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Cryo-EM structures of lipidic fibrils of
amyloid-β (1-40)

Benedikt Frieg 1,7, Mookyoung Han 2,7, Karin Giller2, Christian Dienemann 3,
Dietmar Riedel4, Stefan Becker 2 , Loren B. Andreas 2 ,
Christian Griesinger2,5 & Gunnar F. Schröder 1,6

Alzheimer’s disease (AD) is a progressive and incurable neurodegenerative
disease characterized by the extracellular deposition of amyloid plaques.
Investigation into the composition of these plaques revealed a high amount of
amyloid-β (Aβ) fibrils and a high concentration of lipids, suggesting that fibril-
lipid interactions may also be relevant for the pathogenesis of AD. Therefore,
we grew Aβ40 fibrils in the presence of lipid vesicles and determined their
structure by cryo-electron microscopy (cryo-EM) to high resolution. The fold
of the major polymorph is similar to the structure of brain-seeded fibrils
reported previously. The majority of the lipids are bound to the fibrils, as we
show by cryo-EM and NMR spectroscopy. This apparent lipid extraction from
vesicles observed here in vitro provides structural insights into potentially
disease-relevant fibril-lipid interactions.

Alzheimer’s disease (AD) is a progressive and unremitting neurode-
generative disorder characterized by the irreversible loss of memory
and cognitive functions (for recent reviews, see refs. 1–4). The major
pathological hallmark of AD is the accumulation and deposition of
amyloid-beta (Aβ) peptides (amyloid plaques) outside neurons, fol-
lowed by the formation of intra-neuronal tangles of the protein Tau,
the loss of synaptic function, neuronal death, and irreversible damage
of the brain tissue. According to the “amyloid cascade hypothesis”5–7,
AD is related to the production–elimination-imbalance of Aβ peptides,
which then initiates the pathology. However, the pathogenesis of AD is
still not entirely understood.

Aβ peptides are the product of β- and γ-secretase-mediated
cleavage of the amyloid precursor protein8. The most abundant var-
iants of Aβ comprise 27–43 amino acids in length. Under pathophy-
siological conditions, Aβ40 and Aβ42 aggregate into oligomers or
arrange into symmetric, periodic fibrils, which have been acknowl-
edged as characteristic features of AD5,9–11. Indeed, both Aβ40 and

Aβ42 fibrils were successfully isolated and visualized from AD-
diagnosed brain tissue12,13.

Aβ fibrillization is modulated by multiple factors, including,
among a wide range of other factors, Aβmutations14, metal ions15, and
lipids16,17. The role of lipids in the pathogenesis of AD gained significant
attention in recent years17,18. For example, studies on the lipid-
mediated aggregation of Aβ suggest that negatively charged phos-
pholipids promoteAβfibrillization,while neutral lipids have little or no
effect19–21. Additionally, lipid membranes were shown to promote Aβ
fibrillization22,23 and aggregationon thebiologicalmembrane, followed
bymembrane integrity andpermeability changes, which are suggested
as potential consequences of Aβ-mediated neurotoxicity19,24–26.

Interestingly, investigations on the composition of Aβ plaques
revealed that fibrillar Aβ peptides and lipids colocalize in vivo27–32,
substantiating the role of fibril–lipid interactions in the pathogenesis
of AD. However, despite evidence for a significant role of lipids in the
Aβ-mediated pathogenesis of AD, very few insights into specific
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interactions of lipids with Aβ fibrils have been obtained to date. Here
we present the cryo-electron microscopy (cryo-EM) structures of six
lipidic Aβ40 fibrils that assemble from three filament folds, providing
structural insights into fibril–lipid interactions. These stable lipid
interactions reveal structural details of lipid-mediated fibrillization
relevant to the hypothesis that lipid extraction and disruption of bio-
logical membranes play an important role in AD pathology.

Results and discussion
Human wild-type Aβ40 was recombinantly expressed in E. coli and
purified to homogeneity. We investigated Aβ40 fibrils formed from
thismonomeric Aβ40 in the presence of negatively charged liposomes
composed of 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG) by
magic-angle sample spinning NMR spectroscopy and cryo-EM. Initial
characterization by negative stain EM revealed fibrils longer than 1μm,
most of them being in contact with spherical or incomplete liposomes
attached to the fibril features (Fig. 1a, b). The 3D structure of these
lipidic fibrils was solved by cryo-EM, revealing 3 filament folds and 6
distinct fibril polymorphs each of which contains densities assigned to
lipids in micelle-like structures. Remarkably, the cross-section of the
cryo-EMmaps also reveals additional ring- and rod-shaped densities at
the fibril surface (e.g., Fig. 2a, b), suggesting that lipid acyl chains are
resolved in the cryo-EM maps.

Fibrillization in the presence of lipids results in a lipidic fibril
with a fold similar to brain-seeded fibrils
The L1 fibril, which is most populated in the cryo-EM dataset (Sup-
plementary Fig. 1), is composed of two intertwined protofilaments of
the same fold, related by an approximate pseudo 21 screw symmetry
(Fig. 2a, b; Supplementary Tables 1 and 2). L1 is also dominant in the
NMR spectrum (vide infra). Following NMR assignments for 37 resi-
dues (Fig. 1c, e; Supplementary Fig. 2; Supplementary Table 3), NOE
data (Fig. 3a, b) revealed contacts between the phospholipid acyl
chains and residuesD23 toG33, thehydrophobic residues L34 andM35
as well as part of the N-terminal β-strand (K16-V18), identifying the
additional density in the cryo-EM map of L1 as lipids.

