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ABSTRACT: Aggregation of the peptide amyloid-â (Aâ) to amyloid plaques is a key event in Alzheimer’s
disease. According to the amyloid cascade hypothesis, Aâ aggregates are toxic to neurons via the production
of reactive oxygen species and are hence directly involved in the cause of the disease. Zinc ions play an
important role, because they are able to bind to Aâ and influence the aggregation properties. In the present
work isothermal titration calorimetry and Zn sensors (zincon, Newport Green, and zinquin) were used to
investigate the interaction of Zn with the full-length Aâ1-40 and Aâ1-42, as well as the truncated
Aâ1-16 and Aâ1-28. The results suggest that Zn binding to Aâ induces a release of∼0.9 proton by the
peptide. This correspond to the expected value upon Zn binding to the three histidines and indicates that
further ligands are not deprotonated upon Zn binding. Such behavior is expected for carboxylates, but not
the N-terminus. Moreover, the apparent dissociation constant (Kd,app) of Zn binding to all forms of Aâ is
in the low micromolar range (1-20 µM) and rather independent of the aggregation state including soluble
Aâ, Aâ fibrils, or Zn-induced Aâ aggregates. Finally, Zn in the soluble or aggregated Zn-Aâ form is
well accessible for Zn chelators. The potential repercussions on metal chelation therapy are discussed.

The aggregation of the peptide amyloid-â (Aâ) into fibrils
is considered to be a key event in Alzheimer’s disease (1-
4). In vivo, the most prevalent forms of Aâ consist of 40
(Aâ40)1 and 42 (Aâ42) amino acids. Aâ is cleaved from
the membrane protein amyloid precursor protein (APP). The
longer form Aâ42 is more prone to aggregation and more
toxic to neurons than Aâ40. This is in agreement with the
widely accepted amyloid cascade hypothesis, which proposes
that an increased Aâ accumulation and aggregation lead to
the formation of fibrils in amyloid plaques and to neuronal
disfunction and later on dementia (2). However, it is thought
that soluble, oligomeric forms of Aâ are the most toxic
species, rather than more aggregated fibrils or protofibrils
(2). In this context, factors influencing this aggregation are
of high interest (5). Studies in vitro, in cell cultures, and in
AD model mice indicate an important role for metals (Zn,
Cu, and Fe) in this respect (1, 4, 6, 7).

In the case of Zn, a large body of evidence has been
accumulated supporting an important role of this metal ion
in the metabolism of Aâ linked to Alzheimer’s disease. Zn
has been found in the amyloid plaques at high concentrations
(∼mM), and treatment with chelators partially solubilized
the plaques (8). APP possesses a high-affinity Zn-binding

site, which is located outside the Aâ region (9, 10).
Transgenic mice, which express human APP, develop
amyloid plaque pathology and then can serve as models for
AD. In such mice the lack of the Zn transporter ZnT3
(transports Zn into synaptic vesicles) reduced the plaque load.
Hence, it was concluded that endogenous Zn contributed to
the amyloid deposition in transgenic mice (11). Chelators,
such as clioquinol, DP109, and cyclo-phen-type, known to
bind Zn (and Cu) reduced successfully the amyloid plaque
burden in transgenic mice (7, 12-15).

In vitro studies revealed that Zn binds to Aâ and promotes
its aggregation (5, 16, 17). Zn binds to Aâ in a monomeric
and stoichiometric Zn-Aâ complex, which is transiently
stable prior to aggregation (18). Moreover, Zn binding also
influences the morphology of the Aâ aggregates. Generally
their structures were described to be more amorphous, i.e.,
containing no or less fibrils. Zn-induced aggregates are less
reactive with the marker thioflavin T than aggregates formed
in the absence of Zn (19-23).

The first Zn-binding site of Aâ is located in the N-terminal
part. Researchers in several studies on soluble Aâ40 or
truncated forms containing the Zn-binding site (i.e., Aâ16
and Aâ28) tried to identify the ligands of Zn in Aâ (19,
24-34). Although there is some contradiction, the involve-
ment of histidines 6, 13, and 14 has been suggested in most
studies. Less agreement is found concerning further ligands.
Mostly suggested was the aspartate at position 1, by either
the N-terminus or carboxylate side chain (28, 29, 34). In
the case of an acetylated N-terminus, an NMR structure of
Zn-Aâ1-16 was solved and showed that Zn is bound to
the three His residues and Glu11 (31). Less is known for
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the Zn-binding site in Zn-induced aggregates of Aâ. Raman
spectroscopy studies indicated that it is provided by three
His residues similar to soluble Aâ (25). In contrast, EXAFS
measurements detected differences between soluble and
aggregated Aâ, among others the number of His residues
involved (32). It has also been suggested that the peptide
aggregates through intermolecular His(N(τ))-ZnII-His(N(τ))
bridges (25). Concerning Zn binding to Aâ fibrils formed
in the absence Zn, to our best knowledge no information is
available.

