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Abstract. Alzheimer’s disease and oxidative stress are connected. In the present communication, we
report the use of a Mn(II)-based superoxide dismutase mimic ([Mn"(L)]*, 1¥) as a pro-drug candidate
to target Cu(Il) associated events, i.e. Cu(Il)-induced formation of reactive oxygen species (ROS) and
modulation of the amyloid-f (AB) peptide aggregation. Complex 1* is able to remove Cu(II) from AP,
stop ROS and prevent alteration of A} aggregation as would do the corresponding free ligand LH.
Using 1% instead of LH in further biological applications would have the double advantage to avoid the
cell toxicity of LH and to benefit from its proved SOD-like activity.

Most of neurodegenerative diseases are characterized by the aggregation of intrinsically disordered
peptides/proteins (IDP).!"Y) Such a process can be altered by metal ions, mainly copper and zinc.!
Another common central element in the pathogenesis of neurodegenerative diseases is the production
of Reactive Oxygen Species (ROS) by redox-active metal centres bound to the corresponding IDP.[**!
In Alzheimer's disease (AD), copper ions bound to extracellular amyloid-p (AB) peptide produce ROS
and contribute to the oxidative stress observed in the disease.l’! It has indeed been shown that the
Cu(AP) species can catalyse the incomplete reduction of dioxygen leading to O,™, H,O, and HO" . In
living organisms, efficient pathways to finely tune the concentrations in O, and H,O, have evolved to

protect endogenous components against oxidative damage and to control the ROS concentrations to

appropriate levels. They can involve stoichiometric antioxidants (vitamins E and C, glutathione



(GSH), etc.) or redox enzymes, such as catalase or GSH peroxidase and also superoxide dismutases
(SODs), which act as the primary protection system.l”! Oxidative stress arises in AD when these
protective pathways are overwhelmed;'® a link between SOD levels and AP aggregation has also been
proposed.”! Oxidative stress is also observed in many others physiopathological processes including,
aging, arthritis, stroke, cancer, or inflammation.®™ ¥ Anti-oxidants in general, including recombinant
SODs, are now quite well documented for their beneficial effects in oxidative stress situations.*" *’
Nonetheless, major drawbacks such as the immunogenicity, the poor penetration into cells and the cost
of purified enzymes limit their applications in therapeutics. These limitations can be overcome with
low molecular-weight complexes reproducing the catalytic activity of SODs, also called SOD

30.95-dl The yse of inorganic complexes as therapeutics in the AD context has been previously

mimics.|
reported,'® and transmetallation reactions have been recently exemplified as therapeutic approaches
against cancer!'" or ALS.["? In line with such previous works, a therapeutic strategy relying on the use
of a SOD mimic is reported here. The [Mn"(L)]" complex (1*) (see Figure 1 and S1 for the structure of
LH, N-(2-hydroxybenzyl)-N,N’-bis[2-(N-methylimidazolyl)methyl]ethane-1,2-diamine and of the
corresponding complexes), is known to dismutate O, out of any cellular context with a kes of 7x10°
M5! .3 Recently, some of us have set up an approach in inorganic cellular and biological chemistry
to characterize the antioxidant bio-activity of SOD-mimics directly in cellular models of oxidative
stress. 1* was shown to efficiently limit superoxide flow in activated macrophages'¥ and to limit
inflammation with a potential intracellular SOD-activity, while the ligand alone (LH) showed a
cellular toxicity.!'™ In the present communication, we used complex 1* instead of following a classical
chelating strategy!'® and using a free ligand that might be toxic. Furthermore in the context of AD, the
importance of oxidative stress is widely acknowledged,™ proving relevant the use of a SOD mimict.
We will thus describe here how compound 17, which has an interesting intrinsic SOD-like ability,

prevents Cu-induced processes by removing Cu(Il) from AP, that is to say how it prevents ROS

production and alteration of AP aggregation.

Cu(AB) + Mn(L) (L) >  Mn(Ap) + Cu(L) (29 (D*

*Charges are omitted for clarity



Figure 1. Scheme of the ligand LH (left) and X-Ray structure of [(Cu)LH]*" (2H%, right). Selected
bond distances and angles: Cu-N1 = 1.963(2), Cu-N2 = 1.973 (2), Cu-N3 = 2.011(3), Cu-N4 =
2.046(2) and Cu-O1 = 2.378(2) A. N1-Cu-N3 = 82.68(11), N3-Cu-N4 = 84.32(10), N4-Cu-N2 =
84.09(9)°.

