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The cross-f amyloid form of peptides and proteins represents an
archetypal and widely accessible structure consisting of ordered
arrays of g-sheet filaments. These complex aggregates have remark-
able chemical and physical properties, and the conversion of nor-
mally soluble functional forms of proteins into amyloid structures
is linked to many debilitating human diseases, including several
common forms of age-related dementia. Despite their importance,
however, cross-p amyloid fibrils have proved to be recalcitrant to
detailed structural analysis. By combining structural constraints
from a series of experimental techniques spanning five orders of
magnitude in length scale—including magic angle spinning nuclear
magnetic resonance spectroscopy, X-ray fiber diffraction, cryoelec-
tron microscopy, scanning transmission electron microscopy, and
atomic force microscopy—we report the atomic-resolution (0.5 A)
structures of three amyloid polymorphs formed by an 11-residue
peptide. These structures reveal the details of the packing interac-
tions by which the constituent -strands are assembled hierarchically
into protofilaments, filaments, and mature fibrils.

t is well established that a wide variety of peptides or proteins

without any evident sequence similarity can self-assemble into
amyloid fibrils (1, 2). These structures have many common char-
acteristics, typically being 100-200 A in diameter and containing
a universal “cross-p” core structure composed of arrays of p-sheets
running parallel to the long axis of the fibrils (3). These fibrillar
states are highly ordered, with persistence lengths of the order of
microns (4) and mechanical properties comparable to those of steel
and dragline silk, and much greater than those typical of biological
filaments such as actin and microtubules (5). Amyloid fibrils can
also possess very high kinetic and thermodynamic stabilities, often
exceeding those of the functional folded states of proteins (6), as
well as a greater resistance to degradation by chemical or biological
means (7). Several functional forms of proteins that exploit these
properties have been observed in biological systems (8). More
generally, however, the conversion of normally soluble functional
proteins into the amyloid state is associated with many debilitating
human disorders, ranging from Alzheimer’s disease to type II di-
abetes (1, 9). Our understanding of the nature of this type of fila-
mentous aggregate has greatly improved in recent years (3, 10-19),
particularly through the structural determination of their ele-
mentary p-strand building blocks (20) and the characterization of
their assembly into cross-f steric zippers (21, 22). However,
a thorough understanding of the hierarchical assembly of these
individual structural elements into fully-formed fibrils, which
display polymorphism but possess a range of generic features
(23), has so far been limited by the absence of a complete atomic-
resolution cross-p amyloid structures (2).

We report here the simultaneous determination of the atomic-
resolution structures of a cross-p amyloid fibril and two poly-
morphic variants, formed by an 11-residue fragment of the
protein transthyretin, TTR(105-115) (20). These fibrils have the
classic amyloid morphology, being 100-200 A in diameter and

5468-5473 | PNAS | April 2,2013 | vol. 110 | no. 14

typically 1-3 pm in length (SI Appendix, Fig. S1). We have achieved
this objective by bringing together a set of complementary bio-
physical techniques to provide atomic structures of these com-
plex aggregates. Specifically, we have combined interatomic
structural restraints from magic angle spinning (MAS) nuclear
magnetic resonance (NMR) spectroscopy with high-resolution
electron density maps from cryoelectron microscopy (cryo-EM),
together with data from X-ray fiber diffraction, scanning trans-
mission electron microscopy (STEM), and atomic force micros-
copy (AFM) measurements. Our results reveal the molecular
basis of the stability and polymorphism of these amyloid fibrils
by defining at high resolution the variety of structural elements
in their hierarchical self-assembly.

Results

Assembly of Individual Molecules into -Sheet Arrays. A large number
of intramolecular distance and torsion angle restraints (76 total)
have been measured previously using MAS NMR methods, re-
sulting in the high-resolution structure of the individual TTR(105-
115) molecules in amyloid fibrils (20). To extend these studies to
probe higher-order elements in the amyloid assemblies by
identifying site-specific intermolecular restraints, we prepared
eight different samples, each having a single isotopically labeled
carbonyl atom per TTR(105-115) molecule at one of the residues
1107 to P113 and S115. Double quantum dipolar recoupling
experiments (24) on these singly labeled samples provided eight
high-precision (<0.2 A), intrasheet *CO-">CO distance restraints
(SI Appendix, Table S1 and Fig. S24). The restraints span the en-
tire backbone of the extended B-strand conformation adopted by
TTR(105-115) peptides in fibrils (ST Appendix, Table S1 and Fig.
S24) and unequivocally define a parallel, in-register arrangement
of neighboring strands within the p-sheets.

Author contributions: A.W.P.F., G.T.D., D.K.C,, T.P.J.K,, H.R.S.,, M.V,, E.V.O., R.G.G., and
C.M.D. designed research; A.W.P.F., G.T.D., M.J.B,, D.K.C,, M.A.C,, V.S.B., C.P.J,, LW, V.L,
S.A.M., CE.M.,, CA.W., HR.M,, AD.S., T.PJK, HR.S.,, M.V, EV.O, R.G.G., and C.M.D.
performed research; A.W.P.F., G.T.D., M.J.B., D.K.C., M.A.C,, V.S.B., C.P.J,, LW, V.L,
S.AM., CEM, CAW, HRM, ADS., T.PJK, HRS., M.V, EV.0, R.G.G,, and CM.D.
contributed new reagents/analytic tools; AW.P.F., G.T.D., M.J.B,, D.K.C.,, M.A.C,, V.S.B.,
C.PJ., LW, V.L, S.AM.,, CEM., CAW, HR.M, AD.S., T.PJK, HRS., M.V, EV.O.,
R.G.G., and C.M.D. analyzed data; and A.W.P.F., G.T.D., T.P.J.K,, H.R.S., M.V,, E.V.O.,
R.G.G., and C.M.D. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Freely available online through the PNAS open access option.

Data deposition: The structures of the TTR(105-115) amyloid fibrils have been deposited in
the Protein Data Bank, www.pdb.org [PDB ID code 2m5n (Protofilament), 2m5k (Doublet),
2m5m (Triplet), and 3zpk (Quadruplet)] and the Electron Microscopy Data Bank [EMDB
accession no. EMD-5590 (Doublet), EMD-2323 (Triplet), and EMD-2324 (Quadruplet)].

"To whom correspondence should be addressed. E-mail: cmd44@cam.ac.uk.
Complete present addresses for authors can be found in S/ Text.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1219476110/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1219476110


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219476110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219476110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219476110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219476110/-/DCSupplemental/sapp.pdf
http://www.pdb.org
http://www.rcsb.org/pdb/explore/explore.do?structureId=2m5n
http://www.rcsb.org/pdb/explore/explore.do?structureId=2m5k
http://www.rcsb.org/pdb/explore/explore.do?structureId=2m5m
http://www.rcsb.org/pdb/explore/explore.do?structureId=3zpk
http://www.ebi.ac.uk/pdbe-srv/emsearch/atlas/5590_summary.html
http://www.ebi.ac.uk/pdbe-srv/emsearch/atlas/2323_summary.html
http://www.ebi.ac.uk/pdbe-srv/emsearch/atlas/2324_summary.html
mailto:cmd44@cam.ac.uk
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219476110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219476110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219476110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1219476110

L T

/

1\

=y

Although knowledge of the intrasheet registry drastically reduces
the number of permutations for the peptide molecules within the
structure of the protofilaments, the number of possible intersheet
arrangements is still very large (22). To address the challenge of
defining this level of structural detail, we pregared two separate
TTR(105-115) samples labeled uniformly with "*C and "N isotopes
at (underscored) residues YTIAALLSPYS and YTIAALLSPYS to
characterize selectively the intermolecular packing of adjacent
B-sheets in the fibrils. Internuclear distance restraints from Z-filtered
transferred echo double resonance (ZF-TEDOR) (25) and rota-
tional resonance in the tilted frame width (R2TRW) (26) experi-
ments on centrally labeled YTIAALLSPYS samples (SI Appendix,
Table S2 and Fig. S2B) strongly suggest that the f-strands in a given
fB-sheet are antiparallel to those in the adjacent p-sheet.