A key parameter in the interaction of Zn with Aâ is the
affinity for the metal. The knowledge of the dissociation
constant allows the comparison with other biological and
nonbiological Zn ligands. This can give insights into the
possible sources of Zn ions able to be chelated by Aâ, as
well as which ligands (proteins or others) would be able to
withdraw Zn from Aâ. This is of particular interest concern-
ing metal chelation therapy. In such a therapy, chelators
should have an intermediate affinity, capable of disrupting
low-affinity but pathologically relevant metal-Aâ interac-
tions, without disrupting higher affinity essential metal-
protein/peptide interactions. This allows specific, rather than
systemic, chelation of excess metals in the brain of AD
patients.

The dissociation constant of Zn-Aâ found in the literature
differed depending on the conditions and methods used.
Initially a substoichiometric binding of Zn to Aâ40 with a
Kd of ∼100 nM and a second site of 5µM by using a
displacement assay with radioactive and cold Zn binding to
blotted Aâ40 has been reported (17). In a subsequent study
also using blotted peptide, Clements et al. found no evidence
for a submicromolar binding but confirmed aKd of ∼5 µM
for Aâ40 by their value of 3.2µM (35). Similar values in
the low micromolar range (i.e., 5-10 µM) have also been
reported for truncated Aâ (Aâ16) by competition with the
Zn sensor zincon (28) and for Aâ28 by competition with
Cu binding followed by fluorescence (∼7 µM) (34). By using
fluorescence enhancement of the single Tyr10 due to Zn
binding to Aâ, different results have been reported (although
under very similar conditions, Tris buffer, pH 7.4, 100-
150 mM NaCl). Ricchelli et al. agreed with aKd in the low
micromolar range for Aâ16/40/42 (36), but Garzon et al.
deduced a higherKd of 300 µM for Aâ40 and 57µM for
Aâ42 (37). Although generally the apparentKd of Aâ and
its truncated forms Aâ16/28 is in the low micromolar range,
not much is known of the influence of the aggregation state
on Kd,app, a parameter which could explain some of the
discrepancy reported.

In the present study we investigated the interaction of Zn
with Aâ40 and Aâ42 as well as the truncated forms Aâ16
and Aâ28. Isothermal titration calorimetry and competition
experiments with Zn sensors were applied to study this
interaction. In particular, the apparent dissociation constants
(Kd,app) were compared between soluble, aggregated Zn-
Aâ40 and Aâ40 fibrils. This could have importance concern-
ing metal chelation therapy, which is discussed.

MATERIALS AND METHODS

Materials. The peptides Aâ16, Aâ28, Aâ40, and Aâ42
were purchased from EZBiolab (Westfield, IN), Geneshere
Biotechnologies (Paris, France), or Activotec (Cambridge,

U.K.). The peptide concentrations were determined by
absorption spectroscopy, by using the well-established
extinction coefficient of Tyr at 275 nm,ε ) 1410 M-1 cm-1.
Aâ40/42, which are prone to aggregation, were monomerized
by a short incubation at pH 11-12 (38, 39).

Aggregating Concentration.To determine at which con-
centration the different Aâ peptides aggregate in the presence
of Zn, turbidity measurements at 400 nm were performed at
different concentrations over 3 h (maximal time of an
isothermal titration calorimetry (ITC) experiment). The
results showed that Zn-Aâ16 is mainly soluble up to 60
µM, Zn-Aâ28 up to 20µM, and Aâ40 up to 10µM.

Isothermal Titration Calorimetry.ITC experiments were
performed at 298.0( 0.1 K on a Microcal VP-ITC
calorimeter (Microcal, Northampton, MA). Ligand and
receptor solutions were prepared with the same buffer stock
solution, 20 mM {2-(4-(2-hydroxyethyl)-1-piperazinyl)e-
thanesulfonic acid (HEPES), tris(hydroxymethyl)aminomethane
(Tris), or cacodylate buffer with 100 mM NaCl at pH 7.4.
All samples were degassed by being stirred under vacuum
before use. In the cell, the peptide solution has a concentra-
tion of 10-140 µM. In each ITC experiment, about 30
injections of 7-8 µL of 150-800 µM zinc solution were
made into the cell containing the peptide. The syringe speed
was set at 300 rpm. Control experiments (heat dilution
measurement) were performed by injecting zinc solution into
the buffer, suggesting that the heat dilution was negligible
for Tris buffer (∆HTris ≈ -0.15 kcal.mol-1). In the case of
HEPES and cacodylate the∆H of dilution was lower, but
compared to the measured∆H not insignificant (however,
fits of the curve showed similarKd,app values independent
of whether the dilution curve was subtracted). Thus, the ITC
data were corrected for the heat of dilution of the titrant by
subtracting the excess heats at high molar ratios of zinc to
peptide. Some inverse titrations (100µM Aâ16 solution
injected into 500µM zinc solution) confirmed the range of
the reaction enthalpy values. Data were analyzed with
Microcal Origin 7.0, and the fitting curves were calculated
according to one set of the binding site model. The number
of protonsnH+ released (>0) or taken up (<0) by the buffer
during Zn-Aâ complexation is expressed by the following
equation:

where ∆Hbinding is the measured enthalpy of binding and
∆Hreaction the intrinsic enthalpy of reaction (40).

