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Aggregation of the amyloid S-peptide (Aj3) into insoluble fibrils is a key pathological event in Alzheimer’s Disease (AD).
There is now compelling evidence that metal binding to A3 is involved in AD pathogenesis. The amino acid region 1-16
is widely considered as the metal binding domain of AS. In this work, we used a combined potentiometric, NMR, and
electrospray ionization mass spectrometry (ESI-MS) approach to study the zinc(Il) binding to a new polyethylene
glycol (PEG)-conjugated peptide fragment encompassing the 1-16 amino acid sequence of A3 (AB(1-16)PEG). Our
results demonstrate for the first time that the A3(1-16) is able to coordinate up to three zinc ions, all the histidyl residues
acting as independent anchor sites. The study was complemented by systematically investigating the zinc(Il)
complexes of a series of shorter peptide fragments related to the A3(1-16) sequence, namely, A3(1-4), A3(1-6),
AcAB(1-6), AcA(8-16)Y10A. The comparison of the whole results allowed the identification of the zinc(l) preferred
binding sites within the longer A3(1-16) amino acid sequence. Unlike copper(ll) that prefers the N-terminal amino
group as the main binding site, the zinc(ll) is preferentially placed in the 8-16 amino acidic region of A3(1-16).
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Introduction

Alzheimer’s disease (AD) is the main form of dementia
occurring in the elderly. This disease is characterized by
progressive loss of cholinergic neurons with concomitant
damage of the cognitive function and memory.! The hall-
mark of AD is the formation of extracellular amyloid
aggregates (senile plaques) and intracellular neurofibrillary
tangles in the brain. The senile plaques mainly consist of a
39-43-residue peptide known as amyloid S (Af). A is
generated by the proteolytic action of - and y- secretases
on the large transmembrane amyloid precursor protein
(APP).>? The amyloid cascade hypothesis proposes that an
increased Af accumulation and aggregation into amyloid
plaques is responsible of the neuronal dysfunction and, later
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on, of dementia.* Growing evidence is, however, pointing out
that soluble A oligomers, rather than the insoluble aggre-
gated fibrils or protofibrils, cause the Af-mediated neuro-
toxic effects.”” ' Environmental factors such as the pH, ionic
strength, peptide concentration and temperature, metal ion
levels'*!* have been widely recognized as critical parameters
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affecting the conformation and the solubility of Af; more
recently, based on the altered homeostasis of some transition
metal ion in different brain compartments, the metal hypoth-
esis of AD has been proposed to explain the origin of the
pathology,'* in contrast to the amyloid cascade hypothesis.
In particular, it has been reported that copper(Il) and zinc(Hg
ions play an important role in the aggregation of AB.">"
The amyloid peptide is precipitated by zinc(II) and copper(1)
in vitro '® 2! and the concentration of these two metal ions is
significantly elevated within AD plaques reaching values of
0.4 mM for copper(Il) and 1 mM for zinc(IT).>* The role of
these metal ions in amyloid fibrils formation has also been
demonstrated by experiments showing that copper(Il) and
zinc(IT) chelators are able to dissolve AS deposits in AD post-
mortem brains.”*** Furthermore, a deficiency of synaptic
zinc(IT) by the knockout of zinc transporters ZnT3 resultsin a
reduced plaque formation in AD model mice, thus confirm-
ing the contribution of synaptic zinc(Il) in the aggregation
process.”> The zinc(II) binding also influences the morphol-
ogy of the Af aggregates, because zinc(Il)-induced aggre-
gates revealed to be more amorphous than those formed in
the absence of this metal ion.**~*°

Although it is well-established that zinc(II) can bind to
AP, the effects of such a binding, in terms of metal-dependent
aggregation and toxicity, are still controversial. At high
concentration zinc(Il) has been shown to promote Apf-in-
duced toxicity both in vitro *' and in vivo.*? By contrast, low
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levels of this metal ion reduced Ag toxicity, thereby exerting
a neuroprotective effect.''**™* Thus it seems that zinc(II)
may play a concentration-dependent role acting as an agent
capable of turning Af5’s neurotoxicity on and off. Noteworthy
is that such a dual effect could be also a function of the number
of zine(II) ions bound to AS. In fact, both the zinc(Il) and AS
are not equally distributed in the brain or in the whole central
nervous system (CNS), the extracellular concentration of
zinc(IT) being very low in a large part of the brain areas.**’
By contrast, ionic zinc stored within the vesicles of certain
glutamatergic neurons can reach millimolar concentrations.
These zinc-enriched neurons are concentrated in selected areas
of the brain, including the hippocampus, amygdale, and
neocortex.” Therefore, the zinc(IT)/Ap ratio might be differ-
ent from region to region.

It is now well-established that in the A peptide, the metal-
binding sites are located at the N-terminal hydrophilic region
encompassing the amino acid residues 1-16 (ApB(1-16))
whereas the C-terminal region, which contains hydrophobic
amino acid residues, is not believed to be associated with any
direct coordination of the metal ions.**** The stoichiometry
of the interactions of zinc(Il) with Af is also elusive. In this
regard complex stoichiometries from 1:1 *! to 3:1 ** have
been proposed, suggesting the existence of multiple metal
binding sites.

Different coordination environmnents have been proposed
on the basis of several spectroscopic techniques includin
NMR,*#~46 Raman spectroscopy, circular dichroism, 47
or electrospray-ionization mass spectrometry (ESI-MS)®. In
addition, the affinity constants until now reported are indicated
as estimated, showing a large range of values.*

We have previously shown that the AB(1-16)PEG peptide
derivative, obtained by attaching a polyethylene glycol
(PEG) chain to the C-terminus of the ApS(1-16) peptide
fragment, is able to form very soluble multinuclear copper(II)
complexes in aqueous solution.”’ This enabled a detailed
potentiometric and spectroscopic characterization of the
complex species, formed at different metal to ligand ratios
by the AS(1-16)PEG-copper(1]) system.
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In this work we have employed a similar approach to
examine the zinc(Il) interaction with the ApS(1-16)PEG
peptide. Since a direct evaluation of the potentiometric data
in the full-length AB(1-16)PEG would be complicated by
the presence of several potentially zinc(II) binding residues
(represented by the ®His, '*His, '*His, lAsp, 7Asp, 3Glu,
"Glu, '°Tyr side chains in addition to the terminal amino
group), we used an experimental approach consisting in the
comparative study of a series of shorter peptide fragments,
namely, the AB(1-4), AB(1-6), AcAB(1-6), each one contain-
ing a potential zinc(II) binding site. The complexation
{)roperties of AB(1-16)Y 10A and AcAB(8-16)Y10A, in which
Tyr s replaced by an alanyl residue, were also studied to get
information on a possible involvement of the phenolate
group in zinc(II) coordination.

