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Zinc-induced aggregation of the amyloid- peptide (A) is a hallmark molecular feature of 

Alzheimer’s disease (AD). Recently it was shown that phosphorylation of Аβ at Ser8 promotes 

the formation of toxic aggregates. In this work, we have studied the impact of Ser8 

phosphorylation on the mode of zinc interaction with the A metal-binding domain 1-16 using 

isothermal titration calorimetry, electrospray ionization mass spectrometry and NMR 

spectroscopy. We have discovered a novel zinc binding site (6HDpS8) in the phosphorylated 

peptide, in which the zinc ion is coordinated by imidazole ring of His6, phosphate group 

attached to Ser8 and a backbone carbonyl group of His6 or Asp7. Interaction of zinc ion with 

this site involves His6, thereby withdrawing it from the interaction pattern observed in the non -

modified peptide. This event was found to stimulate dimerization of peptide chains through the 
11EVHH14 site, where the zinc ion is coordinated by the two pairs of Glu11 and His14 in the 

two peptide subunits. The proposed molecular mechanism of zinc-induced dimerization could 

contribute to the understanding of initiation of pathological Аβ aggregation, and the 11EVHH14 

tetrapeptide can be considered as a promising drug target for the prevention of 

amyloidogenesis. 

Introduction  

Alzheimer’s disease (AD) is a neurodegenerative disorder, 

characterized by the deposition of insoluble fibrillar plaques of 

amyloid-β peptide (Aβ) and neurofibrillary tangles of 

hyperphosphorylated tau protein in the brain of AD patients. 

According to the amyloid hypothesis, the key event in the initiation 

of the AD pathogenesis is the aggregation of the 40-42 amino acids 

long soluble Aβ into oligomers, and subsequently into insoluble 

fibrils, the main component of amyloid plaques.1,2 Molecular 

mechanism of the Aβ aggregation remains unclear. It is known that 

an important role in this process is played by zinc ions,3,4 however 

their presence is not sufficient for induction of amyloidosis in vivo. 

Indeed, it was shown that even in the presence of zinc ions synthetic 

Aβ unlike Aβ-containing brain extracts, does not cause amyloidosis 

when injected intracerebrally in animal models of AD.5 Accordingly 

it was suggested that numerous post-translational modifications 

(PTM) of Aβ may serve as the pathogenic factors initiating its 

oligomerization.6-9 The plaques represent a heterogeneous mixture of 

different forms of Aβ including truncated forms,10 isomers,11 

racemates,9 piroglutamat modified8 and phosphorylated forms of 

Aβ.7,12 All these PTMs affect the conformational properties of 

Aβ, 13-15 and may contribute to its oligomerization14,16,17 and 

cytotoxic properties.13,15 We have shown earlier that the 

isomerization of Asp7 not only enhances Aβ dimerization18 but leads 

to its increased cytotoxicity19 and also accelerates the formation of 

amyloid plaques in transgenic animals when administered 

intravenously.20 Recent results from Walter’s group show that 

phosphorylation of Aβ at Ser8 promotes formation of toxic 

aggregates.12,21,22 Phosphorylated Аβ was detected in the brains of 

transgenic mice and human AD brains.21 The mechanism of 

increased propensity to form toxic aggregates by Aβ phosphorylated 

at Ser8 (pAβ) remains unknown. It has been suggested12 that such 

propensity can be linked to the stabilization of the β-sheet 

conformation of pAβ. Since Ser8 is located in the minimal zinc-

binding site of Aβ, the fragment 6-14,23 the aggregate properties of 

pAβ may also be associated with the changes in its interactions with 

zinc ions. The metal-binding domain 1-16 of Aβ (Aβ (1-16)) serves 

as a good model for the analysis of these interactions, since it does 

not aggregate in aqueous solutions in the presence of zinc ions, in 

contrast to the full-length form of Aβ.18,23-25  

In this work, in order to investigate the impact of Ser8 

phosphorylation on Zn2+ binding to Аβ, we studied Zn2+ interactions 

with the metal-binding domain of Аβ phosphorylated at Ser8  
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Fig. 1 ITC titration curve (upper panel) and binding isotherm (lower panel) for 

zinc (5 mM) interaction with pАβ(1-16) (0.3 mM) at 25˚C in 20 mM Pipes buffer 

in the presence of 160 mM NaCl, pH 7.3. 

