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Amyloid fibrils are proteinaceous aggregates associated with diseases
in humans and animals. The fibrils are defined by intermolecular
interactions between the fibril-forming polypeptide chains, but it has
so far remained difficult to reveal the assembly of the peptide subunits
in a full-scale fibril. Using electron cryomicroscopy (cryo-EM), we
present a reconstruction of a fibril formed from the pathogenic
core of an amyloidogenic immunoglobulin (Ig) light chain. The
fibril density shows a lattice-like assembly of face-to-face packed
peptide dimers that corresponds to the structure of steric zippers
in peptide crystals. Interpretation of the density map with a molec-
ular model enabled us to identify the intermolecular interactions
between the peptides and rationalize the hierarchical structure of
the fibril based on simple chemical principles.
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myloid fibrils are best known for their association with dis-
eases, including Alzheimer’s, Parkinson’s, and the various
forms of systemic amyloidosis (1). However, amyloid fibrils can
also be functional in vivo (1), and there is increasing interest in
the potential of the filaments as the basis of new biomaterials
and nanotechnological devices (2). The common structural motif
of all these fibrils is an intermolecular stack of f-strands, termed
the fibril cross-p conformation (3). Previous analyses with NMR,
electron cryomicroscopy (cryo-EM), and other techniques have
provided information on the assembly of the polypeptide chains in
the fibril and illuminated the residue-specific conformation (4-6)
and overall properties of these fibrils, such as their handedness,
polarity, and symmetry (7-13). By contrast, it has remained dif-
ficult to determine the orientation and assembly of the poly-
peptide chains relative to one another and the intermolecular
interactions between the molecules within a full-scale fibril.
Valuable insights into the interactions in cross-p-sheets have
previously come from the study of steric zippers in peptide mi-
crocrystals. Steric zippers represent pairs of self-complementary
B-sheets that are formed by very short peptides (14, 15). Although
zippers were suggested to constitute the structural spines of am-
yloid fibrils formed from usually much longer polypeptide chains
(16, 17), their role for fibril formation remains controversial. For
example, solid-state NMR data suggest that the peptide confor-
mations in fibrils and microcrystals differ even when formed from
the same peptide (18). Ultrasound measurements revealed the
presence of packing defects and of cavities within fibril struc-
tures (19), whereas steric zippers typically show a very dense
packing (14, 15). Previously described fibril and steric zipper
structures also differed in their p-sheet architecture. Micro-
crystals usually comprised untwisted B-sheets (14, 15), whereas
p-sheets were characteristically twisted in fibrils (7-11, 20-22).
Finally, even in those cases where a zipper was implicated in the
structure of a fibril, it included only a relatively small portion of
the fibril cross-p structure (16, 17). Hence, steric zippers explained
only a minor fraction of the interactions stabilizing these fibrils.
In this study, we took advantage of recently improved cryo-EM
methodologies (23) and identified the peptide assembly of a fibril
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formed from a peptide fragment of a human pathogenic AL pro-
tein. AL proteins are full-length or fragmented Ig light chains (LCs)
that constitute the fibrils giving rise to AL amyloidosis (24). The
heart is a frequent site of fibril deposition, and pathology depends,
at least partly, on severe distortions and a compromised function-
ality of the organ affected by large fibril deposits. We find that the
analyzed fibril consists of a lattice-like assembly of peptide dimers
that reproduces the structure of steric zippers in peptide micro-
crystals. Therefore, our data support the hypothesis that steric
zipper structures can underlie the formation of a full-scale fibril.

Results

Identification of the Amyloid Core Structure of Pathogenic LCs. A
fibril-forming A-LC protein (25) was analyzed with five different
algorithms to identify its amyloidogenic core (Fig. 1A4). Synthetic
peptides from two segments were obtained that were predicted to
be particularly amyloidogenic and further corresponded to p-strand
conformation in the globular LC protein (Fig. 1 A and B). We
termed these segments AL1 and AL2. The two segments comprise
aromatic residues to aid in experimental detection and cover dif-
ferent degrees of sequential conservation. AL1 corresponds to
the complementarity-determining regions (CDRs), which reflect
the variability of AL proteins, whereas AL2 originates from a
conserved segment of the constant domain. We experimentally
confirmed their high propensity to form fibrils as incubation led
to large quantities of fibrils as shown by EM (Fig. 1 C and D).