On the basis of a combined potentiometric and NMR
procedure, we were able to (i) determine the different
zinc(IT) complex species as a function of the pH and the
metal to peptide ratios in all the peptides investigated; (ii)
determine the affinity constant values of the zinc(II) com-
plexes with these peptides; and (iii) suggest a possible correla-
tion between the coordination features of the different
metal complexes determined in this paper, and the reported
morphology of the various zinc-driven aggregates that show
different toxicity.>! >

Experimental Section

General Procedures. All N-fluorenylmethoxycarbonyl (Fmoc)-
protected amino acids, 2-(1-H-benzotriazole-1-yl)-1,1,3,3-tetra-
methyluronium tatrafluoroborate (TBTU), O-(N-Fmoc-2-
aminoethyl)-0’-(2-carboxyethyl)-undecaethyleneglycol (PEG) and
NovaSyn TGR resin were obtained from Novabiochem
(Switzerland); Fmoc PAL-PEG resin, N,N-diisopropyl-ethyla-
mine (DIEA), N-[(Dimethylamino)-1H-1,2,3-triazolo[4,5-b]-
pyridine-1-ylmethylene]- N-methylmethanaminium hexafluoro-
phosphate N-oxide (HATU), and 20% piperidine-DMF
solution were obtained from Applied Biosystems. N-hydroxy-
benzotriazole (HOBt), triisopropylsilane (TIS), and trifluoroa-
cetic acid (TFA) were purchased from Sigma/Aldrich. N,N-
dimethylformamide (DMF, peptide synthesis grade) was
obtained from Labscan Analytical Sciences.

All other chemicals were of the highest available grade and
were used without further purification.

Preparative reversed-phase high performance liquid chroma-
tography (RP-HPLC) was carried out using a Varian PrepStar
200 model SD-1 chromatography system equipped with a
Prostar photodiode array detector with detection at 222 nm.
Purification was carried out eluting with solvents A (0.1%
TFA in water) and B (0.1% in acetonitrile) on a Vydac CI8
250 x 22 mm (300 A pore size, 10—15 um particle size) column,
at flow rate of 10 mL/min. Analytical RP-HPLC analyses were
performed using a Waters 1525 instrument equipped with
Waters 2996 photodiode array detector with detection at
222 nm. The peptide samples were analyzed using gradient elution
with solvents A and B on a Vydac C18 250 x 4.6 mm (300 A pore
size, 5 um particle size), run at flow rate of 1 mL/min.

Peptide Synthesis and Purification. Peptide synthesis and
purification were described elsewhere.>!

Potentiometric Measurements. The potentiometric titrations
were performed in 3 cm® samples exploring the concentration
range of 1 x 107> to4 x 107> mol-dm > with metal ion to ligand
ratios between 4:1 and 1:2. During the titration, argon was
bubbled through the samples to ensure the absence of oxygen
and carbon dioxide and also to stir the solutions. All measure-
ments were carried out at 298 K and at a constant ionic strength
of 0.2 mol-dm> KCI. pH measurements were made with a
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MOLSPIN pH-meter equipped with a 6.0234.100 combined
electrode (Metrohm) and a MOL-ACS microburet controlled
by a computer. The recorded pH values were converted
into hydrogen ion concentration as described elsewhere.>
Stability constants (log q;) Were calculated by means of the
computational programs PSEQUAD,** SUPERQUAD, ** and
HYPERQUAD > by using eqs 1 and 2.

pM-+¢H-+rL = M,H,L, (1)

Bpar = MpH L}/ [MJ"[H]*[L]" 2

Electrospray Ionization Mass Spectrometry (ESI-MS). ESI-
MS spectra were recorded on a Finnigan LCQ Deca XP ion trap
using an electrospray ionization (ESI) interface. Peptide solu-
tions were introduced into the ESI source via a 100 um i.d. fused
silica, using a 500 L syringe. The spectra were acquired in the
positive ion mode, and the instrumental conditions were as
follows: needle voltage 2.5 kV; flow rate 3—5 uL/min; source
temperature 523—573 °C; m/z range 50—4000; cone potential
46 V; tube lens offset 15 V. The metal complex solutions
were prepared by dissolving the peptide and ZnSO4 (5 x
107> mol dm?) in Milli-Q water at 1:1, 1:2, and 1:3 L/Zn(II)
ratios and were investigated in the 3—10.5 pH range, adjusting
the pH values by adding HCI or NaOH.

Because of the isotopic distribution of elements, molecular
species are detected in the mass spectra as clusters of peaks so
that, to simplify their assignments, the n1/z values indicated in
the spectra and in the text correspond to the first (lowest-mass)
peak of each cluster.

NMR Spectroscopy. All NMR spectra were acquired at 300 K
on a Varian INOVA Unity-plus spectrometer operating at
499.884 MHz. Lyophilized samples of about 1 x 1073=2 x
1073 mol dm™? concentration were dissolved in 99.99% D,O.
Trimethylsilylpropionic acid (TSP) was used as an internal
standard. The metal complex solutions were prepared by dis-
solving each peptide and ZnCl, in D,O at metal ion to ligand
ratio 1:1. The pH of the solutions was adjusted to pH 4.0, 5.0, 7.0
by adding the appropriate acid or base solution. The electrode-
measured pH values were corrected for the isotope effect,
according to the equation pD = pH + 0.4. Samples used to
run ROESY experiments were prepared by dissolving the pep-
tide in 90:10 H,O/D-O at a concentration of about 4 x 10™> mol
dm 3. All the NMR measurements were carried out at a
constant ionic strength of 0.2 mol-dm > KCI.

