Communications

2532

Amyloid f§ Peptides

DOI: 10.1002/anie.201006335
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Copper(Il)-induced extracellular aggregation of amyloid
B peptides (AP) is implicated in the pathogenesis of Alz-
heimer’s disease (AD).! The exact role of the Cu"-Af
interaction is not fully understood but it has been demon-
strated that Cu—Ap oligomeric complexes may catalyze the
formation of neurotoxic reactive oxygen species.”) Cu"' also
induces the rapid formation of insoluble A oligomers that
dissolve if Cu" is removed.” Low-order oligomers both with
and without Cu" are key to the neurodegeneration associated
with AD.M In the brain, Ap are primarily found as 40-residue
(ABy_4) and 42-residue (AB,_,) peptides. It is known that Cu"
binds to the N-terminal part of AP and the 16-residue
fragment AP,_4 is well established as a nonfibrillating model
for the Cu-AB complex. AB,_;; coordinates Cu" with the side
chains of the amino acid residues D1, H6, H13, and H14 and
presumably the N-terminal amino group;”' two different pH-
dependent coordination modes exist.!) The importance of the
elucidation of the mechanism of Cu" binding to AB and its
specific role in the aggregation process is emphasized by the
fact that the Cu" concentration is elevated in the amyloid
plaques in brains from AD patients,'* and that Cu' concen-
tration transiently can reach micromolar concentrations in the
extracellular space.”” However, detailed knowledge of the
dynamics of the initial events in Cu" binding to AP and its
relation to the formation of higher-order oligomers and
aggregates is lacking. This information could be essential for
the development of therapeutic strategies that could convert a
toxic oligomerization pathway into a nontoxic pathway.
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Herein we address the kinetic mechanism of Cu" binding to
both AP, and AP,_y, and copper(Il)-induced Af,_, oligo-
merization by a combination of stopped-flow spectroscopy
(fluorescence spectroscopy and light scattering), NMR relax-
ation, and dynamic simulations. Global fitting and dynamic
simulations resulted in a unifying model for the initial steps of
Cu" binding to AP, which includes a transient peptide-metal—
peptide (AP—Cu-Ap) complex that does not participate in the
subsequent aggregation.

Binding of Cu" to AP,_; induces a large change in the
environment of Y10 in AP,_s that allows characterization of
the binding kinetics by stopped-flow fluorescence spectros-
copy. APy (40 um) was mixed with solutions of Cu" with
varying concentrations in HEPES buffer (0-40 um), thus
resulting in biphasic time traces (Figure 1a). The fast phase
(<30 ms) that exhibits a large decrease in signal intensity
shows observed rates from approximately 35 to 1.7 x 10%s™!
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Figure 1. Tyrosine fluorescence of a) AB,_;¢, b) AB;_4, and normalized
light scattering of c) AB_;¢ and d) AB,_y, after rapid mixing with Cu' in
20 mm 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

(HEPES) 4100 mm NacCl buffer solution, pH 7.4 at 37°C. The peptide
concentration was kept constant at 40 um and the Cu" concentration
was increased stepwise to a molar Cu"/AB ratio of 1 as indicated.
Fluorescence data were globally fit (red traces) to a two-step model
using KinTek Explorer. Broken red traces (b) show extrapolated fit for
ApB,_4 beyond 500 ms to visualize the second phase of the fluores-
cence increase. Four equivalents of glycine were present in the Cu"
solution (the light-scattering intensity does not directly reflect the
aggregation number, see the Supporting Information).
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depending on the Cu" concentration. The slow phase (ca. 30—
100 ms) exhibits a small increase in signal intensity and has an
observed rate of approximately 30 s™', which is independent
of Cu"™. As two well-separated reaction phases characterize
the binding kinetics of Cu" to AP, a mechanism must
include at least three states. This prerequisite is consistent
with the result that at least two conformations of the Cu"-Ap
are in a dynamic equilibrium.*? We used the numerical
program KinTek Explorer® for stopped-flow data analysis to
globally fit all reaction traces to a two-step mechanism
[Scheme 1, Equation (1)]. The first step in this model is the

49 uM st 1025~
AB+Cull < AB-Cu = [AB-Cu]* 6]
0.101 57! 20.0s7!
0.66 uM ~1s7!
[AB-Cu]* + AB < AB-Cu-AB )
2.8x10%s7!

