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Cellulaires et Intégratives, F-67000 Strasbourg, France 

Abstract. Alzheimer’s disease (AD), one of the most common neurodegenerative diseases worldwide, 

is characterised by the self-assembly of amyloid-β peptides (Aβ) in senile plaques, which are also rich 

in metal ions such as Cu and Zn. Here, we investigated the influence of Zn(II) ions on the self- and co-

assembly of Aβ1-40 and the N-terminally truncated Aβ4-40 peptides, the two most prevalent Aβ peptides 

in the brain. The Zn(II) coordination site in the soluble model peptide Aβ4-16 was investigated for the 

first time through pH-dependent X-ray absorption spectroscopy and nuclear magnetic resonance 

measurements, suggesting the formation of two species around neutral pH, depending on the 

(de)protonation of the N-terminal amine. The Zn(II) affinity was assessed via robust competition 

experiments, showing that Aβ4-16 has a four-fold lower affinity than Aβ1-16. The self-assembly of Aβ1-40 

and Aβ4-40, and their co-assembly were monitored in presence of various Zn(II) levels, which reveals an 

important concentration-dependent modulatory effect of Zn(II) ions. In particular, the interplay 

between Zn(II), Aβ1-40 and Aβ4-40, compared to either binary Zn-Aβx-40 systems, promotes the formation 

of ill-defined assemblies regarded as more toxic than fibrils. This study provides new more-biologically 

relevant insights on the complex interaction between Zn(II) ions and the two major forms of Aβ 

peptides detected in the senile plaques, underscoring their significance in the pathophysiology of AD.
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Introduction

Alzheimer’s disease (AD) is one of the most common neurodegenerative diseases worldwide, 
affecting an ever-increasing number of patients, with nearly 140 million predicted cases in 2050. AD is 
characterised by memory loss, behaviour and physical issues due to brain deterioration.1-3 According 
to the amyloid cascade hypothesis,4-7 the formation of extracellular deposits of amyloid-β (Aβ) 
peptides is a direct cause of AD. Metal ions such as iron, copper and zinc are known to colocalize with 
amyloid deposits in AD brain at up to mM level.8-11

Aβ peptides are intrinsically disordered peptides12 of up to 42 amino-acid residues. Their 
sequences can be divided into two main parts: the N-terminal part (residues form 1 to 16) that is 
hydrophilic and involved in the coordination of metal ions,13-16 and the C-terminal sequence (residues 
form 17 to 42) that is hydrophobic and involved in Aβ self-assembly.17-19 This process, commonly 
referred to as aggregation, results in the formation of highly structured fibrils enriched with cross-β 
sheet structures, which eventually accumulate to form the senile plaques found in the brain of AD 
patients.10, 20-22 This process is a supramolecular polymerisation that follows a nucleation and an 
elongation steps.23-31 Secondary nucleation processes are also at play,23, 24, 32 that can be either peptide-
dependent (fibrils catalysed nucleation)24 or independent (fibrils fragmentation) (Scheme S1). When 
two peptides are at play, the co-assembly occurs along different paths as reported for a few Aβ-based 
peptides couples.33-36 The most studied forms of Aβ peptides are the Aβ1-40 and Aβ1-42 (sequence: 
1DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA42), which originate from the proteolysis of 
the Amyloid Precursor Protein (APP).37, 38 Although Aβ1-42 is regarded as more toxic than Aβ1-40 due to 
its larger aggregation propensity, it represents less than 5 % of the of amyloid-based material in 
deposits in contrast to Aβ1-40 that is the predominant form.39-41 However, it has been shown that Aβ 
peptides belong to a larger family composed of several other forms including truncated and post-
translationally modified variants.42-46 The N-terminally truncated Aβ peptides bearing the Phe4 at the 
N-terminal position (Aβ4-X) were co-discovered with Aβ1-X as two major types of senile plaque 
components, in similar amounts.47, 48  Later studies indicated that amounts of Aβ4-42 and Aβ1-42 in brain 
tissues are similar.43, 46, 49-52 Aβ4-X is formed from the corresponding Aβ1-X by Zn proteases, prominently 
insulin-degrading enzyme,53, 54 and neprilysin,55, 56 which are also involved in general Aβ catabolism.  
Aβ4-42 was shown to display similar or higher toxicity levels than Aβ1-42,49

 consistently with a higher 
propensity to assemble.57-59 

In line with the high levels of metal ions found in amyloid plaques, a disregulation of copper  
and zinc homeostasis that promotes pathological effects was reported in AD, in line with the possibility 
of copper and zinc(II) ions (hereafter noted as Zn) to bind to the Aβ peptides at neutral pH.13, 16, 60-68 As 
the redox-active Cu ion cycles between Cu(I) and Cu(II) redox states in biological media,69 Cu-bound Aβ 
peptides can be involved in the production of reactive oxygen species (ROS) contributing to the 
oxidative stress observed in AD.62, 70, 71 In addition, Cu(II) or Zn(II) interactions with Aβ1-40/42 impact its 
self-assembly.16, 63, 72-76 Several studies described metal-induced modifications of Aβ1-40 or Aβ1-42 self-
assemblies kinetics and of the morphology of the resulting fibrils.77-84 Cu and Zn differently affect Aβ 
self-assembly in line with their different binding sites.16, 72, 85 In addition, the impact of a given metal 
ion depends on the sequence of the peptide at play due to distinct coordination sites and affinity. For 
instance, it has been shown that sub-stoichiometric ratio of Cu has significantly weaker impact on the 
kinetics of Aβ4-40 self-assembly compared to that of Aβ1-40, although for both peptides, Cu enhanced 
the formation of amorphous aggregates at super-stoichiometric ratios.19 In contrast to Cu, Zn cannot 
bindto the FRH ATCUN motif found in Aβ4-40, which involves the N-terminal amine, the imidazole group 
of the His at the third position and the two deprotonated amide in-between.86, 87 Indeed, Zn is generally 
not able to induced the deprotonation of amide due to its lower Lewis acidic character compared to 
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Cu(II).88, 89 The Zn coordination to Aβ4-40 and resulting effects on self-assembly are still barely studied, 
although Zn is one of the most abundant metal ions in the brain60, 68, 90, 91  (10 to 100-fold more 
abundant than Cu). 

With the long-term objective to better understand the impact of Zn metal ions in the amyloid 
cascade linked to AD, we have first determined the Zn binding properties of Aβ4-40, knowing that Zn 
binding to Aβ1-40 is well documented.92-100 Coordination mode(s) of Zn and its affinity for the Aβ4-X 
peptide have thus been evaluated near neutral pH. Then, the impact of Zn on the self-assembly of 
either Aβ1-40 or Aβ4-40 was investigated to reveal peptide-specific Zn-modulated self-assembly trends. 
Furthermore, the effect of Zn on the co-assembly of the biologically relevant Aβ1-40/Aβ4-40 (1/1) mixture 
was also evaluated. This will give insights into a three components assembly involving one metal and 
two peptides whereas most studies have focused on only one component (peptide) or two 
components (two peptides or a peptide + a metal) assembly.         
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Results and discussion

Due to the propensity of Zn(AβX-40) to aggregate, the studies on Zn coordination sites and 
affinity were performed with the C-terminally truncated model peptides encompassing the residues 1 
to 16 and 4 to 16 (with both the COOH and CONH2 as the C-termini). These models are known to 
contain the main binding residues of the full-length peptides,13, 101 but don’t self-assemble at the 
concentration required for the spectroscopic studies. 

pH-dependent Zn coordination studies 

We performed a pH-dependent study of Zn binding to the C-terminally truncated peptides 
Aβ4-16-COOH/-CONH2 using XAS (X-ray Absorption Spectroscopy) and NMR spectroscopies and 
compared the data with those of related peptides, mainly Aβ1-16. The investigation of the coordination 
site in a fairly large pH range (here from 6.8 to 8.2), rather than only at neutral pH, has proven to be a 
reliable strategy to better describe the coordination site of metal ions (Zn and Cu) at neutral pH, see 
e.g. refs.93, 102-106 In order to study the pH-dependent speciation of Zn(Aβ4-16) complexes, 
potentiometric titrations have been attempted but have been impaired by the gradual precipitation 
and poor solubility of Zn(Aβ) complexes at the concentration (ca. mM) required for such 
measurements, in line with previous reports.107, 108 Only the protonation constants of Aβ1-16 and Aβ4-16 
were re-evaluated (Tables S1 and S2). 