One-dimensional (1D) spectra were generally acquired with
8192 data points over a spectral width of 6000.2 Hz. Two-
dimensional (2D) experiments were typically acquired with 2048
data points in the t2 dimension and 512 t1 increments. Water
saturation was achieved by low power irradiation during the
relaxation delay. TOCSY spectra were acquired with a spin
locking field of 7 kHz at a mixing time of 70 or 80 ms. ROESY
spectra were recorded using a 2 kHz spin locking field at a
mixing time of 300 ms.

Results and Discussion

The protonation equilibria of the peptide fragments in-
vestigated in this study (Scheme 1) have been reported
in a previous paper ' where we demonstrated that PEG
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Scheme 1. Amino Acid Sequences of the Peptide Fragments of Amy-
loid-f3 Polypeptide

Asp-Ala-Glu-Phe Asp-Ala-Glu-Phe-Arg-His
AB(1-4) AB(1-6)

Ac-Asp-Ala-Glu-Phe-Arg-His
Ac-AB(1-6)

Ac-Ser-Gly-Ala-Glu-Val-His-His-Gln-Lys
Ac-AB(8-16)Y10A

Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Ala-Glu-Val-His-His-Gln-Lys
AB(1-16)Y10A

Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-Gln-Lys
AB(1-16)

Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-GIn-Lys-PEG
AB(1-16)PEG

conjugation to AfB(1-16) was useful to enhance the solubility
of the resulting copper(II) complexes. As expected, the zinc-
(IT) complexes with AS(1-16) revealed to be poorly soluble at
nearly physiological pH even at 1:1 metal to ligand ratio.**
Therefore the greater solubility of the AS(1-16)PEG-zinc(11)
system allowed us to study the metal complexes in more detail
exploring also different metal to ligand ratios.

Zinc(11) Complexes of the Peptides Af(1-4), AcAS(1-6),
and Af(1-6). The stability constant values of the com-
plexes of Zn*" with the tetrapeptide AB(1-4) and the
hexapeptides AcAB(1-6) and AS(1-6) are listed in Table 1.
The simplest zinc(IT) coordination mode was observed
with the AcAB(1-6) peptide ligand where metal coordina-
tion starts above pH 5 with the formation of the [ZnL]
species. The stability constant value calculated for this
complex species (log 8 = 2.55) is slightly higher than that
reported for the monodentate imidazole binding (log K =
2.15 for acetyl-histamine, Ac-Hm),’® indicating the addi-
tional binding of the carboxylate function of the glutamyl
and/or aspartyl residues. A high molar fraction of un-
complexed metal ion is always present in the 5—12 pH
range. This enables hydrolytic reactions to occur as the
pH increases, and the precipitation of zinc(II)-hydroxide
or mixed hydroxo complexes is observed above pH 8.

The AB(1-4) peptide can interact with the zinc(I) via
the amino group and the carboxylate side chain of the
aspartic acid at the N-terminus, forming a six-membered
chelate ring. The stability constant value (log K = 3.73) of
the [ZnL] species (Table 1) is lower than the one reported
for the similar complex species of S-alanine (log K; =
4.14).°7

This difference can be explained by considering the
involvement of the carboxylate moiety belonging to the
glutamate residue in zinc(IT) coordination. The Glu car-
boxylate side chain can alternatively replace one of the
aspartyl residues giving rise to a less stable complex
species with the same (NH,,COO™) coordination mode,
but forming a chelate ring of larger size. NMR experi-
ments support this hypothesis. In fact, according to the
potentiometric results, the zinc(II) does not perturb any
resonance at pH 4 and 5, suggesting that the peptide
ligand is predominately uncomplexed. At pH 7, where the
[ZnL] species formation reaches its maximum, an upfield

(56) Kallay, C.; (5sz, K.; David, A.; Valastyan, Z.; Malandrinos, G.;
Hadjiliadis, N.; S6vago, 1. Dalton Trans. 2007, 4040-4047.
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1080.
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Table 1. Stability Constants of the Zinc(Il) Complexes (log /J’pqr) with Aﬂ(l 6),
AB(1-4), and AcAB(1-6) Peptides (T = 298 K, I = 0.2 mol dm ™~ KCI)*

Species Ap (1-4) AB(1-6) AcApB(1-6)
[ZnL] 3.73(2) 4.32(1) 2.55(6)
[ZnH_ L] —4.05(2)

[ZnH_,L] —12.96(2)
PK(O/—1) 8.37
pK(—=1/=2) 8.91

“pK(n/m) values reflect the pK values of zinc(II) complexes in the
complex species.
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Figure 1. Species distribution diagram of the complexes formed in the
zine(I1)—AB(1-6) system. (czoan = ¢ = 2 x 1072 mol dm ™).

shift of the 'Asp a-proton resonance is observed (see the
NMR spectra of Aﬁ(1—4) in Supporting Information,
Figure 1S). This is accompamed by changes of
the coupling constant values J, B and s B pertinent to
the 1Asprt:sldue( Jo p= = 5.0Hzand*J, g = 9.0 Hzin the
absence of zinc; JOL = 4.5Hzand*J, ap = 6.7Hzin the
presence of zinc). Taken together these results strongly
suggest that the peptide binds to the metalion through the
amino and the carboxylate functions of the aspartyl
residue. Interestingly the *Glu H, and H,- resonances
are also affected by the presence of zinc(Il): a clear
downfield shift of both signals is observed after zinc(II)
addition (see in Supporting Information, Figure 2S).
Furthermore the two multiplets get closer if compared
to their chemical shift difference in the uncomplexed
peptide. This evidence is also in agreement with the
hypothesis of a partial involvement of the carboxylate
function of *Glu in the coordination of the metal ion.
Therefore, as already observed for the copper(Il) com-
plexes,! the zinc(II) binding to the peptide results in the
formation of coordination isomers.

