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Metal ions have emerged to play a key role in the aggregation
process of amyloid p (Ap) peptide that is closely related to the path-
ogenesis of Alzheimer's disease. A detailed understanding of the
underlying mechanistic process of peptide-metal interactions, how-
ever, has been challenging to obtain. By applying a combination of
NMR relaxation dispersion and fluorescence kinetics methods we
have investigated quantitatively the thermodynamic Ag-Zn?* bind-
ing features as well as how Zn?* modulates the nucleation
mechanism of the aggregation process. Our results show that,
under near-physiological conditions, substoichiometric amounts of
Zn?* effectively retard the generation of amyloid fibrils. A global
kinetic profile analysis reveals that in the absence of zinc Afso
aggregation is driven by a monomer-dependent secondary nucle-
ation process in addition to fibril-end elongation. In the presence
of Zn?*, the elongation rate is reduced, resulting in reduction of the
aggregation rate, but not a complete inhibition of amyloid for-
mation. We show that Zn?* transiently binds to residues in the N
terminus of the monomeric peptide. A thermodynamic analysis
supports a model where the N terminus is folded around the Zn**
ion, forming a marginally stable, short-lived folded A, species. This
conformation is highly dynamic and only a few percent of the pep-
tide molecules adopt this structure at any given time point. Our
findings suggest that the folded Aps-Zn®* complex modulates the
fibril ends, where elongation takes place, which efficiently retards
fibril formation. In this conceptual framework we propose that zinc
adopts the role of a minimal antiaggregation chaperone for Ap,.

Alzheimer’s disease | amyloid beta peptide | aggregation kinetics |
zinc ion interactions | NMR relaxation

eurodegenerative disorders, such as Alzheimer’s disease

(AD), have their origin in protein misfolding and generation
of amyloid aggregates that have been shown to mediate toxic
effects on neurons (1, 2). The aggregation of the amyloid § (Af)
peptide is closely linked to the pathogenesis of AD (3) and is
strongly dependent on environmental conditions. Metal ions have
been suggested to play a key role in AD pathogenesis (4, 5), and
they have been suggested to be involved in generation of amyloid
and modulation of cytotoxicity (6, 7). It seems that Zn** ions have
a protective effect on Ap’s toxicity, at low Zn** concentrations,
whereas higher concentrations may enhance toxicity (8, 9). To this
date, it is unclear how the Zn** levels are altered in the AD brain,
and seemingly contradictory studies have reported both elevated
and decreased zinc levels (ref. 5 and references therein). In par-
ticular, zinc and copper ions have, however, been observed to be
enriched in the amyloid plaques from brain tissues of AD patients
(i.e., metal ions seem to coaggregate with Ap) (4, 10, 11).

In in vitro studies, Zn>* has been reported to inhibit formation
of amyloid fibrils at a metal:peptide ratio of 2:1 (7). However, at
high Zn** concentration it is suggested that amorphous aggre-
gates are formed (12-14). Structural NMR studies on Ap-Zn**
interactions showed that Zn** binds to the N terminus of the 40-
residue variant of Af (AP4g) (15-17) where the first 16 residues
are the minimal peptide sequence for Zn** binding (16). In AByg
the Zn?" ion is coordinated by four ligands, the histidines H6,
H13, and H14 and the N-terminal D1 (15). Interaction between
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Zn** and ApB4o causes NMR signal loss of the N-terminal residues
(15, 17), and these data suggest that NMR signal loss may be at-
tributed to a chemical exchange process on an NMR intermediate
time scale (18) as reported for similar exchanging systems (19-21).

In general, modulation of amyloid aggregation by potential
inhibitors may occur through interactions with monomers, olig-
omeric and/or fibrillar species that influence primary and sec-
ondary nucleation reactions and/or fibril-end elongation (22, 23).
With a kinetic analysis of aggregation profiles the dominating
microscopic aggregation mechanism can be determined (24-26).
This approach can be applied to characterize which microscopic
event(s) during primary and/or secondary pathway is(are) pre-
vented by an inhibitor (23).

