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Abstract One of the prevailing paradigms regarding the

onset of Alzheimer’s disease endows metal ions with key

roles in certain steps of the amyloid-b (Ab) peptide

aggregation cascade, through peptide conformational

changes induced by metal binding. Herein, we focused on

the truncated, more soluble Ab1–16 peptide fragment from

the human Ab1–40, and demonstrated the utility of a sensing

element based on the a-hemolysin (a-HL) protein to

examine and compare at single-molecule level the inter-

actions between such peptides and various metals. By using

the same approach, we quantified Cu2? and Zn2? binding

affinities to the Ab1–16 fragment, whereas the statistical

analysis of blockages induced by a single Ab1–16 peptide

on the current flow through an open a-HL pore show that

the metal propensity to interacting with the peptide and

entailing conformational changes obey the following order:

Cu2? [ Zn2? [ Fe3? [ Al3?.

Keywords Stochastic sensor � Protein pore � Amyloid

peptide � Metal sensing

Introduction

Amyloid-b (Ab) peptides are mostly 40 or 42 amino acids

long, and their deposition as senile plaques or propensity to

disrupt the integrity of cell membranes constitute the

essential causes for the manifestation of Alzheimer’s dis-

ease (AD). In its native conformation, Ab is unfolded, but

conformational transition of the Ab peptide to a b-sheet-

rich state resulting in its aggregation into water-soluble

oligomers is believed to be a prerequisite for the onset of

AD (Fändrich 2012; Vestergaard et al. 2005).

Currently, it is believed that among other factors, tran-

sition metal ions and hydrogen ion homeostasis imbalance

influence the aggregation kinetics of Ab monomers into

toxic b-sheet-rich oligomer structures, and metal ions such

as copper, zinc, and iron may induce the aggregation of Ab
peptides (Syme et al. 2004; Drew and Barnham 2011;

Hung et al. 2010; Leal et al. 2012).

Histidine (His) residues have been suggested to sensitize

Ab to chelating metal ions, and Ab mutants replacing His

residues have been demonstrated to hamper the aggregation-

promoting influence of certain metals (Pagel et al. 2008). In

more specific terms, it was suggested that Ab–Cu2? coor-

dination assumes a square-planar arrangement, it involves

three intramolecular histidines (i.e., His-6, His-13, and His-

14), and the fourth coordinate may be provided by either the

amino group of the N-5 terminus, an oxygen from Tyr-10, an

oxygen from Glu-3, the carboxylate group of Asp-1, or the

amide C=O of Ala-2 (Karr et al. 2005; Stellato et al. 2006;

Hong et al. 2010). Apparently, the Ab–Zn2? complex is

more complicated, although a similar coordination as Cu2?

has been proposed for Zn2? (Danielsson et al. 2007) or Fe3?

chelation (Nair et al. 2010) by Ab peptides.

Despite remarkable experimental efforts, disparate data

exist regarding quantitative estimations of the dissociation
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constants for the binding affinity of metal ions to Ab, with

reported values ranging from attomolar to 11 lM for Cu2?

and 2–300 lM for Zn2? (Atwood et al. 2000; Tougu et al.

2008). The use of diverse experimental techniques (e.g.,

far-UV CD, tyrosine, and 4,4_-Bis(1-anilinonaphthalene

8-sulfonate) fluorescence, NMR, EPR, and RAMAN

spectroscopies) have paved the way toward characteriza-

tion of the metal-binding abilities of Ab, helped revealing

the structural features of the Ab-metal complexes and

mapped the structural and dynamic changes upon metal

binding (Tougu et al. 2008; Chen et al. 2006, 2011; Curtain

et al. 2001; Antzutkin 2004; Smith et al. 2006; Ali et al.