X-ray absorption spectroscopy

The coordination site of Zn bound to the Aβ4-16-CONH2 peptide was first studied by XAS, which 
is the method of choice for d10 ions, silent in most classical spectroscopy.109-111 XAS spectra of Zn(Aβ4-

16-CONH2) were recorded at physiological pH 7.4, and at pH 6.9 and 7.9 to probe a possible pH-
dependent Zn coordination to the Aβ4-16-CONH2 peptide. In the K-edge XANES (X-ray Absorption Near 
Edge Structure) spectra of Zn bound to Aβ4-16-CONH2 recorded at these three pH values (coloured 
traces, Figure 1.A), the white line intensity (i.e. intensity at ≈9666 eV)  – which correlates with the Zn 
coordination number – is in line with a tetragonal Zn centre (Table S3),110 as reported earlier for Zn 
bound to Aβ peptides of various sequences including Aβ1-16-CONH2 (black trace, Figure 1).92, 93, 101, 112 In 
addition, the recorded signatures were mostly free of unbound Zn (Figure S1) and pH-dependent, as 
previously reported for the Zn(Aβ1-16) complex.93, 112 The EXAFS (Extended X-ray Absorption Fine 
Structure) spectra of Zn bound to Aβ4-16-CONH2 at the three pH values (coloured traces, Figure 1.B) 
were virtually identical to each other and displayed a bimodal interference pattern between k ≈ 3 and 
5 Å-1 (grey region, Figure 1.B) typical of multiple-scattering contributions from outer shells of His 
imidazole rings.113 This reveals the involvement of His residues in the coordination sphere of Zn(Aβ4-16-
CONH2) throughout the pH range explored (6.9-7.9). Moreover, the EXAFS spectra of Zn(Aβ4-16-CONH2) 
are indistinguishable from that of Zn(Aβ1-16-CONH2), for which a tetragonal sites with 4 N/O ligands 
including 2 His residues was proposed (note that N and O ligands are not distinguishable by EXAFS).114 
Hence, based on the similarity between the XAS spectra of Zn(Aβ4-16) and Zn(Aβ1-16), an analogous 
tetragonal site including 2 His and 2 O ligands is inferred for Zn(Aβ4-16-CONH2).
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Figure 1. XAS spectra of Zn(Aβ4-16) at pH 6.9 (orange), pH 7.4 (purple) and pH 7.9 (blue) compared to Zn(Aβ1-16) 
at pH 7.4 (black). (A) normalized K-edge XANES spectra; (B) k3-weighted EXAFS spectra. Conditions: 
[Aβ] = 1.2 mM, [Zn] = 1 mM, [HEPES] = 100 mM. Glycerol (10% v/v) was used as a cryoprotectant, T = 10 K. In (B), 
the grey region (k ≈ 3 -5 Å-1) highlights the bimodal interference pattern due to multiple scattering from imidazole 
rings.

NMR spectroscopy

To further investigate the Zn coordination sites within the Aβ4-X peptides, pH-dependent 1H 
NMR experiments were performed (Figure 2, where data are shown at 0.5 equiv. of Zn for matter of 
clarity; for the complete range of ratio, see Figure S3-S4). Detection of the groups interacting with Zn 
can indeed be achieved by studying the effect of the Zn addition on the NMR proton signals. Zn binding 
usually results in the changes of chemical shifts, accompanied by moderate line broadening of the 
signals of protons neighbouring the binding site.92-94, 97, 99, 108 In the present case, Zn addition to the Aβ4-

16 peptide led to a broadening of the NMR spectra regardless of the pH values (Figure 2). This is due to 
the combination of (i) a residue-specific broadening resulting from the interaction between the Zn and 
the peptide in a fast exchange regime,99 and (ii) a residue-unspecific broadening imputable to the 
precipitation of Zn(Aβ4-16) that increases with pH and over time. 
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Figure 2. 1H NMR spectra of Aβ4-16 peptide in the absence (black) orpresence or of 0.5 eq. Zn  (red) at different 
pH. Panels A, B, C show the following spectral regions: A, 7.9-66 ppm; B, 4-3.6 pp,; C, 3.1-1.9 ppm). Conditions: 
[Aβ] = 200 µM, [Zn] = 100 µM, [d19-Bis-tris] = 50 mM, 10% D2O, in milliQ water, pH = 6.8, 7.4, 7.6 or 7.9, T = 298K, 
ν = 600 MHz. The assignment of 1H chemical shifts of Aβ4-16 peptide was achieved by TOCSY experiments (Figure 
S2, Tables S3 and S4). 

In the aromatic region, the different protons of the His were impacted by the addition of Zn 
on the Aβ4-16 peptide by both a change in the chemical shifts and a broadening (Figure 2.A). The signals 
of the aromatic protons of Phe4 and Tyr10 were much less broadened that those of His, and the 
Phe4 (Hδ) was slightly shifted downfield at all pH values. The impact of Zn on the Phe4 aromatic signals, 
observed to a larger extent at higher pH values, was stronger than those previously reported for a 
series of Aβ1-16 peptides.92, 93 

Furthermore, the Hα signal of the N-terminal Phe4 of Aβ4-16 was strongly shifted upfield with 
the increase of the pH values (Figure 2.B), in line with deprotonation of the amine near pH 7.6 (as 
evaluated by potentiometry, see Table S2). The presence of Zn induced a downshift and a broadening 
of this signal at all pH values, whose extent increases with pH. Altogether, the effect of Zn on Phe4 
signals may indicate that Zn binding to the N-terminal amine occurs between pH 6.8 (weak effects) and 
pH 7.9 (strong effects), in line with the deprotonation of the N-terminal amine. 

The proton signals of the Asp7 Hβ and Glu11 Hγ were weakly broadened by the addition of Zn 
ions regardless of pH (Figure 2.C), indicating the possible participation of these amino-acid residues in 
Zn binding. It is worth noting that the impact of Zn on the carboxylate-containing residues was weaker 
in case of the Aβ4-16-COOH versus Aβ4-16-CONH2 in the whole pH range tested (compare Figures S3 and 
S4) suggesting that the non-biologically relevant C-terminal carboxylate participates in the Zn binding, 
entering in competition with those of Asp7 and Glu11 side-chains. In addition, the Val12 Hγ was 
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significantly affected by Zn addition regardless of the pH (Figures S3-S4). Such feature was not 
observed for E11Q- and H13A-Aβ1-16 mutants,92 which suggests the involvement of both Glu11 and 
His13 in Zn binding to the Aβ4-16 peptide. 

Zn-binding affinity 

The affinity of Zn(Aβ) complexes was then studied by a robust competition assay relying on the 
use of a water-soluble chelator N,N'-Bis[(5-sulfonato-2-hydroxy)benzyl]-N,N'-dimethyl-ethane-1,2-
diamine (also called L2) previously described (Figure S5).115 The competition experiments were realised 
following the absorbance of the characteristic band of the Zn(L2) complex, corresponding to the 
phenolate to Zn charge transfer transition in Zn(L2), at 254 nm, by UV-vis spectroscopy. The 
experimental absorbance of the Zn(L2) complex was studied as a function of peptide concentration for 
Aβ1-16 and Aβ4-16 (both C-terminal free and C-amidated peptides). Aβ peptides were able to remove 
competitively the Zn ions from the Zn(L2) complex leading to the formation of Zn(Aβ). Indeed, the 
addition of the Aβ peptides to the Zn(L2) complex led to the disappearance of its characteristic band at 
254 nm (Figures 3.A and S6), and to the appearance of a band at 275 nm corresponding to the 
absorbance of the Tyr10 from the peptides (Figure S7). The reproduction of the experimental 
normalized curves corresponding to the absorbance at 254 nm as a function of the concentration of 
peptide added  (Figure 3.B) was realised following a previously described in-house procedure115 (see 
experimental part for details).