Significance

Previous studies suggested that the interactions within amyloid
fibrils correspond to those seen in peptide microcrystals consist-
ing of steric zippers. Using electron cryomicroscopy, we can now
provide further evidence for this hypothesis in a fibril structure
that consists of peptide dimers forming steric zippers. These
zippers are arranged in a periodic fibrillar lattice, similar to the
periodic structure of a crystal. The fibril structure can be ratio-
nalized as a hierarchical assembly that is based on simple
chemical principles. Identifying the chemical principles that
drive fibril formation may deepen our understanding of hu-
man diseases linked to these fibrils and of functional amyloids
underlying vital biological functions. Furthermore, it may en-
able novel biotechnological applications and the design of new
fibril-based nanomaterials.
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Fig. 1. Identification of the amyloid core of a human pathogenic AL protein. (A) Residue-specific prediction of amyloid core within an AL protein (25) by five
different algorithms as indicated in the panel. Red, AL1; brown, AL2. The assignment of secondary structural elements is based on the homologous A-LC from B.
Blue, p-strand; yellow, a-helix. (B) Ribbon diagram of a homologous A-LC crystal structure (Protein Data Bank entry 4BJL) (26). A and B use the same color coding.
(C and D) Negative stain TEM images of fibrils from peptides AL1 (C) and AL2 (D).

Cryo-EM Reveals Fibrils with a Lattice Consisting of Rhombic Building
Blocks. AL1 peptide fibrils exhibited classical amyloid character-
istics, such as Congo red (CR) green birefringence and X-ray
diffraction (XRD) reflections at about 4.7 A and 10 A (Fig. S2).
Unidirectional platinum shadowing demonstrated their left-
handed helical architecture (Fig. S3). Using cryo-EM, we identi-
fied one fibril morphology suitable for further image processing
(Fig, 24). We obtained a reconstruction at a spatial resolution of

Both peptides adopted multiple fibril morphologies, but ALl
peptide fibrils were particularly long and straight, and associated
with a more regular crossover structure. These features made
AL peptide fibrils suitable for cryo-EM and 3D reconstruction,
and all further experiments were performed with this peptide
sample. The AL1 peptide segment also encompasses one of the
major sites determining the amyloidogenicity of A AL proteins,

as revealed by a comparison of the amyloid score of AL protein
variable LC (VL) domains from Al, A2, A3, and A6 LCs, the major
A-subtypes causing AL amyloidosis (Fig. S1).

9.8 A (Table S1) that was compatible with a twofold helical sym-
metry and a polar fibril topology (Fig. 2 B and C). Projections of
the reconstruction match the raw cryo-EM images obtained from

A B

; % h=2.39 nm
c=0.47 nm
> y=67°

Fig. 2. Cryo-EM images and structural reconstructions. (4) Cryo-EM image, (B) side view, and (C) cross-section of the reconstructed fibril. Spacings d; and d, refer to
the packing distances within the dimer and between adjacent dimers, respectively. (D) Schematic representation of the basic building block of the fibril. The fibril
cross-section (C) contains six of these building blocks. (E) Cross-sectional view of a family of six structural models of the peptide dimer superimposed with the
averaged density of the six building blocks of the fibril. (F) Side view of a stack of four hydrogen-bonded peptide dimers. The side chain conformations shown in the
model are not determined by the density and only represent possible conformations that are compatible with the packing shown here.
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these fibrils (see Analysis of the Peptide Assembly in the Fibril).
Through a cross-correlation analysis (see SI Materials and Methods),
we found the fibril to be constructed from equally spaced building
blocks (a = 4.35 nm, b = 2.39 nm, and y = 67°) that, taken together
with a cross-g spacing of ¢ = 4.69 + 0.05 A observed by XRD (Fig.
S2), outline a rhombic building block as the basic structural element
of the analyzed fibrils (Fig. 2 D and E).

