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Abstract

The pseudopeptide L, derived from a nitrilotriacetic acid scaffold and functionalized with three
histidine moieties, is reminiscent of the amino acid side chains encountered in the Alzheimer’s
peptide (AB). Its synthesis and coordination properties for Cu' and Cu'" are described. L efficiently
complex Cu''in a square-planar geometry involving three imidazole nitrogen atoms and an
amidate-Cu bond. By contrast, Cu' is coordinated in a tetrahedral environment. The redox
behavior is irreversible and follows an ECEC mechanism in accordance with the very different
environments of the two redox states of the Cu center. This is in line with the observed resistance
of the Cu' complex to oxidation by oxygen and the Cu'' complex reduction by ascorbate. The
affinities of L for Cu'' and Cu' at physiological pH are larger than that reported for the AB peptide.
Therefore, due to its peculiar Cu coordination properties, the ligand L is able to target both redox
states of Cu, redox silence them and prevent reactive oxygen species production by the CUAB
complex. Because reactive oxygen species contribute to the oxidative stress, a key issue in
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Alzheimer’s disease, this ligand thus represents a new strategy in the long route of finding
molecular concepts for fighting Alzheimer’s disease.
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Introduction

Copper enzymes play crucial role in biology, where copper ions exert structural and/or
catalytic function(s).[1] However the copper ions can also be detrimental as well illustrated
by two genetic disorders, namely Menkes and Wilson’s disease, linked to a dysfunction of
Cu homeostasis, which induces a depletion of Cu and an overload of Cu, respectively.[2] In
Alzheimer’s disease (AD), copper ions have been proposed to play a harmful role as well
(for recent reviews, see refs.[3]). Indeed, high level of copper ions is found in the senile
plaques, one of the neuropathological hallmark of AD brains.[4] Due to its redox ability,
copper is involved in the production of Reactive Oxygen Species (ROS) taking part in the
oxidative stress linked to the etiology of the disease.[3Db, 5] It has indeed been shown that
when bound to the amyloid-B (AB) peptide, the amyloidogenic peptide encountered in AD,
copper ions are able to cycle between the +1 and +11 oxidation states.[6] The resulting CuAB
complex can catalyze the formation of ROS in the presence of dioxygen and of a
physiological reductant such as ascorbate,[7] via a complex mechanism.[8] While AD is a
multi-factorial disease, involving many biological actors and complex interactions between
them (AP and Tau protein, secretases responsible of the production of the
(non-)amyloidogenic forms of the AP, acetylcholine esterase....),[9] CuAR associated ROS
over-production is recognized as a key event.[10] Copper ions thus remain a pertinent target
for a therapeutic approach,[3d, 5a, 10a, 11] although the first clinical trials along this
approach failed to benefit patients.[3d, 12] Targeting Cu ions requires well-defined
coordination based approaches and ligand design that is, in general, difficult to include in
multi-targeted drug in a first-line strategy.[9a] Hence, we designed the chelating moiety of a
drug candidate that could be further implemented towards a multi-targeted purpose.

Up to now, most of the synthetic ligands designed to remove copper ions from AB have
targeted Cu'' (see refs.[3d, 9a, 11, 13] for recent reviews), including with peptide-based
ligands.[14] Only few studies have focused on Cu' synthetic chelators,[15] based on
previous results using naturally occurring Cu' proteins.[16] The reason for such a preference
is not clear and has no real biological basis since the extracellular space of brain where the
senile plaques are observed mainly represents a reducing environment.[17]

In the present study, another, more “pragmatic” approach is pursued: the ligand L (Scheme
1) was designed such as being able to remove either Cu'" or Cu' from AB. Indeed, in contrast
to other diseases for which the redox state of the targeted copper is quite well-defined — Cu"
for blood circulating Cu or Cu' for the intracellular hepatic pool in Wilson's disease for
instance[2a] — for neurodegenerative diseases, the situation is less clear although Cu'" has
been considered as the therapeutic target of choice. The synaptic cleft where the CuUAB
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interaction occurs[18] is an ill-defined space[19] with a unknown redox potential. In
addition, the redox potential might be subject to spacio and/or temporal changes. It has for
instance been shown that the level of AB can induce a reductive shift of the extracellular
potential.[20] In addition, although the redox cycle between Cu' and Cu'' is the pre-requisite
for ROS production implying that both redox states may be present, one redox state may be
largely predominant and it is not known yet which one it is. Thus targeting either Cu'' or Cu!
might be a uncertain approach ; chelators are, in general, specific for one given redox state,
[3d, 9a, 11, 13, 15a] because Cu'' and Cu' coordination requirements are very different[21]
(distorted square-planar, with N/O ligands for Cu'" and tetrahedral with N,S ligands for Cu").
Hence, the risk is to miss the good target since it has for instance been shown that although
being able to remove Cu'' from AB and being redox inert, tetraazamacrocycle ligands failed
in stopping CuAp induced ROS production.[22] Therefore, as the redox state of the Cu
center in the brain regions has not been identified yet, targeting both Cu oxidation states may
be considered as the safest approach.

The coordination sites of Cu' and Cu' to AB near physiological pH are reminded in Scheme
2. The Cu' center lies in a digonal environment made by two imidazole groups from the
Histidine (His) residues at position 6, 13 and 14, with no strong preference for one His
couple among the three possible ones.[3b, 23] In the form mainly present at physiological
pH, the Cu" center is surrounded by the N-terminal amine, the adjacent carbonyl group from
the peptide backbone, and two imidazole rings from the His in a square-planar geometry.[3b,
24] To achieve removal of Cu' or Cu' from A, the ligand was based on functional group
reminiscent of the amino-acid side-chains encountered in the AP peptide, i.e. three His.

