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Interest in the molecular structure of amyloid fibrils originates
both from their association with many devastating diseases and as
systems for exploring the energetics of higher order protein folding
and assembly. These fibril arrays are generally viewed as rich in
â-sheets, of either parallel or antiparallel orientation.1-5 However,
the relative arrangement of the sheets within the fibril remains
poorly constrained in the existing structure models,4,6,7 as these
sheet-to-sheet arrangements are mediated predominantly by side
chain packing. We now extend the use of metal ions as probes of
amyloid side chain packing in simple segments of the Aâ peptide
of Alzheimer’s disease. By restricting the possible metal binding
sites, we show that Zn2+ can specifically control the rate of self-
assembly and dramatically regulate amyloid morphology via distinct
coordination environments.

The histidine dyad, His13 and His14, of Aâ is implicated in metal
binding8,9 and the metal-mediated toxicity of Aâ.10-13 In a parallel,
in-registerâ-sheet arrangement with sheet H-bonds oriented along
the fibril axis (Figure 1a.),3,4 the side chains of the His13 and His14
are spaced 5 Å apart along each surface of theâ-sheets (Figure
1b). If the sheets are arrayed parallel to one another, the His13 and
His14 side chains from different sheets are proximal, providing
potential sites for Zn2+ chelation along the sheets (Figure 1b),
between the sheets (Figure 1c), or both.6

Aâ(13-21), HHQKLVFFA, includes both the core segment,
Aâ(17-21), known to be crucial for fibril formation,14-18 and the
metal binding dyad. To isolate His13/14 as the sole binding
elements, the K16A peptide HHQALVFFA-NH2, Aâ(13-21)K16A,
was prepared. As shown in Figure 2a, Aâ(13-21)K16A develops
â-sheet secondary structure within 49 h, showing an increased mean
residue molar ellipticity (MRME) by circular dichroism (CD) at
197 and 212 nm. The development ofâ-sheet structure was further
confirmed by FTIR, showing the appearance of the amide I
absorbance at 1628 cm-1 (Figure S1a). TEM further established
that Aâ(13-21)K16A assembles into fibrils (Fig. S1b), and these
mature fibrils bind Congo red with the typical UV/vis absorption
shift from 500 to 540 nm (Figure S1c).

Different Zn2+ concentrations dramatically altered both self-
assembly kinetics and fibril morphology. The nucleation time was
virtually eliminated with higher [Zn2+] (Figure 2b), and this rapid
assembly is accompanied by the formation of helical 5( 0.5 nm
thick ribbons with widths of 30-50 nm (panel 1c, Figure 3). A
mixture of fibrils and ribbons could be observed at low Zn2+ to
peptide ratios (panel 1b, Figure 3), long homogeneous ribbons at
1:1 ratios (panel 1c, Figure 3), and with higher [Zn2+], the ribbons
are considerably shorter in length and tend to aggregate (panel 1d,
Figure 3). When the ribbons from the 1:1 incubation were pelleted,
washed, and analyzed, the Zn2+ to peptide ratio was 0.6-0.8 across
three independent measurements.19

Wider 100-150 nm ribbons with variable twists form with longer
incubation times (panels 2a,b, Figure 3). Some of the ribbons appear
to coil and fuse to form tubular structures 200-300 nm in diameter
(panels 2c,d, Figure 3). Therefore, Zn2+ reduces the nucleation time
of self-assembly across the entire concentration range and trans-
forms Aâ(13-21)K16A assembly into either fibrillar or ribbon/
tubular morphology.17

