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Helical superstructures between amyloid
and collagen in cardiac fibrils from a patient
with AL amyloidosis
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Systemic light chain (LC) amyloidosis (AL) is a disease where organs are
damaged by an overload of a misfolded patient-specific antibody-derived LC,
secreted by an abnormal B cell clone. The high LC concentration in the blood
leads to amyloid deposition at organ sites. Indeed, cryogenic electron micro-
scopy (cryo-EM) has revealed unique amyloid folds for heart-derived fibrils
taken fromdifferent patients. Here, we present the cryo-EM structure of heart-
derived AL amyloid (AL59) from another patient with severe cardiac involve-
ment. The double-layered structure displays a u-shaped core that is closed by a
β-arc lid and extended by a straight tail. Noteworthy, the fibril harbours an
extended constant domain fragment, thus ruling out the variable domain as
sole amyloid building block. Surprisingly, the fibrils were abundantly con-
catenatedwith a proteinaceous polymer, here identified as collagenVI (COLVI)
by immuno-electron microscopy (IEM) and mass-spectrometry. Cryogenic
electron tomography (cryo-ET) showed how COLVI wraps around the amyloid
forming a helical superstructure, likely stabilizing and protecting the fibrils
from clearance. Thus, here we report structural evidence of interactions
between amyloid and collagen, potentially signifying a distinct pathophysio-
logical mechanism of amyloid deposits.

Systemic AL amyloidosis is a rare plasma cell dyscrasia with an annual
incidence of about 12-15 new cases per million people1. AL amyloidosis
is due to the overexpression of an amyloidogenic LC thatmisfolds and
forms amyloid deposits in several organs2. The circulating LC mole-
cules exert proteotoxicity which concurs with the mass effect pro-
ducedbyamyloiddeposits to fatal organdysfunction1. Due to genomic
recombination and somatic mutations every AL patient bears a vir-
tually unique amyloidogenic LC sequence, originating from either the
λ−or κ−gene locus3,4.Most patients areaffectedbydeposits inmultiple

organs, but heart manifestation dictates the prognosis in ~75% of
cases5–9. Without its associated heavy chain, free LCs fold into homo-
dimers where each monomer consists of an N-terminal variable
domain (VL) and a C-terminal constant domain (CL) connected by a
flexible joining region10–13. While free LCs are eliminated rapidly under
healthy conditions, abnormal levels of an amyloidogenic LC cause vast
accumulations of cross-β amyloid fibrils in AL amyloidosis1,14. Cryo-EM
has emerged as a powerful method to determine molecular structures
of ex vivo amyloids, retrieved from patients affected by various
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amyloidoses15–21. The structures of fibrils from cardiac tissue of four AL
patients, denoted as λ6-AL55, λ3-FOR005, λ1-FOR001, and λ1-FOR006,
display distinct folds3,15–19. So far, only residues belonging to VL were
found in the structured core of the AL amyloid, resulting in high
sequence variability in the core of the deposited fibrils3,15–19. Structures
of sequence-identical amyloid from the heart and kidney of the same
patient are well superposable, indicating a crucial role of the VL

sequence in determining the fibrillar structure19. Other sources of
variability in this disease are post-translational modifications (PTM),
and in particular proteolytic processing and N-glycosylation hotspots.
The latter were shown to correlate with AL onset for κ LCs22–24. To date,
glycosylation in λ LCs is not considered a risk factor for AL24,25, but the
cryo-EM structure of λ1-FOR001 shows a covalently linked glycan that
may impact the resulting amyloid fold18.

Ancillary proteins are reproducibly found in amyloid deposits,
including heparan sulphate proteoglycan, serum amyloid
P-component and various extracellularmatrix elements (ECM) such as
collagen1,26–30. The ECM provides structural support for organs and
tissues and is dynamically remodelled, controlling tissue homoeostasis
and modulating immune cell responses31–33. As most prominent ECM
component, collagens are frequently detected in deposits extracted
from different amyloidosis types27. Collagen interactions seem to
affect directly amyloid formation and disease progression27,34–40. Col-
lagens facilitate misfolding of native human β2-microglobulin (β2m)
into amyloid, leading to fibril deposition in the joints of haemodialyses
patients36–39. Increased collagen content was found in cerebral micro-
vessels of patients with Alzheimer’s disease, and a neuron-protective
role was put forward for COLVI41–43. Recent evidence suggests that
binding of collagens in general, but particularly COLI and COLIV,
protects AL amyloid against phagocytic clearance in experimental
mouse models34,35. Thus, collagen/amyloid interactions modulate the
progression of various amyloidoses.

Here we report the 3.6 Å resolution cryo-EM structure of
N-glycosylated AL amyloid, which was extracted from the heart of a
patient with cardiac AL amyloidosis and is referred to as AL59. AL59 is,
to the best of our knowledge, the first AL amyloid structure with an
extended constant domain fragment in its fibril core. The fold is rela-
ted to that of a previously reported AL amyloid structure, belonging to
the same λ3-gene subfamily. Ex vivo AL59 fibrils display the unique
ability to interact with a polymer from the extracellular matrix, which
was identified as COLVI. While COLVI was not resolved in the helical
reconstruction of the amyloid, we applied IEM and cryo-ET to reveal
that COLVI wraps helically around the fibril, potentially stabilising and
protecting AL59 amyloids from macrophage recognition.

