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and characterize by X-ray Absorption Spectroscopy (XAS) a partially reduced Cu-Aβ1-16 species dierent from the resting states. Remarkably, the XAS spectrum is well-tted by a previously proposed model of the "in-between" state, hence providing the rst direct spectroscopic characterization of this intermediate state. The present approach could be used to explore and identify the catalytic intermediates of other relevant metal complexes.

Copper (Cu) ions are essential trace elements in most living organisms. They are present almost exclusively in two ionic forms, Cu(I) or Cu(II), normally found in complex with proteins where they act as catalytic centers. Cu levels are tightly regulated by binding to dedicated proteins that modulate tracking, cellular import and export, and incorporation into appropriate enzymes. The regulation mechanism must be quite ecient, because both deciency or overload of Cu are dangerous, as well documented in the two genetic, Menkes (Cu deciency) and Wilson (Cu overload), diseases respectively. [START_REF] Kim | [END_REF]2] Indeed, like a lack of Cu impairs the essential function of Cu-enzymes (e.g. cytochrome C oxidase), an excessive Cu concentration can lead to the displacement of Fe from iron-sulfur cluster proteins, [3,[START_REF] Macomber | Proc. Natl. Acad. Sci[END_REF] the catalytic production of reactive oxygen species (ROS), unwanted interactions with essential cysteine residues, [START_REF] Kim | [END_REF]2,[START_REF] Tsvetkov | [END_REF] and induction of protein ag- gregation. [6] Cu deregulation has been reported in several neurodegenerative diseases. Misplaced Cu is supposed to bind to amyloid-β (Aβ) peptides in Alzheimer's (AD) [7] or α-synuclein in Parkinson's (PD) [8,9] diseases. Both peptides/proteins belong to the class of the so-called intrinsically disordered proteins (IDPs) and are prone to form amyloids, i.e. betasheet rich aggregates. Moreover, these Cu-peptide/protein complexes have been shown to catalyze eciently in vitro the ROS production in the presence of dioxygen and ascorbate (a physiological reducing agent).

Hence Cu-bound amyloid peptides became the target of a therapeutic approach aimed at inhibiting the over-production of Cu-induced ROS might lead to the oxidative stress observed in AD and PD. [10,11] Cu complexes can produce ROS via cycling between the two redox states Cu(I) and Cu(II) in the presence of O2.

An important point to take into account is that the coordination chemistry of Cu(II) and Cu(I) are remarkably dierent. Dierences are quite evident when Cu ions are bound to exible peptides or IDPs. [12,[START_REF] La Penna | Aggregates Sealed by Ions[END_REF] [1416] (see Figure 1). Cu(II) is predominantly coordinated in a distorted square-pyramidal geometry via 3 nitrogen and 1 oxygen equatorial ligands and a weaker O axial ligand. [17] The coordination of Cu(II)-Aβ is pH-dependent. In particular, two species co-exist at physiological pH 7.4 (notably, a major component I and a minor component II [18,19] ), with component I becoming the only present specie at acidic pH.

[19] Cu(I) preferentially binds in a linear geometry with two nitrogen atoms [9] from the imidazole rings of two His residues (see Figure 1). These two coordination modes represent the resting states, i.e.

the most populated conformations living in fast equilibrium with other less populated conformations. [20] Thus, the very dierent coordination sphere of the two resting states raises the question of how the redox cycling can occur. In fact, a quite important rearrangement of the peptide around the Cu ion is required upon Cu reduction/oxidation, which normally leads to a sluggish redox reaction and hence low ROS production. [20,[START_REF] Balland | Proc. Natl. Acad. Sci[END_REF] In order to explain the relatively ecient ROS production by Cu-Aβ, it has been suggested that the latter is catalyzed by a low populated Cu-state, called an "in-between state that can cycle between Cu(I) and Cu(II) redox states with little atomic rearrangement and hence produce eciently ROS. [START_REF] Balland | Proc. Natl. Acad. Sci[END_REF] In-between states attracted a lot of interest as only this state seems to be redox competent enough to eciently generate ROS and hence is the state of choice as the target for suppressing ROS production by Cu-Aβ.

