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Abstract 

Immunoglobulin light chain amyloidosis (AL) is caused by the aberrant production of 
amyloidogenic light chains (LC) that accumulate as amyloid deposits in vital organs. 
Distinct LC sequences in each patient yield distinct amyloid structures. However 
different tissue microenvironments may also cause identical protein precursors to 
adopt distinct amyloid structures. To address the impact of the tissue environment on 
structural polymorphism of amyloids, we extracted fibrils from the kidney of an AL 
patient (AL55) whose cardiac amyloid structure was previously determined by our 
group. Here we show that the 4.0 Å resolution cryo-EM structure of the renal fibril is 
virtually identical to that reported for the cardiac fibril. These results provide the first 
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structural evidence that LC amyloids independently deposited in different organs of 
the same AL patient share a common fold.
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Introduction

Amyloidosis is a group of severe and progressive diseases in which amyloid fibrils 
deposit in tissues and organs throughout the body [1]. In general, amyloidosis may be 
localized or systemic [2]. Among systemic amyloidoses, AL amyloidosis is caused by 
a rare plasma cell dyscrasia with an annual incidence of about ten new cases per 
million people, representing the most common systemic amyloid disease in high-
income countries [3]. A proliferating plasma cell clone overexpresses an 
amyloidogenic LC that misfolds and forms amyloids. Accumulation of these amyloids 
alters tissue architecture and ultimately causes fatal organ dysfunction [3]. Each AL 
patient bears a unique amyloidogenic LC sequence due to genomic recombination 
and somatic mutations [4, 5, 6]. Indeed, all structures of AL amyloid belonging to 
different LC germlines λ1 (PDB: 7NSL, 6IC3), λ3 (PDB: 6Z1O, 6Z1I), and λ6 (PDB: 
6HUD) extracted from different AL patients differ in both sequences and arrangement 
of β-strands in their respective 3D structures (Supporting Figure S1) [7, 8, 9, 10].

AL amyloidosis is also a heterogeneous disease in terms of organ involvement. It 
affects the heart in approximately 75% of total cases, followed by kidneys (65%). 
Virtually any organ except the central nervous system can be affected. In most cases, 
multiple organs are affected concurrently [3]. Notable, aggregated LCs have not been 
detected in blood circulation and it is widely accepted that LC amyloidogenic 
precursors deposit independently in different organs [11, 12]. When amyloidogenic 
precursors reach sufficiently high local concentrations, fibril nucleation and growth 
outcompete degradation mechanisms [2, 13]. The binding of the amyloidogenic 
precursors with cell surface receptors or components of the extracellular matrix, 
including proteoglycans, glycosaminoglycans, and collagen fibrils, may favor local 
accumulation, providing a scaffold for fibril growth and preventing amyloid degradation 
[14, 15, 16, 17, 18, 19]. A high degree of variation across different tissues and organs 
exists in terms of cell surface proteins/receptors (the so-called “surfaceome”) [20] 
extracellular matrix components and adhesion complexes (the “matrisome” and 
“adhesome”) [21, 22]. Different tissues and organs differ substantially in overall 
architecture and 3D topology of the extracellular space, interstitial fluid composition, 
proteolytic activities, and fluid shear forces [23] which could impact amyloidogenesis 
[2, 24, 25, 26, 27, 28, 29]. In particular, the presence of specific proteases in distinct 
tissues may affect the stability of full-length LCs differently and in some cases unleash 
proteolyzed amyloidogenic fragments [29]. Thus, anatomical, biochemical, and 
biophysical differences across different body sites may modulate the dynamics and 
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magnitude of amyloid fibril formation, remodeling, and degradation, thus playing a 
central role in defining amyloid organ tropism. In particular, IGLV6-57 (λ6) is one of 
the most overrepresented germlines in AL patients and it is typically associated with 
renal involvement [30].

 However, it is unclear how the tissue microenvironment affects the amyloid structure 
of sequence-identical LCs in multiple organs of AL patients. Is it the LC sequence or 
the extracellular environment that defines amyloid structure? The answer to this 
question could help to develop molecules capable of dissolving preformed amyloid 
deposits. Whether potential anti-aggregants need to be patient-specific or patient- and 
organ-specific is instrumental for rational drug design.

