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ABSTRACT: Tau protein is present in significant amounts in neurons, where it contributes to the stabilization of microtubules. Insoluble
neurofibrillary tangles of tau are associated with several neurological disorders known as tauopathies, among which is Alzheimer’s disease. In
neurons, tau binds tubulin through its microtubule binding domain which comprises four imperfect repeats (R1-R4). The histidine residues
contained in these fragments are potential binding sites for metal ions and are located close to the regions that drive the formation of amyloid
aggregates of tau. In this study, we present a detailed characterization through potentiometric and spectroscopic methods of the binding of
copper in both oxidation states to R1 and R3 peptides, which contain one and two histidine residues, respectively. We also evaluate how the
redox cycling of copper bound to tau peptides can mediate oxidation that can potentially target exogenous substrates such as neuronal cate-
cholamines. The resulting quinone oxidation products undergo oligomerization and can competitively give post-translational peptide modifi-
cations yielding catechol adducts at amino acid residues. The presence of His-His tandem in R3 peptide strongly influences both the binding
of copper and the reactivity of the resulting copper complex. In particular, the presence of the two adjacent histidines makes the copper(I)
binding to R3 much stronger than in R1. The copper-R3 complex is also much more active than copper-R1 complex in promoting oxidative
reactions, indicating that the two neighbouring histidines activate copper as a catalyst in molecular oxygen activation reactions.

INTRODUCTION

Tau proteins, firstly discovered and characterized in 1975," are present in the axon terminals of neurons and are mostly associated with micro-
tubules, the major constituent of the cytoskeleton, composed of a dynamic tubulin polymer. In solution, tau proteins are highly unfolded and
characterized by high flexibility of the chain.” The human brain contains six main tau isoforms that can be categorized depending on whether
they contain three or four pseudorepeats (R1-R4) in the C-terminal region that constitutes the microtubule-binding domain. Tau proteins
are highly soluble and show little tendency to aggregation. However, tau aggregation is characteristic of several neurodegenerative diseases
known as tauopathies.”* Among them, Alzheimer’s disease (AD) is one of the most relevant and is characterized by the accumulation of ex-
tracellular amyloid plaques and intraneuronal tau neurofibrillary tangles (NFT).® The mechanism that leads to accumulation of NFT is still
poorly understood, but there are evidences that tau undergoes post-translational modifications associated to AD such as abnormal hyper-
phosphorylation”® and nitration.” The failure of therapeutic approaches based on amyloid hypothesis has led to an increasing interest to tau
mediated AD etiology.'” Moreover, the recent application of cryo-electron microscopy (cryo-EM) technique has allowed a fundamental step
for deciphering how the structural conformation might correlate physiological and pathological aspects of tau protein." In particular, the
structure of the tau fibrils from a diseased brain obtained with cryo-EM shows the formation of cross-p/p-helix structure between residues
306-378, which is the portion of tau comprising R3 and R4 regions."

As for other neurodegenerative diseases, oxidative stress and metal ions are recognized as important factors contributing to AD etiology."*"’
Copper, zinc, and iron are essential metals for healthy organisms and brain function, but impairment of metal homeostasis is a crucial risk fac-

tor."® Despite the large amount of biophysical and structural studies regarding the interaction of transition metals with other proteins related

to neurodegeneration, such as o-synuclein,'” > prion protein* and f-amyloid (AB),”*** much less is known about the interaction of metals

ions with tau. The region encompassing the R1-R4 repeats represents potential binding site for metals, since each repeat contains at least one



histidine (His268, His299 and His362 in R1, R2 and R4, respectively); R3 contains two vicinal histidine residues (His329 and His330) (Fig-
ure 1).
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Figure 1 - Amino acid sequences of the four pseudorepeats in the longest tau isoform. Each pseudorepeat consists of 31-32 amino acid residues and
contains a highly conserved octadecapeptide, which shows > 60 % homology. The fragments used in this study are underlined and highlighted in red
and are defined as R1 (Ac-2*VKSKIGSTENLKHQPGGG?*-NH,) and R3 (Ac-**GSLGNIHHKPGGG?**-NHa).

Isothermal titration calorimetry shows that zinc(II) binds to tau in a tetrahedral coordination site involving Cys291, Cys322 and two histi-
dines with moderate micromolar affinity.”* Moreover, zinc(1l) promotes tau hyperphosphorylation by inactivation of protein phosphatase
2A.%¢ Recently, an important role of zinc in the modulation of the aggregation process of R3-R4 has been proposed.”’

Even if a detailed binding study is still missing, it has been suggested that iron(III) binds to hyperphosphorylated tau and induces its aggrega-
tion.”® Regarding heme-iron, the analysis of the interaction with R1 fragment shows that heme binds with moderate affinity to the histidine
contained in this region.”

The binding of copper to tau has been studied more extensively. In particular, Soragni et al. have suggested that copper(II) binds to a site be-
tween R2 and R3, even if a definite coordination sphere has not been proposed.* The binding of copper(Il) to tau fragments R1,*' R2*” and
R3* has been also reported showing the crucial role of histidine as coordination site; however, the peptide fragments used in these studies
present free amine and carboxylic acid at the N-terminal and C-terminal respectively, giving rise to a coordination model which is not suitable
for mimicking the binding to full length protein. The same objection can be made with regards to an EPR spectroscopic study on the interac-
tion of copper(II) and different portions of tau including R1, R2, R3 and R4 regions,* and a more recent study that analyses the interaction of
copper, in both oxidation states, with R2 region.*®

Another study suggests that also the N-terminal portion of tau protein can bind copper through coordination of His14 and His32.% The in-
teraction of copper with the full length tau has been investigated also by laser ablation inductively coupled plasma mass spectrometry”” and by
electrochemical technique.* In particular, the latter study proposes a reduction potential for the Cu(Il)/Cu(I) redox couple bound to tau
protein of approximately 340 + 5 mV versus NHE.