Apparent Dissociation Constant (Kd,app). The apparent Zn-
Aâ dissociation constant was estimated by competition assay
with the colorimetric Zn chelator zincon (2-carboxy-2′-
hydroxy-5′-(sulfoformazyl)benzene) from Acros organics. It
has been reported in the literature that zincon forms a
complex with ZnII in a 1:1 stoichiometry (ZnII-zincon),
showing a distinct absorption band at 620 nm (ε ) 23200
M-1 cm-1) at pH 7.4 and having an apparent binding constant
(Kapp) of 7.9× 104, i.e.,Kd,appof 12.6µM (41). We verified
these parameters by titration of ZnSO4 with different
concentrations of zincon (10-20 µm) under our conditions
(pH 7.4, 20 mM HEPES, 100 mM NaCl). Slighlty higher
affinity was found (Kd,appof 5.8( 1.5µM), and the molecular
extinction coefficient was lower than reported (15000( 1500
M-1 cm-1).

∆Hbinding ) ∆Hreaction+ nH+∆Hionization
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The binding equilibrium of ZnII between Aâ and zincon
can be expressed as eq 1. The apparent binding constant of

ZnII-Aâ can be calculated by solving eq 2 (Zi) zincon).
In the case of titration of the Aâ-Zn complex with zincon,
the absorption band at 620 nm is due to the Zn-zincon

complex, which increases upon addition of zincon. The
tailing from the absorption band at 470 nm due to apo-zincon
was subtracted from the Zn-zincon complex signal. As-
suming that all the zinc is bound, to either zincon or Aâ, it
can be deduced that, at half-maximal absorption (see Figure
4), [zincon-Zn] ) [Aâ-Zn] ) [Zn]total/2. [zincon] and [Aâ]
could be calculated by subtracting the Zn-bound fraction
from the initial concentration (i.e., [zincon]) [zincon]total -

[Zn-zincon] and [Aâ] ) [Aâ]total - [Zn-Aâ]). Then, using
the binding constant of ZnII-zincon obtained from the
titration realized the same day, the apparent binding constant
of ZnII-Aâ could be calculated (28). To make sure that most
Zn was bound to the ligand, an excess of Aâ over Zn (2:1
ratio) was used as a starting point of the titration. An
analogous approach was used for the inverse titration, that
is, the addition of Aâ to Zn-zincon. Both approaches yielded
similar apparent binding constants of ZnII-Aâ, indicating
that reaction 1 had reached equilibrium.

A similar approach has been used with the fluorescent
sensor Newport Green DCF dipotassium salt (NG) from
Invitrogen (λex ) 485 nm, λem ) 530 nm) (42). Its
dissociation constant with zinc has been reported to be around
1 µM (43), which was confirmed by our experiments ((0.9
( 0.5)× 106 M-1). A concentration of 3µM has been used
in the titration experiment since the enhancement of fluo-
rescence of the NG-Zn complex has been found to be linear
with its concentration only up to 5µM.

Zinquin (2-methyl-8-[(4-methylphenyl)sulfanylamino]-6-
(carboxymethyloxy)quinoline, was purchased from Sigma-
Aldrich. The excitation and emission wavelengths were 370
and 490 nm, respectively. Zinquin was first solubilized in
DMSO and then in water. The concentration has been
determined using the molecular extinction coefficient of
about 9000 M-1 cm-1 at 340 nm calculated from ref44.

Fibril Preparation. A solution of 200µM soluble Aâ40
in either Tris or HEPES (20 mM), NaCl (100 mM), and
0.01% NaN3 at pH 7.4 was placed at 30°C under gentle
agitation for 3 weeks. The presence of fibrils was confirmed
by negative stain transmission electron microscopy and ThT
fluorescence (45).

RESULTS

Isothermal Titration Calorimetry. Isothermal titration
calorimetry experiments can be used to study the binding
between two molecules (often called the ligand and receptor)
(46-48). Direct indications of three parameters can be
obtained. These are the stoichiometry between the ligand and
receptor, the binding constant (K), and the enthalpy (∆H).
On the basis of the binding constant and the enthalpy, the
entropy (∆S) can be calculated. However, it is important to

note that the heat measured, and as a consequence the
thermodynamic parameters (K and ∆H), stems from the
entire reaction (i.e., from the starting reagents to the final
product) and is thus apparent (for more detailed discussion
of ITC measurement of metal-peptide/protein see refs
49-54).

