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ABSTRACT: Self-assembly of amyloidogenic peptides and
their metal complexes are of multiple interest including their
association with several neurological diseases. Therefore, a
better understanding of the role of metal ions in the
aggregation process is of broad interest. We report pH-
dependent structural and aggregation studies on Zn" binding
to the amyloidogenic peptide Ab11-28. The results suggest
that coordination of the N-terminal amine to Zn" is
responsible for the inhibition of amyloid formation and the
overall charge for amorphous aggregates.

B INTRODUCTION

The supramolecular assembly of peptides and proteins into
amyloid fibrils is intensively studied owing to their important
biological roles including different neurological diseases
(Alzheimer’s, Parkinson's, etc.)'™ and because amyloids are
of interest in material science.”® Amyloids are made of peptides
or proteins that adopt fibrils based on the cross-f-structure, in
which the peptide backbone is orthogonal to the fibril axis.*%”
They are normally formed by a two-step process of slow
nucleation, followed by a typically fast, autocatalytic surface
growth, leading to a sigmoid curve for amyloid formation.®

The binding of metal ions such as zinc, copper, and iron to
amyloidogenic peptides modulates the aggregation behav-
ior”'* and results in fibrils with embedded metal ions.">~>°
The use of small peptides to model the aggregation of native
peptides or to gain general insight into the mechanisms was
very helpful in the understanding of amyloid formation**'~**
and the role of metal ions.**** Smaller model peptides are
often easier to handle and have higher reproducibility in terms
of aggregation behavior.

In the past, we investigated the effect of Zn" and Cu" binding
on three different amyloidogenic model peptides and found
metal- and peptide-specific effects related to the coordination
chemistry of the metal ions.>"*> One of these peptides, Ab11-
28, showed suitable properties in terms of mechanistic studies
for Zn"-induced aggregation. Ab11-28 is derived from amyloid-
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f (ApP) peptide, which plays a crucial role in Alzheimer’s
disease. Although Ab11-28 is missing the N- and C-terminal
parts and, hence, is clearly different from Af in terms of
aggregation and metal binding,* it preserves two important
features for metal-induced amyloid formation. These are the
two His residues (His13 and His14) known to anchor Zn" and
the hydrophobic core (amino acid residues spanning from 17 to
21, sequence LVFFA). Moreover, truncated Aff peptides
starting at position 11 (ie, APll-x) have been found in
human amyloid plaques and are thus physiologically relevant.>*
Therefore, the amyloidogenic Ab11-28 peptide can serve as a
model system to gain general insight into metal-induced
amyloid formation.

Further studies on Zn" binding to the peptide Ab11-28 at pH
7.4 showed the importance of dynamical Zn" binding for
aggregation and suggested that the formation of a transitory
complex of two Ab11-28 bound to Zn" (i.e., Zn"(Ab11-28),)
via His14 and the carboxylate of Glull is most prone to fibril
formation.*

In order to gain insight into the relationships between the
structure of Zn" binding and the aggregation behavior, we
studied the pH dependence of Zn" binding to Ab11-28 upon
aggregation.
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B RESULTS AND DISCUSSION

pH Dependence of Zn'").-Ab11-28 Aggregation. Our
previous studies indicated that Zn"(Ab11-28), is the building
block of aggregation into amyloids.*** Changing the pH of
metallopeptides like Zn"(Ab11-28), will influence two
important parameters concerning aggregation: (i) the overall
charge of a peptide is pH-dependent, and aggregation is
classically faster when the overall charge approaches zero
(Table 1).3%%7 (ii) Metal binding is often pH-dependent, and
hence the structure of the metal—peptide complex can change.

Table 1. Expected Charge of Ab11-28 and Zn";(Ab11-28),

pH Ab11-28 Zn",-(Ab11-28),
8.4 -2 -2
7.3 -1 0
6.3 0 +2

The aggregation of Ab11-28 with 0.5 equiv of Zn" was
followed by thioflavin T (ThT) fluorescence and turbidimetry
at different pH values. ThT is a specific fluorescence dye for
amyloid-type aggregates, while turbidity measures more
amorphous aggregates because it depends mostly on the
amount and size of aggregates.