Despite the huge numbers of studies of the interaction between
AB4o and metals, and the subsequent effect on self-assembly and
aggregation, no detailed model for the molecular mechanism of the
modulation of fibril formation has been proposed. Here, we analyze
APy aggregation kinetics in the absence and presence of sub-
stoichiometric concentrations of Zn** ions to elucidate at which
level and which microscopic rate constant(s) is(are) modulated by
Zn’*. In addition, we use NMR spectroscopy to follow the details of
the zinc binding and folding of A4y around the zinc ion.

Results and Discussion

One fundamental characteristic property of Ay is the self-
assembly into insoluble aggregates under both quiescent and
agitated conditions, subsequently resulting in formation of ma-
ture amyloid fibrils. The aggregation kinetics (i.e., the time de-
pendence of protein aggregate formation) is strongly dependent
on the experimental conditions such as pH, ionic strength, and
temperature. Under carefully monitored conditions, however,
reproducible kinetics can be achieved (27). Similar to other
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amyloid-forming proteins, AP, aggregation kinetics generally
displays a sigmoidal pattern (28), and the aggregation kinetics is
fully described by two phenomenological parameters 7y, and 7y,
where 7y, is the time for depletion of half of the monomer pool
by aggregation and 7y, is the maximum growth rate (Supporting
Information). Under dilute conditions at near-physiological pH
(~7.2-7.4) APy alone reveals aggregation traces that fit well to this
simple sigmoidal behavior under quiescent conditions (Fig. 14).
This is in line with earlier findings for both A4y and the 42-resi-
due-long variant APy, (27). To test the effect of substoichiometric
concentrations of zinc on Af4 aggregation we measured the ag-
gregation kinetics in the presence of Zn**. Furthermore, to char-
acterize the quantitative effect of Zn**, we determined the ag-
gregation parameters at various zinc concentrations ranging from
0.5 to 2.5 pM at constant AP, concentration (20 pM) (Fig. 24).

Effect of Zinc lons on Ap,, Aggregation. The kinetic parameter 7y,
is exponentially dependent on Zn>* concentration (Fig. 2B), with
an effective retardation of thioflavin T (ThT)-detected amyloid
formation. The 7/, dependence on Zn>* concentration, at con-
stant AB4o concentration, is given by 7y, =170- exp([Zn**]/c,),
where 7p =14.9 + 0.6 h describes the aggregation half time without
zinc ions and ¢, =3.1+0.2 pM is the Zn** concentration that
prolongs 7y, by a factor e. A similar pattern has been observed for
Cu**-induced inhibition of Ap,, aggregation (29). The final con-
centration of aggregates as well as the fibril morphology in the
concentration range of 0-2.5 pM Zn>" is about the same, as
monitored by the ThT end-point fluorescence (Fig. 2C) and FTIR
spectroscopy (Fig. S1), suggesting that Zn>* prolongs the amyloid
formation rather than fully inhibits the production of the final
amyloid species, and this in turn indicates that Zn** interferes with
the kinetic buildup of the aggregates.

To obtain further insight into the microscopic events that un-
derlie the macroscopic inhibition of aggregation kinetics we studied
the zinc-induced effects on A4y aggregation in more detail.
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Fig. 1. (A) Aggregation kinetics of Apso alone (Left) and APso:Zn* 10:1
(Right) at different peptide concentrations with global fits of normalized
aggregation traces of 10 (red), 12 (orange), 14 (green), 16 (cyan), 18 (blue),
and 20 (violet) pM Apg4o. (B) Variance weighted mean 7,/, values, with and
without Zn?*, exhibit the same half-time exponent y (Left). The correlation
plot of the fitting parameters log(zi/;) vs. log(rmax) features a slope of
—1.0 + 0.1 with R? = 0.90 (Right).
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Fig. 2. (A) Aggregation traces of 20 uM Ap,o with different Zn?* concen-
trations were globally fitted with \/k. k; as a free parameter whereas \/k, /k>
was constrained for all [Zn?*]. (B) Mean 71/2 values show an exponential [Zn?*]
dependence: 71/, =79 -exp([Zn**]/ce). (C) ThT end-point fluorescence at dif-
ferent [Zn®*]. (D) The relative elongation rate from the global fit analysis
displayed in A (colored points), with k. as the sole free fitting parameter, and
elongation rates determined as the initial slopes (black squares) from pre-
seeded aggregation kinetics.