As the Kd of Zn-Aâ16 has been reported to be in the
low micromolar range, the first ITC measurements were
conducted with the recommended 10-100 times higher
concentration. An ITC measurement of Zn added to 140µM
Aâ16 or Aâ28 in 100 mM Tris/HCl at pH 7.4 is shown in
Figure 1. The best fits at this concentration revealed apparent
Kd values of 61( 4 and 30( 4 µM for Aâ16 and 28,
respectively, but they also revealed a stoichiometry around
1.5, which is above the integer stoichiometry of the Zn-
binding sites as suggested by spectroscopic data (28, 29, 33,
34). Moreover, parallel turbidity measurement revealed that
under this concentration Aâ28 and also partially Aâ16

FIGURE 1: ITC: Zn titration to Aâ16 (9) and Aâ28 (b) at 140
µM in 20 mM Tris buffer, 100 mM NaCl, pH 7.4.

FIGURE 2: ITC of Aâ16 (9), Aâ28 (b), and Aâ40 ([) at low
concentration (10-20 µM) in 20 mM Tris buffer, 100 mM NaCl,
pH 7.4.

ZnII-Aâ + zincona Aâ + ZnII-zincon (1)

[ZnII-Aâ][Zi]

[Aâ][ZnII-Zi]
)

Kapp(Zn-Aâ)

Kapp(Zn-Zi)
(2)
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aggregate in the presence of Zn over a time period of 3 h
(time for the ITC experiment; for details see the Materials
and Methods). This means that the measured heat is the sum
of two events, i.e., sum of Zn binding to the peptide and the
aggregation. To obtain only the contribution of Zn binding,
ITC measurements at lower concentrations of 10-20 µM
Aâ16/28 were conducted. Turbidity and centrifugation
measurements showed that at this concentration Zn-Aâ16/
28 did not aggregate significantly. The best fit of Zn titrations
to Aâ16 and Aâ28 at lower concentration revealed generally
an integer stoichiometry, i.e., one Zn per Aâ16/28. TheKd,app

values obtained for Aâ16 and Aâ28 were 22( 14 and 10
( 8 µM, respectively (Table 1). However, at lower concen-
tration the titration curve is only partially measured, and
hence, the value obtained for∆H is less accurate. As shown
below, we confirmed∆H by inverse titration, where it is
much better defined.

After these experiments with the truncated peptides Aâ16
and Aâ28, measurements were extended to the full-length
Aâ40. ITC experiments with Aâ40 were conducted at higher
(70 µM) and lower (10 µM) concentration, i.e., under
conditions where aggregation with Zn occurs or is almost
absent. In either case the best fits exhibited an about 1:1
stoichiometry. TheKd,appvalues were in the same range: 20
( 14 and 7 ( 3 µM at high and low concentration,
respectively (Table 1). Taken together the ITC experiments
indicate that theKd,app values of Zn to Aâ40 and truncated
peptides Aâ16/28 are in the low micromolar range. It seems
that the longer peptides bind Zn slightly stronger than the
shorter peptides, i.e., Aâ40 > Aâ28 > Aâ16. Moreover, Zn
binding under aggregating and nonaggregating concentrations
did not show a large difference, indicating that the aggrega-
tion does not contribute much to the measured reaction heat.

The same experiments have been repeated in the presence
of HEPES and cacodylate buffer at pH 7.4 (100 mM NaCl).
The results in HEPES confirmed the about 1:1 stoichiometry
and aKd,appin the low micromolar range obtained in the Tris
buffer. In the cacodylate buffer the signal was positive (∆H
> 0) but very small. The best fits revealedKd,appin the same
range as in the other buffers Tris and HEPES. However, the
stoichiometry given by the best fit was beyond a 1:1
complex.

The ITC measurement of Zn titration to Aâ in different
buffers allows the estimation of the number of protons
displaced by the binding of ZnII to Aâ. The displaced proton
will bind to the buffers, which have different∆H values for
proton binding. A difference in∆H of two titrations, which
differ only in their buffer, should only be due to the proton
binding to the buffer. Since the∆H values of Tris, HEPES,
and cacodylate are known (11.51, 5.0, and-0.56 kcal/mol,

respectively) (55), the number of protons displaced by Zn
binding has been calculated to be 0.76( 0.37 from the ITC
measurements (Figure 3).