To benefit from preorganization of metal-binding groups, a tripodal pseudopeptide based on
a chemical scaffold was chosen to introduce the three His moieties. The nitrilotriacetic
(NTA) scaffold is a perfect candidate to anchor three amino acids that can be grafted to the
three acidic functions with peptide amide bonds. Moreover, bioinspired pseudopeptides built
up on the NTA template and extended with three sulfur amino acids such as cysteines[25] p-
penicillamine[26] or methionine,[27] have proven their capacity to tightly bind Cu' in
trigonal planar coordination sites, Cu'Ss, with three sulfur donors in the first sphere.
Therefore the novel ligand L (Scheme 1), based on a similar design with His is expected to
make the N-donors of the three amino acids converge to the metal center. Regarding Cu', the
preorganization of the chelating site due to the central amine anchor is expected to increase
its affinity compared to that of Ap by entropic effect. The entropic contribution may also
help the ligand having a higher affinity for Cu'' compared to AB, although changes in the
nature of the coordinating moieties are expected.

In the present paper, the structural, thermodynamic and redox characterizations of the Cu'""
and Cu' complexes with L are described. The ability of L to remove both Cu" and Cu' ions
from AB1.1¢ at physiological pH is probed by Electronic Paramagnetic Resonance (EPR)
and X-ray Absorption Near-Edge Structure (XANES) spectroscopies, respectively. Last, the
ability of L to abolish the ROS produced by the CuAB complex is also demonstrated, which
makes the ligand L a good candidate for further therapeutic purposes.
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Results and Discussion

Synthesis and characterization of L

Synthesis—The histidine moiety to be grafted to the nitrilotriacetic acid scaffold may be
chosen among the free acid[28] or C-terminus protected His derivatives. The latter are
preferred here over the free carboxylate, which can coordinate to metal ions and have been
demonstrated to induce harmful electrostatic repulsions for the formation of the
preorganized mononuclear metal complexes with cysteine tripods.[25a] Therefore, the
histidine moiety was chosen as the C-terminus primary amide derivative of His (H-His-
NH,), which is neutral, highly soluble in water and stable in physiological conditions.

The synthetic procedure of the ligand L (Scheme S1) is similar to previously published
procedures for thioether-based pseudopeptides.[27] The coupling reaction of the activated
ester NTA(NHS)3 with commercially available H-His-NH,-2HCI was carried out in presence
of DIEA as a base, leading to the desired pure compound in 11 % yield after RP-HPLC
purification.

Protonation of the ligand—The potentiometric studies (Figure 1) have been performed
in KCI1 0.1 M at 298 K. The protonation constants of L could be obtained from the titrations
of the free ligand with KOH and HCI and are listed in Table 1.

The titration shown in Figure 1 is indicative of three protonation sites with pK, values
characteristic of His nitrogen protonations.[29] The difference between two successive pK,
values is expected to be 0.48 (= log3) if the three His were non interacting and therefore
independently deprotonated.[30] Here these differences are 0.62 (pKy2-pKa1) and 0.63
(pKa3-pKa2) and are significantly larger than 0.48, due to the charge repulsion between the
protonated arms, which is expected considering their proximity in the tripodal architecture
of ligand L. The apical nitrogen protonation is not detected because the corresponding pKj,
value is too low, in accordance with previous studies with other pseudopeptides (pK, < 2.8)
[25a] or with the tripodal amide ligand N(CH,CONHy>)3 (pK, = 2.6).[31] The three pK,
values of the imidazole nitrogen atoms (pK, = 5.5 — 6.75) of the grafted histidine side-chains
are consistent with values reported for trishistidyl peptides (pK; = 5.4 — 6.9).[32]

Cu'" complexes

ESI-MS—The formation of the Cu"' complex is clearly detected by electrospray-ionization
mass spectrometry (ESI-MS). The spectrum recorded in the positive mode with 1 Cu'"! equiv.
is shown in Figure S1. The complex Cu''L is the unique species detected as the monocation
[L+Cu"-H]* (m/z = 661.1) and its sodium and potassium adducts, with only traces of the
free ligand.

Potentiometric titrations—Potentiometric titrations also evidence the formation of Cu'
complexes. A typical titration curve is shown in Figure 1. Titrations with 0.5 and 1 equiv. of
Cu'" could be fitted over the pH range 2.5-8 according to the formation of CuL with various
protonation states: CuLH, CuL, CuLH_; and CuLH.,. Titrations performed in excess of Cu"
showed some precipitation and therefore they were not included in the fitting process. The
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corresponding stability constants are given in Table 1. The comparison of the stability
constants with literature data,[32] in particular those obtained with polyhistidine peptides
leads us to propose the structures drawn in Scheme 3 for CuLH, CuL and CuLH_;.

The stability constant calculated for the CuL complex (logB1; = 11.15) is significantly larger
than values reported for short peptides with three His: Ac-HxHxH-NH, or Ac-GHHPHG-
NH, (logp1; = 6.7-8.4),[32a, b] which evidences the greater preorganization of the tripodal
pseudopeptide L in comparison to linear peptide sequences. The affinity of L for Cu'' is
similar to that reported for a cyclodecapeptide bearing three His residues (logBi1 = 11.44).
[32c] This type of peptide scaffold is indeed known to be preorganized in a B—sheet structure
that orients the side-chains of several amino acids in the same half-space for metal
coordination.[33] The speciation in an equimolar solution of the ligand L and Cu"' is
presented in Figure 2 and shows that the CuL complex protonates below pH 6 to give the
CuLH species with only two histidine coordinated to the metal center. The pKa value of
CuLH is 5.5 and is similar to literature data.[32a, b] Interestingly the major species at
physiological pH is CuLH_; with a pKa value of the CuL complex of 6.0 in accordance with
amide deprotonation to afford a metallacycle involving an amidate and the proximal
imidazole nitrogen atom. The coordination sites of Cu' bound to L are summarized in
Scheme 3 and are consistent with the potentiometric experiments and previously quoted
literature data.

Electron Paramagnetic Resonance—The EPR spectrum of the CuLH_; species shown
in Figure 3, panel A indicates that the Cu'! center lies in a distorted square-planar geometry
with an elongated Jahn-Teller effect.