Results & discussion
Ex vivo AL59 amyloids form abundant complexes with co-
purified unknown polymer
AL59 amyloids were extracted from the heart apex tissue of a 56 years
old woman, who had died from progressive heart failure and systemic
AL amyloidosis (Supplementary Fig. 1 and Supplementary Tab. 1). The
amyloid extraction procedure is standardised in our laboratory as
previously described16,28,44. AL59 belongs to the λ3 light chain family,
and is more specifically encoded by the variable gene IGLV3-01, and
IGLJ2*01 for the joining segment. Liquid chromatography tandemmass
spectrometry (LC-MS/MS) carried out on extracted fibrils revealed
peptide fragments corresponding to residue numbers 1-204 of AL59
(Supplementary Fig. 1). To determine the molecular structure of AL59
amyloids, cryo-EM data were collected. Inspection of raw cryo-EM
micrographs of the vitrified amyloid extract revealed fibrils with an
alternating width pattern, fromwhichwe estimated a crossover length
of ~1200Å (Fig. 1a). Surprisingly, an additional polymer distinct from
amyloid was abundantly present in all fibril samples extracted from
AL59 cardiac tissue (Fig. 1a). This polymer was present both in isolated
form and also AL59-associated. In its unbound form, the polymer
exhibits a bipartite repeating structure comprising 500Å long beads
connected by 600Å long and 50Å thin fibres, thus exhibiting a peri-
odicity of 1100Å (Fig. 1a). With further micrograph inspection, we also
recognised the same bead-like shape as part of the amyloid-decorating
polymer (Fig. 1a). Among 184micrographs with higher visual contrast,
we found the polymer decorating about 80% of amyloid fibrils. To
unveil the structural properties of this unique AL59/polymer complex,
we also collected cryo-ET data. In agreement with the cryo-EM
micrographs, tomograms revealed undecorated amyloid, free poly-
mer, as well as abundant polymer-decorated amyloid (Fig. 1b).

The structure of glycosylatedAL59 is double-layered and adopts
a u-shaped core that is closed by a β-arc segment and extended
by a straight tail
To determine the structure of AL59, free and polymer-decorated
amyloids were picked as single population for standard helical
reconstruction45,46. A reference-free 2D class average of particles
extracted with a box size of ~1600Å confirmed the estimated cross-
over length of ~1200Å (Supplementary Fig. 2a). Class averages of
particles extracted with a smaller box size of 302 Å, revealed the
amyloid-characteristic β-spine (Supplementary Fig. 2b). The 2D class
averages were characteristic of amyloid, lacking any features attribu-
table to the abundant polymer.

From the initially extracted ~240 k particles, ~38 k were recon-
structed to a finalmapwith a resolution of 3.6 Å (Fig. 2a). Based on the
AL59 amino acid sequence, we built the entire structure unambigu-
ously into the continuous density, starting from the disulphide bond
between residues Cys-22 and Cys-87 (or Cys-23 and Cys-88 according
to Kabat numbering of antibodies, see Supplementary Tab. 3), clearly
marked in the map (Fig. 2a). The single proto-filament of the built
model comprises residues 1-118, 51 of which form 9 β-strands (Fig. 2b).

Fig. 1 | AL59 extract comprises additional polymer decorating the amyloid
fibrils. a Cryo-EM micrographs and b Cryo-ET 2D projections reveal undecorated
and polymer-decorated AL59 fibrils, highlighted by yellow and red arrows,
respectively. The remarkably shapedpolymer beads are encircled in yellow and red
for the unbound and amyloid-associated forms, respectively. A thin yellow line
indicated the estimated crossover-length. The image scale-bar is valid for both
panels. See Supplementary Fig. 1.
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A central β-arc segment folds the proto-filament into a meandering
double layer with three sharp kinks,marked by residue pairs (i) Pro-54/
Ala-70, (ii) Pro-39/Asp-81 and (iii) Pro-14/Phe-97 (Fig. 2b). The double-
layer between the first and third kink adopts a u-shaped core structure.
TheopposingN- andC-terminal tails followa straight path and are kept
close by hydrophobic interactions (Supplementary Fig. 3). Viewed
along its longfibril axiswith a helical rise of 4.9 Å, a single layer appears
rather compact exhibiting maximal Cα height differences of ~6 Å

(Fig. 2c). An additional density aroundAsn-19wasmodelled asN-linked
N-acetyl glucosamine (NAG), as glycosylation was also detected by
mass spectrometry, 2D-PAGE andwestern blot (Fig. 2a, Supplementary
Fig. 1). N-glycosylation has been reported to correlate with amyloido-
genic κ, but not λ LCs24,47. Curiously, among the five ex vivo LC amyloid
structures3,15–19, AL59 is the second with a structurally confirmed gly-
cosylation site, indicating that glycosylation of λ-LCs may be more
common than expected.

Two additional structures displaying alternative conformations of
AL59 emerged in 3D classifications, thus indicating structural hetero-
geneity of the fibrils (Fig. 2d). However, their reconstructions reached
only ~3.9 Å resolution and the obtained maps featured main chain
breaks, thus hindering us to built a molecular model and to interpret
these structures in detail.

