
Controlling amyloid growth in multiple dimensions

JIJUN DONG, KUN LU, AMI LAKDAWALA*, ANIL K. MEHTA, & DAVID G. LYNN

Center for the Analysis of Supramolecular Self-assemblies, Departments of Chemistry and Biology, Emory University,

Atlanta, GA 30322, USA

Keywords: Amyloid fibrils, nanotube, ribbon, b-sheet, lamination, structure

Abbreviations: AD¼Alzheimer’s disease; AbPP¼Amyloid precursor protein; Ab¼Amyloid b peptide; AFM¼ atomic
force microscopy; TM¼ transmembrane domain; CD¼ circular dichroism; FT-IR¼Fourier transform infrared spectroscopy;
MD¼molecular dynamics; MRE¼mean residue ellipticity; NMR¼ nuclear magnetic resonance; SSNMR¼ solid-state
nuclear magnetic resonance; SANS/SAXS¼ small angle neutron scattering/small angle X-ray scattering; TEM¼ transmission
electron microscopy; XAS¼X-ray absorption spectroscopy

Abstract
The great progress made in defining the structure of protein and peptide amyloid assemblies, particularly the arrangement of
peptides in b-sheets, is counterbalanced by the still poor understanding of the higher organization of b-sheets within the fibril
and overall fibril/fibril associations. The assembly pathway and basis of amyloid toxicity may well depend on these higher-
order structural features. For example, significant evidence points to association between sheets as the rate limiting step in
fibril assembly, and a critical metal binding site has now been identified that involves residues from different individual
sheets. Here we review experiments that are identifying some of the issues associated with sheet–sheet association by
investigating simple model peptides derived from the central core of the Ab peptide implicated in Alzheimer’s disease. These
peptides transit between fibril/ribbon/nanotube morphologies in response to assembly conditions, laying the foundation for
understanding the folding landscape for these higher order assemblies, revealing potential targets for therapeutic
intervention, and opening strategies for the design of highly ordered peptide self-assembled microscale morphologies.

Alzheimer’s disease and Amyloid b peptide

More than 20 widely different maladies, including

Alzheimer’s, Parkinson’s, Huntington’s and human

prion diseases, are recognized as protein conforma-

tional disorders [1,2]. Each disease is correlated with

a specific protein conformational rearrangement that

promotes self-aggregation and the loss of cellular

function [3,4]. Although the proteins identified in

these diseases have very different primary sequence

and biochemical function, the aggregated forms,

termed ‘amyloid’, share many common character-

istics. These features include pleated b-sheet rich,

non-branching fibrils with average diameters of

7–10 nm, association with specific histochemical

dyes such as Congo Red [5], in this case, showing

a unique ‘apple-green’ birefringence under crossed-

polarized illumination, and resistance to proteolysis

and chemical solubilization.

Alzheimer’s disease (AD), the most widely recog-

nized of the conformational disorders, is a late-

onset, progressive and devastating neurodegenerative

disease characterized in individuals by loss of

memory, task performance, and recognition of people

and objects. AD now represents a major disease

among aging populations, affecting approximately 25

million people worldwide, and the associated health

care costs are growing rapidly [6]. The characteristic

pathology of AD patients is associated with extra-

cellular neuritic plaque deposits as well as intracel-

lular neurofibrillary tangles in brain tissues. The

amyloid plaques are composed of aggregates of the

b-amyloid peptide (Ab), a 39–43-amino acid proteo-

lytic fragment of a larger transmembrane protein

termed amyloid precursor protein (AbPP) (Figure 1).

Full length Ab consists of 28 amino acids of the

extracellular domain at the N-terminus and 11–14

amino acids of the adjacent transmembrane (TM)

domain of AbPP. The Ab sequence can be com-

monly defined with four distinct domains: a hydro-

philic N-terminus, a central hydrophobic region

(residues 17–21), a small central hydrophilic region

(residues 22–28), and a long and very hydrophobic

C-terminus (residues 29–43). Besides full length Ab
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peptide, many different lengths of Ab have been

identified in vivo including N-terminus truncations

at residues 1, 2, 4, 8, 11, and 17 [7,8]. The tendency

of different fragments to associate with the fibrillar

state, or putative disease state, is significantly dif-

ferent. Ab(1–40) is the most prevalent Ab sequence

found in AD, consisting of about 90% of all Ab, but

it appears to be a more minor component in Ab
deposits and to contribute only to later phases of the

disease pathology [9]. The major component in these

deposits is Ab(1–42) [10–12].

