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B-Amyloid (Ap) peptides, a major component of the neuritic a
plaques associated with Alzheimer’s disease (AD), self-assemble
into paracrystalline fibrils in solutioh.Even severely truncated
variants of the disease-associatgt{&-40) and A3(1—42) peptides
form fibrils ~10 nm in diameter. The structural model fof@0—
35) suggests that the common fibril diameter could be attained by
variation in the degree of lamination. Fof30—-35), the lamina-
tion of six in-register paralleB-sheets define a 6x 8-nm fibril
(Figure 1)? Fibrils formed by the longer A(1—40) may contain b e b e i
2—4 laminates, while those formed by the shorterSL8—28) ﬁ%&&%
peptides contain as many as 24 lamindtéghus, lamination h—::-":‘"-..‘:"::z:_-
energetics becomes a critical issue in our understanding of fibril _—T T
structure and stability. T T oA
Molecular dynamics simulations of theffL0—35) fibril sug- - = el - -
gested a dynamic structure in which short stretches-@& fesidues —— =
o T S —

maintain H-bonding geomet®fyThese H-bonding blocks appear e e e e e,

dynamic, moving cooperatively within and between sheets 0 0 1 structural model of the A(10-35) fibril. (a) Paired fibrils of
stabilize the fibril. Therefore, interactions between short peptide aApB(10-35), where the individual sheets of each fibril are oriented in parallel
segments may limit the overall curvature of the individual sheets to cluster like amino acid domains (red, hydrophilic amino acids; blue,
and correspondingly increase the degree of lamination in the fibril. hydrophobic amino acids). The hydrophobic C-terminal amino acids define
On the basis of this h thesi hort tid tably th the interface between the two fibrils. (b) Expanded view of the backbone

n_ € basis o 'S_ ypothesis, vgry short peptdes, npe} Y € atoms of the six-sheet laminateds@0—35) fibril orienting like amino
critical KLVFFAE region of A3® previously shown to form fibrilg, acids in parallel and in register along each sReet.

may display more extensive lamination. This peptide forms
0 Oi'nr
510° 1

antiparallel 5-sheets at neutral pH, possibly to satisfy charge
complementarity of the N and C termifilo increase the solubility

of the peptide and place a single positive charge at the N-terminus
to ensure the amphiphilicity that appears critical to pargheheet

fibril formation,2 a 40% acetonitrile/water mixture at pH 2 was
selected as solvent for investigation of the self-assembly of this

Wean Residue Ellipticity (deg.cm2/dmole)

segment. 10
The seven-residue peptidgg@6—22), CHCO-KLVFFAE-NH;, [ 5 00
synthesized via standard FMOC solid-phase protocols with both N [ 25 sod
and C termini capped, was dissolved in an acetonitrile/0.1% TFA 510 %E i
aqueous solution adjusted to pH 2. After approximately 20 h, a i é’,;é s
negative ellipticity at 215 nm, suggestive @fsheet structure, 210 gu‘;a-.mf
developed and increased dramatically over the next 10 h (Figure - §2
2). Atomic force microscopy (AFM) revealed the formation of B E T R a
4-nm-thick, 130-nm-wide sheets at 20 h. With time, these sheets 1 N S N R -"-":e-q"-}- '
twisted into helical ribbons (Figure 3d). After 30 h, the fibrils were 20 20 20 240 20 260 270
highly homogeneous in diameter, 955 nm by AFM (Figure 3a) wavelength (nm)
and 80+ 5 nm by transmission electron microscopy (TEM) (Figure Figure 2. Time-dependent CD spectra off16—22). (Inset) Mean residue
3b), with a polydisperse contour fibril length usuayi0um. The ellipticity at 215 nm as a function of time for 1.2 mg/mLpAL6—22)

. . o o . o
intermediate helical ribbons (Figure 3c,d) twist to give ap- dissolved in 40% acetonitrile/water with 0.1% TFA (pH 2).

proximately equal numbers of right- and left-handed ribbons in

. The difference in the diameter observed by AFM and TEM may
which the edges appear to fuse to form nanotube structures.

be due to the varying drying conditions required for the measure-
ments. Small-angle neutron scattering (SANS) and synchrotron

;E’rﬂ\‘/’gs%’t;“‘c’)?’éﬁ{éag 5 small-angle X-ray scattering (SAXS) measurements were used to
* Argonne National Laboratory. evaluate the structures in solution. SANS and synchrotron SAXS

10.1021/ja0341642 CCC: $25.00 © 2003 American Chemical Society J. AM. CHEM. SOC. 2003, 125, 6391—-6393 = 6391




COMMUNICATIONS

10
_ 1
@ 01

o
=

0.001

4 56789
a0 01
Q&Y
Figure 4. Measured SANS (black) and SAXS (green) data for 1.2 mg/mL
Ap(16—22) at pH 2 in 40% acetonitrildy/D,0 after 6 days of incubation,
along with the fit to the data using the form factor for a hollow cylinder.
Open points with error bars are data, and the lines/points are the theoretical

scattering curves of a hollow cylinder. The dimensions of the tubular fibril
are identical by both SANS and SAXS measurements.