However, although experimental and theoretical evidence have suggested candidates for the "in-between" state [21,2325] (see Figure 1), a direct experimental evidence of its structure is lacking so far, mainly as a result of the challenging experimental characterization of such a low populated species (estimated to be 0.1% of the total from electrochemical studies. [START_REF] Balland | Proc. Natl. Acad. Sci[END_REF] )

In this work, we aimed at trapping and characterizing possible intermediates in Cu-Aβ1-16 redox cycling via X-ray Absorption Spectroscopy (XAS) measurements at the Cu K-edge.

In order to ensure sample homogeneity, the soluble Nterminal Aβ1-16 peptide fragment was used instead of the full-length Aβ1-42. Indeed, since Aβ1-16 very well reproduces the coordination of Cu(II) and Cu(I) to Aβ1-42, Aβ1-40 and Aβ1-28, it is often used as a model for the longer peptide. [15,26,27] It is well known that, in the physical conditions of standard XAS experiments, which are typically performed at a temperature as low as 10 K, a progressive reduction of Cu(II) to Cu(I) is observed in the Cu-Aβ1-42 peptide complex in vitro.

[28] However, the systematic study of the be- havior of Cu-Aβ complexes [29] has shown that, despite the progressive reduction of Cu(II) to Cu(I), at 10 K the spatial organization of the ligands did not change, yielding a Cu(I) ion in a coordination sphere of the Cu(II) resting state. In the present work, the samples were irradiated with a high X-ray dose at 10 K. To allow partial relaxation of the ligands around Cu, the temperature was raised up to 200 K with the aim of producing and trapping non-resting states, which were then structurally characterized by XAS. As detailed in the following, we were able to promote the formation of a complex dierent from both resting states and to characterize its structure.

XAS measurements at the Cu K-edge were performed at the BM30 beamline of the European Synchrotron Radiation Facility (ESRF -Grenoble, France). [30] In order to identify possible intermediate species appearing during the Cu(II)-Aβ1-16 photoreduction process, the spectra of Cu(I)-Aβ1-16 and Cu(II)-Aβ1-16 resting states were rst recorded.

In order to avoid the co-presence of dierent Cu(II) species, samples were prepared at pH 5.7, where only component I is known to be present. [19] As detailed in the rst two rows of Table 1, that contains the list of the collected spectra, the resting states were measured keeping the samples at the temperature of 10 K and averaging 5 scans, each one acquired in a dierent spot on the sample. In this way, the possible eects due to the interaction with the X-ray beam were minimized while the signal-to-noise ratio was improved. in agreement with spectra from the literature, [START_REF] Shearer | [END_REF]20] that the Cu-Aβ1-16 coordination mode is strongly dependent on the Cu oxidation state.

As shown in

The XANES (X-ray Absorption Near Edge Spectroscopy) region of Cu(I)-Aβ1-16 (left panel of Fig. 2),shows a peak, located in the pre-edge region at about 8982.6 eV, that is known [START_REF] Shearer | [END_REF]29,31,32] to be the ngerprint of Cu(I) presence.

Quantitative structural information can be obtained from a t of the EXAFS (Extended X-ray Absorption Fine Structure) region of the spectrum. We report in Table 2 the values of the best-t parameters, including the quality factor R 1 , that provides a quantitative measure of the goodness of the t. The best t of the Cu(I)-Aβ1-16 complex EXAFS spectrum is obtained by assuming that only two ligands, namely two nitrogen atoms from two imidazole rings of two His residues, are coordinated to Cu(I).