The high-resolution cryo-EM map allows us to accurately model
residues D1-V40 (Supplementary Fig. 4a). The L1 fibril is almost iden-
tical to previously described Aβ fibrils derived from the brain tissue of
an AD patient by seeded fibril growth33 (Fig. 2c, d). A comparative
analysis of Cα and NH chemical shifts showed that 9 of the 21 residues
in brain-seeded fibrils had congruent chemical shifts in lipidic fibrils
(V18-F20, E22, V24, I32, G33, G37, and K28’). The main difference
between the fibrils is that in the brain-seeded fibrils, a proteinaceous
density is found approximately where lipid abuts the L1 fibril. This
proteinaceous density was proposed to be composed of Aβ40 beta
hairpins based on REDOR data and mass-per-length. Furthermore, we
observed additional interactions with the acyl chain (Q15-F19) (Fig. 3b)
and the head group (D1-H13) (Fig. 2b) of liposomes in the L1 fibril. This
analysis indicates that the variations in chemical shifts arise frombrain-
seeded fibrils interacting with peptides, whereas in our case, fibrils
interact with lipids. Furthermore, in contrast to the structure pre-
sented here, the N-terminus of the seeded fibrils was not entirely
resolved, suggesting that the lipids may be relevant for partial fibril
stabilization.

The ring-shapeddensities in the cryo-EMcross-sections (Fig. 2a, b)
were identified as the lipidic head groups, in line with the findings for
lipidic α-synuclein fibrils34. The adjacent rod-shaped densities show
therefore the lipidic acyl chains34. Indeed, hydrophobic surface pat-
ches (Supplementary Fig. 5a) are formed by the L1 structure that faces
the hydrophobic acyl chains of the lipidmolecules. Residues expected
to interact favorably with the lipid head groups (Y10, E22, D23, and
K28) flank the hydrophobic patches, resulting in the micelle-like
arrangement of lipids on the fibril surface, as seen previously for α-
synuclein33 and Aβ oligomers35. The cryo-EM map also reveals the

periodic arrangement of multiple layers of rod-shaped densities along
the helical axis (Supplementary Fig. 6). In contrast, the previous brain-
derived structure determined from seeded fibrils revealed, rather than
lipids, an additional β-strand-shaped proteinaceous density bound to
the hydrophobic patch centered on M35 (Fig. 2c). Lipids were not
present in the seeding environment.

The following evidence suggests that L1 also dominates the NMR
spectra. First, secondary chemical shifts analyzed by Talos N predict
the secondary structure of Aβ40 fibrils to consist of two β-strands
ranging from residues H13 to D23 and I31 to V36 that are connected by
a loop region. Second, contact between V24 and G33/L34 observed in
DARR spectra is consistent with the inter-strand contacts seen in the
cryo-EM structure of L1 fibrils (Supplementary Fig. 3). Third, contacts
are observed from V24-L34, V24-G33, and S26-D23 that are only
compatible with the L1 structure. In the case of the L2 and L3 fibril
structures, these inter-residue distances exceed 20Å (V24-G33, L34)
and 8Å (S26-D23). In the L1 fibril, each layer comprises two molecular
entities, leading to a twofold increase in solid-state NMR signal inten-
sity. Conversely, L2 and L3 structures consist of only onemolecule per
layer. As a result, based on the cryo-EM, L1 fibrils can be expected to
account for about 78% of the total signal, while other polymorphs
contribute the remaining 22% (15% L2 + L3, 5% L2/L3, 2% L2/L2 + L3/L3).

Based on these signal distribution estimates within the sample
and signal-to-noise of about 21 for peaks in the assignment spectra, we
conclude that only the L1 polymorphwas detectable by NMR. It should
be noted that the population estimate from the cryo-EM dataset may
not be accurate for several reasons: (1) different polymorphs could
react differently to blotting before plunge freezing, (2) automated
particle pickingmight bemore effective for the denser L1 fibril, and (3)
during image classification only well-defined classes that could be
unambiguously identified as one of the polymorphs were selected for
further processing.

Consistent with the predominance of one fibril (L1), only one
signal set was evident for most residues except for D23 and K28, for
which two sets of resonances were assigned. The peak doubling in D23
and K28 indicates structural heterogeneity in the loop within the fibril
structure (Fig. 1e; Supplementary Fig. 2). Indeed, according to the
molecular model (PDB-ID: 6W0O) previously reported, the salt bridge
between these two residues appears to be populated at ~50%, with the
remaining 50% being devoid of this salt bridge33. This secondary
structure, as well as the peak doubling of D23 and K28, match the
previously reported brain-derived Aβ40. During molecular dynamics
simulations of the L1 fibril, we observed that the hydrogen bond
betweenD23 andK28breaks but also reforms,with thehydrogenbond
being present in 52 ± 1% of all conformations (Supplementary Fig. 7), in
agreement with the peak doubling in the NMR experiments.

Further lipidic structures of Aβ40
L2 and L3 fibrils each consist of a single protofilament and reveal two
alternative lipid-induced protofilament folds (Fig. 4; Supplementary
Fig. 4b, c).While all 40 amino acids were successfullymodeled into the
cryo-EMmap of the L3 fibril, the N-terminal residues of the L2 fibril are
not well resolved, suggesting a higher degree of flexibility in this
region. The cross-sections again reveal lipid densities at the fibril sur-
faces in the neighborhood of hydrophobic residues (Supplementary
Fig. 5b, c).

The L2–L3, L2–L2, and L3–L3 fibrils have two intertwined proto-
filaments (Fig. 5; Supplementary Fig. 5d–f). Interestingly, neither the
protofilaments in the L2–L2 nor the L3–L3 fibril form any direct con-
tact. Although both protofilaments in the L2–L3 fibril form some
electrostatic interactions, it remains questionable whether these
interactions alone would suffice to stabilize the quaternary arrange-
ment. However, for these three fibrils, the cross-sections show lipid
densities that mediate interactions between the protofilaments, which
are likely essential for stabilizing them.
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Fig. 1 | Aβ40 fibrils in the presence of phospholipids. a A negative stain trans-
mission electron microscopy (TEM) micrograph (a representative from a total of
33). b A 20Å low-pass filtered cryo-electron microscopy (cryo-EM) micrograph of
lipidic Aβ40 fibrils (representative from a total of 14,417). The yellow arrows indi-
cate the fibril-bound incomplete liposomes. c The sequence of Aβ40. Residues