Although the pathological role of Ab is unclear,

this soluble peptide is present in all individuals at

picomolar concentrations [13,14], and the transition

from soluble Ab to a non-native conformation

capable of aggregation into fibrils appears intimately

associated with disease progression [15]. Accord-

ingly, efforts to understand the structural nature of

amyloid fibrils and to determine the factors affecting

or participating in self-assembly could be crucial to

therapeutic intervention. Such understanding could

also reveal fundamental principles regarding self-

assemblies in other conformational diseases.

Structural characterization of amyloid

fibrils in vitro

The characterization of Ab peptide congener self-

assembly in vitro has revealed much about the struc-

ture and kinetics of amyloid formation. Many of these

peptides produce fibrils which are morphologically,

histochemically, immunologically, and spectroscopi-

cally indistinguishable from ex vivo fibrils. Even

in vitro however, working with Ab remains challen-

ging as the peptides have poor solubility and a

tendency to precipitate amorphously. Consequently,

high-resolution structural characterization of amy-

loid fibrils, by solution nuclear magnetic resonance

(NMR) and/or X-ray crystallography, has been

limited by the large molecular weight, insolubility,

and para-crystallinity of the aggregated Ab peptides.

Amyloid fibril architecture has been characterized

at low resolution by infra-red spectroscopy (IR),

circular dichroism (CD), electron microscopy (EM),

and X-ray fiber diffraction. These analyses estab-

lished a cross-b pattern [16] composed of b-strands

with the associated b-sheet hydrogen bonds oriented

parallel to fibril long axis. In particular, X-ray

diffraction reflections at *5 and *10 Å have been

interpreted as corresponding to the spacing between

strands in the sheet and the mean distance be-

tween peptides in neighboring sheets, respectively

(Figure 2C) [17–19]. Such cross-b patterns have

been observed for amyloid fibrils formed by many

other proteins, implying a common self-assembled

architecture [20,21]. Largely based on IR measure-

ments, the orientation of b strands within the b-sheet

was interpreted early on as anti-parallel for a range

of Ab peptides, including Ab(34–42) and Ab(X–43)

where X¼ 1, 2, 4, 8, 9, 10, 12 [22,23].

More recently, solid-state NMR (SSNMR) meth-

ods have defined the precise position of peptides

within a sheet by accurate measurements of inter-

strand backbone carbonyl–carbonyl and/or carbonyl–

amide distances. The overall strategy, the first to give

high resolution constraints between amyloid peptides

[24,25], was developed on Ab(10–35). This peptide

not only forms aggregate fibrils homologous to those

of Ab(1–40) and Ab(1–42) (Figure 2C), but also

retains important features of the Ab peptide such as

an essential central hydrophobic segment (residues

17–21) and a portion of the C-terminus hydrophobic

segment (residues 27–35) of Ab (Figures 2A and

Figure 1). In addition, the first 10 residues at the

N-terminus of Ab(1–40) are known to be disordered

and susceptible to proteolytic cleavage [8,26,27],

whereas residues 11–42 appear to maintain a more

well-defined, uniform secondary structure [28].

Precise distance measurements from SSNMR at

the backbone carbonyls of residues 12, 15–18, 20,

24–26, 29, 33, and 34 established that the entire

Ab(10–35) peptide stacks in a parallel, in-register

orientation throughout the length of the fibril

(Figure 2B). The fiber is composed of six such

parallel b-sheets as defined by small angle neutron

scattering (Figure 2C) (see Ref. [29] for review). The

parallel arrangement of the fibrils formed by full

length Ab peptides was independently confirmed and

further extended [30].