So far, low-resolution analysis of fibrils extracted from three tissues of two AL patients 
revealed comparable morphologies and biophysical properties [31]. However, higher 
resolution data are required to define whether amyloids share the same fibrillar fold or 
are polymorphic. All these considerations prompted us to determine the cryo-EM 
structure of amyloid fibrils extracted from the kidney (renal AL55) of an AL patient 
designated as AL55 and to compare it with the already reported cardiac AL55 amyloid 
fibril structure [10]. Our comparative study reveals almost identical folds, suggesting 
that the LC sequence takes precedence over the organ microenvironment to define its 
amyloid structure. 

Results 

The AL55 patient, whose cardiac fibrils have been previously reported, also showed 
significant proteinuria (15.9 g/24h) and stage II kidney damage due to fibril deposition 
[10]. Thus, amyloid fibrils were extracted from the renal tissue to compare their 
structure with that of the cardiac amyloid from the same patient. Cryo-EM micrographs 
of vitrified amyloids revealed a homogenous population of straight fibrils with an 
estimated cross-over length and width of 530 ± 50 Å and 104 ± 25 Å, respectively 
(Figure 1A, Supporting Figure S2A). 2D class averages revealed a well-defined core 
surrounded by a disordered region (Figure 1B, Supporting Figure S2B). The final 3D 
map was reconstructed with a helical twist and rise parameters of -1.63° and 4.9 Å, 
respectively, to a nominal resolution of ~4.0 Å, as estimated from Fourier shell 
correlations (FSC0.143) (Supporting Figure S2E, S2F). The spatial resolution of 4.0 Å 
is sufficient to establish the overall fibril topology and fold. The local resolution of the 
fibril cross-section varies from a high-resolution core at the fibril center surrounded by 
low-resolution edges for which a structural model could not be built (Figures 1C, 1D, 
and Supporting Figure S3). The dimensions and reconstruction parameters of the fibril 
essentially match those we reported previously for the AL55 cardiac amyloid structure 
[10]. Similar to the cardiac fibril model, the model building of the renal fibril indicates 
that the core region is divided into two peptide segments: (i) a snail-shaped inner core 
formed by residues Asn-1 to Tyr-37, and (ii) a C-shaped arm formed by residues Ser-
66 to Gly-105. The two parts are covalently linked through the Cys-22: Cys-91 disulfide 
bond (Figure 1E). Each chain comprises nine consecutive β-strands. The Asn-1 to 
Tyr-37 segment comprises strands from β1 to β5 while the residues Ser-66 to Gly-105 
are organized into four strands from β6 to β9 (Figure 1F). 
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Figure 1. CryoEM reconstruction of renal AL55 amyloid fibril. (A) Representative 
cryoEM image of a single straight fibril (scale bar 50 nm). (B) Representative 2D class 
average. (C) Side-view of the reconstructed 3D map (256 nm). N-terminal (snail-
shaped) and C-terminal (C-shaped) densities are colored in cyan and magenta, 
respectively. The unstructured region is shown in grey. (D) A cross-section view of the 
reconstructed 3D map with the superimposed molecular model. (E) Top view of the 
molecular model. The color coding for N-terminal residues (Asn-1 to Tyr-37) and C-
terminal residues (Ser-66 to Gly-105) are the same as a map in Figure C. The disulfide 
bond joining two regions is shown in orange color. (F) Five stacks (subunits) in a cross-
β arrangement colored according to the overall B-factor values.

A model-based superimposition of the two maps highlights their almost identical 
morphologies (Figures 2A and 2B). However, we noticed a larger deviation of the C-
terminal region caused by a 1-2 Å translational shift along the fibril axis (Figure 2B 
(third panel) and 2C). In contrast to the cardiac map, the renal map reveals clear 
features to position the disulfide bond (Figure 2A). The model was adjusted 
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accordingly leading to a translational shift of residues following Cys-91. Therefore, the 
Cα-positions of residues Asn-1 to Tyr-94 and Asp-95 to Gly-105 deviate from each 
other with rmsd values of 0.7 and 3 Å, respectively (Figures 2C and Supporting Figure 
S4A). The overall juxtaposition of β-sheets in the renal fibril model is fully comparable 
with the cardiac fibril structure, with a slight difference in the C-shaped region 
(Supporting Figure S4B). Common to many amyloid structures [32], the monomeric 
subunits of AL55 amyloid fibrils (renal and cardiac) are not planar relative to the fibril 
elongation z-axis. While the C-shaped region is mostly planar, the snail-shaped region 
shows a rise spanning three fibrillar layers from residue Asn1 to Tyr37, as observed 
in the cardiac fibril (Supporting Figure S4C). Analogies between the renal and cardiac 
amyloids also extend beyond the fibril core to the low-resolution edges between 
residues Glu-38 to Gly-65 and after Gly-105 (Figure 2A). In both cases, low-resolution 
regions suggest that the segment Glu-38 to Gly-65 and residues following Gly-105 are 
flexible. Sequentially, these stretches are rich in Gly, Pro, and charged residues which 
are not compatible to form β-sheet structures (Supporting Figure S4D). Moreover, the 
solubilized fibrils contain a significant amount of full-length LCs and intact variable 
domain [32] indicating that proteolysis is unlikely to cause these regions to be invisible 
in the fibril reconstruction. The data here presented collectively establish the 
homogenous multi-organ aggregation of the AL55 light chain to form virtually identical 
fibrillar structures, despite their independent growth in distinct micro-environments.