assigned by NMR are colored blue. d Examples of 2D class averages for L1. The
yellow arrows indicate the fibril-bound layers of lipids (incomplete liposomes),
lacking the characteristic amyloid cross-β pattern, while the cross-β pattern is
evident for the Aβ40 fibrils. e 3D(H)CANH spectrum of lipidic Aβ40 fibrils. Red
arrows depict the two populations of K28 and D23.
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Lipidic Aβ fibrils reveal similarities to non-lipidic Aβ fibrils
Although the lipids likely influence the fibril fold, distinct inter- and
intra-subunit interactions may also lead to several similarities and
dissimilarities between the different lipidic Aβ folds. Indeed, the

three lipidic Aβ folds are identical in the central β-strand formed by
residues Q15 to A21, with only minor differences in the sidechain
rotamers, but they differ in the conformation of the N- and C-termini
(Fig. 6a). In particular, the C-terminus adopts a curled, shell-like
conformation in both L2 and L3 fibrils, stabilized by interactions
between D23 and K28, as well as by hydrophobic intra-subunit
interactions (Supplementary Fig. 5b, c). In contrast, the C-terminus in
the L1 fibril adopts an extended conformation in which K28 interacts
with E22 and D23. Furthermore, interactions between the protofila-
ments in L1 may also prevent the arrangement towards the curled
conformation.

In all lipidic Aβ40 fibrils, interactions between H6, E11, and H13
stabilize the L-shaped N-terminus (Fig. 6a), as seen previously36.
However, intra-protofilament interactions between Y10 and Q15 in the
L3 fibril result in a compact conformation with two consecutive 90°
bends of the protein backbone. The absence of this interaction results
in a more extended conformation in the L2 fibril. The L1 fibril also
reveals a compact N-terminus due to inter-protofilament interactions
mediated by V40.

The β-strand formed by 15QKLVFF20 is a common feature in most
Aβ fibrils (Fig. 6a–c). This short β-strand seems to be conserved in
Aβ40 and Aβ42 and is found in vitro as well as ex vivo12,13,36,37. Previous
studies identified the hydrophobic regions 17LVFFA21 and 30AIIGLM35

as well as 41IA42 for Aβ42 as most important for aggregation and
neurotoxicity34,38. In particular, interactions between F19 and L34 are
suggested to be essential for the cellular toxicity of Aβ4039. Further-
more, such interactions are present in the lipidic L1 fibril and in both
ex vivo Aβ42 fibrils12, supporting the disease relevance of the lipidic
fibril L1.

Lipid-mediated Aβ fibrillization leads to lipid vesicle disruption
and remodeling
In the present study, we utilized a mildly acidic pH of 6.5 to facilitate
partial protonation of the three histidine residues in the monomeric,
non-fibrillar Aβ40 peptide. This facilitates enhanced electrostatic
interactions between the Aβ40monomer and negatively charged head
groups of liposomes and promotes Aβ40 aggregation. For the study,
DMPG was selected as the lipid due to its transition temperature (Tm)
of 24 °C, approximating the physiological conditions experienced by
neuronal cell membranes at our designated incubation tempera-
ture of 37 °C.

For the aggregation studies, liposomes were prepared using a
sonication method. Dynamic light scattering (DLS) measurements
confirmed that the average diameter of these liposomes exceeded
80nm. After aggregation, we observed the presence of spherical-
shaped liposomes on the fibrils, each with an approximate diameter of
100nm (Fig. 1a), as evidenced by negative-staining electron micro-
scopy (EM) data. It is noteworthy that during the aggregation process,
no sonication was applied; thus, any observed lipid assembly with a
diameter less than 80nm can be attributed to their interaction with
aggregating Aβ40.

In our density map analysis, we observed lipid micelles on the
Aβ40 fibril molecule with a diameter of approximately 10 nm, smaller
or similar to an individual Aβ40 fibril molecule (dimensions L1:
13.4 nm, L2: 5.1 nm, L3: 6.6 nm). In the case of L1, extra density is
located between Lys28 and Val40, extending over 3.3 nm, corre-
sponding to the combined length of two acyl chains in a DMPG lipid
molecule (Fig. 2a, b). This observation is corroborated by the NOE data
(Fig. 3b). Altogether, we propose that during Aβ40 aggregation, lipids
interact with Aβ40 and form such lipid micelles on the surface of the
fibrils.

It is conceivable that the process observed here in vitro happens
in a similar way also in vivo. This would lead to destabilization,
reduction of structural integrity and permeability of cell
membranes24,40, which eventually leads to cell death25,41. Indeed, this
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Fig. 2 | Cryo-EM structures of the lipidic L1 Aβ40 fibril. a A cross-section of the
cryo-EM map, with lipid densities indicated by a yellow arrow. b An overlay of a
sharpenedhigh-resolutionmapand an unsharpened, 4.5 Å low-pass-filtered density
shown in gray. The atomic model is shown as sticks. Amino acids that interact with
lipids in NMR experiments are colored red (Fig. 3). The close-up view shows areas
with pronounced lipid densities. Ring-shaped densities in the cryo-EM cross-sec-
tions show the lipid head groups, while rod-shaped densities show the lipid acyl
chains. Supplementary Fig. 8a shows the sharpened high-resolution maps at dif-
ferent isosurface levels. c The sharpened high-resolution map (EMDB 21501) with
the docked atomic model (PDB 6W0O) of an Aβ40 fibril derived from the brain
tissue of an AD patient and amplified by seeded fibril growth37. The arrows indicate
proteinaceous densities of unknown sequence37. d Superposition of the lipidic L1
Aβ40 fibril onto the amplified Aβ40 fibril37 from panel (c).

Article https://doi.org/10.1038/s41467-023-43822-x

Nature Communications |         (2024) 15:1297 4



process was already discussed in the context of neurotoxicity24,40,42,43

and also for other peptides44–46.
In conclusion, we determined 3D structures of Aβ40 fibrils bound

to lipid molecules. The complex structures provide a molecular-level
structural understanding of how Aβ aggregation can lead to lipid
extraction from vesicles, which is considered to play a critical role in
current pathogenesis models of AD.

