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Abstract

Little is known about the mechanism of amyloid assembly in immunoglobulin light chain (AL) 

amyloidosis, in contrast to other amyloid diseases. Early events in the aggregation pathway are 

especially important as these soluble species could be cytotoxic intermediates playing a critical 

role in the initiation of amyloid assembly. In this work, we discuss the mechanism of the early 

events in in vitro fibril formation of immunoglobulin light chain AL-09 and AL-12 (involved in 

cardiac amyloidosis) and its germline (control) protein κI O18/O8. Previous work from our 

laboratory showed that AL-12 adopts a canonical dimer conformation (like the germline protein), 

while AL-09 presents an altered dimer interface as a result of somatic mutations. Both AL-12 and 

AL-09 aggregate with similar rates and significantly faster than the germline protein. AL-09 is the 

only protein in this study that forms stable oligomeric intermediates during the early stages of the 

aggregation reaction with some structural rearrangements that increase the Thioflavin T 

fluorescence but maintain the same number of monomers in solution. The presence of the 

restorative mutation AL-09 H87Y changes the kinetics and the aggregation pathway compared to 

AL-09. The single restorative mutation AL-12 R65S slightly delayed the overall rate of 
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SUPPORTING INFORMATION
Actual concentrations of AL-proteins used in the experimental assay (Table ST1), far UV-CD spectra of monomeric AL–proteins 
(Figure S1), hydrodynamic and elution properties of monomeric AL–proteins (Figure S2, S3), elution properties of the buffers used in 
the assays and protein standards by size exclusion chromatography (Figure S4, S5), critical concentration (Cr) and ΔΔG values of 
different light chain variable domain proteins (Figure S6), comparative analysis of SA vs TA of different AL-proteins at 220μM 
(Figure S7), composite analysis of monomer concentration, species size and abundance, and morphologies at 220 μM κI O18/O8 
during aggregation (Figure S8, S10), elution properties of different species during the course of aggregation in AL–proteins (Figure 
S9), composite analysis of monomer concentration, species size and abundance, and morphologies of AL-09, AL-09 H87Y, AL-12 
and AL-12 R65S at 220 μM during aggregation (Figure S11–S18)
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aggregation as compared to AL-12. Collectively, our study provides a comprehensive analysis of 

species formed during amyloid nucleation in AL amyloidosis, shows a strong dependence between 

the altered dimer conformation and the formation of stable oligomeric intermediates, and sheds 

light on the structural features of amyloidogenic intermediates associated with cellular toxicity.

Graphical Abstract

INTRODUCTION

The amyloid formation reaction starts when soluble proteins sampling partially folded states 

(under denaturing conditions) adopt an alternative conformation that promotes self-assembly 

into higher order structures known as amyloid fibrils.1, 2 Amyloid fibrils are highly 

organized and self-assembled structures, rich in β-sheets characteristically arranged in a 

cross-β conformation. The formation of amyloid fibrils has been implicated in many protein 

aggregation diseases, collectively called amyloidosis. Although current investigations aim to 

elucidate the molecular mechanisms behind amyloid formation and cellular toxicity in vitro, 

there are a host of factors that influence the kinetics of aggregation and formation of toxic 

intermediates in vivo. Specifically, interaction of proteins with cell membrane and lipids can 

alter the rate of aggregation and formation of toxic species can increase the nucleation rate.
3–8

In vitro amyloid formation is a nucleated growth polymerization reaction.9–11 This reaction 

has three distinct phases: 1) Lag/nucleation phase– the monomeric protein self-assembles to 

form a nucleus which acts as fibrillar precursors, 2) Elongation phase– characterized by 

rapid fibril elongation by the addition of monomeric and/or oligomeric units to the nucleus 

or growing end of the fibrils and 3) Stationary/plateau phase– characterized by the 

maturation of amyloid fibrils.11–13 None of the aforementioned phases (lag, elongation, and 

stationary) has a well-defined zone, as all of these phases are active during the entire 

aggregation pathway and are governed by the rate constants and availability of the reacting 

species.14 Nucleation events are particularly important in amyloid reactions as they directly 

influence the overall kinetics of the reaction.9, 11, 12, 15 For some amyloid precursor proteins 

and peptides, the lag phase also features the presence of a detectable population of 

metastable intermediates which can act as precursors for elongation of fibrils.16–20 

