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Abstract: The primary component of the amyloid plaques in Alzheimer’s disease (AD) is a highly ordered
fibril composed of the 3943 amino acid peptidg-amyloid (A3). The presence of this fibril has been correlated

with both the onset and severity of the disease. Using a combination of synthetic model peptides, solid-state
NMR, electron microscopy, and small angle neutron scattering (SANS), methods that allowed fibrils to be
studied directly both in solution and in the solid state, the three-dimensional structure of fibrils formed from
APao-35)is assigned. The structure consists of six lamingtatieets propagating and twisting along the fibril

axis. Each peptide strand is oriented perpendicular to the helical axis in a pgrahelet, with each like

amino acid residue in register along the sheet. The six sheets are laminated, probably also in parallel arrays,
to give a fibril with dimensions of about 68 80 A. Both the methodology developed and the structural
insight gained here lay the foundation for strategies to characterize and design materials capable of amyloid-

like self-assembly.

Introduction

Several widely different disorders, including Alzheimer’s
disease (AD), systemic amyloidosis, mature onset diabetes, an

prion-transmissible spongiform encephalopathies, have now

been grouped into the common category of amyloid diselases.
All have in common the abnormal folding of a normal soluble
protein, or proteolytic product thereof, into a state which

promotes self-association and aggregation. The self-assembly

of these proteins manifests itself in the formation of well-
organized paracrystalline fibrillar structures maintaining a
dominant$ peptide conformation.

The term paracrystallinity is imprecise, connoting any material
that forms significant long-range order that is short of a three-
dimensional crystal lattice. Many biopolymer materials show
elements of paracrystallinity including collagen, deoxy-hemo-
globin S fiber, actin, and tropomyosin, as well as some viral
particles, cell surface structures, and intracellular inclusion
bodies? Over the last several years, divergent block copolymers
forming tubular micelle-like aggregates that exhibit elements
of paracrystallinity have been discoveretl.is both the long-

range structural order and the favorable energetics of self-
assembly of these rodlike materials that suggest great oppor-

tunities for the construction of nanoscale materfdtowever,

the amyloids pose serious structural assignment limitations,
not only because of size and low solubility, but also because of
the inherent symmetry of the repeating arrays. Consequently,

the limited structural information has hampered both the
development of therapies for the amyloid diseases and the

Oinsight needed to design and construct such materials.

The AB peptide associated with the pathogenesis of A&D
the most tractable of the amyloids, at least in terms of the small
size of the aggregating entity. This-3@3 amino acid peptide,

a proteolytic product of the amyloid precursor protgdnXPP)8
has three notable regions: a hydrophilic N-terminus (a&6l),
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Figure 1. (A) The amino acid sequence ofpAcan be separated into distinct domains: a hydrophilic N-terminus<d#®})l a central hydrophobic
region (aa 1721), and a long hydrophobic C-terminus (aa-28). These domains are shown to be conservedfipoAs) and A3-PEG. (B)
Summary of the inter peptidéC carbonyl contacts observed foAs-3s5) by solid-state NMR. Inter peptide distances were measured using DRAWS
at positions \2, Qis5-V1s, F2o, V24-Gos, Gog, Gss, and Lzsa. Glycine residues and residues proximal to glycine exhibited larger distances and greater
measurement errof-0.4 A, attributable to more flexibility or disorder. Likewise, the amino-terminal &khibited considerable flexibility and a
calculated distance of 5% 0.5 A, but Lss showed a well-defined contact distance.