Each Building Block Contains a Face-to-Face Packed Peptide Dimer.
Each building block comprises two elongated density regions that
correspond to the size of two 12-residue peptide molecules in
pB-strand conformation suggesting a total of six peptide dimers per
cross-p repeat for this fibril morphology (Fig. 2 C and E). The
distribution of large-sized and small-sized amino acid residues
in the AL1 peptide (sequence IGSNVVTWYQQL) matches the
observed density distribution of the two elongated regions and
defines the N-to-C orientation of the peptides in cross-section. The
two density regions are related by quasi-twofold symmetry, in-
dicating a face-to-face packing of the peptide dimer (Fig. 2E). The
peptides are 11.4 + 0.7 A apart in the dimer and 10.8 + 0.8 A apart
between neighboring dimers (Fig. 2C). These values roughly cor-
relate with the XRD pattern of AL1 peptide fibrils showing a broad
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side chain reflection at 10-11 A (Fig. S2). The resulting assembly of
the two peptides is such that the backbone hydrogen bond donor
and acceptor groups point in the direction of the fibril axis, and the
side chains face the adjacent peptides (Fig. 2F). Stacking multiple
dimers in the direction of the main fibril axis results in a proto-
filament that consists of a pair of two self-complementary, parallel
cross-B-sheets (Fig. 2F). The fibril contains six protofilaments (Fig. 3
A and B), which is consistent with scanning transmission electron
microscopy (TEM) and mass-per-length measurements, yielding a
histogram with a peak close to 12 peptide molecules per cross-p
repeat (Fig. S4).

Analysis of the Peptide Assembly in the Fibril. To analyze the as-
sembly of the peptides in the fibril in more detail, we generated a
series of atomic models that sampled systematically altered
arrangements of two peptides within the dimer but retained
the overall peptide orientation as described in Each Building Block
Contains a Face-to-Face Packed Peptide Dimer. We specifically tested
alternative peptide registers and staggered and nonstaggered f-sheet
assemblies, as well as peptide orientations that were flipped by 180°
(Fig. S5). We then evaluated the consistency of these models with
the observed p-sheet packing distance (Table S2), the XRD pattern
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Fig. 3. Peptide packing into a hierarchically structured fibril. (A) Side view of a stack of 200 peptide layers (green, magenta) and (B) cross-section superimposed
with the density (gray). (C) Structural hierarchy of the fibril. Extended rod-like AL1 peptide molecules pack into a cross-p-sheet via backbone hydrogen bonds and
interactions between nonionic side chains. Two cross-p-sheets form a face-to-face packed dimer (protofilament). Six of these protofilaments packed together form
the fibril described in this study. (D) Packing of the peptides within the protofilament cross-section. (E) Side-by-side packing of two protofilaments along axis b.
(F) Head-to-tail packing of two protofilaments along axis a. The side chain conformations shown in the model are not determined by the density and only
represent possible conformations that are compatible with the packing shown here.
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(Fig. S5), and basic chemical principles, such as the burial of hy-
drophobic amino acid residues (Table S2).

We found that the best fit of our data was obtained with an
arrangement that places the even-numbered residues (Asn4, Valo,
Trp8, GInl0, Leul2) at the peptide intradimer interface while the
odd-numbered residues (Ile1, Ser3, ValS, Thr7, Tyr9, Glnll) are at
the interdimer interface (Table S2, dimer A). Using the average van
der Waals (v.d-W.) volumes of the residues at the interaction sur-
face (120.4 A® within the dimer and 108.3 A® between the dimers)
and a previously described empirical correlation between v.d.W.
volume and cross-B-sheet packing distance (27), we predicted
packing distances of 11.6 A and 10.1 A within and between the
dimers, respectively. These values agree well with the distances
between the density maxima in our map (Fig. 2C). There was also
good agreement between projections of the models, the corre-
sponding raw data, and the projections of the reconstructed ALl
peptide fibrils (Fig. S6). In addition, we noted that the average
hydrophobicity of the amino acids forming the intradimer interface
(—1.26 kcal/mol), as well as the interdimer interface if packed along
axis b (—0.92 kcal/mol), is greatest in this model (Table S2).

None of the alternatively tested models was able to satisfy all of
the identified constraints: They did not fit well with the packing
distances indicated by the density maxima within the building block
(Fig. 2C and Table S2), altered the complementarity of polar and
hydrophobic residues of adjacent peptides (Fig. S5, dimers B and C),
and/or produced a split of the meridional reflection of the power
spectrum that was not seen in the XRD pattern (Fig. S5). Therefore,
we conclude that the model featuring an unstaggered cross-B-sheet
and a peptide dimer with an interface of odd-numbered residues
provides the best explanation for our structural data (Fig. 34 and B).