Characterization of these intermediate species is especially important as many have been 

reported to be cytotoxic.21, 22
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While the mechanisms of fibril formation in some of the amyloid associated diseases are 

well documented,23–25 there are other amyloid diseases where the mechanism is poorly 

understood. One example is immunoglobulin light chain (AL) amyloidosis, the most 

common form of systemic amyloidosis. AL amyloidosis is characterized by the over 

production of immunoglobulin light chain due to abnormal proliferation of monoclonal 

plasma cells. These excess light chains are secreted into circulation, misfold, and deposit as 

insoluble amyloid fibrils in the extracellular space of various organs, leading to impaired 

organ function and failure.26, 27 Fibril formation in AL amyloidosis is influenced by pH, 

presence of specific cofactors, and somatic mutations, affecting the protein’s thermodynamic 

and kinetic stability.28–30 It is, however, unclear the type and properties of amyloid 

intermediates involved in the initiation of amyloid assembly, the role of intermediates 

stability and heterogeneity in the overall aggregation process and amyloid stability in light 

chains.

In this work, we explored the formation of the amyloid precursors/intermediates and the role 

of protein concentration in the formation of these intermediates for two AL variable domain 

light chains, AL-09 and AL-12 belonging to the κI O18/O8 (IGKV 1–33) subgroup. Both 

AL-09 and AL-12 (obtained from two different patients with cardiac amyloidosis) share 

>90% sequence homology with the κI O18/O8 germline (control) protein. For the purpose 

of simplicity, throughout the manuscript we address the variable domain AL proteins tested 

with their alphanumeric codes only.

AL-12 retains the canonical dimer interface (observed in the germline structure)31 whereas 

AL-09 adopts an altered dimer interface where the dimers are rotated by 90° with respect to 

the canonical dimer of the κI O18/O8 germline protein (Figure 1-Inset).31 Previous work by 

our group has shown that AL-09 altered dimer interface results from the mutation Y87H 

favoring altered conformations which promote amyloid formation in AL-09.32 AL-09 

presents the fastest amyloid formation kinetics of all κI proteins characterized in our 

laboratory to date.

We used a combination of assays (sedimentation assay (SA) to determine the amount of 

monomer incorporated into the amyloid, the Thioflavin T binding assay (TA), dynamic light 

scattering (DLS), transmission electron microscopy (TEM), and size exclusion 

chromatography (SEC)), to qualitatively and quantitatively assess the species populated 

during the amyloid nucleation phase at two different concentrations. Restorative mutants 

AL-09 H87Y, AL-12 R65S and the control κI O18/O8 germline protein were also analyzed.

Together, our results suggest that the location of somatic mutations causing structural 

variation in AL light chain dimers promote formation of oligomeric intermediates varying in 

size and stability for the different proteins, causing them to aggregate through different 

pathways.
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Material and Methods

Chemicals:

All chemicals and reagents used in the experiments were procured from Sigma-Aldrich 

unless specified otherwise. Milli Q grade water was used as a solvent to prepare different 

solutions.

Cloning, expression, extraction and purification of recombinant κI O18/O8, AL-09, AL-09 
H87Y, AL-12 and AL12 R65S variable domain proteins:

κI OI8/O8 germline DNA (GenBank accession number EF640313) was generated by 

mutating AL-103 cDNA (GenBank accession number AY701640).32 DNA sequences of the 

mutant proteins AL-09 (GenBank accession number AF490909) and AL-12 (GenBank 

accession number AF490912) belonging to the κI gene family were obtained from patients 

exhibiting cardiac involvement.33 DNA sequence of restorative mutants AL-09 H87Y and 

AL-12 R65S were generated by mutating the cDNA of AL-09 and AL-12 using 

QuickChangeTM multisite directed mutagenesis kit (Stratagene, La Jolla, CA).34, 35 AL-09 

has seven somatic mutations compared to the κI O18/O8 germline sequence, three of those 

mutations are non-conservative; AL-12 has eight somatic mutations out of which seven are 

non-conservative.28 Protein expression was performed as reported previously.28, 31, 32 

Briefly, plasmids containing the recombinant DNA were transformed in Escherichia coli 
BL21 (DE3) gold competent cells (Stratagene, La Jolla, CA) and the cultures were grown 

until approximately A600nm of 0.75, at which point the cultures were induced with 0.8 mM 

of isopropyl-β-D-thiogalactopyranoside. After 20 h of post induction growth, bacterial cells 

were pelleted and re-suspended in phosphate buffered saline (PBS), and frozen at −20°C. 