The number of studies that account for the reactivity of the copper-tau complexes and the related oxidative stress is even more limited. Sayre
et al. analyzed the metal-catalyzed oxidation of 3,3’-diaminobenzidine in the presence of hydrogen peroxide and propose that copper and iron
are involved in the redox reactions occurring in the neurofibrillary tangles as well as in the senile plaques.”

It is therefore crucial to better define the nature and strength of the binding of copper to tau by determining the stoichiometry and the struc-
ture of the complexes formed in solution and measuring the corresponding stability constants. In addition, the oxidative reactivity associated
to these complexes should be explored to assess the potential contribution to oxidative stress arising from copper-tau interaction.

In the present study, we investigate the properties and the reactivity of the copper complexes formed with N-acetylated and C-amidated R1
(Ac-*VKSKIGSTENLKHQPGGG*®-NH.) and R3 (Ac-**GSLGNIHHKPGGG**-NH,) fragments. These two fragments were chosen be-
cause they have different behavior in the NFT formation. In particular, R3 portion is found inside the cross-p/p-helix structure of tau filament
whereas R1 is outside.”” Moreover, these two peptides allow to clarify how the presence of one histidine or two vicinal histidines affects the
affinity for copper and the reactivity of the relative copper-complexes. We also justify the choice to use a truncated R3 fragment excluding the
cysteine residue (Cys322) according to the evidence that copper(1l) is able to oxidize in vitro the cysteine residue inducing the formation of a
disulfide intermolecular bond.* However, the two cysteine residues in tau protein (Cys291 and Cys322) are likely involved in disulfide bond
in the native protein, even if formation of intramolecular or intermolecular bonds may play an important role in tau aggregation.*>*

The speciation of the copper(l) and copper(II) complexes with both R1 and R3 peptides were studied by potentiometry, and the coordina-
tion environment of copper(1l) in its adducts with the peptides was investigated by visible absorption and CD spectroscopy. The copper(I)-
and copper(II)-R3 binding was also studied by NMR and EPR spectroscopy. Finally, we studied the oxidation of the dopamine (DA) neuro-
transmitter, as physiological model of induced copper redox cycling, and the related, but with a less complex oxidation pattern, 4-
methylcatechol (MC). The present study extends our previous investigations on the redox activity of copper complexes with neuronal pep-
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tide fragments of AB,** a-synuclein***” and prion protein.*®

RESULTS AND DISCUSSION



Peptide protonation equilibria. R1 in its neutral form is a monoprotic acid (LH, Scheme S1). In its fully protonated form (on the side
chains of Glu, His and the three Lys residues) it is a pentaprotic acid (LHs*). The pK. values determined by potentiometric titrations (Table
1) are fully consistent with the sequential deprotonation of the carboxylic group of Glu, the imidazolium nitrogen of His, and the three proto-
nated amino groups of Lys residues, the latter ones occurring at pH > 8.5. At pH 7.4, the predominant form of R1 is LHs>". The second pep-
tide R3, in its neutral form has no acidic protons (L, Scheme S1) but it can undergo protonation on the imidazole rings of the two His resi-
dues and on the amino group of the Lys chain. In its fully protonated form it is therefore a triprotic acid (LH;*"). For this peptide the observed
pK. values (Table 1) are fully consistent with the deprotonation of the two His residues (in the pH range 4-8.5), and the deprotonation of the
Lys side chain at pH > 9. At pH 7.4 the predominant form of R3 is LH*.

Table 1. Protonation constants (pK.) of the peptides R1 (LH) and R3 (L), and overall formation constants of their complexes with copper(II) (re-
ferred to the global reaction: pCu + qL + rH = [Cu,LqH:], charges omitted). T = 298.2 K, I = 0.1 M (KCl). Standard deviations on the last significant
figure are given in parentheses. Most relevant species at neutral pH are given in bold.

R1=LH R3=L
pKa 4.16(3); pKa 5.78(4)
COOH (NiH*
Glu His)
pKa 6.40(2); pKa 6.75(3)
N..H* His (N H*
His)
pKas 9.69(1); pKas 10.19(1)
NH;* Lys (NH;* Lys)
pKas 10.32(1)
NH;* Lys
pKas 10.64(1)
NH;* Lys
Species Log Species Log
[Cu(LH;)]*  34.84(8) - -
[Cu(LH:)]*  28.1(3) [Cu(LH))]* 20.48(7)
[Cu(LH)]* 22.70(5) [Cu(LH)*  15.81(2)
[CuL]* 14.08(8) [CuL]* 9.39(3)
[Cu(LH.)] 4.46(7) [Cu(LH.)]* 2.48(2)
[Cu(LH.)] -5.85(9) [Cu(LH»)]  -6.22(3)
[Cu(LHS)>  -16.35(7) [Cu(LH3)]  -16.31(4)