2006). Recent results showed that Zn2? and Al3? increased

the hydrophobic exposed protein surfaces, induced higher

tyrosine emission, and reduced most residual secondary

structures of Ab. In contrast, Cu2? and Fe3? induced less

or did not alter hydrophobic exposed surfaces, decreased

tyrosine emission, and reduced residual secondary struc-

tures of Ab, and the stoichiometry of Zn2? or Cu2? to Ab
is 1, and that of Fe3? and Al3? to Ab may be 2 (Chen et al.

2011).

While Ab1–40 and Ab1–42 are the most prevalent in vivo

Ab forms, in vitro studies of metal interactions with such

peptides are often hampered by their high propensity to

self-assemble and deposit in amorphous plaques. There-

fore, a better strategy for such studies was to employ

truncated amyloids containing the minimal metal-binding

domain, such as Ab1–16 or Ab1–28, as models to study the

thermodynamics of metal binding to Ab, owing to their

relative solubility and stability in the monomeric form. In

the Zn2?–Ab1–16 complex, zinc is tetrahedrally coordinated

to His-6, His-13, and His-14 through their N-d1, N-e2, and

N-d1 atoms, respectively, and to Glu-11 through its O–d
atom, and thermodynamic parameters of Zn2? binding to

Ab1–16 indicate a 1:1 binding stoichiometry (Tsvetkov

et al. 2010; Istrate et al. 2012; Zirah et al. 2006). Recent

data involving isothermal titration calorimetry revealed a

1:1 binding of Cu2? to Ab1–16, which is indicative of a

Cu2?-to-peptide ratio of 1:1 (Sacco et al. 2012).

As a powerful alternative to such conventional tech-

niques, either solid-state or protein-based nanopores are

excellently suited for investigating molecular interactions

at the single-molecule level, due to their versatility with

respect to their size, shape, and function. Upon capture

within a nanopore, depending on the size and conformation

of the specific analyst and the geometry of the nanopore,

transient blockades of electrical current with specific

kinetics and amplitude can be measured, and subsequent

characterization of such individual current blockage events

with respect to their amplitude, blockade duration and rate

can reveal the identity and concentration of the analyst

(Majd et al. 2010; Kasianowicz et al. 2008; Gu and Shim

2010; Bayley et al. 2008). The intrinsic robustness and

physico-chemical properties of the a-hemolysin (a-HL)

protein secreted by Staphylococcus aureus (Song et al.

1996), which upon oligomerization and self-assembly into

a target membrane produces a heptameric pore with a

minimum diameter of about 1.5 nm, recommends it as an

ideal archetype to be used for such purposes (Kasianowicz

et al. 1996; Movileanu et al. 2005; Asandei et al. 2011; Gu

et al. 1999; Wang et al. 2011). In particular, it has been

revealed the potential of protein nanopores to revealing

microscopic insights about modulatory effects induced by

certain divalent metals on peptides and proteins folding

processes (Stefureac et al. 2008; Baran et al. 2010; Mereuta

et al. 2012; Wang et al. 2014; Asandei et al. 2013).

In this work, we employed electrical detection on a lipid

membrane-immobilized a-HL protein nanopore, to quan-

tify microscopic details underlying the interaction between

Cu2?, Zn2?, Al3? and Fe3? and the human amyloid frag-

ment Ab1–16. Our results support the proof-of-concept

behind the possibility of using a-HL protein as a novel and

potentially useful system to undertake a kinetic analysis of

metals—amyloid-b (Ab) peptide interactions, and estimate

the equilibrium constants which characterize the reversible

interactions between various metals and peptides.

Materials and Methods

Electrophysiology measurements with protein nanopores

were performed on planar lipid membranes made from L-a-

phosphatidylcholine obtained as described previously

(Asandei et al. 2011). Throughout experiments, both the cis

(grounded) and trans chambers of the bilayer setup con-

tained 2 M KCl, buffered in 10 mM (when the tested metals

were either Cu2? or Zn2?) or 50 mM (when the tested metals

were either Fe3? or Al3?) HEPES, at pH = 7.3. The elevated

HEPES concentration used in the latter cases was necessary

in order to better buffer the metal-induced acidity over the

range of metal concentrations used in such experiments.