Figure 3. (A) UV-Vis spectra of a solution of L2 (red dotted line), in the presence of Zn ions (blue), and with the 
addition of increasing concentrations of Aβ4-16-CONH2 peptide (grey to green lines). The arrows indicate the 
variation of the bands of the Zn(L2) complex upon Aβ addition. (B) Normalised experimental absorbance (dots) 
and their best fit (lines) of the competition between Zn(L2) and increasing concentration of Aβ1-16-COOH (black), 
Aβ1-16-CONH2 (blue), Aβ4-16-COOH (green), Aβ4-16-CONH2 (red) peptides. Conditions: [L2] = 60 µM, [Zn] = 50 µM, 
[Aβ] = 50 to 250 µM, [HEPES] = 50 mM, pH = 7.1, T = 25°C. Average of two experiments. 

All the experimental data have been well reproduced based on the formation of a 1:1 
Zn:peptide complex. The apparent association constant of Zn(Aβ1-16-COOH) and Zn(Aβ1-16-CONH2) 
results to be Kapp= 1.1 105 M-1 (Table 1) in line with data obtained using various methods93, 96, 100, 108, 115 
and taking the apparent affinity of Zn for L2 at 1.2 106 M-1 at pH 7.1.115 The data for both Aβ1-16-COOH 
and Aβ1-16-CONH2 peptides are virtually identical, indicating that the C-term protection of the Aβ1-16 
sequence has no impact on the Zn affinity for the Aβ1-16.
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The N-truncation at position 4 of the Aβ peptides induced a significant decrease of the Zn 
affinity, with values of Kapp = 4.5 104 M-1 and a Kapp = 2.5 104 M-1 for Aβ4-16-COOH and Aβ4-16-CONH2 

(Table 1), respectively. This indicates that the formation of the Zn(Aβ4-16) complex is disfavoured by 
the loss of the first three amino acid residues. This is consistent with the fact that Asp1 and Glu3 were 
proposed to be involved in Zn-binding in the Aβ1-16 peptide.92 A similar trend was observed for D1N, 
E11Q and to a lesser extent E3Q and D7N mutants of the Aβ1-16-COOH.92 In contrast to the observation 
made on the Aβ1-16, the C-terminal protection of the Aβ4-16 peptide leads to a two-fold decrease in the 
evaluated Zn affinity. This is in line with the participation of the non-biologically relevant C-terminal 
carboxylate in Zn binding within the Aβ4-16-COOH peptide and in line with the previous observations 
made by NMR. We surmise that the different response of Aβ1-16 and Aβ4-16 to the C-term protection 
may arise from a combination of the following factors: i) the lower number of carboxylate groups in 
Aβ4-16 relative to Aβ1-16, ii) the closer proximity to the C-terminus of the Zn-binding site in Aβ4-16 relative 
to Aβ1-16, iii) the overall less negative charge of Aβ4-16 relative to Aβ1-16. In brief, the affinity measured 
by the competition experiments indicates an affinity of about 105 M-1 at neutral pH, with a higher 
affinity for Aβ1-16 versus Aβ4-16 in line with the presence of two additional carboxylate-containing 
residues at positions 1 and 3 in the former peptide.  

Table 1. Apparent Zn affinity values for the two peptides under study here. 

Peptide Kapp (105 M-1) at pH 7.1
Aβ1-16-COOH 1.1  ± 0.1
Aβ1-16-CONH2 1.1  ± 0.1
Aβ4-16-COOH 0.45  ± 0.1
Aβ4-16-CONH2 0.25  ± 0.1

Zn coordination sites in Aβ4-16-CONH2

Based on the results described above and the reported Zn binding sites in related Aβ 
peptides,92, 93 we propose the Zn coordination sites to Aβ4-16-CONH2 shown in Scheme 1, top. This 
coordination is pH-dependent in line with the deprotonation of the N-terminal amine that further 
enters the Zn coordination sphere as evidenced by the stronger Zn-induced broadening of Phe4 
resonances observed in NMR. At “low” pH, the main coordination site for the Zn(Aβ4-16) complex is 
similar to the one proposed for the Zn(Aβ1-16) reminded in Scheme 1, bottom.92, 93 It is based on a [2N2O] 
site made of two imidazole groups from His and two carboxylate groups from Asp7 and Glu11 residues 
(Scheme 1, top). Similar to Aβ1-16 coordination site, the two imidazole groups would be from two 
among the three His residues in equilibrium. On the Zn(Aβ1-16) complex, a dynamic exchange between 
the Asp1, Glu3, and Asp7 was reported. As the Aβ4-16 peptide is truncated at position 4, this exchange 
can’t be observed on the Zn(Aβ4-16) complex as the two carboxylate groups are always bound to Zn. 
Besides, because the available potential carboxylate groups are only two, the possibility of having the 
three His bound cannot be fully ruled out, the last coordination position being then occupied by the 
side chains of Asp7 or Glu11 in exchange (Scheme S3). At “high” pH, the main coordination sites for 
the Zn(Aβ4-16) complex are issued from those at “low” pH, taking into account the deprotonation of the 
amine and the resulting replacement of an imidazole or a carboxylate side-chain. Hence, a [3N1O] built 
on two imidazole rings from His residues, a carboxylate group (Asp7 or Glu11, in equilibrium) and the 
N-terminal amine of the peptide (Scheme 1, top) or a [2N2O] made by one imidazole from His residues, 
the two carboxylate groups (Asp7 and Glu11) and the N-terminal amine of the peptide (Scheme S1, 
top) are proposed. Considering that the EXAFS signatures are reminiscent of Zn-sites containing two 
imidazole groups,92, 93, 110 the [2N2O] might be the favoured binding site at both low and high pH. It is 
also worth pointing out that, even though the peptide is highly flexible and can provide enough ligands 
to fill the tetragonal coordination sphere of Zn, the coordination of a water molecules cannot be ruled 
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out. Since, unlike Cu(II), Zn is not able to induce the deprotonation of the N-terminal amine,88, 89 the 
pKa of transition between the “low” and “high” pH species is lower but not too far from that of the 
deprotonation of the N-terminal amine in the apo-peptide, namely 7.6 (Table S2). Hence, in the case 
of Zn(Aβ4-16), the deprotonation of N-terminal amine occurs at lower pH than in the case of Zn(Aβ1-16). 
This is linked to the different pKa of the terminal amine in the corresponding apo-peptides, which can 
be attributed to the possibility of stabilizing the protonated form of the amine due to a metallacycle 
with the carboxylate side-chain of Asp1 in the case of Aβ1-16 (Scheme S4). In addition, it is anticipated 
that the binding of the N-terminal amine to the Zn occurs at a lower pH in the case of Aβ4-16 since there 
are fewer potential binding residues compared to Aβ1-16.  