The ability to remove Cu(Il) from AP, or metal-swap ability, is described by reaction (1) and the
constant K. Reaction (1), has been probed under our working conditions (i.e. buffered solution at pH
7.1): (i) by direct measurements of Cu(Il)/Mn(II) swap between the A} peptide and the LH ligand and
(ii) by evaluation of the affinity constants of each metallic species involved in (1), i.e. the K} constant
of each individual reaction M + £ — M(L), M = Cu(Il), Mn(II), L = LH, AP). Because all the four
species involved in the reaction are paramagnetic, EPR technique is a method of choice to monitor it.
The partial dissociation of Mn(AP) leads to an intense six-line spectrum corresponding to loosely
bound Mn(II) species near the g = 2 region, which precludes the straight-forward observation of the
metal exchange (see Figure S2). However, careful inspection of the EPR spectra on the edge of the 6-
lines signal show that the signature of a mixture of Cu(AB) and 1* perfectly matches the hyperfine
features of [Cu(L)]" (complex noted 2¥) recorded under the very same conditions (Figure 2). Note (i)
that the 9-GHz EPR signature of 17 gives a broad signal with no hyperfine structure in the g = 2

13151 (Figure S2); (ii) as a parallel experiment,

region, as expected for highly distorted Mn(II) speciest
the removal of Cu from the AP peptide by the ligand LH has been recorded by EPR (Figures S3) and
(ii1) the metal swap experiment has also been followed by UV-Vis (Figure S4), the data obtained
matching the EPR results. Affinity of Mn(II) for LH has been evaluated by direct titration monitored
by UV-Vis (Figure S5) leading to an apparent affinity constant of 1.3x10° M (pH 7.1, 100 mM
HEPES) in line with previous measurement by calorimetry.'” Affinity of Cu(II) for LH has been
determined by competition with ligands of known affinity (EPR, Figure S6) and an apparent value in
the range of 10'¢ M"' was obtained. The affinity of Cu(II) for AP at the same pH (i.e. pH 7.1) is 10° M
! We were not able to determine precisely the affinity of Mn(II) for A but the value should be (i)
below 10° M since 10 equivalents of AP is not able to remove Mn(Il) from LH (Figure S7) and (ii)

above 10° M if we consider the presence of three histidine and four carboxylate amino-acid residues
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in the AP peptide sequence and affinity values of multidentate imidazole and carboxylate-based

synthetic ligands as tabulated in ref. ') (see Table S3), in line with the recent evaluation of the affinity

value of A by NMR.?" This indicates that the constant K of reaction (1) (K = %) is in the 10*
10° range, consistent with the metal swap observed by the previously described direct exchange
experiments. Structure of complex 2H*" was characterized by X-ray crystallography (see experimental
data for details, Tables S1-S2). Briefly, 2H*" is a dicationic Cu(Il) complex where the metal centre lies
in a square-planar pyramidal environment, made of the four nitrogen atoms from the ligand in the
equatorial plane with an averaged Cu-Nequatorial distance of 1.998(25) A and the oxygen atom form its
phenol moiety in the apical position. The apical distance is significantly long (2.378(2) A) in line with
the protonated nature of the phenol group, in line with previous report on a series of similar [N4O]
complexes where the apical distance has been shown to increase from about 2.15 to 2.5 A upon
protonation of the phenolate moiety bound to the central Cu(Il) ion.?") The integrity of the
environment of the Cu centre in 2H?" and in particular the presence of the protonated phenol moiety in
the apical position in solution was assayed by determination of the pH at which the pendant phenol
group is deprotonated in the complex and in the free ligand. pKa-values of 6.4 (2*) (to be compared to
6.5 for 1¥) and 11.3 were determined, respectively (Figure S8). The pKa values in presence of metal
ions indicates that the phenol arm is mainly deprotonated at neutral pH and at pH 7.1 the repartition
between 2H2 and 2" is about 20:80 to 15:85. Phenolate coordination to the Cu(Il) centre is also
proved by the UV-Vis band detected at 410 nm characteristic of a phenolate to Cu(Il) charge transfer
transition (Figure S8).%2. In addition, the EPR spectrum and parameters (g/= 2.23 and A,(**Cu) =
200x10™* cm™) of 2* are consistent with a square-based pyramidal geometry with four nitrogen atoms
in the equatorial plane and a monocationic species.””) The cyclic voltammogram of 2* was also
recorded (Figure S9). When scanning to the cathodic potential, a quasi-reversible wave was observed
at E"2 = -0.42 V vs. SCE (See Supporting information for details) and the phenolate oxidation was
seen on the reverse scan at E™ = 0.80 V vs. SCE. When scanning first towards anodic potential, the
irreversible oxidation of the phenolate was observed at the same potential value and on the reverse
scan the reduction of the Cu(Il) centre is almost fully abolished: the phenolate binding ability being
removed by the oxidation (see red trace in Figure S9) This is consistent with the fact that the phenolate
is a ligand for Cu(Il) in 2°. Altogether these data show that the phenol moiety is mainly as a Cu(Il)
coordinated phenolato at pH 7.1 whereas LH is bound to Cu(Il) in its protonated form in the solid
state, both phenolate (solution) or phenol (solid-state) groups lying in the apical position (see

