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â-sheet secondary structure is energetically dependent not only
on the H-bonding interactions between individual strands, but also
on the ability of the resulting sheet to twist, bulge, and fold into
multifaceted macromolecular conformations.1 Consequently, amino
acid propensities have proven to be highly context-dependent,
greatly complicating the design of peptides and proteins rich in
â-structure.2 Most problematic, however, are the intermolecular
interactions which compromise solubility, the infamous feature
of the many amyloid diseases.3 We have exploited the energetics
of self-association of amyloid peptides in the construction of a
block copolymer consisting of the central domain from the
â-amyloid peptide conjugated with poly(ethylene glycol) at the
C-terminus,1.4 The characteristics of1 suggest a general strategy

for the construction of novel nanoscale materials of defined
structure, ones in which the energetics ofâ-structural assembly
may be exploited.

The existing models of theâ-amyloid (Aâ) fibril predict that
attachment of the PEG block to the hydrophobic domain would
prevent fibril formation,3,5 and yet1 rapidly self-associates into
fibrils, fibrils which remain soluble and whose degree of
aggregation is mediated by simple modifications of concentration,
pH, or ionic strength. The definition of the relative positions of
the PEG and peptide blocks within the fibril becomes critical both
to the further evaluation of the existing models of the Aâ fibril
and to an understanding of the nature of the material. In this paper,
using small angle neutron scattering (SANS) and electron
microscopy (EM), we demonstrate the location and disposition
of the PEG block to be on the surface of the fibril, ensuring the
solubility of the fibrillar copolymer.

A polydisperse poly(ethylene glycol) block of 3 kDa was
synthetically attached at the C-terminus of residues 10-35 of Aâ
(Aâ(10-35)) via solid-phase synthesis.4 The purity of the peptide
block of 1 was confirmed by CNBr cleavage product analysis.4b

Circular dichroic spectra showed a reversible formation of
â-strand structure as monitored by the single minima at [θ]217

and the fibrils bound by the dye Congo red, exhibiting the
characteristic green-yellow birefringence.4a By EM,6 1 forms long,
stable, individual fibrils with diameters>80 Å whose formation
is readily reversed by changes in either pH or concentration.4 In
contrast, fibrils composed entirely of Aâ(10-35) did not form
reversibly and contained bundles or twisted, paired fibrils,∼90
by ∼160 Å with a superhelical repeat distance of∼1100 Å and
only occasional monomeric fibrils∼80 Å diameter (Figure 1A).
However, mixtures consisting of equal parts of1 and Aâ(10-35)

gave viscous solutions, and the lateral self-association and
bundling of the fibrils was prevented (Figure 1B). This intermedi-
ate appearance is consistent with1 and Aâ(10-35) forming mixed
complexes, and the precise localization of the peptide and PEG
blocks become critical to the understanding of the structure and
physical characteristics of the material.

As seen in Figure 1, the Aâ(10-35) fibrils stain with a diffuse
halo when mixed with1, a characteristic consistent with the PEG
block localized to the surface of the fibril. To evaluate this
localization directly, the radii in solution of both1 and Aâ(10-35)

fibrils were examined by SANS.7 The intensity as a function of
scattering angle for the samples10 were interpreted with a modified
Guinier analysis for rods which involves plotting ln[QI(Q)] versus
Q2.11 Rodlike particles give rise to a linear region in the modified
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Figure 1. Electron micrographs of1 titrated with Aâ(10-35) at pH 5.7.
A: 100% Aâ(10-35) B: 1:1 Aâ(10-35) :1. Black bar shows scale: 200 nm.
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Guinier plot in the lowQ region (QmaxRc ) 1.0) where the cross
sectional radius of gyration of the rodRc can be derived from the
slope of the straight line byRc

2 ) -2 × slope.12 The radius of
the rod isR ) x2Rc. Figure 2 shows that the average radius of
Aâ(10-35) in 99% D2O buffer at pH 5.6 was 46( 5 Å. In addition,
the slightly larger slope in the lowQ region is consistent with
the presence of rods of a larger radius, 70( 10 Å, similar to the
fibril -fibril association observed by EM in Figure 1A. The SANS
data for the fibrils of1 under the same conditions showed no
evidence of fiber-fiber association, but detected a single species
with a radius of 65( 2 Å. Thus, the PEG moiety increases the
radius of the fiber by about 20( 5 Å.

Contrast matching via adjustment of the deuteration level of
the solvent eliminated the scattering due to PEG and thus
selectively measured the peptide portion of the fibril.13 In 16%
D2O, the contrast factor to render PEG invisible, the fibrils formed

with 1 had a radius of 45( 5 Å. This dramatic change in radii
between the Aâ-PEG samples in 16 and 99% D2O confirms the
conclusions from EM analyses that the PEG block is localized at
the periphery of the fibrils. Most importantly, the macromolecular
organization of the peptide portion of both fibrils appears identical.
In this context, solid-state NMR experiments on Aâ(10-35) fibrils
had established that an extended parallelâ-sheet was oriented
perpendicular to the fiber axis to give an extendedâ-helix
conformation,14 a structure proposed to be a common feature of
all amyloids.15

Aâ-PEG positions the PEG block along the surface of the fibril,
and its localization at the hydrophobic C-terminus is sufficient
to retard fibril-fibril contact and precipitation.4a By implication,
Aâ(10-35) positions the hydrophobic C-terminus of the peptide on
the fibril surface, but this arrangement is inconsistent with the
current Aâ models which bury the hydrophobic residues within
the fibril. Although Aâ(10-35) and Aâ(1-42) may self-assemble
differently, Aâ(10-35) fibrils are morphologically similar to those
of the full-length peptide, and unlike more extensive C-terminal
truncations, Aâ(10-35) retains the ability to add to bona fide
Alzheimer’s plaques.16 Furthermore, both Aâ(10-35) and Aâ(1-42)

fibrils undergo identical side chain-side chain cross-linking
reactions,4a,14,17 suggesting that there are significant structural
similarities between the fibrils.

More generally, we have exploited the association energies of
amyloid peptides and constructed a block copolymer whose self-
assembly is both dominated by the peptide and formed under
thermodynamic control. The peptide core of the fibril is paracrys-
talline18 and consists of laminated parallelâ-sheets with each
amino acid in register along an extendedâ-helix.14 This fibrillar
structural scaffold therefore has a peptide core of defined
secondary structure and can now be easily manipulated with
synthetic modification to both blocks. Recently, others have also
reported on the formation of tubular micelle-like aggregates from
structurally divergent block copolymers.19 The synthetic flexibility
offered by this material will allow for the engineering of tertiary
structure and large functional macromolecules whose macro-
molecular self-assembly can be readily controlled.
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Figure 2. SANS data fit to a modified Guinier plot for a rod-like form
of Aâ(10-35) (O) and1 (b) in 99% D2O buffer. The average radii were
calculated to be 46 ((5) Å and 65 ((2) Å, respectively.1 in 16% D2O
(×) to match the coherent scattering from PEG gave a radius of 45( 5
Å. Below a schematic representation of peptide and PEG blocks in the
fibril.
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