Zinc lons and A, Nucleation. AP, aggregation has been studied
in great detail and can in general be described by a number of
microscopic rate constants related to primary nucleation events
of order n. (k,) and secondary pathways including elongation at
the fibril ends (ky), fragmentation of formed fibrils (k-) and
secondary nucleation catalyzed on the surface of formed fibrils
characterized by the reaction order n, (k2) (24, 26). Under
quiescent conditions fragmentation has been shown to be neg-
ligible (30), whereas under agitating conditions fragmentation
has an important contribution (25, 27).

To distinguish between primary and secondary pathways we
followed the protocol suggested by Cohen et al. (24) and per-
formed kinetic aggregation experiments where Afs samples
were preseeded with APy aggregates (Supporting Information
and Figs. S2 and S3). Both seeded Ay alone and seeded Ay in
the presence of Zn** at molar equivalents of 10:1 AB40:Zn2+
show sigmoidal aggregation traces. Aggregation of seeded Ao
alone reached its final saturation phase within the lag time of
unseeded APy (Fig. S3). This indicates that A4y aggregation is
completely dominated by secondary nucleation pathways. This is
in agreement with findings for AB4; (25).

Although the 7y, values are significantly longer for Afyg in the
presence of Zn”>*, the aggregation is again fully leveled out
within the lag-time of unseeded Af4, and thus the secondary
pathway process dominates also in the presence of Zn** (Fig.
S3). Taken together, we conclude that Zn** does not directly
affect primary nucleation, but slows down the secondary pathway
aggregation and thereby delays growth of amyloid fibril material.

Microscopic Rate Constants of Ap,, Aggregation, With and Without
Zinc. To further characterize how zinc affects the secondary nu-
cleation pathways we studied how the aggregation kinetics depends
on the initial AP4y monomer concentration, m(0). The kinetic
parameter 7, which is correlated to the lag time, is dependent
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on m(0), and can be fitted to a power law 7/, xm(0)" (26, 27)
(Fig. 1B and Supporting Information). A completely monomer-
independent secondary nucleation pathway where this step is
saturated, that is, where increasing the available monomers does
not increase the rate, is characterized by a half-time exponent of
y=-0.5, whereas a fully monomer-dependent process with
a secondary reaction order of n,=2 yields a value of y=
—(ny+1)/2=-1.5 (24, 26). AP4o alone has been shown to cover
y values from —1.5 at very low concentration to —0.2 at con-
centrations well above the saturation limit (30).

Here, we found that, in the concentration interval 10-20 uM
ABgp, y=—0.9+0.1 in absence of seeds (Fig. 1B). This concen-
tration dependence is unaffected by the presence of Zn>*, and
the 7/, values again feature a half-time exponent of —0.9+0.1.
We conclude that the dominating aggregation mechanisms are
unaffected by zinc, compared with A4y alone, but the microscopic
rate constants defining the kinetics are reduced. Furthermore, for
an aggregation mechanism dominated by secondary aggregation
pathways rather than by primary nucleation, the aggregation
parameters 7y, and 7, are interdependent (24) under steady-
state conditions. Here, we investigated data at various APy
concentrations with and without Zn** and found a good corre-
lation between log(z1/;) and log(rna) with slope —1.0+0.1. In
addition, the data derived from A4y alone and with Zn** cluster
separately but on the same line, again suggesting a common
aggregation mechanism (Fig. 1B) but with slower kinetics in the
presence of Zn™™".