The EPR parameters deduced from the spectrum (g, = 2.23, Ay(8°Cu) = 198 + 5 10-4cm)
best fit with a [2N20] equatorial environment of the Cu" according to the Peisach and
Blumberg correlation.[35] However divergences from this phenomenological correlation
have previously been observed for imidazole containing ligands,[35-36] especially with
constrained geometry.[36a] Such effect may be linked to an orientation of the imidazole
rings that doesn’t permit the best delocalization of the unpaired density on the Cu center,
leading to a weaker covalent character of the N-Cu bond (thus resembling a “O-Cu” bond).
In the present case where a [4N] environment is proposed, this agrees well with the pre-
organized and constrained Cu'' environment when bound to LH_; (Scheme 3).

The EPR spectra of the Cu'' complexes recorded as a function of pH are shown in Figure S2.
For the CuLH species, a g = 2.25 and a A;(85Cu) = 202 + 5 10"*cm™® values are deduced in
line with a [2N20] Cu'" environment according to the Peisach and Blumberg correlation.[35]
The CuL species is not predominant enough (See the speciation diagram in Figure 2) to
evaluate undoubtedly its EPR parameters. The close values observed for CuLH and CuLH_q
complexes mirror the flexibility of the ligand when only two His are bound to the metal
center and the rigid structure imposed by the same ligand when the three His and a
deprotonated amide are folded around the Cu'. In the former case, the imidazole rings may
be positioned such as to maximize the covalent character of the Cu-N bond while in the
latter case, this is not possible anymore.
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ESI-MS—The ESI-MS spectrum of L with 1 Cu' equiv. (Figure S3 in the SI) shows the
formation of the Cu'L complex as a unique metal species. The detailed observation of the
isotopic pattern of the Cu'L complex reveals the presence of a small amount of the Cu''L
complex which may be formed when the solution is taken out the glovebox to perform the
experiment. This is in accordance with the ability of this trishistidine ligand to also
efficiently chelate Cu'" as shown above.

Cu K-edge X-ray Absorption Spectroscopy (XAS)—The XANES spectrum of the
Cu'L complex is shown in Figure 3, panel B. It is characteristic of a Cu' species and the
intensity of the 1s — 4p transition (approx. 0.65) agrees with a tri- or tetra-coordination of
the Cu' center.[1, 37] Extended X-Ray Absorption Fine Structure data (Figure S4 and Table
2) are consistent with a coordination of Cu' by the nitrogen atoms of the three histidine
residues with Cu-N distances of 2.05 A together with an extra O atom from the solvent/
buffer at 1.92 A, as proposed in Scheme 3. The relatively weak Debye-Waller values (<
0.003 A2) are consistent with a relatively low structural disorder.

Affinity of L for Cu'—The conditional stability constant of the Cu'L complex was
measured at pH 7.4 using ferrozine (Fz) as a competitor according to the reaction given in
Equation 1. Indeed, bathocuproine disulfonate (BCS) or bicinchoninate anion (BCA) fully
displace the Cu' cation from the ligand even at low competitor concentration. Therefore Fz,
which has a lower affinity for Cu' was chosen as a competitor of appropriate affinity to
conduct these experiments.[38]

CuL+2Fz — Cu(Fz),+L Equation 1

The conditional stability constant of the Cu'L complex was calculated using two models
found in the literature for the Cu'(Fz), complex stability (Bo1PH 7-4).[38] This gives
logB11PH 74 values for the Cu'L complex of 11.1 according to the model of Xiao et al[38a]
and 7.6 according to the model of Alies et al.[38b] Importantly, regardless the model chosen
for Cu'(Fz),, L exhibits an affinity for Cu' slightly larger than that found for the AB1.16
peptide, corresponding to the C-terminally truncated part of the AB1-40/42 peptides.[38] The
difference in the stability constants is Alog B11PH 74 = 0.7 in favor of L. As expected, the
preorganization of three His in the tripodal pseudopeptide L induces a larger affinity for the
soft Cu' cation than linear His—containing peptide sequences such as found in the Ap
peptides, which binds Cu' with two His in a dynamic complex with digonal geometry. It is
therefore expected that L is able to remove Cu' from the AB1.16 peptide.

In the pseudopeptide series derived from the nitrilotriacetic acid scaffold, the trishistidine
ligand L displays an affinity for Cu' in between that of the triscysteine[25a] and the
tristhioether[27] derivatives, as predicted for peptide sequences with these amino acids at
physiological pH.[39]
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Redox properties of the Cu complex at physiological pH

The cyclic voltammogram of the Cu''LH_; complex predominant at pH 7.1 is shown in
Figure 4. It shows one irreversible cathodic peak at EP® = -0.65 + 0.02 V vs. SCE and an
anodic peak on the reverse scan at EP?= 0.10 V vs. SCE. The cathodic peak is attributed to
reduction of Cu''LH_; complex followed by a structural rearrangement thus explaining the
absence of reversibility.

The origins of such rearrangement may be the change in the copper center geometry from
square-planar (SP) to tetrahedral (Td) and the protonation of the amide bond upon reduction
(See Scheme 3 and previous paragraphs). The anodic peak then corresponds to the oxidation
of the tetrahedral Cu'L species, and the irreversibility is due to the inverse changes:
tetrahedral to square-planar and deprotonation of the amide bond. The mechanism is thus a
classical ECEC (Electrochemical — Chemical - Electrochemical — Chemical) square scheme
as shown in Scheme 4. Actually, the chemical reactions are double, i.e. structural
rearrangement plus protonation/deprotonation processes. Determining whether this
protonation / deprotonation steps are concerted with the structural rearrangement is beyond
the scope of the present paper. It is worth noting that the cyclic voltammetry features is
strongly reminiscent of what has been previously reported in case of calixarene-based Cu
species.[40] However, in the present case, neither the t4Cu'' nor the gpCu' has been
observed.[41]

It is important to note that (i) the reduction potential of the Cu'" species is well beyond the
oxidation potential of ascorbate and (ii) the oxidation of the Cu' complex well above the
reduction potential of dioxygen (recorded under the very same conditions, see
supplementary Figure S5). Hence, the Cu'" complex is expected to resist to reduction by
ascorbate and the Cu' complex to oxidation by dioxygen.