For the following study, irrespective of whether the overexpressed proteins are found in the 

periplasmic space or inclusion bodies, one freeze-thaw cycle using PBS was used as the first 

step to extract all the proteins. AL-09 was extracted from the dialyzed resolubilized 

insoluble fraction while all other proteins (κIO18/O8, AL-09 H87Y, AL-12, and AL-12 

R65S) were extracted from periplasmic space by breaking the cells through one freeze thaw 

cycle using PBS buffer at pH 7.4. All proteins were purified using size exclusion 

chromatography (SEC) (HiLoad 16/60 Superdex 75 Column) on an AKTA FPLC (GE 

Healthcare) system with 10 mM Tris-HCl at pH 7.4. Chromatographic fractions containing 

pure protein were verified by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and 

analytical SEC. After confirmation of protein purity, various chromatographic fractions were 

pooled together and concentrated between 200 and 300 μM, flash frozen, and stored in 1.5 

mL microcentrifuge tubes at −80°C. Protein concentration was determined by UV 

absorbance at 280 nm using extinction coefficient calculated from amino acid sequence as 

follows: ε=14890 M-1 ·cm-1 for κI O18/O8 and AL-09 H87Y, and ε=13610 M-1 ·cm-1 for 

AL-09, AL-12, and AL-12 R65S.

CD Spectroscopy:

We used the Circular Dichroism (CD) spectropolarimeter (JASCO 810) with a 0.2 cm path-

length quartz cuvette. The temperature was controlled within ±0.01°C using a Peltier 

system. All the protein samples (20 μM) investigated were prepared in either 10 mM Tris 

HCl buffer at pH 7.4 or 10 mM sodium acetate, boric acid and sodium citrate buffer (ABC 
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buffer) at pH 2.0 (Figure S1). The thermal unfolding/refolding experiments were conducted 

following the ellipticity at 217 nm over a temperature range of 10–80°C as reported 

previously.29, 35, 36

Sample preparation for experimental assays:

Prior to the experiments, all proteins were thawed on ice and centrifuged at 643,867×g for 3 

h and 20 min in a Beckman Coulter (Optima L-100 XP) ultracentrifuge. After 

centrifugation, the top three-fourth parts of the supernatant were gently removed and filtered 

through 0.2 μM low protein binding membrane filter. This step removes preformed 

aggregates (if any) formed during the freeze-thaw process. The filtered protein solution is 

additionally checked in analytical size exclusion chromatography (SEC) and dynamic light 

scattering (DLS) to ensure the integrity and monomeric state of the proteins before the 

experimental assays. The ultracentrifuged and filtered protein solution was used to prepare 

aggregation reaction mixtures (20μM or 220 μM protein,150 mM NaCl in 10 mM sodium 

acetate, boric acid and sodium citrate buffer (ABC buffer) at pH 2.0) for the different 

approaches: For the HPLC sedimentation assay, 1200 μL of the reaction mixture were placed 

in low protein binding microcentrifuge tubes and for the thioflavin T (ThT) binding assay, 

800 μL of the reaction mixture were mixed with ThT (final concentration 20 μM ThT).

Our protocol differs from our previous reported experiments because the incubation of the 

aggregation mixture is happening in microcentrifuge tubes with 1200 μL and 800 μL 

compared to 260 μL of aggregation mixture in 96-well plates.29, 30, 35 After the aggregation 

mixture was prepared, it was kept on ice while the t=0 reading (~30 min) was determined for 

the different experiments. Thereafter, the aggregation mixture was moved to an incubator 

kept at 37°C with orbital shaking set at 300 RPM to monitor the aggregation kinetics.

For all our experimental assays, we considered two protein concentrations, 20 μM (referred 

to as the low concentration) and 220 μM (referred to as the high concentration). These 

concentrations were chosen based on the dimer dissociation constant (Kd) values for AL-09 

and κI O18/O8 respectively.32 The concentrations calculated using HPLC differed slightly 

from these two concentrations (calculated measuring the absorbance at 280 nm). The HPLC 

calculated concentrations of the AL proteins used in different experimental assays are 

reported in table ST1. For the sake of simplicity and comparative purposes, we will address 

the low concentration as 20 μM and high concentration as 220 μM.