Due to the relatively low concentrations of Aâ in the ITC
measurements, the∆H deduced from the binding isotherm
is not that well defined. This is due to the fact that when Zn
is added at low Aâ concentration, Zn is in equilibrium
between free and bound. To get a good estimate of the∆H
of Zn binding to Aâ, conditions are needed where Zn
completely binds to Aâ. This is achieved by an inverse
experiment, when clearly substoichiometric amounts of Aâ
are added to Zn in the buffer. Under these conditions, all
Aâ added will bind to Zn and∆H is better defined. Such
experiments were conducted in Tris, HEPES, and cacodylate
and revealed∆H values of-8.9,-2.6, and+1.8 kcal/mol,
respectively. This corresponds to a replacement of 0.89(
0.07 proton, hence confirming, with more accuracy, the
previous value of 0.8 proton displaced by Zn binding to Aâ.
Moreover, the values for∆H obtained by the inverse
experiment in Tris and HEPES buffers are very similar to
the∆H values obtained by the fit of the titration curve from
titration of Zn to the peptides and hence corroborate the other
parameters of the fit, i.e.,Kd,appand stoichiometry (see above).

Determination of Kd,app of Zn Binding to Soluble Aâ by
Competition Assay Followed by Absorption and Fluorescence
Spectroscopy.To confirm the above measuredKd,appof Zn-
Aâ and to have the possibility to measure at lower peptide
concentration and thus under nonaggregating conditions,
Kd,app was also measured by a competition assay. The
apparent binding constants can be estimated by competition
with a chelator, for which the binding constant is known
and is in the same range. The Zn chelator zincon has been
shown to be appropriate for Zn-protein complexes (41, 56,
57) and was already successfully applied for the soluble
Aâ16 (28). Thus, the same methodology was applied to
measure theKd,appof Aâ28, Aâ40, and Aâ42 at a concentra-
tion where insignificant aggregation was observed by turbid-
ity (i.e., at 10µM). Figure 4 shows the titration experiments
(see the Material and Methods) followed by absorption at
620 nm. The upper panel shows the absorption at 620 nm
of the Zn-zincon complex by adding increasing amounts
of Aâ40. The decrease of the absorption at 620 nm reflected

Table 1: ApparentKd (µM) Deduced from ITCa

Aâ16 Aâ28 Aâ40

low concentration of Zn-Aâ
(10-20 µM)

22 ( 15 10( 8 7 ( 3

high concentration of Zn-Aâ
(70-150µM)

71 ( 5b 30 ( 4b 3 ( 2

preformed fibrils of Aâ
(without Zn)

9 ( 4

a Variance of theKd,app values indicated derived from the variance
of the Kd,app obtained by fitting several experiments under the same
conditions.b The best fit yielded a stoichiometry of about 1.5.

FIGURE 3: Enthalpy change of binding of Aâ16 to zinc at pH 7.4
as a function of the ionization enthalpy of the reaction buffer (a,
cacodylate; b, HEPES; c, Tris). The absolute value of the slope of
the linear regression yields the number of protons released by the
buffer when one zinc binds to one Aâ16. The circles correspond
to the values obtained when Zn was added (0.76( 0.37 proton
released) and the squares when the peptide was added (0.89( 0.07
proton released).
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the transfer of Zn from zincon to Aâ40. About 13µM Aâ40
was necessary to decrease the band at 620 nm by half,
indicating that half of the 5µM Zn bound to zincon was
transferred to Aâ40. Thus, globally the binding constants
were very similar, whereas zincon was slightly stronger than
Aâ40. The calculations lead to aKd,appof about 6.3µM for
Zn-Aâ40. The lower panel shows the inverse experiment,
in which zincon was added to Zn-Aâ40. Here half of the 5
µM Zn was bound to zincon after addition of 6µM zincon
(thus,Kd,app≈ 9.6µM). This confirmed the above experiment
which showed that globally the binding constants were in
the same range, zincon being a little stronger then Aâ40.
The fact that the two approaches yielded the sameKd,app

(within experimental limits) indicated that the reaction of
Zn exchange reached equilibrium, a prerequisite for the
calculation ofKd,app.

Analogue experiments were conducted with Aâ42, Aâ28,
and Aâ16 (Table 2). In general, no large difference between
the entire and truncated peptide was observed at low
concentration. TheKd,appvalues were in the low micromolar
range (1-20 µM), with a tendency to a higher affinity by
the longer peptides. Similar experiments were performed with
the Zn-sensitive chelator Newport Green. Newport Green

has an apparentKd of 1 µM (42, 43, 58). This value was
confirmed by Zn titration to Newport Green under our
conditions (20 mM HEPES buffer, pH 7.4, 100 mM NaCl),
which revealed aKd,app of about 0.9µM. In general, the
competition experiments confirmed aKd,app in the low
micromolar range for Zn-Aâ. Also the tendency that the
longer Aâ peptides bind Zn slightly stronger was observed
again.