Once the successful insertion of a single a-HL heptamer was

achieved, upon its cis-addition from a protein monomeric

solution made in 0.5 M KCl, the Ab1–16 human fragment

(Asp–Ala–Glu–Phe–Arg–His–Asp–Ser–Gly–Tyr–Glu–Val–

His–His–Gln–Lys) was added in the trans side at a 50 lM

concentration from a stock solution made in water (1 mM),

diluted at the moment of use from a pre-stock solution

(10 mM) made in dimethyl sulfoxide. The concentration of

the peptide (i.e., 50 lM) was chosen based on our previous

experience, as to end up with an optimal event frequency of

blockages induced by a single peptide on the a-HL-medi-

ated ion current during control experiments, thus enabling

us to properly follow metals effects on the peptide—a-HL

reversible interactions. Throughout experiments, and

depending upon the metal tested, various metal salts (i.e.,
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CuCl2, ZnCl2, FeCl3 and AlCl3) were added in the same

side as the peptides (i.e., the trans chamber) at incremen-

tally higher concentration. Unless stated otherwise, all

reagents used herein were purchased from Sigma-Aldrich,

Germany. Measurements were carried out at room tem-

perature (*23 �C), and the bilayer chamber was housed in

a Faraday cage (Warner Instruments, USA), mechanically

isolated with a vibration-free platform (BenchMate 2210,

Warner Instruments, USA). Ionic current fluctuations,

reflecting metal—free or metal—complexed peptides

interaction with a single a-HL pore, were recorded in the

voltage-clamp mode at an applied potential of DV =

-100 mV, with an Axopatch 200B (Molecular Devices,

USA). Amplified electric signals were low—pass filtered at

a corner frequency (fc) of 10 kHz, and data acquisition was

performed using a NI PCI 6221 acquisition board (National

Instruments, USA) at a sampling frequency of 50 kHz

within the LabVIEW 8.20 (National Instruments, USA).

The statistical analysis of average time intervals in-

between peptide-induced blockage events (sON), and events

corresponding to a single a-HL pore temporarily blocked

by a peptide (sOFF), in the absence and the presence of

trans-added metals at various concentrations, was done as

previously reported (Asandei et al. 2011; Mereuta et al.

2012) with the help of the Origin 6 (OriginLab, USA) and

pClamp 6.03 (Axon Instruments, USA) software.

Experimental Results and Discussion

In a first set of experiments, we investigated at the unimo-

lecular level the interaction between the trans-added Ab1–16

peptides and a single cis-added a-HL protein, in the absence

and the presence of metals. When added on the trans side of

a planar lipid membrane containing an inserted a-HL pro-

tein, a negative potential in the trans side of the membrane

facilitate the electrophoretic traffic of the human Ab1–16

peptides toward the a-HL protein, and the ensuing peptide-

protein interactions are seen as reversible blockages of the

protein-mediated ionic current (Fig. 1, panels a–c). The

derivation of the kinetic constants which characterize the

non-covalent Ab1–16—a-HL interactions are consistent

with a simple bimolecular interaction between the peptide

and the pore (Fig. 1, panels d, e), as introduced previously

(Movileanu et al. 2005 Asandei et al. 2011).

Fig. 1 a–c Representative bilayer recordings showing the interaction

of a single a-HL protein with Ab1–16 peptides. The a-HL protein was

added to the cis (grounded) part of the membrane, and all traces were

recorded at DV = -100 mV, in the presence of peptide added to the

trans side of the membrane. Inter-event blocking intervals (sON) and

the blockage duration intervals (sOFF) were used to derive association

and dissociation reaction rates of the a-HL—Ab1–16 reversible

interaction within the statistics of exponentially distributed events.