a central hydrophobic stretch (aa-1721), and a long hydro-  array. A priori, such a solvent exposed hydrophobic surface
phobic C-terminus (aa 2943). AB(10-35), @ peptide comprising  propagating along one face would be expected to impact
the core residues HB5, preserves these characteristic regions the solubility of the fibrils. To investigate this possibility, a
(Figure 1A) and has been shown to self-assemble into charac-poly(ethylene glycol) block was synthetically attached at
teristic amyloid’2Pbut in more homogeneous fibrillar arrafs! the C-terminus of B10-35.° This AB10-35-PEG block co-
Dipolar recoupling solid-state NMR experiméehtenabled polymer, Figure 1A, formed fibrils with greatly improved
precise inter-strand distance measurements at the backboneolubility. Most importantly, and unlike the native peptide, the
carbonyls of residues 12, 38, 20, 24, 25, 26, 29, 33, and formation of fibrils by AB10-35rPEG was completely reversible,
34, establishing that each peptide in the fibril is arrayed as a allowing the demonstration of a concentration-dependent equi-
parallel 5-strand, and in the extended sheet, each amino acid librium between the unstructured peptide arfiistrand hexamer
residue is in register with like residues in adjacent strands during fibrillogenesis. AS10-3s-PEG fibrils also rarely formed
(Figure 1B)7cf laterally associated tangled webs characteristic of the amyloids.
This parallel 5-sheet orientation clusters the hydrophobic It was concluded that the PEG moeity prevented lateral asso-
C-terminus of each peptide along one face of the self-assembledciation of the fibrils and thereby inhibited the irreversible step
(7) (@) Lee, J. P~ Stimson, E. R.: Ghilardi, J. P.- Mantyh. P. W.- Lu, Y. in fibriloge_nesisq. Here We_exploit this opportunity to study both
A Felix, A. M.; Llanos, W.; Behbin, A.; Cummings, M.; Van Criekinge, ~ the reversibly self-associating block copolymef(A-ss-PEG
M.; Timms, W.; Maggio, J. EBiochemistryL995 34, 5191-5200. (b) Esler, in solution and the amyloid fibril in the solid state to characterize
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V.; Mantyh, P. W.; Lee, J. P.; Maggio, J. Biochemistry1996 35, 13914~
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U.SA. 1998 95, 1340713412. (d) Gregory, D. M.; Benzinger, T. L. S;
Burkoth, T. S.; Miller-Auer, H.; Lynn, D. G.; Meredith, S. C.; Botto, R. E. ; S
Solid State NuclMagn Reson1998§ 13, 149-166. (e) Benzinger, T. L. Electron Microscopy. The more complex models offAfibril

S.: Gregory, D. M.; Burkoth, T. S.: Miller-Auer, H.: Lynn, D. G.; Botto,  formation, specifically those which place the hydrophobic

R. E.; Meredith, S. CBiochemistry200Q 39, 3491-3499. (f) Lynn, D. C-termini in the core of the fibril&? predict that PEG attachment
G.; Meredith, S. CJ. Struct Biol. 200Q in press.
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Figure 2. Electron micrographs of Byo-ss) titrated with A3-PEG
at pH 5.7: (A) 100% lﬁ(l(ygs), (B) 10:1 Aﬂ(l(ygs):Aﬂ-PEG, (C) 6:3
Aﬂ(lo—gs):Aﬁ-PEG, (D) 1:1 A‘g(lo—gs):Aﬂ-PEG, (E) 1:4 %(10—35):Aﬂ-

PEG, and (F) 100% A-PEG.

would disrupt fibril formation and/or form a different structure.
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Figure 3. Analysis of the solid-state NMR DRAWS experiment on
1-8C-Lew~AB-PEG and 1C-Vals+ApB-PEG before and after fibril
formation using a series of mixing times from 0 to 22 ms. At each
mixing time, the carbonyl peak was integrated and normalized to the
first data point (mixing time= 0) to allow comparison between samples.
Values shown are the meah one standard deviation for 10 mg of
lyophilized fibrils (squaresn = 5) and 10 mg of nonfibrilized ether
precipitate (triangles) = 5) compared to numerical simulations of no
interaction (triangles). Simulations are for 5.4 (green), 5.2 (blue), 5.0
(turquoise), 4.8 (red), and 4.6 A (blue) interactions.

2A). As the A310-35yPEG component was increased, there was
less lateral self-association of the fibrils (Figure -2B). In
addition, the EM staining of the fibrils became more diffuse
and a halo around the fibrils was visiblefo-35-PEG fibrils
(Figure 2E) were not paired and had diameters 80 A. These
observations are consistent with3@o-35-PEG and #10-35)
randomly distributing themselves within the fibrils maintaining
the PEG block localized to the surface of thg#-ss, fibril to
prevent fibrilfibril associatior? By extension, the hydrophobic
C-terminus of A810-35 would also be localized to the edge of

a monomeric fibril and thus exposed to solvent in the absence
of pairing. For this reason, in the absence of PEG, single
filaments would associate and entangle so as to sequester the
hydrophobic edge from solvent.