≲7.9

pH

N NH

Zn2+

COO-
Glu11

N
HN

His6

His13/14

NH3
+

COO-

Asp1

N NH

Zn2+

COO-
Glu11

N
HN

His 6

COO-

NH2

His13/14

Asp1
Glu3
Asp7

Asp1

N

Zn2+

H
N

COO-

Glu11
COO-

Asp7

N

HN

N

N

HN

Zn2+

H
N

COO-

NH2

Asp7/
Glu11

Phe4

≲7.6

NH3
+

Phe4

Aβ4-16

Aβ1-16

Scheme 1. Proposed coordination sites for Zn(Aβ4-16) complex near physiological pH (top) compared to proposed 
coordination sites for Zn(Aβ1-16) (bottom) from refs.92, 93.
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Zn impact on Aβ self-assembly and co-assembly

After having evaluated the coordination of Zn to the Aβ4-16-COOH/NH2 model peptide, the 
impact of Zn on the self-assembly of Aβ4-40 was compared to that of Aβ1-40 in link with the different Zn 
binding site and affinity revealed for the two peptides. In addition, the modulation of the co-assembly 
of both peptides by different amounts of Zn is also described and discussed. The kinetics of the 
assemblies of Aβ1-40 and Aβ4-40 was monitored by the enhancement of the thioflavin T (ThT) 
fluorescence and key parameters evaluated (see Experimental section for details). The morphology of 
the fibrils at the end of the assembly process was evaluated by transmission electron microscopy 
(TEM). Six independent experiments were performed to secure the detection of reliable trends.116, 117 
A representative experiment is described below and the other ones are gathered in the Supporting 
Information (Figures S9 and S10, and Figures S11-S14 for additional TEM pictures); similar trends were 
detected. To ease the description and unless otherwise stated, the reported values correspond to the 
experiment shown in the full text, and the kinetic parameters corresponding to the other available 
experiments are given in Tables S6-S7. 

Figure 4. Selection of representative ThT curves of Aβ peptides without (A) and with 1 equiv. of Zn (B): Aβ1-40 
(blue), equimolar mixture of Aβ1-40 and Aβ4-40 (grey), and Aβ4-40 (green). The thin lines correspond to individual 
replicates and the bold lines to their average. The ThT fluorescence intensities are in arbitrary units and are 
plotted with the same scale to be directly comparable. Conditions: [Aβ]total = 20 µM, [Zn] = 20 µM, [ThT] = 10 µM, 
[HEPES] = 100 mM, pH = 7.4, [EDTA] = 0.02 µM, T = 37°C. Corresponding TEM pictures taken after 7 days of self-
assembly of Aβ1-40 (C and F), equimolar mixture of Aβ1-40 and Aβ4-40 (D and G), and Aβ4-40 (E and H). 

Apo-peptides. The self-assembly kinetics of Aβ1-40 and Aβ4-40 were first examined. A symmetric 
sigmoidal curve is observed in the case of the Aβ1-40 peptide (blue curves in Figure 4.A) with a t1/2 of 
about 40 h and a growth rate k of about 0.3 h-1 (See Experimental details for the description of kinetic 
parameters). TEM revealed that Aβ1-40 fibrils are long with characteristic twists (Figure 4.C). In contrast, 
the self-assembly of the Aβ4-40 was very fast (t1/2 < 10h), with an asymmetrical profile (green curves in 
Figure 4.A). A similar k to that of Aβ1-40 was obtained by our in-house calculation procedure (note that 
visually the k of Aβ4-40 seems higher than that of Aβ1-40 due to the fact that the curves are not 
normalized). The t1/2 and k parameters obtained for Aβ4-40 versus Aβ1-40 indicate that the first nucleation 
step is faster in the case of Aβ4-40 but not the growth phase. The final fluorescence intensity increase (
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∆𝐹) is about 2.5 times higher for Aβ4-40 versus Aβ1-40. Note that the intensity of the ThT fluorescence 
depends on the quantity of fibrils but also on their morphology.118 Furthermore, Aβ4-40 fibrils are 
shorter without any twists but stacked together (Figure 4.E). The co-assembly of an equimolar ratio of 
Aβ1-40 and Aβ4-40 was subsequently studied (grey curves in Figure 4.A). The t1/2 value of the mixture is 
close (Table 2) or even lower (Table S5) to the one obtained with Aβ4-40 (approx. 11 h). This indicates 
that the two peptides can also form heteronuclei. The curve is more symmetrical than that of Aβ4-40 
and steeper than those of Aβ1-40 or Aβ4-40 (k = 0.48 h-1), indicating that the elongation is faster in 
presence of both peptides, and hence further suggests that the two peptides co-assemble (Scheme 2, 
compare first reactions of each panel). The ΔF value lies in between those of Aβ1-40 and Aβ4-40 and the 
morphology of the fibrils obtained with the 1:1 mixture corresponds to fibrils stacked together similarly 
as those observed for Aβ4-40 (Figure 4.D).57 

Holo-peptides. Upon addition of one equivalent (later noted equiv.) of Zn, a strong decrease of 
the ThT fluorescence was observed for both peptides and their mixtures (Figure 4.B), in line with the 
formation of less structured assemblies as pictured by TEM (Figure 4.F-H). Note that we have also 
secured that Zn stay bound to the peptide upon aggregation. We have thus measured the distribution 
of Zn between the peptide aggregates and the supernatant using 4-(2-pyridylazo)resorcinol (PAR) as 
Zn-responsive chromophore (see Experimental Section for details and Figure S15).119 The level of Zn is 
very low in the supernatant (< 20%). This suggests a slightly increased affinity for Zn bound to the 
aggregates versus the monomeric peptides. The relative affinity observed for the Aβ1-16 versus Aβ4-16 is 
also qualitatively found again within the corresponding peptides aggregates.

Figure 5. Selection of representative ThT curves of Aβ1-40 (A), equimolar mixture of Aβ1-40 and Aβ4-40 (B), and Aβ4-40 
(C) with different concentrations of Zn: Apo (black), Aβ + 0.1 equiv. Zn (orange), Aβ + 0.2 equiv. Zn (blue), 
Aβ + 0.5 equiv. Zn (green), Aβ + 1 equiv. Zn (red) and Aβ + 2 equiv. Zn (purple). Insets correspond to the first 
hours of the assembly experiments (highlighted by the dotted boxes in each panel. For panel A, the second inset 
corresponds to the ThT value after the first increase as a function of the equiv. of Zn. The thin lines correspond 
to the replicates and the bold ones to the average of the replicates. The ThT fluorescence intensities are in 
arbitrary units and are plotted with the same scale to be directly comparable. Conditions: [Aβ]total = 20 µM, 
[Zn] = 2, 4, 10, 20 or 40 µM, [ThT] = 10 µM, [HEPES] = 100 mM, pH = 7.4, [EDTA] = 0.02 µM, T = 37°C. 
Corresponding TEM pictures taken after 7 days of self-assembly of Aβ1-40 (D-I), equimolar mixture of Aβ1-40 and 
Aβ4-40 (J-O), and Aβ4-40 (P-U); the coloured frameworks corresponds to the code used for the ThT curves. 
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To gain deeper insights into the impact of Zn on the peptides’ assembly, studies were 
performed at various ratios of Zn:peptide (from 0.1 to 2.0 equiv.). This was first studied on Aβ1-40 self-
assembly (Figure 5.A). In the presence of Zn, a rapid fluorescence increase was observed, which is 
almost proportional to the Zn:peptide ratio up to 1 equiv. Zn (Inset in Figure 5.A). After the first ThT 
fluorescence plateau, a second process occurred, that is sigmoidal and observed up to 0.5 equiv. Zn. 
This trend is reminiscent of previous observations.120 At 0.1 equiv. of Zn (orange curves), the 𝑡∗

1/2 and 
the ∆𝐹∗ values were similar than in absence of Zn (* indicates that the second sigmoidal process is 
under focus). The time (𝑡∗

1/2) at which this second rise occurred increases with the Zn:peptide ratio 
(to about 60h at 0.5 equiv. Zn), while the slope 𝑘∗ decreased (Table 2) and the final ThT value remained 
similar to that of apo-Aβ1-40 (Table S6). 

The morphology of the aggregates formed are shown in Figure 5.E-G. With increasing ratio of 
Zn, the fibrils became progressively shorter and without any visible twists. At 1.0 and 2.0 equiv. of Zn, 
only the first process was observed (Figure 5.A), and large clogs of amorphous aggregates of peptides 
were detected by TEM in line with the lower ThT fluorescence (Figure 5.H-I). 