Copper(II)/R1 complex formation equilibria. In the presence of copper(Il), and in excess of ligand with respect equimolar metal:ligand
ratio, the R1 peptide forms seven complex species. All these complexes correspond to 1:1 copper/peptide stoichiometry and differ for their
protonation states. The stoichiometry of these species, along with their log B values, are reported in Table 1. A representative distribution dia-
gram is reported in Figure 2. We will discuss here the speciation at neutral pH, whereas a complete description of the speciation of the systems
is reported as Supporting Information. It should be highlighted that we did not examine in depth ligand:Cu ratios lower than 1.5 since reactiv-
ity experiments were principally carried out in the excess of peptide. Our conditions are therefore unfavourable for the formation of di- or pol-
ynuclear species that, in agreement with this perspective, were not found in our speciation systems.

The predominant species in the pH range 6 - 8.5 is [Ca(LH)]** which reaches 95 % total copper at pH 7.2 (Figure 2). Above pH 8.5 [CuL]*
becomes the most abundant species, reaching its maximum at pH 9 (ca. 60 % total copper). The last three deprotonation steps lead to
[Cu(LH.)], [Cu(LH.)] and [Cu{LH.)]* and they involve solely the deprotonation of the lysine residues. The coordination environment of
copper in [Cu(LH)]** and [CuL]* (Scheme 1) are proposed on the basis of visible absorption and CD spectra of the copper(Il) / R1 (LH)
system at different pH (Figure 3; UV CD spectra are reported in Figure S1).

The two spectra at pH 6.70 and 7.30, where [ Cu(LH)]** is predominant, exhibit an absorption A of ca. $84 nm. By means of the parameters
of the average environment (Billo’s method)***! this wavelength is very well accounted for the presence on the equatorial plane of copper(1I)
of one imidazole nitrogen, two deprotonated peptide nitrogen atoms and a water molecule (Scheme 1, left; expected Amwx = 583 nm).***! A 6-
membered chelate ring is obtained in the hypothesis of coordination of the imidazole N® and of the deprotonated peptide nitrogen of His268.
By increasing the pH from 7.3 to 9.1 the maximum of the ligand field transition shifts from 584 to 523 nm in correspondence with the for-
mation of [CuL]* (Figures 2 and 3).



Scheme 1. Schematic representation of the copper(Il) coordination in Cu(LH) 1 and [CuL]* species of R1 (LH).
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Figure 2. Representative distribution diagram of the copper(1I) / R1 (LH) system in aqueous solution (Cu?**:R1 = 1:3, Ccu = 047 mM, I = 0.1 M
(KCl), T =298.2K).
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Figure 3. Left: Visible absorption spectra (Absorbance / Cc.) of solutions of copper(1I) and R1 (Cu?*:R1 = 1:1.5, Ccy = 0.39 mM, I = 0.1 M (KCl),
=298.2 K). Right: Visible CD spectra of solutions of copper(II) and R1 (Cu**:R1 = 1:1.5, Ccu = 0.52 mM, I = 0.1 M (KCl), T =298.2 K).

The latter absorption maximum is very well accounted for by the presence in [CuL]* of one imidazole and three peptide nitrogen atoms on
the equatorial plane of copper(II) (expected Auax = 523 nm).

This coordination mode is confirmed by EPR spectroscopy in which the complex between copper(1l) and R1 in slight excess displays a typi-
cal axial spectrum with with magnetic parameters: Aj= (174£1) x 10* cm”, A1 = 941 x 10* em™, gj= 2.2240.001 and gi= 2.055£0.0005.
(Figure S2). The simulation allows to assign 3N atoms in the coordination sphere of Cu(Il). Reporting the magnetic parameters into the
Peisach and Blumberg diagrams in which g| and A| are plotted for different coordination of model Cu(II) compounds,* it is evident that the
parameters of the R1 EPR spectrum are in agreement to a 3N coordination, confirming the assignment obtained by simulation. A schematic
representation of the proposed coordination mode is reported in Scheme 1 (right).

Copper(II)/R3 complex formation equilibria. In the presence of copper(Il) and in excess of ligand with respect equimolar metal:ligand
ratio, the R3 peptide forms six complex species. Similarly to what observed for R1, all correspond to 1:1 copper:peptide stoichiometries. The
speciation model is reported in Table 1, and a representative distribution diagram is reported in Figure 4. 4



The formation of copper:ligand 1:2 species was examined carefully for this ligand since the presence of two imidazoles may favor these stoi-
chiometries. The fitting analysis suggests negligible formation of 1:2 species under our experimental conditions. A complete discussion of the
speciation of the system is reported as a Supporting Information.