Struck by the different morphologies accessible to Aâ(13-21)-
K16A, we investigated the coordination environment of Zn2+ in
the different assemblies by X-ray absorption spectroscopy (XAS).
The soluble assembled metal-Aâ complexes were separated by
centrifugation, and the fibers/ribbons were investigated either as
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Figure 1. Metal binding sites predicted by the model of the Aâ(10-35)
fibril. (a) The six-sheet laminated fibril with the backbone atoms shown.
These fibrils are composed ofâ-strands, associating intoâ-sheet with
hydrogen bond parallel to fibril long axis, whileâ-sheets laminate
perpendicular to the fibril axis. The spacing between strands in the sheet
and the mean distance between laminated sheets are∼5 and ∼10 Å,
respectively. (b) Potential zinc-binding site formed between twoâ-strands
within a sheet, as viewed along the peptide backbones and perpendicular
to the axis of fibril propagation. (c) Potential zinc-binding site formed
between two strands of different sheets, as viewed down the axis of fibril
propagation. Red, oxygen; blue, nitrogen; magenta, metal ion.

Figure 2. (a) CD spectra over time of 1 mM Aâ(13-21)K16A in 25 mM
MES buffer at PH 5.6. (b) Mean residue molar ellipticity (MRME) at 197.2
nm as a function of time for 1 mM Aâ(13-21)K16A in the presence of
different Zn2+concentrations.
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resuspended solutions or directly as hydrated pellets, both of which
showed identical XAS spectra (Figure S2). The intensity and the
position of the absorbance at the ZnK-edge region and EXAFS
were consistent with four light elements (nitrogen or oxygen) in
the coordination sphere of Zn2+ in the fibers/ribbons (Figure 4a),
as well as the supernatant samples.20,21Curve fitting indicated either
3N(Im)/1O or 2N(Im)/2O atoms in the first Zn shell for the fiber/
ribbon samples (Table S1), where N(Im) implies histidine imidazole
coordination. The coincident appearances of the 3 and 4 Å peaks
in the Fourier transform (Figure 4b) of the fiber/ribbon XAFS data
(inset of Figure 4b) are diagnostic for two distinct imidazole ligands.
The Zn2+ coordination environment in the fibers, [Zn2+]/[peptide]
) 0.2 and 0.6, are essentially identical; however, both the ZnK-edge
absorption and EXAFS change when the Zn2+ to Aâ(13-21)K16A
ratio reaches 1.0. The unusual relative intensities at 3 and 4 Å,
which are typically equal in height as in the low [Zn2+] samples,
could be the result of angular distortion of the imidazoles.22

Therefore, the local Zn2+ coordination environment changes
coincident with the change in morphology.

To test whether the difference in coordination environments
observed in XAS and the associated morphologies may reflect
different intra- and inter-sheet Zn2+ chelation, Ac-Aâ(13-21)H14A
(Ac-HAQKLVFFA-NH2) was investigated. As indicated in Figure
1, removal of His14 should eliminate inter-sheet metal binding while
preserving coordination along the sheet surface. Ac-Aâ(13-21)-
H14A formed fibrils in the absence of Zn2+, showing the
characteristicâ-signature developing after 100 h (Figure 5a),
coincident with the formation of typical long amyloid fibrils (Figure
5b). In the presence of 1 equiv of Zn2+, theâ signature developed
more rapidly (Figure 5a); however, only homogeneous 10 nm
diameter fibrils formed, at least up to a [Zn2+]/[peptide] ratio of
2.0 (Figure 5c). Assemblies formed from initial Zn2+ to peptide
ratios of 1.0 gave a final ratio between 0.5 and 0.6, slightly lower
than that of the Aâ(13-21)K16A peptide.20

The XAS results for the Zn2+-fibrillar complex of Ac-Aâ(13-
21)H14A were also consistent with a first Zn coordination shell of
3N(Im)/1O or 2N(Im)/2O atoms (Figure S3 and Table S1). The

appearance of the 3 and 4 Å peaks in the Fourier transform of the
EXAFS again were diagnostic for two imidazoles, consistent with
two His13’s on one face of theâ-sheet chelating Zn2+ and similar
to that seen for Aâ(13-21)K16A at low [Zn2+]. Such intra-sheet
His-Zn2+-His chelation could stabilize side chain packing along

Figure 3. Panel 1: AFM for Aâ(13-21)K16A assembled with Zn2+ to peptide ratio of 0.2 (a), 0.8 (b), 1.0 (c), and 3.0 (d). Panel 2: TEM (a-c) and AFM
(d) images of helical ribbons and nanotubes formed by Aâ(13-21)K16A assembled with a Zn2+ to peptide ratio of 1.0.