In summary, the structure of glycosylated AL59 displays a double-
layered u-shaped core with a β-arc lid and a straight tail extension.

AL59 adopts a fold related to λ3-FOR005, but harbours an
extended constant domain fragment in its amyloid core
In keeping with the four other reported ex vivo LC amyloid structures
(Fig. 3a)3,15–19, AL59 adopts a fold substantially different from its native
structure (Fig. 3b), but retains the conserved disulphide bond between
Cys-22 and Cys-87. The 59-64% sequence-identical VL-domains of the
λ1- and λ6-subfamily members (Fig. 3a) adopt amyloid folds different
from AL59. Interestingly, the structure of the ~70% sequence-identical
and non-glycosylated λ3-FOR005 is superimposable on the
AL59 structure with a root mean square deviation of ~4 Å over 81
aligned residues (Fig. 3a, c). The two related folds exhibit similar
positioning of the disulphide bond and CDR segments (Fig. 3c). Gly-
cosylation does not seem to impact this specific amyloid fold. In
contrast, the authors of a previous study suggested that glycosylation
of λ1-FOR001 contributes to define its specific amyloid fold18. Thus,
here we show that two LCs belonging to the same germline subfamily,
but from different individuals, adopt a related amyloid fold. This
observation corroborates our previous findings of identical structure
of fibrils extracted from different organs of the same individual, indi-
cating that the fibril fold is dictated by its primary sequence19.

In contrast to the previously reported LC amyloid structures3,15–19,
AL59 is to the best of our knowledge the first structurewith a CL domain
fragment extending beyond residue position 106, that is located within
the VL-CL joining region. Amodel for LC amyloid aggregation posits that
proteolytic cleavage of the joining region is required to trigger fibril
formation by the amyloidogenic VL domain molecules48,49. Evidently,
such a model cannot be applied to AL59 amyloid aggregation. If a pro-
teolytic event is necessary to destabilise AL59native fold, itmay occur in
the CL domain. Furthermore, we applied our established LC-MS/MS
protocol which revealed proteolysis hotspots in the CL domain of AL59
(Fig. 3b), similarly to those reported for λ6-AL55 and λ1-H728,44. These
observations supportourprevious interpretation that in vivoproteolysis
occurs mostly post aggregation28,44.

Thus, λ3-AL59 amyloid adopts a fold related to LC fibrils derived
from the same germline subfamily, regardless of originating from a
different patient. The inclusion of an extended CL-derived fragment in
the AL59 amyloid core, combined with the extensive fragmentation of
the CL domain, point at the CL domain as main target for in vivo
proteolysis.

Collagen VI is co-extracted with AL59 fibrils from cardiac tissue
To facilitate identification of the additional polymer observed in the
micrographs, 2208 beads (Fig. 1a) were picked manually for single-
particle analysis (SPA). 2D class averages of the beads revealed two
half-beads, each ~140Å wide and ~165 Å long, connected by a ~20Å
wide and ~90Å long intra-bead fibre (Fig. 4a, Supplementary Fig. 4b).
The two half-beads adopt non-identical orientations, rotated around
the intra-beadfibre. Each half-bead exhibits a tripartite structurewith a

Fig. 2 | The structure of glycosylated AL59 exhibits a meandering double layer
comprising a central β-arc, u-shaped core and a terminal straight segment.
a Cross-sectional view of the reconstructed map, visualised according to the
depicted σ-colour scale. The polypeptide backbone and side-chains of the models
are shown as black cartoon and sticks, respectively. b The polypeptide backbone is
shown as cartoon, coloured on a rainbow-spectrum for residue numbers from 1 to
120. The three kinks are highlighted as pink straight lines. The u-shaped core is
highlighted by a black outline. The terminal and β-arc segments are labelled. c Side-
view of the depositedmodel comprising five subunits. The height difference of the
polypeptide layer is indicated for the central layer, highlighted as thick ribbon.
d ~5 Å cross-sectional slices through the reconstructed AL59 map are shown
applying a black/white (0/0.09) linear scale (left). The structural heterogeneity
panel depicts two additional alternative conformations of AL59 amyloid core
(highlighted by pink arrow) that emerged during 3D classifications.
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head, an intermediate central body, and two tails lining the intra-bead
fibre (Fig. 4a). Inter-bead fibres were apparent, but not well resolved.
Our search for a polymerwithmatching structurewas facilitatedbyLC-
MS/MS identification of collagen VI (COLVI) subunits α1, α2 and α3 as
major components in the AL59 extract (Supplementary Tab. 4). The
structural organisation of the abundant polymer was matched visually
to the previously described unique architecture of COLVI bead-on-a-
string microfibrils50–55. In line with the posited COLVI assembly model
(Supplementary Fig. 4a), integrated from biochemical and structural
results collected over decades50–54,56,57, the two half-beads appear two-
fold symmetric in reference-free 2D class averages (Fig. 4a). Focused
heterogeneous 3D refinement of C2 symmetry-expanded half-beads
yielded a 13 Å resolution map (Fig. 4b and Supplementary Fig. 5), with

an overall shape reminiscent to that of COLVI from bovine cornea52. As
predicted by the assembly model, additional two-fold symmetry splits
the half-beads into quarter-beads (Supplementary Fig. 5). While
enforced symmetry improved the FSC-based resolution estimate to
12 Å, map interpretability was not markedly improved.