Solid-State NMR Analyses.The solid-state NMR DRAWS
experiments allowed the peptide arrangement within {Bgolssy
PEG fibril to be analyzed directly. In #yo-35-PEG fibrils}
prepared with either 13C-Leuw 7 or 1-13C-Val,4 isotopic labels,
carbonyt-carbonyl distances were fit as a repeating array of
5.2(0.3) and 4.8¢0.3) A respectively, as shown in Figure 3.
As with the control nonfibrilized £0-3s) peptides® " ABo-ssy

EM was used to examine the morphology of fibrils formed from PEG samples that were not allowed to fibrilize showed no
the two synthetic peptides as well as mixtures of each (Figure measurable Ley-Leu7 or Vals-Valy, inter-peptide dipolar

2). The ratio of AS(10-35) t0 AB10-35-PEG was adjusted while

coupling. Analysis of structures in the Brookhaven Protein Data

keeping the total peptide concentration constant. Fibrils com- Bank had previously established that ofhystructures could

posed entirely of Bu0-35 contained largely twisted, paired
fibrils, ~90 A by ~160 A across the narrowest and thickest
dimensions, with a superhelical repeat distance-@100 A,
and occasional monomeric fibrits80 A in diameter (Figure

(10) Fraser, P. E.; McLachlan, D. R.; Surewicz, W. K.; Mizzen, C. A;;
Snow, A. D.; Nguyen, J. T.; Kirschner, D. A. Mol. Biol. 1994 244, 64—
73. Lansbury, P. T., Jr.; Costa, P. R.; Griffiths, J. M.; Simon, E. J.; Auger,
M.; Halverson, K. J.; Kocisko, D. A.; Hendsch, Z. S.; Ashburn, T. T,;
Spencer, R. G.; Tidor, B.; Griffin, R. GQ\at Struct Biol. 1995 2, 990—
998. Malinchik, S. B.; Inouye, H.; Szumowski, K. E.; Kirschner, D. A.
Biophys J. 1998 74, 537-545. Lazo, N. D.; Downing, D. TBiochemistry

1998 37, 1731-1735.

readily accommodate this carbomdarbonyl distance between
strands/¢ and only homogeneous preparations could give such
precision in the NMR distance measurements. Moreover, the
spacing of these labels across the peptide at residues 17 and 24
established that all the peptides existed as parallel strands
with residues in exact register. Thus, thgf-35-PEG block
copolymer forms fibrils whose self-assembly is dominated by
the peptide block, and which maintain the basic interpeptide
alignment of the £810-3s) fibril.

Small-Angle Neutron Scattering. The improved solubility
and single stranded character of th8#-35-PEG fibril made
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it far easier to analyze in solution. The differential neutron 4.5 jr————r—rrrrrr
scattering cross-sectiof(Q), in the absence of interparticle [ | Caloulated SANS curve from the PDB file created for the]

; i i _—~ lill |proposed Model for the AR Amyloid fibril.
correlatlon, IS given by v-ltA LR |Radius from Modified Guin;grs;nalysis=39/-\
2 2 £ -5.0 E
Q) = NV, (op — )" F(Q) 1) e 32 ]
< "% '
whereN; is the number of particles per unit volumé, is the ~ 55 BH?\L:I 1
volume of the particles(Q) is the form factor describing the 5 :j Nf: < 1
shape of the particles, anpg and p; are the neutron scattering — L i, \i\\ { .
length density of the particle and the solvent, respectively. The g 6.0% \ &l { [
scattering length density for any system can be calculated 5 " [|[FANS o ABg s PEG i 16% D,0 atpH 5.6 . ]
using eq 2 I |Radius from Modified Guinier Analysis=38 +3A| U
Y1 S A P A I e
p=Nad(H b/ M) @ 0.0 05 10 15 20 3.0x10°
. 2 g2
whereb; and M; are the neutron scattering length and mass of Q (A )

the|th atom in the system, res_pectlvetyjs the macroscopic Figure 4. Modified Guinier plot for a rod of the measured SANS
d_enS|ty of_the system, anlx is Avogadro s numbe_r: The data for the A10-35-PEG at pH 5.6 in 16% BED buffer: the linear
difference in the square of the scattering length densities of the it (solid line) for the measured data (filled circles) and the SANS
particle and the matrix is known as the contrdg) will be curve calculated for the model proposed for the fibril (open squares
zero if the scattering length density of the particle is equal to and dotted line).

that of the solvent. Since the scattering length densities,6f H

D,0, and PEG are-0.56 x 1019, 6.34 x 10 and 0.57x 1019

cm~?, respectively, the coherent scattering from PEG can be

eliminated? if a solvent containing 16% D is used in the 1 % b S
buffer for dispersing the A10-35-PEG.