Global Analysis of Aggregation Kinetics. To obtain further infor-
mation on which aggregation step is primarily affected by zinc
ions, we used all kinetic traces at various Af4 concentrations
and fitted them globally to the kinetic model proposed by Meisl
et al. (30) (Supporting Information). From this fit we obtained
combinations of the rate constants, v/k.k, related to primary
nucleation and elongation and /k,k, related to secondary nu-
cleation and elongation and in addition Ky, the Michaelis con-
stant for saturation of secondary nucleation. The global fits were
performed using n, =n, =2 for the reaction orders for primary
and secondary nucleation (30) (Supporting Information).

From the global fit of A4 alone the saturation constant was
determined to 15+ 3 pM and we could validate this by calculating
/Ky from the experimentally determined y, which depends only on
na, m(0), and Ky, and we found /Ky =12.5 + 1.5 uM (Supporting
Information), in good agreement with the global fit analysis. The
kinetic parameters determined from global fitting are listed in Table
S1. The effect of zinc ions on one single nucleation rate can be
estimated by fixing one global fit parameter across all Zn** con-
centrations and allowing the other one to vary, which is then the
only effective free-fit parameter (Supporting Information). With this
analysis, we found that individually changing k, and k. could ex-
plain the observed retardation of aggregation, whereas varying k,
alone is not sufficient to capture the observed effect on the aggre-
gation traces (Fig. 24 and Fig. S4). Notably, the value of Ky is
basically not changed upon addition of zinc, which suggests that k;
is less likely to be affected (Supporting Information). To further
distinguish whether k; or k, is the primary determinant of aggre-
gation reduction we performed aggregation experiments with highly
preseeded samples. Owing to the high number of added aggregates
the initial growth rate basically stems entirely from elongation (24).
We found that the initial slopes of preseeded samples follow the
same trend as obtained from the global fit analysis when selecting
k. as the sole effective free-fit parameter (Fig. 2D). Thus, a re-
ductionist model, where primarily the elongation rate is affected by
zinc, explains surprisingly well the observed aggregation kinetics.

The zinc-induced retardation in elongation rate is in fact in the
same regime, or even more efficient, as that found for the specific
chaperone Ssalp inhibition of the prion protein Ure2p aggregation
in yeast cells (31). Although the effects on the microscopic rates
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suggest that Zn>* results in reduction in fibril elongation rate no
molecular mechanism is revealed from the aggregation kinetic
studies. To obtain further insight in the detailed molecular mech-
anisms we used NMR to study the dynamic interaction between
APy4o and zinc ions.

Monomeric A4 and Zn?* Interaction. At near-physiological con-
ditions A, features a well-resolved 'H-5N heteronuclear single
quantum coherence (HSQC) NMR spectrum (15, 32). Titration
of Zn** onto ApP4o, however, results in significant NMR signal
intensity attenuation on the first 16-18 residues (Fig. S54), as
previously reported by us and others (15-17). The signal intensity
of the C-terminal residues remains basically unaffected (Fig.
S54). Notably, the sample is relatively stable for a time period
of ~10 d and over a temperature interval of 278-290 K and only
minor general NMR signal loss was observed (Fig. S54). Hence,
although a very slow aggregation process seems to be present,
the sample stability enabled us to perform long-acquisition NMR
experiments. This slow aggregation stands in contrast to the
much faster aggregation described above (Fig. 14) and is due to
the fact that the NMR experiments are conducted at a much
lower temperature.