The inverse values of average time intervals corresponding to the

inter-events seen as temporary blockages provided quantitative

estimations of the association rate (rateON, d), whereas the inverse

values of average blockage events provided the value of dissociation

rate (rateOFF, e), at various concentration values of the added Ab1–16

peptide. The dashed lines represent the 95 % confidence intervals for

the estimated association (rateON, triangle) and dissociation (rateOFF,

downward triangle) reaction rates. The on rate constant was obtained

from the slope of the linear fit of rateON versus peptide concentration.

The off rate constant is independent of Ab1–16 concentration, and it

equals rateOFF. The zoomed-in representations in panel (c) illustrate

the representative time intervals that reflect in-between peptide

association (sON) and transient binding with the open protein pore

(sOFF), whereas the relative current blockage induced by the peptide

interaction with a single a-HL is denoted by DIpeptide
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During the course of reversible interactions between the

human Ab1–16 peptide and a single a-HL pore, the trans-

chamber addition of Cu2?, Zn2?, Al3?, or Fe3? led to

distinct alterations in the kinetic fingerprint of blockade

currents induced by the peptide from those in the absence

of metals (Fig. 2, panels b–d). At the first glance, from

such recordings it appears that unlike Cu2? and Zn2?,

addition of Al3? and Fe3? entails a very slight change in

the frequency of blockages caused by the Ab1–16 interac-

tion with the a-HL pore.

In the absence of metals, the relative current blockage

entailed by the Ab1–16 interaction with a single a-HL pore

equals DIpeptide = 132 ± 1.45 pA (Fig. 3, panel a). Thus,

due to their consistent value seen in experiments performed

in the absence or the presence of metals, relative current

blockages in the vicinity of this value were attributed to a

similar type of interaction, namely between a metal-free

Ab1–16 peptide and the protein pore.

It should be remarked that in the presence of relatively

high amounts of Cu2? (200 lM), the scatter plots of the

Fig. 2 Typical single-molecule

current traces illustrating the

reversible interactions between

the Ab1–16 peptide and the a-HL

pore at DV = -100 mV, in the

absence (a) and the presence of

trans-added Cu2?, Zn2?, Fe3?

and Al3? at 200 lM. Upward

current spikes reflect the

transient association of a single

peptide with the protein pore
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Fig. 3 Scatter-plots of the ‘dwell time’–‘relative blockage ampli-

tude’ joint distributions of various Ab1–16 peptide-induced blockage

events, capturing the distinct fingerprint of the blockages induced by

such peptides, added in the trans side of the membrane at a

concentration of 50 lM, on the open-state a-HL current in the

absence (a), and the presence of 200 lM of various metals (b–e). The

distinct blockage events associated to metal-free (DIpeptide) and metal-

complexed peptides are indicated by the ellipse-like domains. During

the kinetic dwell-times analysis, the bumping-like events evidenced

through their reduced relative amplitude and low lifetime were

excluded from the statistics
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events joint distributions which fingerprints the distribution

in the amplitude-time space of the blockage events induced

by the peptide on the a-HL, indicate the prevalent presence

of one species of the peptide, namely the metal-complexed

peptide (Fig. 3, panel b), which induces a current blockage

of DIpeptide-Cu
2? = 148.00 ± 1.70 pA. To a first account

and as reported previously (Asandei et al. 2013), we posit

that the elevated degree of current obstruction caused by

the ‘metal-complexed’ peptide (vide infra, as well) indicate

that such complexes enter the protein lumen, and the metal-

induced conformational changes enable them a tighter

geometrical fit with the protein lumen than the ‘metal-free’

peptide.