The measured differential neutron scattering cross-section ="
for the AB10-35-PEG fibril was interpreted initially using a
modified Guinier analysfs'112for a rod by plotting InQ-1(Q)]
versusQ?. Rodlike particles give rise to a linear region in the
modified Guinier plot in the lowQ region Q'R < 1) where
the cross-sectional radius of gyration of the ré&d, can be 0.01
derived from the negative slope of the straight line by the
relationR2 = —2 x slope!® The modified Guinier analysis of

0.1

1(Q) (cm

C Measured SANS for AB,, 55-PEG at pH 5.6. \]‘H; I
—— Calculated SANS curve from the proposed T
Model for the AB,, 55 Amyloid fibril.

------- Fit to a cylindrical form factor
Radius=40 + 2.3 A, Length=5511 + 258 A

the measured data for3o-35rPEG in 16% DO at pH 5.6 0.001 L= :
gave aradiusR = V/2:R;, of 38+ 3 A for the AB(10-35) portion 5678 3 01 2 34
of the AB(10-35-PEG fibril (Figure 4). The mass per unit length ) 1
of the fibril can be determined frori(0), which corresponds Q (A )
to they-intercept of the modified-Guinier plot for rodlike forms, Figure 5. Measured SANS data for thefio_s5-PEG at pH 5.6 in
using eq 3. 16% D,O buffer along with the fit to the data using the form factor for
a long cylinder (eq 4) and the SANS curve calculated using the
M, = (1(0) x 103)d2NA/[nc(pp— 07 (©)] coordinates generated for the proposed model using CRYSON. The

latter seems to fit the data better in the high Q region.
Here,M_ corresponds to the molar mass per unit length of the
rod, Na is Avogadro’s number (6.02% 10*¥mol), and the o ) i ,
scattering length density of 16%0, ps, is 0.547x 101 cm2, for the determlnatlc_)n oM, for the rodlike particles in the
Because PEG3000 does not contribute to the measured dif-"fo-3s-PEG solution from 0). _
ferential scattering cross-section, the relevant concentration Fibrils prepared from a 11.5 mg/mL/#yo-35y PEG §°'UE'°“
gave anlg(0) value of 1.23x 102+ 5 x 104 cm AL,

/L) is that of the peptide only in the 11.5 g/ -PEG
@) i pep yi 9/LAo-ss) Using these values in eq B). was determined to be 3686

solution, and is 5.67 g/L. N
g 150 Da/A. A separate Ao-35-PEG fibril prepared from a

For the scattering length density of the peptidg the 5.10 g/L solution (2.49 g/L of peptide when corrected for
chemical formula for the peptide block is4H Oz With : :
Pep 8403400 the PEG block) gave ahy(0) of 5.16 x 103 £ 5 x 1074

a MW = 2855. However, there are 31 exchangeable protonsin " = " == .
ABo-ss, and in 16% RO, on average 5 of them will be cm 1A and a calculated mass per unit length of 345340
exchanged with solvent. Hence, the experimental chemical A,OL/A' A single f-sheet, ,W'th an average peptidgeptide )
formula for AB1p-35in 16% DO is CiaH199D5N34036. There- distance of 5 A, as established by the solid-state NMR studies
fore, the peptidey, calculated using eq 2 with a density, based of Afi10-35), predicts a mass per unit length of 572 Da/A. Thus,
on partial specific volume of #-helix (0.744 crig) of 1.35 the averangI_L from SANS for the Fwo different samples in
g/mL, is 1.995x 10 cm 2. We have used this value in eq 3 16% DO indicates a structure having 642 0.6 such sheets

