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Alzheimer’s disease is a neurodegenerative disorder characterized
by the accumulation of amyloid plaques in the brain. This amyloid
primarily contains amyloid-� (A�), a 39- to 43-aa peptide derived
from the proteolytic cleavage of the endogenous amyloid precur-
sor protein. The 42-residue-length A� peptide (A�1–42), the most
abundant A� peptide found in plaques, has a much greater
propensity to self-aggregate into fibrils than the other peptides
and is believed to be more pathogenic. Synthetic human A�1–42

peptides self-aggregate into stable but poorly-ordered helical
filaments. We determined their structure to �10-Å resolution by
using cryoEM and the iterative real-space reconstruction method.
This structure reveals 2 protofilaments winding around a hollow
core. Previous hairpin-like NMR models for A�17–42 fit well in the
cryoEM density map and reveal that the juxtaposed protofilaments
are joined via the N terminus of the peptide from 1 protofilament
connecting to the loop region of the peptide in the opposite
protofilament. This model of mature A�1–42 fibrils is markedly
different from previous cryoEM models of A�1–40 fibrils. In our
model, the C terminus of A� forms the inside wall of the hollow
core, which is supported by partial proteolysis analysis.

Alzheimer’s disease � iterative real-space reconstruction �
protein misfolding � neurodegenerative disease � amyloid plaques

The deposition and accumulation of amyloid is a characteristic
pathology for �20 different human diseases. These diseases

develop with the misfolding and aggregation of normally-soluble
peptides resulting in self-aggregation and accumulation of large
insoluble fibrils. One of the most common forms of dementia,
Alzheimer’s disease, shows typical deposition of amyloid in the
form of plaques in the extracellular spaces of the brain. The
principal component of these plaques is the A� peptide, a 39- to
43-aa cleavage product of the amyloid precursor protein. The
most abundant A� peptide found in plaques is the 42-residue
A�1–42, which has a remarkable propensity to self-aggregate at
high concentrations. Indeed, compared with A�1–40, A�1–42
demonstrates much more rapid fibril formation in vitro (1–3). In
addition, recent studies in animal models demonstrate that
A�1–42 is exclusively required for the formation of plaques. In
these mice, overexpression of A�1–42 alone resulted in the
development of plaque pathology, whereas A�1–40 overexpres-
sion did not (4). Therefore, studying differences between A�1–40
and A�1–42 and their aggregation products may be important in
understanding pathological processes involved in fibril and
plaque formation.

Because of their highly insoluble but noncrystalline nature,
structural determination of amyloid fibrils is refractory to tra-
ditional methods such as X-ray crystallography and solution
NMR spectroscopy. Early X-ray fiber diffraction experiments
revealed a generic cross-� structure for nearly all amyloid fibrils,
in which in-register �-strands run approximately perpendicular
to the fibril axis and the �-sheets are parallel with the axis (5, 6).
Recently, solid-state NMR (ss-NMR) spectroscopy has been

used extensively to probe the atomic structures of A�1–40 and
A�1–42 peptides in the fibrillar state (7–11), suggesting a hairpin-
like arrangement of the peptides stacked within the fibril. More
recently, the combination of quenched hydrogen/deuterium
(H/D) exchange and solution NMR spectroscopy added yet
another dimension to the ss-NMR models by identifying core
regions of the fibril and revealing dynamic properties in solution
(12–15). However, these models have been limited to local
intermolecular and intramolecular interactions and have there-
fore been unable to describe the supramolecular architecture of
the fibril. To directly determine the interprotofilament interac-
tions in the fibrils, we have used cryoEM and single-particle
reconstruction to solve the structure of A�1–42 fibrils.

Results
A�1–42 Fibrils. Soluble human synthetic A�1–42 (sAb, 100 �M)
incubated at 37 °C for 4 weeks (see Materials and Methods)
developed biochemical characteristics of fibrils (fAb), including
thioflavin T fluorescence (Fig. 1A), high-molecular weight ag-
gregates detected by agarose gel electrophoresis (Fig. 1B), and
a typical CD spectrum for �-pleated sheet structure (Fig. 1C).
Direct visualization using atomic force microscopy (AFM) re-
vealed a highly-abundant population of long straight forms with
pronounced left-handed helical twist and fixed width (Fig. 1D).