Scheme 1. Proposed two-step (1) and three-step (1+2) mechanism
for initial binding of Cu" to AB,_;¢. Rate constants are determined from
stopped-flow data, NMR relaxation decay, and simulation. [Cu-AB]*
indicates an alternative conformation of the complex. See also the
Supporting Information.

bimolecular binding of Cu" to free AP, in consistency with
the observed increase of the rate with an increase in Cu™
concentration; the second step is an intramolecular rear-
rangement of the initial Cu-Af complex to an alternative
conformation [Cu-Af]* that accounts for approximately
33% of the Cu-Ap complexes at equilibrium (see the
Supporting Information). The fluorescence of [Cu-Af]* is
less quenched than that of Cu—Af, and may correspond to the
coordination mode favored by high pH values, which has
been found to account for approximately 20-25 % of the Cu-—
AP complexes at pH 7.4.5¢]

The model satisfactorily describes the stopped-flow
kinetic data up to one equivalent of Cu" (Figure 1a and
Table S1 in the Supporting Information). Supporting the
model, we find that the affinity (Ky=(14+1) nm) of AP,_
for Cu" derived from the kinetic parameters agrees with
values reported by others!” (see the Supporting Information).
At superstoichiometric concentrations of Cu", AP, is
known to bind a second Cu"ion albeit 100 times weaker
than the first Cu"ion;"” this event is not detected in our
experiments.

To complement the stopped-flow kinetics, the Cu" binding
kinetics were measured by 'H NMR spectroscopy (Figure S3)
taking advantage of the paramagnetic relaxation enhance-
ment (PRE) induced by Cu". The PRE of the longitudinal
relaxation of 'H spins in AP_;, Ripre, Was quantified by
measuring R; on samples of AP, s in the absence and
presence of Cu"ions at AP, ;s concentrations of 150 and
300 um (Figure 2a). The observed R, prg for H? and H*' in
Hé, H13, and H14 is simply the apparent rate constant, k,,,
by which metal-free AB,_;; coordinates the Cu" ion (see the
Supporting Information). Owing to the strong PRE, Cu-
loaded AP is invisible in the spectra. Thus the time courses
shown in Figure 2a reflect the rate by which Ap molecules
that are Cu-free at time zero experience the transient binding
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Figure 2. Longitudinal relaxation decays of H6 H® in AB,_;¢ at varying
concentrations of peptide and Cu'" a) measured by '"H NMR and

b) simulated. (a) 300 um ABy_6, (V) 300 uM ABy_16+15 um Cu', (@)
150 pum ARy +15 pum Cu", (0) 300 pm peptide +30 um Cu', and (V)
150 um ABy_1+ 30 pum Cu'. All samples were measured in 10% D,0,
pH 7.4 at 37°C. Solid lines are a) fits of monoexponential decays to
the experimental data points or b) simulated traces with

k;=0.66 um~'s™' and k_;=276 57", see Scheme 1, Equation (2).

of Cu™. In all the NMR experiments the Cu"/AB molar ratio is
less than or equal to 0.1. Nonetheless, the decay of the NMR
signal reflects that all AP molecules in the sample have
experienced Cu" coordination to H6. Thus, either the Cu" is
rapidly bound and dissociated or the Cu-Af and the [Cu-
AB]* complexes bind to another peptide in a metal-ion-
bridged species.

Monoexponential R; decays were observed for the peak
from H6 H* (Figure 2a) and the two peaks from H13 + H14
H® and H13 + H14 H®.. The R, ppg determined from the three
peaks gave average apparent rate constants, k,,,, of (10.7 £
0.5)s7", (9.6+£0.5)s7!, (59+0.8)s7!, and (4.74+0.7)s™" for
total concentrations cap_16/Ccy Of 150 uM/30 pm, 300 pm/
30 uM, 150 um/15 uM, and 300 um/15 uM, respectively. Thus,
the observed rate depends on the total concentration of both
AB,_s and Cu". This behavior is inconsistent with the two-
step mechanism [Equation (1) in Scheme 1] that was initially
found to be sufficient to describe the stopped-flow data. In
that model, the rates observed in the NMR experiments
would depend only on the concentration of free Cu", thus the
expected K, in the low or subnanomolar range! is deter-
mined by the ratio cc,/(capi-16—Ccull). Hence the overall rate-
limiting step in Equation (1) would be the dissociation of Cu"
from Cu-Af (k_,). Direct exchange of Cu" between the Cu—
AP complex and the pool of free Cu" would also infer that the
off-rate for the complex is in the order of 50-90 s~'. However,
k_, derived from the stopped-flow data is two to three orders
of magnitude too slow to explain the NMR experiments (see
the Supporting Information). Instead we propose that the
exchange of Cu" proceeds by a metal-ion-bridged ternary
complex (AB-Cu-Ap) as seen for other proteins!"'! and also
suggested for AB.'¥ This requires an extension of the binding
model with Equation (2) in Scheme 1. In this model, we
assumed for simplicity that [Cu-Af]* is the precursor for the
ternary complex. However, from our current data we cannot
determine if [Cu-Ap]*, Cu-Ap, or both are able to interact
with free AP molecules. Rate constants for the proposed
minimum three-step model were obtained by combining
numerical fitting of the stopped-flow data with NMR
relaxation data and simulations (see the Supporting Informa-
tion). The AB-Cu—Af complex could not be detected in the
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stopped-flow experiments where the peptide concentration is
3.8-7.5 times lower than in the NMR experiments (see
Supporting Information). The combined analysis of stopped-
flow and NMR data thus demonstrates that the first higher-
order species of AP;_;s to form in the presence of Cu" is a
transient dimer that coordinates one equivalent of Cu™.