Figure 3. AFM (a, c) and TEM (b, d) micrographs of fibrils formed by
AB(16—22). Peptides were allowed to assemble for two weeks)(23h ) ) )
(c), or 30 h (d). Red arrow shows the transition from the helical ribbon to by the small-angle scattering measurements, and the polydispersity

the fused nanotube. Scale bar in TEM, 200 nm. in the length may explain the discrepancy between the SANS data
and the modeled curve at the I&v(Q < 0.006 A1) region. The

measurements were carried out at SAND at IPNS and BESSRC-Mmeasured fibril diameter (52 nm) in solution from SAXS is different

CAT at APS, respectively. Small-angle scattering intensig), from those from AFM and TEM images. However, a 52-nm-o.d.

can be described by tubular fibril, collapsed on the silicon surface, will give a width of
ztr, 82 nm in this case and in agreement with the TEM measure-

Q) = IOn(Ap)ZVZP(Q) +1, (1) ments. The 1615-nm tip width further compromises the precision

in the AFM measurements in the surface plane.
for a dilute system of scattering particles, whky an instrument The 4-nm thickness of the tube is roughly twice the length of
constantp is the number density of particleap is the difference  the AB(16-22) peptide. This doubling of the peptide length, also

in scattering length density (contrast) between particles and solvent,Present in the A(10-35) duplex fibril (Figure 1a), suggests that
V is the volume of particlesl, is the flat background intensity, the tubular wall is composed of a peptide bilayer. Indeed, Zhang
andP(Q) is the particle form factorQ is the momentum transfer, €t al. recently observed branched nanotubes formed from surfactant-

given by Q = (4x/2) sin(0/2), whereJ is the neutron or X-ray like peptides containing a hydrophilic headgroup of charged aspartic

wavelength and is the scattering angle. Several models were acids and a lipophilic tail made o_f leucine, alanine, or va‘?ih’h_ese
investigated, but onlyP(Q) for hollow cylindrical particles ac- structures were modeled as a bilayer assembly on the basis of TEM

curately fit the data: measurements. ) _
The nanotube assemblies of@6—22) form in HO at pH 2,
. 0 o .
. 1 2 23,(QR(1 — Xz)o.s) and the rates are m_uch faster than in 40% gcetor(‘)utnle. Incr_egsmg
P(Q) = ﬁ) 5 e the KCI concentration from 0 to 20 mM in 40% acetonitrile
1- (RJ/R) QR(1 - x4 accelerates the rate of both the nucleation and propagation steps.
R/R.)22] 1 = xA°5]2[«i 2 For example, .the observed Iag time i§ reduged .f.rom 21.h in O.mM
(R/R))"23,(QRY( ) 5) sinQHx2) dx (2) KCI to <5 h in 20 mM KCI, indicating a significant dielectric
QR(1 — x2)0'5 QHx/2 dependence of A(16—22) nanotube nucleation. The preformed

nanotubes also melt upon heating to 80 and reassemble on
Here,R; is the outer radius ani, the inner radiusH is the height cooling. Such dependence on media dielectric and temperature is
of the cylinder, andly(X) is the Bessel function of the first order.  common to lipid bilayer assembly.
Oscillations inl(Q) characteristic of the form factor for hollow The proposed bilayer model (Figure 5) places the charged
cylindrical particles (eq 1) were observed in both SANS and SAXS N-terminal lysine residues at the solvent-exposed surface, while
data (Figure 4). The difference 1(Q) between SAXS and SANS  the hydrophobic residues are sequestered internally. The backbone
data is due to the different contraftd) in the two caseselectron H-bonds are on the long axis of each leaflet, fixing a peptide
scattering length difference in SAXS and neutron scattering length backbone spacingté& A between adjacent parallel, in-register
difference in SANS. This produces only a vertical shift between p-strands. The sheet width, defined by the lamination dimension,
the two data sets. Although SANS and SAXS data exhibit peaks at is assumed to maintain the 10-A spacing between the individual
the same&) values, the number of oscillations and the depth of the parallels-sheets. Correcting for the overestimate by AFM, the initial
valleys are larger in the SAXS data due to the high brilliance of bilayer sheet is around 130 nm wide, and therefore composed of
the synchrotron source and the higher resolution of the detector130 laminates. Therefore, the simple bilayer proposed for the
used. We fitted the SAXS and SANS data using eqs 1 and 2 to AB(10—35) duplex fibril with only six laminates (Figure 1a) has
obtain the cross-sectional dimensions of the nanotube. From Figurebeen dramatically extended merely by shortening the peptide length
4, it is clear that the data are well described by a monodisperseto seven residues. For the ribbon to twist so that the ends meet and
system of hollow cylinders with an outer radius of 26 nm and a yet maintain the same number of laminates, the outer leaflet requires
wall thickness of 4 nm. The length is too large to be determined a periodicity of 214 nm, while that for the inner leaflet would be
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Figure 5. Model for self-assembly of the peptide nanotubes. (a) A flat rectangular bilayer, 130 nmxwddem thick, with each leaflet composed of
[-sheets, and the corresponding backbone H-bonds, oriented on the long axfsskaeet lamination defining the 130-nm bilayer width. (b) The coiled
tubular fibril with an outer diameter of 52 nm and an outer helical pitch of 214 nm. (c) Top view of the 44-nm internal cavity. (d) Amplified view of the
wall with a thickness of 4 nm and the distance between each papasiebnd being the backbone H-bond distance of 5 A.

383 nm? This pitch requires a 0.42and 0.23 offset between
adjacent outer and inner f16—22) strands, respectively. In
contrast, the offset required for eacj3(A0—35) strand in the fibril
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