To explain the biphasic trend observed, a mechanism involving the independent assembly of 
Zn(Aβ1-40) and Aβ1-40 is proposed (Scheme 2, blue box). The first process (❶) is rapid and corresponds 
to the aggregation of Zn(Aβ1-40), as the ThT fluorescence intensity of the intermediate plateau depends 
almost linearly on the Zn:peptide ratio. The second process (❷) is slower and corresponds to the 
formation of Aβ1-40 nuclei that will further recruit Aβ1-40 and Zn(Aβ1-40), in line with the delayed 
apparition of Aβ1-40 nuclei at higher level of Zn(Aβ1-40). At 1 equiv. and above, the formation of Aβ1-40 
nuclei is too delayed to be observed in the time window of the experiment, in line with notion that 
most of the peptide being under its Zn-bound form in less-structured aggregates.  

Similar self-assembly experiments performed with Aβ4-40 are shown in Figure 5.C. Zn induced 
an overall slow-down of the assembly process, that depends monotonously, almost linearly, with the 
Zn:peptide ratio. This is mirrored by the change in the three key kinetic parameters upon increasing 
the Zn:peptide ratio: increase in the 𝑡1/2 / 𝑡∗

1/2 (from about 10h to 30h), decrease in the slope k / k* 
(from 0.3 to 0.04 h-1) and a 6-fold decrease in the ∆𝐹 / ∆𝐹∗ (Table S6). The morphology of the fibrils 
was also modified by the presence of increasing Zn:peptide ratio with shorter and more amorphous 
aggregates compared to the one obtained with the peptide alone (Figure 5.P-U), consistently with the 
drop of fluorescence intensity. The two-step assembly process induced by Zn for Aβ1-40 is detected but 
to a much lesser extent (inset in Figure 5.C). Hence, a mechanism similar to that of Aβ1-40 is proposed, 
except that the various reactions are involved at different magnitudes (Scheme 2, green box). 
Formation of Zn(Aβ4-40) (❶) is predominantly observed for Zn:peptide ratio higher than 1 while it was 
detected for lower Zn:peptide ratio in the case of Aβ1-40. This can be explained by considering: (i) a 
lower propensity of Zn(Aβ4-40) to aggregate compared to Zn(Aβ1-40), (ii) the lower affinity of Zn for Aβ4-

40, (iii) the resulting faster exchange between Zn(Aβ4-40) and Aβ4-40 (assuming that the association rate 
is similar for both peptides), and (iv) the very rapid assembly of Aβ4-40 (❷) preventing the observation 
of Zn(Aβ4-40) aggregation. At substoichiometric Zn:peptide ratio, Zn induces the formation of less 
ordered fibrils compared to the corresponding apo-peptide as mirrored by a ThT intensity divided by 
about 2-fold at 0.5 equiv. Zn. This contrasts with Aβ1-40 for which regardless of the presence of Zn (≤ 
0.5 equiv.), the final intensity was similar (Table S6).   

Lastly, the co-assembly of an equimolar mixture of Aβ1-40 and Aβ4-40 was studied in the presence 
of different ratios of Zn ions (Figure 5.B). As in the case of Aβ4-40, the effects observed on the kinetic 
parameters depends monotonously on the Zn:peptide ratio (Table 2 and S6) up to 0.5 equiv. of Zn. At 
0.1 and 0.2 equiv. of Zn, the 𝑡1/2 / 𝑡∗

1/2was increased (from approx. 10h to 18h) while k / k* was lower 
(from 0.48 to 0.21 h-1). At 0.5 equiv. of Zn, a two-step process was observed reminiscent of the trend 
observed for Aβ1-40 but to a lesser extent. At 1.0 equiv. of Zn(II) as directly compared in Figure 4.B, a 
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result similar to the one detected in the case of Aβ1-40 was observed with a rapid increase of the ThT 
fluorescence in the very first hours of the experiment, while the decrease of the maximal ThT 
fluorescence intensity was closer to the one observed in the case of Aβ4-40 (4-times decrease for the 
mixture of peptides versus about 5-times for Aβ4-40 and 1.2 for Aβ1-40, Table 1). The morphology of the 
aggregates revealed that, as for the peptides taken independently, Zn addition induced more 
amorphous species (Figure 5.J-O). The effect was observed from 0.5 equiv. of Zn as in the case of Aβ4-40 
and in contrast to the case of Aβ1-40, for which amorphous species were detected from 1.0 equiv. of 
Zn. The effects of Zn on Aβ1-40 and Aβ4-40 co-assembly are proposed in Scheme 2 (black box) and 
compared to those of Aβ1-40 and Aβ4-40 self-assembly (blue and green boxes, respectively). At low 
Zn:peptide ratio (0.1 to 0.2 equiv.), the proposed mechanism relies on the formation of Zn(Aβ1-40) in 
presence of apo-Aβ4-40, in line with the respective affinity of both peptides for Zn. This is followed by 
the formation of Aβ4-40 nuclei and/or Aβ1-40/Aβ4-40 heteronuclei, consistent with the faster nucleation 
of Aβ4-40 versus Aβ1-40. Finally, the nuclei produced recruit apo-Aβ1/4-40 and Zn(Aβ1-40) to form Zn-
containing Aβ4-40-like hetero-fibrils. Pathway ❷ is predominant over ❶ that corresponds to the 
formation of Zn(Aβ1-40) aggregates. This is indicated by: (i) the very low ThT fluorescence increase 
observed during the first hours of the co-assembly process that equals about half of the intensity of 
the corresponding plateau in the Aβ1-40 self-assembly experiments (compare insets in Figure 5.A and 
B), (ii) the sigmoidal ThT rise that is weakly slowed-down compared to the one observed in absence of 
Zn (increase of t*1/2 by about 1.5 to 2-fold, and decrease in k* by about 2-fold, Table 2), and (iii) the 
formation of mainly fibrillar assemblies as evidence by TEM pictures (Figure 5-K,L). At 0.5 equiv. of Zn, 
Zn is bound to both peptides, although preferentially to Aβ1-40 in line with the respective affinities of 
Zn for both peptides. In this case (compared to 0.1 and 0.2 equiv. Zn), pathway ❶ contributes more 
although pathway ❷ is still present. Formation of Zn(Aβ1-40) aggregates coexist with the formation of 
Aβ4-40 nuclei that recruit both apo- and Zn-bound Aβ1/4-40, eventually forming less-structured fibrils. 
This is shown by (i) a second sigmoidal process that is more significantly delayed with an increased t*1/2 
and decreased k* (Table 2) and (ii) TEM pictures that show mainly ill-structured aggregates, in line with 
lower ThT intensity (Figure 5.M). At 1.0 equiv. of Zn and above, both peptides are metalated and only 
the formation of Zn(Aβ1/4-40) aggregates (pathway ❶) is observed in agreement with the lower ThT 
intensity and ill-defined aggregates observed by TEM (Figure 5.N,O). The kinetic curves of the co-
assembly do not show any sigmoidal feature, just a steep increase whose ThT fluorescence intensity is 
about the average between the curves of Zn(Aβ1-40) and Zn(Aβ4-40) (Figure 4.B). 

Table 2. Kinetic parameters of the Aβ1-40, Aβ4-40 and Aβ1-40+Aβ4-40 assembly process in presence of Zn. N.D.: not 
determined. See Experimental Section for details on how the parameters were evaluated.  