To obtain further information on this crucial issue, we carried
out additional ZF-TEDOR experiments using terminally labeled
YTIAALLSPYS samples and observed three clearly resolved cross-
peaks (Fig. 14 and SI Appendix, Fig. S3). The mixing-time de-
pendence of the cross-peak intensities yielded three highly precise
(0.3 A) internuclear distances (SI Appendix, Table S2). This pre-
cision establishes an antiparallel intersheet stacking of p-sheets
because not only do the contacts arise between residues at opposite
ends of the TTR(105-115) molecule, but also the measured distances
are much too short to occur either intramolecularly or within a par-
allel, in-register p-sheet. These measurements were further comple-
mented by proton-driven '*C spin diffusion (PDSD) (27) experi-
ments (Fig. 1B and SI Appendix, Fig. S4) on the YTIAALLSPYS
sample; cross-peaks from these spectra provided a total
of 16 *C-"3C intersheet restraints (SI Appendix, Table S2 and
Fig. S2B). The complete set of 23 intersheet distance restraints
(SI Appendix, Table S2 and Fig. S2B) reveals the specific manner
in which adjacent p-sheets within the fibril are stacked in an
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Fig. 1. MAS NMR experiments used to probe the intermolecular arrange-
ment of TTR(105-115) fibrils. (A and B) Shown are 2D "3C-"°N ZF-TEDOR (tmix =
10.24 ms) (A) and 2D "3C-"3C PDSD (tmix = 200 ms) (B) MAS NMR spectra of
TTR(105-115) U-"°N,'3C labeled as YTIAALLSPYs and recorded at won/2n =
750 MHz and o,/2x = 12.5 kHz and won/2r = 900 MHz and o,/2n = 11 kHz,
respectively, and T = 280 K. The spectra were used to constrain the inter-
molecular distances between the p-sheets within the TTR(105-115) proto-
filament. In the two spectra, intermolecular and intramolecular cross-peaks
are labeled in red and black, respectively, and all cross-peaks have been
assigned. (C) A cross-section of the TTR(105-115) protofilament depicting
the sheet-to-sheet interface and the 11 distance constraints labeled in the
spectra of A and B (red lines). The blue lines denote four additional distances
between L111-'3C81 and -'3C52 and A109-'°N and A108-"3CO detected in
additional spectra of a sample labeled as YTIAALLSPYS. The complete set of
23 intersheet distance restraints is shown in S/ Appendix, Fig. S2B. Odd- and
even-numbered side chains are shown as orange and violet sticks, respec-
tively, with secondary structure shown in a cyan ribbon representation. (D)
3C-">N REDOR data obtained from a TTR(105-115) sample labeled as
Y105-">N, S115-"3CO,H (YTIAALLSPYS) and designed to detect inter-
protofilament contacts in the fibril. The intermolecular '>*C-"°N interaction
between the terminal >N and '3C atoms corresponds to a distance of 3.57 +
0.06 A, consistent with a head-to-tail protofilament arrangement as illus-
trated in Right. The curve was fitted by using the program SPINEVOLUTION
(S/ Appendix, SI Materials and Methods).
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antiparallel arrangement, thereby solving the first crucial aspect of
the assembly of these multimolecular species.

The quantitative intersheet constraints between L111 and A108
and A109 (Fig. 1C, blue dashed lines), between A108 and S112 and
P113 (Fig. 1C, red dashed lines), and between 1107 and S112 (Fig.
1C, red dashed lines) are consistent only with a structure in which
the even-numbered side chains, TALSY (Fig. 1C, violet sticks), are
packed against odd-numbered side chains, YIALPS (Fig. 1C, or-
ange sticks), thus yielding an even-odd-even—odd interface be-
tween the sheets (Fig. 1C). This arrangement means that the side
chains of all residues in the sequence appear both on the internal
(dry) and external (wet) faces of each protofilament, and so in
principle two sets of chemical shifts could be expected for each site.
Indeed, some side chains do exhibit clear peak doubling, for ex-
ample, [107C3, Cy1 and Cy2 and S112Co and Cp as illustrated in S7
Appendix, Fig. S5. Additionally, Y105 displays two conformations
for the ""NH;3" and "*Ca (ST Appendix, Fig. S5). Because some side
chains are more prone to dispersion than others, the chemical shift
differences between the two different conformations for other
cross-peaks are not resolved but contribute to the inhomogeneous
broadening of the cross-peaks. For example, the linewidths of
A108Cp, A109Cp, L110C3, and L111C8 are ~1.0-1.2 ppm. Similar
doubling of some peaks has also been detected for polyglutamine
(poly-Q) fibrils, although in this case this phenomenon is likely to
arise from an antiparallel f-sheet structure, which is also a packing
geometry leading to residues alternately pointing into (buried) and
out (solvent exposed) of the fibril (28, 29). The intensities of the
peaks that exhibit doubling in SI Appendix, Fig. S5 are not 1:1,
unlike the peaks in poly-Q spectra (28, 29), because here, the
solvent exposed side chains are more likely to be dynamic than
those buried in the dry interface between the p-sheets.

A summary of the restraints used in the calculation of the
protofilament structure is given in SI Appendix, Table S1 (intra-
sheet; SI Appendix, Fig. S24) and SI Appendix, Table S2 (inter-
sheet; SI Appendix, Fig. S2B). The resulting set of structures,
which were calculated with an average of 10 restraints per resi-
due, has a backbone heavy atom root mean square deviation to
the mean of the 20 lowest energy conformers in the NMR en-
semble of 0.4 A for the backbone and 0.7 A for all heavy atoms
(SI Appendix, Fig. S6). There are no residues with torsion angles
in disallowed regions of the Ramachandran plot (SI Appendix,
Table S3). Complete details concerning the structure calculations
and statistics are provided in SI Appendix, SI Materials and
Methods and Table S3.

Atomic Structure of the Cross-f Protofilaments. The results pre-
sented above define a parallel, in-register p-sheet geometry within
the sheets of the TTR(105-115) fibrils (Fig. 24 and Movie S1),
indicating a full complement of nine backbone-backbone hy-
drogen bonds (Fig. 24) along the entire length of the molecule—
i.e., involving all residues but the proline at position 113. The fact
that this optimized interbackbone hydrogen-bonding network
adopts this particular arrangement indicates that the intrinsically
more favorable hydrogen-bonding pattern found in antiparallel
B-sheets is offset by the juxtaposition of side chains with identical
hydrophobic and hydrophilic character in the ordered self-assembly
of these amphiphilic molecules. The in-register alignment of
matching residues generates very tight packing (shape comple-
mentarity = 0.76; Fig. 24), also maximizing favorable hydro-
phobic and van der Waals side-chain contacts along the long axis
of the fibril (14); in addition, the structures may gain further
stabilization through n—x stacking of the tyrosine aromatic rings
(10) at the termini of the TTR(105-115) molecule (Fig. 2.4 and
B). The low degree of left-handed twist (~1° between successive
B-strands; Fig. 2B and SI Appendix, SI Supporting Equation) fa-
vored by the constituent parallel p-sheets of the fibrils is similar
to the nearly flat B-sheets proposed in models of SH3 (11) and
insulin (12) fibrils and limits lateral growth in the sheet-sheet
direction (Fig. 2 B and C), thus discriminating individual fibrils
from 3D amyloid-like microcrystals (21, 22).
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Fig. 2. Atomic-resolution structure of the TTR(105-115) protofilament
determined by MAS NMR. The structures (calculated with CNSsolve; see S/
Appendix, S| Materials and Methods) have a rmsd of ~0.4 A for the back-
bone and 0.7 A for all atoms. Odd- and even-numbered side chains are
shown as orange and violet sticks, respectively, with secondary structure
shown in a cyan ribbon representation. (A) The p-sheet viewed perpen-
dicularly to the fibril axis illustrating the parallel in-register g-strands and
the hydrogen bonds defining the p-sheet (yellow lines). The conformation
was determined from eight '*C=0-'3C=0 double quantum distance
measurements and one '3*C=0-"3C=0 REDOR distance measurement (S/
Appendix, Table S1). (B) Cross-sectional view of the two-sheet protofila-
ment along the peptide chain direction. There is a sheet-sheet offset of
approximately one-fifth the separation of hydrogen-bonded g-strands (i.e.,
0.2 x4.67 A =0.93 A) shown clearly by the interdigitation of the Y105 (orange
sticks) and Y114 (violet sticks) side chains. (C) Protofilament—protofilament
interface viewed looking down the long axis of the fibril showing the head-
to-tail packing arrangement. Interprotofilament hydrogen bonds between
the terminal C=0 and N-H groups and between the Y105 OH atoms and the
S115 Oy atoms are depicted as yellow dashes.