Figure 4. Zn K-edge X-ray absorption spectrum (a) and Fourier transforms
(b) of the EXAFS (inset of b) for Zn2+ in Aâ(13-21)K16A assemblies
formed with initial [Zn2+]/[A â(13-21)K16A] ) 0.2 (red), 0.6 (blue), and
1.0 (green). The data were collected at a temperature of 10 K, which was
maintained by a continuous flow liquid helium cryostat. The averaged XAS
data represent 10 scans, each of 21 min duration. EXAFSPAK software
(www-ssrl.slac.stanford.edu/exafspak.html) was used for data reduction and
analysis.
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the sheet, consistent with the acceleration ofâ-sheet growth. The
intensity of the first-shell Fourier transform FT peaks around 2 Å
in the Ac-Aâ(13-21)H14A fibrils was more intense than that in
the Aâ(13-21)K16A assemblies, implying that Ac-Aâ(13-21)-
H14A fibrils contain less heterogeneity and greater inherent local
order (Figure S3b).

Transition metals have been implicated in amyloid fibril assembly
for several years,13,23,24but their ability to alter fibril morphology
has not been appreciated. By resolving a single binding site in the
amyloid array and observing the metal directly, we have taken the
first step to reveal how metal coordination may dictate amyloid
assembly morphology. Although the other ligands that chelate Zn2+

in both Aâ(13-21)K16A and Ac-Aâ(13-21)H14A assemblies are
not known, but must include the N-terminal amino group or the
Lys and Gln side chains, our data revealed different His-Zn2+-
His chelation modes in metal-induced assemblies by these two short
amyloid segments. Initial solid state NMR and isotope editing FTIR
results reveal a parallel in-registerâ-sheet orientation in the
assemblies of both peptides. Therefore in Ac-Aâ(13-21)H14A, the
most plausible model is that His13 residues on two different
peptides chelate the metal along the entire face of eachâ-sheet. In
Aâ(13-21)K16A, where the His13/His14 dyad is present, distinct
Zn2+ coordination can be accessed at elevated [Zn2+], capturing
the His residues between adjacent sheets to stabilize parallel sheet/
sheet associations and the transition to the ribbon/tube morphology.
These characteristic spectroscopic signatures can now be investi-
gated in the full-length Aâ assemblies, allowing determination of
the different coordination complexes in the more complex structures,
creating probes for different metals, and revealing characteristic
chemical reactivity that may be important for cellular toxicity. The
emerging insight into the toxicity of these structures will undoubt-
edly be critical in providing models for developing therapeutic
intervention strategies.

Clearly, these results demonstrate that differential control of
conditions can modulateâ-sheet growth and sheet/sheet packing
and, hence, open the possibility of better constraining amyloid
structure and the mechanism of amyloid self-assembly. The variety
of self-assembled architectures achieved by modulating metal ion
concentrations offers far greater morphological control and further
raises the possibility of adapting such scaffolds for novel materials
applications.
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Figure 5. (a) Mean residue molar ellipticity (MRME) at 197 nm as a
function of time for 2 mM Ac-Aâ(13-21)H14A (black) and in the presence
of 2 mM Zn2+ (red). (b and c) AFM for Ac-Aâ(13-21)H14A (b) and in
the presence of Zn2+ (c). Scale bar) 500 nm. For AFM, tapping mode
analysis on a JEOL JSPM-4210 employed ultra-sharp noncontact silicon
cantilevers with typical frequencies between 240 and 350 kHz.
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