Supporting Information for details).
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Figure 2. Cu EPR signatures of a) Cu(AB16), b) 2%, ¢c) Cu(AB16) + 1*. [**Cu] = [Mn(1I)] = 180 uM,
[AB16] = [LH] = [17] = 200 uM, [HEPES] = 50 mM, pH = 7.1. 10% of glycerol was used as a
cryoprotectant. T= 110 K, 0.5 mT of modulation amplitude, under non saturating conditions.

Based on the value of its redox potential, it was anticipated that 2" should be resistant to the reduction
by ascorbate that shows an anodic potential under the very same recording conditions at 0.1 V vs.
SCE,?¥ which is the very first step of ROS production by Cu(II) complexes. We confirmed this by
measuring the catalytic consumption of Asc under different conditions. Either Cu(AfB) and 1* (or
Cu(Ap) and LH as control) were first pre-mixed and then Asc was added (Figure S10) or Cu(AP) was
reacted with Asc and then 1* (or LH as control) was added (Figure 3), according to a previously

24-25]

published procedure.! The absence of Asc consumption or its preclusion was observed,
respectively. This indicates that 17 is able to remove Cu(Il) from AP leading to 2*, which is not
competent for Asc oxidation. Asc oxidation is directly associated to the production of ROS, since it is
the (physiological) reductant required to fuel the reduction of dioxygen to O,", HO, and HO".P! In
addition, release of HO® by the Cu(Ap)/Asc/O; catalytic system has been monitored using the 3-CCA
fluorescence assay (Figure S11).*°) Results parallel those obtained in the Asc consumption test
indicating the prevention of HO" release when 1* is added to the mixture This important observation
indicates that both 1* and LH are thermodynamically and kinetically competent for the swapping and

removal of Cu(Il) bound to AB. This awakens hope of possible usage of 1* or LH for controlling
Cu(Ap)-based ROS production.
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Figure 3. Kinetics of ascorbate consumption, followed by UV-visible spectroscopy at 265 nm with
subtraction of the background signal at 800 nm. Asc + AB40 + Cu(Il) + LH (red curve), Asc + AB40 +
Cu(Il) + 17 (blue curve). LH or 17 are added at t = 600 s. [AB40] = [LH] = [17] = 12 uM, [Cu(II)] = 10
uM, [HEPES] = 100 mM, T = 25°C, pH = 7.1 (For source and preparation of AB40, see Supporting
Information). For negative (Asc + AB40 + Cu(Il)) and positive (Asc) controls, see Figure S10.

The aggregation of the disordered AP peptide into fibrillary structures present in the senile plaques of
AD brains is also a key event in the aetiology of AD and Cu(Il) has been shown to impact AP
aggregation.”®>" Hence we probe the activity of 1" and LH on the Cu(IT)-mediated formation of small
AP aggregates. The kinetic monitoring of AP aggregation has been performed using the classical ThT
fluorescence assay, where ThT is a dye that acquires a strong fluorescence upon binding to fibrillary
B-sheet structure (Figure 4).** Mn(II) has no significant impact on the aggregation of AP (within the
error bar of the experiment). In contrast, Cu(Il) strongly modifies the aggregation kinetic profile. The
sigmoid-shape curve obtained in case of apo-Af is no more observed. Instead, an ill-defined process
leading to a weak maximum fluorescence value -about 1/3 of the maximum fluorescence obtained for
the apo peptide- is detected. This indicates that Cu(Il) strongly alters the aggregation process of AP, in
line with previous reports.”’®) Upon addition of either 1* or LH along with Cu(Il), the Cu(II)-altered
AP aggregation is no longer observed and the apo type curve is recovered (see Figure 4). Note that
weak differences observed between the curves thus obtained and the control ones are not significant.
Morphologies of the aggregates were imaged by TEM (Figure S12). Apo and Mn(Il) A aggregates
show fibrillary structures with a more dense packing of the fibrils in presence of Mn(Il). In contrast,
Cu'(AP) aggregates resemble more proto-fibrils, with aggregates of shorter less defined fibrillary
structure, the impact of Cu(Il) on aggregates morphology being in line with recent reports.?”>4 In