Single-Particle Analysis and Classification. Electron micrographs of
fibrils embedded in vitreous ice (Fig. 2A) were analyzed by using
the single-particle method (16) as outlined in Fig. S1. Variations
of fibril periodicity (helical pitch) were evident in the images,
even along the length of a single fibril. Long, straight fibril
segments were boxed out from the raw micrographs and then
computationally segmented into short square boxes with 90%
overlap between consecutive boxes. Each isolated box was
treated as a single particle. The boxes were iteratively aligned
and classified by multivariate statistical analysis (MSA). Class
averages (Fig. 2B) further confirmed the length variation of the
helical pitch that was apparent in the raw micrographs. In
agreement with the findings of others (8, 17), the side profiles of
all of the fibrils were most consistent with 2 helical strands
comprising the filament. Therefore, a 2-start helix was assumed
in the 3D reconstruction step. Class averages made from boxes
containing bent fibrils or fibrils without evident helical twist
were excluded from the final reconstruction.
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Having established that the structural heterogeneity of the
particles was mainly caused by variations in helical pitch, several
smooth double-stranded helical models with different pitch
lengths were created, and a multireference classification for all
of the raw particles against the projections of these models was
performed (Fig. S1). A 2-step coarse-to-fine classification strat-
egy was used to split the whole heterogeneous dataset into
several homogenous subclasses according to their pitch lengths
(Fig. 3).

3D Reconstruction. Using the iterative helical real-space recon-
struction (IHRSR) algorithm (16), we generated a 3D model
(Fig. 4A) from the image data in one of the homogenous
subclasses with a pitch length of 460 Å. In this algorithm, we
assumed that the specimen possesses a helical symmetry, which
is characterized by a pair of parameters: azimuthal angle �� and
axial rise �z, between adjacent subunits. The pitch length is
defined by (360/��) � �z. Starting with different permutations
of (��, �z), it is apparent that our dataset does not yield a unique
solution of (��, �z) (Fig. S2 A and B). Such ambiguity is strong
independent evidence for the smoothness of the A�1–42 fibrils
along the protofilament axis. Nevertheless, in different runs, all
of the final models converged to a consistent helical pitch (Fig.
S2C) close to that used to classify the data initially (Fig. 3 C and
D). The consistent pitch length observed here suggests that the
fibril can be adequately described as a smooth, axially-
continuous helix at current resolution that is �10 Å (Fig. S3). In
fact, the global protofilament packing and, importantly, the
density profile in the cross-section of the 3D reconstruction were
unaffected by imposing different helical parameters (Fig. S2D).

Interpretation of the Density Map. The reconstructed map revealed
2 smooth protofilaments winding around a hollow core, assum-

ing either a discrete subunit repeat or a continuous helix (Fig.
4A). The cross-section of the final structure (Fig. 4B) resolved
the boundaries of the 2 protofilaments perpendicular to the fibril
axis, with a large high-density region and a flanking small
lower-density region for each protofilament. The fibril was
assumed to have a left-handed twist based on the AFM images
(Fig. 1B), consistent with the reported handedness for other
amyloid fibrils (18–20).

The size of the large high-density region was �40 � 20 Å (Fig.
4B). This size is in good agreement with that of a protofilament
(�45 � 25 Å) in previous cryoEM images of 35MoxA�1–42 fibrils
(21) and with the protofilament dimensions deduced from AFM
images (22–24). This large-density region is able to accommo-
date 2 �-sheets, fitting well with a recent hairpin-like NMR
model for A�17–42 (21) (Protein Data Bank ID code 2BEG) (Fig.
4C). The small lower-density region of each protofilament is able
to accommodate the flexible N terminus (residue 1–16), which
is absent in the NMR model. In our fitting, we assumed the axial
packing of the peptides adopts the generic cross-� structure in
which �-strands run approximately perpendicular to the fibril
axis with an equal spacing of 4.8 Å (Fig. 4D). The only remaining
degree of freedom in this packing scheme is whether to assume
that the peptides stack in register (i.e., with the hydrogen bonds
between the same residues in the strands above and below), or
whether they are shifted by 1 or more residues. It can be
calculated that if there were even a 1-residue shift, this would
give an azimuthal angle of 10.8° at the radius of the fibril, and,
with an axial rise of 4.8 Å, lead to a short pitch of 160 Å, which
has not been observed in our analysis. Therefore, our model
assumes an in-register stacking of the peptides along the pro-
tofilaments, as is the case with previous models (5, 6).