Figure 1 (top) shows the time courses of the ThT
fluorescence and turbidity of Ab11-28 with 0.5 equiv of Zn"
at pH 7. For either measurement, the overall curve has a
sigmoidal form, and hence a t,/, and a plateau intensity can be
estimated as indicated. ¢, of turbidity is shorter than ¢, ,, from
ThT, indicating that first amorphous-type aggregates are
formed, which are subsequently transformed into amyloid-
type aggregates.

The pH dependence of Abl11-28 with 0.5 equiv of Zn"
revealed very different ThT fluorescence and turbidity features
(Figure 1, middle and bottom), indicating that aggregates and
amyloid formation are not directly correlated. The main kinetic
phase of ThT fluorescence was faster with lower pH (Figure 1,
bottom), but the plateau reached at the end was similar (Figure
1, middle). This indicates that the same amount of amyloid was
formed over the present pH range, but the formation was faster
at low pH. In contrast, the turbidity increased rapidly in a
nonsigmoidal manner and ThT fluorescence preceded (at the
pH where it could be well measured, i.e,, > pH 7). The kinetics
was not very sensitive to the pH (Figure 1, bottom). This
suggests that amorphous, unstructured aggregates are formed
before amyloids and likely a transformation occurred. The
turbidity plateau reached was pH-dependent (Figure 1,
middle). It was maximal around pH 7.4, ie, increased from
pH 8.4 to 7.4, and then decreased by a further lowering of the
pH to 6.

To gain insight into the structural changes responsible for the
pH dependence of turbididy and ThT fluorescence, NMR and
X-ray absorption spectroscopies (XAS) were applied.

NMR. The effect of the addition of Zn" to Ab11-28 was
studied by 'H NMR at several pH values (Figure 2).
Measurements were done immediately after Zn" addition in
order to minimize aggregation. Zn'-induced line broadening
and shifts for some specific resonances (Figures 2 and S2 in the
Supporting Information), indicating the specific binding of Zn"
to the affected residues. Figure 2, left panel, shows the aromatic
region, including His13, Hisl4, Phel9, and Phe20. Zn"
addition at different pH values lead to line broadening and to
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Figure 1. (Top) Time course of turbidity (blue, right scale) and ThT
fluorescence (red squares, raw data; red line, fitted data; left scale) of
Ab11-28 with 0.5 equiv of Zn™ at pH 7.0. The black line indicates the
intensity of the plateau. t,,, values are given by the fit. (Middle) pH
dependence of the plateau intensity reached in ThT fluorescence (red
squares, raw data; red line, linear fit; left scale) and in turbidity (blue
circles, raw data; blue line, trendline; right scale) by Ab11-28 with 0.5
equiv of Zn" aggregation. Raw data are from five independent
measurements. (Bottom) pH dependence of t,,, to reach the plateau
in fluorescence (red square, raw data; red line, trendline) and in
turbidity (blue circle) by Ab11-28 with 0.5 equiv of Zn" aggregation.
Raw data are from five independent measurements.

shifts of H—C6 and H—Ce¢ of Hisl4. In contrast, the H—Cd
and H—Ce resonances of Hisl3 were only little affected,
showing a slight broadening and a slight chemical shift. The
resonances of the two Phe are not affected at all, indicating no
binding to or near the Phe. This indicates that over the pH
range studied, His14, but not His13, is bound to Zn'L

The resonance of H-Ca of Glull in the apo-Abl11-28
underwent a large shift over the pH range 7—9, in line with
deprotonation of the N-terminal amine (Glul1). A pK, of 7.8 is
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Figure 2. "H NMR of apo-Ab11-28 (lower trace) and Zn"-Ab11-28 (upper trace) at pH 9.1 (A), 8.0 (B), 7.7 (C), and 7.3 (D) in the regions of H—
C6 and H—Ce of His13 and 14 (left) and H—Ca of Glull (right). Dotted lines represent the affected H—CS and H—Ce of His14 by Ab11-28 (left)
and H—Ca of Glul1 (right). H-Ca of Glull shifts strongly because of protonation of NH,. The asterisk indicates the H—Ca attributed to Val 12.