 
Table 1. Thermodynamic parameters of Zn2+ binding to pАβ(1-16) fragments 

and mutants obtained by ITC at 25°C in 20 mM Pipes buffer in the presence 
of 160 mM NaCl, pH 7.3.  

Peptide Na 
Ka×10

-4 

(M-1)b 

ΔH 

(kcal M-1)a 

TΔS 

(kcal M-1) 

Аβ(1-16)c 1.1 1.8 -4 1.8 

pАβ(1-16) 
1.2 4.08 1 7.2 

0.5 0.14 13 17.2 

pАβ(1-10) 1.2 0.16 5.3 9.7 

pАβ(1-16)open 
1.2 3.3 1 7.1 

0.5 0.4 15 19.5 

Аβ(11-16) 0.5 3.11 -0.4 6.6 

pАβ(1-10)D1A 1 0.12 5.7 9.8 

pАβ(1-10)E3A 1 0.16 5.9 10.1 

pАβ(1-10)H6A ND 

pАβ(1-10)D7A 1.3 0.2 4.4 8.6 

pАβ(7-9) ND 

a Standard deviation does not exceed ±10%. b Standard deviation does not 
exceed ±20%. c Data from. 23  

 

(pАβ(1-16)). We have analyzed a set of fragments and mutants of 

pАβ(1-16) by isothermal titration calorimetry (ITC), NMR 

spectroscopy and electrospray ionization mass spectrometry (ESI-

MS) in order to localize Zn2+ chelators. We also used quantum-

mechanical/molecular-mechanical calculations (QM/MM) to model 

the geometry of the zinc ion chelation site. 

 

Results  

Impact of Ser8 phosphorylation on the structure and 

conformational properties of Аβ(1-16) 

Comparison of the chemical shifts of pАβ(1-16) and the non-

phosphorylated peptide26 shows several signals perturbed by 

inclusion of the phosphate group (Table S1). Among them are Ser8 

Hβs (Δδ ~ -0.20 and -0.24 ppm), His6 HN (Δδ ~ -0.22 ppm), Asp7 

HN (Δδ ~ -0.13 ppm) and Ser8 HN (Δδ ~ -0.68 ppm). Such changes 

of the chemical shifts indicate the formation of hydrogen bonds 

between these amide protons and the phosphate group. The strongest 

interaction is between the phosphate group and the amide proton of 

the same residue, which leads to substantial low field shift of Ser8 

HN. Interactions between the phosphate group and the backbone 

amide protons result in the packing of the central part of the peptide. 

Strong sequential HN-HN NOEs observed in the NOESY spectra of 

pАβ(1-16) (Fig. S1) indicate the formation of an α-helical fragment 

between residues 7 and 12. This distinguishes pАβ(1-16) from the 

unmodified human Аβ(1-16),26 where the central part of the peptide 

is flexible and predominantly exists in an extended conformation. 

Interaction of pАβ(1-16) with zinc ions alters the 

conformational state of the peptide: resonances from most of the 

residues 6-14 could not be detected in NMR spectra of pАβ(1-16) in 

the presence of Zn2+ (Table S1) due to significant line broadening of 

the signals. Such zinc-induced line broadening, typical for the Аβ 

fragments,26-28 has been found to be especially large in the case of 

pАβ(1-16) (Fig. S2). This indicates the existence of a complex 

conformational landscape of zinc-peptide bound states with more 

than one coordination site of the metal ion and several possible 

conformations of the complex.  

Fig. 2. The 670-760 m/z region of a mass-spectrum of pАβ(1-16) (10 µM) showing 
peptide monomers and formation or absence of dimer complexes in the presence (A) 
or absence (B) of zinc ions (300 µM zinc acetate) in a water-methanol (1:1) mixture, pH 
7.3. Dimer complex with three zinc ions is shown in red. 