Methods
Protein expression and purification
Uniformly 15N,13C-labeled recombinant Aβ40 was produced as follows:
Aβ40 was expressed as a SUMO fusion protein using a modified
pET32a vector (Novagen). 2H,13C,15N-labeled Aß40 was expressed in E.
coli strain BL21(DE3) adapted to 100% 2H2O minimal medium supple-
mentedwith 2H7,

13C6-β-D-glucose and
15N-ammonium chloride. Protein

from a 1 l expression culture was solubilized in 20mM Tris pH 7.5,
200mM NaCl, 10mM imidazole, complete EDTA free, 0.5mM PMSF
and purified by immobilized metal affinity chromatography using a
5ml nickel column (Macherey-Nagel). The protein was eluted from the
nickel columnwith a solubilization buffer supplemented with 500mM
imidazole. The fusion proteinwas dialyzed (BiotechCE tubing,MWCO:
8–10 kDa, Spectra/Por) against Tabacco Etch Virus (TEV) digestion
buffer (50mM Tris pH 7.8, 5mM imidazole, 0.5mM EDTA, 0.5mM
PMSF, 1mM DTT) and digested overnight on ice with TEV protease
(3mg TEV protease/100mg SUMO-Aβ40 fusion protein). After TEV
digestion the protein solution was supplemented with 6M guanidi-
nium hydrochloride, and the SUMO protein was mostly removed by
several passages through two concatenated 5ml nickel columns. Final
purification was performed on a C4 reversed phase Vydac HPLC col-
umn. Aβ40 peptide eluted in a linear (0–100%) acetonitrile gradient
from this column as a single peak. The purified peptidewas lyophilized
before use.

Lipidic Aβ40 fibril preparation
Vesicles were prepared from 1,2-dimyristoyl-sn-glycero-3-phos-
phoglycerol (DMPG) film prepared by dissolution in chloroform:
methanol (ratio 2:1) and subsequent evaporation of the solvent under
anN2-streamand lyophilization. TheDMPG lipid filmwas sonicated for
5min in 10mM Na-Pi buffer at pH 6.5. Aβ40 was dissolved in 0.1M
NaOH for 30min at room temperature with 2mM as the final stock
concentration. The Aβ40 stock was diluted in 10mM Na-Pi at pH 6.5
with the vesicles to a final concentration of 20μMprotein and 600μM
lipid. The sample was incubated under quiescent conditions for
1–2 days at 37 °C until fibrils formed. The aggregation process was
monitored by mixing Thioflavin T-containing buffer (10μM ThT,
10mM Na-Pi at pH 6.5) and measuring the fluorescence emission
intensity at 482 nm in a VarianCary Eclipsefluorescence spectrometer.

Solid-state NMR measurements
For the backbone assignment and determination distance between
lipid and fibril experiment, we used the same fibril formation protocol
on 2H13C15N Aβ40 fibril and the 13C15N Aβ40 fibril (2D 13C–13C DARR,
cryo-EM, and (h)NCA).And spectrumsimilaritywas checkedby (h)NCA
on the 13C15N Aβ40 fibril and (h)CANH on the 2H13C15N Aβ40 fibril. The
2D (h)NH, 3D (h)CANH, (h)coCAcoNH, (h)CONH, (h)COcaNH, (h)
caCBcaNH, and (h)caCBcacoNH experiments for protein assignments,
and the 3D H(h)NH (NOE, 50ms) were acquired on the 2H13C15N Aβ40
fibril (the 800-MHz Bruker Avance III HD spectrometer at a magnetic
field of 18.8 T equipped with a 1.3-mm magic-angle spinning (MAS)
HCN probe and MAS at 55 kHz and temperature 235 K)41.

Chemical shift data for 13CO, 13Cα, and 13Cβ obtained from
sequence assignment spectra were used in TALOS-N to obtain pre-
dictions on secondary structure as well as dihedral backbone angles47.
All 2D 13C–13CDARR and (h)NCAwere acquired on the 850-MHzAvance
III andNEO spectrometer with a 3.2-mmMASHCNprobe at amagnetic
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experiments.
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field of 20.0 T and MAS at 17 kHz (265 K). NMR experimental para-
meters are reported in Supplementary Table 4. NMR chemical shift
dates are deposited at the Biological Magnetic Resonance Data Bank
with entry BMRB 52006.

Transmission electron microscopy
Samples were bound to glow-discharged carbon foil-covered 400
mesh copper grids. Sampleswere stained usingNanoVan (Nanoprobes
Inc.) and evaluated at room temperature using a Talos L120C (Thermo
Fisher Scientific).

Cryo-EM grid preparation and imaging
For cryo-EM grid preparation, 1.5 µL of fibril solution was applied
to freshly glow-discharged R2/1 holey carbon film grids (Quanti-
foil). After the grids were blotted for 12 s at a blot force of 10, the
grids were flash-frozen in liquid ethane using a Mark IV Vitrobot
(Thermo Fisher).

Cryo-EM data sets were collected on a Titan Krios transmission
electron microscope (Thermo Fisher) operated at 300 keV accelerat-
ing voltage and a nominal magnification of ×81,000 using a K3 direct
electron detector (Gatan) in non-super-resolution counting mode,
corresponding to a calibrated pixel size of 1.05 Å. Data acquisition was
done in EFTEMmode using a Quantum LS (Gatan) energy filter set to a
slit width of 20 eV. A total of 14,417 movies were collected with
SerialEM48. Movies were recorded over 40 frames accumulating a total
dose of ~40.5 e−/A2. The range of defocus values collected spans from
−0.7 to −2.0μm. Collected movies were motion-corrected and dose-
weighted on the fly using Warp49.

Helical reconstruction of Aβ fibrils
Aβ fibrils were reconstructed using RELION-3.150, following the helical
reconstruction scheme44. Firstly, the estimation of contrast transfer
function parameters for each motion-corrected micrograph was per-
formed using CTFFIND445. Next, filament picking was done using
crYOLO46.