Conditions: 300 uM Ab11-28, 270 uM Zn**, Tris-d;; 100 mM.

estimated, a typical value for N-terminal amines in peptides
(Figure S3 in the Supporting Information). The addition of
Zn" showed a pH-dependent feature; at higher pH, the
resonances shifted and were largely broadened; in contrast, at
lower pH, no shift was induced and only a little broadening
occurred (Figures 2 and S3 in the Supporting Information).
This is interpreted in the sense that at higher pH the
deprotonated NH, of the N-terminal Glu is a ligand to Zn" but
not at lower pH, where NH;" is present. The smaller
broadening at lower pH is ascribed to the binding of Zn" to
the COO™ of Glull (in line with ref 38).

These results suggest that Zn" binding occurs to Glull and
Hisl4. In order to confirm this, we used the shorter,
nonaggregating peptide Ab11-14 (Glu-Val-His-His-NH,), and
as expected, the same resonances were affected by the addition
of Zn" in a way very similar to that in the longer Ab11-28 (see
above). Moreover, the same pH dependence was observed (see
Figure S4 in the Supporting Information) and hence supports
the binding of Zn" by NH, of Glull at higher pH.

XAS. X-ray absorption near-edge structure (XANES) spectra
give an indication of the dominant zinc species in a given
sample. Thus, XANES was used to probe the pH dependence
of Zn" coordination to Ab11-28 (Figure 3). The Zn K-edge
spectra for the two Ab11-28 with 0.5 equiv of Zn" at pH 6.5
and 7.5 were similar, indicating that no major difference in zinc
speciation occurred between these two pH values. On the
contrary, the sample at pH 8.5 exhibited a different shape.
Indeed, based qualitatively on the shapes of the main white-line
peak at ~9665 eV and oscillations on the high energy side of
the white-line peak, the solution at pH 8.5 had distinctly a
different spectrum compared with those at lower pH. The
white-line peak was enlarged with pH, especially between pH
7.5 and 8.5, the peak at 9670 eV was shifted to a higher energy
(~9672 eV), and the peak at 9678 eV (dotted line)
disappeared. These differences indicate a change in coordina-
tion between pH 7.5 and 8.5 in line with the NMR data (see
above).

Previous studies suggested that the dimer Zn"(Ab11-28), is
the building block, which first forms nonamyloid aggregates
(the presence of turbidity but no ThT fluorescence) and then
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Figure 3. Zoom on XANES of Ab11-28 with 0.5 equiv of Zn" at pH
6.5, 7.5, and 8.5. The asterisk indicates an artifact of the detector
(inset: complete XANES of Ab11-28 with 0.5 equiv of Zn" at pH 7.5).

converts to amyloid fibril (increasing ThT fluorescence).
Moreover, Zn" was bound by COO~ from two Glull and
two imidazole of His14 from each peptide®®*” (see the inset in
Figure 4A). As pointed out by a reviewer, the binding of Zn" to
Glull and Hisl4 is not consistent with a f-sheet structure of
this portion of the peptide because the two side chains point in
opposite directions. This resembles the structure from solid-
state NMR of AB1-42, in which the N-terminal part 1—-16 is
disordered and the f-sheet structure starts around position
17.%%*! The structural data obtained above suggest that the Zn'!
binding in Zn"(Ab11-28), is pH-dependent in the region of pH
6—8.5. Two forms exist with an apparent pK, of about 7.8, the
low pH form binds His14 and COO™ of Glull, and in the high
pH form, the N-terminal amine binds additionally to His14.
Whether COO is still bound cannot be determined.