Stoichiometry of the pАβ(1-16) interaction with zinc ions  

The two-phase shape of the isotherm of pАβ(1-16) binding with zinc 

ions in the ITC experiments indicates that there are more than one 

Zn2+ binding site (Fig. 1). Indeed, this isotherm can be well fitted 

using the model of two independent binding sites (Table 1, Fig. 1).  
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Fig. 3. Chemical shift changes of the individual signals of 0.5 mM pAβ(1-10) (A) 

and 0.5 mM Aβ(11-16) (C) caused by the presence of 10-fold molar excess of 

Zn2+. Changes in 13C chemical shifts were normalized by a factor of 0.1 for 

adequate comparison with the 1H data. Results of Zn2+ isomolar titration of the 

fragments pAβ(1-10) (B) and Aβ(11-16) (D). Abscissa represents the mole 

fraction of ZnCl2, and the ordinate axis shows the product of Δδ·[P]0, where Δδ - 

chemical shift change and [P]0 - total peptide concentration in the sample. 

Reference lines (dotted) drawn at 0.5 and 0.33 correspond to 1:1 and 2:1 

stoichiometry of binding. (B): Closed circles correspond to changes of the 

chemical shift of Ser8 HN signal at total concentration of [peptide] + [zinc] of 0.5 

mM; open circles relate to chemical shift changes of Phe4 Hδ* at total 

concentration of 0.05 mM. (D): Closed triangles correspond to changes of the 

chemical shift of His14 Hβ1 at total concentration of [peptide] + [zinc] of 0.5 

mM; open triangles represent chemical shift changes of His14 Hε1 at total 

concentration of 5 mM. Experiments were carried out in 10 mM Bis-Tris-d19, in 

90% H2O/10% D2O, pH 6.9 (A-C) or in D2O, pD 7.2 (D). 

 

Thermodynamic parameters of zinc ions binding indicate as 

favorable only the entropic contribution to binding for both sites 

(Table 1). This is the essential difference between zinc binding by 

pAβ(1-16) and Аβ(1-16) (Table 1). The large positive entropy of 

Zn2+ binding to pAβ(1-16) points at a significant reduction of 

hydrophobic surface exposed to solution,29 which in turn indicates a 

more compact structure of this complex in comparison with Аβ(1-

16). Stoichiometry of Zn2+ binding to the high-affinity site of pАβ(1-

16) is close to 1, while stoichiometry of Zn2+ binding to the low-

affinity site is equal to 0.5 (Table 1), indicating dimer formation. 

Thus, the total amount of zinc ions per pАβ(1-16) dimer is equal to 

three, with dimerization occurring through one zinc ion, while the 

other two zinc ions bind to the new sites of both subunits.  

ESI-MS was used to verify the stoichiometry obtained by 

ITC. The pАβ(1-16) dimer with three Zn2+ ions was observed (Fig. 

2, red) while in the absence of zinc ions no dimeric species of 

pАβ(1-16) were detected (Fig. 2). This is in good agreement with the 

ITC data.  

Localization of zinc ions binding sites in pАβ(1-16)  

To localize zinc ions binding sites for pАβ(1-16) in the ITC 

experiments, a set of fragments and alanine mutants of this peptide 

has been used (Table 1). It was shown previously that Aβ(1-16) with 

non-protected termini is poorly soluble at physiological pH in the 

presence of zinc ions.30-32 In contrast, the peptide with the acetylated 

N-terminus and amidated C-terminus remains soluble upon addition 

of zinc salts.23,26,31 Accordingly we have used pAβ(1-16) with 

protected termini to study its interaction with zinc ions. In order to 

rule out participation of the N-terminal amino and C-terminal 

carboxyl groups of the peptide pAβ(1-16) in chelation of zinc ion, 

we have compared thermodynamic binding parameters of the pAβ(1-

16) peptides with protected and non-protected termini (Table 1). 