To date, however, very few structural constraints

on the precise arrangement of the sheets within the

fibril or the orientation between associating indivi-

dual fibrils have been obtained. For example, the

sheets could assemble in parallel or antiparallel

Figure 1. The amino acid sequence of b-amyloid peptide (Ab) and its location within Amyloid Precursor Protein (AbPP). The

transmembrane (TM) region of AbPP is defined between two vertical thin lines.
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relative orientations as shown in Figure 2C. As the

mean backbone distances between laminates appear

to be *10 Å, they are out of the range for direct

carbonyl–carbonyl and/or carbonyl–amide backbone

distance measurement by SSNMR. Moreover,

sheet packing appears to be driven by different

forces, the hydrophobic and electrostatic compat-

ibility of the side chains rather than backbone hy-

drogen bonding, and the driving forces defining

sheet lamination are expected to be less specific

and weaker. Here we review progress made in

understanding the determinants governing sheet

lamination and the relationships between b-sheet

growth, b-sheet lamination, and fibril stacking.

Simulations of the structural model

of Ab(10–35) fibrils

In the structural model for the Ab(10–35) fibril,

the parallel in-register arrangement of the b-strands

is well defined. However, such long extended

parallel b-strands, in this case 26 amino acids, are

Figure 2. (A) Sequence of Ab(10–35). The sequence is color coded roughly based on the hydrophobicity of the amino acids and presented as

alternative hydrophilic (grey) and hydrophobic (black) regions. (B) Experimental distances of inter-peptide 13C-carbonyl contacts observed

for Ab(10–35) by SSNMR. Inter peptide distances were measured at positions V12, Q15–V18, F20, V24–G26, G29, G33, and L34. Glycine

residues and residues proximal to glycine exhibited larger distances and greater measurement error, +0.4 Å, attributable to flexibility or

disorder. Light grey, carbon; dark grey, oxygen; black, nitrogen. (C) Structural model of the Ab(10–35) fibril. (Left) Typical TEM image of

amyloid fibrils (scale bar 200 nm) and a twisted pair, as well as a cartoon representation of one repeat of such fibrils. (Center) Schematic

demonstration of the microstructure within one fibril. In this structural model, amyloid fibril is defined by growth along three orthogonal

planes, b-strand association along z, sheet–sheet lamination in x, and layering in y. Single line represents the backbone of one Ab(10–35)

molecule; the arrow head indicates the C-terminus of the Ab(10–35) peptide. Parallel in-register b-strands (lower center) orient

perpendicular to and twist along the fibril long axis (z-axis) with 5 Å spacing (upper center), while six such sheets laminate together along the

x-axis with 10 Å spacing (upper center). (Right) Relative orientations of sheets along the lamination dimension, parallel (lower right) or anti-

parallel (upper right). Viewed down the peptide backbone, circles represent peptide N-termini and triangles represent C-termini.
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unprecedented in globular proteins. Searches of the

Protein Data Bank for planar parallel b-sheets con-

formations suggested that long idealized b-strands

are energetically prohibitive and that typical strand

lengths normally stretch only across five to six

residues [31,32]. To evaluate the energetic conse-

quences of the Ab(10–35) structural model and

explore the interplay between two distinct directions

for fibril assembly, b-sheet growth and b-sheet

stacking (b-sheet lamination), Lakdawala et al. per-

formed molecular dynamic simulations (MD) on a

666 block, six parallel b-strands in six parallel

b-sheets, of the fully hydrated Ab(10–35) fibril

[31,32]. Indeed, a striking characteristic of the simu-

lation was that at any given time only 20–25% of the

possible backbone hydrogen bonds, defined as a

CO–HN distance of 1.8–2.3 Å, are present (Figure 3).

These hydrogen bonds appear in short blocks, where

regions with more than a few hydrogen bonds

appearing consecutively along the backbone of a

single b-strand are rare. A significant number of back-

bone amides, those not forming traditional backbone

hydrogen bonds, twist out-of-plane, ranging roughly

30–458, consistently suggesting that strand energies

limit the number of residues in sequential hydrogen

bond registry [31,32].

More interestingly, the simulations suggested that

the total number of H-bonds predicted within the

fibril could remain constant even though their posi-

tions change over time. Statistically significant anti-

correlated motions appear across adjacent sheets

[32]. Figure 3 compares two adjacent sheets at the

same time point; regions of larger deformity in the left

half (circled in black) are accounted for by tight

hydrogen bonded networks in the right; and vice

versa. Such compensation throughout the fibril may

contribute significantly to global stability, allowing for

greater local deformations and overall fibril plasticity.