The structure shows that in-register, parallel p-sheets stack
antiparallel to one another via a C, axis parallel to the intersheet
direction (Fig. 2C and Movie S1) to create a two-sheet proto-
filament as suggested in previous models of cross-p fibrils (11,
12). There is also an average sheet-sheet shift of 0.9 + 0.6 A,
which is approximately one-fifth of the separation of hydrogen-
bonded p-strands (Fig. 2B). This staggered arrangement results
in the burial of even-numbered side chains, TALSY (Fig. 2B,
violet sticks), on one sheet between two sets of odd-numbered
side chains, YIALPS (Fig. 2B, orange sticks), on the opposite
face and vice versa, in a highly specific manner similar to the
“parallel, face-to-back, up—down” class of steric zipper (22). The
self-complementary interdigitation of the side chains of two
pB-sheets (shape complementarity = 0.79; Fig. 2 B and C) creates
a tightly packed, hydrophobic core composed primarily of the
contiguous hydrophobic stretch JAALL. The ~1-A sheet-sheet
shift, however, leads to incompletely paired p-strands at the fibril
ends (13) (Fig. 2B and Movie S1) with exposed hydrophobic
residues and unsatisfied hydrogen bonds. The staggering of the
cross-sheet stack therefore breaks the symmetry of the growing
ends of the fibril, resulting in a single binding site for the addition
of monomers (30). The offset of the sheets is also likely to make
the fibrils more resistant to bending and stretching forces and
thus less prone to fracture, which can play key roles in the ki-
netics of self-templated aggregation (31).

Overall Architecture of the Mature Fibrils. Because fibrils are typically
composed of between two and six protofilaments (12), a vast number
of interprotofilament packing arrangements are possible, for ex-
ample, as observed in Ap fibrils (16, 17, 19, 32). Although variations
in intrasheet and intersheet stacking within protofilaments give rise
to molecular-level polymorphism (15), interprotofilament arrange-
ments represent an ultrastructural polymorphism (33) that can

5470 | www.pnas.org/cgi/doi/10.1073/pnas.1219476110

result in vast numbers of fibrils with distinct morphologies, where
the nature of the interactions are unlikely to affect significantly the
chemical shifts of any of the residues (12). Knowledge of the atomic
structure of the protofilaments from the MAS NMR analysis,
however, provides clues as to the possible higher-order packing
interfaces. We therefore have combined single-particle and heli-
cal cryo-EM approaches (11, 16) to determine the overall struc-
ture of the complete fibrils formed by TTR(105-115). The fibrils
are observed to be twisted ribbons with regular cross-over dis-
tances ranging from 850 to 1,000 A (Fig. 3 A-C, and SI Appendix,
Fig. S1 and Table S4). Three prominent fibril types were identified
(Fig. 3 A-C) with distinct widths between crossovers (84 A, Fig.3
A and D; 121 A, Fig. 3 B and E; and 154A Fig. 3 C and F). All
fibrils have a width at crossover of ~37 A and thus a nearly rect-
angular cross-section (Fig. 3 D-F). The widths between crossovers
correspond to integer multiples of the peptide chain length (~38
A X 2, 3, or 4) and indicate the presence of multiple protofila-
ments (11, 19).

The internal packing of the protofilaments is revealed by exam-
ination of cross-sections through the 3D fibril reconstructions. Al-
though the three fibril morphologies differ in the dimensions of the
long side of their cross-sections (Fig. 3 D-F), they are remarkably
similar in other respects. In particular they are all composed of
two elongated, high-density regions separated by a well-defined
region of low density (~13 A wide at 16 above the mean density)
that extends to the shghtly open cross-sectional ends (Fig. 3 D-
F). The high-density regions are ~12 A in width (at 1o above the
mean density) and correspond to the paired p-sheets of individual
protofilaments (11, 12, 16, 19) arranged in a linear fashion. The
electron density maps all display twofold symmetry (Fig. 3 D-F),
which was not imposed during image processing, about the long
axis of the fibril. This axial symmetry relates the paired p-sheet
density regions to each other so that all of the fibrils described
here are left-handed, double-layered helical ribbons with a hol-
low core (Fig. 3 A-F).

triplet
3\

. uadruplet

154 A

Fig. 3. Representative cryo-EM images of averaged fibrils (class averages),
surface representations of reconstructions, 2D projections, and contoured
density cross-sections of the three types of fibril formed by TTR(105-115). (A)
Doublet class average (Left), 3D reconstruction (Center; orange), and 2D
projection of the fibril reconstruction (Right). (B) Triplet class average (Left),
3D reconstruction (Center; yellow), and 2D projection of the fibril re-
construction (Right). (C) Quadruplet class average (Left), 3D reconstruction
(Center; purple), and 2D projection of the fibril reconstruction (Right). (D-F)
Contoured density cross-sections of the doublet (D), triplet (E), and qua-
druplet (F) fibrils. Contours represent density levels of multiples of 0.5¢
above the average density of the background (outermost contour). Mea-
surements of dimensions were determined at 1.0c above the mean density.
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Because the cryo-EM maps strongly suggest that the fibrils
formed by TTR(105-115) are composed of integer multiples of
linearly connected protofilaments, we sought to identify the inter-
protofilament packing interface. Low-angle X-ray experiments on
TTR(105-115) fibrils (34) indicate an equatorial repeat of 37 + 2 A,
which closely matches the length of the TTR(105-115) peptide in
an extended p-strand conformation (38 A; Fig. 24); this observa-
tion suggests that the protofilaments are stacked in a periodic
manner in the peptide chain direction. We therefore isotopically
labeled the termini of the peptide (’N-Y105 and *CO-S115)
and performed rotational-echo double-resonance (REDOR)
(35) experiments to probe for backbone-to-backbone contacts. The
observation of a strong dipolar coupling between S115-*CO,-"
NH;™-Y103, corresponding to an interprotofilament distance of
3.57 + 0.06 A, indicates the presence of head-to-tail contacts be-
tween adjacent protofilaments (Fig. 1D). This result is crucial in
determining the relative orientations of individual protofilaments
within the overall fibril topology (Fig. 1D).

The head-to-tail, interprotofilament packing interface (Fig.
2C) is very closely matched (shape complementarity = 0.83) and
appears to be stabilized by dipole-dipole interactions between
the N and C termini of peptide chains in neighboring protofila-
ments (S Appendix, Fig. S7) and by four hydrogen bonds be-
tween the terminal C=0 and N-H groups (Fig. 2C) and two
tyrosine (OH. ..O) hydrogen bonds (Fig. 2C).

Atomic-Level Structures of the Fibril Polymorphs. The reconstructed
cross-sectional density maps are fully consistent with the NMR-
derived protofilament structure discussed above (SI Appendix,
Fig. S8) and can accommodate perfectly four, six, or eight of the
two-sheet protofilaments interconnected in a head-to-tail fashion
(Fig. 4 A-C). Side-chain details are only present in exceptionally
high-resolution electron density maps (3.3-4 A) (36), which is
not the case here because the resolution of the three maps is ~11 A
(ST Appendix, Table S4 and Fig. S9). As a result of the slightly
curved cross-section of the protofilaments (Fig. 2C), the presence
of a twofold symmetry axis (Fig. 3 D-F), and the nanometer res-
olution (SI Appendix, Table S4) of the 3D reconstructions, there is
a common structural arrangement that gives the best fit to the set
of electron density maps (up to 7% less atoms outside the electron
density maps at 1.0c threshold) and on average more than seven
times more interfacial contact area (with no steric clashes; Fig. 4
D-F) than other alternative structures. This structural arrangement
involves a pair of oppositely directed, linear stretches of two (Fig.
44 and SI Appendix, Fig. S104 and Table S3), three (Fig. 4B and
SI Appendix, Fig. S10B and Table S3) and four (Fig. 4C and SI
Appendix, Fig. S10C and Table S3) protofilaments with the even-
numbered residues (TALSY) lining the outer surface of the fibrils
and the odd-numbered residues (YIALPS) buried in the hollow
core (Fig. 4 D-F). Therefore, different numbers of otherwise
identical protofilaments (12) are able to self-assemble into a ge-
neric structural arrangement.
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To obtain an independent estimate of the number of peptides
contained in the fibril cross-sections, we performed STEM
mass-per-length (MPL) measurements on an ensemble of fibrils
(Fig. 54). The distribution can be described by three Gaussian
curves peaking at 9.7 + 1.2, 12.8 + 1.2, and 15.9 + 1.2 peptides
per 4.67-A layer of the different types of fibril. These MPL
measurements are in good agreement with the cryo-EM fibril
reconstructions (Fig. 4 A-C), which have cross-sections with
twofold symmetry (Fig. 3 D-F) able to accommodate 8 (Fig.
4A4), 12 (Fig. 4B), or 16 (Fig. 4C) peptides—i.e., 4, 6, or 8 two-
sheet protofilaments—respectively. As an additional validation,
we simulated the X-ray diffraction pattern of the fibril cross-
sections and found that the resulting peaks closely match the
primary and secondary reflections in the experimental diffrac-
tion pattern (34) (Fig. 5B).