The t to the Cu(II)-Aβ1-16 EXAFS data shows instead that the Cu(II) coordination mode involves four ligands, 1 The quality factor R is dened as R-factor=

i |χ exp (k i )-χ(k i ) f it | i |χ exp (k i )|
namely two nitrogen atoms from two His residues plus one nitrogen and one oxygen from the Asp residue. Comparisons between experimental data and best ts and the corresponding Fourier Transforms (FTs) of both spectra are provided in the SI (Fig. S1).

XANES calculations were then performed using the FDMNES code [33,34] starting from the best-t EXAFS mod- els. Fig. S3 shows the comparison between the XANES simulations and the corresponding experimental data. The qualitative agreement between simulated and experimental data is quite good, thus corroborating the results of the EX-AFS analysis. Sketches of the structures coming from the EXAFS ts and used for the XANES calculations are given in Fig. S3.

Finally, the Bond Valence Sum (BVS) was computed for both best-t models and reported in the last row of Ta- Gy.

In Figure 3 we show the "time evolution of the XANES (left panel) and EXAFS (right panel) data by plotting one on top of the other the ve consecutively collected spectra.

In Fig. S4 the corresponding FTs are also shown. The increasing intensity of the shoulder at 8982.6 eV is a clear conrmation of the fact that X-ray radiation induces the Cu(II) → Cu(I) reduction process. [29] On the other hand, looking at the EXAFS region (Fig- Again in Figure 4 we compare the spectrum of the S610-200-10 sample with that of the last (S510) and the rst (S110) spectrum of the series previously collected as well as with the 2 BVS provides a simple way to estimate the oxidation state of an atom in a given structure. Its value, which depends on the type, number, and distances of ligands, should agree with the nominal value of the oxidation state. [35] Table 1. List of the measured samples. In all the samples, except in the case of Cu(I)-Aβ 1-16 in the rst row, the initial Cu oxidation state is Cu(II). In the rst column, we list the names of the samples. In the second column we give a short description of each sample and in the third column the temperature at which each spectrum was collected is indicated. 

F = (-3.2± 0.9) eV E F = (2.8 ± 0.7) eV R-factor = 32%
R-factor = 32% BVS = 0.9 BVS = 1.9 Based on the fact that, as we have argued, the "relaxed coordination mode of S610-200-10 is neither that of Cu(I)-Aβ1-16 nor that of Cu(II)-Aβ1-16, we tried tting the EX-AFS data taking as a starting conguration the putative "inbetween" Cu(I)/Cu(II) Aβ1-16 model suggested in Ref. [25] ,

which is in agreement with the experimental ndings of Ref. [21] .

More in detail, we started from a slightly modied version of model 14 from Ref. [25] , in which the O2 molecule present in the structure was substituted by a water molecule. This starting model was then relaxed by minimizing its total energy. We used the hybrid exchange-correlation functional suitable to Cu complexes already employed in Ref. [25] (and references therein). In the rst coordination shell of the model there are an imidazole ring belonging to a His residue, the N-terminal amine nitrogen, and an oxygen atom belonging to the Asp1 side chain. Three water molecules, located within 5 Å from the Cu ion, but not belonging to the rst coordination shell, are also included.

The best-t spectrum obtained starting from the above conguration is in quite good agreement within the signalto-noise ratio with the experimental EXAFS data (see Fig- 3. The XANES spectrum calculated from the best-t EXAFS model is remarkably well superimposable to the experimental data (Figure 6, right panel), with dierences (in the pre-edge feature and in the so-called white-line, i.e. the main peak after the absorption edge) likely due to a not perfect description of the geometry around the absorbing atom as well as to a rigid description of this geometry that does not take into account both angular and linear disorders. It is worth noticing that the BVS value associated to the best-t structure lies halfway between 1 and 2, supporting the idea that the combination of distances and coordination number is neither what is expected for a pure Cu(I) nor a pure Cu(II) oxidation state.