Folding of AB4o Around a Zinc lon. The loss of signal intensity has
been assigned to chemical exchange on an intermediate time-
scale (15, 17). The fact that the signal attenuation does not only
affect the Zn>* ligands (D1, H6, H13, and H14) indicates a re-
gional conformational change of Af4y upon Zn>* binding, in-
volving the first 16-18 residues. Thus, the primary zinc binding
does not seem to cause the observed line broadening, but rather
the induced folding of the N terminus to align the zinc ligands.
This folded state can be assumed to be more compact than
the disordered free peptide and would directly be reflected in the
hydrodynamic radius, Ry. An alternative interpretation to the
signal attenuation is the putative transient formation of higher-
order aggregates owing to zinc binding, similar to the formation
of transient higher-order coaggregates between AP,y and lac-
moid (20) and the surfactants sodium/lithium dodecyl sulfate
(SDS/LiDS) (21). However, this would typically affect all resi-
dues, because the relaxation properties of all residues would
change upon formation of a larger complex (20). In addition, Ry
would increase upon Zn?*" interaction.

To test the hypothesis with a more compact zinc bound state
we performed NMR pulsed field gradient diffusion measure-
ments on 75 pM APy alone and in the presence of 20 and 40 pM
Zn**. The results show that the translational diffusion coefficient
indeed increases with increasing Zn>* concentration (Fig. 34).
This translates to a more compact structure when Zn?" is bound
to the peptide. Ry for the free peptide under these conditions
is 16.6 A, in good agreement with earlier findings (33), and
decreases monotonically to 15.9 A at 40 uM Zn**. The increased
compactness of APy in the zinc bound state supports the as-
sumption that the signal attenuation is due to transient folding
of monomeric Afy4y, rather than transient formation of larger
complexes. Furthermore, to ensure that monomeric A4 binds
Zn**, we used LiDS micelles where the zinc-binding N terminus
of monomeric Afyg is solvent-accessible and outside the micelles
(34), and we observed a very similar binding pattern as for free
APy in aqueous solution (Supporting Information and Fig. S5D).
From these findings we conclude that Zn** binds to monomeric
soluble AB, and induces an N-terminal fold of the peptide around
the zinc ion.

Chemical Exchange Between Zinc-Bound and Free Ap4. To clucidate
the reasons for the NMR signal attenuation upon Zn?** binding we
applied N Carr—Purcell-Meiboom-Gill (CPMG) relaxation dis-
persion measurements (18, 35). These experiments allow detection
of exchange rates typically in the microsecond-to-millisecond range.
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Fig. 3. (A) Translational diffusion coefficient, Dy, of 75 uM A4 alone and in
the presence of 20 and 40 uM Zn?* at 281 K (error bars: SD of five or more
measurements). (B) Relaxation dispersion profiles of selected residues for
75 uM A in the presence of 20 uM Zn?* (circles) at 278 (red), 281 (orange),
284 (green), 287 (blue), and 290 K (violet) and Ap alone at 281 K (black
squares). (C and D) The fitting parameters absolute chemical shift differences
|AS| and exchange rate ko, from the global fit. Chemical shift differences
were constrained to the same values for all temperatures and fitted for all
(orange) and only the eight residues with significant relaxation dispersion
amplitudes (gray). The stars mark signals with overlap in the spectrum.
(E) The Gibbs free energy, obtained from the zinc-bound folded population,
ps, fitted to Eq. 1 (red). For higher temperature the Gibbs free energy is also
fitted to AG(T)=AH® —TAS°® (blue). Error bars in C-E were estimated from
fitting errors.

The slow aggregation process occurs on a timescale of days un-
der the present conditions, which is observable by the overall
minor signal loss (<25%), and occurs on a completely different
timescale, and hence its effect on the exchange rates is assumed
to be negligible.

The relaxation dispersion experiments were performed on
75 uM *N-Ap,, with 20 pM Zn?* at five different temperatures
between 278-290 K. Residues that show significant relaxation
dispersion profiles are found exclusively in the N terminus where
eight residues feature high-amplitude profiles (Fig. 3 B and C
and Fig. S6). In this temperature interval the relaxation disper-
sion profiles show subtle but significant temperature dependence
(Fig. 3B). In contrast, AB,, alone does not display any significant
relaxation dispersion profiles, underlining that the chemical ex-
change stems from zinc interactions.