Assembly Principles of the AL1 Peptide Fibril. Using that model, it is
possible to explain the structural hierarchy of the fibril based on
simple chemical principles (Fig. 3C). In the following, we divide
this structural hierarchy into four levels.

i) At the first level is the conformation of the peptide in the fibril
(Fig. 3C). AL peptide adopts a largely extended conformation
in the fibril and a p-strand conformation in the LC precursor
protein (Fig. 1B). This finding is consistent with its sequence,
which indicates a uniformly high propensity to form a cross-p
structure (Fig. 14).

ii) At the second hierarchical level is the formation of a cross-
B-sheet. The rod-like conformation of the peptide enables its
packing into relatively flat cross-p-sheets. A single sheet is sta-
bilized by intermolecular interactions that run in the direction of
the fibril axis, that is, by p-sheet hydrogen bonds of the peptide
backbone as well as contacts between the side chains of the
hydrogen-bonded molecules (Fig. 3C). These side chain—side
chain interactions are inevitably hydrophobic or polar in nature,
as ALI peptide lacks fully ionizable amino acid residues. In
addition, there may be & stacking interactions between the side
chains of Trp8.

iii) At the third level of the structural hierarchy is the arrangement
of the multiple cross-p-sheets into a protofilament. The ALL
peptide fibril protofilament consists of two cross-f-sheets that
interact by their even-numbered amino acid residues (Fig. 3D).
An interaction through the even-numbered rather than the
odd-numbered residues causes Trp8 to be buried within the
protofilament core. Furthermore, this leads to an average hy-
drophobicity of the amino acid residues forming the interaction
surface that is notably higher than in models where the two
sheets of the protofilaments interact by the odd-numbered res-
idues (Table S2). There is also a good steric and chemical fit of
the two peptides, as there are intermolecular interactions be-
tween Trp8 and Val6, and between Asn4 and GIn10 (Fig. 3D).

iv) At the fourth level of structural hierarchy is the assembly of
multiple protofilaments into a mature fibril. According to our
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data, AL1 peptide protofilaments can interact only in two
possible modes. The first mode involves side-by-side packing
of the peptide dimers within the fibril cross-section along axis b
(Fig. 3E) such that the dimers interact via their hydrophobic or
polar amino acid side chains. The second mode of interaction
corresponds to head-to-tail packing of the peptide dimers in
the cross-section along axis a (Fig. 3F) such that the contact
area between two protofilaments is formed by the complemen-
tary charges of the peptide N and C termini.

Discussion

High-resolution structural information on amyloid-like fibrils re-
mains scarce due to the difficulty of obtaining homogeneous
preparations of fibrils and a sufficient number of intramolecular
and intermolecular structural constraints that could enable struc-
ture determination by solid-state NMR, and because fibrils have
not been crystallized for crystallographic studies. The discovery of
steric zippers in microcrystals of small peptide fragments provided
a glimpse of what type of interactions may be responsible for sta-
bilizing amyloid fibrils and how the characteristic ~10-A XRD
maximum arises (14, 15). However, until recently, steric zippers
were not directly observed in fibrils, which typically form from
significantly longer peptides and exhibit a helical twist that is not
present in the microcrystals. It has therefore remained unclear how
closely crystal and fibril structures are related and, therefore, how
much can be learned about the fundamental principles of fibril
formation and properties from crystal structures.

Our cryo-EM reconstruction of a peptide fibril derived from a
human pathogenic AL protein provides a clear link between fibrils
and crystals by exhibiting structural elements typical for both. The
AL peptide fibril protofilament consists of two self-complementary
cross-p-sheets and thus shows an arrangement that effectively cor-
responds to that of a steric zipper. The presence of steric zippers
and the lattice-like arrangement of protofilaments mimics the
structure of a crystal, and the helical twist and elongated appear-
ance are typical for amyloid fibrils. The structure of this fibril can be
explained based on simple hydrophobic and ionic interactions that
result in the lattice-like arrangement of face-to-face packed dimers
(Fig. 3B). Face-to-face packed dimers are also present in other
types of amyloid-like fibrils formed by Alzheimer’s Ap (1-40) and
AP (1-42) peptide and may point to an assembly pathway that starts
with the formation of dimers (7, 9). Although steric zippers are
likely also present in AP fibrils (17), they describe only the in-
teraction between small segments of the Af peptide, making a full
description of principles of fibril formation more difficult. In the
case of the AL1 peptide fibril we imaged here, the steric zipper
extends along most of the peptide dimer interface, making it the
predominant structural feature. With 12 amino acids in the pep-
tide, this zipper is the longest observed to date.