In contrast, the flexible hydrogen bonding network

and the motions accessible between different sheets

could well limit the total number of sheets that pack

to define the fibril depth. Lu et al. [33] reasoned that

interactions between short peptide segments may

well give better defined individual sheets with more

restricted and ordered hydrogen bonded networks,

and correspondingly increase the degree of lamina-

tion within the fibril. Indeed, previous studies have

shown that fibrils formed by the longer Ab(1–40)

may contain two to four laminates [28,34], while

those by the shorter Ab(18–28) peptides contain as

many as 24 laminates [19]. Most noticeably, Ab(16–

22), the central fragment of Ab with only seven

residues, is capable of self-assembly into novel

nanotubes composed of as many as 130 laminates

(Figure 4) [33].

Exploring b-sheet lamination in Ab(16–22)

To physically explore the dynamic correlations

between b-sheet growth and b-sheet stacking

(b-sheet lamination), indicated by the MD simula-

tion of Ab(10–35), Lu et al. further characterized the

seven-residue peptide segment from Ab, Ab(16–22)

[33]. Ab(16–22) contains one of the most important

hydrophobic regions of the Ab peptide [23,35–38].

Proline scanning through this region prevented

assembly of the full length peptide [38], and

inhibitors developed for full length amyloid fibril

assembly, QKLVFF, KLVFF and LVFFA, simple

peptides that are in clinical trials as potential drugs

to treat Alzheimer’s disease [39,40], contain this

hydrophobic region [37,41]. Ab(16–22) itself was

found to assemble into fibrils under physiological

conditions [42]. X-Ray powder diffraction and

optical birefringence confirmed the amyloid nature

of the Ab(16–22) fibrils and a series of solid-state

NMR measurements determined an antiparallel

organization within the b-sheets [42]. This antipar-

allel organization has also been observed by simula-

tions [43–45], and the electrostatic interaction

between Glu and Lys was viewed as critical in stabi-

lizing the strand orientation.

Reinvestigating these assemblies revealed that

Ab(16–22) forms a range of morphologies at neutral

Figure 3. Comparison of adjacent laminate b-sheets in Ab(10–35) fibrils after 65 ps of MD at 100 K. Both side chains and water molecules

have been removed for clarity. Black dashed lines represent H-bonds. The arrows indicate the direction of fibril z-axis. Major deformities

(highlighted in the circles) in the sheet on the left are compensated for in the sheet on the right through hydrogen bonding networks, and vice

versa.
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pH. Under acidic conditions, however, Ab(16–22)

self-associates into homogeneous tubular structures

whose morphology has now been characterized and

confirmed by CD, SANS/SAXS, AFM and TEM

studies (Figure 4). At pH 2, the glutamate side-chain

at the C-terminus is expected to be protonated,

leaving a single positive charge on the N-terminal

lysine side chain in each peptide. The single positive

charge provides an amphiphilicity that may be critical

to fibril formation [33]. CD reveals a conformational

conversion from random coil into b-sheet with an

absolute mean residue ellipticity at 215 nm that is

several-fold greater than seen for typical globular

proteins or amyloid fibrils (Figure 4A). Since this

simple Ab peptide has random coil conformation

before assembly and shows no CD signal at 215 nm,

the development of the ellipticity at 215 nm is a

direct reflection of the amount of monomers that

adopt b-sheet structure upon assembly. Thus, the sig-

moidal time dependence of the ellipticity at 215 nm

is consistent with a nucleation-dependent growth

(Figure 4A, inset).

Further TEM analyses of the final assemblies

showed structures maintaining a highly homoge-

neous width of 80+ 5 nm (Figure 4b) and a poly-

disperse contour length from 10 and several hundred

microns, significantly larger than typical amyloid

fibrils. Sharp white edges appear in the negative

uranyl acetate stained samples, consistent with

hollow structures flattened by dehydration. Helical

ribbon intermediates were observed by both TEM

and AFM, with a width of *130 nm and a height

of *4 nm at the lowest point and *8 nm at the

highest point. These ribbons were able to access a

left or right handed helical pitch and appear to fuse

into nanotube structures [33]. Bessel oscillations in

I(Q), characteristic of a hollow cylindrical form

factor, were observed both in SANS and SAXS

experiments on these soluble self-assemblies [46],

and the data are well described by a mono-disperse

system of hollow cylinders with an outer radius of

26 nm and a wall thickness of 4 nm. The 4-nm thick

tube walls, consistent with the AFM analyses, are

roughly twice the length of the Ab(16–22) b-strand

peptide.