Both peptides equally bind Zn2+, indicating that N- and C- termini of 

the pAβ(1-16) are not participating in Zn2+ binding. Previously, we 

have shown that fragment Аβ(11-14) not only plays an important 

role in the chelation of the zinc ion,23 but also serves as an interface 

for zinc-induced dimerization of Аβ(1-16).24 This leads to the 

suggestion that the same site participates in the dimerization of 

pАβ(1-16). Indeed, the reduction of the pАβ(1-16) by six amino 

acids at the C-terminus (pАβ(1-16) → pАβ(1-10)) leads to the loss 

of the binding site with stoichiometry of 0.5, and the fragment 

Аβ(11-16) by contrast forms dimers when titrated by Zn2+ (Table 1). 

Potential zinc ion chelators in the N-terminal part of pAβ(1-16) are 

the residues Asp1, Glu3, His6, Asp7 and pSer8. ITC data show that 

replacing Asp1, Glu3, and Asp7 with alanine results only in minor 

changes of the thermodynamic parameters of zinc ions binding, 

indicating that these residues do not participate in its coordination. 

Also, titration of the fragments pAβ(1-10)H6A and pAβ(7-9) by 

Zn2+ was not followed by the release of heat (Table 1). These data 

demonstrate that His6 and pSer8 are necessary for Zn2+ coordination 

and that the fragment pАβ(6-8) forms the second Zn2+ binding site of 

pАβ(1-16).  

Zinc coordination sites in the fragments pАβ(1-10) and 

Аβ(11-16) were unambiguously confirmed by NMR. Zn2+ titration 

experiments carried out on pАβ(1-10) (Fig. S3) showed that 

increased concentrations of zinc affected the chemical shifts of side 

chain resonances for only two residues - His6 and Ser8 (Fig. 3A). 

The imidazole ring of His6 and the Ser8 phosphate group provide 

three of the four zinc coordination bonds. The fourth chelator is a 

backbone carbonyl group of His6 or Asp7. Backbone amide 

resonances of His6, Asp7 and Ser8 experience substantial zinc-

induced changes of the chemical shifts. Changes of Ser8 amide 

proton relate to the weakening of the strong intra-residue hydrogen 

bond with the phosphate group upon its coordination with the zinc 

ion. However changes in the chemical shifts of HNs of His6 and 

Asp7 indicate the participation of carbonyl oxygen atoms conjugated 

with corresponding amide protons in the coordination of Zn2+.  

Changes in the chemical shifts of Ser8 HN and F4 Hδ* 

were used to determine stoichiometry of interaction of pАβ(1-10) 

with zinc ions at two peptide concentrations, and it is 1:1, as follows 

from the results of the isomolar titration (Fig. 3B). NMR Zn2+ 

titration experiments carried out on the Аβ(11-16) fragment (Fig. 

S4) allowed to identify the residues Glu11 and His14, coordinating a 

single zinc ion. These two residues undergo the most significant 

zinc-induced chemical shift changes (Fig. 3C). The observed 

changes in the Val12 resonances reflect the conformational transition 

of the peptide molecule upon zinc binding. Isomolar titration 

experiments carried out on the Аβ(11-16) fragment using His14 Hβ1 

and Hε1 resonances to monitor zinc binding (Fig. 3D) show that the 

stoichiometry of the peptide-zinc interaction is 2:1. Similarly to 

pАβ(1-10) these experiments were carried out at two peptide 

concentrations. Obtained results confirm the formation of a peptide 

dimer where the 11EVHHQK16 fragment interacts with the Zn2+ ion. 

It should be noted that 10-fold changes in the peptide concentration 

did not alter the stoichiometry of zinc-peptide interaction as revealed 

by the isomolar titration experiments (Fig. 3B, D).  
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Discussion  

In this work, we have studied the impact of Ser8 phosphorylation on 

Zn2+ binding by Аβ(1-16). We have established that the 

phosphorylation of Ser8 leads to dramatic conformational changes in 

the Аβ metal-binding domain, and formation of a new Zn2+ binding 

site – 6HDpS8, where the zinc ion is coordinated by the imidazole 

ring of His6, phosphate group attached to Ser8 and a backbone 

carbonyl group of His6 or Asp7. The 11EVHH14 site forms  

 

Fig. 4. Coordination modes of the zinc cation in pAβ(1-16) by the residues pSer8, 

Asp7, and His6 derived from QM/MM geometry optimization performed with 

GROMACS/CPMD.44 (A) Zinc ion coordination involving oxygen from the main 

chain of Asp7. (B) Zinc ion coordination involving oxygen from the main chain of 

His6. Sphere indicates the zinc cation, amino acid residues in the peptides are 

shown in a ball-and-stick model.  