Our data further establish the peptide dimer motif as one of the
major themes of structuring amyloids (Fig. S7). This motif was
previously seen by X-ray crystallography in microcrystals encom-
passing steric zipper structures, and by cryo-EM in the fibrils
formed from AL1, AP (1-40), and AP (1-42) peptides (7, 9). Fur-
thermore, there is solid-state NMR evidence for peptide dimers in
fibrils formed from a transthyretin-derived peptide fragment (11),
an N-terminally extended variant of Af (1-40) (28), and from an
A peptide variant carrying the Osaka mutation (29). The peptide
dimer motif was also found in several structural models of longer
polypeptide chains, such as ribonuclease A (16, 17, 30). Most of
these studies report the dimer interface to be arranged face to face,
similar to the arrangement found in the present study (Fig. 2F),
and, indeed, a face-to-face assembly can explain the dimeric fibril
substructure better than a face-to-back arrangement, which would
not necessarily be confined to dimers and could be readily ex-
tended into trimers, tetramers, etc. The peptide dimer is one of
several possible structural themes in the assembly of amyloids that
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also include p-arch—derived conformations, such as p-solenoid he-
lices or p-meander structures (Fig. S7).

Although peptide conformation and packing may differ from
those observed here, the AL1 peptide segment is likely also at the
cross-p core of tissue-deposited AL amyloid fibrils because se-
quence comparisons imply that it represents one of the major
amyloidogenic sites with AL protein Vi domains from Al, A2, A3,
and A6 LCs (Fig. S1). The AL1 peptide segment lacks fully ioniz-
able side chains. Hence, the way of packing into protofilaments
may be different for AL proteins containing ionizable side
chains in the AL1 peptide region compared to the one described
here (Fig. 3C). The AL1 peptide segment corresponds mainly to
strand C of the native f-sandwich structure (Fig. 14) and, together
with strand C’, forms a B-hairpin that can potentially flip out of the
folded protein domain to form amyloid under oxidative con-
ditions. Analysis of the structure of acid-unfolded V| domains by
NMR spectroscopy further revealed the AL1 peptide segment to be
largely unfolded in the Vi, domain of Wil AL protein under oxi-
dative conditions and to be significantly structured within two
control Vi domains that originated from LCs not associated with
AL amyloidosis (31). It is also interesting to note that the Vi Ig
domain is topologically related to the p-sandwich structure of p2-
microglobulin, another protein that can give rise to amyloid inside
the body and that was analyzed with cryo-EM (13). However, the
pattern of amyloidogenic sites is different in f2-microglobulin and
may not substantially depend on the strand, which is topologically
homologous to strand C within Vi, domains (15) studied here.

Knowledge of the peptide—peptide interactions in amyloid fibrils
is not only important for understanding their role and formation in
the course of debilitating human diseases. Peptide fibrils with amy-
loid properties may also have functional properties in vivo (1) or be
relevant for a broad range of possible biotechnological applications,
such as viral transfection enhancers, templated metal wires, and
peptide scaffolds for cell growth (32-35). In our present analysis of
the AL1 peptide fibrils, we are able to rationalize the observed
structure in terms of a few basic chemical interactions that may
permit the assembly of other fibril structures from designed peptides.
Understanding the principles of cross-p assemblies and the forma-
tion of protein fibril assemblies is thus of considerable importance
for understanding the biological and material properties of amyloid
structures beyond understanding the molecular basis of disease.

Materials and Methods

Transmission Cryo-EM. Three microliters of the fibril solution (14 pg/mL) were
placed onto glow-discharged C-flat (Protochips) holey carbon grid (CF 1.2/1.3-2C),
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backside blotted, and plunged into liquid ethane. Samples were examined under
an FEI Tecnai F20 electron microscope operating at 200 kV and using a magni-
fication of 66,000x. The electron dose used for imaging was ~20 e/AZ.