For 2D classification, we extracted 3,384,825 particle segments
using a box size of 600 pix (1.05 Å/pix) downscaled to 200 pix (3.15 Å/
pix) and an inter-box distance of 13 pix. L1 and L2–L3 fibrils were
separated at this 2D classification stage, whereas L2 and L3 as well as
L2–L2 and L3–L3 were too similar on the 2D level (Supplemen-
tary Fig. 1b).

For 3Dclassification, the classified segments after 2Dclassification
were (re-)extracted using a box size of 250 pix (1.05 Å/pix) and without
downscaling. Starting from a featureless cylinder filtered to 60Å,
several rounds of refinements were performed while progressively
increasing the reference model’s resolution. The helical rise was initi-
ally set to 4.75 Å and the twist was estimated from the micrographs.
Once the β-strandswere separated along the helical axis, weoptimized
the helical parameters (final parameters are reported in Supplemen-
tary Table 1). After multiple rounds of focused 3D classification on the
Aβ regions of the lipidic fibrils with 3–5 classes, we successfully sepa-
rated L2 and L3 as well as L2–L2 and L3–L3, which were then treated
individually. For all fibrils, we then performed a 3D classification with
only a single class and without focusing, followed by gold-standard 3D
auto-refinement. Standard RELION post-processing with a soft-edged
solvent mask that includes the central 10% of the box height yielded
post-processed maps (B-factors are reported in Supplementary
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Table 1). The resolution was estimated from the value of the FSC curve
for two independently refined half-maps at 0.143 (Supplementary
Fig. 9). Density maps colored according to local resolution are shown
in Supplementary Fig. 14. The optimized helical geometry was then
applied to the post-processed maps yielding the final maps used for
model building. For the L1 fibril, a left-handed twist was visible in the
final cryo-EMmap (Supplementary Fig. 10), whereas the resolutionwas
not sufficient for the other fibrils, such that also a left-handed twistwas
assumed.

Atomic model building and refinement
For the Aβ40 L1 fold, one protein chain was extracted from PDB-ID
6W0O37 of wild type Aβ40, and the N-terminal region D1–G9 was built
de novo in Coot51. The atomic model of the Aβ40 L2 and L3 fibrils was
built de novo in Coot51, which later served as starting models for the
L2–L3, L2–L2, and L3–L3 fibrils. Subsequent refinement in real space
was conducted using PHENIX52,53 and Coot51 in an iterativemanner. The
resulting models were validated with MolProbity54 and details about
the atomic models are described in Supplementary Table 2.

Molecular dynamics simulations of the L1 Aβ 40 fibril
To investigate the intra-molecular hydrogen bond between D23 and
K28, we performed unbiased molecular dynamics (MD) simulations of
the L1 Aβ40 fibril. Starting from our cryo-EM structure, we built a
model composed of 24 helically arranged peptide chains. Residue
protonation states were assigned for a pH of 7 and hydrogen atoms
were added to the cryo-EM structure according to the Amberff19SB
forcefield library55 by using LEaP56, which is distributedwith theAmber

22 suite of programs (comprised of AmberTools22 and Amber22)57,
such that all glutamate and aspartate residues are negatively charged,
lysine and arginine positively charged, and tyrosine and histidine
neutral. After adding 72 sodium ions to neutralize the system, we
placed the fibril-ion complex into a truncated-octahedron solvent box
leaving at least 15 Å between any solute atom and the edge of the
simulation box. The Amber ff19SB force field55 was applied to describe
the Aβ40 fibril. Ion parameters for sodium ionswere taken from ref. 58
and used in with the OPC water model59.

The exact minimization, thermalization (towards 300K), and
density adaptation (towards 1 g/cm3) protocol are reported in ref. 60,
which was applied previously to study amyloid fibrils61,62 as well as
lipidic amyloid fibrils33. The conformation after thermalization and
density adaptation served as starting points for the subsequent ten
NPT production simulations. Therefore, we (re-)started ten indepen-
dent NPT production simulations at 300K and 1 bar for 1 µs each, in
which new velocities were assigned from Maxwell–Boltzmann dis-
tribution during the first step of the NPT production simulation.
However, without the final proper arrangement of lipids around the
fibrils we observed that the N- and C-termini, as well as the top and
bottom layers of the fibril, are highly mobile (Supplementary Figs. 11a,
b and 12a). Hence, we weakly (0.1 kcalmol−1 Å−2) restrained the Cα

atoms to the initial atomic coordinates, as described previously33,
which was enough to preserve the L1 fold also at the termini (Sup-
plementary Figs. 11c and 12b). Important to note, that all non-Cα atoms
were allowed to move freely.

During production simulations, Newton’s equations of motion
were integrated in 4 fs intervals, applying the hydrogen mass
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repartitioning approach63 to all non-water molecules, which were
handled by the SHAKE algorithm64. Coordinates were stored in a tra-
jectory file every 200ps. The minimization, thermalization, and den-
sity adaptation were performed using the pmemd.MPI65 module from
Amber2257, while the production simulations were performed with the
pmemd.CUDA module66.

We used cpptraj67 from Amber2257 to analyze the trajectories.
Hydrogen bond interactions between D23 and K28 were determined
using a distance of 3 Å between the donor and acceptor heavy atoms
and an angle (donor atom, H, acceptor atom) of 135° as cutoff criteria.
Considering only the central 12 Aβ40 chains, we then calculated a
fraction for each interaction pair in each MD trajectory when the
hydrogen bond is formed. Finally, we calculated the average fraction
± SEM (standard error of the mean) of the D23-K28 hydrogen bond

occurrence over all 10 replica simulations (n = 120). We also calculated
the autocorrelation function of the hydrogen bond interactions
between D23 and K28, for each replica simulation individually (Sup-
plementary Fig. 13a) but also for the cumulative trajectory (10 × 1 µs)
(Supplementary Fig. 13b).