In the zinc(I1)-ApB(1-6) system, the formation of di-
nuclear complex species was evaluated by running the
potentiometric titrations at 1:1 and 2:1 metal to ligand
ratios. The results indicate the exclusive formation of
mononuclear complexes without any evidence of
dinuclear species. The species distribution diagram of
the zinc(I1)-AB(1-6) system (Figure 1) shows that the
complexation of the metal ion starts at pH > 5 with the
formation of the [ZnL] species.

In principle, both the N-terminal amino group and
imidazole histidyl function may be the anchoring sites
for the metal ion; the comparison of the stability constant
value (log K = 4.32) of the [ZnL] species with that
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(log K = 3.73) found for the analogous zinc(IT) complex
with AB(1-4) indicates the formation of a macrochelate
complex species in which both the amino and the imida-
zole nitrogens are involved in metal binding. The exis-
tence of such a macrochelate ring was already reported
for the copper(I) complexes of AB(1-6).>' A strong
support of the macrochelate formation comes from
NMR experiments, carried out at pH 7. Upon addition
of zinc the 'Asp o-proton resonance shifts toward upper
field, as already observed for the zinc(II)-AB(1-4) system
(Figure 2a).

At the same time, the signals associated with the C(2)H
and C(5)H imidazole protons of ®His broaden and appear
down- and upfield shifted, respectively (Figure 2b). These
selective spectral changes indicate that the zinc(II) is
coordinated by the imidazole nitrogen and the N-term-
inal amino group. As expected, the (CH»)g of ®His and
'Asp are affected by the coordination of the metal ion as
well, but other important changes are observed in the
aliphatic region. In particular, the broadening of the *Glu
(CH,)p resonances and the shift of the Hy and Hy’ signals
of this residue, suggest that also the glutamyl side chain
might be involved in zinc(I1) coordination.

Thus, the [ZnL] species, which predominates at phy-
siological pH, could be best described as a macrochelate
with a (NH,,Ny,,COO™) binding mode (Scheme 2a). In
addition to the specific effects on the aspartyl, glutamyl,
and histidyl residues, a detectable line-broadening and
signal intensity reduction of several o.-proton resonances
is observed upon zinc(II) addition. This may originate
from a chemical exchange rate between the uncomplexed
and complexed peptide in an intermediate regime on the
NMR time scale. Notably, not all the signals in the
spectrum are affected to the same extent. This allows to
rule out any eventual aggregation process.

A further increase of the pH leads to the formation of
the complex species [ZnH_ L] and [ZnH_,L] with pK
values of 8.37 and 8.91, respectively. These pK values can
be equally attributed to hydroxo complex formation or to
amide nitrogen deprotonation. It is difficult to distinguish
between these two processes using potentiometry alone,
so we resorted to ESI-MS experiments. Interestingly, the
m/z values obtained for the [ZnH_;L] and [ZnH_,L]
complex species (see Supporting Information, Table 1S)
indicate that one and two deprotonated amide nitrogens,
respectively, can take part in zinc(II) coordination.

Zinc(IT) Complexes of the Peptide AcAS(8-16)Y10A.
AcApB(8-16)Y 10A can accommodate up to two zinc ions,
and the stability constants of monuclear and dinuclear
zinc(I1) complexes are listed in Table 2.

The distribution curve diagram for the zinc(I1)—AcAp-
(8-16)Y10A system at 1:1 metal to ligand ratio (Figure 3a)
shows that the formation of the [ZnH,L] species occurs at
acidic pH values.

In this pH range, one imidazole nitrogen can act as the
anchoring site for the metal ion. Moreover, the lysyl
ammonium and one histidyl imidazole group are still
protonated. In particular, the lysyl side chain is proto-
nated until pH 10 suggesting that it cannot be included in
the coordination of the metal ion. Taking into account the
pK values of lysyl and histidyl side chains, we can
calculate, for the [ZnH,L], alog K = 2.88 which is higher
than the stability constant expected for a monodentate
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Figure 2. "H NMR spectra of AS(1-6) and zinc(IT)—AB(1-6) system at
300 K, pH 7: (a) o-proton region (¢: 'Asp, ¢: *Glu, 0: *Arg, @: *Ala), (b)
aromatic proton region (@:C(2)H and C(5)H imidazole protons of °His).
(eznan = ¢ = 2 x 107> mol dm™* in 100% D,0).

Table 2. Stability Constants of the Zinc(II) Complexes (log f,q,) with AcAS(8-
16)Y 10A Peptide (T = 298 K, 7 = 0.2 mol dm > KCI)*

mononuclear species binuclear species

species log 8 species log 8
[ZnH,L] 19.92(1) [Zn,H_,L] —5.85(10)
[ZnHL] 13.94(1) [Zn,H_sL] —14.49(11)
[ZnL] 6.67(3) [Zn,H_4L] —25.65(11)
[ZnH_,L] —1.55(6) pK(—2d/—3d) 8.64
[ZnH_,L] —11.20(6) pK(—3d/—4d) 11.16
pKQ2/1) 5.98
pK(1/0) 727
pK(0/—1) 8.22
pK(—1/=2) 9.65
pK(—=2/-3) 11.45

“pK(n/m) and pK(nd/md) values reflect the pK values of zinc(IT)
complexes in the mono- and binuclear species, respectively.

Zn(IT)-imidazole species (log K = 2.15).°° This indicates
that the carboxylate group of ''Glu may also assist the
coordination of the metal ion forming a macrochelate
with a (N;,,COO™) binding mode. Again the NMR
spectra are in line with this hypothesis. A significant
and selective signal-broadening, together with a reduc-
tion in intensity of the o-proton resonances of ''Glu and
of one histidyl residue, are detected in the spectrum
recorded at pH 5 after zinc(Il) addition (Figure 4a).
Unfortunately, the overlapping of the a-proton signals
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Figure 3. Species distribution diagram of the complexes formed in the
zine(I1)—AcAB(8-16)Y 10A system. (a) cznan = ¢, = 2 x 107> moldm ™2,
(0) ¢zaany = 4 x 1073 mol dm™, ¢ = 2 x 10~* mol dm—>. Solid and
dotted lined lines represent mono- and dinuclear species, respectively.

of the ""His and '"*His residues prevents the univocal
identification of the histidyl residue involved in the
coordination.