' making up the fibrils.
(11) Thiyagarajan, P.; Burkoth, T. S.; Urban, V.; Seifert, S.; Benzinger, We have also modeled the SANS data for th#:6.35-PEG

(T:'r;s'tiil'o,\él?rzg&?d géyMség’ggg.r" D.; Meredith, S. C.; Lynn, D. &Appl sol_utionli? 16% DO with the form factor for an infinitely long
(12) Thiyagarajan, P.; Chaiko, D. J.; Hjelm, R. P.,Macromolecules Cy“nder, eq 4. The fit to the data shown in Figure 5 is quite

1995 28, 7730-7736. reasonable and corresponds to a cylinder with a radid® +
(13) Porod, G. IrSmall Angle Xray ScatteringGlatter, O., Kratky, O.,

Eds.; Academic Press: New York, 1982; Chapter 2. (14) Neugebauer, TAnn Phys (Leipzig 1943 42, 509-533.
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Figure 6. Three-dimensional structure of#A0-3s). (A) Electron micrograph of a typical paired helical fiber observed f8nf\ 35 at pH 7.4 (scale

30 nm). (B) Structure of the paired fibrils incorporating the 1100 A repeat composed ¢f-&2ands, each with a I.®ffset to define the twist

of the S-helices. Orienting the peptides in parallel and in register would place the hydrophobic C-terminal amino acids entirely along one edge of
the S-sheet driving their association. (C) Expansion of the six laminated sheets. The strands are H-bonded and helel Aoaghtt within the

[-sheet. The H-bonds are oriented collinear with the fibril axis. The packing of the amino acid side chains, oriented perpendicular to the fibril axis,
results in the 10 A separations between the individual sheets.

2.3 A and a length= 5511+ 258 A. The radius value from the Fibril thickness, established as a stack of Stkelices by
fit agrees well with that from the modified Guinier analysis. the SANS mass per unit length determinations, must6@ A
due to the 10 A close pack sheet-to-sheet distan@eheflices!®
Fc=Fc{QRF.(QL) (4) The EM dimensions, the CD analysis of the equilibrium
association of f10-35-PEG? as well as the transglutaminase
cross-linking of both f8uo-35-PEG and 48(10_35)70'9 are
[ J,(QR]? consistent with six laminatef-sheets.

where

(5) A structure consisting of a lamination of six parallel sheets,
positioned 10 A apart, would give a rectangular rod having
dimensions of 82x 60 A. A parallel orientation between the

) 1 (6) laminates would position Glsand Lyse side chains for cross-

2] Q? linking between sheets as observed in both4 35-PEG and
ABo-35) fibrils.”®While a parallel orientation would place the
13C-labeled carbonyls in register between laminates,~h6é

«sint A spacing is a distance too great to contribute to the dipole
S) = Jo -t (7 dipole coupling in the NMR experiment. Such an orientation
would also place the PEG block off#fyo-35-PEG spiraling

The large uncertainty in the length of the cylinder fit is due to along the hydrophobic face of the fibril, consistent with the

the limited Qmin reached in the SANS measurement. Deviation SANS experiment$and the observed reduction in fibsifibril

from a straight line in the lowesd? region (Figure 4) may be  associatiord.Indeed, the paired fibrils are not observed by EM
due to the presence of small amounts of fibfibril association. ~ and are radically reduced in SANS analyses following covalent

A similar deviation is seen in Figure 5 in the lo@ region attachment of PEG at the C-terminus. Building on this model,

where the experimental data bend upward, again consistent withthe super helical twist shown in Figure 6A can be assigned as

higher aggregations. The PEG block therefore dramatically an antiparallel pair ofs-helical bundles with the measured

slows, but does not completely prevent, fibibril self- dimensions of 180x 70 A as shown in Figure 6B,C. The

association. average duplex pitch 01100 A seen in EM, composed of
Structure Model. A fully extended A8uo-ss) peptide, stacked ~ peptides within each sheet spaced & intervals (Figure 6C),

as the in registep-sheet determined by the solid-state NMR  predicts the individugg-strands are offset by a rather shallow

experiments, would be-82 A in length. The stacking of these  1.6°/Af(10-35) peptide.

peptides into an extended paralf¢isheet propagating along To further evaluate this structure, the SANS data were fit

the fibril axis would give an extended, @rhelix conformation using the atomic coordinates of the backbone atoms predicted