At neutral pH (pH 7-7.5) the [CuL]** and [Cu(LH.1) ]* species predominate (Figure 4). At pH 6.7, where [ CuL]** is 48% of the total copper,
the maximum of absorption of the d-d band is 610 nm. Copper(1I) in this species likely adopts an equatorial (3N,0) coordination mode that
involves one deprotonated peptide nitrogen, two imidazole donors, and a water molecule (Scheme 2). The expected Amax for this coordination
environment is 604 nm. Moving to pH 7.8 where [Cu(LH.)]* dominates, the spectrum of the solution experiences a blue shift to 585 nm
(Figure S; UV CD spectra are reported in Figure S3). This wavelength is well accounted for a (N, 2N, O) donor set. We have also per-
formed EPR experiments at both pH 6.7 and 7.8 in the presence of a slight excess of R3 compared to copper(II). At pH 6.7 [CuL]* is the ex-
pected predominant species, whereas at pH 7.9 [Cu(LH.)]* is the most abundant. In both cases, the spectra are characteristic of an axial ge-
ometry around the metal centre (Figure $4 and SS), but the simulation and the calculation of the magnetic parameters is not possible. The

co-existence of multiple species and the possible aggregation effect due to the temperature decrease prevent to calculate reliable magnetic pa-
rameters.
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Figure 4. Representative distribution diagram of the copper(1I) / R3 (L) system in aqueous solution (Cu?**:R3 = 1:3, Ccu = 047 mM, I = 0.1 M
(KCl), T=298.2K).
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Figure S. Left: Molar visible absorption spectra (Absorbance / Ccu) of solutions of copper(II) and R3 (Cu**:R3 = 1:1.25, Ccu = 0.60 mM, I = 0.1 M
(KCl), T =298.2 K). Right: Visible CD spectra of solutions of copper(II) and R3 (Cu*:R3 = 1:3, Ccu = 0.51 mM, I = 0.1 M (KCl), T = 298.2 K).

For this coordination environment we propose chelation models that are reported in Scheme 2 (modes a and b). In the first (mode a) the im-
idazole of His329 acts as the anchor and the donor atom set is made by two deprotonated peptide nitrogen donors (Ile328 and His329) and
one water molecule on the equatorial plane. In the second (mode b) imidazole of His 330 is the anchor, while the two-deprotonated peptide
nitrogen atoms are those of (His329 and His330). For each of the two donor atom set the expected maximum of absorption calculated using
the rule of the average environment (Billo’s rule) is 583 nm, in full agreement with experimental 585 nm.

'H-NMR data collected on R3 (see below) show how the proton signals of the I1le328-Pro332 are completely washed out upon addition of
copper(IL) to the peptide at neutral pH. These data suggest that possibly both modes a and b are present in solution. As for the coordination
of the second imidazole, our data do not provide information on the occurrence of this interaction.

The proposed equatorial coordination modes in [Cu(LH.;)]* start from one imidazole (either His 329 or 330) and extends toward the N-
terminal. In this circumstance a stable 6-membered (N, N°) chelation ring is formed. An alternative coordination mode for the (N, 2N, O)
donor set have been proposed in the literature, and it involves the anchoring to the imidazole and the deprotonation of amides toward the C-
terminal.**** For R1 and R3 peptide these coordination modes are prevented by the presence of the proline residue. 5



Scheme 2. Schematic representation of the copper(1I) coordination in [CuL]* and [Cu(LH.,)]* species of R3 (L).
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Overall, these data suggest that [CuL]*" and [Cu(LH.1)]* markedly differ in their coordination environment since two imidazoles are coordi-
nated in the equatorial plane in the former, while only one is found equatorially coordinated in the latter. This major change in the coordina-
tion of copper(1l) is consistent with the major changes in the CD spectra that were observed in the pH range 6.7-7.8 (Figure 5). Here we see
that the CD trace at pH 6.7 (green trace) has similar trend as the CD spectrum of copper(I1):R1 at pH 7.3 (Figure 3), but the sign of the
curve is inverted at pH 7.8 (violet trace). We can attribute this CD change to conformational inversion of the six-membered histidine chelate
ring occurring upon binding of the axial ligand in [Cu(LH.1)]* as this effect has been observed systematically for a number of copper(1I)
complexes with histidine-containing multidentate ligands. The much stronger CD activity observed in the visible range at high pH for both
Cu™:R1 and Cu’*:R3 complexes cannot be attributed to vicinal or conformational effects, and is probably due to coupling of transition mo-
ments of d-d transitions with the three strong n(amide)-copper(Il) charge transfer bands in the near-UV. In the literature a (3N,0) binding
mode at pH 7.4 for copper(II) with several model peptides of R1 and R3 was proposed.> For some of these peptides the precise coordination
environment was not clarified, and the involvement of the peptide groups was proposed to occur through the oxygen atom. Moreover, most
of those peptides are not acetylated at their N-terminus and, as a consequence, the N-terminal amino group has been proposed as one of the
donor groups, especially on the basis of the EPR fingerprints.** ** While the coordination modes we propose agree with those in the literature
for the presence of (3N,0) binding modes for both peptides at neutral pH, the major difference with the latter models is that the peptide
groups are coordinated through the deprotonated nitrogen atoms, and that possibly water is the oxygen donor.***

With the speciation of the two copper(II)/R1 and copper(I11)/R3 systems available, we could calculate for both peptides the conditional af-
finities for copper(II) at pH 6.5 and at pH 7.4 (Kq for the equilibrium [CuL] = Cu + L). These two pH values are those for which the Ki of
copper(IT)-tau and the copper(II)/(I)-tau reduction potential are available, respectively. The Ky of the copper(IT) adducts with the peptides
at pH 7.4 resulted 150(10) nM for R1 and 71(5) nM for R3. Although these two values allow to calculate the copper(1I)/(I)-tau reduction
potentials at this pH (see below), the affinities at pH 6.5 are needed to compare with that of tau.