Interestingly, the '*Val protons are also affected by the
metal ion (Figure 4b). In particular, both (CH3), and
(CH3),» methyl resonances appear to be slightly shifted to
higher field, and one of them is significantly broadened.
Such an effect could be explained by considering the
formation of the (Ny,,,COO ™) macrochelate which brings
the zinc(IT) close to the methyl groups of '*Val, causing
them to be perturbed. Similar spectral changes have been
reported by other authors for the zinc(II) complexes of
AB(Acl0-16) and AB(1-16).4*** 1t is important to note
that, compared to the formation of zinc(II) complexes
with AS(1-6) peptide, the coordination of the zinc(II) by
AcApB(8-16)Y 10A starts at lower pH values. This means
that, at least in acidic solution, the AcAS(8-16)Y 10A has
an higher affinity for the zinc(II).

The deprotonation of the second histidyl imidazole
group takes place above pH 5 (pK = 5.98). Considering
the pK value of the protonated lysyl ammonium group, a
log K = 3.63 can be obtained for the [ZnHL] complex
species. Therefore, the deprotonation of the histidyl side
chain increases the thermodynamic stability of this com-
plex species thus supporting the hypothesis that this
second imidazole ring enters in the coordination sphere
of the zinc(II) which now results bound to the two
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imidazole nitrogens and to the carboxylate group of
""Glu forming a macrochelate with a (2Nj,,COO")
binding mode (Scheme 2b). In agreement with this
coordination mode, the aromatic protons of both '*His
and '"“His undergo a chemical shift variation and signal-
broadening in the "H NMR spectrum carried out at pH
6.1 and in the presence of an equimolar amount of zinc-
(IT). The signals of the aromatic protons of the two
histidyl residues completely disappear in neutral solution,
where the [ZnHL] complex species reaches its maximum
concentration (Figure 5).

The deprotonated [ZnL], [ZnH_,L], and [ZnH_,L] com-
plex species, with the respective pK values of 7.27, 8.22, and
9.65, are formed at higher pH values. The last deprotona-
tion reaction can be assigned to the amino group of the lysyl
residue, while ESI-MS experiments permitted to distinguish
between amide deprotonation and hydroxo complexes for-
mation in the case of [ZnL] and [ZnH_ ;L] complex species.
Also in this case the m/z values of these complexes indicate
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Figure 4. "H NMR spectra of AcAS(8-16)Y 10A and zinc(I)— AcAS(8-
16)Y10A system at 300 K, pH 5: (a) o-proton region (¢: ''Glu, O
19Ala, @: “His and '*His), (b) *Val (CH3), and (CHj),, methyl reso-

nances. (¢zuany = ¢ = 2 x 1072 mol dm ™ in 100% D,0).
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Figure 5. Aromatic region of 'H NMR spectra of AcAS(8-16)Y 10A
and zinc(I1)—AcAB(8-16)Y10A system at 300 K, pH 7. (¢zaary = ¢ = 2
% 1072 mol dm™ in 100% D,O).

the presence of one and two deprotonated amide nitrogens
in the coordination sphere of the zinc(II) (see the Suppor-
ting Information, Table 2S).
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The potentiometric measurements revealed that the
AcApB(8-16)Y10A can host up to two zinc(II) ions form-
ing dinuclear complex species. This further supports the
evidence that this peptide fragment exhibits a higher
affinity toward the zinc(II) in comparison with the
Ap(1-6). The formation of dinuclear complex species
for AcAB(8-16)Y10A was also confirmed by the ESI-
MS experiments run in the presence of an excess of metal
ion (see the Supporting Information, Table 2S).

The distribution curves diagram reported in Figure 3b
shows that only 1:1 complexes are formed below pH 7.
This observation represents an additional evidence of the
involvement of both histidyl residues in the zinc(I)
coordination in the mononuclear complex species
[ZnHL] and [ZnL]. Binding of the second zinc(II) ion to
the peptide occurs at pH > 7, concomitantly with amide
nitrogen deprotonation. As a consequence, each zinc(II)
ion should be coordinated via one imidazole nitrogen and
one or two additional amide functions. This hypothesis is
confirmed by the ESI-MS results: the m/z value of the
[Zn,H_ L] species clearly indicates the presence of three
deprotonated amide nitrogens in this complex species (see
Supporting Information, Table 2S).

The high affinity of AcAB(8-16)Y10A toward zinc(I1)
ions can probably be explained by the effect of the
macrochelation via the two neighboring imidazole rings.
Moreover, it is important to emphasize the role of the
carboxylate function of the glutamyl residue, which con-
tributes significantly to the chelation of the metal ion
(Scheme 2).

Zinc(I11) Complexes of the Peptide Af(1-16)PEG and
AP(1-16)Y10A. The systematic analysis on the shorter
peptide fragments ApS(1-4), AB(1-6), AcAp(1-6), and
AcAB(8-16)Y10A allowed us to know the coordination
features of each separate metal binding site existing with-
in the ApB(1-16) amino acid sequence. The AcAp(8-
16)Y10A is able to bind up to two zinc(Il) ions, while
only mononuclear complexes are formed by the AS(1-6).
The AB(1-16), that contains all the metal binding sites, is
expected to bind as much as three zinc(II) ions. This is
what we found by the potentiometric and ESI-MS mea-
surements. The stability constant values of the zinc(II)
complex species of AS(1-16)PEG are listed in Table 3.

To ascertain an active role of '*Tyr in zinc(II) com-
plexation, we also carried out potentiometric experiments
on the AB(1-16)Y 10A peptide and compared the results
with those ones obtained for the wild type sequence.

Obviously AB(1-16)Y10A is expected to bind up to
three zinc ions as well. However, because of the low
solubility of the resulting trinuclear complexes, we were
able to characterize only the zinc(I1)-AB(1-16)Y 10A com-
plexes formed at 1:1 and 2:1 metal to ligand ratios (see the
Supporting Information, Table 3S).