When fitting the NMR model into the cryoEM density map,
it is unclear whether the C- or N-terminal portions of the hairpin
(residues 17–42) face the external surface of the fibril. To resolve

A B D

C

Fig. 1. Biochemical characterization of A�1–42 fibrils. Human synthetic
A�1–42 was incubated at 37 °C for 1 month. (A–C) Compared with sA�, fA�

demonstrated increased thioflavin-T fluorescence (A), large molecular weight
aggregates on agarose gel electrophoresis (B), and a CD spectrum character-
istic of �-pleated sheet structure (at 20 �M) (C). � � residue ellipticity
(deg�cm2�dmol�1) � 10�3. (D) Amplitude AFM image of fA�1–42 using the AC
mode shows fibrils with left-handed helical twist (the field of view in the
vertical direction spans 5,000 Å).

A

B

Fig. 2. CryoEM image of A�1–42 fibrils. (A) Fibrils embedded in vitreous ice
show long unbranched fibrils with distinct helical twist and fixed width. (B)
Samples show structural heterogeneity revealed by class averages of the raw
particles calculated by MSA using EMAN software. The box size is 288 in pixels
or 521 Å in length. The scale bar is the same for A and B.
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this ambiguity, a partial proteolysis assay was used to determine
whether specific proteolytic sites in monomer A� were protected
in the fibrillar structure. A variety of proteases (trypsin, chymo-
trypsin, pepsin, thermolysin, and MMP-9) was incubated with
either monomeric A�1–42 or purified A�1–42 fibrils. Cleavage
sites were deduced from proteolytic fragments detected by
MALDI-TOF mass spectroscopy. In general, for monomer A�,
proteolytic cleavage sites were found throughout the peptide;
however, for fibrillar A�, cleavage sites were restricted to the
N-terminal arm of the hairpin loop (Fig. 5), suggesting that the
C terminus was protected in the fibril structure. Based on these
data, we hypothesize that the N- terminal arm of the hairpin loop
forms the external surface of the fibril and is thus susceptible to
proteolysis (Fig. 6). This orientation of A� is consistent with
recent quenched H/D exchange NMR data showing that the
C-terminal residues Lys-28–Ala-42 are well protected from
solvent access compared with the N-terminal arm of the hairpin

loop (14, 25). Moreover, the C-terminal residues were more
protected in A�1–42 fibrils compared with A�1–40 fibrils, consis-
tent with differences in the suprastructure of the fibrils.

Discussion
Amyloid fibrils with classic biochemical and morphological
appearance formed spontaneously after the prolonged incuba-
tion of synthetic human A�1–42 at acid pH under quiescent
conditions. Our studies produced a 10-Å cryoEM density map
that demonstrated 2 winding protofilaments surrounding a hol-
low core (Fig. 4). At this resolution, secondary structural ele-
ments (such as �-helices or �-sheets) within the fibril or proto-
filaments cannot be resolved. Our reconstruction and the
derived model show the density along the protofilament to be
smooth with no feature contrast variation out to our map
resolution. In our model, we expect that the contrast variation
along the protofilament will become apparent only at 4.8 Å,

Fig. 3. Quantitative classification of raw particle images according to pitch length. A 2-step coarse-to-fine strategy was used. (A) In the first step, 6 models were
built with pitch lengths varying from 400 to 650 Å, plus 1 model with very large pitch length (5,000 Å) to extract undesirable particles with no apparent twist.
(B) Multireference sorting was performed against the projections of these 7 models for the raw particles to distribute into 7 subgroups. (C) In the second step,
another 6 models were built with pitch lengths varying from 440 to 540 Å. (D) A multireference sorting was performed against the projections of these 6 models
for the central 2 bins in step 1 (A, red) to further distribute into 6 subgroups.
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which is the spacing between 2 �-strands, as shown in Fig. 4D.
In our analysis, we grouped the images with the same pitch length
for the reconstruction. It is possible to have different combina-
tions of axial rise and azimuthal angle that result in the same
pitch length. Indeed we found that this was the case. Therefore,
we cannot derive a unique axial rise and azimuthal angle in our
analysis. Previously-modeled structures using X-ray or NMR
approaches, however, can be fit within our density map. Indeed,
the hairpin model of A�17–42 recently determined by NMR
spectroscopy (21) fits very well within the larger high-density
structural subunit of the protofilament (Fig. 4C), and the
adjacent lower density structure accommodates the flexible
N-terminal residues 1–16. The fitting of the NMR model to our
cryoEM map (Fig. 4) demonstrates the importance of such a
hybrid approach to characterize a complex assembly like the
amyloid fibril.