 [a] the parameters are 𝑡∗
1/2 and 𝑘∗ that correspond to the second sigmoidal process. 

t1/2 (h) k (h-1)Zinc 
added

( equiv.) Aβ1-40 (t1/2) Aβ1-40+Aβ4-40 Aβ4-40 Aβ1-40 Aβ1-40+Aβ4-40 Aβ4-40

0 40.7 ± 2.4 11.1 ± 0.4 9.5 ± 0.1 0.295 ± 0.054 0.479 ± 0.131 0.333 ± 0.001
0.1 50.4 ± 12.3[a] 13.4 ± 1.4 11.5 ± 0.4 0.244 ± 0.020 [a] 0.353 ± 0.119 0.217 ± 0.028
0.2 74.8 ± 11.9[a] 18.2 ± 0.9[a] 13.9 ± 1.4[a] 0.122 ± 0.041[a] 0.213 ± 0.019[a] 0.218 ± 0.004[a]

0.5 82.0 ± 10.6[a] 58.2 ± 15.1[a] 20.0 ± 3.0[a] 0.023 ± 0.003[a] 0.059 ± 0.019[a] 0.136 ± 0.040[a]

1.0 N.D. N.D. 34.1 ± 7.2[a] N.D. N.D. 0.041 ± 0.013[a]
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Scheme 2. Proposed mechanisms of Zn-modulated self-assembly of Aβ1-40 (blue box) and Aβ4-40 (green 
box) and their co-assembly (black box). For a matter of simplicity, only first nucleation and elongation 
processes are shown. Grey arrows correspond to coordination reactions. The amounts of Zn bound to 
the peptides are qualitative. Width of the black arrows reflects the speed of the reaction (bolder = 
faster); Length of the arrows (grey of black) corresponds to the equilibrium at play (longer = 
thermodynamically favoured); blue square = Aβ1-40, green square = Aβ4-40, black circle = Zn ion, ❶ 
corresponds to the formation of Zn:peptide aggregates and ❷ to the formation of fibrillar species. 
Reactions that are masked correspond to a minor pathway. The amounts of black circles are 
proportional to the amount of Zn. Size of the yellow stars mirrors the fluorescence intensity of the ThT. 
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Concluding remarks

The proposed coordination of Zn to Aβ4-16 near neutral pH is given in Scheme 1, where it is 
compared to that of Aβ1-16 previously deduced from similar investigations.92, 93 A main difference is that 
at pH 7.4, only a main species is present in case of Zn(Aβ1-16) while two species co-exist in case of 
Zn(Aβ4-16), which differ for the participation of the N-terminal amino group in Zn binding. In addition, 
and more importantly, a four-fold lower Zn affinity was measured in the case of Aβ4-16-CONH2 relative 
to Aβ1-16-CONH2 in similar experimental conditions as those used for the assembly experiments. In a 
recent report, Zn affinity constants were evaluated for Aβ4-16-COOH and Aβ1-16-COOH, which are in the 
same order of magnitude as those found here (105 M-1). No significant difference was found for Aβ4-16-
COOH and Aβ1-16-COOH, in contrast to our study. Experimental conditions were different from those 
used here since the competitor used was Zincon at a 2:1 ratio, pH was 7.4 and NaCl concentration was 
150 mM. In addition, the fitting curves were not shown, making it difficult to elaborate on the origin 
of these discrepancies between the two studies.121 

The self-assembly of Aβ1-40 and Aβ4-40 is deeply influenced by the presence of Zn, in a 
concentration-dependent manner, as thoroughly described above and depicted in Scheme 2. Zn-
induced the formation of Zn-containing fibrils at low Zn:peptide ratio and of more amorphous 
Zn(peptide) aggregates at higher ratio, that can co-exist with fibrils upon to 1 equiv. of Zn for Aβ1-40 
and 0.5 equiv. of Zn for Aβ4-40. The two peptides respond in a similar way but to a different extent to 
the Zn stimulus due to the combination of different factors, mainly a lower Zn-affinity for Aβ4-40 and 
faster self-assembly of apo-Aβ4-40 versus apo-Aβ1-40.

The co-assembly of apo-Aβ1-40 and apo-Aβ4-40 follows a kinetic that is in-between those 
observed for Aβ4-40 and Aβ1-40 alone. Specifically, the two peptides are proposed to contribute to the 
elongation of Aβ4-40 nuclei and/or heteronuclei leading to the formation of eventual hetero-fibrils. This 
co-assembly was expected based on similar C-terminal sequences of both peptides as reported for 
Aβ11-40/42 and Aβ1-40/42,34 and for Aβ5-42 and Aβ1-42..122  This behaviour contrasts with that reported for 
different C-terminal sequences (e.g. Aβ1-40 and Aβ1-42,

33 Aβ1-42 and Aβ11-40 and Aβ1-40 and Aβ11-42
34) the 

co-assembly of which results in the formation of homofibrils. 

In the case of the Zn-modulated co-assembly, a process that involves a concerted participation 
of both peptides is observed as was for the apo-peptides. At low Zn:peptide ratio, the co-assembly 
profile resembles more that of Aβ4-40 self-assembly, while at higher Zn:peptide ratio (>0.5), the profile 
is more reminiscent of Aβ1-40 self-assembly. Hence the driving peptide of the co-assembly progressively 
changes from Aβ4-40 to Aβ1-40. Overall, a common feature of both self- and co-assembly processes in 
the presence of Zn, is that a higher formation of non-fibrillar aggregates is observed at increasing Zn 
concentration. 

While writing this paper, a study on Zn impact on Aβ4-42 assembly versus Aβ1-42 was reported.121 
These results are barely comparable to ours since (i) the experimental conditions (peptide 
concentration, stirring…) were different, (ii) Aβ1-40 and Aβ1-42 have different self-assembly properties, 
33, 34, 123 (iii) more importantly, there is neither a complete Zn:peptide ratio dependent study nor co-
assembly study but instead (cross)-seeding experiments with Aβ1-42. However, one shared and thus 
robust trend is the higher propensity of Aβ4-40/42 versus Aβ1-40/42 to form ill-structured aggregates in 
presence of Zn, as characterized by TEM in both studies. 

The effect of Zn on Aβ4-40 versus Aβ1-40 self-assembly is peptide-dependent as was that of Cu.57 
In the case of Cu, it was linked to its binding by the N-terminal ATCUN motif of Aβ4-40 leading to an 
higher affinity than in Aβ1-40 (1013 versus 1010 M-1) and to a Cu buried within the three first amino-acid 
residues (Phe4-Arg5-His6) compared to a Cu site delocalized on the first 14 residues.87, 124 In the case 
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of Zn, despite similar binding sites and affinity (~ 105 M-1), a significantly distinct effect was also 
observed on the metal-induced modulation of Aβ1-40 and Aβ4-40 self-assembly. This indicates that, in 
the case of weakly bound ion such as Zn (in comparison with Cu), (i) the intrinsic apo-peptide self-
assembly plays a key role since the apo-peptide is always in equilibrium with the Zn-bound peptide, (ii) 
more subtle coordination differences induce a significantly distinct modulatory effect, in line with the 
discrepancies in the reports on Zn impact on Aβ1-40/42 self-assembly.16, 63, 74, 77, 80-85 Such metal-
dependent effects are also observed for the co-assembly process.    

The present study aimed to decipher how Zn modulates the co-assembly of two of the most 
abundant Aβ peptides detected in the brain.39-41, 43, 46, 52 Going from the study of metal-induced changes 
in peptide self-assembly to peptides co-assembly is a necessary step forward a more biologically 
relevant situation and was reported only once before.57 Along this line, it would be interesting to 
further evaluate the impact of both Cu and Zn binding on either and both peptides.125 The result 
obtained show that for the mixture of peptides, the formation of ill-structured co-assemblies, regarded 
as more toxic than fibrillar ones,65, 126-128 is obtained for lower Zn:peptide ratio in comparison with Aβ1-

40 self-assembly. Otherwise stated Aβ4-40 modifies the Zn-modulated Aβ1-40 assembly in a deleterious 
way. This counterbalances the positive impact the Aβ4-40 has with respect to Cu-induced production of 
ROS 87, 124, 129 and leads to a new function of this still understudied N-terminally Aβ sequence compared 
to the full-length counterpart. 
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Experimental Section