Notably, a similar concentration of added Zn2? (200 lM)

still leaves two species of peptides in the buffer, namely the

‘metal-free’ and ‘metal-complexed’ ones, visible through

the distinct extent of obstruction of the ion current mediated

by a single a-HL pore (Fig. 3, panel c) of DIpeptide =

139 ± 0.88 pA and DIpeptide-Zn
2? = 148.86 ± 0.64 pA. This

observation can be rationalized through the lower affinity of

Zn2? to Ab1–16, as compared to Cu2? (vide infra), that pre-

cludes the peptide saturation by added Zn2? at 200 lM. As

Fig. 3, panel d shows, the same phenomenon is noticeable in

the presence of Fe3?, whereby the main blockages seen are

attributed to the interaction between the metal-free peptide

and the protein pore (DIpeptide = 134 ± 0.51pA), and metal-

complexed peptide and the protein pore (DIpeptide-Fe
3? =

148.00 ± 0.53 pA), and this comes as a supplementary

indication of the lower affinity of this metal to Ab1–16

reflected by the kinetic analysis of the blockage events (vide

infra). For the case of Ab1–16–Al3? interactions, the scatter

plot analysis showed no significant contributions of ‘metal-

complexed’ peptide events to the blockages of ion current

mediated by a single a-HL protein, besides those entailed by

the protein interaction with ‘metal-free’ Ab1–16, as the

comparison of panels e and a, Fig. 3, reveals.

To investigate in deeper details these observations, we

resorted to the detailed kinetic analysis of current blocking

events recorded in the presence of various metals added at

incrementally higher concentrations in the trans chamber.

We observed that average time of blockage events that

reflects dwell times while single peptide resides on the pro-

tein pore (sOFF) (Fig. 4, panel a), and values of times in-

between consecutive peptide-induced blockages events

(sON) (Fig. 4, panel b), increased monotonically with the

concentration of added Cu2? (see also Asandei et al. 2013)

and Zn2?, while little change ensued following Fe3? and

Al3? addition, in accordance with results shown in Fig. 3.

These data demonstrate that in qualitative terms, the pro-

pensity of the metals studied to interact with Ab1–16, triggers

conformational changes in it, and thus alter the dynamics of

reversible Ab1–16—a-HL pore interactions, is concentra-

tion-dependent and decreases in the order Cu2? [ Zn2? [

Fe3? [ Al3?. That is, Cu2? ions chelation by the Ab1–16

peptide leads to a complex that by virtue of conformational

and surface physical changes becomes less prone to associate

and dissociate from the a-HL protein pore. Peptide com-

plexation by Fe3? or Al3? ions, on the other hand, leaves the

ability of the peptide to associate reversibly with the protein

pore almost un-changed, which is indicative of a very low

affinity of such metals to the peptide.

The presented results are in good agreement with recent

data demonstrating that the topology of Ab1–16 chelated

with the Al3? ion remains preserved, as compared to the

Al3?—free peptide (Narayan et al. 2013), while other study

performed with the Ab1–28 fragment, revealed that no

measurable amounts of Ab1–28–Al3? or Ab1–28–Fe3?

adducts are present upon peptide-metal mixing, regardless

of experimental conditions (Valensin et al. 2011). Our

interpretation of the particular signature of ‘metal-com-

plexed’, peptide-induced current blockages, lies in the

distinct affinity of the peptide to various metals, which in

turn governs the propensity of the peptide to assume con-

formational changes at a given concentration of the metal,

which in the end influences the pattern of the peptide-

induced blockages. Thus, by employing specific engineered

peptide substrates, it appears compelling the feasibility of

single-molecule level detection of metals based on the

unique current signatures through the a-HL protein

immobilized in a lipid membrane, which ensue following

the reversible docking of metal-peptide interactions with

the protein.

It should be noted that very early studies have pointed

to the fact that in low salt concentrations, a-HL pores

display open–closed fluctuations in the presence of di- and

trivalent cations present at mM concentrations (see

Menestrina 1986, as a representative example). In our

experiments, however, the trans-side addition of either

Al3?, Fe3?, or Zn2? at an aqueous concentration of

200 lM, in the absence of the peptide, was not seen to

generate open channel fluctuations through a single a-HL

pore of magnitude comparable to that mediated by the

peptide-a-HL interactions (Fig. S1). In another previous

work, in the presence of Cu2? added in the trans or cis

side of the membrane, small current fluctuations were

visible (Mereuta et al. 2012), which were not considered

in the kinetic analysis due to their the bumping-like

appearance, evidenced through a reduced amplitude and

low lifetime. Consequently, during the kinetic analysis we

present herein, blockage events reflecting the reversible

association of either ‘metal-free’ or ‘metal-complexed’

peptides to a single a-HL pore were accurately discerned

from the background noise, based on their amplitude and

kinetics.