Another widely used fluorescent Zn chelator is zinquin.
Zinquin has an apparent binding affinity at physiological pH
in the picomolar to low nanomolar range, i.e., much stronger
than that of soluble Zn-Aâ (44). A titration experiment of
zinquin to Zn-Aâ showed that zinquin withdraws Zn
quantitatively from Aâ. In contrast, Aâ was not able to
compete significantly for Zn binding with zinquin, even at
a 10 times excess of Aâ compared to zinquin. These results
are in line with the at least 100 times stronger affinity of
zinquin compared to Aâ.

Zn Binding to Preformed Fibrils of Aâ. Next, Zn binding
to Aâ40 fibrils (incubated over 3 weeks in the absence of
Zn) was measured. The ITC measurement is shown in Figure
5. The best fits revealed aKd,app of 9 ( 4 µM, i.e., not
significantly different from that of Zn binding to soluble Aâ
(Table 1). Also∆H did not differ significantly. However, a
change was observed concerning the stoichiometry of the
Zn-binding site, i.e., a substoichiometric binding of∼0.2
equiv of Zn per Aâ peptide (when using 60µM fibrils). This
suggests that Zn binds to only a portion of the binding sites
with similarKd,appvalues. This could indicate that the binding
site is perhaps the same. The rest of the binding sites either
are not accessible to Zn binding because they are buried in
the fibril structure or did change due to structural modifica-
tions induced by aggregation. Such changes could lead to a
lower affinity not detectable by ITC or to Zn binding with
a very small∆H not detectable by ITC. To confirm these
results, Zn binding to the fibrils was also analyzed by the
competition assay with zincon, which was in agreement with
substoichiometric Zn binding with aKd,app in the low
micromolar range (not shown) (Table 2).

FIGURE 4: Estimation of the ZnII binding constant by competition
with the chelator zincon. Upper panel: Absorption at 620 nm of
the Zn-zincon complex upon addition of increasing amounts of
Aâ1-40. Conditions: 10µM zincon, 5µM Zn, pH 7.4, 20 mM
HEPES, 100 mM NaCl. Lower panel: To the complex of Zn-
Aâ1-40 were added increasing concentrations of zincon, and the
absorption at 620 nm of Zn-zincon was followed. Conditions: 10
µM Aâ1-40, 50µM Zn, pH 7.4, 20 mM HEPES, 100 mM NaCl.
The ordinate is the percent absorption at 620 nm, with 100%
standing for the maximum absorption obtained (att0 and t∞,
respectively).

Table 2: ApparentKd from Zincon (Zi Added, [Aâ]/[Zn] ) 2)

peptide Kd,app(µM)

Aâ16, nonaggretated 14( 5
Aâ28, nonaggregated 12( 5
Aâ40 and Aâ42, nonaggregated 7( 3
Aâ40, fibrils 9( 6
Aâ40 or Aâ42 + Zn, aggregated

for 3 h
3 ( 2

FIGURE 5: ITC of Zn titration to soluble Aâ40 (70µM) ([) and
to fibrils of Aâ40 (60 µM) (b) in 20 mM Tris buffer, 100 mM
NaCl, pH 7.4.
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Zn Binding in Zn-Induced Aggregates of Aâ. Zn binding
to Aâ induces rapid aggregation and formation of Zn-Aâ
aggregates. To measure the apparent binding affinity of Zn
in these aggregates, they were titrated with the Zn sensors
zinquin and zincon.2 First, the question was addressed of
whether Zn in the Zn-Aâ aggregates is readily accessible
to chelator binding. As zinquin has a much stronger (at least
100 times) apparent Zn-binding affinity than the soluble Zn-
Aâ, all Zn should be transferred to zinquin. Indeed, Figure
6 shows that zinquin immediately binds free Zn and Zn from
the soluble Zn-Aâ16 quantitatively after mixing (i.e., in a
couple of seconds). Addition of zinquin to Zn-Aâ40
aggregates yielded a complete Zn transfer from the Zn-Aâ
aggregates to zinquin. However, in this case the transfer was
only completed after 5 min. This indicates that Zn transfer
to zinquin is slower in Zn-Aâ aggregates than in soluble
Zn-Aâ. Moreover, it also shows that zinquin has a stronger
affinity than Zn-Aâ aggregates, which limits theKd,app of
Zn in Zn-Aâ aggregates to a value in the nanomolar range
or above. To get a better estimate of the binding affinity of
Zn-Aâ aggregates, the chelators zincon and Newport Green
were used. Competition experiments with zincon or Newport
Green suggested a small but reproducible 2-3-fold stronger
Zn binding to the Zn-induced aggregates of Aâ28 and Aâ40
compared to soluble Aâ28/Aâ40.3