(Figure 6A), a structure proposed to be a common feature of by Figure 6C. The calculated SANS curve in Figure 5 was

FcQR) =

F.(QR) = % —4 sirF(@'

and

amyloid fibrils 1> and define one dimension of the fibril. obtained using CRYSON software, a package developed for
(15) Cohen, F. ESciencel993 260, 14445, Jurnak. F.. Yoder, M. calculating théle6 SANS scattering intensities from protein crystal
D.; Pickergill, R.; Jenkins, JCurr. Opin. Struct Biol. 1994 4, 802-6. structure data® The calculated curve agrees quite weltat

Blake, C.; Serpell, LStructure1996 4, 989-998. Harper, J. D.; Lieber, 0.008 AL Furthermore, the modified Guinier analysis of the
C. M.; Lansbury, P. T., JrChem Biol. 1997, 4, 951-959. Sunde, M.;
Serpell, L. C.; Bartlam, M.; Fraser, P. E.; Pepys, M. B.; Blake, CJ.C. (16) Svergun, D. |.; Barberato, C.; Koch, M. H.2J.Appl. Crystallogr.
Mol. Biol. 1997, 273 729-39. Teplow, D. B.Amyloid1998 5, 121. 1995 28, 786—-773.
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calculated SANS data gives a cross-sectional radius of 39 A lles,, would result in repeating aromatic and/or aliphatic stacks
which is consistent with the experimental radius of38 A. along both faces of everg-sheet and in register with the
Although they? values for the cylinder fit and the fibril model  adjacent sheets. The central core of hydrophobic residues,
to the SANS data are quite similar, the agreement between theLVFFA, apparently critical for fibril formation in & peptides,
model and experimental data seems to be slightly better in thealso constitutes a surface that would be expected to stabilize
high Q region where details of the local structure are more sheetsheet stacking, but only if the sheets are arrayed in
apparent. parallel. Further experiments to evaluate laminate energetic
) ) stabilities are being pursued.
Discussion ABo-35rPEG is unique among theAderivatives in that
The number of diseases known to be associated with amyloidits self-assembly into fibrils is freely reversible with both
deposits continues to grow, and the most well-known of these, changes in concentration and pRihe dramatic pH dependence
AD, is already predicted to have a dramatic effect on the elderly for fibril formation can be understood in this structure and
population and health care costs in the coming decades.attributed to the charged side chain interactions between
Developing strategies and methods for determining the structurelaminates. For example, Hisand His4, while on opposite faces
of the amyloid fibrils will be critical to defining the mechanisms  of a singlep-sheet, would directly interact with the respective
of self-aggregation and uncovering targets for therapeutic His;4 and Hiss residues of the adjacent, laminated sheet or
intervention. Here we report a combination of physical and sheets. The degree of protonation and/or the presence of metal
chemical methods that have allowed critical elements of the ions would alter laminate stability. In that regard, divalent metal
structure of the f10-3s) fibril to be determined. ions, e.g. ZA", have been shown to increase the rate of fibril
The proposed model for the [#io-3s) fibril incorporates formation at least of the full length A peptides? Such
elements that appear to be common in many other amy#®ids. coordination of Z&* by histidines on facing-sheets within a
In fact, a general structural model proposed 25 year$’agas [B-helix has been observed in the crystal structure of carbonic
based on polysaccharide dye binding agents, specificadipd anhydrasé? Our preliminary evidence also suggests that'Zn
Congo Red, EM analysé8,and the initial X-ray diffraction dramatically alters both the rate of5fo35-PEG fibrilization
results!® It was the common staining of these fibrils with as well as the resulting fibril structure.
polysaccharide dyes that led initially to the term “amylofé”, In summary, these data have established essential structural
and the analogy with the organized arrays of the cellulose fibrils elements of the B10-35) fibril, one of the largest paracrystalline
that suggested a related organized array for the amyloid peptidesmolecular assemblies to be determined at this level of resolution.
Since then, this model has been extended, but generally withThe fibril is an elegantly simple organization of peptides arrayed
the assumption, implicit or explicit, that thsheet structure  as parallel in-registef-sheets with up to six of these sheets
was antiparallel. laminated in an apparent parallel array along the fibril axis. This
The most well determined feature of theg#y-ss fibril is arrangement predicts the dimensions ofs880 A, consistent
the in-register, parallgd-sheet arrangement that exists between with that seen in EM and X-ray and neutron scattering for a
the individual peptides. This feature is based on solid state NMR fibril that propagates for well over 5000 A. Each individual
measurements of the dipolar coupling between spin labels sheet has a very shallow deviation from planarity, a deviation
brought into proximity to one another by fibril formation. that dictates the helical twist, and possibly the laminate number,
Especially where the shorter interstrand distances are concernedn the fibril. This twist is apparent in paired fibrils where the
but also more generally, these measurements are consistent onlguper-helical pitch of an antiparallel organization results from
with a relatively homogeneous distribution of interpeptide an association along their hydrophobic C-terminal faces. Such
distances, whether in frozen solution or in lyophilized solfes. a structural design of paired helices of opposite antiparallel
Even attachment of the large bulky PEG block did not disrupt orientation, spiraling to protect a hydrophobic interior, is one
the favorable free energy driving the in-register parglisheet of Nature’s most common and fundamental designs, most
self-assembly of B0-35). apparent in WatsonCrick DNA duplexes. The perspective
The SANS experiments enabled direct measurements of theprovided by this structure and the methods developed for its
mass per unit length of the fibrils and established that six such characterization should be relevant to any self-assembling array
p-sheets laminated as/ahelix was sufficient to generate the that are typified by, but certainly not the sole domain of, the
backbone atom coordinates necessary to model the observedmyloidogenic peptides and proteins.
scattering densities. While these data supported a 10 A spacing
between the laminated sheets, the relative orientation of the Materials and Methods
sheets was not addressed. The t-glutaminase cross-linking  gynthesesAfo 55 PEG containing either 33C-Leu or 133C-Val
reactions>® between GlysLysis in a f-sheet arrangement  \yas synthesized using standard fluorenyl-methoxy carbonyl protocols
predicted that these sheets are laminated parallel with respecbn PAP Tenta-Gel (Rapp Polymere) to introduce the label at position
to one another, but neither the NMR nor the SANS experiments 17 or 24? Cleavage by TFA and deprotection yielded a linear PEG
addressed this aspect direcifyHelices are often composed of 3000 covalently bound to the carboxyl terminus of the peptide. Peptide
homologous repeating sequences, most notably Tyr, Phe, andpurity, determined by synthetic coupling yields and reverse phase HPLC
bulky hydrophobic amino acids (Leu, lle, V&HIn the AB1o-35) of QNBr cleavaggiproducts, was96%. Molecular masses of all
parallel lamination, thé, i + 1 paired adjacent amino acids, ~Peptides were verified by MALDI-TOF mass spectroscopy.