The cryo-EM maps of the three fibrils are characterized by
a nearly constant ~16-A backbone-to-backbone low-density re-
gion between the high-density regions of paired p-sheets (Figs. 3
D-F and 4 A-C). Such a separation suggests that this interface
may contain structured water involved in a hydrogen-bonded
network with the exposed side chains (Fig. 4 D-F) and water
molecules. The dimensions of the cavity (Figs. 3 D-F and 4 A-C)
can accommodate the two sets of exposed p-sheet side chains
(~9 A), leaving a 2 x 3.4 A (the diameter of a water molecule)
~7 A layer for water molecules to occupy (Fig. 4 D-F). More-
over, the cavity dimension matches very closely the size of the
wet interfaces in amyloid-like microcrystals in which crystal con-
tacts result in a bilayer of water molecules that can be observed
crystallographically (21). Molecular dynamics simulations (S/
Appendix, SI Materials and Methods) suggest that a single layer
of water molecules becomes bound to each of the slightly hy-
drophilic protofilament surfaces (SI Appendix, Fig. S11).

Extensive AFM imaging, which has a much higher contrast
than single cryo-EM images, of TTR(105-115) samples (Fig. 5C)
revealed the presence of a low population (~3% of the total fibril
dataset) of singlet fibrils, or “filaments,” with a uniform height of
38.7 + 4.4 A (Fig. 5C). The dimensions of this species match
perfectly to the predicted height profile of a pair of protofila-
ments separated by the constant ~16 A (backbone to backbone)
water cavity (overall dimensions 38 x 43 A; SI Appendix, Fig. S12).
We also saw no evidence of the number of protofilaments per fibril
varying along the length of a single TTR(105-115) fibril (37).
Rather, it is clear from the cryo-EM images (Fig. 3) and 3D
reconstructions (Fig. 4), AFM images, and STEM MPL mea-
surements of TTR(105-115) fibrils (Fig. 5) that there are three
main subsets of the fibril population—namely, the doublet, triplet,
and quadruplet fibrils (Fig. 6 and SI Appendix, Figs. S13-S15).

To determine the complete structures of the amyloid fibrils
(Fig. 6, SI Appendix, Figs. S13-S15, and Movies S2, S3, and S4),
a helical symmetry was imposed on to the NMR/cryo-EM atomic
cross-sections to generate longer fibril segments (Fig. 6, ST Ap-
pendix, Figs. S13-S15, and Movies S2, S3, and S4). The fit of four,

Fig. 4. Atomic-resolution cross-sections of the three
types of TTR(105-115) amyloid fibrils determined by
combining MAS NMR and cryo-EM. Reconstructed cross-
section density maps are shown as two electron density
isosurfaces (1.0c and 2.2c above the mean density) with
the secondary structure of the constituent NMR-derived
protofilaments shown in a cyan ribbon representation.
(A-C) The doublet (A), triplet (B), and quadruplet (C)
ris fibril cross-sections can accommodate pairs of two,
..... < three, and four interconnected protofilaments, re-
spectively. (D-F) All-atom representation of the doublet
(D), triplet (E), and quadruplet (F) cross-sections with
cryo-EM envelopes superimposed. Cryo-EM envelopes
are shown as orange, yellow, and purple contours at 1.0c
above the mean density for doublet, triplet, and qua-
druplet fibrils, respectively. For a discussion on the res-
olution of the cryo-EM maps, see SI Appendix, Table S4.
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Fig. 5. Five diverse biophysical techniques were integrated to determine
unambiguously the structures of each of the motifs that make up the TTR
(105-115) amyloid fibrils. Spanning five orders of magnitude, the over-
lapping length scales of MAS NMR (0.1-10 A), X-ray diffraction (3-100 A),
cryo-EM (8-1,000 A), AFM (30-1,000 A), and STEM (80-1,000 A) enabled us to
derive self-consistent, high-precision structural restraints on the secondary
(B-strand and -sheet; distance restraints of <6 A), tertiary (protofilament;
distance restraints of 4.5-37 A), and quaternary structure (filament and fi-
bril; distance restraints of 16-1,000 A) of the TTR(105-115) amyloid fibrils.
(A) Histogram of STEM MPL measurements of TTR(105-115) fibrils, which
reveals three populations of fibrils, with a best fit (gray solid line) being
the sum of three Gaussian curves with values of 2.5 + 0.3 kDa/A (orange
solid line), 3.3 + 0.3 kDa/A (yellow solid line), and 4.1 + 0.3 kDa/A (purple
solid line). The orange, yellow, and purple dashed lines refer to the
number of TTR(105-115) peptides per 4.67-A repeat in the doublet (8
peptides), triplet (12 peptides), and quadruplet (16 peptides) fibrils, re-
spectively. (B) Comparison of the high-resolution experimental X-ray
diffraction pattern from TTR(105-115) fibrils (34) (Left) and the simu-
lated X-ray diffraction pattern for TTR(105-115) fibrils (Right). The fibril
axis is vertical, with the incident beam directed orthogonally to this axis.
The meridional reflection at 4.67 A and the equatorial reflection at
8.86 A are characteristic of cross-p structure. (C) High-resolution AFM
image of fibrils (pink and purple) and filaments (green) formed by TTR
(105-115). (Scale bar, 1 pm.) Fibrils (pink and purple) have heights
ranging from 70 to 160 A and pitches of 950 + 100 A. The filament has an
average height of 38.7 + 4.4 A. (D) Hierarchy of atomic-resolution motifs
involved in the self-assembly of the amyloid fibrils and their polymorphism.

six, and eight protofilament structures winding around a hollow
core to the doublet, triplet, and quadruplet fibril densities is ex-
cellent with correlation coefficients of 0.85, 0.88, and 0.86, re-
spectively (Fig. 6, SI Appendix, Figs. S13-S15, and Movies S2, S3,
and S4). These structures have a rmsd of the backbone and all
heavy atoms in the ensemble of the 20 lowest energy conformers
of 0.4, 0.6, 0.6 A and 0.6, 0.7, 0.7 A, respectively (SI Appendix,
Table S3 and Fig. S10). None of the structures has any residue
with torsion angles in disallowed regions of the Ramachandran plot
(ST Appendix, Table S3).

These results indicate that, in analogy to microtubules (38),
interprotofilament interactions are highly conserved across differ-
ent types of filamentous structures. However, because the termini
of the B-sheets are involved in the higher-order assembly, the lateral
association of two or more protofilaments occludes the hydrophilic
surfaces so that the proportion of exposed hydrophobic surface area
increases steeply with increasing fibril diameter. Because the fibrils
have a large fraction of exposed hydrophobic residues (up to 23%
more than typical globular proteins), this free energy penalty may
be offset by the stabilization arising from the highly optimal packing
that allows extensive backbone hydrogen bonding (39). The specific
head-to-tail electrostatic interactions between protofilaments that
we have identified (Fig. 2C and SI Appendix, Fig. S7) indicate how
these elements can self-associate under one set of chemical con-
ditions into three highly populated and distinct ultrastructural

5472 | www.pnas.org/cgi/doi/10.1073/pnas.1219476110

polymorphs, with varying widths and pitches that are propagated
over many microns (4) (Fig. 6, SI Appendix, Figs. S13-S15, and
Movies S2, S3, and S4).

Discussion

An atomic-resolution structure of a cross-p amyloid fibril and
its constituent self-assembling subunits has proved elusive to
structural biology. Such a structure is of great interest, because
the thermodynamic and kinetic properties of amyloid fibrils, as
well as their frequently adverse effects on cellular homeostasis
leading to disease, are linked to the details of their morpholog-
ical features (40). In this study, we have resolved each of the
structural elements in a cross-p amyloid fibril to atomic resolu-
tion, thus revealing the structural basis for the hierarchical
organization of these aggregates. The architecture of the fully
assembled amyloid fibrils is not strongly dependent on sequence
because the constituent p-strands within the core of the fibril are
linked by a vast array of interbackbone hydrogen bonds (Fig. 24
and Movie S1), which are main-chain interactions common to
all polypeptides (23). This generic character is evident in the
marked similarity in appearance (17), dimensions (12), X-ray
diffraction patterns (3), material properties (5), kinetics (31),
thermodynamic stabilities (6), and dye-binding properties (41)
of fibrils formed by peptides and proteins varying widely in se-
quence and native conformation.

The nature of the side-chains does, however, modulate the
details of the fibrillar scaffold by determining which regions of
the sequence self-associate to form the intermolecular packing
arrangement within, and between, the constituent p-sheets of the
fibril core (1, 2). Although side chains influence which proto-
filament structures are adopted under a given set of experimental
conditions, ultrastructural polymorphism is also a common fea-
ture of amyloid fibrils (1, 2). This variability at the intra- and
interprotofilament levels provides an explanation of different fi-
bril polymorphs characteristic of distinct clinical subphenotypes,
in analogy to the strains of prions (42).