Image Processing. For image acquisition, we used an FEI Falcon 1 direct electron
detector with an effective pixel size of 2.11 A at the specimen level. Images were
selected for micrograph and fibril quality. Crossover distances of AL1 peptide
fibrils were limited to 56.9 + 3.8 nm. Eleven fibrils were selected using EMAN's
boxer program (36). Single-particle reconstruction of the fibril with the SPIDER
software package (37) at a pixel size of 8.44 A was initially carried out without
imposing symmetry and revealed twofold symmetry. For later reconstructions
with the Frealix software (23), twofold symmetry was imposed, and recon-
structions of 60.35 x 60.35 x 60.35 nm in size were obtained. Frealix also de-
termined the polarity of the analyzed fibrils to ensure their correct alignment
during the reconstruction. Fibrils with a crossover distance of less than 53.1 nm
and larger than 60.7 nm were excluded. Frealix segments a fibril along its path
and assigns coordinates and angles to each segment that define its alignment
within the twisted fibril. By using these angles and coordinates for the re-
construction, Frealix takes into account deviations from a perfect helical sym-
metry. These angles and coordinates were refined using restraints derived by
modeling full filaments (full-filament mode), which enforces a continuous fil-
ament geometry. Helical symmetry was imposed using a rotation of 1.46° per
repeat. The resolution of the reconstructed fibril was estimated using the 0.5
and 0.143 thresholds of the Fourier shell correlation curve (Table S1).

Peptide Modeling. The reconstructed density of fibril morphology | was sharp-
ened using the program bfactor.exe (38) using a B-factor of —500 AZ and was
low-pass filtered at 10 A resolution. A 6.33-A slice was cut out from the corrected
map. Three pairs of building blocks along axis b were masked, aligned to each
other, and averaged using the program SPIDER. Models of the peptide assuming
a uniform distribution of ®/¥ dihedral angles of —139°/135°, compatible with
B-strand conformation, were modeled and superimposed with the cross-sectional
slice using COOT (39) and Chimera (40) to fit the density.

Fibril formation and Characteristics. Prediction of the amyloid-prone regions,
the conditions of fibril formation, XRD, CR green birefringence, the calcu-
lation of the power spectra as well as negative stain, and scanning TEM
methods are described in S/ Materials and Methods.

Graphical Representation of Protein Structures. These methods are described
in SI Materials and Methods.
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S| Materials and Methods

Prediction of Amyloid-Prone Regions. Amyloid-prone regions of a A1
AL protein (25) were identified using the programs WALTZ (41),
TANGO (42), AmylPred (43), Foldamyloid (44), and Aggrescan
(45). The definition of the LC functional sequence regions
(framework region, CDR, joining region, and constant region) was
based on the Kabat IgBLAST (www.ncbi.nlm.nih.gov/igblast/) and
IMGT databases (www.imgt.org/).

Conditions of Fibril Formation. Peptides AL1 (IGSNVVTWYQQL)
and AL2 (KATLVCLISDFY) were chemically synthesized at
IZKF Leipzig, Core Unit Peptid-Technologien. Fibrils were
formed by incubation of the peptides at a concentration of 5 mg/mL
in 50 mM Tris pH 8.0 (AL1) and 10% (vol/vol) acetic acid pH 2.0
(AL2) for a minimum of 3 d at room temperature.

CR Green Birefringence. To demonstrate amyloid fibril characteris-
tics, we used a modified protocol based on the original method
described by Puchtler et al. (46). Three stock solutions were pre-
pared, termed S1 [1% (wt/vol) NaCl in 80% (vol/vol) ethanol], S2
(0.2 g of CR in 100 mL of S1), and S3 [1% (wt/vol) NaOH pellet in
water]. From these stock solutions, we derived two working solu-
tions, which were used within 20 min after preparation. Working
solution W1 was prepared by mixing 99 mL of stock solution S1
with 1 mL of stock solution S3. Working solution W2 was made by
addition of 1 mL of S3 to 99 mL of S2. Fibrils were pelleted by
centrifugation at 13,200 rpm for 30 min at 4 °C in 1.5-mL
Eppendorf tubes using an Eppendorf Centrifuge 5418. After dis-
carding the supernatant, 500 pL of working solution W1 were
carefully added to the tube, avoiding a resuspension of the pellet.
After incubation for 20 min at room temperature, the solution was
carefully removed, and 500 pL from W2 solution were added. After
a further incubation step for 20 min at room temperature, W2
solution was removed, and the pellet was rinsed with pure ethanol
for 10 s. The CR-stained pellet was scraped out, layered onto a
poly-lysine—coated glass slide, and fixed by using Roti—Histokitt
solution. The specimen was analyzed with a Nikon 80i microscope,
equipped with a polarizer and a DS-2Mv digital camera.