The pK, of N-terminal amine binding to Zn" correlates very
well with the kinetics of the fibril formation measured by ThT
(Figure 1, bottom) and hence suggests that the binding of the
N-terminal amine changes the peptide structure to a less
aggregation-prone conformation. An explanation would be that
additional binding of N-terminal NH, to Zn" coordinated by
COO™ from Glull and His14 of the two peptides might inhibit
the alignment of the two portions from amino acids 15—28 in a
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Figure 4. Final configurations (t = S ps) for models 1 (low pH, panel A) and 2 (high pH, panel B) for TB-MD at T = 50 K. Residues 17—28
(displayed as ribbons only) are represented with the positions of the empirical models. Residues 11—16 are represented as sticks, and Zn" is
represented as a sphere. Bonds involving Zn" are displayed for interatomic distances within 2.2 A. Atomic radii are arbitrary, and the color scheme is
gray for C, red for O, blue for N, and silver for Cu. The VMD program was used for this and the following molecular drawings. A schematic view of
the first coordination sphere for the two structures is given in the upper left corner.

parallel B-sheet as needed for an amyloid structure. It might
also reduce dimerization because the monomeric Zn",(Ab11-
28), is stabilized because of the tripodal binding of NH,,
COO™ from Glull, and His14.

Modeling. To gain deeper insight into the possible
structural changes of the Zn" site at different pH values and
of the implications of structural changes on the peptide
structure and aggregation, we investigated two semiempirical
models of the dimeric Zn'(Ab11-28), with NH,"-Ab11-28
and NH,-Ab11-28, respectively, as ligands.

First, Zn"(Ab11-28), with two NH;*-Ab11-28, in which zinc
is bound to both His14 residues via the N§ atoms, as suggested
by ref 38, and to both COO™ groups of Glull, was constructed
and simulated in the vacuum at T = 50 K for 5 ps. This
corresponds to Zn"(Ab11-28), at pH 6.5, called model 1
hereafter. Then, a second model, Zn"(Ab11-28), with two
NH,-Ab11-28, in which the two N atoms of the two Glull
residues are included in the zinc coordination sphere
corresponding to Zn"(Ab11-28), at pH 8.5 was simulated in
the same conditions (model 2 hereafter).

The result of model 1 is very similar to the structure reported
by Kozin and co-workers (Figure 4a in ref 38), although in their
peptide, the NH, of Glull is acetylated. Thus, a significant
difference in our model 1 is that the N termini are positively
charged and one is in hydrogen-bond distance to COO~
(Figure 4a).

Once the N termini are deprotonated and the approach of
N(Glu 11) toward Zn" is forced (model 2), one of the COO™
groups of Glull is expelled away from the zinc coordination
sphere. This event produces a pentacoordinated Zn" (ligands 2
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His, 2 NH,, and 1 COO~; Figure 4B), which is stable for the
simulated time.

The root-mean-square deviation (rmsd) of backbone heavy
atoms in the two models measured for residues 11—16 with
respect to the initial extended f-sheet conformation (almost the
backbone structure proposed by Luhrs et al.*®) is smaller for
model 1 (low pH) than for model 2 (high pH) (the two S-ps-
range curves in Figure 5). This indicates a distortion of the f-

sheet alignment between the two peptides in the high-pH
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Figure 5. rmsd for heavy backbone atoms along with different
trajectories. The first noisy line represents the span of values obtained
within the MC-RW of residues 11—13. Square points represent the
values along with the manipulations of empirical models (see the text
for details). The two lines along with the S-ps trajectories are the
values for the TB-MD at T = 50 K. The first 5-ps part is for model 1,
and the second $-ps part is for model 2.
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model, induced by the NH,(Glu 11)—Zn" bond. This
observation is in line with a lower propensity to aggregate.

It is interesting to note that the turbidity does not correlate
with the changes of Zn" coordination observed because the
intensity was highest around pH 7.4 (Figure 1, middle) and the
kinetics is much less pH-dependent than it is for ThT (Figure
1, bottom). This can be explained by the overall net charge,
which is an important parameter of aggregation because
classically proteins precipitate better the closer the pH is to
the isoelectric point (pI). The overall expected charges of
Zn",(Ab11-28), is around 0 at pH 7.4 (Table 1) and thus very
well with the profile of turbidity measurements (see Figure 1,
middle), where a bell-like curve in aggregation/precipitation
dependent on the pH was found with a peak around pH 7.4.