This hybrid model reveals the molecular interactions that bind
the twin helical protofilaments together. We propose that the N

terminus of the A� peptide (stacked in 1 protofilament) asso-
ciates with the hairpin loop of another A� peptide stacked in the
opposite protofilament (Fig. 6). Considering the strongly-acidic
environment in which the fibril was formed, such a contact is
most likely to occur between hydrophobic residues. This head-
to-tail interaction between 2 flexible regions of the peptides
lends itself to producing variability in the pitch lengths, because
there is no strong long-range constraint in the axial direction,
and tiny deviations of the azimuthal angle can cumulatively result
in large changes in pitch length. These contacts can also explain
the generic polymorphism of A� fibrils, in that several proto-
filaments can be loosely assembled into a bundle or unwrap to
become a flat ribbon. It is highly possible that the unstructured
flexible N termini may play an important role in protofilament
assembly. Another important implication of this structure is that
this interaction may provide an attractive target to disrupt the
fibrillar suprastructure. Small molecules that can disrupt the
interaction between these flexible regions may be developed to
first break down the mature fibrils into their protofilaments so
that other ‘‘�-sheet breaker’’ drugs can have more access to the
fibril’s surface and can work more efficiently.

Previous NMR studies of A�1–40 and A�1–42 fibrils have
suggested that juxtaposed protofilaments are assembled via
direct packing of corrugated surfaces of �-sheets from different
protofilaments (11, 25). However, our cryoEM structural model
suggests that this is highly unlikely because the dimensions of the

Fig. 4. The cryoEM structure of A�1–42 amyloid fibrils. (A) Shown is the final
reconstruction assuming a smooth continuous helix by fixing the axial rise to
1 pixel. (B) The cross-section of the reconstruction clearly defined the bound-
aries of 2 protofilaments. The dimension of each large density region in the
cross-section is �40 Å � 20 Å. (C) The atomic model (Protein Data Bank ID code
2BEG) fit into the cryoEM density map (top view). (D) Ten A�1–42 molecules are
shown stacked in the fibrillar state into 1 protofilament of the EM density map
(side view).

Fig. 5. Summary of A� proteolysis analysis. Various proteases (trypsin, thermolysin, chymotrypsin, pepsin, and MMP-9) were incubated with freshly-solubilized
A�1–42 peptides or purified A�1–42 fibrils. Shown above the A�1–42 peptide sequence are monomer A� cleavage sites for each protease (color-coded arrows); below
the sequence are color-coded arrows representing fA�1–42 cleavage sites. Cleavage sites were deduced from peptide fragments liberated after proteolysis as
detected by MALDI-TOF mass spectrometry.

Fig. 6. Model for interprotofilament interactions in A�1–42 amyloid fibrils.
Based on this hybrid model, the N terminus of the peptide from one proto-
filament interacts with the loop region of the peptide from the opposite
protofilament.
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core region in the cross-section of our map can only accommo-
date 2 �-sheets (Fig. 4B).

The hollow core in the center of the fibril revealed by the
cross-section is in good agreement with many previous experi-
mental results. For example, Serpell and Smith (26) examined
the A�11–25 fibrils by using cryoEM and calculated a density map
from the equatorial layer line of a single fibril image. The
cross-section of their map revealed a hollow core and a high
density region at �20-Å radius. In addition, Serpell et al. (27, 28)
averaged multiple cross-sectional images of ex vivo amyloid
fibrils by using a thin-section EM technique and found that all
of the fibrils had an electron-lucent core surrounded by several
protofilaments. Finally, a reconstruction of amyloid fibrils
formed from the SH3 peptide also showed 2 pairs of protofila-
ments twisting around a hollow core (29). Altogether, these
findings strongly suggest that cross-� structure only exists within
the protofilament, whereas the supramolecular assembly of the
protofilaments is made by other types of interactions.

The partial proteolysis experiments suggest that the C termi-
nus of the A� peptide forms the wall of the central pore of the
fibril. Proteolytic sites in the C terminus that were accessible in
the soluble form of A� were inaccessible in the fibril form,
suggesting that these sites were shielded by the fibrils’ supramo-
lecular structure (Fig. 6). Because many of the residues in the C
terminus are hydrophobic, it is likely that these residues may be
buried within internal interactions to avoid exposure to the
central pore, which is likely filled with solvent.