Because of the presence of the phenolate function of
Tyr, the AB(1-16)PEG has an additional protonation
constant with respect to the AB(1-16)Y 10A. Hence, from
the point of view of the zinc(II) binding, the IN complex
with AB(1-16)PEG is the [ZnHsL] species while the
analogue complex species of AB(1-16)Y10A is the
[ZnH4L] species. Taking into account the protonation
constant of the phenolate group of '*Tyr, the stability
constant values obtained for the zinc(I1I)-ApB(1-16)PEG
1:1 and 2:1 systems are comparable with those obtained
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Table 3. Stability Constants of the Zinc(I) Complexes (log fyq) Wwith
AB(1-16)PEG Peptide (T = 298 K, I = 0.2 mol dm ™~ KCI)*

mononuclear species binuclear species trinuclear species

species log species log 8 species log 8
[ZnH,L]  53.38(2) [Zn,H;L] 35.35(6) [ZnsL] 17.87(9)
[ZnHgL]  48.98(2) [ZnyH,L] 29.47(1) [ZnsH_,L]  10.19(6)
[ZnHsL]  44.21(1)  [Zn,HL] 22.44(2) [ZnsHooL]  2.60(2)
[ZnH4L]  38.55(2) [Zn,L] 14.92(1) [ZnzH_;L]  —6.07(1)
[ZnHsL]  32.73(1)  [ZmH_,L]  6.293) [ZnsH_,L] —15.43(2)
[ZnH,L]  25.94(1) [Zn,H_,L] —3.02(5) [ZnsH_sL] —25.55(2)
[ZnHL]  17.66(2) [ZmH_sL]  —12.87(5) [ZnsH_¢L] —36.20(4)
[ZnL] 8.92(3)  [Zn,H_4L] —23.88(8) [Zn;H_;L]  —47.65(8)
[ZnH_,L] —0.81(2) [ZmH_sL]  —35.74(9) pK(Ot/—1t) 7.68

[ZnH_,L] —11.303) pK(3d/2d)  5.88
[ZnH_sL] —22.54(3) pK(2d/1d)  7.03
pK(7/6)  4.40 pK(1djod)  7.52
pK(6/5)  4.77 pK(0d/—1d)  8.63
PK(5/4)  5.66 pK(—1d/=2d) 9.31
pK@/3) 582 pK(—2d/—3d) 9.85
pK(3/2)  6.79 pK(—3d/—4d) 11.01
pKQ2/1) 828 pK(—4d/—5d) 11.86
pK(1/0)  8.74
pKO/=1) 9.73
pK(—1/=2) 10.49
pK(—=2/-3) 11.24

pK(—1t/=2t) 7.59
pK(—2t/—3t) 8.67
pK(=3t/—4t) 9.36
pK(—4t/—5t) 10.12
pK(—5t/—6t) 10.65
pK(—6t/=7t) 11.45

“pK(n/m) values reflect the pK values of zinc(IT) complexes.

for the corresponding complex species of AG(1-16)Y 10A,
thereby indicating that the absence of '“Tyr does not
change the coordination properties of this peptide frag-
ment. This means that the phenolate group of tyrosine is
not involved in the coordination of the zinc(II) and that
both peptide fragments have the same zinc(II) binding
mode. Thus, from now on, we will refer only to the metal
complexes of AB(1-16)PEG.

The species distribution diagram of the zinc(Il)-
ApB(1-16)PEG system is reported in Figure 6. It shows
the formation of both mononuclear and dinuclear com-
plex species, with the mononuclear species predominating
in the slightly acidic pH range.

As reported above, AcAS(8-16)Y10A binds to zinc(II)
more efficiently than AS(1-6) in the slightly acidic pH
range. Thus, the two neighboring histidyl residues are
expected to be the primary metal binding sites in the
whole AS(1-16) peptide ligand. To prove it, 1D and 2D
"H NMR experiments were carried out on AB(1-16) both
in the absence and in the presence of equimolar zinc(II) at
pH 5. The use of the 2D-NMR techniques allowed the
assignment of the resonances of the three histidyl and two
glutamyl residues.

The addition of the metal ion was accompanied by a
slight upfield shift of the (CH3), methyl resonances of
12Val together with a significant broadening of one of the
two doublet (Figure 7a). An identical effect on '*Val was
observed also for the Zn(I11)-AcAS(8-16) Y 10A 1:1 system
and, in that case, was attributed to the formation of a
macrochelate species with a (Ny,,,COO ) binding mode.
This result confirms that the zinc(Il) is preferentially
placed in the 8-16 amino acidic region of AB(1-16).

The signals of the amide protons of 12yal, "*His, "“His,
and "'Glu are selectively reduced in intensity and broa-
dened in the presence of zinc(Il) (Figure 7b) indicating
that, in the acidic pH range, the zinc(II) is coordinated in a
macrochelate complex species through the imidazole
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Figure 6. Species distribution diagram of the complexes formed in the
zinc(ID—AB(1-16)PEG system (cznan = ¢ = 2 X 107> mol dm ™). Solid
and dotted lines represent mono- and dinuclear species, respectively.

a)
11 Zn(II):pepﬁdM
0.9 0.8 0.

1

7

no Zn(II)
1 0.9 0.8 0.7
ppm
b) s
1:1 Zn(II):peptide ratio
0o
: M
6 8.3 8.2 8.1 8 79

no Zn(II)

8. .5 84
0
8

®
.6 8.5 8.4 8.3 8.2 8.1 8 7.9
ppm

Figure 7. "H NMR spectra of AB(1-16) and zinc(I)—ApS(1-16) system
at300 K, pH 5: (a) '*Val (CH), and (CHj), methyl resonances, (b) amide
proton region (¢: >Val,0: ''Glu, ¢: "*His, O0: '*His and @: ®His). (¢znqry =
e =4 x 107> mol dm™? in 90% H,O + 10% D-0).

nitrogens of '*His or '*His in addition to the carboxylate
group of ""Glu. Further support to this coordination
mode is obtained by the value of the stability constant
for the chelation of one His nitrogen and the ''Glu
carboxylate, calculated taking into account the pK values
of the protonated residues (the lysyl, tyrosyl, aspartyl
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amino groups and the imidazole nitrogens of two histidyl
residues). Thelog K = 3.18 value, obtained for the species
[ZnH;L], is similar to that found for the analogue zinc(IT)
complex species with AcAS(8-16)Y10A peptide frag-
ment, confirming the (Nj,,,COO™) binding mode pro-
posed above for the [ZnHsL] complex species. However,
in the case of the AB(1-16)PEG, the possibility to form
several coordination isomers, with the same (Ny,,,, COO ™)
binding mode, slightly increases the stability of this
[ZnH;L] species.