Therefore, direct extensions of the structural

model for Ab(10–35) (Figure 2C) could readily ex-

plain the tubular morphology accessed by Ab(16–22)

(Figure 5). As in the fibrils, the hydrogen-bonding of

the b-sheet would be parallel to the long axis of the

ribbons. Consistent with the observation of twisted

amyloid fibril dimers [29] and nanotubes with wall

thickness of twice the peptide length that give the two

leaflets of a peptide bilayer [33], the ribbon would

arise by merely extending b-sheet lamination growth.

A related peptide bilayer has also been proposed by

Zhang et al. for nanotubes formed from surfactant-

like peptides containing a hydrophilic head group of

charged aspartic acids and a lipophilic tail made of

leucine, alanine or valine [46]. This morphology for

the Ab(16–22) ribbons and nanotubes are also similar

to those formed by several other amphiphiles includ-

ing lipids [47,48], bile acids [49], phenyl glucosides

[50], diacetylenic aldonamides [51] and double chain

glutamate derivatives [52], suggesting the bilayer

morphology as readily accessible to a wide variety of

different structural entities.

As shown in Figure 5C, the width of the inter-

mediate peptide ribbon is defined by the number of

b-sheet laminates which maintain a 10-Å spacing

between the individual sheets. Correcting for the

overestimate of the widths by AFM, the initial bilayer

Figure 4. (A) Time-dependent CD spectra of Ab(16–22). Significant b-sheet signal develops in solution during incubation. The inset plots

the mean residue ellipticity at 215 nm as a function of time for 1.3 mM Ab(16–22) dissolved in 40% acetonitrile/water with 0.1%TFA

(pH 2). The line in the inset is a sigmodial fit to the data, consistent with a nucleation-dependent growth. The time dependence can vary

with very minor changes in assembly conditions [33]. (B) TEM micrographs of Ab(16–22) *80-nm wide homogeneous assemblies after

2 weeks. Sharp white edges are suggestive of hollow tubular structures.
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ribbon of Ab(16–22) would be composed of *130

laminates [33], whereas the simple bilayer proposed

for the Ab(10–35) duplex fibril has only six

laminates. Therefore, the degree of lamination has

been dramatically extended merely by shortening the

peptide length to seven residues. In order for the

ribbon to twist so that the ends meet, yet maintain

the same number of laminates, the outer leaflet of

the bilayer requires a periodicity of 214 nm and the

inner of 383 nm [33,49] (also see Figure 5 for the

calculation). This pitch requires a 0.428 and 0.238
offset between adjacent outer and inner Ab(16–22)

strands, respectively, within a b-sheet [33]. In con-

trast, the offset for each Ab(10–35) strand in the fibril

(Figure 2C) requires a 1.68 offset [25].

Metal ion induced b-sheet lamination

As subtle changes in assembly conditions provide

easily scored morphological alterations in assembly

architecture, Ab(16–22) becomes a valuable system

for the evaluation of lamination energetics. Changes

in protonation are difficult to evaluate structurally,

and metal ion association with basic sites were viewed

as providing rich spectroscopic handles. Increasingly,

the role of Zn2þ and other metal ions in amyloid

aggregation, neurotoxicity, and Alzheimer’s disease

(AD) are being highlighted [53–55]. Zn2þ concen-

trations above 300 nM rapidly precipitate Ab(1–40)

[54]. It has been shown that Ab(1–40) binds multiple

Zn2þ ions and a high affinity nanomolar site has been

reported [56–60]. Mutagenesis and pH dependence

studies of Zn2þ induced Ab aggregation have

suggested that histidine-13 is crucial for Zn2þ

binding [25,58–62]. Moreover, rat Ab(1–40), with

substitutions of R5!G, Y10!F and H13!R,

binds Zn2þ much more weakly [53,54]. The exact

coordination environment and geometry of the

Zn2þ–Ab complex, however, remains a critical and

most important unresolved issue in AD. Zn2þ is

unfortunately spectroscopically silent as metals go,

contributing significantly to the lack of structural and

chemical information currently available.