Figure 2. Map-model comparison between renal and cardiac fibrils. (A) cardiac and 
renal maps with corresponding contour levels. The Coulomb potential corresponding 
to the disulfide bond is highlighted in the renal map with an orange arrow. (B) Cross-
sectional and side-views of superimposed maps. (C) Superimposed models. The 
complete amino-acid sequence of the variable domain contributed to the fibril core is 
shown in Supporting Figure S4D.

Discussion

The steadily expanding database of amyloid structures has revealed that amyloids do 
not follow the “one sequence – one fold” dogma of globular domains (Amyloid Atlas) 
[33]. However, Shi and co-workers suggested a “one disease – one fold” framework 
based on the observation that tau fibrils extracted from patients with the same disease 
share the same amyloid fold [34]. Notably, despite the high sequence conservation of 
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serum amyloid A (SAA) in different mammals, ex-vivo structures from different species 
display independent amyloid folds [35, 36, 37]. Moreover, human AA amyloid 
deposited in two independent renal compartments (glomeruli and medulla), adopts 
different structures, probably due to proteolytic processing [38]. As predicted by the 
unique nature of each amyloidogenic LC sequence, all four reported structures of 
cardiac amyloids from AL patients display totally different folds [7, 8, 9, 10].

In this study, we show that the AL55 (Genbank accession code AYV88981), a 
prototypic LC belonging to IGLV6-57, forms amyloid adopting identical amyloid 
structures in multiple organs of the same patient. Extrapolation of structural 
information should be taken with caution in the AL field and more Cryo-EM structures 
of amyloids extracted from different organs of the same AL patient are needed. 
Nevertheless, our high-resolution structural data and previous reports strongly 
suggest that the structural identity of the amyloids deposited in different organs may 
be true for multiple tissues of AL patients. The renal/cardiac structures of AL55 
amyloids are fully compatible with the common proteolytic sites present in fibrils 
extracted from the heart, kidney, and abdominal fat [32, 39]. Furthermore, our cryo-
EM structure corroborates the biochemical characterization of AL fibrils from different 
tissues performed by Annamalai and co-workers [31]. The fibrillar fold shared by fibrils 
extracted from different organs may indicate a limitation of LC precursors to adopt 
other structures. Indeed, the conserved disulfide bond in the variable domain of all LC 
sequences and the presence of Pro residues in specific positions constrain the 
conformational space available to LC amyloid folds likely resulting in identical fibrillar 
structures [8, 40]. Moreover, assemblies of in vivo amyloid aggregates are likely 
selected according to their resistance to proteases, further reducing the potential 
misfolding structural space [41].

In summary, we show that amyloid deposits in two organs of an AL patient assemble 
into a virtually identical cross-β fold. Based on the present results and the above 
considerations we propose that the sequence of amyloidogenic LCs and not the 
extracellular environment - determines amyloid assembly in vivo. These results imply 
that potential anti-amyloid treatments are expected to have a systemic multi-organ 
effect in AL patients.

