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Although the precise mechanism of amyloid fibril formation
remains obscure,1-3 the self-assembly process is generally observed
to follow nucleation-dependent growth in vitro.4-7 With an
experimentally constrained model for the structure of the Aâ(10-
35) fibrils,8-12 the central fragment of the Aâ peptide of Alzheimer’s
disease (AD), it becomes possible to better predict features that
might be present in the nucleus. Here we describe conditions that
radically alter the relative rates of nucleation and propagation in
amyloid formation and discuss these findings in terms of their
implications for the structure of the nucleus.

The fibrils formed by Aâ(10-35) peptides consist of strands
aggregated in parallel in registerâ-sheets, with a spacing of 5 Å
between strands within a sheet (Figure 1a). Six such sheets are
laminated together, spaced by 10 Å, to give a rectangular fibril. In
this structure, the side chains of the histidine residues at positions
13 and 14 are directed to opposite surfaces of theâ sheet, and
spaced 5 Å apart along the sheet (Figure 1b). If the sheets within
the fibril were themselves parallel, as has been suggested by
enzymatic cross-linking experiments,11 H13 and H14 residues from
different sheets would be proximal (Figure 1c). Both arrangements
provide potential chelating Zn2+ binding sites, either along or
between the sheets or, in combination, a tetravalent site.

While the histidine residues at positions 6, 13, and 14 of full
lengthâ-amyloid Aâ(1-42) have been implicated in metal binding,
13 and 14 appear to be most critical.13,14To emphasize the impact
of these interactions on fibril formation, a shortened variant,
YEVHHQKLVFFA, was synthesized via standard FMOC solid-
phase chemistry to give the previously unreported Aâ(10-21). This
peptide maintains the overall amphiphilic distribution of amino
acids, polar N-terminal and nonpolar C-terminal residues that exists
in Aâ(1-42), found to be critical for the self-assembly of Aâ(10-
35).9 As was found with the longer variants, fibrils formed with
Aâ(10-21) exhibited the green birefringence characteristic of
amyloid stained with Congo Red when viewed with polarized light,
and the red shift in the absorption spectrum of Congo Red from
495 nm to 515 nm, indicating that Aâ(10-21) indeed formed
amyloid.15

A measure of the rate of fibril formation is obtained by plotting
the intensity of small angle neutron scattering (SANS) atQ ) 0.03
Å-1 whereQ ) (4π/λ sin θ); λ is the neutron wavelength, and 2θ
is the scattering angle. When self-assembly occurs, the intensity in
the low-Q region will increase with the increase in size and
concentration of the particles,16 and hence we chose to present the

SANS data atQ ) 0.03 Å-1 as a function of aging time. For Aâ-
(10-21) in the absence of Zn2+, a nucleation phase lasting several
hours is followed by a longer growth phase, and in the presence of
Zn2+, [Zn2+]/[peptide]) 0.3, a nucleation phase was undetectable,
and growth appeared to reach a plateau in 6 h (Figure 2a). By
performing the experiments under acidic pHs, the formation of
amorphous precipitate, resulting from the low solubility of Zn2+

and peptide at pH 7-7.4,17-20 was avoided.
Replacement of histidine 13 with glutamine gives the peptide

Aâ(10-21)H13Q. As shown in Figure 2b, even with the higher
relative [Zn2+]/[peptide] ratio of 1.5, fibril growth is independent
of Zn2+. The reduced solubility of the H13Q peptide and its
increased propensity toward amyloid formation significantly short-
ened the nucleation phase so as to be undetected by SANS.
Consequently, one possible concern is that any further effect of
Zn2+ may not be resolved. However, following the kinetics at lower
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Figure 1. Metal binding sites predicted by the model9 of the Aâ(10-35)
fibril. (a) Six-sheet laminated fibril with the backbone atoms shown; (b)
potential zinc-binding site, between twoâ strands within a sheet, perpen-
dicular to the axis of fibril propagation; (c) potential zinc-binding site
between two strands of different sheets, viewed down the axis of fibril
propagation. Red, oxygen; blue, nitrogen; magenta, metal ion.