Morgan et al. explored the strong and specific

metal binding to Ab as both a structural and kinetic

probe for Ab self-assembly [61]. In a cross b-sheet

model with parallel in-register arrangement of

b-strands along the fibril axis as shown for Ab(10–

35) (Figure 2C), the side chains of His13 and His14

are directed to opposite b-sheet surfaces and spaced

at 5-Å intervals along each face (Figure 6A). If the

sheets are positioned parallel to one another, resi-

dues His13 and His14 from different sheets would

also be positioned in close proximity (Figure 6B).

Therefore, there are at least two potential binding

sites (Figure 6A, B), and in the simple model pep-

tides below, the question of metal association can be

simplified to determining whether Zn2þ is binding

along or between b-sheets.

Ab(13–21), HHQKLVFFA, a peptide including

both the core segment Ab(17–21) known to be

crucial for fibril formation [24,25,33,63], and the

putative metal binding HH dyad, was further

explored for its ability to coordinate Zn2þ. To isolate

His13/14 as the sole binding elements, Dong et al.

prepared the K16A peptide, Ab(13–21)K16A [64].

Ab(13–21)K16A develops b-sheet secondary struc-

ture and assembles into typical amyloid fibrils

Figure 5. Model for self-assembly of Ab(16–22) peptide nanotubes. Grey stands for the sequence region with dominant hydrophilic amino

acids and black for sequence region with dominant hydrophobic amino acids. The white line represents the bilayer interface. (A) A bilayer

model for Ab(10–35) fibril. b-sheets with backbone H-bonds oriented along the long axis (z-axis) are pointed to each other, end to end, to

form a peptide bilayer. The length of a 25 residue b-strand peptide is *8 nm long. Lamination of six b-sheets is perpendicular to the long

axis, defining the width of the bilayer. (B) After shortening the peptide length from 8 to 2 nm with Ab(16–22), the lamination increases from

6 to 130 nm. (C) Laminated b-sheet bilayer coils up to form a helical ribbon. The geometry of the helical ribbon is described with the

following parameters: r, radius; o, pitch angle; P, pitch; w, width; d, width along the z-axis. (D) Helical ribbon fuses into tubular structure

with an outer diameter of 52 nm and an outer helical pitch of 214 nm.
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(Figure 6C) [64]. Preliminary solid-state NMR and

isotope editing FTIR results imply a parallel in-

register b-sheet orientation of the peptides in the

assemblies [64]. However, the presence of Zn2þ

dramatically alters both self-assembly kinetics and

morphology. The nucleation time is virtually elimi-

nated with 1 equivalent of Zn2þ, and this rapid

assembly is accompanied by the formation of helical

5+0.5 nm thick ribbons with widths of 30–50 nm.

Wider 100–150 nm ribbons with variable twists form

with longer incubation times (Figure 6D). Some of

the ribbons appear to coil and fuse to form tubular

structures with widths of 200–300 nm [64]. The

coordination environment of Zn2þ in the assemblies

was resolved by X-ray absorption spectroscopy

(XAS); fitting of the XAS spectra indicated that

Zn2þ is indeed associated with two His residues in

the assembled Zn2þ–Ab complexes [64].

More strikingly, when the Zn2þ to peptide ratio is

dropped to 0.2 from 1.0, Zn2þ induces typical

amyloid fibrils, similar to Ab(10–21) [61], and yet

the coordination to two His residues is retained [64].

Although the identity of the other ligands that bind

Zn2þ in Ab(13–21)K16A assemblies has not been

fully defined, the XAS data reveals that Zn2þ chelates

two His residues in both amyloid fibrils and twisted

ribbons/nanotubes, suggesting the existence of dis-

tinct His–Zn2þ–His coordination modes. Further

studies imply that these distinct modes are defined

by the relative position of the His residues – along a

single b-sheet surface verses that between two adja-

cent sheets (Figure 6A, B), and the site accessibility

is controlled by the assembly conditions [64]. In this

model, Zn2þ chelation between b-sheets significantly

stabilizes b-sheet lamination, giving rise to significant

lamination growth, thereby altering the morphology

from fibers to twisted ribbons. The accessibility

of these specific metal sites in longer Ab peptides

and/or in disease states can now be determined.