To approach our results in quantitative terms, with the

goal of estimating the Cu2? and Zn2? dissociation constant
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values to Ab1–16, we built our rationale on three funda-

mental facts: (1) while in the absence of metals the Ab1–16

is essentially a random coil in aqueous medium, metal

coordination facilitated mainly by the three histidines (i.e.,

His-6, His-13, and His-14) can induce a conformational

change in the peptide that alters its affinity to the protein

pore (Tsvetkov et al. 2010; Istrate et al. 2012; Zirah et al.

2006, Mereuta et al. 2012). In the presence of metals, it is

thus conceivable that ‘metal-free’ and ‘metal-complexed’

peptides are present in the solution, so that the individual

blockage events of the ion current through the a-HL pro-

tein represent the interaction of the pore with either type of

peptides (2) at the concentrations used herein, Cu2?—and

Zn2?–Ab1–16 complexes have a 1:1 stoichiometry, namely

there is a single binding site for Cu2? and Zn2? on the

peptide (Tsvetkov et al. 2010; Istrate et al. 2012; Zirah

et al. 2006; Sacco et al. 2012) (3) the ‘metal-free’ and

‘metal-complexed’ peptides display distinct kinetic

behavior when interacting with the a-HL pore. As con-

formational changes in Ab1–16 peptides that follow

reversible complexation with the metal ions, and metal-

peptide binding energy are dependent upon the type on

metal bound, it is conceivable that the interaction energy

between the ‘metal-complexed’ Ab1–16 peptide and the a-

HL pore, and consequently the association and dissociation

reaction constants of the ‘metal-complexed’ Ab1–16—a-HL

vary with the metal type.

To a first approximation, we disregarded in our analysis

the buffer influence of the metal-binding affinity to Ab1–16

peptide (Sokołowska and Bal 2005; Sacco et al. 2012). To

provide a quantitative understanding of the data shown in

Fig. 4, we resorted to a kinetic model we proposed in

previous work (Mereuta et al. 2012), which states essen-

tially that the a-HL protein found in its fully open state,

denoted by ‘O’, can associate reversibly with either a

‘metal-free’ peptide (giving rise to the first type of

blockage substate C1 than could be associated to the rela-

tive current block denoted above by DIpeptide) or with a

‘metal-complexed’ peptide (giving rise to the second type

of blockage substate, C2, than could be associated to the

relative current block denoted above by DIpeptide-metal) (see

Eq. 1).

C2

k3 P� X½ �
$
k4

O

k1 P½ �
$
k2

C1 ð1Þ

In the Eq. (1), [P] and [P - X] denote the available

concentrations of the ‘metal-free’ peptide and ‘metal-

complexed’ peptide, respectively, k1 and k3 stand for the

association rate constants of the ‘metal-free’ peptide and

‘metal-complexed’ peptide with a protein pore initially

found in the open state, whereas k2 and k4 represent the

corresponding dissociation rate constants.

Therefore, for any given initial concentration of the free

peptide ([P0]) and metal ([X0]), the analysis of equilibrium

binding with both metal and peptide depletion, results in the

equilibrium value of the metal-peptide complex (P - X)eq.:

½P�X�eq:

¼
ð½P0� þ ½X0� þKdÞ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð½P0� þ ½X0� þKdÞ2� 4½P0�½X0�
q

2

ð2Þ

where Kd represents the dissociation constant of the

reversible peptide (P)—metal ions (X) interaction.

With relevance to our goal of determining Kd values for

Cu2? and Zn2?, and as we described before (Mereuta et al.