The conditional Ky at pH 6.5 resulted 13(1) pM for R1 and 2.8(5) pM for R3, respectively. Although these conditional affinities for cop-
per(1) are lower than that determined for tau by ITC (500-700 nM),™ that of R3 stays within a factor of 4 to 6 to that of the protein. It is
therefore evident that a full-length tau plays a role in modulating on the overall formation constants of the copper(1I)-peptide adducts that is
not modelled by the fragments used in this study.

As expected, the R3 peptide has higher affinity for copper(II) than R1 at both pH values as a consequence of the presence of two His donors.
However, the affinity of R3 is only 2-fold higher than that of R1 at pH 7.4, and 5-fold at pH 6.5 therefore showing that R3 is not selective in
binding copper at both pH values. This is illustrated by the calculated competition diagram reported in Figure S6, which represents a hypo-
thetical system where copper(II), R1 and R3 are present in equimolar amount as it occurs in tau protein. The relative amount of copper(II)
bound to the R3 and R1 respectively is 65 vs. 35% at pH 6.5 and 58 vs. 42% at pH 7.4. Therefore, the presence in tau of one His (R1, R2 and
R4 of tau) or a His-His tandem (R3) the nature of the individual sequences may not be discriminant in defining a unique binding site for cop-
per(IT). The metal in tau may rather be distributed over multiple sites, or likely be bound to one preferential site as the consequence of addi-
tional structural features not modelled using R1 and R3 peptides.

Copper(I)/R1 and copper(I)/R3 complex formation equilibria. The formation constants of copper(I) complexes with R3 was deter-
mined in aqueous 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES) buffer 100 mM at pH 7.4. As a consequence of the use of
the buffer, these are apparent constants. However, there is consensus in the literature for not considering HEPES as a strong competing ligand
for copper(I).* We expect therefore the values of these apparent formation constants to be not significantly different to conditional ones.
UV-visible competition experiments were carried out using ferrozine (Fz*) as a competing metallochromic indicator for copper(I). By adding
R3 to a [Cu(Fz).]* solution, a decrease in the absorbance values in the range 450-800 nm was observed as a consequence of copper(I) dis-
placement from the indicator (Figure 6).
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Figure 6. Spectral dataset for the titration of a solution of [ Cu(CH3CN)4]BF, and Fz* with R3 (Cu:Fz = 1:2.15, Ccy = 41 pM, Cascorbare = 10 mM, 100
mM aqueous HEPES buffer solution, pH 7.4). Insect: absorbance values at 600 nm. Open circles: observed; filled circles: calculated.

Overall, all these data confirm that the R1 peptide does not bind significantly copper(I), while the R3 peptide has a high affinity for copper(I).
This result was not unexpected, since previous investigations of histatin peptides and models of Ap and Ctr1 has proven the affinity of His-His
tandem for copper(1).**? For these peptides affinities in the range of 10"°-10"! M were reported, although affinities down to 10 M have been
reported.® % As for the coordination environment, we put forward the hypothesis that the main binding site is at the two imidazole groups of
His 329 and His 330: copper(1) is likely {Nin,Nim) two-coordinated with a possible weak interaction of the carbonyl oxygen of His 329. The
involvement of the imidazole groups as the donor ligands is in full agreement with NMR data (see below). Finally, in the attempt to exclude a
buffer competing effect that could bias the comparison with NMR data, we have performed the same competition experiments in 100 mM
phosphate buffer at pH 7.0. Formation constants are not significantly different from those in HEPES (not shown).

Structural characterization of copper-R3 complexes by NMR spectroscopy. Copper(Il) and copper(I) binding to R3 at pH 6.8 was also
investigated by NMR spectroscopy. Upon addition of the paramagnetic ion to R3 solutions, we observed selective line broadening of NMR
resonances. As shown in Figure 7, the most affected signals were those belonging to His329, His330 and residues nearby, [le328, Lys331 and
Pro332. As usually found for copper(II)-peptide interactions, the higher is the metal concentration the larger is the metal induced line broad-
ening of NMR signals, as shown in Figure 7B. The most affected protons are those belonging to His imidazole rings, HS and He. In particular,
the effects are more pronounced on He than H§, indicating N§ rather than Ng, as binding donor atom for both His.5**

Besides copper(II), we also investigated copper(I)-R3 association. Copper(I) is diamagnetic and it induces chemical shift variations of pro-
tein/peptide nuclei close to the metal coordination sphere. As it is evident from Figure 8, signals of both His329 and His330 are downfield
shifted supporting their binding to the cuprous ion.**%” Moreover, Figure 8 shows changes on Ile328 methyl protons as well, this might be ex-
plained by considering their proximity to the metal center. Similar effects were obtained by using Ag(I) as copper probe. In this case, Ag(I)
causes upfield shift of His protons, in agreement with what we recently reported on copper(1) interaction with AB peptides.*® This similar be-
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havior is consistent with the fact that a His-His tandem is present in AP as well as in R3 and it plays a key role in metal interactions.®®®