Materials and Methods

Fibril extraction, cryo-EM sample preparation, and data collection

A standard fibril extraction protocol optimized by Swuec and coworkers [10] was used 
to extract renal AL55 amyloid fibrils. Briefly, about 500 mg of kidney tissue was washed 
in Tris calcium buffer (20 mM Tris, 140 mM NaCl, 2 mM CaCl2, pH 8.0) multiple times 
followed by overnight treatment with Clostridium histolyticum collagenase at a final 
concentration of 5 mg/ml at 37°C. After treatment, the collected pellet was washed 10 
times with Tris EDTA buffer (20 mM Tris, 140 mM NaCl, 10 mM EDTA, pH 8.0). The 
final pellet obtained after this step was resuspended in 400 µl of ice-cold deionized 
water. The homogenate was centrifuged for 5 min at 3100 g at 4 °C and the 
supernatant was collected for cryo-EM grid preparation. A 4-µl sample containing 
extracted fibrils was applied onto a glow-discharged C-Flat thick 1.2/1.3 Cu 300-mesh 
grid. The sample was immediately blotted and then rapidly plunge-frozen into liquid 
ethane without incubation on the grid. The vitrification of the sample was carried out 
using a Mark IV Vitrobot (Thermo Fisher Scientific, U.S.A.). The vitrified grids were 
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then transferred to a Talos Arctica (Thermo Fisher Scientific, U.S.A.) operating at 200 
kV and equipped with a Falcon 3 direct electron detector (Thermo Fisher Scientific, 
U.S.A.). A total of 1,800 movies were acquired using EPU 2.8 (Thermo Fisher 
Scientific, U.S.A.) in electron counting mode with an applied dose of 40 e-/Å2, which 
was divided into 40 frames at a magnification of 120k, corresponding to a pixel size of 
0.889 Å/pixel, and a defocus range of -0.8 to -2.6 μm.

Helical reconstruction

Multi-frame movies were dose-weighted, motion- and CTF-corrected by MotionCor2 

[42] and CTFFIND4.1 [43] in RELION 3.1 [44, 45, 46]. 9452 fibrils were manually 
picked from 1431 selected micrographs. A first set of 28,069 segments was extracted 
in 768-pixel boxes with a 10% inter-box distance. Tube diameter, rise, and number of 
asymmetric units (NSU) were set to 150 Å, 4.75 Å, and 18, respectively. A single large 
class average was selected from reference-free 2D classes to generate an initial 
model with an estimated crossover distance of 550 Å. A second set of 91,877 smaller 
segments was extracted with a box size of 320 pixels and 10% inter-box distance. The 
helical tube diameter, rise, and asymmetrical unit values were set to 140 Å, 4.75 Å, 
and 6, respectively. An initial and following set of reference-free 2D classes were 
obtained with T-regularization values of 2 and 4, respectively. The initial model was 
low pass filtered to 60 Å for reference-based 3D classification with a T-regularization 
value of 4. A single 3D class was low pass filtered to 30 Å and used to perform the 
first round of 3D classification with four classes and a T-regularization value of 10. 
Three good-looking classes were selected for another round of 3D classification with 
a T-regularization value of 10. Another round of 3D classification with four classes was 
carried out on selected 69602 segments from the previous round. Three high-
resolution classes were selected for 3D auto-refinement.  A total of 49091 segments 
were used for the final 3D auto-refinement using a 5 Å low-pass filtered reference map, 
a helical-z parameter of 30%, and a tau-fudge value of 20. The two half maps obtained 
from the 3D auto-refinement were aligned together and used as a reference model for 
another round of 3D auto-refinement with C1 symmetry, a helical twist of -1.60°, and 
a helical rise of 4.9 Å. The refined 3D reconstruction was sharpened using RELION’s 
standard post-processing procedure by applying a soft-edge solvent mask. The overall 
resolution estimate of the final map was 4.0 Å calculated from FSC at 0.143.  The B-
factor value for the post-processed 3D map was -139, Reconstruction statistics are 
listed in Supporting Table S1.

Model building and refinement

The cardiac AL55 amyloid fibril structure fit into the post-processed 3D map of the 
renal AL55 amyloid fibril in UCSF-Chimera and was used as a reference model for 
model building [47]. Using reference model restraints, the model was refined iteratively 
in UCSF-ChimeraX/Isolde, COOT, and PHENIX [47, 48 49, 50]. Molprobity was used 
to validate model statistics [51]. Final model statistics are listed in Supporting Table 
S1.

Structural data presentation

The reconstructed map and refined model images were created using UCSF-
chimeraX [47] and PyMoL. Rmsd values were calculated using PyMoL.
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Accession numbers

Cryo-EM raw data, 3D map, and final structure of renal AL55 fibrils have been 
deposited with accession codes EMPIAR-11446, EMD-16780, and 8CPE at EMPIAR, 
EMDB, and RCSB data banks, respectively. The referenced cardiac AL55 fibril 3D 
map and model information are publicly available under accession codes EMD-0274 
and 6HUD, respectively [10].
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Highlights

1. In AL amyloidosis, light chains independently form amyloids in different organs. 

2. 4.0 Å cryo-EM structure of amyloid fibrils from the kidney of an AL patient.

3. Amyloids from kidneys and from heart of the same AL patient share a common 
fold.

4. AL deposits from different organs of a patient may generally share the same 
amyloid fold. 
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