Chemicals. HEPES and NaCl stock solutions at 500 mM were prepared by dissolving (4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid) (Thermo Fischer, USA) and NaCl (Sigma Aldrich, USA) 
in MilliQ Water. The pH was adjusted at pH = 7.4 by adding NaOH stock solutions. Tris stock solution 
at 1 mM was prepared by dissolving tris(hydroxymethyl)aminomethane (Sigma Aldrich, USA) in MilliQ 
Water. The pH was adjusted at pH = 12 by adding NaOH solution. Stock solutions (0.2 M) of NMR buffer 
[D19]Bis-Tris (2,2-Bis(hydroxymethyl)-2,2′,2″-nitrilotriethanol-d19) or [D11]Tris (Tris(hydroxymethyl-
d3)amino-d2-methane) were prepared by dissolving the deuterated Bis-Tris or Tris powder (Eurisotop) 
in milliQ water. Peptide solutions were prepared by dissolving the peptide solid in milliQ water. NaOH 
solution was prepared by dissolving NaOH (Sigma Aldrich) in MilliQ Water. Thioflavin T stock solution 
at 1 mM was prepared by dissolving the powder (purchased from Acros Organics, USA) in MilliQ Water. 
The concentration was verified by absorption spectroscopy at 412 nm (ε = 33000 M-1.cm-1). From this 
stock solution, some aliquots at 250 µM were prepared and stored in the freezer, at -20°C until used. 
Zn(II) stock solution was prepared by dissolving ZnSO4, H2O (Strem Chemicals, USA) in MilliQ water. A 
stock solution (ca. 10 mM) of 4-(2-pyridylazo)resorcinol (PAR) was prepared by dissolving PAR 
monosodic salt (purchased from Acros Organics, USA) in MilliQ water.
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Peptides. Aβ1-16-COOH, Aβ1-16-CONH2 (sequences DAEFRHDSGYEVHHQK-COOH and 
DAEFRHDSGYEVHHQK-CONH2), and Aβ4-16-COOH and Aβ4-16-CONH2 (sequences FRHDSGYEVHHQK-
COOH and FRHDSGYEVHHQK-CONH2) were purchased from Genecust (France) with a purity grade 
>95%. Solutions of these peptides were prepared at around 10 mM and kept in the fridge at 4°C until 
used. The concentration of the peptides was determined by UV-Visible of the Tyr10 at acidic pH (ε276-
ε296 = 1410 M-1.cm-1) by mixing 10 µL of the stock solution with 90 µL of Milli-Q water. 

Aβ1-40 peptide (sequence DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV) and Aβ4-40 peptide 
(sequence FRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV) were also purchased from Genecust 
with a purity grade >95%. Peptides (around 2-3 mg) were dissolved in a monomerization solution, 
prepared with 100 mM Tris buffer with 6 M guanidine chloride (Alfa Aesar, USA), with an adjusted 
pH = 10 and a final volume of 550 µL. Then these solutions were mildly shake on a carrousel, at 20 rpm, 
at room temperature, overnight. After centrifugation, at 10000 rpm, at room temperature, for 10 min, 
the peptides were purified on an FPLC Äkta basic 10 system (GE Healthcare, USA). 500 µL of these 
peptides were injected on a column Superdex 75-10/300-increase using a solution of 15 mM NaOH 
and 150 mM NaCl as eluant with a 0.5 mL.min-1 flow rate. Peptides were detected at 293 nm 
corresponding to the TyrO- absorption and at 220 nm. The retention time was about 26 min for Aβ1-40 
and 30 min for Aβ4-40. All the 500 µL fractions corresponding to the peptides were recovered and 
titrated by UV-Visible of the Tyr10 at basic pH (ε293-ε360 = 2400 M-1.cm-1) by mixing 10 µL of the 
recovered fractions with 90 µL of NaOH 500 mM. The three most concentrated fractions were then 
pooled and gently mixed, to obtain 1.5 mL of peptide with a concentration of approx. 200 µM.

XAS. XAS data at the Zn K-edge were acquired at the BM16 beamline of the European Synchrotron 
Radiation Facility (ESRF - Grenoble, France). The beamline energy was calibrated using a metallic Cu 
foil by setting the position of the absorption edge (defined as the first maximum of the first derivative 
curve) to 8979 eV. In order to prevent precipitation, samples were freshly prepared by rapidly mixing 
ZnSO4 (final concentration 1 mM) and Aβ peptides (final concentration 1.2 mM) in 100 mM HEPES 
buffer at pH 7.4, transferred into a sample holder (closed by two Kapton films) and immediately frozen 
in liquid N2 before introduction in a liquid He cryostat, where the temperature was kept at 10 K 
throughout the measurement in order to minimize radiation damage. Spectra were recorded in 
fluorescence mode using a 13-element solid-state Ge detector. The software Larch130 was used to 
normalize XANES data and extract the EXAFS. 

NMR. 1H NMR and TOCSY were recorded on a Bruker Ascend 600 spectrometer, equipped with 5 mm 
triple resonance inverse Z-gradient probe (TBI 1H, 31P, BB). Chemical shifts for 1H wee relative to TMS 
using 1H (residual) chemical shifts of the solvent as secondary standard. All the spectra were acquired 
at 298 K using Bruker pulse program “zgesp” featuring a water-suppression sequence and the following 
parameters: spectral width, 12 ppm, 30° nutation angle duration, 9.5 µs recycling delay 2-s (1-s 
acquisition time and 1-s relaxation delay). 

The NMR samples were prepared from stock solutions to obtain a mixture with 200 µM of Aβ peptides, 
50 mM of [D19]Bis-Tris (used for pH = 6.8, 7.4, 7.6 and 7.9) or [D11]Tris (for pH = 8.2). The pH of these 
solutions was, then, adjusted by adding NaOH or H2SO4 solutions. Zn(II) stock solution in milliQ water 
was directly added to the mixture in the NMR tube using a Teflon tube.

Competition experiments to evaluate Zn(II) binding affinity. The L2 ligand (N,N’-Bis[(5-sulfonato-2-
hydroxy)benzyl]-N,N’-dimethyl-ethane-1,2-diamine) was prepared as previously described. The 
competitions were recorded on an Agilent 8453 spectrometer with a Peltier temperature controller 
unit which maintained the temperature at 25°C, with a constant stirring at 800 rpm. Briefly and as 
described before, 60 µM of the ligand L2 and 50 µM of Zn(II) were mixed in a UV-cell, with 50 mM 
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HEPES at pH = 7.1, in milliQ water. Then, 1 to 10 equiv. of Aβ peptide were added (compared to the 
theoretical Zn concentrations). As the Ka value of the complex Zn(L2) was highly dependent of the pH, 
the pH of the peptides stock solutions must be adjusted to pH ~ 7 to avoid any modification of the pH 
during the addition of the peptides. These experiments were realised at least twice for each peptide. 

The data analysis was realised following a two-step procedure to determine the Ka value of the Zn(Aβ) 
complexes, as previously described.115 

Step 1, real concentrations of the ligand L2 and of Zn(II) ions were determined at pH = 7.1. L2 
concentration was determined following its absorbance at 254 nm and using its ε254 = 6130 M-1 cm-1. 
Similarly, Zn(II) ions concentration was determined following the absorbance of Zn(L2) complex at 
254 nm and using its ε254 = 30000 M-1 cm-1. 