In comparing our cryoEM map of A�1–42 fibril with previous
cryoEM maps of A�1–40 fibril (20, 30), there are some similarities
but many striking differences. Both structures show that mature
fibrils are assemblies of pairs of protofilaments. Moreover, both
models derived from their respective maps suggest that proto-
filaments are joined by the interactions between flexible regions.
However, our map of A�1–42 fibrils reveals a hollow core
between the 2 protofilaments, whereas in the map of A�1–40
fibrils the density extends to and across the central axis of the
fibril. In addition, the cross-over distances (equal to half the
pitch, for this 2-stranded structure) for the majority of our
A�1–42 fibril samples range from 200 to 400 Å, and the fibril
diameter in projection is more or less constant, varying between
67 and 85 Å, whereas the average cross-over distance for the
A�1–40 fibril samples is 1,425 Å and its diameter in projection
varies widely along the fibril between 60 and 200 Å. Finally, the
density corresponding to 1 protofilament in the cross-section of
our A�1–42 map demonstrates a good fit with the prevailing
hairpin atomic model for 1 A� peptide but not for the A�1–40
fibril structures. In the cross-sectional plane, each protofilament
in our A�1–42 model contains only 1 A� peptide with a hairpin
configuration, whereas in the A�1–40 model within each proto-
filament there are 2 nonequivalent A� peptides with fully-
extended conformation side by side. These striking structural
differences between A�1–40 and A�1–42 fibrils may be attribut-
able to intrinsic differences in the biochemical properties of
these 2 peptides or different growth conditions in various studies
(i.e., different pHs of the buffers used in these 2 studies may alter
the charge of certain A� residues so as to change the local
interactions and �-sheets formations). Accumulating evidence
suggests that fibril morphology exquisitely depends on the
specific growth conditions (pH, agitation/quiescence, tempera-
ture, presence of metal ions, presence of seeds, etc.) of the fibril.
In addition, it is possible that our model reveals but one of an
ensemble of configurations for A�1–42 fibrils. Further studies will
be required to determine how different fibril growth conditions
influence ultimate fibril supramolecular structure.

Materials and Methods
Sample Preparation. Dry synthetic human A�1–42 (American Peptide) was
dissolved in neat trifluoroacetic acid, and then dried under an inert atmo-

sphere of nitrogen. The peptide was washed in hexafluoroisopropanol twice,
redissolved in DMSO to 5 mM, then diluted in 10 mM HCl to 100 �M, and
vortexed for 30 s (pH � 2.0) to form freshly soluble A� (sA�). The solution was
incubated at 37 °C for 1 month to form fibrillar A� (fA�).

Agarose Gel Electrophoresis. Agarose (1.5% wt/vol) was melted in running
buffer (20 mM Tris, 200 mM glycine). During stirring of the melted agarose,
10% (wt/vol) SDS was added (drop by drop to avoid local solidification of the
agarose) to a final concentration of 0.1%. sAb1-42 or fAb1-42 were incubated
for 7 min in sample buffer [60 mM Tris�HCl (pH 6.8), 5% glycerol, 2% SDS,
0.05% bromophenol blue] at room temperature, resolved in a horizontal
1.5% agarose gel in a standard Tris/glycine/SDS buffer, transferred electro-
phoretically to a PVDF membrane, and probed with A� antibody 6E10 (Sigma).

Thioflavin-T Fluorescence Spectroscopy. The fluorescence of A�1–42 fibril sam-
ples was determined in 50 mM glycine buffer (pH 9.0). Final fibril concentra-
tion was 0.05 mg/mL, and the thioflavin-T concentration was 10 �M. All
fluorescence measurements were carried out at room temperature by using a
Cytofluor (r) Fluorimeter (Perseptive Biosystems). Absorbance was measured
at 440 excitation and 530 emission.

CD Spectroscopy. The far-UV CD experiments were carried out on a JASCO
J-715 spectropolarimeter at room temperature by using quartz cells of 1-mm
path length. Spectra were recorded between 260 and 200 nm at 0.05-nm
intervals, with a response time of 4 s. Data are expressed as mean residue
ellipticity (deg�cm2�dmol�1) � 10�3.