presence of 1*, dense islets of fibres are observed, reminiscent of what was obtained with Mn(II) type



fibrils, while in presence of LH only, apo-type are observed. These observations are consistent with

the swapping process in the case of Cu(Ap) + 1°.

In the present work, we have proposed a new approach in the context of AD based on the use of a pro-
drug candidate complex 1°. The use of a Mn salen-based SOD mimic was recently reported in the AD
context. This Mn salen-based complex has the property to fight against the ROS produced by the
Cu(AB) complex.””! In our case, 1* undergoes a transmetallation process by releasing Mn(II) and
retrieving Cu(Il) from AP and the formed complex 2* is unable to produce ROS on its own, thus
supressing the Cu(Ap) associated ROS production. Furthermore, we have developed here a pro-drug
approach. Indeed, while LH is toxic towards epithelial cells as a free ligand, the toxicity is abolished
when LH is bound to Mn(II) (in complex 1*).I'"] Hence, the use of a potentially toxic ligand to remove
Cu(Il) from AP is replaced by the use of 17 which is non-toxic and leads to the very same retrieval
effects. It is worth noting here that we also studied another Mn(Il) SOD mimic [Mn(IPG)] (IPG = N-
[(1-methyl-imidazol-2-yl)methyl]-N-(2-pyridylmethyl)glycinate.!'” **! Like 1*, [Mn(IPG)] is able to
exchange its Mn(II) centre with Cu(AB) but the Cu'(IPG) complex formed does produce ROS (more
than Cu(Ap)) (Figure S13). This illustrates the importance of the nature of the resulting Cu(Il)
complex obtained after the metal exchange with AP and shows that this strategy can not be enlarged to
any SOD mimic. To go further, it will be important to consider the overall speciation of the metal ions
and ligands in intricate biological environments. First results have shown that 17 is stable for at least
15 hours in a culture medium!"’ indicating that no exchange with other metal cations is proceeding,
consequence of the tight control of the speciation of endogenous metal cations. In the AD context and
as recently pointed out, the other cation easily available for exchange is Zn since it is loosely bound in

25, 31

the synaptic cleft.”> 3! Studies are currently in progress to address the selectivity of 1* for Cu(II)

versus Zn.

In summary, 17 is a new inorganic pro-drug candidate that has previously shown an anti-oxidant
activity in biological media and a potential therapeutic activity against inflammatory bowel disease in
mice.["”! 17 has three key properties: (i) it masks the toxicity of the parent ligand LH, (ii) it is a SOD
mimic able to fight against O,",*> 3! (iii) it can prevent the production of ROS by Cu(AB) and
Cu(Il)-altered aggregation of AP. Because ROS are not exclusively produced by the Cu(AP) in
biological media, there would be a significant added value in observing both properties (ii) and (iii) in
biologically relevant environments (achieved when the local concentration of 17 exceeds that of
Cu(Ap)). As a consequence, future works will question the ability of 17 against Cu-induced toxicity in
AD cellular and animal models and include further functionalization of the LH ligand to improve the

for blood brain barrier penetration of 1*.
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Figure 4. Aggregation assays following by ThT fluorescence. Ap40 (black curve), AB40 + Cu(Il) (red
curve), AB40 + Mn(II) (light grey curve), Ap40 + Cu(Il) + LH (dotted green curve), AB40 + Cu(lIl) +
17 (green curve). [AB40] = [LH] = [17] = 20 uM, [Cu(II)] = [Mn(II)] = 18 uM, [phosphate buffer] = 50
mM, [NaCl] = 100 mM, [ThT] =10 uM, T = 37°C, pH = 7.1 (For source and preparation of AB40, see
Supporting Information).
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