Ability of L to remove Cu'' and Cu' from the AB1.16 peptide proved by competition
experiments

The removal of the Cu'" and Cu' ions from AR by the ligand L has been directly probed by
EPR and XANES spectroscopy, respectively.

Figure 5 shows that 1 equiv. of L almost completely removes Cu'! from the AR peptide.
Indeed, the EPR signature in the presence of equimolar concentrations of the ligand L and
the AB1.16 peptide is almost superimposable with the one of the Cu''LH_; complex.

The proportion of Cu'' remaining bound to AB was experimentally determined by linear
combinations of the EPR spectra (see Figures 5 and S6) to be less than 5 %. The
corresponding theoretical proportion was estimated with the speciation program Hyss.[34]
The conditional stability constants used for this calculation were 9.2 (pH 7.1) and 9.7 (pH
7.4) for Cu"ABy 1 reported in the literature,[42] and logBy; = 12.1 (pH 7.1) or 12.6 (pH 7.4)
for Cu''L, obtained from the global protonation and complexation constants given in Table 1.
Given the possible modification in equilibria between room temperature and frozen solution
studies, the calculated 3.4% value is in total accordance with the 5% experimental value
from EPR measurements.
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This 3 orders of magnitude between the affinity constants of the peptide and L for Cu'' may
be assigned to the preorganized tripodal chemical architecture of the pseudopeptide L and
also to its ability to form an amidate bond with Cu'! at physiological pH. These data
demonstrate that Cu'' can be removed from the N-terminally unmodified A peptide, but not
from the relatively abundant N-terminally truncated peptide at position 4 that forms a very
high-affinity Cu' site.[43]

A similar competition followed by XANES for Cu' is shown in Figure 6. In the presence of
1 equiv. of L, Cu' is removed from the AB1.16 peptide but to a lesser extent than Cu'".
Proportion of Cu' remaining bound to AB is evaluated to 17% =+ 5% by linear combinations
(See Figure 6 and S7). This value agrees well with the log difference in the stability
constants of 0.7 in favor of L obtained in a previous section. Indeed the speciation program
Hyss[34] using the conditional stability constants measured for Cu'L in this paper and
previously published for Cu'AB[38] predicts 30% of Cu' bound to AB in these conditions.

The trishistidine pseudopeptide L is thus able to remove Cu' and/or Cu" from the AB peptide
at physiological pH.

Reactive Oxygen Species Production

The impact of Cu removal from the monomeric CuAp for both the Ap1.1g model peptide
(used for solubility issue in previous spectroscopic studies) and the AB1-49 peptide complex
by the ligand L on ROS production was investigated by previously described methods in
similar context.[45] We have focused our study on the monomeric peptidic complex,
because it is the major form responsible for ROS production, fibrillary forms being less
active by one order of magnitude.[46] ROS production corresponds to the incomplete
reduction of dioxygen by ascorbate catalyzed by the Cu’/!"AB complex leading to O,°",
H,0, and HO®. Thus, to probe ROS formation, either ascorbate consumption can be
followed by UV-Vis at 265 nm or HO® formation can be monitored by the detection of the
fluorescent 7-OH-CCA (7-hydroxy-coumarin-3-carboxylic acid) dye formed by reaction of
HO° with the CCA (Coumarin-3-carboxylic acid) molecule.[7b] It has indeed been shown
that the ascorbate consumption perfectly mirrors the H,O, production.[7b, 47] The results of
ascorbate consumption experiments are shown in Figure 7 and Figure S8 with AB1.49 and
APB1-16 peptides, respectively. Those of the CCA experiments are described in the SI (Figure
S9). Three different ascorbate consumption experiments were performed representing three
starting conditions for ROS production: (i) starting from Cu", (ii) starting from Cu' and (iii)
starting from a mixture of Cu' and Cu'". In the first experiment, the ligand L is added to Cu"
or Cu''AB under aerobic conditions and then ascorbate is added. In the second one, the
ligand L is added to Cu' or Cu'AB under anaerobic conditions and then air is added. In the
last one, ascorbate and air are mixed, then either Cu'' or Cu'A is added and after a while
(typically 8 minutes) the ligand L is added. Whatever the experiments, the ligand L is able to
preclude the production of ROS, in the presence of Cu bound to the buffer only or to AB.
This mirrors the double ability of the ligand to remove rapidly Cu from the peptide and to
redox silence it. These experiments are fully consistent with affinity values as well as with
the redox properties of the CuLH_; previously described.

Chemistry. Author manuscript; available in PMC 2018 June 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Conte-Daban et al. Page 9

Conclusions

Pseudopeptides based on chemical scaffolds grafted with amino acids with a large affinity
for Cu', such as cysteines, have proven their efficacy in chelating Cu' with coordination
properties similar to metallothioneins. Whereas these chelators are proposed as intracellular
drugs to treat Cu overload in Wilson’s disease, they are not appropriate for Alzheimer’s
disease (AD), which is not a classical metal overload disease. Such high affinity chelators
could deplete the brain in essential metals, whereas AD requires chelating molecules with
moderate affinities to not disturb Cu homeostasis. Therefore, the novel pseudopeptide L
based on functional groups reminiscent of the amino-acid side-chains encountered in the AR
peptide, i.e. three histidines, was designed to get a moderate affinity for Cu' and Cu'' and
also to target both oxidation states of Cu.