The deprotonation of a second histidyl residue occurs
by increasing the pH (pK = 5.66). A stability constant
value log K = 3.91 can be calculated for the resulting
[ZnH4L] complex species. The deprotonation reaction is
accompanied by an increase of the thermodynamic sta-
bility of the complex species, indicating that a second
imidazole nitrogen is involved in the coordination sphere
of the zinc(II) in addition to the first histidyl and glutamyl
residues forming a macrochelate with (2Ny,,,COO™)
binding mode. Such a result is in line with that found
for the zinc(II)-AcAB(8-16)Y10A system. This unam-
biguously establishes that in the acidic pH range the
zinc(Il) is preferentially bound to the 8-16 amino acid
region of AB(1-16), through the '*His/"*His dyad and the
""Glu carboxylate side chain.

A further increase of the pH value leads to the forma-
tion of the [ZnHsL] and [ZnH,L] complex species. In the
[ZnH;L] species the N-terminal amino group, the tyrosine
and lysine side chains are still protonated. The [ZnH,L]is
the major species in the physiological pH range and,
unlike the [ZnH;L] species, the N-terminal amino group
is now deprotonated. Therefore, in the [ZnH,L] species,
the N-terminal amino group and the three histidyl resi-
dues can be considered as potential binding sites, thereby
increasing the chance to form coordination isomers. The
stability constant value of the [ZnH;L] complex (log K =
4.82) is significantly higher than that (log K = 3.63) found
for the analogues [ZnHL] complex species formed with
AcAB(8-16)Y10A, in which a (2Ny,,,COO™) coordina-
tion mode is proposed. This difference indicates the
involvement of the third His residue in zinc(II) coordina-
tion. Figure 8 shows the IH-NMR spectra recorded at pH
7, of AB(1-16)PEG and the changes induced by the
addition of zinc(II) on the aromatic group resonances.

The "*His and "His aromatic protons signals almost
disappear upon zinc(Il) addition (Figure 8). These selec-
tive changes prove that, in neutral solution, the metal ion
is bound to the '*His/!'*His dyad, and that the carboxylate
groups participate in metal coordination. The imidazole
signals of °His are also perturbed by the zinc(II)
(Figure 8). The C(2)H and C(5)H protons are broadened
and respectively downer and upper-field shifted, suggest-
ing that the imidazole side chain of this amino acid residue
might be also involved in the metal ion coordination (see
Scheme 2c).

The further increase of the stability constant value of
[ZnH,L] species (log K = 5.72) in the zinc(I1)-AS(1-16)PEG
system, may suggest the involvement of the N-terminal
amino group.

In the "H NMR spectrum recorded at pH 7, the 'Asp
o-proton resonance is upfield shifted by —0.023 ppm
(Figure 9). However this upfield shift is much less signi-
ficant than the one detected in the case of zinc(I1)-AS(1-6)
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Figure 8. Aromatic region of "H NMR spectra of AS(1-16)PEG and

zinc(I1)—AB(1-16)PEG system at 300 K, pH 7 (¢: "*His and “His, O0:
SHis). (cznan = ¢ = 2 x 107> mol dm ™ in 100% D,0).
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Figure 9. CH,, region of '"H NMR spectra of AB(1-16)PEG and zinc-
(ID)—ApB(1-16)PEG system at 300 K, pH 7. (¢zoary = ¢ = 2 X 1073 mol
dm ™ in 100% D,0).

system (A6 = —0.138 ppm) in which the coordination
through the N-terminal group is assumed.

To ascertain an eventual involvement of the amino
group in the binding to zinc(Il) ion, NMR experiments
were carried out also at pH 7.5 both in the absence and in
the presence of 0.5 mol equiv of zinc(II) to increase the
percentage of the [ZnH,L] species over the [ZnHsL] one
(see distribution diagram in the Supporting Information,
Figure 3S). Unfortunately, at this pH value the presence
of zinc(II) caused evident line broadening of almost the
totality of the resonances. However, from the residual
crosspeak of the ' Asp a-proton detected in the 2D-COSY
spectrum, only a small variation of the chemical shift was
observed upon zinc(IT) addition. This would indicate no
significant involvement of the N-terminal amino group in
the metal ion coordination. At the same time, on the basis
of the potentiometric result it cannot be ruled out that,
above pH 7, the zinc(II) might be distributed among
different binding sites, namely, the '*His/'*His dyad
and the N-terminal amino group, with a definite prefe-
rence for the former site.