The interaction between copper(II) and R1 has been also investigated by NMR spectroscopy. Both 'H 1D and 'H-'H TOCSY NMR spectra
(Figure S8) indicate that the presence of copper(Il) induces large broadening of the signals of His268 and of the vicinal residues (Leu266,
GIn269 and Pro270). These data confirm the relevance of His268 as anchoring site for the coordination of copper(1I).
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Oxidation of dopamine and 4-methylcatechol by copper-R1 and copper-R3 complexes. To gain information on the potential catalytic
role of copper-R1 and -R3 complexes in oxidative reactions, we performed a comparative study of their oxidative activity against catecholic
substrates with respect to that of free copper(1l). The most important substrate that can be involved in this type of reactivity is DA, due to its
abundance in substantia nigra neurons and because alteration in DA metabolism can be related to several neurodegenerative disorders.”” Cat-
echolamines are present in many brain areas besides the substantia nigra, and in particular in those regions which are mostly affected by AD
and Parkinson’s disease.”!
The oxidation of DA catalyzed by copper(1l) in HEPES buffer at pH 7.4 was studied in the presence of increasing amounts of either R1 or R3,
in parallel experiments. DA oxidation was monitored by UV-visible spectroscopy through the development of the absorption band of dopa-
minochrome (DAC) at 475 nm. This product accumulates in the initial stages of the reaction.”””* Within about 1 h, formation of insoluble
melanic products could be noted; therefore, we focused our attention on the first 30 min of reaction. In these conditions, DA autoxidation is
not negligible, as shown by the black dotted trace in Figure 9. DA (3 mM) oxidation catalyzed by copper(II) (25 uM) is strongly promoted by
the addition of R3 but it is only slightly enhanced by the presence of R1. In both cases, the DA oxidation increases by increasing the
tau/copper(II) ratio.
Since DA oxidation is rather slow and occurs with formation of mixture of products and precipitate, this substrate is not suitable to perform a
more detailed kinetic study. Therefore, the oxidation of the more reactive MC (with a lower semiquinone/catechol redox potential)46 can be
conveniently studied as a model substrate of DA. Oxidation of MC (3 mM) promoted by copper(I) (25 uM) and tau peptides at pH 7.4 (50
mM HEPES buffer) proceeds with a biphasic behavior where a fast initial step, concluded after about 100 s, is followed by a second linear
phase (Figure 10).
The biphasic behavior can be noted also for DA oxidation but the presence of several absorbing species in solution makes the observation less
clear. During the time course of MC oxidation, a shift of the developing absorption bands occurs from the initial value of 401 nm, due to the
4-methylquinone (MQ), to higher wavelengths, which is related to the formation of the quinone addition product with catechol.” By increas-
ing the peptide concentration, the rate of both steps is accelerated with a much stronger effect observed in the presence of R3 rather than the
complex with R1.
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Figure 9. Kinetic profile of DA (3 mM) oxidation with time in SO mM HEPES buffer solution at pH 7.4 and 20 °C in the presence of only copper(1I)
(25 uM) (brown trace) and with 2 equiv. (grey), 4 equiv. (orange) of R1 peptide or 1 equiv. (light blue), 2 equiv. (blue) and 4 equiv. (green) of R3.
Autoxidation of substrate is also shown (black dotted trace).
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Figure 10. Kinetic profile of MC (3 mM) oxidation with time in SO mM HEPES buffer solution at pH 7.4 and 20 °C in the presence of only cop-
per(Il) (25 uM) (brown trace) and with 2 equiv. (grey), 4 equiv. (orange) of R1 peptide or 1 equiv. (light blue), 2 equiv. (blue) and 4 equiv. (green)
of R3. Autoxidation of substrate is also shown (black dotted trace).

Prior to analyse the reaction mechanism and compare the different behaviour in the presence of the two peptides, we could estimate the re-
duction potential of the copper(II)/(I) couple by using the formation constants of copper(I) and copper(II) complexes with the two pep-
tides. As for the copper(I)/R1 adduct, for which a log 8 value could not be determined, an upper limit of log f = S was considered (see
above). With these data in our hands, we could estimate a reduction potential of -170(10) and +110(10) mV vs. NHE for R1 and R3, respec-
tively. The former value (-170 mV for copper/R1) represents an upper limit under our approximations.

It was previously demonstrated that the presence on peptide sequences of tandem His-His sites promotes the reduction of copper(II) to cop-
per(1), mainly through the formation of stable copper(I)/peptide adducts.***” It is however worth noting that here for both R1 and R3 frag-
ments the estimated potential is lower than that observed for copper adducts with tau (340 mV vs. NHE).*® Assuming for R3 and tau a similar
affinity for copper(I), the difference of an order of magnitude in the affinities for copper(II) accounts only for 60 mV of the difference in their
redox potentials. Overall these data suggest that there are structural or second-shell interactions in copper/tau adducts that determine the re-
dox potential in the protein and that are not completely modelled by R1 and R3 peptides.

The reaction mechanism previously proposed for the oxidation of catechols by copper-AB,** copper-a-synuclein* and copper-prion* peptide
complexes can be extended to the present study on copper-tau peptide complexes. It involves the following reaction steps:

1. Cu®* + peptide 2 [Cu**-peptide]

2. [Cu*-peptide] + catechol — [Cu*-peptide] + semiquinone*
3. [Cu*-peptide] + catechol 2 [Cu*-peptide-catechol]

4. [Cu*-peptide-catechol] + O, — [Cu-peptide-catechol-O:]
S. [Cu-peptide-catechol-O,] —— [Cu’*-peptide] + quinone