The trishistidine ligand L promotes a tetrahedral (Td) geometry around Cu' as suggested by
EXAFS, with three nitrogen of the histidines and an extra O-donor from the solvent.
Interestingly, the conditional stability constant of the Cu'L. complex at physiological pH is
significantly lower than those measured with thiolate derivatives, but slightly larger than the
one of the AB1.16 peptide that coordinates Cu' with only two histidines. Potentiometric
studies point to a Cu''LH_; complex at physiological pH, with a metallacycle involving an
amidate and the proximal imidazole nitrogen atom. According to the EPR parameters, L
binds the Cu" ion in a square-planar geometry (SP). The conditional stability constant of the
Cu'"' complex at physiological pH is three orders of magnitude larger than the one measured
for the Cu"'AB1.16 complex. This might arise from the pre-organized structure of the ligand
L and also from its ability to form an amidate bond with Cu"' at low pH (pKa of Cu''L =
6.0). L can therefore remove Cu" from the N-terminally unmodified AB peptide. Other
derivatives of the AP peptide, such as the abundant N-terminally truncated peptide at
position 4 were not studied in this work.[43] The stability constants measured in the present
paper indicate that the ligand L should not be able to remove Cu'" from such truncated
peptides that exhibit high-affinity Cu"' sites. However, this is not a major issue since when
Cu''is bound in this high-affinity site, it is redox silent and doesn't produce ROS.[43b]

The pseudopeptide L has therefore a higher affinity than A for both Cu' and Cu'" ions
enabling it to remove Cu from AP regardless of the redox state of the metal center. The very
different coordination of Cu' and Cu'" in complexes with ligand L account for the redox
properties obtained by cyclic voltammetry where a ECEC mechanism is observed. It is
indicative of a two steps (first the reduction, then a chemical reorganization) process going
from gpCu'" to 14Cu' and of a second two steps (first the oxidation, then a chemical
reorganization) process going back from 14Cu' to spCu'!. Such redox properties are in line
with the resistance of Cu''LLH_; to reduction by ascorbate and of Cu'L to oxidation by
oxygen and hence with an almost inactive CuL. complex with respect to ROS production.
They are due to the flexibility of the ligand and to its multi-site character. It actually
reconciles what seems irreconcilable: (i) In the case of Cu''/Cu' complexes exhibiting redox
processes, the possibility to not produce ROS relies on either a very low redox potential or
very high potential of the Cu'//Cu' couple. This stabilizes only either the Cu'" or the Cu! state
of the complex, respectively. Hence, in such a case, only one redox state can be targeted,
which is as described in the introduction not the safest option ; (ii) in the case of ligands able
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to target both redox states, the formed complex is generally redox active. In our case, we can
fulfil the two required properties (i.e. targeting both redox states and stopping ROS
production) because the CuL. complex undergoes sluggish redox process (Scheme 5).

In conclusion, due to its unique Cu coordination properties, the ligand L is able to target
both redox states of the Cu center and redox silence them. The delivery of L and in
particular its crossing through the blood brain barrier (BBB) is beyond the scope of the
present paper. However, the pseudopeptide L structure is versatile enough to be grafted with
various functions either to target BBB receptors or for encapsulation in biological vectors.
Some of these strategies have been previously developed to target hepatic cells for localized
Cu detoxification in Wilson’s disease.[2a, 49] This ligand thus represents a new strategy in
the long route of finding new coordination concepts for fighting AD.

Experimental Section

Synthesis

General information - Solvents and starting materials were purchased from ALDRICH,
FLUKA, ACROS ORGANICS, ALFA AESAR and BACHEM and used without further
purification. NTA(NHS)3 was obtained according to Jullien et al.[27] Water solutions were
prepared from ultrapure laboratory grade water that has been filtered and purified by reverse
osmosis using a Millipore MILLIQ reverse-osmosis cartridge system (resistivity - 18 MQ
cm). The 1H NMR and 13C NMR spectra were recorded on a Bruker Avance 400 MHz
spectrometer. The chemical shifts (&) are reported in ppm with the solvent as the internal
reference. The NMR coupling constants (J) are reported in Hz. The mass spectra were
acquired with a FINIGAN LXQ-linear ion trap (THERMO Scientific, San Jose, USA)
equipped with an electrospray source. Analytical and preparative HPLC were performed
with a VWR system fitted with Chromolith® RP-18e columns (L = 100 mm, @ = 4.6 mm
for analytical column; L = 100 mm, @ = 25 mm for preparative column) with A =
CH3CN/H,O/TFA (v/viv = 90/10/0.1) and B - HyO/TFA (v/v = 99.925/0.075) as solvents.
Flow rates of 1 mL/min and 15 mL/min were used for analytical and preparative column,
respectively.

To a suspension of NTA(NHS)3 (250 mg, 0.518 mmol) in CH3CN/DMF mixture (15/15
mL), H-His-NH,-2HCI (502 mg, 2.21 mmol) and DIEA (0.59 mL, 3.39 mmol) were
successively added. After stirring for 48h at 30 °C, the resulting mixture was concentrated in
vacuo. The crude product was purified by preparative C18 reversed-phase HPLC (gradient
from A/B: 0/100 to 50/50 in 15 min, Rt = 3.7 min) followed by lyophilisation to afford the
desired compound L-4TFA (60 mg, Yield 11 %) as a white powder. The number of TFA per
ligand in the solid was confirmed by potentiometric titrations. (+)ESI-MS calculated for
C24H34N1306: [M+H]* m/z600.27, Experimental [M+H]*/2600.3. 1H NMR (400 MHz,
D,0, 300 K): 8.63 (s, 3H, Hy), 7.32 (s, 3H, Hs), 4.68 (dd, 3H, 356.7 Hz, CH,), 3.52 (dag,
3H, 2J5g=16.6 Hz, NCH,), 3.47 (dag, 3H, 2JAg=16.6 Hz, NCH,), 3.24 (ABX syst., 6H,
Jag=15.4, Jax=6.2, J5x=8.2, CHQB). 13C NMR (100 MHz, D,0, 300K): 1741 (CONHz),
171.9 (CONH), 133.6 (Cy), 128.4 (Cy4), 117.2 (Cs), 57.3 (NCHy), 52.3 (CH,), 26.5 (CH2p)
(for 'H NMR and 13C NMR spectra, see Figures S10 and S11 respectively).
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Complexation studies