In summary, our single particle cryo-EM and LC-MS/MS data
allowed us to identify the co-purified abundant polymer in the AL59
amyloid extract as COLVI.

COLVI forms helical superstructures with AL59 fibrils
To unambiguously identify COLVI as the AL59-decorating polymer, we
performed IEM applying a COLVI-specific58 polyclonal antibody fol-
lowed by gold-conjugated secondary antibody staining of the same

Fig. 3 | AL59 adopts a fold related to λ3-FOR005, but harbours an extended
constant domain (CL) fragment in its amyloid core. a Sequence alignment of
AL59 belonging to the λ3 gene to the four other ex vivo LC amyloid structures λ3-
FOR005 [https://www.rcsb.org/structure/6Z1O], λ6-AL55 [https://www.rcsb.org/
structure/6HUD], λ1-FOR001 [https://www.rcsb.org/structure/7NSL] and λ1-
FOR006 [https://www.rcsb.org/structure/6IC3]. β-strands and strict β-turns are
indicated by numbered β and non-numbered TT symbols, respectively. Strict
sequence identity is indicated by a red box with white character, similarities within
and across groups are indicated by red characters and blue frames, respectively.
Secondary structure elements of λ3-AL59 and λ3-FOR005 are shown above. CDR

segments of λ3-AL59 and λ3-FOR005 are labelled and highlighted in yellow and
orange, respectively. The CL-derived fragment in the amyloid core of AL59 is
highlighted in light pink. b The AI-generated native AL59 structure (left) is com-
pared to the amyloid structure (right). VL and CL domains are coloured white and
light pink, respectively. The CDRs are coloured yellow and labelled. The non-
amyloidogenic CL part is semi-transparent.ModifiedN- and C-termini of LC peptide
fragments detected by LC-MS/MS are shown as red and blue Cα-spheres, respec-
tively. The residue-level line-plot depicts the domain boundaries and modified N-
andC-terminiof LC fragments detectedby LC-MS/MS.cThe superimposed λ3-AL59
and λ3-FOR005 structures are shown as white and black cartoons, respectively.
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extract used for cryo-EM and cryo-ET sample preparations. The IEM
images revealed single amyloidfibrils, amyloid clusters and free COLVI
polymers tagged by gold (Fig. 5a and Supplementary Fig. 6). Gold
particles were located within distances of ~150Å to single AL59 fibrils,
corresponding to half the theoretical length of two coupled anti-
bodies, thus marking complexes between AL59 and COLVI and iden-
tifying COLVI beads. Gold duplets with centre-to-centre distances of
~240Åpossiblymark twodistinct quarterswithin the same full-beadof
COLVI. When the same sample was treated only with gold-conjugated
secondary antibody, no gold particles were found (Fig. 5a and Sup-
plementary Fig. 7).

COLVI was not observed in the helical reconstruction of AL59,
likely due to the helical symmetry applied during the reconstruction
procedure. The repeat distance of the amyloid building block is ~5 Å,
while this value is 1100Å for COLVI-beads. Indeed, applying SPA we
obtained a single 2D class average from 78 non-duplicated particles,
which might be interpreted as amyloid with associated COLVI-bead
(Supplementary Fig. 4c).

To better characterise the architecture of unique AL59/COLVI
complexes, we applied cryo-ET (Figs. 1b and 5b). In the reconstructed
tomograms, the majority of AL59 was decorated by COLVI (Fig. 5b).
Generally, the rigid AL59 fibrils were better defined than the hetero-
geneous COLVI decorating density. Thus, although we observed bead-
like structures in amyloid-associated COLVI (Fig. 1b), our attempts to
average sub-tomograms were not successful, preventing a molecular
reconstruction of the AL59-COLVI complex. Notably, COLVI wraps
around the central AL59fibril, adopting the helical twist and rise values
of the amyloid but with a three times larger helical radius (Fig. 5b).
While COLVI adopts a non-helical superstructure on its own, the
amyloid fibril imprints its helical structure on COLVI, resulting in
complexes with an interaction interface spanning for thousands of
angstrom. Such a chirality transfer is regarded as fundamental
mechanism across scales in natural and artificial systems59–62. Specifi-
cally amyloids, exploited in nanotechnology and biotechnology, were
reported as chirality inducers60,63,64.

Recently, collagen was reported to play a protective role against
amyloid clearance by macrophages34,35. The helical superstructures
between AL59 and COLVI with such extensive interaction surfaces can
exemplify how collagen may contribute to amyloid stabilisation and
may hide misfolded aggregates from macrophage activity34,35. Earlier
studies have also demonstrated adverse effects of collagen in various
other amyloidoses. In dialysis-related Aβ2M amyloidosis, collagen
facilitates β2m aggregation and interacts weakly with mature β2m
fibrils36–39. In ATTR amyloidosis, transthyretin (TTR) tends to aggregate
in the presence of basement membrane components such as collagen

IV, whose expression correlates with amyloid accumulation65,66. Col-
lagen levels are also increased in the brains of Alzheimer’s patients
where collagen seems to play a neuroprotective role and facilitates the
formation of mature Aβ fibrils41–43,67. Then why had no structural evi-
dence of such interactions been reported to date? A possible answer is
that these interactions are typically weak and do not withstand the
forces exerted during extraction. The unexpected abundance of COLVI
in ourmicrographsmaybe related tounique amyloid features. LC fibrils
in different AL patients present distinct surface residues, thus forming
intermolecular complexes with variable stability. By serendipity, AL59
amyloids can interact strongly with COLVI, resulting in the abundant
and reproducibleobservationof theAL59/COLVI complex inour exvivo
extracts. Moreover mild extraction protocols may facilitate the obser-
vation of such complexes. Remarkably, a micrograph of λ3-FOR005,
shown in Supplementary Fig. 1 of that study15, displays an amyloid-
concatenated polymer resembling COLVI. Thus, the concatenation of
amyloid with collagen, exemplified here as helical superstructures, may
represent a general mechanism by which collagen(s) could modify the
recognition of amyloid by host defence mechanisms.