For the hierarchical agglomerative clustering of the non-
restrained trajectories, the distance between the coordinate frames
was calculated via a best-fit coordinate RMSD considering all C atoms.
The clustering was finished when the minimum distance ε between
clusters was > 4 Å.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
Cryo-EM maps have been deposited in the Electron Microscopy Data
bank (EMDB) under the accession numbers (L1) EMD-17218, (L2) EMD-
17223, (L3) EMD-17234, (L2–L3) EMD-17235, (L2–L2) EMD-17238, and
(L3–L3) EMD-17239. The corresponding atomic models have been
deposited in the Protein Data Bank (PDB) under the accession num-
bers: 8ovk (L1), 8ovm (L2), 8owd (L3), 8owe (L2–L3), 8owj (L2–L2), and
8owk (L3–L3). NMRchemical shift dates are deposited at the Biological
Magnetic Resonance Data Bank with entry BMRB 52006. Source data
are provided with this paper.

References
1. Knopman, D. S. et al. Alzheimer disease. Nat. Rev. Disease Primers

7, (2021).
2. Association, A. S. 2022 Alzheimer’s disease facts and figures. Alz-

heimer’s Dement. 18, 700–789 (2022).
3. Abubakar, M. B. et al. Alzheimer’s disease: an update and insights

into pathophysiology. Front. Aging Neurosci. 14, 742408 (2022).
4. Breijyeh, Z. & Karaman, R. Comprehensive review on Alzheimer’s

disease: causes and treatment. Molecules 25, 5789 (2020).
5. Selkoe, D. J. & Hardy, J. The amyloid hypothesis of Alzheimer’s

disease at 25 years. EMBO Mol. Med. 8, 595–608 (2016).
6. Hardy, J. A. & Higgins, G. A. Alzheimer’s disease: the amyloid cas-

cade hypothesis. Science 256, 184–186 (1992).
7. Hardy, J. & Selkoe, D. J. The amyloid hypothesis of Alzheimer’s

disease: progress and problems on the road to therapeutics. Sci-
ence 297, 353–356 (2002).

8. Thinakaran, G. & Koo, E. H. Amyloid precursor protein trafficking,
processing, and function. J. Biol. Chem. 283, 29615–29619 (2008).

9. Goedert, M., Clavaguera, F. & Tolnay, M. The propagation of prion-
like protein inclusions in neurodegenerative diseases. Trends Neu-
rosci. 33, 317–325 (2010).

10. Jucker, M. & Walker, L. C. Self-propagation of pathogenic protein
aggregates in neurodegenerative diseases. Nature 501,
45–51 (2013).

11. Vinters, H. V. Emerging concepts in Alzheimer’s disease. Annu. Rev.
Pathol.: Mech. Dis. 10, 291–319 (2015).

12. Yang, Y. et al. Cryo-EM structures of amyloid-beta 42filaments from
human brains. Science 375, 167–172 (2022).

13. Kollmer, M. et al. Cryo-EM structure and polymorphism of amyloid-
beta amyloid fibrils purified from Alzheimer’s brain tissue. Nat.
Commun. 10, 4760 (2019).

14. Hatami, A., Monjazeb, S., Milton, S. & Glabe, C. G. Familial Alzhei-
mer’s disease mutations within the amyloid precursor protein alter
the aggregation and conformation of the amyloid-beta peptide. J.
Biol. Chem. 292, 3172–3185 (2017).

15. Ha, C., Ryu, J. & Park, C. B. Metal ions differentially influence the
aggregation and deposition of Alzheimer’s beta-amyloid on a solid
template. Biochemistry 46, 6118–6125 (2007).

16. Rangachari, V., Dean, D. N., Rana, P., Vaidya, A. & Ghosh, P. Cause
and consequence of amyloid-beta–lipid interactions in Alzheimer
disease pathogenesis. Biochim. Biophys. Acta-Biomembr. 1860,
1652–1662 (2018).

17. Morgado, I. & Garvey, M. Lipids in amyloid-β processing, aggrega-
tion, and toxicity. In Lipids in Protein Misfolding. Advances in Experi-
mental Medicine and Biology (ed. Gursky, O.) Vol 855 (Springer,
Cham, 2015). https://doi.org/10.1007/978-3-319-17344-3_3.

18. Kao, Y. C., Ho, P. C., Tu, Y. K., Jou, I. M. & Tsai, K. J. Lipids and
Alzheimer’s disease. Int. J. Mol. Sci. 21, 1505 (2020).

19. Alarcon, J. M. et al. Ion channel formation by Alzheimer’s disease
amyloid beta-peptide (A-beta) 40 in unilamellar liposomes is
determined by anionic phospholipids. Peptides 27, 95–104
(2006).

20. Chauhan, A., Ray, I. & Chauhan, V. P. Interaction of amyloid beta-
protein with anionic phospholipids: possible involvement of Lys28

and C-terminus aliphatic amino acids. Neurochem. Res. 25,
423–429 (2000).

21. Bokvist, M., Lindstrom, F., Watts, A. & Grobner, G. Two types of
Alzheimer’s beta-amyloid (1–40) peptide membrane interactions:
aggregation preventing transmembrane anchoring versus accel-
erated surface fibril formation. J. Mol. Biol. 335, 1039–1049 (2004).

22. Lindberg, D. J., Wesen, E., Bjorkeroth, J., Rocha, S. & Esbjorner, E. K.
Lipid membranes catalyse the fibril formation of the amyloid-beta
(1-42) peptide through lipid-fibril interactions that reinforce sec-
ondary pathways. Biochim. Biophys. Acta-Biomembr. 1859,
1921–1929 (2017).

23. Okada, T., Ikeda, K., Wakabayashi, M., Ogawa, M. & Matsuzaki, K.
Formation of toxic amyloid-beta(1–40) fibrils on GM1 ganglioside-
containing membranes mimicking lipid rafts: polymorphisms in
amyloid-beta(1–40) fibrils. J. Mol. Biol. 382, 1066–1074
(2008).

24. Vander Zanden, C. M. et al. Fibrillar and nonfibrillar amyloid beta
structures drive two modes of membrane-mediated toxicity.
Langmuir 35, 16024–16036 (2019).

25. Williams, T. L. & Serpell, L. C. Membrane and surface interactions of
Alzheimer’s amyloid-beta peptide—insights into the mechanism of
cytotoxicity. FEBS J. 278, 3905–3917 (2011).