Since our experiment started from the Cu(II) resting state, to reach the conjectured in-between state the following rearrangement would have to occur. One of the two Cu-His bonds should be broken (previous experiments showed no preference for any of the three His [21] ) with the His moving away at least to a non-bonding distance to Cu(I). In addition, Asp1 carbonyl should also detach from Cu, while a bond is formed with its nearby (and possibly already axially bound) carboxylate. This structural rearrangement does not involve major changes in the peptide main chain and therefore it is likely compatible with structural changes observed in proteins at cryogenic temperatures. [START_REF] Arcovito | [END_REF]37] Table 3. S6 10-200-10 ligand distances and Fermi energy shift at the end of the EXAFS t. We also report the values of the R-factor and of the BVS parameter.

Ligand Distance [Å]

σ 2 [Å 2 ] 1 N (His) 2.05 ± 0.02 0.003 ± 0.001 1 N (Asp) 1.84 ± 0.02 0.003 ± 0.001 1 O (Asp) 1.95 ± 0.02 0.003 ± 0.001 3 O (Water) 3.74 ± 0.03 0.005 ± 0.001 E F = (-7 ± 1) eV R-factor = 34% BVS = 1.5

For the sake of completeness, also a signicantly dierent putative "in-between" structure (model 9 in the nomenclature of Ref. [25] ), in which two imidazole rings and the amino group of Asp1 are bound to Cu, was considered. The agreement between a t starting from this model and the experimental data obtained is both qualitatively and quantitatively (R-factor = 41%) worse than the one described in In this work we have exploited a well-known side-eect of exposure to high-intensity X-ray beams on Cu complexes, that is Cu reduction, to try to access a possible "in-between Cu(I)-Aβ1-16 and Cu(II)-Aβ1-16 coordination mode.

We have used the X-ray beam to pump Cu(II)-Aβ1-16 complexes in a non-resting state by promoting Cu(II) reduction to Cu(I), keeping the system at a temperature of 10 K. The sample temperature was then raised to 200 K to allow possible structural modications associated with oxidation state changes. Finally, the XAS spectrum of the system was acquired after cooling down the sample at 10 K.

We observe that the measured spectrum is dierent from the spectra of both resting states. A quantitative EXAFS analysis shows that it is compatible with a possible "inbetween" structure suggested by previous experiments and numerical simulations [25] and characterized by the presence of a single imidazole ring and a bi-dentate Asp residue in the Cu coordination site. The EXAFS results are corroborated by an ab initio XANES simulation performed starting from the EXAFS best-t structure, which leads to results in good agreement with the experimental data.

The experimental approach used in this work provides the rst direct evidence and structural characterization of an intermediate of Cu(II)-Aβ1-16 reduction, supporting the existence and identity of a previously postulated redox-active "in-between" state. Moreover, we showed that the X-rayinduced photo-reduction, which is normally an undesired side eect of overexposure to X-ray beams, can also be tamed to pump metal-peptide complexes into not-resting states that could be relevant for their catalytic activity.

Hence, our work paves the way for the exploration of further redox intermediates formed by biological and non-biological metal complexes.

Figure 1. Structure of the most populated Cu(II) and Cu(I) resting states and proposed structure of the catalytic "in-between" state, which seems to involve the amino terminal nitrogen and side-chain carboxylate oxygen from Asp1 and an imidazole from either His 6, 13 or 14 (with no preference for any of the three His residues [21] ). 

Fig 2 ,

 2 Cu(I)-Aβ1-16 and Cu(II)-Aβ1-16 samples exhibit visibly dierent XAS spectra, thus conrming,

ble 2 .