DISCUSSION

The present results indicate theKd,appvalues of Zn binding
(pH 7.4, 0.1 M NaCl) of different Aâ forms are relatively
similar, i.e., all in the low micromolar range (3-15 µM).
No indication was found for the initially reported high-

affinity binding site (Kd of 104 nM) (17), but the present
Kd,appagrees with values reported for truncated, soluble Aâ16/
28 (28, 29, 34). No significant difference was observed at
nonaggregating and aggregating concentrations. This includes
Zn-induced Aâ40 aggregates as well as Zn binding to fibrils
formed in the absence of Zn. This suggests that the affinity
of the Zn-binding site is similar in the soluble and the
different aggregated forms. Thus, it is very possible that the
Zn-binding site is the same in aggregated and nonaggregated
Aâ including the same ligands (three His residues, Asp1, or
Glu11).4

Although no significant difference in Zn affinity between
soluble and aggregated Aâ could be observed, other param-
eters showed differences. First, in the case of the Zn-induced
Aâ aggregates, the kinetics of Zn transfer from the aggregate
to the zinc sensor was substantially slower. Two scenarios
could explain this slower kinetics: (i) The Zn sites are buried
in the aggregate, and hence, it takes more time to transfer
zinc to the sensor. (ii) As the aggregates are normally in
equilibrium with soluble Aâ (59, 60), the sensor withdraws
Zn rapidly from the soluble fraction but more slowly or not
at all from the aggregates. This provokes resolubilization of
Zn-Aâ from the aggregates to reach equilibrium of soluble
and aggregated Zn-Aâ. In this case the kinetics would
reflect the resolubilization of the Zn-Aâ aggregates. The
second remarkable difference was observed between Zn
binding to soluble Aâ and that to preformed Aâ fibrils.
Soluble Aâ bound about 1 equiv of Zn, the preformed fibrils
bound only a substoichiometric (i.e.,∼0.2 equiv) amount
of Zn, indicating that not all binding sites were accessible
(or existing).

The finding that theKd,app of Zn to Aâ is in the low
micromolar range independent of its aggregation state has
implications for the so-called metal chelation therapy. The
concept of this therapy consists of chelating the metal ions
bound to Aâ, and it favors disaggregation from toxic
aggregate forms (e.g., oligomers) to nontoxic monomers.
Several chelators of this type have been developed or have
entered clinical trials, such as clioquinol (12), DP-109 (13),
and a bifunctional metal chelator (61). Such chelators should
have an intermediate affinity, capable of disrupting low-
affinity but pathologically relevant metal-Aâ interactions,
but do not withdraw higher affinity essential metal-protein/
peptide interactions. This allows specific, rather than sys-
temic, chelation of excess metals in the brain of AD patients.
The Kd of clioquinol at pH 7.4 has been determined (62).
An apparentKd value of 1.4× 10-9 M has been reported at
concentrations of 1µM Zn and 200µM clioquinol. However,
since clioquinol forms a 2:1 complex with Zn (63), the
apparentKd is dependent on the clioquinol concentration,
for which 200µM is rather high for physiological conditions.
A Kd of 4 × 10-8 M (pH 7.0) was determined for Zn-DP-
109 (Jonathan Friedman, personal communication). Our
results indicate that, concerning Zn, aKd,appof about 1µM

2 The opposite titration, i.e., addition of Zn-Aâ aggregates to the
zinc sensor, was avoided, because in such an experiment Zn-Aâ
aggregates would be highly diluted into the sensor solution, with the
risk of disaggregation of the Zn-Aâ aggregates.

3 The observation that the capacity of zincon or Newport Green to
withdraw Zn from Zn-Aâ aggregates is smaller than from soluble Zn-
Aâ is assigned to a higher affinity of Zn in the aggregates (thermo-
dynamics) and not kinetics, because (i) the experiments with zinquin
(see above) showed that Zn transfer is finished after a couple of minutes
and (ii) the reaction of addition of zincon and Newport Green to Zn-
Aâ was followed for over 10 min and no increase in the absorption
band at 620 nm (reflecting the Zn-zincon complex) or fluorescence
of Zn-Newport Green was observed (such experiments are limited to
the minute time scale since the Zn-zincon and-Newport Green
complexes degrade slowly with time).

4 Supposing that the Zn-binding site is the same in the soluble
monomeric and aggregated Aâ would point more to a mechanism where
Zn binds to Aâ as a monomeric complex and induces a conformational
change, which favors the aggregation by pure peptide-peptide contacts.
It points less to a mechanism where Zn-Aâ is first a soluble monomeric
complex and aggregation is induced by Zn forming a bridge between
two molecules of Aâ, because this would include a change in the
coordination (for discussion of the two mechanisms see ref18.

FIGURE 6: Fluorescence relative intensity of a solution of 2.1 equiv
of zinquin with 60 µM zinc (]), Aâ16-Zn (0), or Aâ40-Zn,
incubated overnight (2).
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is enough to withdraw the majority of the Zn from Aâ,
independent of the aggregation state. Moreover, a chelator
with a Kd in this range is unlikely to withdraw Zn from
proteins and enzymes as they have generally a stronger Zn
affinity (64-66).