Applying a global fit analysis, including all residues displaying
significant dispersion profiles, the temperature-dependent re-
laxation dispersion data (Supporting Information) fits to a two-
state model consisting of a state that can be assigned to free

5410 | www.pnas.org/cgi/doi/10.1073/pnas.1421961112

peptide and a Zn**-bound folded state. The exchange rate ki,
between the two states as well as the population of the zinc-
bound folded state pp were fitted globally, and the relaxation
rates, Rg, and the magnitude of the chemical shift differences
between the states, |Ady/|, are residue-specific fitting parameters.
|Ady| was constrained to the same values for all temperatures
and Zn®* concentrations, thus assuming the bound state to be
the same at all temperatures in the interval. The results from the
global fit are summarized in Table 1, Fig. 3 B-D, and Supporting
Information.

The eight residues that show high-amplitude relaxation dis-
persion profiles exhibit chemical shift changes |Ady| in the in-
terval 0.4-2.7 ppm (Fig. 3C). As expected, the exchange rate, Ky,
increases with temperature from 360 s~ at 278 K to 715 s™" at
290 K (Fig. 3D) and shows a linear dependence with a slope of
30.7 + 1.5 s'K™'. The expected exchange rate can thus be ex-
trapolated to physiological temperature, 310 K, and the extrap-
olated exchange rate is 1,300 s Also, the population of zinc-
bound folded Ap4 is temperature-dependent and decreases
from 6.7 to 3.5% when the temperature is increased from 278 to
290 K. Notably, when all temperatures are considered the pop-
ulation pp does not follow a linear temperature dependence,
which would be expected if the binding enthalpy and entropy
exhibit nonnegligible temperature dependence. The curvature is
expected from protein folding theory owing to differences in the
heat capacity of folded and unfolded states (36).

Rate-Limiting Step in Ap,o-Zinc Interaction. Using the population
determined from the relaxation dispersion experiments an ap-
parent dissociation constant, K/¥”, for zinc binding to A4 can
be determined. This assumes that primary 1:1 zinc binding is the
rate-limiting step in this reaction (Supporting Information). Here,
K was found to be 470 pM at 290 K, significantly different
from 6.6 pM determined by fluorescence under similar con-
ditions (15). To validate these findings and to resolve this ap-
parent contradiction we used the diffusion data (Fig. 34 and
Supporting Information) to estimate K;7¥ to ~210 pM at 281 K in
the presence of 40 uM Zn**. This estimation is thus in very good
agreement with the K;/” =210+20 pM at 281 K determined by
relaxation dispersion experiments (Table 1).

The significantly weaker K1 for the overall process compared
with primary zinc binding again indicates that the NMR-observed
process is folding around the Zn”* ion, and that this is the rate-
limiting step in this process. A scheme for such reaction can be
written as

kon ke
APy +Zn*t — APyZn*t (U) k:’ AByZn* (F).
off U

Here, A[34()Zn2Jr (U) is the zinc-bound unfolded state and the
folded state, AB4(,Zn2+ (F), is formed by the folding rate kr, and

Table 1. Global fit parameters pg and ke, apparent dissociation
constant KP (from Eq. S11) from a two-state model, and Gibbs
free energy from a three-state model

Temperature, K ps, % Kex, s KPP, uM AGY~F, kJ/mol
20 pM Zn?*
278 6.7+03 360+25 210+20 22 +0.2
281 6.7+03 430+30 210+20 2.2+0.2
284 57+03 525+35 260+ 20 27 +0.2
287 48 +03 640 +45 330+ 30 33+0.2
290 35+02 715+60 470+ 40 42 +0.2
10 pM Zn?*+
281 32+02 320+30 230+30 24 +£0.2
Errors were determined from the fit.
Abelein et al.
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the exchange rate is kex zn =kr +ky. To test this hypothesis we
examined the Zn** concentration degendence on the population
and exchange rate. Lowering the Zn** concentration from 20 to
10 pM is expected to result in a decrease of folded population by
a factor of two whereas the exchange rate is expected only to
exhibit weak concentration dependence. We found that the pop-
ulation decreased by 50% and k,, only by 25% (Table 1 and
Figs. S7 and S8), in line with the schematic model with
Kp < Ky =ky [kr; thus, zinc binds to the peptide with K, ~7 pM
and subsequently A4, folds in a rate-limiting step. The folded
state was further characterized by the temperature dependence
of the thermodynamic parameters derived from the relaxation
dispersion experiments.