 

the dimerization interface where the zinc ion is coordinated by the 

Glu11 and His14 residues of the two peptide subunits. The 

concentration of zinc ions may rise locally in the synaptic cleft up to 

a millimolar concentration (0.2-0.3 mM),33,34 specifically in the areas 

of amyloid peptides localization.35 Furthermore, when the peptides 

in vivo are positioned in the macromolecular environment, 

dimerization processes are entropically much more favorable than in 

our model studies. The review by Wärmländer et al. supports this 

showing that Zn/Aβ interactions become substantially stronger upon 

self-aggregation of the peptide in vivo.36 Thus, the observed values 

of Ka for Zn2+ ions interaction with pАβ(1-16) (Table 1) could be 

relevant in vivo. 

To model putative structure of the novel zinc binding site 
6HDpS8, QM/MM simulations were performed similar to those 

described earlier for the complex of 11EVHH14 fragment with a zinc 

ion.24 Models of the two types of zinc coordination by the 6HDpS8 

site have been built. In the first model (Fig. 4A), the phosphate 

group provides two oxygen atoms for the zinc coordination, the third 

bond is formed by the Nδ atom of the His6 side chain, and the forth 

coordinator is the carbonyl oxygen of Asp7. In the second model 

(Fig. 4B) all coordination partners are the same except for the 

carbonyl oxygen of Asp7, which is substituted by the carbonyl 

oxygen of His6. Quantum mechanics calculations (S7) have shown 

that the system energy values for the two examined modes of 

coordination are almost identical. The computed enthalpies of 

complex formation shown in Fig. 4 differ by no more than 6 

kcal·mol-1. The second model of coordination where the fourth 

chelator is represented by the backbone carbonyl oxygen of His6, is 

energetically more favorable. It appears highly probable that both of 

these forms exist in solution, which is also consistent with the NMR 

data.  

Although Аβ(1-16) is capable of forming dimers in the 

presence of zinc ions, in solution it predominantly exists in the 

monomeric form. We established previously that when a monomeric 

complex is formed, Zn2+ is initially recognized and captured by the 
11EVHH14 region, and then the His6 approaches the coordination 

sphere of zinc and locks it.23 Using surface plasmon resonance 

biosensing and ESI-MS we demonstrated that the same region, 
11EVHH14, forms the Аβ(1-16) dimerization interface where the zinc 

ion is coordinated by the Glu11 and His14 of the two peptide 

subunits.24 Thus, the key event leading to the pАβ(1-16) 

dimerization, is the “exclusion” of His6 from zinc chelation in 

conjunction with the 11EVHH14 site, as shown in Fig. 5. Being 

involved in the formation of a new zinc binding site together with 

pSer8, His6 loses its ability to complete the coordination sphere of 

zinc ion after its contact with the recognition site 11EVHH14 of pAβ 

(1-16) (Fig. 5B). This leads to completing of the sphere by another 

pAβ(1-16) molecule, and consequently shifting of the 

thermodynamic equilibrium toward the formation of dimers. The 

proposed molecular mechanism of zinc-induced dimerization could 

contribute to the understanding of the initiation process of 

pathological Аβ aggregation.  

Aberrant protein phosphorylation is one of the defining 

pathological hallmarks of different neurodegenerative disorders, 

including AD.37,38 Currently the role of tau hyper-phosphorylation in 

the AD onset is being actively studied,12 but the significance of Аβ 

phosphorylation is poorly understood. pАβ is detected in the neurons 

of mouse models of AD at early stages of the disease, and at the 

latter stages in the amyloid plaques.12,22 Unlike Аβ, which is 

detected in neurons in the monomeric form, pAβ was found mainly 

in the form of dimers and oligomeric assemblies.12,22 This is 

consistent with our results showing that phosphorylation of Ser8 

leads to a shift in the equilibrium towards the formation of dimers. 

