (b). The orange part represent
the coordination of Cu(ll) leading to the formation of an Cu"(ABa/11-16)aTcun
complex inert toward ascorbate reduction. The blue part represent the Cu(l)
coordination generating a Cu(l) complex which can be oxidized by Oz to a

transient species Cu'(ABa11-16) where the Cu(ll) is still bound linearly (dark blue).

Cu"(ABan1-16)L can be reduce by ascorbate and generate ROS (dashed grey
arrow) or can undergoes a rearrangement to form the redox inert Cu"(ABa11-
16)atcun complex (full black arrow). In presence of ABi1s the Cu(l) is in
equilibrium between the N-truncated forms and the ABiis causing the
production of more ROS.

Experimental Section

All chemicals are from Sigma-Aldrich or TCI chemicals. The
solutions were prepared in milliQ water (resistance: 18.2 MQ.cm)
except when notified. Cu(ll) solution were prepared from a
CuS04.5H,0 salt and Cu(l) from a Cu(CH3CN)4BF, salt firstly
dissolved in acetonitrile at a concentration around 1 mM, the exact
concentration was determined by adding excess sodium
bicinchoninic acid (BCA, 2-(4-carboxyquinolin-2-yl)quinoline-4-
carboxylic acid) and measuring the absorbance of Cu(BCA),*
with an extinction coefficient of 7700 M cm™ at 562 nm. When
notified, the Cu(l) was generated in situ by the reduction of Cu(ll)
with ascorbate for the ROS experiments or dithionite for the NMR
experiments.

HEPES buffer (sodium salt of 2-[4-(2-hydroxyethyl)piperazin-1-
yllethanesulfonic acid) was prepared at an initial concentration of
500 mM, pH 7.4.

Phosphate buffer, K;HPO, and KH,PO,, were prepared at 500
mM, and they mixed until reaching a stock solution at 500 mM,
pH 7.4.

Sodium ascorbate was prepared at 5 mM and freshly used.
Cu(peptides) complexes were in situ prepared by the mixing of
the appropriate quantity of peptide stock solutions (about 1 mM)
and CuSO, stock solution (about 1 mM) in a buffer (see figure
captions for more details).

Ferrozine was prepared at 20 mM, pH 7.4, and titrated with the
Cu(l) solution to determine the exact Fz concentration.

Peptides. ABi.16, ABs16 and ABii1s (DAEFRHDSGYEVHHQK,
FRHDSGYEVHHQK and EVHHQK respectively) were bought
from Genecust. Stock solutions were prepared at around 10 mM
and stored at 4°C. For Tyr containing peptide, concentration was
determined by UV (€276.206= 1410 cm™.M? at acidic pH). For the
N-truncated peptides, the exact concentration was determined by
a Cu(ll) titration following the appearance of the d-d transition by
UV-vis at the maximum absorption (A = 520 nm).

UV-visible spectra were recorded on a Hewlett Packard Agilent
8453 spectrophotometer at 25°C with an 800 rpm stirring.
Affinity for Cu(l). The apparent affinity constants at pH 7.4 of the
Cu(l) complexes (Cu'(ABi-16), Cu'(AB4.16) and Cu'(ABi1.16)) were
measured by UV-visible titrations in presence of ferrozine (Fz) as
a competitor in a 1 cm sealed path length quartz cuvettes under
argon, with an 800 rpm stirring. All the solution were prepared in
Ar-degassed HEPES. The Cu(Fz),* complex (55 uM) in HEPES
(100 mM, pH 7.4) was firstly formed in situ, the different peptides
were then added (ca. 100 uM per addition). The spectra were
recorded and show the decrease of the 470 nm absorption band
characteristic of the Cu(Fz),* complex (with a molar extinction
coefficient value € = 4320 M* cm™'). The (Cu'(ABn-16) association
constants were then determined using the binding constant of the
Cu(Fz),* (log B12 = 11.6) described in the literature.

Electron Paramagnetic Resonance. Electron Paramagnetic
Resonance (EPR) data were recorded using an Elexsys E 500
Bruker spectrometer, operating at a microwave frequency of
approximately 9.5 GHz. Spectra were recorded using a
microwave power of 2 mW across a sweep width of 150 mT
(centered at 310 mT) with modulation amplitude of 0.5 mT.
Experiments were carried out at 110 K using a liquid nitrogen
cryostat.