To determine if our model also accounts for the initial
events in binding of Cu" to AP, a series of stopped-flow
experiments were performed with AP,4. Two subsecond
phases similar to those observed in Af3,_;, were detected upon
Cu" binding (Figure 1b). The kinetics of the two initial phases
could be described by the same model used for the binding to
Ap;_s and with almost identical rate constants and affinities
(see the Supporting Information). Thus the initial binding
mechanism of Cu" to Ap,_, is most likely very similar to that
in AB_;s. Our model also explains previous findings of line
broadening induced by substoichiometric amounts of Cu" in
NMR spectra of AP, Such line broadening infers that
Cu"" exchanges faster between different ApB,;_y, molecules than
explained by a kinetic model including only Equation (1) in
Scheme 1.

On timescales longer than 1s, AB,_;s and AP, behave
differently. For AP, 4, a third phase in the fluorescence signal
is observed, which is absent for Af,_s (Figure 1a and b). This
late phase parallels what is observed by stopped-flow
Rayleigh scattering of the AB-Cu" binding process. In this
experiment, where the formation of higher-order species is
probed,™ the light scattering of AP,;s did not change
significantly upon mixing with Cu™ (Figure 1c), thus support-
ing that the dominant species is the monomer under the
experimental conditions employed. In contrast, a pronounced
increase in light scattering with a rate that is dependent on the
Cu" concentration is observed for timescales longer than 1s
for AP,y (Figure 1d). The observation that the rate of
oligomerization increases with the concentration of Cu" and
thus the concentration of Cu—Af and [Cu-AB]* suggests that
one or both of these AP species are direct precursors of the
observed oligomers as previously proposed.'”! The light-
scattering signal for apo-Af,_4, remains constant throughout
the experiment (Figure 1d), hence indicating that sponta-
neous oligomerization does not take place on the seconds-to-
minutes time scale. This behavior is consistent with previous
observations.'®l However, we cannot conclude any further on
the initial steps of the oligomerization pathway in the absence
of Cu,

Our current minimal model of the initial steps in Cu"
binding to AP is summarized in Figure 3. It should be
emphasized that although the identified Af—Cu—Af complex
is the multimeric A species that kinetically is most directly
accessible from the monomeric state, it is unlikely to be a
direct precursor for higher-order oligomers or aggregates. As
increasing Cu" concentrations above 0.5 equivalents inevi-
tably lead to lowered concentrations of the AB-Cu-Af
complex, a reduced rate of oligomerization of Ap would be
expected if this complex was a precursor—in contrast to what
is observed. The model provides an explanation for the
observation that low concentrations of Cu" destabilize Ay,
oligomers and inhibit fibrillation."”? As the AB-Cu-Ap
complex apparently does not oligomerize or aggregate, this
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Figure 3. Schematic minimal mechanism for initial binding of Cu" to
AP followed by the copper(ll)-induced AP oligomerization based on
this study. k;, k_y, k;, and k_, are determined from fitting the AB,_4,
stopped-flow data while k; and k_; are derived from AB,_;s NMR
relaxation and simulation. Components | and Il refer to the complexes
formed at low and high pH values, respectively.®*®!

may suggest selective stabilization of this complex as a
strategy to avoid Af oligomerization and aggregation.
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