Proteolytic Digestions. Recombinant human thermolysin, trypsin, chymotryp-
sin, pepsin, and MMP-9 were used for digestion reactions using optimal
conditions and buffers recommended by the manufacturer (R&D Systems).
Pro-MMP-9 was activated with 1 mM p-aminophenylmercuric acetate (APMA)
at 37 °C for 24 h before use. For sA� digestions, 100 nM protease was
incubated with 2.5 �M sA� at 37 °C for varying periods of time (15 min to 4 h),
then analyzed by MS. For fA� digestions, 10 �L of fA� was applied to a
Microcon 50-kDa centrifugal ultrafiltration unit (YM-50; Millipore) and
washed with 500 �L of 10 mM HCl 3 times, then equilibrated with 500 �L of
MQ water. Thirty microliters of reaction buffer was added to the purified fA�

(retentate) and centrifuged; the filtrate was analyzed by MS (see below) to
ensure that any contaminating A� monomer or fragments were washed away.
Ten microliters of 300 nM protease and 20 �L of reaction buffer were added
to the confirmed purified fA� (retentate) and incubated at 37 °C for (1–24 h),
then centrifuged and analyzed by MS to detect liberated fragments of fA�.

MS. Samples were first passed through a reverse-phase C18 Ziptip (Millipore),
according to the manufacturer’s instructions, then diluted 1:1 with matrix
solution (a saturated solution of 3, 5-dimethoxy-4-hydroxycinnamic acid in
50% acetonitrile with 0.1% trifluoroacetic acid in water), loaded onto a plate,
and allowed to dry. The sample was then analyzed on an Applied Biosystems
Voyager DE-STR MALDI-TOF mass spectrometer operated in linear mode.

AFM. fA�1–42 was diluted 1:40 in 200 mM HCl, and 20 �L of the diluted solution
was placed on freshly-cleaved mica and allowed to adhere for 10 min. The mica
was gently rinsed with the 200 mM HCl solution before placing it on the AFM
and imaging it in the same solution. All images were acquired by using
magnetic actuation of the cantilever (iDrive) in AC mode using silicon nitride
cantilevers, model TR400PB. All final images were first-order flattened before
being rendered into 3D with Asylum Research’s Argyle software. Images were
acquired in fluid with AC mode by using the Asylum Research MFP-3D-SA AFM.

CryoEM. A Vitrobot (FEI) was used to flash-freeze a 2.5-�L aliquot of sample
onto a copper Quantifoil R2/1 grid. The sample was loaded onto a Gatan 626
cryoholder and imaged in a JEM 2010F electron microscope operated at 200 kV
and at a specimen temperature near liquid N2. A 70-�m condenser aperture,
spot size 2, and a 60-�m objective aperture were used. Approximately 200
images were collected at a sampling value of 1.81 Å per pixel on a Gatan 4k
CCD camera with a dose of 18–20 e/Å2 and a defocus range of 1.5–3 �m at a
final detector magnification �82,800.

Image Processing. The pipeline of the whole process is shown in Fig. S1. Most
of the processing steps were done with EMAN software (31) based on the
principle of IHRSR algorithm (16). Long, straight nonoverlapping fibril seg-
ments were first boxed out from the CCD frames by using the helixboxer
program and then cut into short square boxes (288 � 288 pixels) with 90%
overlap between successive boxes and masked by a cosine-edge rectangle.
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Each isolated box was treated as a single particle. The optimal box size was
empirically determined to be 288 pixels so that it was neither too long to
include substantial bending nor too short to cause ambiguity in image align-
ment. Contrast transfer function correction was done for each raw particle by
simple binary phase flipping. The whole heterogeneous dataset was presepa-
rated on the basis of their pitch lengths (Fig. 3). The 3D reconstruction process
was then carried out on one of the homogenous subgroups with a constant
pitch length by using IHRSR (16). First, reference projections with 2° angular
step size around the fibril axis including out-of-plane tilts up to � 9° were
generated from a 3D model, which was a featureless solid cylinder at the
beginning and resolved into 2 twisted protofilaments after a few iterations.
Orientation for each particle image was assigned by projection matching with
these reference projections. A 3D reconstruction was done with C2 symmetry
around the fibril axis imposed. The C2 symmetry was validated by a previous
asymmetric reconstruction that suggested a 2-fold axis (Fig. S4). Programs in

the IHSHR package were used to search for helical parameters (azimuthal
angle �� and axial rise �z) in the 3D map with which a helical symmetry was
then imposed on the model. This helical model was used as the reference in the
subsequent iteration. The resolution of the final map was assessed by Fourier
shell correlation (0.5 threshold) between 2 independently reconstructed vol-
umes by dividing the whole dataset into halves (32).
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