In conclusion, the very different pH dependences of ThT
fluorescence (related to amyloids) and turbidity (global
aggregation state) can be explained. The precipitation of
Zn"|(Ab11-28), leading to high turbidity is governed by the
global charge of Zn" (Ab11-28), whereas the amyloid
formation is governed by the pH-dependent structure of the
zinc(I) peptide complex.

B MATERIALS AND METHODS

Ab11-28 Sample Preparation. The peptide Ab11-28 (sequence
Glu-Val-His-His-Gln-Lys-Leu-Val-Phe-Phe-Ala-Glu-Asp-Val-Gly-Ser-
Asn-Lys) was purchased from GenScript Corp. (Piscataway, NJ). The
stock solutions of Ab11-28 (~1.2 mM) have been prepared by
dissolving the peptide in Milli-Q water (resistivity = 18 MQ cm™) or
in D,0O for an NMR stock solution, which resulted in a final pH of 2.
The pH of the solution was then adjusted to pH 12 by the addition of
NaOH (or NaOD for NMR) stock solutions, in order to monomerize
the peptides. These stock solutions were stored at 253 K. The peptide
concentrations were determined by using the molar extinction
coefficient € = 390 M™' cm™ of the two phenylalanines at 258
nm.*® Because phenylalanine does not absorb at 275 nm, the
absorption at that wavelength was subtracted in order to remove
contributions from the buffer or baseline drifts. A Zn" stock solution
was prepared with Zn"SO, monohydrate (Strem Chemicals) in water
or in D,0 for NMR experiments. Aggregation of peptides in the
presence of Zn" has been performed by dissolving peptides from a
stock solution into a 100 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid buffer at pH 7.4, 100 mM piperazine-N,N"-bis(2-
ethanesulfonic acid) for pH 7.0 and 6.5, 2-(N-morpholino)-
ethanesulfonic acid for pH 6.0, or piperazine-1,4-bis(2-hydroxypropa-
nesulfonic acid) for pH 8.0 and 8.4 and was controlled at the end of
the experiment. All of the experiments measuring either turbidity or
fluorescence intensity have been performed at 298 K. The experiments
were repeated at least five times in different preparations.

UV-Vis Spectroscopy. UV—vis spectra were recorded on an
Agilent 8453 UV-—visible spectrometer. Measurements were per-
formed at room temperature.

Turbimetry. Turbidity measurements were done by measuring the
absorbance at 350 nm with a FLUOstar Optima (BMG Labtech) in a
quartz microplate (96-well, Hellma). The final concentrations of
Ab11-28 and ThT are 300 and 10 uM, respectively.

Fluorescence Spectroscopy. Fluorescence spectra were meas-
ured by using a FLUOstar Optima (BMG Labtech). ThT, Ab11-28,
and Zn" were mixed in a 100 mM buffer and placed in a 96-well
microplate. The time course of ThT fluorescence was then measured
(excitation, 440 nm; emission, 490 nm; bandwidth for emission and
excitation, 10 nm). The final concentrations of Ab11-28 and ThT were
300 and 10 uM, respectively.

The sigmoidal ThT curve was fitted with the program KaleidaGraph
to the formula F(t) = Fy + A/{1 + exp[—k(t — £'/?)]}, where k is the
elongation rate, A the amplitude, t;,, the time point when half the
maximal intensity is reached, and F, the baseline before aggregation.*
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XAS. XANES measurements were carried out at the SOLEIL
Synchrotron Facility (St. Aubin, France), which was operating with a
ring current of 400 mA. Zn" K-edge XAS spectra were collected on the
SAMBA beamline. The measurements were performed using a Si(220)
water-cooled double-crystal monochromator and two large silicon
mirrors for high-energy harmonics rejection. Energy calibration was
achieved by measuring a copper foil and assigning the first inflection
point of the absorption spectrum to 8979 eV. The spectra were
measured in fluorescence mode by measuring the Zn" Ka fluorescence
with a 7-element germanium detector. The liquid samples were
injected in special sample holders and cooled down to 20—30 K using
a helium-flow cryostat. XANES spectra were background-corrected by
a linear regression through the preedge region and a polynomial
through the postedge region and normalized to the edge jump.