The ability to understand the hierarchical organization of
cross-p amyloid fibrils (Fig. 5D) reveals how this structure

Fig. 6. Close-up view of the MAS NMR atomic-resolution structure of the
triplet fibril fitted into the cryo-EM reconstruction (Center). The background
image of the fibril (Left) was taken using TEM. (Scale bar, 50 nm.) The fibril
surfaces (Right) are shown at 1.0c (white) and 2.2¢ (yellow) above the mean
density, respectively, and the constituent p-sheets are shown in a ribbon
representation; oxygen, carbon, and nitrogen atoms are shown in red, gray,
and blue, respectively.
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represents a template that many amino acid sequences can adopt
(23). Thus, although in longer sequences additional residues will
undoubtedly affect the overall assembly of the fibrils and the
nature of interactions between protofilaments (11), the basic
structural elements (Fig. 5D) remain closely similar (12, 17, 43).
In this respect, understanding the formation and molecular pa-
thology of the cross-f fibrils formed by other peptides and pro-
teins involves the study of variations on a theme common
to most polypeptide chains (23). Indeed, both polar and non-
polar (22), and even homopolymeric (44) sequences can adopt
the cross-p form of polypeptide states. By contrast, the B-helical
structure of HET-s(218-289) fibrils (18) which represents
a functional yeast prion, is stabilized by specific interactions
selected through evolution and therefore not accessible to most
amino acid sequences. The structures presented here (Fig. 6, SI
Appendix, Figs. S13-S15, and Movies S2, S3, and S4) have instead
the widely accessible cross-f geometry commonly associated with
misfolding disorders such as Alzheimer’s disease and type II
diabetes (1, 2).

Conclusions

We have determined the atomic-resolution structure of a cross-f
amyloid fibril and two of its associated polymorphic variants. Our
approach has enabled us to dissect each distinct level of the
structural hierarchy of the fibrils at atomic resolution and to
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identify the packing interactions that drive the self-assembly and
ultimately stabilize these persistent filamentous aggregates. The
results that we have presented illustrate the increasing potential
for amyloid polymorphism with the ascending hierarchy of fi-
brillar structures, a phenomenon that we expect to be common
for many other peptides and proteins.

Methods

Amyloid fibrils were prepared by dissolving TTR(105-115) in a 10% (vol/vol)
acetonitrile/water solution (adjusted to pH 2 with HCI) at a concentration of
15 mg/mL. The samples were incubated for 2 d at 37 °C followed by in-
cubation for 14 d at room temperature (20). The samples were routinely
characterized by TEM, and great care was taken to ensure that the mor-
phologies of the fibrils studied by NMR were identical to those examined by
cryo-EM and the other techniques (X-ray diffraction, AFM, and STEM).
Full methods are available as SI Appendix, SI Materials and Methods.
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SUPPORTING INFORMATION

Atomic structure and hierarchical assembly

of a cross-f§ amyloid fibril

Materials and Methods

Sample Preparation:

Transthyretin(105-115), or TTR(105-115), was synthesized using solid-phase methods and
purified by HPLC (CS Bio, Menlo Park, CA and New England Peptide, Gardner, MA). The
isotopically labeled amino acids for the synthesis were purchased from Cambridge Isotope
Laboratories, Andover, MA. The following labeling schemes were used (labeled residues are
shown as bold and underlined): uniformly N, “C YTIAALLSPYS; uniformly N, “C
YTIAALLSPYS; and a sample labeled with '°N at Y105, and "°C at the S115 carbonyl position.
Amyloid fibrils were prepared by dissolving ~ 15 mg peptide/mL in a 10% v/v acetonitrile/H,O
solution, adjusted to pH 2.0 with HCI. The solution was incubated at 37 °C for 2 days, followed
by 14 days at 25 °C. After this period, the mature fibrils were characterized by TEM and great
care was taken to ensure that the morphology of the fibrils studied by NMR was identical to
those examined by cryo-EM and the other techniques (X-ray diffraction, AFM and STEM). The
viscous gel containing the mature fibrils was transferred to a centrifuge tube and washed twice
with 2 ml of 10% v/v acetonitrile/water at pH 2. After each wash the sample was centrifuged for
2 h at 4°C and 320,000 x g. After the second spin 10-15 mg of the pellet were packed into either
into a 4 mm zirconia rotor (20 mg fibrils, Varian-Agilent Technologies, Santa Clara, CA) or a
3.2 mm rotor (15 mg of fibrils, Bruker BioSpin, Billerica, MA).

MAS NMR Experiments:

1D DQ-DRAWS (1, 2) and REDOR (3) experiments were performed on a custom-built
spectrometer (courtesy of D. J. Ruben, Francis Bitter Magnet Laboratory, Massachusetts Institute
of Technology, Cambridge, MA) operating at 500 MHz 'H Larmor frequency, and equipped with
a 4 mm 'H/"”C/"®N Varian-Chemagnetix probe (Varian, Inc., Palo Alto, CA). The sample used
for these experiments was labeled in the following way: "N-Y105, ’C;-S115. REDOR
experiments were performed at 9 kHz MAS, with 50 kHz "N pulses, 100 kHz "°C pulses, and
100 kHz TPPM decoupling during mixing and acquisition. 640 scans were acquired at each
mixing time, for both S and S, experiments, with a scan delay of 3.0 s.

DQ-DRAWS distances for 1107, A108, A109, L110, L111, S112, and P113 carbonyl atoms were
previously published in Ref. 1. In this work, we report the DQ-DRAWS distance for S115. This
experiment was performed at 6.534 kHz MAS, utilizing 55 kHz "C pulses, 100 kHz 'H
continuous-wave decoupling during mixing, and 100 kHz TPPM decoupling (4) during
acquisition. 6650 scans were acquired at each mixing time, with a scan delay of 3.0 s.



The experiments on the YTIAALLSPYS sample were performed on a custom-built 500 MHz
spectrometer (courtesy of D. J. Ruben, Francis Bitter Magnet Laboratory, Massachusetts Institute
of Technology, Cambridge, MA) equipped with a 4 mm triple channel Varian-Chemagnetix
probe. ZF-TEDOR experiments were performed with 83 kHz 'H TPPM decoupling, 83 kHz "°C
pulses and 50 kHz "N pulses during mixing. R2TRW experiments were performed as described
in Ref. (5), with 25 ms mixing, 83 kHz TPPM decoupling, and a carrier frequency set at 65 ppm.
The spinning frequency was set to 10.1 kHz.

2D PDSD (6) experiments were performed on a Bruker spectrometer operating at 900 MHz 'H
Larmor frequency, equipped with a triple-channel 3.2 mm E-free MAS probe (Bruker BioSpin,
Billerica, MA). The sample used for these experiments was prepared by mixing U-"C, N
labeled YTIAALLSPYS, and U-"C, "N labeled YTIAALLSPYS in a 1:1 ratio before
fibrilization. The experiments were performed at 11 kHz MAS, with mixing times of 50 ms, 100
ms, 200 ms and 300 ms, and 83 kHz TPPM decoupling during acquisition. 32 scans were
recorded per ¢; point (892 ¢; points, 11.5 ms #; evolution and 24 ms ¢, evolution).

ZF-TEDOR (7) experiments were performed using the same sample on a custom-built
spectrometer (courtesy of D. J. Ruben, Francis Bitter Magnet Laboratory, Massachusetts Institute
of Technology, Cambridge, MA) operating at 750 MHz 'H Larmor frequency, and utilizing a
triple-channel 3.2 mm Bruker E-free MAS probe (Bruker BioSpin, Billerica, MA). 40 kHz °N
pulses, 83 kHz "°C pulses, and 91 kHz "H TPPM decoupling during mixing and acquisition were
used in this case, while /21 = 12.5 kHz. Experiments with tp,;x = 4.80 ms, 5.44 ms, 6.08 ms,
7.04 ms, 7.64 ms, 8.64 ms, 9.60 ms, 10.24 ms, 11.84 ms, 13.44 ms, and 15.04 ms were acquired,
with 128 scans per ¢, point, per experiment. In total, 256 ¢; points were collected, with 10.2 ms ¢,
acquisition, and 24 ms ¢, acquisition, and 2.7 s scan delay.

The temperature of the cooling gas in each case was set to 2 °C, while we estimate that the actual
sample temperature was 10-15 °C, depending on ,/2n and rf-induced heating. Spectra were
processed and analyzed using the programs NMRPipe (8) and Sparky (9). Indirect external
referencing to DSS was done based on adamantane *C chemical shifts (10).