In vitro fibril formation and quantitation:

A. HPLC (High performance liquid chromatography) Sedimentation 
assay: Quantification of unreacted soluble protein in the aggregation mixture was followed 

by periodically removing aliquots (~80 μL) from ongoing aggregation reactions followed by 

centrifugation at 160,000×g and injecting the supernatant (approx. 20 μL) in duplicates into 

an analytical reverse phase column (Agilent Zorbax-C8 2.5 × 50 mm column). Protein 

samples were run against a gradient of acetonitrile (0–100%) in 0.1% TFA maintained at 

300 μL·min-1 flow rate in an Agilent HPLC system (1100 series). The wavelength of the UV 

detector was fixed at 280 nm. HPLC grade solvents (Water and Acetonitrile) used as mobile 

phase in the reverse phase HPLC system were obtained from Fisher Chemicals. 
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Concentration of the unreacted soluble protein was determined from integrated A280 nm 

peaks using standard curves individually acquired for each protein.37

B. Thioflavin T binding assay: ThT fluorescence from the aggregation mixture was 

monitored on a plate reader (Analyst AD; Molecular Devices, Sunnyvale, CA). An aliquot 

(~260 μL) of the fibril formation reaction (containing ThT) was placed in duplicate on a 

black 96 well polystyrene plate (Greiner, Monroe, NC) at specific time points (equivalent to 

the time points used for the sedimentation assay) to measure the fluorescence intensity. After 

the measurements, we placed back the reaction mixture into the microcentrifuge tube and 

resumed incubation at 37°C, 300 RPM in the orbital shaker till the end of the aggregation 

reaction. We repeat this process periodically to obtain the ThT intensity for all the time 

points presented in the figures. All the fluorescence measurements were done using an 

excitation wavelength of 440 nm and an emission wavelength of 480 nm.

For both the sedimentation and the Thioflavin T assay, we assumed the aggregation reaction 

had ended when the change in the minimum concentration of monomers or the Thioflavin T 

fluorescence intensity maximum remained constant over a period of at least 48 hrs.

C. Kinetic data analysis: The disappearance of monomers in solution (obtained from 

the sedimentation assay) was plotted in parallel to the ThT emission fluorescence signal. 

The t50 value was obtained by fitting each independent kinetic trace to a sigmoidal function 

(Boltzman function in Origin software package) as previously reported.38

y =
A1 − A2

1 + e
x − x0 /dx

+ A2 Equation 1

where A1 is the initial fluorescence value, A2 is the final fluorescence value, x0 is the center 

(t50 value), dx is defined as the time constant.

Critical concentration (Cr):

Aggregation reaction mixtures were incubated for one additional day (after the plateau phase 

of the reaction is reached) and were analyzed for molar concentration of monomeric protein 

by HPLC. This concentration is the residual monomeric protein after the aggregate reaction 

reaches equilibrium, also defined as critical concentration (Cr). We assumed that there is 

complete conversion from fully folded to partially folded states under the amyloid formation 

reaction conditions for these calculations. Based on this assumption, the Cr we report is in 

fact the residual concentration of partially folded monomeric states. The inverse of Cr 

represents the amyloid fibril growth equilibrium constant as described previously.37, 39 The 

change in the Gibbs free energy (ΔG) of fibril growth was thus obtained from the equation –

RT ln(1/Cr) and was subsequently used to obtain the ΔΔG (ΔGMutated protein ˗ ΔGκIO18/O8) 

values.
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Dynamic light scattering (DLS):

DLS measurements were performed in a DynaPro molecular sizing instrument with 1 μm 

upper size limit for detection of hydrodynamic radius at room temperature. The viscosity 

and refractive index of the solvent was set for water in the software interface of the 

instrument before the start of the scattering measurement. An aliquot (~40 μL) was gently 

pipetted into the DynaPro cell (quartz micro cuvette provided with the instrument) from the 

ongoing aggregation reaction. The intensity autocorrelation functions obtained from the 

particles undergoing Brownian motion were analyzed using the Dynamics V6 software 

(provided with the instrument) to obtain the hydrodynamic radii and population density of 

specific particles.