EPR samples were prepared from stock solution of peptides
diluted down to 0.2 mM in H,0. 0.9 eq. of °Cu(ll) was added from
78 mM %5Cu(NOg), stock solution home-made from a Cu foil. If
necessary, pH was adjusted to 7.4 with H,SO, and NaOH
solutions. Samples were frozen in quartz tube after addition of
10% glycerol as a cryoprotectant and stored in liquid nitrogen until
used.

Electrochemical experiments. were performed in an argon-
flushed cell. A three-electrode setup was used, and consists of a
glassy carbon (3mm in diameter) disk as a working electrode, a
platinum wire serves as auxiliary electrode and a Saturated
Calomel Electrode as reference electrode directly dipped into the
solution. Cyclic voltammograms were recorded with a Autolab
PGSTAT302N potentiostat piloted by the EC-Lab software. The
working electrode was carefully polished before each
measurement on a red disk NAP with 1 um AP-A suspension
during at least one minute (Struers). Any support electrolyte was
added because of the high concentration of phosphate buffer in
the solution. The scanning speed was 0.1 V.s. The samples
were prepared from stock solutions of peptides and Cu(ll) down
to the desired concentration.

Stopped-flow measurements

Rapid-mixing UV-vis spectroscopy were carried out using a SFM-
20 two syringes stopped-flow from Biologic combined with a diode
array spectrometer composed of a TIDAS J&M MMS-UV/VIS 500-
3 detector and a light source HAMAMATSU L7893 incorporating
a deuterium and a tungsten lamps with optic fibers. Data
acquisition, extraction and treatment were realized with the Bio-



Kine software. The syringes (Hamilton) are mounted on a rigid
drive platform ensuring that the flow is stopped precisely and
instantaneously. The contents of two syringes are rapidly mixed
in the mixing chamber and the absorbance of the system recorded
over time as full spectra at designated time delays. Typically, for
the Cu(ll) binding affinity one syringe was filled with a solution of
peptide at 0.1 mM in HEPES buffer (200 mM, pH 7.4), the other
one was filled with a solution of CuSO, in water at 0.08 mM. An
equal quantity of the two solutions were mixed to reach a final
concentration of Cu'" of 416.5 uM and peptide of 500 uM in
HEPES buffer (100 mM, pH 7.4). The ti» was evaluated as the
time requested to performed half of the reaction, id est the time
requested to reach half of the maximum absorbance value at 520
nm.

NMR

The 'H NMR experiments were recorded on a Bruker Avance
NEO 600 spectrometer equipped with a 5mm broadband inverse
triple-resonance probe 'H, BB (3'P-1Rh)/!P with Z field
gradients. The presaturation of the water signal was achieved with
a zqpr sequence (Bruker). *H NMR experiments are performed at
298K. The peptides were dissolved in D,O and the concentration
determined as previously described. All the manipulation

described bellow were done under Ar, with Ar-degassed solutions.

2 equiv. (per Cu ion) of a 100 mM freshly prepared dithionite
solution in D,O were added with a syringe to a CuSO4 solution in
a 200 mM phosphate buffer in D,O. 1 equiv. (per peptide) of the
resulting Cu(l)-containing solution was immediately added to a
degassed solution of peptide (Ar for 20 min). The resulting Cu(l)
complex at 0.5 mM is then introduced with a syringe in an Ar-
degassed NMR tube and sealed.

ROS formation. Ascorbate consumption was monitored by UV-
Vis spectrophotometry. The decrease of the absorption band at
Amax = 265 nm of the Asc (¢ = 14 500 M.cm™, corrected at 800
nm) was plotted as a function of time. The samples were prepared
from stock solutions of peptides and Cu(ll) diluted down to 12 and
10 uM respectively in HEPES (100 mM, pH 7.4)inalcmora 2
mm path length quartz cuvette. In the competition experiments,
both peptides (AB1-16 and ABsn1-16) Were at 12 pM. Ascorbate was
added to obtain 100 pM or 500 pM as the final concentration. Final
volume was adjusted with milliQ water to 2 mL.
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