Negative Stain TEM. Five microliters of the fibril solution were
placed onto copper grids, covered with a carbon-coated Formvar
film, and negatively stained with 2% (wt/vol) uranyl acetate using
the droplet technique. Samples were examined under a Zeiss
900 or an FEI Morgagni 286 electron microscope operated at
80kV acceleration voltage and using magnifications from 14,000x
to 30,000x.

XRD. Fibrils were sedimented by ultracentrifugation at 100,000 rpm
for 45 min at 4 °C using a Sorvall RC M12GX S100AT-204 rotor
to obtain a pellet of unaligned and hydrated fibrils. A portion of
the wet pellet was scraped out and mounted in the X-ray beam

Schmidt et al. www.pnas.org/cgi/content/short/1522282113

using a cryoloop holder. In addition, fibrils (0.5 mL of a 17 mg/mL
fibril solution) were sedimented by centrifugation at 13,000 rpm
for 1 h at 4 °C using an Eppendorf Centrifuge 5418 to remove the
supernatant and resuspend the pellet within 0.5 mL water. This
step was repeated twice to remove the buffer salt. Then 25 pL of
this solution were put on a glass plate to dry. When dried the next
25 pL were put on the same spot to dry. This was repeated for all
of the fibril solution to obtain a thin film of aligned fibrils. Finally,
the film was removed from the glass plate with a razor blade and
mounted into the X-ray beam. XRD images were collected at
room temperature in an RA Micro 007, Rigaku/MSC X-ray
generator equipped with an R-Axis IV++ detector. The distance
between sample and detector was set to 10 cm, and exposure time
was adjusted to 60 s. Images were analyzed with the program
Crystal Clear 1.3.6SP2, and the diffraction spacings were taken at
several points along the reflection arc to obtain average values.

Platinum Shadowing. A drop of fibril solution was blotted dry on a
carbon-coated grid. A layer of platinum was evaporated by electron
beam evaporation from an angle of 30° (average thickness 2 nm)
with a Baf 300 freeze-etching device (Bal-Tec). The sample was
analyzed using a Jeol 1400 transmission electron microscope.

Scanning TEM. Experiments were performed at the Brookhaven
National Laboratory. The sample preparation and conditions of
image acquisition are described elsewhere (47). Data analysis was
performed with PCMass29. For each individual image, mass per
length (MPL) measurements were calibrated with tobacco mosaic
virus, as described previously (48).

Calculation of Power Spectra. Densities of at least one crossover
length were generated from the coordinate files of the models, and
power spectra were calculated using the program SPIDER (37).
The power spectra were rotationally blurred by +10° to simulate an
imperfect fibril alignment and were filtered to a resolution of 4 A.

Cross-Correlation Analysis. An 8.44-A slice of the reconstructed
density map was used to determine repetitive structures that lead
to the lattice dimensions of the fibril cross-section. To determine
the repeat, the autocorrelation function was calculated using the
program IMAGIC (ImageScience), then high-pass filtered with a
low-frequency cutoff of 0.06 (Nyquist units) to determine the local
maxima. The distances between the maxima represent the lattice
vectors from one unit to the next and were used to calculate the
edge lengths and angles of the rhombic cross-sectional lattice.

Graphical Representation of Protein Structures. To visualize protein
and peptide structures and density maps, we used e2display.py from
the EMAN?2 software package (49), the UCSF Chimera package
(40), and the PyMOL Molecular Graphics System (50).
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Analysis of the amyloid score in the V, domains from A1, A2, A3, and A6 AL proteins as indicated in the figure. The red box indicates the AL1 peptide

segment. The amyloid score (grayscale as indicated in the figure) represents the residue-specific amyloidogenic potential. It is based on the prediction of the
amyloidgenic potential of a polypeptide chain with five different algorithms (see Fig. 1A and Materials and Methods). An amyloid score of 5 means that all five
algorithms predict this residue to be highly amyloidogenic, whereas an amyloid score of 0 means that none of the algorithms predicted amyloidgenicity. All accession
codes (second column) refer to the amyloid LC database (albase.bumc.bu.edu/aldb), except for KU681087, which refers to GenBank (www.ncbi.nIm.nih.gov/genbank/).
The V, domain topology was assigned according to IgBlast (www.ncbi.nIm.nih.gov/igblast/igblast.cgi).