We determined the hydrodynamic radii of the monomeric AL proteins in 10 mM Tris-HCl 

pH 7.4, at room temperature at different concentrations (Figure S2). We previously reported 

that AL proteins in Tris-HCl buffer at pH 7.4, 37°C do not form amyloid fibrils within the 

time frame of the experiment.30 The values shown in parentheses adjacent to the 

hydrodynamic radii for respective peaks in all our figures represent the fraction (in percent 

mass) of various species at the specified concentrations.

During the aggregation experiments, the scattering signal from particles >1 μm in general 

originates from the impurities in the micro cuvette and during the transfer of samples to the 

micro cuvette. The populations (0.0–0.1%) of these particles (>1 μm) were too low to be 

reliably considered as part of aggregation mixture. Additionally we excluded the DLS data 

pertaining to time points during elongation phase due to interference from amyloid 

assemblies which might lead to misinterpretation of the overall aggregation kinetics.

Analytical size exclusion chromatography:

An aliquot (~150 μL) from the ongoing aggregation reaction was filtered and injected into a 

50 μL loop attached to a Superdex 200 10/300 GL analytical size exclusion column 

(separation range of 10,000–600,000 Da) attached to an AKTA FPLC system (GE 

healthcare). Phosphate buffer (0.05 M monobasic sodium phosphate, 0.05 M dibasic sodium 

phosphate and 0.15 M sodium chloride) at pH 6.8 at a constant flow rate of 0.40 ml·min-1 

was used to elute the proteins. The wavelength of the detector in the AKTA FPLC system 

was fixed at 280 nm. Molecular weight and oligomeric states were estimated from elution 

volumes using a molecular weight calibration curve as reported earlier.29–31

Prior to beginning of each reaction, (just as we did in DLS), we injected an increasing 

concentration of all AL proteins in Tris-HCl buffer at pH 7.4 as controls (Figure S3). We 

also injected 10 mM ABC buffer in SEC column Superdex 200 10/300 to account for the 

baseline of the chromatographic profile (Figure S4).

The elution volume (Ve) of the monomeric AL proteins at different concentrations –with the 

exception of AL-09– ranged from 16.2–17.2 mL. The apparent molecular weight calculated 

from the protein standards (Figure S5) within this range computes to 10.4–17.2 kDa, which 

is consistent with the molecular weight of the monomeric AL variable domain proteins. 

AL-09 has a Ve= 18.5 mL (apparent molecular weight of 4.2 kDa). Such a deviation from 

the ideal elution properties in proteins of similar size can be observed due to a differential 
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degree of compaction, enhanced hydrophobicity or differences in the protein’s shape.40, 41 

The discrepancy observed in the elution profile of AL-09 has only been observed with the 

Superdex 200 matrix30 suggesting the possibility of a strong interaction between AL-09 and 

Superdex 200 matrix.

Transmission electron microscopy:

Aliquots (~8 μL) from the aggregation reaction at different time points were placed on a 300 

mesh copper Formvar/carbon coated grid (Electron Microscopy Science, Hatfield, PA) and 

allowed to adsorb for 90 s. The grid was washed with Milli Q H2O, stained with freshly 

filtered (2% w/v) uranyl acetate for 30 s and then again washed with Milli Q H2O. During 

the entire process of staining and washing excess of water and stain were blotted with filter 

paper. Grids were analyzed on a Philips Technai T12 transmission electron microscope (FEI, 

Hillsboro, OR) at 80 kV. We attempted to quantitate the aspect ratio of the species during 

progression of our amyloid reactions but encountered technical difficulties that may have 

had to do with differences in sample preparation and overall heterogeneity of amyloid 

formation reactions.

Results

Structure and biophysical properties of the AL proteins:

The structural features of the native conformation of pure κI O18/O8 (control), the mutants 

(AL-09 and AL-12), and their corresponding restorative mutants (AL-09 H87Y and AL-12 

R65S) were analyzed by circular dichroism spectroscopy in 10 mM Tris-HCl buffer at pH 

7.4 and 10 mM ABC buffer at pH 2.0 at 4°C and 37°C (Figure S1). This was done to 

corroborate the folded state conformation (pH 7.4) and the structural changes prior to the 

aggregation studies (pH 2.0). All proteins, with the exception of AL-09, under both pH 

conditions at 4°C and 37°C presented far UV-CD spectra with a minimum at ~217 nm, 

indicative of β-sheet structure. In addition, a minimum at ~235 nm due to aromatic residues 

that absorb in the far UV region was observed, in agreement with previous far UV-CD 

reports of natively folded immunoglobulin light chain variable domains.28, 42, 43 Under the 

conditions of the fibril formation reactions (ABC buffer pH 2.0 at 37°C), the far UV-CD 

spectrum of AL-09 suggests the presence of partially folded states and a loss of secondary 

structure. At 80°C, all AL proteins showed an extensive loss of secondary structure at pH 