Chemicals—Reagents, except the ligand L, were commercially available and were used as
received. All the solutions were prepared in milliQ water (resistance: 18.2 MQ.cm). The Cu"
ion source was CuSQ,4.5H,0 bought from Sigma-Aldrich. The Cu' source, except for XAS
samples, was Cu(CH3CN)4PFg bought from Sigma-Aldrich. The stock solution was
prepared in acetonitrile and the exact concentration was determined by adding excess
sodium bathocuproine disulfonate (BCS) and measuring the absorbance of
Cu(BCS),3".HEPES buffer (sodium salt of 2-[4-(2-hydroxyethyl)piperazin-1-
yl]ethanesulfonic acid) was bought from Sigma-Aldrich. A stock solution was prepared at
500 mM, pH = 7.1. Phosphate buffer was bought from Sigma-Aldrich. Two stock solutions,
KoHPO,4 and KH,PO,, were prepared at 500 mM, and they were mixed until to reach a
stock solution at pH = 7.1.Sodium ascorbate was bought from Sigma-Aldrich. A stock
solution was prepared at 5 mM each day because of the quick degradation of the ascorbate.
Coumarin-3-carboxilic acid (CCA) was bought from Acros Organics. A stock solution at 5
mM was prepared in phosphate buffer at 500 mM, pH = 7.1. The stock solution was stored
at 4°C. Sodium dithionite was bought from Sigma-Aldrich. Before each experiment, a stock
solution at 1 M was prepared. Ferrozine was bought from sigma Aldrich. A stock solution
was prepared 20 mM phosphate buffer, pH = 7.4, and titrated with the Cu' solution to
determine the exact Fz concentration. Peptide. AB1.16 (DAEFRHDSGYEVHHQK) was
bought from Genecust. A stock solution was prepared around 10 mM and stored at 4°C.
Peptide concentration was determined by UV-visible absorption of Tyr10 considered as free
tyrosine (at pH 2, (e276-e296) = 1410 Mlem™). AB1.49
(DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVYV) was bought from
Genecust. Stock solution of the Ap40 peptide was prepared by dissolving the powder in
50mM NaOH at approx. 400 pM. Peptide concentration was then determined by UV-visible
absorption of Tyr10 considered as free tyrosine (at pH 13, (exg96-£360) = 2400 M-1lem1). The
solutions were diluted down to the appropriate concentration in peptide. All pH values are
given with a + 0.2 pH unit error.

ESI-MS spectrometry—100 uM pseudopeptide solutions were prepared in ammonium
acetate buffer (20 mM, pH=6.9). Cu was added to the peptide solution from stock solutions
of CuSQy in water or Cu(CH3CN)4PFg in acetonitrile, for Cu'' and Cu' samples,
respectively. Mass spectra were recorded on a LXQ type THERMO SCIENTIFIC
spectrometer equipped with an electrospray ionization source and a linear trap detector.
Solutions were injected in the spectrometer at 10 uL/min flow rate. lonization voltage and
capillary temperature were about 2 kV and 250 °C, respectively.

Potentiometry—All titrant solutions were prepared using water purified by passing
through a Millipore Milli-Q reverse-osmosis cartridge system (resistivity 18 MQ cm).
Carbonate-free 0.1 molL"t KOH and 0.1 molL-1 HCI were prepared from Fisher Chemicals
concentrates. Potentiometric titrations were performed in 0.1 molL"1 aqueous KCI under an
argon atmosphere, the temperature was controlled to +0.1 °C with a circulating water bath.
The pH (pH = log[H*], concentration in molarity) was measured in each titration with a
combined pH glass electrode (Metrohm) filled with 3 molL"1 KCI and the titrant addition
was automated by use of a 751 GPD titrino (Metrohm). The electrode was calibrated in
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hydrogen ion concentration by titration of HCI with KOH in 0.1 molL"? KCI.[50] A plot of
meter reading versus pH allows the determination of the electrode standard potential (E°)
and the slope factor (f). Ligand’s concentration was determined by potentiometric titrations
and was in accordance with the formula NTA(HisNH»)3.4TFA. Continuous potentiometric
titrations with KOH 0.1 molL! were conducted on 20 mL of aqueous solutions containing
1073 molL"! of the ligand and 0, 0.5, 1 and 2 equiv. of the Cu'! cation. Back titrations with
HCI 0.1 molL"! were systematically performed after each experiment to check whether
equilibration had been achieved. In a typical experiment, 100 points were measured with a 2
min delay between the measurements for the free ligand, and a 5 min delay for metallic
complexes. Experimental data were refined using the computer program Hyperquad 2000.
[34, 51] Some precipitation was detected in the experiments performed with 2 Cu"! equiv.
below pH 8. Therefore the latter titrations were not included in the fitting process. All
equilibrium apparent constants are expressed as concentration ratio and not activities. The
ionic product of water at 25 °C and 0.1 molL"! ionic strength is pK, = 13.78.[29] The initial
concentrations of ligand, metal and proton were fixed, as well as the ligand’s pKa values for
the metallic complex stability constant determination. All values and errors (one standard
deviation) reported represent the average of at least three independent experiments.

Affinity for Cu'—The apparent affinity constants at pH 7.4 of the Cu' complexes were
measured by UV-visible titrations in presence of ferrozine (Fz) as a competitor. The spectra
were recorded with a Varian Cary50 spectrophotometer equipped with optical fibers
connected to an external cell holder in the glove box. A solution of the Cu' complex with L
in 20 mM phosphate buffer/ MeCN (9/1, v/v), pH = 7.4, in the UV cell was titrated with Fz.
The spectra were then recorded and show the increase of the orange Cu(Fz),3" complex
which absorbs at 470 nm with a molar extinction coefficient value e = 4320 M1 cm™L. The
stability of the absorbance at 470 nm was controlled before the addition of any other aliquots
of competitor. The stability constants were then determined using the two models described
in the literature: binding constant of the Cu(Fz),3- complex (log 1> = 15.1[38a] or log 1, =
11.6[38b]).