Figure 2. Kinetics of Aâ(10-21) and Aâ(10-21)H13Q fibril growth: (a)
Aâ(10-21) and Aâ(10-21) with ZnCl2; (b) Aâ(10-21)H13Q and Aâ-
(10-21)H13Q with ZnCl2;. Aâ(10-21) was dissolved in 100% D2O and
adjusted to 5 mg/mL total peptide concentration, 100 mM NaCl, 10 mM
MES, pD 5.6 and either 0 mM or 1 mM ZnCl2. The Aâ(10-21)H13Q
sample was measured at 1 mg/mL, and for comparison with Aâ(10-21),
the data shown here are normalized for concentration.
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concentrations, via HPLC-detected reduction in the concentration
of free peptide, did reveal a lag phase that was not affected by
varying [Zn2+] (data not shown). Therefore, H13 is required for
the observed Zn2+ effect.

Previously, the pH dependence of Aâ(10-35) fibrilization was
attributed to the (i, i + 2) intra-strand salt-bridge between E11 and
H13.8 The mutant Aâ(10-21)E11N was prepared, and this peptide
also was found to have an increased propensity toward amyloid
formation. However, the lag phase in the presence of Zn2+ was
reduced to the same extent as in Aâ(10-21) (data not shown).
Therefore, E11 is not required for the observed Zn2+ effect.

The particles being formed were observed directly by transmis-
sion electron microscopy (TEM). The lower pH did indeed ensure
homogeneous fibril formation; Aâ(10-21) forms long thin fibrils,
35 ( 5 Å in diameter, as well as long twisted pairs with a helical
period of 700-1600 Å (Figure 3a). In the presence of Zn2+, [Zn2+]/
[peptide] ) 0.30, 0.50, or 1.5, the micrographs were strikingly
different, and contained a larger number of significantly shorter
fibrils (Figure 3b). Fibril width did not appear to be affected by
Zn2+ either in the TEM images or by SANS. This observation is
the expected consequence of nucleation dependent growth when
the ratio of nuclei to total peptide concentration increases. Thus, it
appears that the presence of Zn2+ increases the number or stability
of the nuclei. In contrast, the electron micrographs of Aâ(10-21)-
H13Q show identical morphologies in the presence and absence
of Zn2+ (Figure 3c/d), both of which are comparable with those
formed by Aâ(10-21) in the absence of Zn2+. Even though amyloid
propensity of the H13Q peptide is higher, if the relative rates of
initiation and propagation are unaltered, the morphology is expected
to be similar. Therefore, Zn2+-binding to Aâ(10-21) must change
the rate of nucleation relative to the rate of propagation to explain
the observed difference in morphology.

The usefulness of Zn2+ in pre-organizing the amyloid nucleus,
as demonstrated in this work, has several significant implications.
First, most broadly speaking, this work suggests that it is possible
to find conditions that differentially alter nucleation and propagation
rates and hence opens the possibility of better resolving the precise
mechanism of amyloid self-assembly. Second, and more specifi-
cally, the data imply the importance of inter-sheet contacts in

amyloid nucleation. As indicated earlier, previous cross-linking
analyses have suggested that the laminatedâ-sheets within the fibril
are themselves parallel. The H13Q mutant is therefore predicted
to eliminate the possibility of inter-sheet metal binding, while
preserving the possibility of intra-sheet metal binding involving
the aligned H14 residues. The metal-independence of the H13Q
peptide aggregation therefore tends to confirm this structural view
of the assembled fibril, and suggests that the increase in nucleation
rate in Aâ(10-21) in the presence of Zn2+ is due to inter-sheet
interactions. Third, the data presented here relate to the epidemio-
logical and biochemical studies carried out by others, correlating
metal exposure with the onset of Alzheimer’s disease, and offer
explanations for the effects which have been described.17,20-22 In
particular, the results here are consistent with Bush’s finding18,19

that the mouse Aâ sequence, which contains an H13R mutation, is
more tolerant of metal exposure than the human sequence, and relate
to the continuing discussion of methods to control amyloid
deposition in this context. Finally, and from an entirely different
perspective, the occurrence of metals within an organized macro-
molecular nucleus, such as in the Aâ fibril, raises the possibility
of adapting this scaffold for novel materials applications.
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Figure 3. Electron micrograph of fibrils formed by: (a) Aâ(10-21); (b)
Aâ(10-21) with 1 mM ZnCl2; (c) Aâ(10-21)H13Q; 3d, Aâ(10-21)H13Q
with 1 mM ZnCl2. Peptide was dissolved in H2O and adjusted to 2 mg/mL
total peptide concentration, 100 mM NaCl, 10 mM MES, pH 5.4 and either
0 mM or 1 mM ZnCl2. Two-week-old samples, scale bar 200 nm.
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