MAS NMR Data Fitting:

Distances were extracted from buildup curves (DQ-DRAWS, TEDOR) and dephasing curves
(REDOR) using the SPINEVOLUTION simulation program (11). The DQ-DRAWS data was fit
as described previously in Ref. (1), while a detailed description of the simulation of REDOR
spectra with SPINEVOLUTION is given in Ref. (11). In all cases, the error in the reported
distances was based on the 95% confidence interval derived from the elements of the covariance
matrix of the fit.

TEDOR simulations were performed in the following way: The AlalO8 spin system was
approximated by a '’N atom and two °C atoms, corresponding to Co. and CB, with J co-cp= 20 Hz
also included in the simulation. For the simulation of the relevant longer distances, a second °N
atom was included in the spin system, corresponding to Serl12N or P113N. A relaxation
parameter and the distance between Alal08CP and the distant '’N were used as fit parameters in
the simulation. The Ile107 spin system was approximated by a "’N atom and four ’C atoms



(corresponding to CB, Cy2, Cyl, and Cd1). The J-coupling between Cd1 and Cy2 was set to 20
Hz.

The TEDOR distances were used to calibrate three different constraint classes (2.5-4.5 A -> 100
ms, 2.5-6.5 A ->200 ms, 2.5-8.5 A -> 400 ms) for the PDSD spectra with each contact assigned
to a distance class depending upon the mixing time at which the cross-peak first appeared.

Structure Calculations:

Structure calculations of the protofilament, doublet, triplet and quadruplet fibril structures were
performed using CNSsolve version 1.1 (12) by applying the molecular dynamics simulated
annealing protocol with torsion angles as internal degrees of freedom. Structures were
constructed in a hierarchical fashion. First, the structure of a single B-sheet composed of 8 f-
strands was solved using only the intra-molecular distance and dihedral angle restraints (13) and
the intra-sheet restraints (Table S1). Then, the structure of a two-sheet protofilament (with 8 -
strands per [B-sheet) was determined using the intra-molecular distance and dihedral angle
restraints (13), the intra-sheet restraints (Table S1) and the inter-sheet restraints (Table S2) and
the single B-sheet structure as the starting point for the calculation. Finally, the doublet, triplet
and quadruplet fibril structures (with 8 B-strands per -sheet) were determined by using the intra-
molecular distance and dihedral angle restraints (13), the intra-sheet restraints (Table S1), the
inter-sheet restraints (Table S2) and the inter-protofilament restraints (distance between S115-
BC0O,--"NH;"-Y 105 is 3.57£0.06 A) and the protofilament structure as the starting point for the
calculation. The annealing protocol consisted of high-temperature molecular dynamics at 20,000
K for a total of 50,000 steps with 3 ps per step, followed by two cooling stages, where the
temperature was first gradually decreased from 20,000 K to 1000 K in 200,000 steps and then
from 1,000 K to 50 K in 200,000 steps. In addition to the experimental distance and dihedral
angle restraints, which were modeled with square well-quadratic potentials, the total energy
target function included energy terms representing covalent bonds, three-atom bond angles and
dihedral (improper) angles required to maintain correct geometries, and van der Waals
interactions (12). Since the monomer structure was accurately determined (13), the non-
crystallographic symmetry (NCS) term was also included and maintained at the weight kncs=2
kcal/mol throughout the protocol (14). A family of 100 lowest energy conformers was generated
for the protofilament, doublet, triplet and quadruplet structures. The lowest energy structure from
the calculation was used to represent the ensemble. The final structures had no experimental
distance violations >0.3 A or dihedral angle violations >5°. The Ramachandran statistics were
generated using PROCHECK (15) and show that no residue of the lowest energy structure adopts
disallowed conformations regarding ¢ and/or y dihedral angles.

Cryo-EM and 3D reconstruction:

All fibril specimens were stored at 4°C. For cryo-EM imaging, fibrils were applied to holey
carbon films (R2/2, QuantifoilMicro Tools GmbH, Jena, Germany) that were immediately
plunge-frozen at liquid nitrogen temperature. The cryo grids were maintained at —174 °C in a
Gatan 626 cryo-holder. Low-dose images of amyloid fibrils formed by the TTR(105-115)
molecules were taken on a Tecnai F20 electron microscope (FEI, Netherlands) operated at 200
keV. Images were recorded on Kodak SO-163 film at 40,000x nominal magnification and a
defocus range between 0.9 and 3.0 um underfocus. Micrographs were digitized on a Zeiss SCAI



microdensitometer (Z/I Imaging) with a step size of 7 um corresponding to a pixel size of 1.8 A
at specimen level.

EM images of fibrils embedded in vitreous ice were analysed by a combined helical and single
particle approach (16, 17). Approximately 4,000 images of fibrils that included two crossovers
were selected manually and corrected for the effects of the contrast transfer function of the
microscope using CTFFIND3 (18), and band-pass filtered and normalized using SPIDER (19).

The alignment determined for each segment was then applied and subjected to multivariate
statistical analysis (MSA) in IMAGIC (20). Fibrils were sorted first on the basis of width and
then according to helical pitch by examining the main eigenimages from the multivariate
statistical analysis. In subsequent rounds of classification, in addition to examining the main
eigenimages, width discrimination was refined by taking the autocorrelation of the line profile of
the widest (central) part of the fibrils using a very small number of superimposed images (~5
images per set). In this way, we were able to separate out more accurately the different types of
fibril into homogeneous, separate groups (classes) even at very low signal:noise. Fibril classes
were then computationally segmented into a series of small boxes (120x120 pixels) with 86%
overlap, which were used as input views for helical reconstruction (21). The pitch was
determined from the cross-over separation using auto-correlation and structures for each width
class were treated as continuous helices to reconstruct short segments. Iterative rounds of
projection matching of these fibril segments to 3D fibril models from the best classes improved
the Euler angles of successive 3D reconstructions resulting in final electron density maps with
nanometer resolution (Table S4). Reconstructions were calculated using the BKRP program (22).

Fitting of NMR structures to cryo-EM fibril maps:

NMR figures were prepared in PyMOL using the program’s hydrogen bond geometric criteria to
identify all possible hydrogen bonds within the (.pdb) structures. All fittings were performed
analytically using the Chimera program (23). The fit quality has been assessed by maximizing
cross-correlation between atomic models and the electron density of EM structures when the
resolution of the models was adjusted to the resolution of the EM maps. The resulting best fits
were rendered in Chimera (23).

STEM Mass-per-length (MPL) measurements:

STEM mass-per-length (MPL) measurements were performed on an ensemble of fibrils using a
Vacuum Generators HB-5 scanning transmission microscope (STEM) operated at 80 kV. MPL
data were calibrated using Tobacco Mosaic Virus (TMV). We present a best fit of three Gaussian
curves to the MPL histogram.

The amyloid fibrils prepared by dissolving TTR(105-115) in a 10% v/v acetonitrile/water
solution (adjusted to pH2 with HCI) at 10 mg/ml were examined. The stock was diluted 67x in
water or 50x in 10% v/v acetonitrile/water. 4 pl aliquots were then adsorbed for 1 min to glow-
discharged thin carbon films supported on holey carbon films on 200-mesh gold-plated copper
grids. The grids were blotted, washed on 6 or 10 drops of quartz double-distilled water,
respectively, and plunge-frozen in liquid nitrogen. They were freeze-dried in two separate runs at
-80 °C and 5 x 10~® Torr overnight in the microscope. Tobacco mosaic virus (kindly supplied by
Dr. R. Diaz-Avalos, Institute of Molecular Biophysics, Florida State University) adsorbed to a
separate grid, washed with 100mM ammonium acetate and air-dried, served as mass standard.



Images (512x512 pixel) were recorded using a Vacuum Generators HB-5 STEM interfaced to a
modular computer system (Tietz Video and Image Processing Systems GmbH, D-8035 Gauting,
Germany) at 80 kV and a nominal magnification of 200,000x. The average imaging dose was
360 + 45 e/nm”. Repeated low-dose scans were also recorded from some grid regions to assess
beam-induced mass loss. The IMPSYS (24) and MASDET (25) program packages were used for
evaluation. In short, fibril segments were selected in square boxes and tracked. The total
scattering within an integration box following their length was then calculated, and the scattering
contribution of the supporting carbon film was subtracted. Division by the segment length gave
the MPL. MPL values were corrected for beam-induced mass loss, scaled to the MPL of tobacco
mosaic virus, binned, displayed in a histogram, and described by Gaussian curves.