All these data suggest that disruption of the phosphorylation 

mechanisms is a critical event in the development of AD, leading to 

changes in the aggregation properties of proteins implicated in the 

AD pathogenesis. 

 

 

Fig. 5. Schematic diagram representing the Zn2+ interaction with Aβ(1-16) (A) and 
zinc-induced dimerization of pAβ(1-16) (B). Peptides are shown in blue, zinc ions 
in violet, pSer8 not bound with zinc is shown in red and residues which 
coordinate zinc ions in green. (A) At the first step the zinc ion binds with the 
primary recognition site 11EVHH14 of Aβ(1-16) and then His6 closes the 
coordination sphere of zinc.

23
 (B) pSer8 and His6 form the new zinc binding site 

of pAβ(1-16). As a result His6 cannot close the coordination sphere of zinc ion 
leading to dimer formation.  
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Experimental  

Materials  

All chemicals and solvents were of HPLC-grade or better and 

were obtained from Sigma-Aldrich (USA). All synthetic 

peptides (purity > 98%, checked by RP-HPLC) were purchased 

from Biopeptide Co., LLC (USA). The N- and C-termini of 

each peptide were protected with acetyl and amide, 

respectively; peptides pАβ(1-16)open, pАβ(7-9), pАβ(6-9), and 

Аβ(11-16) were not protected at the N- and C-termini. The 

amino acid sequence of each peptide was confirmed on an ultra 

high resolution Fourier transform ion cyclotron resonance 

mass-spectrometer Bruker 7T Apex-Qe (Bruker Daltonics, 

USA) using a de-novo sequencing approach based on collision 

induced dissociation (CID) fragmentation. The lyophilized 

peptides were dissolved in buffer before each experiment. The 

final peptide concentrations were determined by UV absorption 

spectroscopy using the extinction coefficient of 1450 M-1 cm-1 

at 276 nm (from Tyr 10 of Aβ) or gravimetrically. 

 

Isothermal Titration Calorimetry  

The thermodynamic parameters of zinc binding to pАβ(1-16) 

fragments and mutants (Table 1) were measured using a 

MicroCal iTC200 System (GE Healthcare Life Sciences, USA) as 

described previously.39 Experiments were carried out at 25°C in 20 

mM Pipes buffer in the presence of 160 mM NaCl, pH 7.3. 2-l 

aliquots of the ZnCl2 solution were injected into the 0.2 ml cell 

containing the peptide solution to obtain a complete binding 

isotherm. Peptide concentration in the cell ranged from 0.1 to 0.5 

mM and ZnCl2 concentration in the syringe ranged from 1 to 5 mM. 

The heat of dilution was measured by injecting the ligand into the 

buffer solution; the values obtained were subtracted from the heat of 

reaction in order to obtain the effective heat of binding. The resulting 

titration curves were fitted using MicroCal Origin software. Affinity 

constants (Ka), binding stoichiometry (N) and enthalpy (H) were 

determined by a non-linear regression fitting procedure. 

NMR spectroscopy  

Peptide samples of 0.2 – 2.2 mM pАβ(1-16), 0.05 – 4.0 mM pAβ(1-

10) and 0.05 – 8.0 mM Aβ(11-16) for NMR measurements were 

prepared in 10 mM solution of bis-Tris-d19 (2,2-

Bis(hydroxymethyl)-2,2′,2″-nitrilotriethanol-d19) with 98% 2D 

enrichment. Sodium salt of 3-(trimethylsilyl)propionic-2,2,3,3-d4  

acid in the concentration of 35 μM was added as a standard in all 

NMR samples. To avoid pH variation in zinc titration experiments, 

both peptide and ZnCl2 were dissolved in 10 mM bis-Tris-d19 

solution with identical pH from 6.80 to 6.95 measured in H2O or 

identical pD from 7.20 to 7.40 measured in D2O. NMR spectra were 

acquired at 283 K in 90% H2O/10% D2O on a Bruker AVANCE 

spectrometer operating at 600 MHz 1H frequency (Bruker Daltonics, 

USA). 1D NMR spectra were processed by TopSpin 2.0 software. 