Step 2, the absorbance of the competition experiments at 254 nm was plotted as a function of 
the real peptide concentrations and reproduced following an in-house procedure and using the real 
concentrations of L2 ligand and Zn(II) ions as starting parameters (determined in step 1).
Absorbance was calculated according to: 
𝐴𝑏𝑠 = [𝐴𝛽] ― [𝛼] 𝜀𝐴𝛽

254 𝑛𝑚 + [𝑍𝑛] ― [𝛼] 𝜀𝐿2―𝑍𝑛
254 𝑛𝑚 + + [𝛼]𝜀𝐴𝛽―𝑍𝑛

254 𝑛𝑚 + ([𝐿2] ― [𝑍𝑛] + [𝛼])𝜀𝐿2
254 𝑛𝑚

where α stands for the progression of the reaction: Aβ + Zn(II)  Aβ-Zn(II)
As Zn(II) should be coordinated by Aβ peptides or by the ligand L2, it was hypothesised that there is no 
free Zn(II) ions in solution.
𝐾𝐴𝛽―𝑍𝑛

𝑑

𝐾𝐿2―𝑍𝑛
𝑑

= [𝐴𝛽][𝑍𝑛]
[𝛼]

∙ [𝐿2𝑍𝑛]
[𝐿2][𝑍𝑛]

, with the starting concentrations: 𝐾
𝐴𝛽―𝑍𝑛
𝑑

𝐾𝐿2―𝑍𝑛
𝑑

= [𝐴𝛽]0―[𝛼]
[𝛼]

∙ [𝑍𝑛]0―[𝛼]
[𝐿2]0―[𝑍𝑛]0+[𝛼]

This gives a quadratic equation: 𝑎𝛼2 +𝑏𝛼 + 𝑐 = 0 where 𝛼 =  ―𝑏+ ∆
2𝑎

 with ∆ = 𝑏2 ―4𝑎𝑐, 

𝑎 = 𝐾𝐴𝛽―𝑍𝑛
𝑑

𝐾𝐿2―𝑍𝑛
𝑑

―1, 𝑏 = 𝐾𝐴𝛽―𝑍𝑛
𝑑

𝐾𝐿2―𝑍𝑛
𝑑

[𝐿2] ― [𝑍𝑛] +([𝐴𝛽] + [𝑍𝑛]) and 𝑐 = ―[𝐴𝛽][𝑍𝑛]. 

𝐾𝐴𝛽―𝑍𝑛
𝑑  value was adjusted to obtain the best reproduction possible of the experimental data.

The possibility of that a ternary species contributes to the decrease of the absorbance at 254 nm upon 
addition of the peptides was ruled out based on the facts that the UV-Vis spectrum of the Zn(L2) 
complex was not modified by the addition of high excess of either of Imidazole, mimicking the His side 
chains of the Aβ peptide, or of glycine, mimicking the Asp and Glu side chains (Figure S8). 

Potentiometric titrations were performed on a Titrando 907 automatic titrator (Metrohm) using a 
combined glass Ag/AgCl electrode (InLabMicro, Mettler Toledo). The electrode was calibrated by 
titrating nitric acid. The CO2-free solution of 0.1 M NaOH was used as the titrant. All experiments were 
performed under argon, at 25°C. Sample volumes were 1.5 mL. The samples contained 0.5 mM 
Aβ1-16-CONH2 or Aβ4-16-CONH2 peptides dissolved in 8 mM HNO3/92 mM KNO3. 

Kinetic monitoring of Aβ assembly. Assembly kinetics were realised by following the Thioflavin T 
(noted ThT) fluorescence. The kinetics were recorded on a fluorimeter plate reader FLUOStar Omega 
(BMG Labtech, Germany) by exciting the ThT at 440 nm and following its emission at 490 nm using the 
corresponding filters. The gain was set up at 1400. The kinetics were realised at 37°C, with a stirring at 
200 rpm, double orbital for 15 s before each measurement, and the fluorescence emission was 
measured every 300 s. The experiments were realised in Greiner BioOne 384-wells plates low retention 
(Dutscher, France) by mixing the appropriate concentrations of each reactant (100 mM HEPES at 
pH = 7.4 (measured at 20°C), 100mM NaCl (except for the data reported in the full text), 10 µM ThT, 
different concentrations of Zn(II) from a stock solution at 10 mM). The total concentration of the 
peptide was kept at 20 µM in the wells. Ethylenediaminetetraacetic acid (EDTA) at 0.02 µM was added 
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to chelate possible traces of metallic contaminants as EDTA complexes have no significant impact on 
Aβ self-assemblies. Each condition was run in at least quadruplicate and six independent experiments 
were realised.

Evaluation of kinetic parameters of Aβ assembly. The ThT fluorescence increase can be considered, 
in general, as a sigmoidal curve described by the equation:  

𝐹(𝑡) = 𝐹0 + 𝐹𝑚𝑎𝑥―𝐹0

1+𝑒―𝑘(𝑡―𝑡1/2) =  𝐹0 + ∆𝐹

1+𝑒―𝑘(𝑡―𝑡1/2) 

where 𝐹0 is the initial ThT fluorescence value, ∆𝐹 is the ThT fluorescence increase (𝐹𝑚𝑎𝑥 ― 𝐹0 ), 𝑘 is 
the growth rate, and 𝑡1/2 is the time at which the ThT fluorescence increase equals half of its maximal 

value (𝐹0 + 𝐹𝑚𝑎𝑥―𝐹0

2
).

Several experimental curves cannot be appropriately fitted according to this equation, since for 
instance, a lack of symmetry was observed in Aβ4-40 kinetic curves and the Zn-modified Aβ assemblies 
exhibit a biphasic ThT rise. Hence to compare all curves, a custom routine was developed to evaluate 
the key parameters. The parameters are noted as 𝑡∗

1/2, 𝑘∗ and ∆𝐹∗ when a second and sigmoidal 
process occurs (Scheme S5). The total amount of fibrillar species was assumed to remain constant up 
to 0.5 equiv. of Zn, corresponding ThT curves were then first normalized. 

The inflexion point, 𝑡1/2 or 𝑡∗
1/2 was determined as the time at which 𝐹(𝑡) = 𝐹0 + ∆𝐹

2
  (or 𝐹(𝑡) = 𝐹1

+ ∆𝐹∗

2
 where 𝐹1 is the value of the ThT Fluorescence after the first detectable Zn-induced non-

sigmoidal process. 

An apparent growth rate, later noted for matter of simplicity  𝑘 was estimated by calculating the slope 

at  𝑡 =  𝑡1/2 as 𝑘 =  4 𝐹60%―𝐹40%

𝑡60%―𝑡40%
, where 𝐹60% and 𝐹40% equals 60% and 40% of the maximal ThT 

fluorescence increase, respectively, and 𝑡60% and 𝑡40% are the times at which these fluorescence 
values occur. The 1

4
 factor arises from the fact that the slope at the inflection point (𝑡 =  𝑡1

2
) for a 

sigmoid equation 𝑆(𝑡) = 1

1+𝑒
―𝑘 𝑡―𝑡1

2

 is equal to 𝑆′(𝑡1/2) =  𝑘
4
. Similar equations apply for k* using 𝑡∗

1/2  

and ∆𝐹∗ (Scheme S5).  

Transmission Electronic Microscopy. The tested samples were recovered after 7 days of aggregation 
at 37°C in a 384-wells plate. Each sextuplicate was pooled in low-binding microtubes. The samples 
were prepared for electron microscopy following the classical negative procedure: a 10 µL aliquot of 
the sample solution was incubated for 1 min on Formvar-carbon-coated grids (purchased from 
Electron Microscopy Sciences, USA) and then, dried and negatively stained using 1% uranyl acetate for 
1 min. The obtained grids were observed with TEM microscope (Jeol JEM 1400, JEOL Inc, USA) at 80 kV. 
The pictures were acquired using a digital camera (Gatan Orius, Gatan Inc, USA) at 3000, 4000, 6000 
and 12000 magnifications. 

Zn(II) quantification in supernatants and fibrils 

In order to separate the supernatant from the fibrils, microplates were centrifuged at 3000 rpm for 1h 
at r.t. 90 µL of supernatant were then taken from each well and mixed with 10 µL of PAR 1 mM (final 
concentration 100 µM). To achieve complete recovery of Zn from the fibrils, the residual pellets were 
resuspended in each well with 90 µL of PAR 100 µM in HEPES 100 mM, EDTA 0.02 µM at pH ca. 3. The 
microplate was shaked at 500 rpm for 1h at r.t. Then, the resuspended solutions were taken and their 
pH was adjusted to ca. 7.4. The absorption spectra of both supernatants and resuspended pellets were 
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recorded in a microplate (Greiner BioOne 384-wells plates low retention) using a ClarioStar microplate 
reader (BMG Labtech). The absorbance of Zn(PAR)2 at 490 nm119 was used to estimate the 
concentration of Zn based on a calibration curve obtained with PAR 100 µM in HEPES 100 mM, EDTA 
0.02 µM at pH 7.4 and Zn concentrations spanning from 2 µM to 40 µM.
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