- - _ Solid-State NMR. AS10-35r PEG fibrils were prepared as previously
most notably Higz-Hisi4, Lew7-Valig, Phag-Phey, and lle; described® and CP/MASBC NMR experiments were performed on a

(17) Cooper, J. HLab. Invest 1974 31, 232-238. Bruker Avance DSX spectrometer at 50.3 MHz using the DRAWS

(18) Glenner, G. G.; Keiser, H. R.; Bladen, H. A.; Cuatrecasas, P.; Eanes, sequencé.Spectra were acquired on 10-mg samples wi00 scans
E. D.; Ram, J. S.; Kanfer, J. N.; DeLellis, R. A.Histochem Cytochem

1968 16, 633-644. (22) Bush, A. I.; Pettingell, W. H.; Multhaup, G.; Paradis, M. D.;
(19) Gueft, B.Mt. Sinai J Med N.Y. 1972 39, 91-102. Vonsattel, J. P.; Gusella, J. F.; Beyreuther, K.; Masters, C. L.; Tanzi, R. E.
(20) Virchow, R.Virchows Arch 1854 8, 140. Sciencel994 265 1464-1467.

(21) Nesloney, C. L.; Kelly, J. WBioog Med Chem 1996 4, 739- (23) Kisker, C.; Schlindelin H.; Alber, B. E.; Ferry, J. G.; Rees, D. C.