ITC Proton Displacement.ITC measurement indicated that
Zn binding to Aâ leads to the release of 0.8-0.9 proton. It
is known from the literature that Zn binds to three His
residues. As a fourth ligand, aspartate at position 1, either
by the N-terminus or carboxylate side chain, is the most
reported (28, 29, 34). However, the carboxylate of Glu11
has also been suggested (31). As Asp and Glu are normally
deprotonated at pH 7.4, Zn binding does not lead to proton
release. In contrast, the pKa of the N-terminus of a peptide
is normally around 7.8, a value confirmed by 8.0 deduced
from potentiometric measurements (67). Thus, Zn binding
to the N-terminus would lead to a release of 0.8 proton at
pH 7.4. This would in principle allow the distinction between
Zn binding to a carboxylate and that to the N-terminus, if
the pKa of the three His residues are known as well.
Unfortunately, two quite different sets of data are available
for pKa of His 6, 13, and 14. NMR measurements on
acetylated Aâ16 determined pKa values of 7.0, 6.9, and 6.8,
respectively. Potentiometric measurement suggested pKa

values of 7.0, 6.5, and 5.7 for nonacetylated Aâ16. On the
basis of the NMR data, the calculation gives 0.7( 0.3 proton
released by Zn binding to the three His residues, in agreement
with our measurement. When N-terminal binding is added,
1.5( 0.4 protons are calculated to be released, which is not
in agreement with the data. For the potentiometric set, Zn
binding to only three His residues gives 0.4( 0.3 proton
replaced, when including the N-terminus as a ligand, 1.2(
0.4 protons. Therefore, these pKa values deduced from
potentiometry are more in favor of Zn binding to the
N-terminus. However, in our previous paper (28), we found
chemical shifts of the three His residues at different pH for
the nonacetylated Aâ16 almost identical to those reported
for the acetylated Aâ16, indicating that under our conditions
the pKa of the three His residues corresponds to 6.9( 0.1.
Thus, it seems that the measured release of 0.89 proton by
Zn binding to Aâ is entirely due to the binding to the three
His residues. This suggests that no other proton is released,
which is in favor of binding to a carboxylate rather than the
N-terminus (or tyrosine).5

ITC Comparison between Cu and Zn.We previously
reported ITC measurement on the interaction of Cu2+ with
Aâ16 and Aâ28 (53). Cu is supposed to bind to the same
three His residues as Zn in a square planar geometry. The
fourth ligand is likely to be Asp1 (by either the N-terminus
and carboxylate). Cu binding was stronger than Zn binding,
and it was more dependent on the buffer (see Table 1). In
HEPES theKd,app of Cu was∼0.1 µM compared to∼10
µM for Zn, whereas in Tris theKd,app of Cu was only∼1
µM. Not only were theKd,app values different, so were the
∆H and∆Svalues (Table 3). In the case of Zn binding∆S,
even if not very accurate, was clearly smaller than for Cu

binding. The difference in∆H was less striking, but Zn
binding had a little more negative∆H. This means that for
Zn binding the enthalpic contribution is slightly higher and
the entropic lower compared to those for Cu binding. In other
words, it is principally the higher entropic contribution which
is responsible for the higher affinity of Aâ toward Cu
(compared to Zn). The higher entropic contribution could
be due to (i) release of more water molecules from the
hydrated CuII upon CuII-Aâ formation, (ii) release of more
water molecules from the peptide hydration, (iii) conforma-
tional changes, i.e., fewer degrees of freedom upon binding
of CuII, or (iv) entropic changes due to metal-buffer
interaction (before complex formation). In particular, as-
sumption i is likely to contribute to the higher entropic
contribution of Cu versus Zn binding. Hydrated Cu is likely
to lose all its water upon binding to Aâ, since no indication
for a labile ligand to the square planar Cu in Cu-Aâ was
found (53). In contrast, Zn, which is most likely bound to
the same four amino acids, prefers penta- and hexacoordi-
nation and is thus likely to keep one or two water molecules
upon binding to Aâ. This is supported by the∼13-20 cal
mol-1K-1 higher value of∆S for Cu than Zn binding (see
Table 3) and by the fact that a value of 9.5 cal mol-1K-1

per water released from a metal ion has been reported (52).

CONCLUSIONS

In conclusion, the present work shows evidence that the
apparent Zn-binding affinity to Aâ40 and Aâ42 is in the
low micromolar range and is not very dependent on the
aggregation state of Aâ, i.e., soluble Aâ, Aâ fibrils, or Zn-
induced Aâ. Moreover, Zn in the soluble or aggregated Zn-
Aâ form is well accessible for Zn chelators. This suggests
that chelators, i.e., in metal chelation therapy, withdraw Zn
concomitantly from soluble and aggregated Zn-Aâ, and
specific chelation only from soluble Zn-Aâ seems very
difficult.
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