In summary, here we report the cryo-EM structure of AL59 amy-
loids extracted from an AL patient with severe cardiac involvement.
Glycosylated λ3-AL59 adopts a double-layered structure featuring a
u-shaped core with a β-arc lid and a straight tail extension. AL59 is to
the best of our knowledge the first LC amyloid structure comprising a
CL domain fragment, thus incompatible with the model suggesting
that LC amyloids are formed by isolated VL domains released upon LC
proteolysis. Surprisingly, AL59 fibrils form helical superstructures with
COLVI, representing evidence of a stable interaction between amyloid
and ECM components. This observation provides insights about the
potential role of collagen as a modulating agent of amyloid deposits,
potentially signifying a distinct pathophysiological mechanism for
amyloidoses.

Methods
Ethical statement
This study was approved by the Ethical Committee of Fondazione
IRCCS Policlinico San Matteo and was performed in accordance with
the Declaration of Helsinki. Data were collected from the Ethics
Committee approved ReAL amyloidosis registry (NCT04839003). We
have written consent of the patient to publish clinical information
potentially identifying the individual.

Clinical characteristics of patient AL59. Patient AL59was affected by
AL amyloidosis with cardiac involvement and died of progressive heart
failure. After autopsy examination, showing Congo red positivity in
heart, tissue was stored frozen (−80 °C) without fixation until use. AL
amyloidosis had been diagnosed 10 months earlier on abdominal fat
aspirate, where amyloid deposits were evaluated by Congo red stain-
ing under polarised light and amyloid typing was confirmed by
immuno-electron microscopy68. Organ involvement was defined
according to international criteria69. Baseline clinical and demographic
information are listed in Supplementary Tab. 1. The patientwas treated
with cyclophosphamide, bortezomib and dexamethasone. After four
cycles, haematologic partial response was reached (dFLC levels
declined from 280 to 111mg/L), with cardiac progression (NT-proBNP
levels rose from 6043 to 17,600 ng/L). Treatment was subsequently
stopped for progressive heart failure.

cDNA sequencing of monoclonal LC (Pavia). Total RNA was extrac-
ted from 107 bone marrow mononuclear cells using TRIzol reagent
(Life Technologies, Paisley, United Kingdom). Nucleotide sequence of
monoclonal LC variable region (VL) was cloned by a universal inverse-
PCR strategy that preserves its original sequence at 5’ and 3’ ends70.
Briefly, primers specific for the 5’ (λ-CLA: 5’-AGTGTGGCCTTGTT
GGCTTG-3’) and 3’ (λ-CLB: 5’-GTCACGCATGAAGGGAGCAC-3’) ends of

Fig. 4 | CollagenVI is the abundant polymer concatenatingwith AL59. a The 2D
class average reveals two half-beads linked by an intra-bead fibre. Each half-bead
entails head, body and tail substructures. Inter-bead fibres appear blurry, likely due
to high flexibility. b Two views of the half-beadmap that is visualised according to
depicted σ-colour scale. The main features (darker blue) are comparable to a map
at a threshold of 1.5 σ. See Supplementary Figs. 4 and 5.
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the λ-LC CL were used. The PCR fragment was ligated into a cloning
vector and amplified. After plasmid purification, insert was sequenced
to deduce the VL chain sequence. To determine the germline of AL59-
VL, the sequence was aligned to the EMBL-GenBank, V-BASE (V BASE
Sequence Directory, MRC Centre for Protein Engineering, Cambridge,
UK) and IMGT sequence directories. The sequence showed the highest
homology with the IGLV3-1 and IGLJ2*0 germline gene. The AL59-VL

sequence was deposited in the GenBank database (GenBank
OR567864).

Fibril purification from heart tissues of patient AL59. Fibrils were
extracted from 500mg of autoptic heart tissue (apex) as previously
described16, obtaining six consecutive water-extracted fractions of 750
μl each. To evaluate the yield, 50μl of each fractionwere vacuumdried