 2 The BVS values are in quite good agreement with the corresponding Cu oxidation states.2In order to follow the possible evolution of the spectrum induced by X-ray irradiation, we further collected ve spectra, one after the other, by letting the beam hit the same point of the sample and keeping the sample at 10 K. Taking into account the photon ux, the beam size, the sample thickness (2 mm) transmission and the exposure time (each scan lasted about 40 minutes), the dose absorbed by the sample in a single scan is estimated to be around 9 × 10 6

ure 3 ,

 3 right panel) we see that the spectral evolution with beam exposure time is marginal, as already noticed previously.[29] In other words, at such a low temperature, there are no major structural rearrangements associated with the modication of the Cu oxidation state. Looking at the comparison of Cu(I)-Aβ1-16 with S110 and S510, shown in Figure 4 (the FTs are shown in Fig. S5), it is clear that, even in the presence of radiation-induced Cu reduction, the Cu coordination mode is unable to turn into that of the Cu(I)-Aβ1-16 resting structure. A quantitative estimation of similarities among these spectra is provided in the SI. After collecting the ve XAS spectra with the beam hitting always the same sample spot, the X-ray beam was switched o and the sample temperature was increased to 200 K in order to accelerate a possible, but not total, structural relaxation, associated to the presence of reduced Cu, while still keeping the sample in a frozen, solid state. Once the temperature reached 200 K, the sample was cooled back to 10 K. The whole heating and cooling cycle took about 100 minutes, after which a new XAS spectrum, termed S610-200-10 in Table 1, was collected in the previously exposed sample position.

  Cu(I)-Aβ1-16 spectrum. The dierence among the spectra of S110 (which is nothing but the Cu(II)-Aβ1-16 resting state), S610-200-10 and Cu(I)-Aβ1-16 must be attributed to the fact that the state obtained upon heating/cooling is different from the two resting states. S610-200-10 is also dierent from S510, thus suggesting that the increase in temperature allowed the sample to undergo a structural relaxation that did not take place at 10 K.Moreover, in the S610-200-10 spectrum the intensity of the shoulder that indicates the presence of Cu(I) is significantly lower than in the S510 case, a feature which might be indicative of a partial re-oxidation of Cu(I) to Cu(II) or of a modication in coordination geometry[31] . In addition, the pre-edge peak appears to be shifted toward lower energy in S610-200-10 with respect to S510, i.e. from 8981.2 eV to 8982.6 eV. Qualitatively, this dierence in energy may be associated to a dierent Cu coordination geometry occurring in the two samples. This interpretation reinforces the idea of having dierent structural atomic arrangements around the metal in S610-200-10 and S510, and not simply a dierence in the Cu oxidation state. This interesting hypothesis is further supported by the fact that the spectrum of S610-200-10 can not be well reproduced as a linear combination of Cu(II)-Aβ1-16 and Cu(I)-Aβ1-16 spectra (see Figure S5 in SI). This allows us to conclude that S610-200-10 does not represent a mere combination of the two resting states and therefore that a relaxation towards a coordination mode dierent from both resting states takes place when the sample is brought to 200 K.In order to better characterize the eect of temperature on the spectra, three consecutive scans were acquired at 200 K with the beam hitting a xed spot. The spectral evolution is faster at 200 K than at 10 K and the Cu(I) peak, located in the pre-edge region, appears already in the rst scan, S1200. Since the energy corresponding to the Cu(I) peak is measured during the scan after about 10 minutes of exposure, we argue that, at 200 K, the oxidation state switch occurs on a timescale shorter than the acquisition time of a single XANES spectrum. This is conrmed by the fact that S1200, S2200 and S3200 only exhibit marginal dierences (see the comparison among S1200, S2200 and S3200 spectra in FigureS7in SI). However, the comparison between S3200 and Cu(I)-Aβ (Figure5) clearly shows that not even the exposure of the Cu(II) sample to X-rays for as long as 2 hours (which is the time necessary to acquire 3 consecutive scans) at 200 K lead to the same spectrum as the Cu(I) resting state.

ure 6 ,

 6 left panel; the corresponding FTs are shown in Fig.S8), thus suggesting that, after X-ray exposure, by heating and cooling the sample, Cu actually reaches an "intermediate coordination mode like the one depicted in Fig.7. The bestt parameters are reported in Table

Figure 2 .