NMR. NMR experiments were realized on a Avance 500 Bruker
NMR spectrometer. Several solutions of the buffer deuterated
tris(hydroxymethyl)aminomethane (D,;-TRIS) at different pH values
were prepared by solubilization of the TRIS powder in D,O and
acidification with D,SO,. Ab11-28 samples were freshly prepared from
a D,0 stock solution (see the Ab11-28 Sample Preparation section).
Ab11-28 (final TRIS concentration of 300 #M) was added to several
TRIS solutions at a given pH (final concentration of 100 mM). The
solutions were mixed, the pH was measured (to take into account the
increase of the pH due to the Ab11-28 solution), and the resulting
solution was added to the NMR tube. The residual water signal was
suppressed by a presaturation procedure. Zn" was directly added to
the NMR tube, and measurements were performed as quickly as
possible (less than 1 min 30 s) in order to minimize the aggregation
process during spectrum acquisition. The assignment of the
resonances at pH 7.4 was published earlier,® and titration between
pH 7 and 9 in small pH steps allowed the assignment of the
resonances over this pH range (see Figure S4 in the Supporting
Information).

Calculations. The first two monomers in the structure reported in
ref 40 (PDB id2BEG) were used as templates for building the initial
Ab11-28 dimer. The ¢ and y dihedral angles of each residue are, in
this structure, approaching the pair of values ¢ = —120°/y = 120°
typical of a parallel f-sheet. A Zn" ion was docked within the Nd
atoms of His14, by using a dummy counterion model,”® and the two
His14 side chains were adapted to bind the Zn" ion in an approximate
tetrahedral coordination. A short molecular dynamics (MD) trajectory
(20 ps) of this model in the vacuum and at T = 50 K was performed,
keeping the N, CA, and C atoms of residues 17—28 fixed in space, in
order to adapt the Zn"-bound 11—16 region to the extended S-strand
proposed by Luhrs et al.*

All of the manipulations of the empirical models were performed
with the NAMD* and VMD* packages, with external forces
implemented via the PLUMED*® plugins. In order to build structures
with the two Glul1 side chains in the Zn" coordination sphere already
occupied by the two His14 side chains, a Monte Carlo random walk
(MC-RW) for the dihedral angles involving heavy atoms in the two
11—13 regions was performed. This random walk*” samples almost
every configuration with nonoverlapping atoms, with residues 14—28
fixed in space. Among the collected configurations, the first
configuration with one Zn"Oe(Glu 11) distance (in both Glull
residues) within 3 A was extracted. This configuration was then moved
into the closest energy minimum and assumed as the starting model
for a semiempirical calculation based on the tight-binding (TB)
approximation.*® The system was truncated to the Zn" complex of
Ab(11-16)—CO—NH—CH,. The density functional TB code DFTB
+* was used with the set of parameters developed for organic Zn"
compounds.*® After 300 steps of energy minimization, a 5-ps-long MD
simulation at T = 50 K was performed with the C, O, and N atoms in
the two —CO—NH—CH, C-terminal groups (mimicking the Lys16—
Leul?7 linkage) fixed in space. A time step of 1 fs was used with no
thermal bath (approximately constant energy or Born—Oppenheimer
MD simulation). The result is model 1.

The approach of the two N termini of Glul1 toward Zn" (model 2)
was performed by the removal of one proton for each N terminus in
the last DFTB configuration. External harmonic forces acting on the
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Zn"-N(Glu 11) distances were added to the empirical model. By
increasing the equilibrium distance for the harmonic force in steps of
0.5 A, the N(Glu 11)—Zn(II) distance decreased from 4.5 to 2 A,
ending to a model where both N(Glu 11) atoms are at bonding
distance with Zn" The final configuration obtained with this
procedure was used as the starting point for a second DFTB
simulation, again at T = 50 K for S ps. The result is model 2.

B ASSOCIATED CONTENT

© Supporting Information

ThT fluorescence and turbidity, "H NMR spectra, and chemical
shift of H-Ca of the N-terminal atom. This material is
available free of charge via the Internet at http://pubs.acs.org.
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