The number of TTR(105-115) peptides per 4.67 A cross-section was calculated as (MPL x 4.67)
/ MW where MPL is the fitted mass-per-length (kDa/A) and MW is the molecular weight of the
TTR(105-115) peptide (1.2 kDa).

Calculation of simulated X-ray diffraction pattern:

The simulated X-ray diffraction pattern was generated from the fitted atomic coordinates using
the “Fibre Diffraction Simulation” module of the Clearer program (26). Fibre disorder was set to
0.5 rad to closely match the degree of arc of the 4.67 A meridional reflection. Default values
were used for all other parameters. Comparison between the simulated and experimental
diffraction patterns revealed that the positions of the 16 reflections are practically identical. It is
important to note that the 4.67 + 0.1 A meridional reflection is the average separation of -
strands within a single sheet and that the 8.86 + 0.3 A equatorial reflection is the average
separation of adjacent P-sheets within individual protofilaments. In the NMR-derived
protofilament and NMR/cryo EM-derived fibril structures, the average Ca-Ca separation of two
adjacent B-strands within the same sheet is 4.67 + 0.08 A and the average Ca-Ca separation of
two adjacent B-sheets within individual protofilaments is 8.71 + 1.92 A. Thus, all structures are
fully consistent with the X-ray fibre diffraction data.

Atomic force microscopy (AFM) imaging:

Solutions of fibrils were diluted by a factor of 10-500 in water at pH 2.0, and 20 pl aliquots were
then deposited on to a cleaved mica surface. The surface was left to dry in air for 60 min while
being shielded from dust particles. Topographic data were then acquired using a Pico Plus
atomic force microscope (Molecular Imaging, Tempe, Arizona, U.S.A.) in tapping mode with
Micromasch NCS36 ultrasharp silicon cantilevers. Over 500 height measurements on individual
protofilaments resulted in a normal distribution with a statistical average of 38.7+4.4 A.

Calculation of simulated AFM height profile of filament:

An AFM simulation program (27) was used to calculate the height profile of single filament of
the doublet fibril. A tip radius of 100 A was used in the convolution of the simulated AFM tip
with the (.pdb) filament structure.

Molecular dynamics simulations of water bilayer:

Molecular dynamics (MD) simulations were performed with the GROMACS (28) package by
using the all-atom Amber99SB force field (29) in combination with the TIP4P-ew explicit water
model (30). The simulations were carried out in the NPT ensemble with periodic boundary



conditions at a constant temperature of 300 K. A rectangular box was used to accommodate
sections of the TTR(105-115) fibril and a large number of water molecules. We analyzed the MD
samplings to compute solvent density maps whose maxima represent the MD hydration sites

(31).
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Supporting Figures

Figure S1. Images of mature TTR(105-115) fibrils taken using (A) cryo-EM at 15000x
magnification (scale bar 200 nm) and (B) AFM imaging on a 2mg/ml sample (scale bar 50 nm).



Figure S2. Structure of the TTR(105-115) protofilament with intramolecular (27), intra-sheet
(Table S1) and inter-sheet (Table S2) NMR distance restraints (black dashed lines)
superimposed. (A) Short section of the protofilament viewed at right angles to the long axis of
the fibril. (B) View of the protofilament looking down the long axis of the fibril.
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Figure S3. °"N-"C spectrum obtained with TEDOR mixing (Tmix = 10.24 ms) with a U-"C,"° N
YTIAALLSPYS labeled TTR(105-115) fibril sample. Inter-sheet correlations are labeled in red.
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Figure S4. °C-"°C correlation spectrum obtained at 900 MHz, ®,/2n=11.0 kHz and 200 ms
PDSD mixing with a U-"C,”’N YTIAALLSPYS labeled TTR(105-115) fibril sample. The
observed inter-sheet correlations are labeled in red.
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Figure S5. Spectra illustrating that for some residues multiple peaks are observed. (A) One-bond
NCA correlation spectrum of a TTR(105-115) sample, uniformly "C,°N labeled at
YTIAALLSPYS. Only the region corresponding to the N-terminal Y105N-Ca crosspeaks is
shown. Two different conformations of the N-terminal residue are observed, with >N chemical
shifts of 39.8 and 38.3 ppm. The spectrum was recorded with TEDOR mixing (tmix = 1.8 ms) on
a spectrometer operating at 750 MHz 'H Larmor frequency. (B) Sections from a PDSD spectrum
obtained at 900 MHz 'H Larmor frequency with T, = 100 ms with the same sample. S112 and
1107 display peak multiplicity. Peak multiplicities were reproducibly observed in independent
sample preparations.




Figure S6. Ensemble of the 20 lowest-energy protofilament structures. For clarity, only a single
layer of the protofilament is shown.
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Figure S7. Protofilament-protofilament interface viewed looking down the long axis of the fibril
showing the head-to-tail packing arrangement. A cross-section of the electrostatic potential
surface of the protofilament-protofilament complex is shown ranging from +5 kT/e (blue) to -5
kT/e (red) with white representing uncharged regions of the constituent peptides. For clarity, an
overlaid ribbon and stick representation makes individual sidechains more identifiable.



Figure S8. Cross sections of the (A) doublet, (B) triplet and (C) quadruplet fibril structures with
intramolecular (27), intra-sheet (Table S1), inter-sheet (Table S2), interprotofilament (distance
between S115-°CO,--"NH;"-Y105 is 3.57+0.06 A) NMR distance restraints (black dashed
lines) and cryo-EM envelopes (orange, yellow and purple contours at 1.00 above the mean
density for doublet, triplet and quadruplet fibrils respectively) superimposed.
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Figure S9. Fourier shell correlation (FSC) of the TTR(105-115) fibril three-dimensional
reconstructions. The black dotted lines correspond to the FSC = 0.5 positions and the gray dotted

lines show FSC = 0.3 positions. Doublet, 11.9 A (FSC, 0.5), 11.4 A (FSC, 0.3); Triplet, 12.3 A

(FSC, 0.5), 11.4 A (FSC, 0.3); Quadruplet, 11.4 A (FSC, 0.5), 9.9 A (FSC, 0.3).
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Figure S10. Ensemble of the 20 lowest-energy (A) doublet, (B) triplet and (C) quadruplet fibril
structures. For clarity, only a single layer of each of the fibril polymorphs is shown.



Figure S11. Water solvation maps of the (A) doublet, (B) triplet and (C) quadruplet fibril with
oxygen, carbon, nitrogen and hydrogen atoms shown as red, cyan, blue and white sticks
respectively with a cross section through the molecular surface coloured yellow. The maps show
that on average there is a water bilayer (water density shown in red) in the elongated cavity
separating the protofilaments. The simulated maps also demonstrate that no H,O molecules
penetrate into the dry two-sheet protofilaments.
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Figure S12. Simulated AFM surface from the convolution of an artificial 100 A AFM tip with
the coordinates of the TTR(105-115) filament structure. (A) View from above looking down on
to the surface traced out by a simulated AFM tip. (B) Cross-sectional view of the simulated AFM
profile of the filament showing its near-uniform height dimensions (38 A x 43 A). The simulated
height profile of a filament matches perfectly with the constant experimental height of 38.7 + 4.4
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Figure S13. Atomic resolution structures of amyloid fibrils formed by TTR(105-115). MAS
NMR atomic structures fitted into cryo-EM reconstructions of the (A) double, (B) triplet and (C)
quadruplet fibrils. The outer fibril surfaces are shown as semi-transparent solid surfaces (white

and coloured surfaces at 1.00 and 2.20 above the mean density respectively) and the constituent
B-sheets are shown in a ribbon representation.



Figure S14. Close-up view of the MAS NMR atomic-resolution structure of the doublet fibril
fitted into the cryo-EM reconstruction. The background image of the fibril in the left panel was
taken with a transmission electron microscope (scale bar, 12.5 nm). The fibril surfaces in the
right panel are shown at 1.0c (white) and 2.2¢ (yellow) above the mean density, respectively,
and the constituent -sheets are shown in a ribbon representation; oxygen, carbon, and nitrogen
atoms are shown as red, gray, and blue sticks, respectively.
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Figure S15. Close-up view of the MAS NMR atomic-resolution structure of the quadruplet fibril
fitted into the cryo-EM reconstruction. The background image of the fibril in the left panel was
taken with a transmission electron microscope (scale bar, 25 nm). The fibril surfaces in the right
panel are shown at 1.0c (white) and 2.26 (yellow) above the mean density, respectively, and the
constituent B-sheets are shown in a ribbon representation; oxygen, carbon, and nitrogen atoms
are shown as red, gray, and blue sticks, respectively.



Supporting Tables

Table S1. Intra-sheet NMR restraints.