Interestingly, Figure 6 shows the existence of binuclear
complex species even at 1:1 metal to ligand ratio. In this
complex species both the 1-6 and 8-16 domains of
AB(1-16)PEG bind a zinc(IT) ion. The existence of
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dinuclear and even trinuclear species (see distribution
diagrams in the Supporting Information, Figures 3S
and 4S) was also confirmed by the ESI-MS experiments
carried out in the presence of an excess of metal ion (see
the Supporting Information, Table 4S). Noteworthy, our
ESI-MS results are in agreement with a recent study on
the interaction of the AS(1-40) with pairs of metal ions in
which it is clearly indicated that more than one zinc ion
can bind to A (1-40) and the majority of the observed
complex species in the ESI-MS spectra belong to mono-
molecular A complexes with more than one ion of zinc.”®

The dissociation constants of the zinc(II)-Af com-
plexes reported in the literature show different values
owing to the variety of experimental conditions and
techniques used. It has been reported that AS(1-40) binds
a zinc(II) ion with high affinity (K4 = 100 nmol/L) and
two additional zinc(IT) ions with somewhat lower affinity
(Kq = 5 umol/L).%® However, successive results showed
the formation of only 1:1 complex with K4 = 3.2 umol/L.*!
Similar values in the low micromolar range (i.e., 5—10 uM)
have also been reported for truncated AS(1-16)** and for
AB(1-28)*. Yet, different results were obtained by other
authors despite the similar experimental conditions used.
Ricchelli et al. found a Ky in the low micromolar range for
AB(1-16), AB(1-40), and AB(1-42) > whereas Garson et al.
deduced a higher K4 of 300 uM for AB(1-40) and 57 uM for
AB(1-42) ©. As mentioned above the different methodolo-
gies and experimental conditions used may explain the
variability in the reported values. More recently the great
variability of affinity constant values has been attributed
both to the aggregation state of the peptide ligands and to the
use of different buffers such as Tris, HEPES, or PBS, which
can compete with Af for the binding of the metal ion.”*® It
is noteworthy that the reported stability constant values
were indicated as (i) estimated, (ii) comprised in a range,
and (ii1) related to a binding site and not to a specific metal
complex species. [20:40:41:46:30.59-621

NMR measurements have been carried out to discri-
minate among the different coordination environments
experienced by zinc(Il) in the various complex species
formed with AB. 043746263 There is a general consensus
indicating the involvement of the three histidyl residues,
®His, "*His, "“His, [****~*] while the identity of further
ligands remains controversial. The involvement of ''Glu
and 'Asp has been proposed by some authors,*0:43:43-46-62
while others exclude the binding of the 'Asp.** A compar-
ison between the different experimental conditions of the
NMR experiments, that is, pH values, and the speciation
obtained on the basis of our thermodynamic investi-
gation can explain these contrasting results. In fact, the
[ZnH,L] species, in which the N-terminal amino group is
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deprotonated and then able to coordinate the zinc(Il), is
almost the only complex species existing around pH 7.4
and at ligand to metal ratio higher than two (see distribu-
tion diagram in the Supporting Information, Figure 5S).
By contrast the data obtained below pH 7 refer to a
mixture of two mononuclear complexes [ZnHsL] and
[ZnH>L]and various dinuclear species (see Figure 6). This
means that the NMR data obtained below pH 7 cannot be
attributed to a single complex species. This fact prevents
the unambiguous assignments of the donor atoms in-
volved in each complex species.

Conclusion

According to the amyloid cascade hypothesis,* the deposi-
tion of Af diffuse plaques is a critical event that may be
associated with AD pathogenesis. Metal ions, particularly
zinc(I1), had been proposed to play a significant role in the
assembly and neurotoxicity of Ap-aggregates in AD.'"!
Studies on the zinc(IT)-Af interactions suggested that this
metal had a major effect on Af3 aggregation either increasing
the aggregation at high zinc concentration or reducing the
aggregation at low metal ion concentration.!”*1%45 A key
parameter in the Af-zinc(II) interaction is the affinity of the
peptide ligand for the metal ion. In this regard the need to
obtain reliable thermodynamic data has recently stressed.>**!

In the present paper, the first potentiometric study of the
zine(IT) complexes with the N-terminal region of Af3 enabled
us to determine the stability constants of zinc(I1) complexes
and the true affinity of this metal ion toward the soluble
and monomeric Af peptide. Such a study also demonstrates
that Afis able to allocate up to 3 equiv of zinc(II) ion, a result
that is in line with that of Bush et al.*® In addition our results
show which species form at different metal to ligand
ratios and pH values, thereby contributing to answer the
question of the formation and survival of different zinc(II)
complexes with Af in different brain areas, where different
concentration values of both AB and zinc(II) can occur.™
Our potentiometric data indicate that the stoichiometry
of the main complexes formed at physiological pH changes
as a function of the metal to peptide ratios. In other words the
mononuclear [ZnH,L], dinuclear [Zn,HL], and trinuclear
[Zn;3L] species predominate at physiological pH at 1:1, 2:1,
and 3:1 M/L, respectively (Figure 6 and see distribution
diagrams in the Supporting Information, Figures 4S and
55). Considering that the zinc(II) concentration in the brain is
higher than that one of Af, the formation of polynuclear zinc
complexes, in physiological conditions, may be not an
improbable process. Recently, it has been suggested that
the zinc(IT)-binding affinity to the full-length Af is rather
independent of the aggregation state of the polypeptide
chain.®

The systematic study of zinc(II) complexes with the shorter
Ap fragments was useful not only to map up all the potential
zinc sites within the whole AB(1-16), but also to identify the
preferential binding sites of the zinc(II) ions. In particular, the
comparison of the stability constant values of the zinc(II)
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complexes with both the N-terminus and the C-terminus
fragments of AB(1-16), clearly shows the preference of zinc-
(IT) to bind to the His domain of the C-terminus. This
preference is different from that found for the copper(II)
ion that forms more stable complexes with the N-terminus
domain.”!

Such an apparent difference might have biological con-
sequences in terms of Af’s aggregation morphology and
toxicity. Both inhibitory and fibril-inducing activities have
been reported for Cu®"*6776% and Zn?* 1826730 regpec-
tively. It has been reported that the aggregation of Af in the
presence of zinc(Il) or copper(Il) is very different. Unlike
copper(Il), zinc(I) is able to strongly induce Af aggregation.
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However, zinc(IT) induced Af aggregates revealed to be more
amorphous than the fibrillar observed in the presence of
copper(Il); the different morphology and toxicity of the
aggregates de‘Pend on the concentration and metal to peptide
ratios.!"**337° Our previous®' and present results establish
that the N-terminal region of Af3 can give access to different
Cu*" and Zn*" coordination environments that change
under slightly different experimental conditions. Thus, it is
very likely that the different metal complex species can lead to
profound changes in Af self-assembly, morphology, and
neurotoxicity.
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