Thermodynamics of Zinc-Induced Folding of Af. The temperature
dependence of the Zn?* bound folded state pg may be used to
determine the folding reaction specific thermodynamic param-
eters (Supporting Information). As a first order of approximation
we assume only a weak temperature dependence of the primary
zinc binding with Kp = 6.6 pM (15), and used this to calculate the
fraction folded APy, pr, in relation to the zinc bound peptide
Ppzn. The equilibrium constant K., of this reaction is given by the
population of the folded state, pr =pp, Koy =pp/(pz, —ps), and
the folding reaction is thermodynamically determined by the
Gibbs free energy difference of the unfolded and the folded state
AGY=H(T)=—-RT K ~"(T). The free energy displays nonlin-
ear temperature dependence (Fig. 3E and Fig. S9), as expected
for protein folding (36). To account for the curved shape an
explicit temperature dependence of AG(T) is introduced by the
heat capacity ACp=(0H /0T )p:

AG(T)=AH7, —

TASy, + ACp(T = T,) — TACp In(T/Tyy,).

1]

T,, refers to a reference temperature, which here is chosen as a
melting temperature T, = AH?/AS°. AH® and AS? are obtained
from a first approximation fit for higher temperatures where
AG(T) is linearly dependent on temperature AG(T)=AH" -
TAS°. All determined parameters are given in Table 2. The
negative signs of both AH" and AS° highlight the fact that
zinc-induced folding of Ay is enthalpically favored yet entropi-
cally disfavored. Also, the nonzero heat capacity change gener-
ally monitors a solvation of polar groups (37). This implies that
less peptide surface is exposed to solvent water in the folded
state, in line with a zinc-induced folding of the N terminus of
Ap4o. The determined ACp=-8.1+1.0 kJ/K is relatively large
and folding of AP, alone is expected to yield significantly lower
ACp (~—1.2 kJ/K) (38). This suggests that zinc binding per se
and loss of coordinated water contribute to the determined ACp.
Furthermore, the curvature in AGY=F(T) results in that, when
lowering the temperature, cold unfolding is induced already be-
fore the folded state is populated to more than 50%, that is,

AGY=F(T) >0 for all temperatures and, thus, the folded state
is only marginally stable. Extrapolating the free energy profile
to 310 K the population folded AB4U—Zn can be estimated to
only 0.04%, highlighting that, at any given time point, only a very
small fraction is folded. Still a large effect is found on the ag-
gregation kinetics.

Table 2. Thermodynamic parameters from Fig. 3E

From AG(T)=AH — TAS® From Eq. 1 at T,,=271K

AH® —60 + 9 kJ/mol AHr, 57 + 13 kJ/mol

AS® —219 + 30 J-mol~" K™ AST, 199 + 45 J-mol~".K™"
ACp -8.1 + 1.0 kJ-mol™"K™"

Errors were determined from the fit.
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Fig. 4. APy self-assembly follows a monomer-dependent secondary nucle-
ation pathway and fibril formation is efficiently retarded in the presence of
zinc ions by primarily inhibiting fibril-end elongation in a simplistic model.
ABgo in solution transiently forms a low-populated dynamic complex with
Zn** where the peptide’s N terminus is wrapped around the zinc ion. A
simplistic mechanistic model is that Zn?* inhibits elongation by modulation
of the encounter complex between AB,, and the fibril end.

elongation
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Concluding Remarks

Taken together our findings can be summarized as an inhibition
model where the normal aggregation pathway of A4y mainly is
perturbed by a reduction in the elongation rate (Fig. 4). The very
low concentration folded APy, at steady state, suggests that the
observed effect is not due to a direct reduction of the effective
ABao concentratlon by formation of a nonaggregating folded
AP4o-Zn** complex, as found for natively folded proteins such as
superoxide dismutase 1, where the folded state competes with
the globally unfolded state that takes part in assembly and fibril
elongation (39).