Fig. S2. Amyloid-like properties of AL1 peptide fibrils. (A) Microscopic images of CR stained fibrils under bright field (Left) show green birefringence under
crossed polarizers (Right). (B) Isotropic XRD pattern of hydrated AL1 peptide fibrils. The main chain spacing occurs at 4.69 + 0.05 A, and the side chain spacing occurs

at 10.5 + 0.29 A.
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Fig. $3. Electron micrographs of AL1 peptide fibrils after platinum shadowing. All displayed peptide fibrils have left-handed twist.
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Fig. S4. MPL measurements using scanning TEM of AL1 peptide fibrils reveal a range of values. Based on the theoretical peptide mass of 1,407.5 Da and the cross-§
packing distance of 0.469 nm as obtained by XRD (Fig. S2), the centers of the MPL peaks correspond to ~12, 15, 19, and 23 peptide molecules.
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Fig. S5. Simulated power spectra of the analyzed fibril morphology assembled from the dimer models A—C, which differ in peptide registration and in the
p-strand face-forming dimer interface (A-C, Top). No staggering (Middle) and staggering (Bottom) was assumed. Note the split in a meridional reflection of the
predicted power spectrum (*) that is not seen in the experimental XRD pattern. The lower left quadrant of each power spectrum shows the XRD pattern of
the dried and aligned AL1 peptide fibrils, which is also shown in full (Top Left). The side chain conformations shown in the model are not determined by the density
and only represent conformations that are compatible with the packing shown here.

Fig. S6. Comparison of the structural models with the cryo-EM data. Side view projections of the reconstructed fibril morphology at different rotational angles.
(Top) Cryo-EM images, (Middle) 2D projections of the reconstructions, and (Bottom) projection of a density map computed for the model and filtered at 10 A.
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Fig. S7. Peptide dimer motif of microcrystalline and filamentous cross-§ structures that were reported for several amyloid systems, including microcrystals (14),
AL1 peptide (this study), transthyretin (TTR) fragment 105-115 (11), and various Ap species (7, 9, 29). The peptide dimer motif differs from arrangements based on
B-arches (5, 6, 51), although it is possible that two B-arches can pack as a dimer. The above images refer to cross-sectional views of the fibrils and crystals.

Table S1. Statistics of image processing

Feature Value
Pixel size on the specimen, A 2.1
Resolution at Fourier shell correlation = 0.5, A 9.8
Resolution at Fourier shell correlation = 0.143, A 8.3
Total length of nonoverlapping segments, nm 13,361
Number of fibrils 11
Total number of contributed subunits 28,488
Scoring function step size, nm 6.7
Size of reconstruction, nm 60.77
Crossover distance, nm 57.68
Repeat distance, nm 0.469
Fibril width, nm 8.89
Cross-sectional area, nm? 40.43
Size of the segment, nm 5.2-6.7
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Table S2. p-strand spacing calculated by v.d.W. volumes of side chains

Average
Amino acids forming the Average v.d.W. Predicted sheet-sheet hydrophobicity,
Dimer variants interaction surface volume, A3 spacing, A kcal/mol

A

Y ¢ Y -
"W N4, V6, W8, Q10, L12 120.4 11.6 -1.26
*

L12, Q10, W8, V6, N4

PNAS

Q11, Y9, T7, V5, S3, I 108.3 10.1 -0.92
11, S3, V5, T7, Y9, Q11

N4, V6, W8, Q10, L12 120.4 11.6 -1.26
L12, Q10, W8, V6, N4

Q11,Y9,7T7,V5,S3 105.2 9.7 -0.74
S3,V5,T7, Y9, Q11

S3,V5,T7, Y9, Q11 105.2 9.7 -0.74
Q11,Y9,T7,V5,S3

Q10, W8, V6, N6, G2 105.2 9.7 -0.9
G2, N4, V6, W8, Q10

Mean v.d.W. volumes of the amino acids involved in the steric zipper between the p-strands were calculated. Different peptide registers lead to different p-strand spacings
of the three morphologies (A-C) (blue, interacting side chains within the building block; green, interacting side chains between the building blocks). The
spacings were derived from an empirical correlation between the average v.d.W. volume and the cross- packing distance (27). The average hydrophobicity of
the residues forming the peptide—peptide interface was calculated from published hydrophobicity values of the single amino acids (52) and averaged. The side
chain conformations shown in the model are not determined by the density and only represent conformations that are compatible with the packing shown here.
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