Residue-Atom Residue-Atom Distance (A) Method
1107-CO 1107-CO 4.51+/-0.13 DQF-DRAWS
A108-CO A108-CO 4.59 +/-0.15 DQF-DRAWS
A109-CO A109-CO 4.47 +/-0.09 DQF-DRAWS
L110-CO L110-CO 441 +/-0.22 DQF-DRAWS
L111-CO L111-CO 4.52 +/-0.10 DQF-DRAWS
S112-CO S112-CO 4.48 +/- 0.05 DQF-DRAWS
P113-CO P113-CO 4.52 +/-0.08 DQF-DRAWS
S115-CO S115-CO 4.29 +/-0.05 DQF-DRAWS
A109-N A108-CO 4.40 +/- 0.20 REDOR

Table S2. Inter-sheet NMR restraints.

Residue-Atom Residue-Atom Distance (A) Method
1107-Co1 S112-N 5.84/-0.5 TEDOR
A108-Cp S112-N 54+/-0.5 TEDOR
A108-Cp P113-N 6.0 +/- 0.4 TEDOR

A109-N L111-Cé1 4.4 +/-0.5 TEDOR
A109-N L111-C52 4.6 +/-0.5 TEDOR
A108-CO L111-Cé1 48+/-0.5 R2TR
A108-CO L111-Cd2 48 +/-0.5 R2TR
T106-Ca P113-Cp 2.5-6.5 PDSD
[107-Ca. P113-Ca 2.5-6.5 PDSD
1107-Ca P113-Cp 2.5-6.5 PDSD
1107-Cp P113-CB 2.5-4.5 PDSD
1107-CB P113- Co 2.5-8.5 PDSD
1107- Cd1 S112-Ca 2.5-4.5 PDSD
1107- Co1 S112-CB 2.5-4.5 PDSD
1107- Co1 P113-Cp 2.5-8.5 PDSD
1107-Cy2 S112-Ca 2.5-6.5 PDSD
1107-Cy2 S112-CB 2.5-6.5 PDSD
1107-Cy2 P113-Ca 2.5-8.5 PDSD
1107-Cy2 P113-CB 2.5-8.5 PDSD
A108-Cp S112-Ca 2.5-6.5 PDSD
A108-Cp P113-Ca 2.5-4.5 PDSD
A108-CB P113-CB 2.5-4.5 PDSD
A108-CB P113-Cy 2.5-4.5 PDSD




Table S3. Experimental restraints and structural statistics for ensembles of the twenty lowest-
energy protofilament, doublet, triplet and quadruplet structures.

Protofilament Doublet Triplet Quadruplet
Number of experimental restraints (per peptide):
Unambiguous 67 68* 69* 69*
Dihedral restraints 41 41 41 41
Total experimental 108 109 110 110
restraints
Distance restraint 0 0 0 0
violations > 0.3 A
Dihedral angle 0 0 0 0
violations > 5°
RMS deviations:
From the experimental restraints:
Distance restraints (A) 3.7x 107 3.6x 107 3.6x 107 3.7x 107
+9.7x 10" +7.1x 10" +3.0x 10" +6.0x 10"
Dihedral angles (°) 0.54 +0.07 0.56 +£0.12 0.81+0.14 0.73 £0.15
From idealised geometry:
Bonds (A) 1.4x 107 1.5x 107 1.6x 107 1.6x 107
+7.5x 107 +9.2x 107 +1.2x 107 +1.0x 10"
Angles (°) 0.31+£0.01 0.33 £0.01 0.32 £0.01 0.33 +£0.01
Improper angles (°) 0.16 £0.02 0.21£0.01 0.23 +0.003 0.23 +£0.01
Coordinate RMSD**:
Backbone (A) 0.43 0.44 0.60 0.59
All heavy atom (A) 0.68 0.59 0.72 0.73
Ramachandran Analysis:
Residues in most 87.5% 87.5% 87.5% 87.5%
favoured regions
Residues in additionally 12.5% 12.5% 12.5% 12.5%
allowed regions
Residues in generously 0% 0% 0% 0%
allowed regions
Residues in disallowed 0% 0% 0% 0%

regions



* There is one (two) additional restraint per peptide for the doublet (triplet and quadruplet)
structure calculation owing to the inclusion of the inter-protofilament distance restraint (the
distance between S115-CO,--""NH;"-Y 105 in adjacent protofilaments is 3.57+0.06 A).

** The rms deviation of the backbone and heavy atoms for the full-length (Y105-S115) peptide
in the ensemble of twenty lowest-energy structures. All structures (protofilament, doublet, triplet
and quadruplet) are composed of B-sheets containing 8 B-strands.

Table S4. Cryo-EM image processing statistics.

Doublet Triplet Quadruplet
Number of class averages used for reconstruction 18 28 31
Images per class 4 5 5
Number of fibrils 82 152 175
Pixel size, A 1.8 1.8 1.8
Segment size, A 216 x 216 216 x 216 216 x 216
Segment step size, A 36 36 36
Number of segments 702 1092 1209
Width in peptide chain direction, A 84 121 154
Wet interface, A (at 16 threshold) 12.2+1.2 10.7+0.8 14.1+0.9
Subunit repeat, A 4.67 4.67 4.67
Average crossover, A 995 911 948
Inter-strand twist, °© 0.85 0.93 0.89
Map resolution at FSC 0.5/0.3, A 12.7/11.8 12.2/11.3 11.6/9.7

Supporting Equation

Handedness of the fibrils:

The twist of the fibrils is a result of the left-handed chirality of the amino acids, which causes a
right-handed twist along the peptide backbone, inducing a left-handed twist in the direction
orthogonal to the peptide chain (the long axis of the fibril).

The twist angle, 6, between successive -strands in the direction of the long axis of the NMR-
derived protofilament structure was calculated as

cos™ (4 i)

m n

~(n-m)

where 7 is the unit vector from the Ca atom of residue 1 to the Ca atom of residue 11 and m

and n are the first and last chains considered respectively. Using the (x,y,z) coordinates of the Ca
atoms at the termini of the peptides, the inter-strand twist within the fibril sample was calculated
to be ~1° in the left-handed direction.
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Movie S1. Shown is a rotating view of the two-sheet atomic-resolution protofilament structure formed by TTR(105-115). The protofilament is viewed at right
angles to the long axis of the fibril with oxygen, carbon, and nitrogen shown as red, white, and blue sticks, respectively. Secondary structure is shown in a cyan
ribbon representation and hydrogen bonds as yellow dashes. By following the rotating structure, the parallel, hydrogen-bonded intrasheet packing of
B-strands and the antiparallel, staggered stacking of the two p-sheets are clearly evident.

Movie S1
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Movie S2. Shown is a rotating view of the atomic-resolution doublet fibril structure formed by TTR(105-115). The fibril is viewed at right angles to the long
axis of the fibril, with the outer fibril surface shown as semitransparent solid surfaces (white and orange electron density surfaces at 1.0c and 2.2¢ above the
mean density, respectively), and the constituent p-sheets are shown in a ribbon representation. By following the rotating structure, the twisted fibril ultra-

structure and the four-protofilament substructure can be seen. The cavity corresponding to the wet interface between paired p-sheets is clearly visible as
a hollow seam running up the outside of the left-handed helical fibrils.

Movie S2
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Movie S3. Shown is a rotating view of the atomic-resolution triplet fibril structure formed by TTR(105-115). The fibril is viewed at right angles to the long axis
of the fibril, with the outer fibril surface shown as semitransparent solid surfaces (white and yellow electron density surfaces at 1.0c and 2.2 above the mean
density, respectively) and the constituent p-sheets are shown in a ribbon representation. By following the rotating structure, the twisted fibril ultrastructure
and the six-protofilament substructure can be seen. The cavity corresponding to the wet interface between paired p-sheets is clearly visible as a hollow seam
running up the outside of the left-handed helical fibrils.

Movie S3

Fitzpatrick et al. www.pnas.org/cgi/content/short/1219476110

30f5


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219476110/-/DCSupplemental/sm03.mov
www.pnas.org/cgi/content/short/1219476110

PNAS

, = = = 2

TINYVY

Movie S4. Shown is a rotating view of the atomic-resolution quadruplet fibril structure formed by TTR(105-115). The fibril is viewed at right angles to the
long axis of the fibril, with the outer fibril surface shown as semitransparent solid surfaces (white and purple electron density surfaces at 1.0 and 2.2¢ above
the mean density, respectively), and the constituent p-sheets are shown in a ribbon representation. By following the rotating structure, the twisted fibril
ultrastructure and the eight-protofilament substructure can be seen. The cavity corresponding to the wet interface between paired -sheets is clearly visible as
a hollow seam running up the outside of the left-handed helical fibrils.

Movie S4
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