 2 Figure 2. Comparison of the XAS spectra of Cu(I)-Aβ 1-16 (blue lines) and Cu(II)-Aβ 1-16 (red lines) complexes. Left panel, XANES. Right panel, EXAFS.

Figure 3 .

 3 Figure 3. The ve consecutive scans of Cu(II)-Aβ 1-16 complexes in the XANES (left panel) and EXAFS (right panel) regions at increasing X-ray dose.

Figure 4 .

 4 Figure 4. Comparison among the spectra of the S6 10-200-10 , S1 10 , S5 10 , Cu(I)-Aβ 1-16 and Cu(II)-Aβ 1-16 in the XANES (left panel) and EXAFS (right panel) regions.

Figure 5 .

 5 Figure 5. Comparison between the Cu(I)-Aβ 1-16 and S3 200 XANES (left panel) and EXAFS (right panel) spectra.

Figure 6 .

 6 Figure 6. Left panel: experimental (broken line) and tted (solid line) EXAFS data of sample S6 10-200-10 . Right panel: XANES calculations performed starting from the EXAFS best-t model (solid line) superimposed to the XANES experimental data (broken line).
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Figure 7 .

 7 Figure 7. A sketch of the best-t structure of the Cu coordination site in the S6 10-200-10 sample. Cu is in yellow, N in blue, C in green and O in red. The three O atoms belonging to water molecules are drawn in a fainter red, since they do not belong to the rst coordination shell.

  

Table 2 .

 2 Aβ 1-16 average over 5 spectra each acquired by hitting a new spot 10 Cu(II)-Aβ 1-16 average over 5 spectra each acquired by hitting a new spot 10 Cu(I)-Aβ 1-16 and Cu(II)-Aβ 1-16 ligand distances, Fermi energy shift, E F , and R-factor of the optimized EXAFS ts.

	Sample name Sample description Cu(I)-S1 10 hitting a new spot on Cu(II)-Aβ S2 10 same spot as S 1 S3 10 same spot as S1 10 and S2 10 S4 10 same spot as S1 10 , S2 10 and S3 10 S5 10 same spot as S1 10 , S2 10 , S3 10 and S4 10 S6 10-200-10 same spot as S1 10 ,S2 10 , S3 10 , S4 10 and S5 10 after a temperature cycle S1 200 new spot on Cu(II)-Aβ at high temperature S2 200 same spot as S2 200 S3 200 same spot as S1 200 and S2 200	T (K) 10 10 10 10 10 10 → 200 → 10 200 200 200
	Cu(I)-Aβ 1-16 Ligand Distance [Å] 2 N (His) 1.88 ± 0.01 0.003 ± 0.001 2 N (His) 1.97 ± 0.01 0.004 ± 0.001 Cu(II)-Aβ 1-16 σ 2 [Å 2 ] Ligand Distance [Å] σ 2 [Å 2 ] 1 O 2.02 ± 0.01 0.004 ± 0.001 1N 1.94 ± 0.01 0.004 ± 0.001 E

Table 3

 3 

	(R-factor = 34%), suggesting that, although our
	data cannot rule out the coexistence of dierent coordi-
	nation structures, a three-coordinated model with one His
	residue and a bi-dentate Asp is the best "in-between" coor-
	dination mode candidate.
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The combination of X-ray induced photoreduction and thermal relaxation unravels the structure of an intermediate of the Cu(II)/Cu(I) Aβ 1-16 redox cycling. The X-ray beam promotes Cu(II) reduction to Cu(I) at 10 K, then the sample undergoes partial structural relaxation at 200 K and a spectrum measured at 10 K is compatible with a possible "in-between" structure featuring an imidazole ring and a bi-dentate Asp residue in the Cu coordination site.