2D NMR spectra were processed by NMRPipe40 and analyzed using 

Sparky.41 The 1H, 15N and 13C signal assignments of the peptides and 

their zinc complexes were obtained using the following 2D spectra: 

DQF-COSY, TOCSY (mixing time of 70 ms), NOESY (mixing time 

200 ms), ROESY (mixing time 150 and 300 ms), 13C-1H HSQC and 
15N-1H HSQC. Heteronuclear experiments were acquired at natural 

abundance of 13C and 15N isotopes. Method of continuous 

variations42 was used to determine stoichiometry of zinc binding to 

pAβ(1-10) and Aβ(11-16) peptides. This involved preparation of a 

series of samples containing both peptide and ZnCl2 in varying 

proportions of the components, but in a fixed total concentration. 

Total concentration of [peptide] + [zinc] was kept at 0.05 or 0.5 mM 

for pAβ(1-10), and 0.5 or 5.0 mM for Aβ(11-16). Changes of the 

chemical shifts induced by the interaction with zinc ions were 

subsequently analyzed. The plot of the product Δδ·[P]0 (Δδ - change 

of the chemical shift; [P]0 - total peptide concentration in the sample) 

versus the mole fraction of ZnCl2 shows maximum at the fraction 

value, which corresponds to the stoichiometry.42  

Mass spectrometry  

All experiments were carried out on a 7T Thermo Finnigan LTQ FT 

Ultra mass spectrometer (Germany) with electrospray ionization 

(ESI). The pАβ(1-16) peptide was dissolved in a water-methanol 

(1:1) mixture, pH 7.3, with zinc acetate as the source for zinc ions. 

The solution composition, temperature of heated capillary, voltage, 

distance between the electrospray needle and the heated capillary 

inlet were varied in order to optimize the ionization conditions since 

formation of the metal-peptide complex is favored in basic solutions 

while ESI requires more acidic conditions. Peptide concentration in 

the solution varied from 200 nM to 10 μM, and the concentration of 

zinc ions from 200 nM to 2 mM. The whole range of Zn2+/peptide 

ratio was explored (from 1:1 to 10:1 for [pAβ(1-16)]/[Zn2+] ratio and 

from 1:1 to 10000:1 for [Zn2+]/[pAβ(1-16)] ratio) in order to 

optimize the experimental conditions. The concentrations of the 

analyzed compounds were selected (10 μM pAβ (1-16) and 300 μM 

Zn2+), that ensured stable and reproducible spectra. The analysis was 

performed using Thermo Finnigan QualBrowser.  

Quantum-mechanics/molecular-mechanics calculations  

The model of the structure of the Aβ(11-14) complex with zinc ion 

described earlier24 was used to build a model of the complex 

consisting of the two chains of pAβ(1-16) with three Zn2+ ions, using 

the PyMol program.43 The molecular mechanics model of this 

structure was parameterized using the parm99sb force field. The 

model contained parameters corresponding to the geometry of the 

complex in which the zinc atoms are coordinated by the Glu11 and 

His14 residues of the two peptides, and the pSer8 and His6 from 

each peptide chain. Further model optimization and implicit solvent 

sampling simulations were done as described earlier for the 2Aβ(11-

14)-Zn2+ complex.24 The detailed procedure of QM/MM calculations 

is described in Supplementary data (S7). 

Conclusions 

It has been found that phosphorylation at Ser8 substantially changes 

the conformation, zinc-binding properties of the metal-binding 

domain of Аβ and favors its dimerization. Segment 6HDpS8 forms a 

novel zinc-binding site. Its interaction with zinc ions alters the 

metal-peptide equilibrium and induces formation of the dimers via 

the 11EVHH14 site formed by the two pАβ(1-16) chains. Together 

with the previous findings24 these data support our hypothesis23,24 

arguing the importance of 11EVHH14 region in Zn2+-induced 

dimerization of Аβ. These results allow to consider this tetrapeptide 

as a promising drug target for the prevention of amyloidogenesis.  
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