Fig. 5 | The fibril-decorating polymer is COLVI and follows the helical pitch
of AL59. a Immuno-electron microscopy (IEM) revealed AL59 fibrils, free polymer
and dense fibril clusters tagged with gold particles. Top panel: > 50 gold particles,
highlighted in red, were counted in this image of the extract stained with anti-
COLVI IgG and gold-conjugated anti-IgG antibodies 70R-CR009x (Fitzgerald) fol-
lowed by a 12 nm gold-conjugated anti-IgG antibody, respectively. Threemagnified
sections emphasise (1) three gold particleswithin ~150 Å distance to AL59 fibrils, (2)
three single gold particles and three duplets tagging free COLVI polymer as well as
(3) 11 gold particles within a dense amyloid fibril cluster. bottom panel: No gold
particles were found in the sample treated only with the gold-conjugated anti-IgG
antibodies. Three magnified sections are shown for direct comparison to the top

panel. See Supplementary Figs. 6 and 7. b Left: An overview cryo-ET slice with a
thickness of 0.925 nm and four additional regions of interest (highlighted boxes)
reveal amyloid fibrils (blue arrowheads) decorated with COLVI polymers (red
arrowheads). The height level of the overview slice highlights the central AL59/
COLVI interaction. The four boxes are shown at different height levels and higher
magnification. Right: 3D renderings of the overview cryo-ET slice and the high-
lighted central AL59/COLVI interaction show traced AL59 fibril tubes (blue) deco-
rated with segmented COLVI densities (red). A helical ball model (yellow) with
helical twist and rise of AL59, but three times larger helical radius, is shown within
the COLVI density to demonstrate the helical imprinting of AL59 on COLVI.
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and re-suspended in 20 μl of 8M urea to solubilise the fibrils. After
protein quantification, using microBCA assay (Thermo Fisher Scien-
tific), fibril patterns were analysed by SDS-PAGE under denaturing and
reducing conditions. Water extract fraction #3 was selected for pro-
teomic and cryo-EM analyses.

N-glycosylation proteomic analyses by PNGase F digestion. For
western blot and LC-MS/MS analyses protein was deglycosylated using
PNGaseF (NewEnglandBiolabs) under denaturing andnon-denaturing
(glycerol-free) conditions, respectively24, according to the manu-
facturer’s instructions. Control samples were prepared by replacing
enzyme with water.

Proteomiccharacterisationof enrichedamyloidfibrils derived from
heart tissues of patient AL59. About 250mg of heart tissue (apex)
were used for the fibril enrichment procedure, performedon ice and in
presence of protease inhibitors. The obtained pellet was characterised
for LC fragments as described previously28,44. Briefly, 2D-
polyacrylamide gel electrophoresis was performed under denaturing
and reducing conditions. Proteinswere detected usingGelCodeTM Blue
Stain Reagent (Pierce). Subsequently, glycoproteins were revealed on
the same gel as magenta spots applying the Glycoprotein Staining Kit
(Pierce) according to manufacturer’s instructions. LCs were identified
by western blot, using polyclonal rabbit anti-human λ LC antibody
(1:25,000, A0914, Dako). To identify the N- and C-“terminomes” of LC
proteo-forms in the amyloid fibrils24,28, bottom-up proteomic analysis
was performed on proteins chemically derivatized at the N- and C-
termini by dimethyl labelling and amidation with ethanolamine,
respectively.

Liquid chromatography – tandem mass spectrometry (LC-MS/MS)
analysis and database search. LC-MS/MS analyses were performed
on a Dionex Ultimate 3000 nano-UHPLC RSLC system coupled to a Q
Exactive Plus mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with an EASY-spray ion source (Thermo Fisher
Scientific). Peptides were washed on a trap column (PepMap100 C18,
0.3 ×5mm, 5 μm, 100Å, Thermo Fisher Scientific) and separated on an
analytical column (PepMap RSLC C18, 75 μm x 50cm, 2 μm, 100Å,
Thermo Fisher Scientific). Raw data were processed using the Sequest
HT search engine contained in the Proteome Discoverer software,
version 2.0 (Thermo Scientific). Peptide searches were performed
against the human proteome (UniProt [https://www.uniprot.org/]) and
internal common contaminants databases, supplemented with the
AL59 sequence determined in this study. Matching the obtained pep-
tides to the available λ−CL sequences in theUniProt database, the AL59
CL-domain was identified. Further detailed about the C- and N-termini
labelling and N-glycosylation proteomic analyses were described
previously24,28. In all database searches semi-tryptic peptides were
considered. Since N-glycan removal leads to deamidation of aspar-
agine, the N-glycosylation site was evaluated by comparison of pep-
tides carrying deamidate asparagine in PNGase F digested and in
control sample. All spectra assigned to peptides containing Asp-19
were manually checked.

Electron microscopy (EM)
Negative stain. To evaluate the quality and concentration of amyloid,
extracts were analysed by negative stain EM, as described previously16.
Gridswere imaged on a Talos L120C transmission electronmicroscope
(Thermo Scientific) operating at 120 keV.

Single-particle cryo-EM sample preparation and data collection.
Samples were mixed by vortexing for 10 s at room temperature. Dro-
plets of 3μl were incubated for 30 s on freshly glow-discharged holey
thick carbon grids (C-flat 1.2/1.3C, Protochips), and plunge-frozen in
liquid ethane using a Vitrobot Mk IV (Thermo Fischer Scientific),

operated at 4 °C and 100% humidity. The main dataset comprising
2049 movies was collected automatically on a Talos Arctica 200 kV
(Thermo Fisher Scientific), equipped with a Falcon 3 direct electron
detector operated in electron counting mode (Supplementary Tab. 2).
Movies were recorded at a nominal magnification of 120,000, corre-
sponding to a pixel size of 0.889Å/pixel and a total dose of 40 e-/Å2,
equally distributed over 40 fractions. A second dataset comprising
2556 movies was collected on the same microscope operated with the
same settings, except for a lower magnification of ×73,000 corre-
sponding to a pixel size of 1.43 Å.