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 20
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 ligand diluted down to 0.2 mM in H,0. 0.9
eq. of 55Cu' was added from 25 mM 85Cu(NO3), stock solution home-made from a 6°Cu
foil. If necessary, pH was adjusted with H,SO,4 and NaOH solutions. Samples were frozen in
quartz tube after addition of 10% glycerol as a cryoprotectant and stored in liquid nitrogen
until used.

X-ray Absorption Spectroscopy (XAS)—Cu K-edge XANES (X-ray absorption near
edge structure) and EXAFS (Extended X-ray Absorption Fine Structure) spectra were
recorded at the BM30B (FAME) beamline at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France).[52] The storage ring was operated in 7/8+1 mode at 6 GeV with
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a 200 mA current. The beam energy was selected using a Si(220) N, cryo-cooled double-
crystal monochromator with an experimental resolution close to that theoretically predicted
(namely ~ 0.5 eV FWHM at the Cu energy).[53] The beam spot on the sample was
approximately 300 x 100 um? (H x V, FWHM). Because of the low Cu' and Cu"
concentrations, spectra were recorded in fluorescence mode with a 30-element solid state Ge
detector (Canberra) in frozen liquid cells in a He cryostat. The temperature was kept at 20 K
during data collection. The energy was calibrated with a Cu metallic foil, such that the
maximum of the first derivative was set at 8979 eV. EXAFS Cu data were collected from
8830 to 8970 eV using 2 eV step of 2 s, from 8970 to 9038.5 eV using 0.5 eV step of 3 s,
and from 9038.5 to 9828.1 eV with a k-step of 0.05 A1 and an increasing time 3-10 s per
step. At least five scans recorded on different spots were averaged. XANES Cu data were
collected from 8830 to 8970 eV using 2 eV step of 2 s, from 8970 to 9038.5 eV using 0.5 eV
step of 2 s, and from 9038.5 to 9320 eV with a k-step of 0.05 A1 and 2 s per step. At least
three scans recorded on different spots were averaged. The data analysis was performed
using the “Multi-Plateform Applications for X-ray Absorption” package, including
Cherokee and Roundmidnight programs,[54] according to the standard and previously
reported data analysis procedures.[55] Spectra were background-corrected by a linear
regression through the pre-edge region and a polynomial through the post-edge region. The
backscattering phase, ®i(k, Ri), and amplitude, Ai(k, Ri), functions were obtained using the
ab initio FEFF7 code.[56] Since theoretical phase shifts were used, it is necessary to fit the
energy threshold Eq by adding an extra fitting parameter, AEO. Moreover, the FEFF7 code
was used to check if the multiple scattering of our reference compounds of known
crystallographic structure is negligible in the 0-3 A range. The estimated errors for distances
and coordination numbers are + 0.02 A and + 20%, respectively. XAS samples were
prepared from stock solutions of ligand, peptide AB1.16 and Cu' diluted down to 1.0 mM in
buffered solution (Phosphate buffer, pH 7.1). Dithionite was used to reduce Cu' in Cu'.
Samples were frozen in the sample holder after addition of 10% glycerol as a cryoprotectant
and stored in liquid nitrogen until used. Cu"' photoreduction was controlled by recording
successive scans at the same spot. It was considered that during the first 20 minutes of
recording the photoreduction is insignificant.

Electrochemistry—Cyclic voltamograms were recorded on a Autolab PGSTAT302N at
25°C. Saturated Calomel Electrode was used as a reference, Platine electrode was the
counter electrode and the working electrode was a glassy carbon electrode. The working
electrode was carefully polished before each measurement on a red disk NAP with 1 um AP-
A suspension under abundant distillate water flow during at least three minutes (Struers).
The solution was deoxygenated by bubbling Argon before each measurement. Any support
electrolyte was added because of the high concentration of phosphate buffer in the solution.
The scanning speed was 0.1 V.s1. The samples were prepared from stock solutions of ligand
and Cu" down to approx. 1 mM and 0.9 mM respectively in a buffered solution. pH was
adjusted with H,SO4 and NaOH solutions.

Competitions—EPR samples were prepared from stock solutions of peptide Ap;.15 and
ligand L in HEPES 50 mM pH 7.1 to reach 200 pM concentration of each compound. An
aliquot of a 25 mM $5Cu(NO3), stock solution home-made from a 5Cu foil was then added
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to reach a 200 uM Cu'"! concentration. Samples were frozen in quartz tube after addition of
10% glycerol as a cryoprotectant and stored in liquid nitrogen until used. Remaining Cu''-
bound to the AB1.16 peptide was evaluated by linear combinations of the spectra registered
in the same conditions for the Cu'AB1.15 and Cu''L complexes.

XAS samples were prepared from stock solutions of peptide Ap1.16 and ligand L in HEPES
100 mM pH 7.1 to reach 1 mM concentration of each compound. An aliquot of a stock
solution of Cu(NOj3), was then added to reach a 0.95 mM Cu concentration. Excess
dithionite was added (10 mM) to reduce Cu' in Cu'. Samples were frozen in the sample
holder after addition of 10% glycerol as a cryoprotectant and stored in liquid nitrogen until
used. Remaining Cu'-bound to the AB;.15 peptide was evaluated by linear combinations of
the spectra registered in the same conditions for the Cu'AB;.15 and Cu'Lcomplexes with the
program Athena.[44]

ROS formation—UV-Visible spectrophotometry. UV-vis Kinetics were recorded on a
spectrophotometer Agilent 8453 at 25°C in 1 cm path length quartz cuvette, with an 800 rpm
stirring. The samples were prepared from stock solutions of ligand, peptide Ap1.40 or AB1-16
and Cu'" diluted down to 12, 12 and 10 puM respectively in HEPES solution, pH = 7.1.
Ascorbate is diluted down to 100 uM.