766. EMBO J 1996 15, 2323-2330.
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for the fibril samples and>1800 scans for the nonfibrilized control Small-Angle Neutron Scattering. SANS experiments were per-
sample of 18¥C-LeurAfuo-35PEG or 113C-VabsApBuo-3s-PEG. formed at the time-of-flight small-angle diffractometer (SAD) at the
Hexamethylbenzene {82 mg) served as internal control. Samples Intense Pulsed Neutron Source of Argonne National Labord&tory.
were spun at 452%3) Hz, the'3C RF power level was 38.5 kHz, the ~ Pulsed neutrons were detected at a fixed sample-to-detector distance
1H decoupling level was 120 kHz, and the spectra were processed andof 1.54 m with a 64x 64 array position sensitive gas filled 2020
analyzed as previously describ&dVirtually all S-sheet carbonyl cne area detector, and the wavelength.5-14 A were measured
chemical shifts are superimposablédt71 ppm in the solid-state NMR  with time-of-flight by binning the pulse to 67 constaff/A = 0.05
experiment and the signal attributable to the unlabeled amino acids time channels. This instrument provides a useful range of scattering
was subtracted from the total signal as previously described. vector Q = 4 sin(@)/1), whered is half the scattering angle arids
Simulated data were created by numerical calculation using a density the wavelength of the probing neutrons) of 0.6@25 At in a single
matrix approactid The input parameters to the numerical calculation measurement. Auo-ss) (4.6 g/L) and ABo-35-PEG (11.5 g/L) in 16%
program included the chemical shift tensor (CSA) elements for the spin- D20 buffer at pH 5.6 were analyzed in 1 mm quartz cells. Each of the
1/, nuclei, the dipolar coupling strengths, Euler angles which rotate the samples and the buffer solutions in 16%dXlow contrast for protein
CSA tensors from the molecular frame to their respective principal and no contrast for PEG) were measured for about 20 h. The scattering
axis systems, an initial density matrX0), an observable, and any  data were corrected for the background from the instrument, the sample
relevant relaxation parameters. In this work, the Euler angles were setcell, and the solvent and the differential scattering cross-section was
to zero, as it was determined that they had a negligible effect on the placed on an absolute scale in the units of &
simulated curves. The CSA parameters were taken from Ye %t al. .
The time increment was typically-23 ms. Relaxation effects were Acknowledgment. We thank the Argonne National Labora-
modeled by multiplying the single quantum density matrix elements tory-University of Chicago Collaborative Grants Program
by an exponential factor at the end of each time increment. Data from (R.E.B., D.G.L., S.C.M., and P.T.) and the NIH (R21 RR 12723,
the nonfibrilized sample were used to determine the appropriate single D.G.L.) for support, and the NIH (5 T32 HL07327, T.S.B.;
quantum relaxation constant. The program also performs a powder5 T32 GM07281, T.L.S.B.), the American Federation for Aging
average of 2000 randomly selected crystallite orientations. Research (T.L.S.B.), and the American Foundation for Aging
Electron Microscopy. Samples of fu0-35/Afno-35rPEG were  Research (T.L.S.B.) for fellowships. This work was performed
prepared for EM by dissolving dry peptide to 2 mM in water containing under the auspices of the Office of Basic Energy Sciences,

0.1% NaN (pH ~3.0). The samples were mixed, centrifuged for 15 L . . .
min at 14000 X g, and incubated for 1 h. The mixtures were then Division of Chemical and Materials Sciences, U.S. Department

diluted to 1 mM in phosphate buffer at pH 5.6 and allowed to stand at of Energy, _under contract numbe_r_ W-31-109-ENG-38. This
room temperature for 3 days. Samples were applied to a glow dischargework benefited from the use of facilities in the Intense Pulsed
400 mesh carbon coated support film, followed by staining with 1% Neutron Source.

uranyl acetate. Micrographs were recorded using a Philips EM 300 at 555406457

magnifications of 100 000, 45 000, and 10 000.

(25) Thiyagarajan, P.; Epperson, J. E.; Crawford, R. K.; Carpenter,
(24) Ye, C.; Fu, R.; Hu, J.; Hou, L.; Ding, Magn ResonChem 1993 J. M; Kilppert, T. E.; Wozniak, D. GJ. Appl. Crystallogr. 1997, 30,
31, 699-704. 280—-293.