Helical reconstruction AL59. The structure of AL59 was recon-
structed following standard protocols in RELION 3.145,46,71,72. 1366 dose-
weighted,motion- andCTF-correctedmicrographswere selected from
themain dataset based on a CTF-fitting resolution cut-off set to ≤ 10Å.
5112 fibrils were picked start-to-endmanually from the micrographs in
RELION 3.145,46,71,72. A first set of 44,115 long segments was extracted
with 1800-pixel box-size, binned by 6, and an inter-box distance of
30Å. The tube diameter was set to 150Å. A single reference-free 2D
class average was used for initial model generation following pub-
lished protocols45, by applying an estimated crossover distance of
1200Å (Supplementary Fig. 2a). Extraction of short segments with a
340 pixel box-size and inter-box distance of 15 Å yielded 240,985 seg-
ments. Reference-free 2D classes obtained with a regularisation value
of T = 8 yielded averages with clearly visible cross-β structure (Sup-
plemental Fig. 2b). The initial model was re-scaled and re-windowed to
match the un-binned short segments and low-pass-filtered to 10Å.

Initial 3D auto-refinement applying C1 symmetry as well as helical
twist and rise values of −0.7° and 4.9Å, respectively, yielded a 4.2 Å
resolution map. Initial 3D classification with a regularisation value of
T = 24 yielded two structural classes comprising 54,825 (55k) and 31,113
(31k) particles, each displaying polypeptide features. 3D classification
of the 55k particle-set showed two structures comprising 37,904 (38k)
and 16,921 (17k) particles, respectively. The structure presented herein
was reconstructed from the 38k particle-set by 3D auto-refinement
applying a 5 Å low-passfiltered referencemap, 270Åmask, helical tube
radius of 180Å and Z-value of 30%. Post-processing with a B-factor of
−106 Å2 yielded a 3.6 Å resolution map, assessed using the 0.143 FSC
threshold criterion (Supplementary Tab. 2). The two additional struc-
tures emerged early and late during reconstruction of the main
structure. The early-emerging structure was reconstructed from
23,010 particles, selected by 3D classification of the initial 31k particle
set. The late-emerging structure was reconstructed from 12,355 parti-
cles, selected by 3D classification of the later obtained 17k particle set.
Both structures were 3D auto-refined using the same settings as for the
main structure, and post-processed to yield 3.9Å resolution maps.

Model building of AL59. The initial model was built de novo in Coot73,
starting from the position of the disulphide bond between Cys-22 and
Cys-87. The polypeptide backbone of the model was extended by pla-
cement of poly-Alanine residues into the continuous map. Considering
bulky side-chain features, residues were mutated to match the AL59
protein sequence. The model was iteratively built and refined in Coot,
Chimera-Isolde and Phenix real-space refinement with reference-model
restraints73–76. The additional density around Asn-19 was modelled as
N-linked N-acetyl glucosamine (NAG), representing the first building
block of the common N-glycan core77. The final model comprising five
118-residue long chains in each proto-filament was obtained by refine-
ment with additional non-crystallographic symmetry (NCS) restraints.
Molprobity score and EMDB78,79 atom inclusion values of 1.56 and 0.74,
respectively, suggest a physically valid model with good map support.

SPA of collagen VI. 1768 particles were picked manually in the
micrographs of the main dataset with a pixel size of 0.889Å. The
particles were extracted applying particle-box and diameter-
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background sizes of 1126 and 844 pixels, respectively. To increase the
number of particles, additional 1004 particles were picked manually
from the seconddatasetwith a pixel size of 1.43 Å. These particles were
extracted applying particle-box anddiameter-background sizes of 700
and 525, respectively. To match box- and pixel-size, the larger box was
scaled to match the smaller one. After import of the particles into
cryoSPARC80, the particle box was scaled to 384 pixels, yielding a pixel
size of 2.607Å. The reconstructed ab initio map was refined homo-
geneously to an estimated resolution of 18 Å (Supplementary
Fig. 5a and b). After map and particle re-orientation in ChimeraX75, the
number of particles was doubled by symmetry expansion and themap
was subsequently refined locally to a resolution of 13 Å (Supplemen-
tary Fig. 5c). Enforced C2 symmetry during local refinement improved
map resolution to 12 Å, but did not improve markedly map interpret-
ability (Supplementary Fig. 5d). To estimate the available space of the
quarter-bead volume, we placed 11 copies of an AI-model of α2-VWFA2
[https://www.uniprot.org/uniprotkb/P12110/entry]. The crystal struc-
ture of a collagen triple helix [https://www.rcsb.org/structure/1k6f]81

was assembled into elongated parallel tetramers fitting snugly the
volume of the intra-bead fiber.