After rapid complexation (reaction 1), the reaction proceeds with the reduction of copper(II) to copper(I) by the catechol, which occurs as a
fast phase (reaction 2). The rate-determining step is reaction 4 of the reduced form of Cu-peptide complex with dioxygen, to generate the
ternary complex indicated as [Cu-PrP-catechol-O.]. Our previous studies on copper-peptide complexes indicate that the reaction rate de-
pends also on catechol concentration, suggesting that substrate binding occurs as a pre-equilibrium step before the rate-determining binding
of molecular oxygen.**** The R3 binding to copper(I) facilitates the reaction with molecular oxygen, increasing the reaction rate (Figures 9
and 10). On the other hand, the weak affinity towards R1 leaves copper(I) mostly unbound to the peptide and, thus, with a reactivity compa-
rable with that observed for “free” copper (Figures 9 and 10). The presence of the catechol, which could bind to the metal ions, could compli-
cate the scenario, perturbing the binding processes. Anyway, the activity data clearly indicate that the turnover reactivity of the cop-
per/peptide complexes is controlled by the copper(I) binding mode, confirming the key role of His-His tandem in R3 fragment. An increase
of the rate of copper-mediated oxidation of catecholic substrates has been already observed in the presence of AB# 74 75 and prion protein*
fragments, whereas truncated o-synuclein peptides induce a decrease in the reactivity of copper.” This behavior suggests that the multiple
histidine residues present in A, prion protein and R3 peptides, but not in R1 and a.-synuclein, are crucial for this reactivity.

Conversely, in the presence of other substrate as ascorbate the rate of oxidation is higher with copper compared to that of copper-Af7 77 or
copper-a.-synuclein* peptide complexes. This behavior can be ascribed to the different coordination properties of different substrate for cop-

per in both oxidation states and to a possible change in the rate limiting step of the overall process.

Competitive endogenous R1 and R3 peptide oxidation. Similarly to our previous studies on other copper-peptide complexes,* * * we
investigated the metal-catalyzed oxidation of tau peptides in the reductive environment generated during catechol oxidation, by using

LC-MS analysis. 10



This aspect is important because, unlike copper enzymes that activate oxygen for specific reactions,”® copper complexes with neuronal pep-
tides generate Cu/Os species capable of non-selective oxidations. This reactivity is due to Fenton chemistry yielding harmful reactive oxygen
species (ROS) that give rise to oxidative protein damage, through oxidation of amino acid residues, structural alteration and loss of
function.””*> These reactions contribute to the oxidative damage observed in AD, especially addressed to AB,** but they can also reasonably
involve tau protein.

In this LC-MS analysis, the oxidative modifications on R1 and R3 peptides produced upon oxidation of both DA and MC were evaluated. In
these experiments, a solution of copper and tau peptides was incubated in the presence of DA or MC in the same conditions as in the catalytic
oxidations ([tau peptide] = 50 uM; [Cu**] = 25 uM; [catechol] = 3 mM; in SO mM HEPES buffer pH 7.4). Samples were analysed after 15,
30 and 90 min reaction time.

R1 fragment undergoes a limited pattern of modifications in the presence of MC (Figure 11 - panel A), whereas in the presence of DA the
peptide remains mostly unmodified (peak with tz = 26 min, Figure 11 - panel B). In the latter case, the peak appearing at tz of 24 min, with
relative area of 7 %, is not corresponding to an oxidative modification but it is probably due to a fragmentation derivative.
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Figure 11. HPLC-MS elution profiles of R1 peptide (50 uM) in HEPES buffer (50 mM) pH 7.4 in the presence of copper(Il) (25 uM) and MC
(panel A) or DA (panel B) (3 mM) after 15, 30 and 90 min reaction time.

Table 2 reports the variation over time of the percent modification of the native peptide. These data show that in the presence of MC the
most abundant modification underwent by R1 peptide is the nucleophilic addition of MC and MQ to His residue (two adjacent peaks with tr
= 33/34 min). The modification that implies an oxygen atom insertion (R1+16, peak with tz = 29 min) is limited and it is only observed in
low amount after prolonged incubation (1 % after 30 min and 3 % after 90 min).

The oxidative modifications of R3 peptide are larger both in terms of the number of products and in terms of the extension of the modifica-
tions (Figure 12). In the presence of DA (Figure 12 — panel B), the most abundant modification corresponds to the peak with mass increment
of +16 (tz = 27 min) that indicates the insertion of an oxygen atom (11 % after 30 min and 29 % after 90 min — Table 3). It is possible to note
also the double insertion of oxygen (+32 total mass increment — 8 % after 90 min), whereas small amount of derivatives obtained from addi-
tion of catechol (2 % of R3-DA+16) or quinone (1 % of R3-DAQ and 2 % of R3-DAQ+16) even after 90 min are observed.
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In the presence of MC, the pattern of modification is even more complicated (Figure 12 — panel A). The types of modification identified by
LC-MS analysis include: (i) O-atom insertion into His329 or His330 (+16 mass increment); (ii) double O-atom insertion into both His resi-
due (+32); (iii) addition of MQ to one His residue (+120); (iv) addition of MC to one His residue (+122); (v) a double modification con-
sisting in MQ addition to one His residue (+120) and O-atom insertion into His (+16), yielding a total mass increment of 136; (vi) a double
modification consisting in MC addition to one His residue (+122) and O-atom insertion into His (+16), yielding a total mass increment of
138; (vii) oxidation of Pro332 to hydroxyproline® followed by dehydration (mass loss of 2).Contrarily to the data regarding R1 in which the
nucleophilic addition was predominant, in this case the oxygen insertion is the most abundant modification.