26. Williams, T. L., Day, I. J. & Serpell, L. C. The effect of Alzheimer’s
amyloid-beta aggregation state on the permeation of biomimetic
lipid vesicles. Langmuir 26, 17260–17268 (2010).

27. Sanderson, J. M. The association of lipidswith amyloidfibrils. J. Biol.
Chem. 298, 102108 (2022).

28. Kiskis, J. et al. Plaque-associated lipids inAlzheimer’s diseasedbrain
tissue visualized by nonlinear microscopy. Sci. Rep. 5, 13489
(2015).

29. Liao, C. R. et al. Synchrotron FTIR reveals lipid around and within
amyloid plaques in transgenic mice and Alzheimer’s disease brain.
Analyst 138, 3991–3997 (2013).

30. Summers, K. L. et al. A multimodal spectroscopic imaging method
to characterize the metal and macromolecular content of protei-
naceous aggregates (“amyloid plaques”). Biochemistry 56,
4107–4116 (2017).

31. Roher, A. E., Palmer, K. C., Yurewicz, E. C., Ball, M. J. &Greenberg, B.
D. Morphological and biochemical analyses of amyloid plaque core
proteins purified from Alzheimer disease brain tissue. J. Neu-
rochem. 61, 1916–1926 (1993).

32. Kuzyk, A. et al. Association among amyloid plaque, lipid, and
creatine in hippocampus of TgCRND8 mouse model for Alzheimer
disease. J. Biol. Chem. 285, 31202–31207 (2010).

33. Frieg, B. et al. The 3D structure of lipidic fibrils of alpha-synuclein.
Nat. Commun. 13, 6810 (2022).

34. Liao,M.Q. et al. The correlation betweenneurotoxicity, aggregative
ability and secondary structure studied by sequence truncated A
beta peptides. FEBS Lett. 581, 1161–1165 (2007).

35. Karkisaval, A. G., et al. The structure of tyrosine-10 favors ionic
conductance of Alzheimer’s disease-associated full-length amy-
loid-ß channels. Nat. Commun. https://doi.org/10.1038/s41467-
023-43821-y (2024).

36. Gremer, L. et al. Fibril structure of amyloid-beta(1–42) by cryo-
electron microscopy. Science 358, 116–119 (2017).

37. Ghosh, U., Thurber, K. R., Yau,W.M. & Tycko, R. Molecular structure
of a prevalent amyloid-beta fibril polymorph from Alzheimer’s dis-
ease brain tissue. Proc. Natl Acad. Sci. USA 118, e2023089118
(2021).

38. Liu, R. T., McAllister, C., Lyubchenko, Y. & Sierks, M. R. Residues
17–20 and 30–35 of beta-amyloid play critical roles in aggregation.
J. Neurosci. Res. 75, 162–171 (2004).

39. Das, A. K. et al. An early folding contact between Phe19 and Leu34 is
critical for amyloid-beta oligomer toxicity. ACS Chem. Neurosci. 6,
1290–1295 (2015).

Article https://doi.org/10.1038/s41467-023-43822-x

Nature Communications |         (2024) 15:1297 9

https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-17218
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-17223
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-17223
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-17234
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-17235
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-17238
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-17239
https://doi.org/10.2210/pdb8OVK/pdb
https://doi.org/10.2210/pdb8OVM/pdb
https://doi.org/10.2210/pdb8OWD/pdb
https://doi.org/10.2210/pdb8OWE/pdb
https://doi.org/10.2210/pdb8OWJ/pdb
https://doi.org/10.2210/pdb8OWK/pdb
https://doi.org/10.13018/BMR52006
https://doi.org/10.1007/978-3-319-17344-3_3
https://doi.org/10.1038/s41467-023-43821-y
https://doi.org/10.1038/s41467-023-43821-y


40. Wogulis, M. et al. Nucleation-dependent polymerization is an
essential component of amyloid-mediated neuronal cell death. J.
Neurosci. 25, 1071–1080 (2005).

41. Barbet-Massin, E. et al. Rapid proton-detected NMR assignment for
proteins with fast magic angle spinning. J. Am. Chem. Soc. 136,
12489–12497 (2014).

42. Bode, D. C., Freeley, M., Nield, J., Palma, M. & Viles, J. H. Amyloid-
beta oligomers have a profound detergent-like effect on lipid
membrane bilayers, imaged by atomic force and electron micro-
scopy. J. Biol. Chem. 294, 7566–7572 (2019).

43. Jan, A., Gokce, O., Luthi-Carter, R. & Lashuel, H. A. The ratio of
monomeric to aggregated forms of amyloid-beta40 and amyloid-
beta42 is an important determinant of amyloid-beta aggregation,
fibrillogenesis, and toxicity. J. Biol. Chem. 283, 28176–28189 (2008).

44. He, S. & Scheres, S. H. W. Helical reconstruction in RELION. J.
Struct. Biol. 198, 163–176 (2017).

45. Rohou, A. & Grigorieff, N. CTFFIND4: fast and accurate defocus
estimation from electron micrographs. J. Struct. Biol. 192,
216–221 (2015).

46. Wagner, T. et al. SPHIRE-crYOLO is a fast and accurate fully auto-
mated particle picker for cryo-EM. Commun. Biol. 2, 218 (2019).

47. Shen, Y. & Bax, A. Protein structural information derived from NMR
chemical shift with the neural network program TALOS-N.Methods
Mol. Biol. 1260, 17–32 (2015).

48. Mastronarde, D. N. Automated electron microscope tomography
using robust predictionof specimenmovements. J. Struct. Biol. 152,
36–51 (2005).

49. Tegunov, D. & Cramer, P. Real-time cryo-electron microscopy data
preprocessing with Warp. Nat. Methods 16, 1146–1152 (2019).

50. Zivanov, J., Nakane, T. & Scheres, S. H. W. Estimation of high-order
aberrations and anisotropicmagnification fromcryo-EMdata sets in
RELION-3.1. IUCrJ 7, 253–267 (2020).

51. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular
graphics. Acta Crystallogr. Sect. D-Struct. Biol. 60,
2126–2132 (2004).

52. Afonine, P. V. et al. Real-space refinement in PHENIX for cryo-EM
and crystallography. Acta Crystallogr. Sect. D-Struct. Biol. 74,
531–544 (2018).

53. Liebschner, D. et al. Macromolecular structure determination using
X-rays, neutrons and electrons: recent developments in Phenix.
Acta Crystallogr. Sect. D-Struct. Biol. 75, 861–877 (2019).

54. Chen, V. B. et al. MolProbity: all-atom structure validation for
macromolecular crystallography. Acta Crystallogr. Sect. D-Struct.
Biol. 66, 12–21 (2010).

55. Tian, C. et al. ff19SB: amino-acid-specific protein backbone para-
meters trained against quantum mechanics energy surfaces in
solution. J. Chem. Theory Comput. 16, 528–552 (2020).

56. Schafmeister, C. E. A. F., Ross, W. S. & Romanovski, V. LEaP (Uni-
versity of California, San Francisco, 1995).

57. Case, D. A. et al. AMBER 22 (University of California, San Fran-
cisco, 2022).

58. Joung, I. S. & Cheatham, T. E. III Determination of alkali and halide
monovalent ion parameters for use in explicitly solvated biomole-
cular simulations. J. Phys. Chem. B 112, 9020–9041 (2008).

59. Izadi, S., Anandakrishnan, R. &Onufriev, A. V. Buildingwatermodels:
a different approach. J. Phys. Chem. Lett. 5, 3863–3871 (2014).

60. Frieg, B. et al. Molecular mechanisms of glutamine synthetase
mutations that lead toclinically relevant pathologies.PLoSComput.
Biol. 12, e1004693 (2016).

61. Frieg, B., Gremer, L., Heise, H., Willbold, D. & Gohlke, H. Binding
modes of thioflavin T and Congo red to the fibril structure of amy-
loid-beta(1-42). Chem. Commun. 56, 7589–7592 (2020).

62. Becker, N. et al. Atomic resolution insights into pH shift induced
deprotonation events in LS-shaped amyloid-beta(1-42) amyloid
fibrils. J. Am. Chem. Soc. 145, 2161–2169 (2023).

63. Hopkins, C. W., Le Grand, S., Walker, R. C. & Roitberg, A. E.
Long-time-step molecular dynamics through hydrogen
mass repartitioning. J. Chem. Theory Comput. 11, 1864–1874 (2015).

64. Ryckaert, J. P., Ciccotti, G. & Berendsen, H. J. C. Numerical integration
of cartesian equations of motion of a system with constraints mole-
cular dynamics of n-alkanes. J. Comput. Phys. 23, 327–341 (1977).

65. Darden, T., York, D. M. & Pedersen, L. G. Particle Mesh Ewald: an
N⋅log (N) method for Ewald sums in large systems. J. Chem. Phys.
98, 10089–10092 (1993).

66. Salomon-Ferrer, R., Götz, A. W., Poole, D., Le Grand, S. &Walker, R.
C. Routine microsecond molecular dynamics simulations with
Amber on GPUs. 2. Explicit solvent particle mesh Ewald. J. Chem.
Theory Comput. 9, 3878–3888 (2013).

67. Roe, D. R. & Cheatham, T. E. III PTRAJ and CPPTRAJ: software for
processing and analysis of molecular dynamics trajectory data. J.
Chem. Theory Comput. 9, 3084–3095 (2013).

Acknowledgements
This work was supported by the Max Planck Society (to C.G.) and the
Deutsche Forschungsgemeinschaft (DFG, German Research Founda-
tion) under Germany’s Excellence Strategy-EXC 2067/1-390729940 (to
C.G.) and the Emmy Noether program to LBA (project number:
397022504). B.F. and G.F.S. are grateful for the computational support
and infrastructure provided by the “Zentrum für Informations-und
Medientechnologie” (ZIM) at the Heinrich Heine University Düsseldorf
and the computing time provided by Forschungszentrum Jülich on
the supercomputer JURECA-DC at Jülich Supercomputing Centre (JSC).

Author contributions
C.G., L.B.A., S.B., and G.F.S. designed and supervised the project. B.F.,
M.H., C.G., and G.F.S. administered the project. K.G. and S.B. performed
protein expression and purification. M.H. prepared the fibril samples.
M.H. and L.B.A. performedNMRexperiments. D.R. optimized the sample
quality screening conditions using negative stains. C.D. prepared the
cryo-EM grids and collected the cryo-EM images. B.F. processed the
cryo-EM images, reconstructed the fibril structures, and built the atomic
models. B.F. and M.H. visualized the results. The original draft was
written by B.F., M.H., S.B., L.B.A., C.G., and G.F.S. All authors reviewed
and edited the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
B.F. is now an AstraZeneca employee. The other authors declare no
competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-43822-x.

Correspondence and requests for materials should be addressed to
Stefan Becker, Loren B. Andreas, Christian Griesinger or Gunnar F.
Schröder.

Peer review information Nature Communications thanks Surl-Hee Ahn
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-023-43822-x

Nature Communications |         (2024) 15:1297 10

https://doi.org/10.1038/s41467-023-43822-x
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-023-43822-x

Nature Communications |         (2024) 15:1297 11

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Cryo-EM structures of lipidic fibrils of amyloid-β�(1-40)
	Results and discussion
	Fibrillization in the presence of lipids results in a lipidic fibril with a fold similar to brain-seeded fibrils
	Further lipidic structures of�Aβ40
	Lipidic Aβ fibrils reveal similarities to non-lipidic Aβ fibrils
	Lipid-mediated Aβ fibrillization leads to lipid vesicle disruption and remodeling

	Methods
	Protein expression and purification
	Lipidic Aβ40 fibril preparation
	Solid-state NMR measurements
	Transmission electron microscopy
	Cryo-EM grid preparation and imaging
	Helical reconstruction of Aβ fibrils
	Atomic model building and refinement
	Molecular dynamics simulations of the L1 Aβ 40�fibril
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