Cryo-EM SPA of the AL59/COLVI complex. In Relion45,46,71,72, 36,540
helical segments with a tube diameter of 500Å were extracted from
the manually picked 5112 fibrils, applying box-size and inter-box dis-
tance values of 840 and 84 pixels, respectively. The box was re-scaled
to 280 pixels. Particles associated with their micrographs were
imported into cryoSPARC80 for 2D classification. Applying amaximum
resolution of 10 Å, an initial classification uncertainty factor of 50, and
abatch-size of 200per class, the particleswere sorted into 400 classes.
Two classes comprising 119 particles were interpreted as amyloid with
associated COLVI-bead. 37 particles with an inter-particle separation
distance below 400Åwere removed as duplicates. 78 of the remaining
82 particles were aligned to yield the 2D class presented in Supple-
mentary Fig. 4c. To provide a visual guide, the reconstructed map of
the COLVI-beadwas arrangedwith a surface of the AL59 fibril tomatch
the shape of the 2D class average in ChimeraX75.

Immuno-electron microscopy (IEM). 10 µl drop of the AL59 extract
were placed at room temperature for 30min on a 200 mesh formvar/
carbon coated nichel grid (EMS, Hatfield, PA, USA). After absorbing the
excess of the suspension with Whatman filter paper, fibrils were then
incubated with a rabbit anti-human collagen VI (1:10, Fitzgerald
Industries International) overnight at 4 °C in a wet chamber, followed
by a donkey anti-rabbit antibody conjugated to a 12 nm colloidal gold
(1:75, Jackson Immunoresearch) in block solution for 45min at 37°.
After post-fixationwith 2%glutaraldehyde, gridswerefinally negatively
counterstained with 2% uranyl acetate and observed with an Energy
Filter Transmission Electron Microscope (EFTEM, ZEISS LIBRA® 120)
equippedwith YAG scintillator slow scan CCD camera (Sharp eye, TRS,
Moorenweis, Germany).

Cryogenic electron tomography (cryo-ET). Samples were prepared
in the same way as for cryo-EM. Vitrified specimens were imaged on a
Titan Krios cryo-transmission electron microscope equipped with a
Selectris energy filter with a slit width of 15 eV and a Falcon IV direct
electro detector (Thermo Fisher Scientific). Multiple tilt series with a
pixel size of 2.32 Åwere recorded over a tilt range of −54 to 54 degrees
in 3-degree steps with a dose-symmetric scheme using SerialEM and
PACE-tomo 1.282,83. The total electron dose was kept under 120 elec-
trons/Å². Frameswere aligned usingMotionCor2 1.5.072. Final tilt series
were aligned using fiducial-less patch tracking, down sampled four
times, and reconstructed into tomograms by back projection within
IMOD 4.11.1584. Contrast was enhanced by filtering the tomograms
using CTF Deconvolve of isonet 0.285.

Tomograms were segmented using Amira (Thermo Fisher Scien-
tific) as follows: amyloid fibrils were detected using Amira’s XTracing
module based on cross-correlation with a cylindrical template (5 nm in
radius and 25 nm in length). Cross-correlation fields were thresholded
to balance the amount of true positives and negatives. Amyloid fibrils
were then traced using a search cone 15 nm in length and 10° angle,
with a direction coefficient of 0.3 and minimum fibril length of 25 nm.
Decorating polymers as well as free COLVI were segmented manually.
Pixels with a grey-scale value close to that of the solvent were filtered
out using a threshold. Images of the three-dimensional rendering were
produced in ChimeraX75. To investigate whether amyloid-bound
COLVI polymers adopted the same or a different helical symmetry
than the amyloid, a ball model was constructed with helical twist and
rise of AL59 but larger radius (60Å) using SPIDER 26.0686. For better
visualisation, balls were displayed only every tenth AL59 subunit.
Visual inspection revealed an almost complete overlap between the
COLVI density and the helical model.

Data analysis and visualisation
Structures and derived data were analysed and visualised using
Arpeggio and FATCAT webservers as well as Rstudio, ChimeraX75,87–90

and PyMol (Schrödinger, NY, USA). For the alignment of the AL amy-
loid sequences shown in Fig. 3a, CL sequences of λ1-FOR001 and λ1-
FOR006, reported to residue Ser-11418, wereextended to Phe-118 based
on aligned43 precursor sequences [https://www.ncbi.nlm.nih.gov/
protein/S05270] and [https://www.ncbi.nlm.nih.gov/protein/
ANN81987.1?report=genpept], respectively. Sequences were aligned
and visualised using Uniprot, Blast, ClustalOmega and ESPript91–94.

Statistics and reproducibility
The cryo-EMmicrograph excerpts shown in Fig. 1a were selected from
themain dataset comprising 2049movies. The representative cryo-ET
images shown in Figs. 1b and 5bwere selected from 125 tomograms, 33
of which comprised collagen-concatenated amyloid. The IEM images
shown in Fig. 5a were selected from in total 74 images.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The AL59-VL sequence was deposited in GenBank under accession
code OR567864 [https://www.ncbi.nlm.nih.gov/nuccore/OR567864].
The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository95 with
dataset identifiers PXD049301 and PXD049369. Source data relevant
to Supplementary Fig. 1d are provided with this paper. The PDB and
EMDB accession codes of the AL59 amyloid are 9FAA and EMD-50270,
respectively. The raw cryo-EM images used in our SPA analysis were
deposited in EMPIAR under the accession code EMPIAR-11408. The
COLVI map was deposited under EMD-18689. The cryo-ET data were
deposited under EMD-51031, EMD-51032, EMD-51033 and EMD-
51038. Source data are provided with this paper.
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