In conclusion, R3 undergoes extensive modifications, since the amount of unmodified peptide is only 8 % after 90 min of time incubation.
The LC-MS data are in agreement with the catalytic data on catechol oxidation. R1 fragment is weakly bound to copper(I), leading to a slow
reaction with molecular oxygen and thus to weak catalytic activity in catechol oxidation and limited “self-modification”.
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Figure 12. HPLC-MS elution profiles of R3 peptide (50 pM) in HEPES buffer (S0 mM) pH 7.4 in the presence of copper(Il) (25 uM) and MC
(panel A) or DA (panel B) (3 mM) after 15, 30 and 90 min reaction time.

It is also possible to compare the tendency to undergo copper-mediated oxidative modification of tau R3 and R1 peptides with other neuronal
peptides analysed in the same experimental conditions in previous studies by our group. By considering the percentage of unmodified peptide
after 90 min in the presence of copper and MC it is possible to list the neuronal peptides in this order of reactivity: R3 > prion fragment 76-
114 (PrPre114)* > ABL16 =~ AB28* >> R1 > a-synuclein fragment 1-15.%

SOD-like reactivity of copper-R1 and copper-R3 complexes. We also measured the SOD-like activity of copper(I)-R1 and copper(1I)-R3
complexes in comparison to the activity of free copper(II) in solution. The activity was evaluated through the direct assay in which O is sup-
plied as KO,-crown ether complex, as we reported previously for copper(Il)-prion,* copper(II)-AB* and copper(Il)-a-synuclein* peptide
complexes. As shown in Figure S9, neither copper(II)-R1, nor copper(11)-R3 significantly increase the SOD activity of free copper(1l).

CONCLUSIONS

Compared to the interaction of copper with other neuronal peptides involved in the pathogenesis of neurodegenerative diseases, which has
been deeply elucidated, the interaction of copper with tau protein is poorly characterized, even if the relevance and the impact of tau homoeo-
stasis in neurodegenerative diseases progression is taking a central stage in the last years. The present study presents a thorough and detailed
analysis of the stability and the structural models of copper (in both oxidation states) complexes with two peptide fragments that are encom-
passed in the R1 and R3 repeats of tau.

Potentiometric measurements suggest that the vicinal His-His residues in R3 guarantees a strong binding site for copper in both oxidation
states (Kq value of 71 nM and 0.08 nM for copper(1I) and copper(I), respectively), whereas the single histidine in R1 can bind copper(1I) (Ka
= 150 nM) but not copper(I). CD and NMR techniques confirm the involvement of the His-His tandem in the coordination of copper in

Table 2. Modification of R1 peptide (S0 uM) detected by LC-MS analysis, in the presence of copper(II) (25 uM) and MC or DA (3 mM) in
HEPES buffer (S0 mM) pH 7.4 at 20 °C.

Incubation time (min) R1 +16 +MQ +MC +MQ +16 +MC +16
15 95% - 3% 2% - -
30 88% 1% 6% 5% - -
90 85% 3% 5% 5% 1% 1%
Incubation time (min) R1 +16 +DAQ +DA +DAQ +16 +DA +16
15 100% - - -
30 100% - - - - -

90 93% - - - - -



both oxidation state.

The study of the oxidative reactivity of these copper-tau peptide complexes confirms that R3 coordination sphere guarantees an efficient cop-
per(I)/(II) redox cycling. In particular, copper-R3 complex is able to strongly enhance the capability of copper to oxidize cathecolic sub-
strates as DA and MC, whereas copper-R1 complex reactivity is similar to that of free copper. The reduction of copper during the catechol
oxidation generate Cu/O; species capable to oxidize other cellular components through Fenton chemistry. LC-MS analysis of the reaction
mixture indicate that R3 is rapidly and extensively modified, through oxygen insertion and/or quinone-derivatized histidines. By comparing
the tendency to undergo copper-mediated oxidative modification of tau R3 and R1 peptides with other neuronal peptides analysed in previ-
ous studies by our group we can conclude that R3 is the most reactive, followed by prion protein fragment (PrPss.114) and N-terminal portion
of AP peptide.

In conclusion, the His-His tandem strongly discriminates the copper binding rendering the copper(I) coordination more favourable in R3
compared to R1. This site accommodates copper in both oxidation states providing an active catalyst for reactions that activate oxygen and
are potentially dangerous for the cellular compartment. The different binding of copper(I) for R3 and R1 fragments is particularly important
for this interaction because tau protein is located intracellularly where the reductive redox potential implies that copper is mostly in the re-
duced state.

The next steps of this bottom-up approach for deciphering the copper-tau interaction might include: (i) the study of the copper complex with
R3 peptide that includes the cysteine residue, which has a relevant role in tau aggregation; (ii) the analysis of protein fragments that contain
more than one copper binding site in order to understand if the individual binding site is influenced by each other’s; (iii) once characterized
the individual binding site for copper, the extension of the study to full length protein; (iv) the implementation of this in vitro approach by
introducing other cellular components such as membrane-like environment.

ASSOCIATED CONTENT

Supporting Information. Materials and methods, detailed description of copper complexes formation equilibria, EPR spectra, additional CD and
UV-visible spectra. This material is available free of charge via the Internet at http://pubs.acs.org.
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