Amyloid diseases

Amyloid assemblies are presented here as stacks of

b-sheet peptides whose morphology is defined by

growth along three orthogonal planes, b-sheet

association along z, sheet–sheet lamination in x,

and layering in y (Figure 2C and Figure 5). Of these

growth planes, peptide backbone H-bonding energe-

tically dominates, defining the long z-axis of amyloid

fibrils. Growth along the x and y directions are

regulated by the specific peptide sequence and the

conditions for assembly, and it is these planes that

Figure 6. (A) Potential Zn2þ-binding sites (indicated with the dark grey spheres) formed between two b strands within a sheet, as viewed

along the peptide backbone and perpendicular to the axis of fibril propagation. (B) Potential Zn2þ-binding site formed between two strands

of adjacent sheets, as viewed down the axis of fibril propagation. In both A and B, only the backbone and His side chain atoms are shown.

Light grey, carbon; black, oxygen and nitrogen. Dark grey sphere, metal ion. (C) TEM image of Ab(13–21)K16A amyloid fibrils. (D) TEM

images of twisted ribbons with variable width formed from Ab(13–21)K16A in the presence of one equivalent of Zn2þ.
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define the fibril/ribbon morphology. It is only now

that approaches which modulate the relative growth

rate/stability along the different planes have emerged,

enabling assembly of novel twisted helical ribbons

and nanotubes from simple Ab segments. These

initial glimpses into sheet lamination and layering of

amyloid fibrils are structurally significant.

A hierarchal model has been developed to explain

and predict different assembly morphologies, such as

twisted fibrils, ribbons, and flat sheets/tapes [63].

This model predicts that the formation of twisted

b-sheets results from the chirality of the peptide

structural units, and that a maximal number of sheets

will assemble when the energies of sheet–sheet

attraction approximate the elastic costs associated

with untwisting of individual b-sheets [63]. Based on

this proposal, infinite stacks of sheets are accessible if

sheet–sheet interactions are sufficiently strong and/or

if the peptide monomers remain planar and un-

twisted. Indeed, shortening the peptide length and/or

coordinating metal ions between sheets dramatically

expands sheet–sheet lamination. For Ab(16–22), the

short peptide could well access a more planar b-sheet

and still maintain a fully hydrogen bonded network

along the fibril long axis. Moreover, hydrophobic

packing of the phenylalanine dyads, Phe 19/20, may

be sufficient to increase the relative growth of the

laminates, and a simple FF dipeptide has been

reported to self-assemble [65]. Initial SSNMR evi-

dence suggests that a one-residue shift in the peptide

registry in the sheets of Ab(16–22) alters the relative

position of the Phe dyad. (unpublished data) The

resulting enhanced packing of the side-chains stabi-

lizes and/or accelerates sheet–sheet association to

give nanotubes, while the in-register arrangement

gives fibrils. The study of these simple peptides

will certainly continue to provide an experimental

test bed for the predictions of the model, and an

extension of this approach may well provide an

understanding of the helical pitch necessary for

homogeneous nanotube assembly.

Given the complex matrix of risk factors associated

with amyloid diseases [66], it may well be the context

of amyloid assembly that proves to be most central to

disease etiology and severity. If all a-amino acid

polymers have the potential to form amyloid [67],

then only a very few of these amyloids must com-

promise cellular function and cause disease. Such

disease states may well depend on the primary amino

acid sequence of a particular peptide, but increasing

evidence points toward the ability of different

assemblies of the same peptide to result in toxicity.

For example, different neurotoxicities have been

observed for altered morphologies of Ab(1–40) [68].

Amyloid formation and self-propagation of yeast

prion protein can give rise to diverse yeast pheno-

types, and recent evidence suggests that such

phenotype diversity is a direct result of the specific

assembly [69]. Here we specifically underscore the

vital role of b-sheet lamination in the modulation of

amyloid morphology. The degree to which b-sheet

lamination, and therefore morphology, are altered by

metal ion concentration, pH, changes in nucleation

and propagation rates, and membrane surfaces and

chaperon concentrations may well define etiology.

Likewise, the altering amyloid morphology and

clearance should be critical for Ab disease prevention

and should serve as a model for therapeutic inter-

vention in many other amyloid diseases. We there-

fore anticipate that studies on the regulation of the

3D growth of amyloid will provide critical new

insights into strategies to direct assembly away from

‘toxic amyloid assembly’ toward materials that can

be biologically cleared.
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