APy aggregation has been suggested to be related to peptlde
reconfiguration time (40), and it may be plctured that after Zn**
release the reconfiguration time of Ay is temporarily altered.
However, such relatively unlikely reduced reconfiguration time is
expected to affect both secondary nucleation and elongation rates.

Furthermore, the Zn*" induced folding of Ap4y mainly affects
the N terminus, which is normally assumed not to directly par-
ticipate in amyloid formation and is not involved in the B-rich
core of in vitro-produced AP,y amyloid fibrils (41). In addition,
binding of zinc reduces the net charge of the peptide from —3
to —1, thus consequently reducing electrostatic repulsion. This is
expected to increase aggregation kinetic rates (39 42), in stark
contrast to our findings. However, at higher Zn** concentration,
that is, under conditions when accelerated formation of amor-
phous aggregates was reported (12, 13), a suggested second weaker
binding side, involving residues 23-28 (15), can be assumed to be
more populated and electrostatic interaction may become the
decisive factor for aggregation under these conditions.

Several molecular mechanisms could, individually or in com-
bination, explain the observed reduction in elongation rate. A
minimal model for fibril elongation must constitute two discrete
steps where the monomer first binds to the fibril and forms an
encounter complex (39) and subsequently folds on the fibril end
to its tightly bound B-rich state (43). Modulation of the fibril ends
by Zn** may cause perturbations of one or both steps, leading to
retardation in aggregation kinetics. This also provides an expla-
nation of why already very low relative concentrations of Zn**
result in significant reduction in elongation rate, because the
number of fibril ends is orders of magnitudes smaller than the
number of free monomers.

The precise level of interaction and inhibition mechanism are
yet to be determined, but we suggest two general mechanisms:
(i) The zinc ion may exert strong binding to p-structured Afy at
the end of the fibril, preventing further elongation by changing
the local environment for peptide folding to the amyloid state,
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and/or (i) Zn**-induced folding of Ap4, modulates the strength
of the encounter complex (i.e., AP4o binds zinc during the life-
time of the encounter complex leading to a premature release of
the peptide from the complex before it folds onto the fibril end)
(Fig. 4). Our results showing that Ap4 binds Zn>* with similar
affinity and coordination also in complex with LiDS micelles
underline the plausibility for such a mechanism.

Whether the findings in this study are transferable to the com-
plex environment of the aging neuron remains to be investigated,
but in a reductionist in vitro system the zinc ion could be assigned
as a minimal efficient chaperone-mimicking agent for inhibition of
APy self-assembly and amyloid formation.

Materials and Methods

Recombinant ABso peptide was purchased from Alexo-Tech and samples
were prepared as in ref. 32. Experiments were performed in 10 mM Hepes,
pH 7.4, for NMR and 10 mM phosphate buffer, pH 7.2-7.4 for kinetics
experiments, respectively. Zn** ions were added as chloride. ThT fluores-
cence aggregation kinetics experiments were performed at 37 °C under
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quiescent conditions using a 96-well plate. FTIR measurements were con-
ducted at 4-cm™" resolution on dried films obtained from ThT fluorescence
end-point samples using an attenuated total reflection accessory. NMR
experiments were acquired on a 700-MHz Bruker spectrometer equipped
with a cryogenic probe. >N CPMG relaxation rates were recorded of 75 uM
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as well as a reference experiment without the mixing period. Diffusion
experiments were performed at 281 K in D,O on three different samples
without and with 20 and 40 pM Zn?* using 16 different gradient strengths,
a gradient pulse length of 3 ms, and a diffusion time of 100 ms. Detailed
methods are described in Supporting Information.
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