Fluorimeter. CCA experiments were recorder on a FLUOstar OPTIMA BMG LABTECH at
25°C in a 96-well plate bought from Dutscher SAS. CCA was excited at 390 nm and the
fluorescence was recorded at 450 nm. The gain used was 1350. The samples were prepared
from stock solutions of ligand, peptide and Cu" diluted down to 12, 12 and 10 uM
respectively in phosphate solution, pH = 7.1. CCA was added at a resulting concentration of
500 uM. Injector was used for the addition of ascorbate diluted down to 500 uM, 5 min after
the beginning of the experiment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Alkalimetric titrations of solutions containing 10~ M L.4TFA + 103 M HCI with 0 and 1

equiv. of CuSO, in water KCI1 0.1 M at 298 K.
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Figure 2.

Speciation diagram of a solution containing 1 mM L and Cu". The stability constants
tabulated in Table 1 were used to generate this diagram with the speciation program Hyss.
[34]
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Figure 3.
Panel A. EPR spectrum of Cu''LH._g, [L] = [(°Cu'' = 200 pM, [HEPES] = 50 mM, pH 7.1.

10% of glycerol was used as cryoprotectant. 7= 110 K. Panel/ B. Normalized XANES
spectrum of Cu'L ; [L] = 1.0 mM, [Cu'"] = 0.95 mM, [dithionite] = 10 mM, [HEPES] = 100
mM, pH 7.1. 10% of glycerol was used as cryoprotectant. 7= 20 K.
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Cyclic voltamogram of Cu''LH_¢. [L] = 0.2 mM, [Cu'] = 0.18 mM in [phosphate buffer] =
100 mM at pH 7.1 under Ar. Scan rate = 100 mV.s"1. WE = Glassy carbon, Ref = SCE, CE =
Pt wire.
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Figure 5.
Competition experiments between the AB;.1¢ peptide and the ligand L. EPR experiments of

(@) Cu"AB1.16, (b) Cu''L, (c) AB1.16 + Cu' + L, (d) best linear combination representing (c):
5% (a) + 95% (b). [L] = [AB1-16] = [6°Cu'"] = 200 uM, [HEPES] = 50 mM, pH 7.1. 10% of
glycerol was used as cryoprotectant. 7= 110 K.
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Figure 6.

Cgmpetition experiments between the AP1.1g peptide and the ligand L. XANES experiments
for [L] = [AB1-16] = 1.0 mM, [Cu''] = 0.95 mM, [dithionite] = 10 mM, [HEPES] = 100 mM,
pH 7.1. 10% of glycerol was used as cryoprotectant. The red line represents the
experimental spectrum and black circles the best linear combination from Athena[44]
(17%Cu'AB1.16 + 83% Cu'L).
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Figure 7.
Kinetics of ascorbate consumption, followed by UV-visible spectroscopy at 265 nm with

subtraction of the background signal at 800 nm. Panel A. AB1.49 + Cu'' + Asc (black curve),
L + Cu"' + Asc (blue curve), AB1.49 + Cu'' + L +Asc (red curve). Panel B. Cu'' + Asc +
AB1.40 + air (black curve), Cu'' + Asc + L + air (blue curve), Cu'' + Asc + ABy.40 + L + air
(red curve). Panel C. Asc + Cu'" + L (blue curve), Asc + ABq.40 + Cu'" + L (red curve). [L] =
[AB1-40] = 12 pM, [Cu'"] = 10 uM, [Asc] = 100 puM, [HEPES] = 100 mM, pH 7.1. For the
experiments from Panel B, all the solutions were deoxygenated by bubbling Argon and were
added under a little overpressure of Argon in order to keep Cu under its +1 oxidation state.
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NTA(HisNH5)3, noted L. The protonation state and charge of the ligand is given only when
necessary.

Chemistry. Author manuscript; available in PMC 2018 June 01.



Conte-Daban et al. Page 26

O\ater OF COO"

Asp1

™~
Ala2 HN_\( S

N
y N/ = His13
HN—!/ or His14 His His

Scheme 2.
Main coordination sites of Cu'' and Cu' in A at physiological pH.
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Scheme 3.
Proposed coordination in the Cu" and Cu' complexes. X is the solvent or an O atom of an

amide function of the ligand.
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Proposed ECEC square scheme to explain the electrochemical data in Figure 4. E =
Electrochemical process with the corresponding EP of Figure 4; C = Chemical process,
structural rearrangement and/or protonation/deprotonation events. SP indicates that the
geometry of the complex is square-planar and Td that the geometry of the complex is

tetrahedral.
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Two possible approaches to stop CuUAB ROS production. On the one hand, Cu' or Cu'' is
targeted and the system Cu'L; or Cu''L,, is inert toward O, or Asc reaction, respectively.
Note that this is a pre-requisite (see for instance [15a] and [45, 48] for ligands L and L,
ligands) but may be not enough (see ref.[22]). On the other hand, Cu' and Cu'"' are targeted
and the associated redox couple is slow. This is what is observed with L.
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Page 30

Protonation and complexation constants from potentiometric measurements in water KCI 0.1 M at 298 K./&/

The numbers m, | and h represent the numbers of metal, ligand and proton in the species, respectively.

m | h logBmn pKa
LH* 0 1 1 6753) 6.753),LH<L+H
LH2* 0 1 2 1287(3) 6.12(6),LH,<= LH+H
LHg%* 0 1 3 1842(7) 55(1),LH3=> LH,+H
CuLH¥* 1 1 1 1665(%5) 5.5(1), CuLH< CuL+H
CuL?* 1 1 0 1115(5)
CuLH,+ 1 1 -1 51(Q) 6.0(1), CuL < CuLH, +H
CuLH, 1 1 -2 -26()  7.7(3), CuLH ;< CuLH,+H

[a]

The figures in brackets correspond to the standard deviations of the last figure in three independent titrations.
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Table 2

First coordination shell structural data obtained from R space fits of EXAFS spectra: N is the number of
neighbors, R is the absorber-neighbor distance, o is the Debye-Waller factor.

Scattered-backscattered N R(A) o? (A?) R factor
(£20%) (£0.02A) (+0.0005 A?) (gp)lal
culL Cu-N 257 2.05 0.0021 0.70
Cu-0 1.24 1.92 0.0027

fal

factor represents the overall goodness-of-fit.
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