2012), the theoretical average value of association time

intervals measured in-between peptide-generated blockage

events of the current through the protein pore (sON), caused

either by a ‘metal-free’ peptide (P) or a ‘metal-complexed’

peptide (P - X)), writes:

(b)
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Fig. 4 Statistical analysis of the dissociation (sOFF; a) and associa-

tion (sON; b) average dwell time intervals of a single Ab1–16 peptide

interacting reversibly with a a-HL pore, measured at various

concentrations of the trans-added Cu2? (upward triangle; Asandei

et al. 2013), Zn2? (circle), Al3? (rectangle), and Fe3? (downward

triangle). Throughout experiments, the trans-added Ab1–16 peptide

was present at a concentration of 50 lM
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sON ¼
1

k3½P� X�eq: þ k1ð½P�eq:Þ

¼ 1

k3½P� X�eq: þ k1ð½P0� � ½P� X�eq:Þ
ð3Þ

To arrive at estimations of the Kd values characterizing the

various metals—Ab1–16 reversible interactions, which enters

expression (3) through the equilibrium value of the metal-

peptide complex (P - X)eq. given by (2), we first examined

the frequency and duration of the ‘metal-free’ Ab1–16—

induced current blockades on the ion current through the a-

HL pore, at various concentrations of the added peptide

(Fig. 1). On the frame of a simple bimolecular interaction

between the peptide and the pore, the inverse values of time

constants corresponding to the free and occupied pore levels

provided quantitative estimations of the association (rateON)

and dissociation (rateOFF) reaction rates that characterize the

‘metal-free’ Ab1–16—a-HL reversible interaction. Conse-

quently, the on rate constant was obtained from the slope of

the linear fit of rateON versus peptide concentration

(k1 = 32 9 103 ± 1.1 9 103 M-1 s-1), while the off rate

constants was independent of peptide concentration, and by

virtue of the simple bimolecular model taken into account,

equal rateOFF (k2 = 2.6 9 103 ± 17 s-1). With these val-

ues, and by fitting expression (3) to data shown in Fig. 4,

panel b, estimations of dissociation constant values for Cu2?

and, respectively, Zn2? binding to Ab1–16 were obtained

(Kd, Cu
2? = 4.5 9 10-7 M, and Kd,Zn

2? = 9.2 9 10-5 M) (see

also Fig. S2), which are qualitatively similar to values

reported in the literature through other techniques (Dan-

ielsson et al. 2007; Hong et al. 2010; Tsvetkov et al. 2010).

It should be kept in mind that although previously reported

metals affinities toward Ab peptides seemed to vary appre-

ciably, this can be accounted for by taking into consider-

ations distinct experimental conditions (e.g., models used to

offset the various buffers influence on metals binding, initial

aggregation state of the peptide) (Wärmländer et al. 2013).

Conclusions

Our results demonstrate the potential of the single-molecule

level kinetic analysis of metals–Ab interaction, based on the

unique current signatures through the a-HL protein immo-

bilized in a lipid membrane which ensue following the

reversible docking of ‘metal-free’ and ‘metal-bound’ Ab1–16

with the a-HL protein. The kinetic analysis of the frequency

of blockage events entailed by Ab1–16—a-HL interactions in

the presence of metals with augmented affinity toward the

peptide (e.g., Cu2? and Zn2?), allowed us to quantify dis-

sociation constants of Cu2? and Zn2? binding to the peptide.

Given that metal ions are known to play a critical role in b-

amyloid neurotoxicity, investigations into the formation of

metal–Ab complexes are of paramount interest, and easier to

implement biophysical techniques like the one presented

herein, may be productive in the study of biochemical

aspects of metals binding to amyloid peptides. Our findings

suggest that the presented technique should be able to

complement analytical approaches aimed at unraveling the

kinetics of various metals on b-amyloid interactions, and

strengthen the feasible emergence of peptide-based metal

sensors, through rational functionalizing of nanopores with

peptide sequences suited for various metals recruitment and

enhanced binding affinity.
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