2.0 and pH 7.4 (Figure S1). The thermal unfolding transitions at pH 7.4 were reversible with 

different levels of hysteresis, as previously reported.29, 30, 35 From the thermal denaturation 

experiments at pH 7.4, we calculated the following percentage of unfolded protein at 37°C: 

kI O18/O8= 0.0%, AL-09= 10.6%, H87Y= 0.0%, AL-12= 2.6% and AL-12 R65S= 0.7%. 

Each stock of AL protein at pH 7.4 was additionally investigated by dynamic light scattering 

and analytical size exclusion chromatography to confirm the monomeric state and the 

homogeneity of the protein prior to aggregation experiments.

Comparative analysis of aggregation rate in AL proteins and its mutants:

Aggregation reactions of the selected AL proteins and the κI O18/O8 control were prepared 

at 20 μM and 220 μM in 10 mM ABC buffer and 150 mM NaCl at pH 2.0, conditions under 

which all the proteins selected are able to form fibrils, as reported previously.29, 44 The only 
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change in the reaction parameters used for this study -as compared to our previous studies- 

is the reaction vessel (microcentrifuge tubes in this study instead of 96-well polysterene 

plates). This was a necessary change due to the need for a larger reaction volume because of 

the multiple approaches we used to follow the amyloid formation reaction (SA, TA, DLS, 

TEM and SEC).

We observed faster aggregation rates for most of the proteins using microcentrifuge tubes. 

The most dramatic changes were observed for κI O18/O8, AL-12, and AL-12 R65S, 

suggesting that the rate of aggregation of these proteins is significantly influenced by the 

reaction volume and the air/water interface provided by the microcentrifuge tube reactions 

(Table 1).45–47

In addition to the aggregation kinetics parameters, the thermodynamics of fibril stability and 

elongation of these proteins were calculated using the residual monomer concentration 

(critical concentration, Cr)13, 37, 39 at 20 μM and 220 μM (Table 1). All AL proteins tested in 

the current study at 20 μM and 220 μM exhibit different Cr. ΔΔG values for fibril formation 

were calculated with respect to κI O18/O8 control. We will describe in detail the results 

from the 20 μM reactions in the following section.

Main observations from our 20 μM experiments show that all proteins show sigmoidal 

curves for TA and corresponding reciprocal curves for SA, except for AL-09 (Figure 1 A–

E). For a typical amyloid nucleation-polymerization reaction, the rate of monomer depletion 

should correlate well with the rate of increase in ThT fluorescence enhancement. However, 

under some circumstances, a deviation from this correlation is observed due to the formation 

of structural intermediates that present a neutral ThT enhancement and/or are large enough 

to sediment and therefore appear as depleted monomer. The AL-09 amyloid formation 

reactions present a sharp decrease in monomer concentration in the first part of the reaction, 

followed by a stable plateau phase with the SA data, indicating the presence of stable 

intermediate species encompassing the same number of monomers that may rearrange, 

adding more binding sites to ThT. The Cr varied from 1.2 μM – 3.0 μM for different AL-

proteins tested at 20 μM (Table 1; Figure S6A).

Experiments conducted at 220 μM were designed to show any possible concentration 

dependence in the rate of amyloid formation (Figure S7 A–E). We observed slower rate of 

aggregation for κI O18/O8 and AL-09 H87Y at this high monomer concentration. A similar 

trend was previously reported by the Fink laboratory when the aggregation rate is slower in 

protein concentrations tested above their respective Kd,49, 50 suggesting that the delay in the 

reaction corresponds to the dissociation of dimers to misfolded monomers. The Cr varied 

from 2.8 μM – 3.4 μM for the different AL-proteins tested at 220 μM (Table 1; Figure S6B). 

The Cr values are higher at 220 μM compared to the 20 μM, indicating that the reaction is 

slightly more efficient (final yield) at 220 μM. The ΔΔG values were calculated to compare 

AL proteins with κI O18/O8 and then between AL proteins and their respective restorative 

mutants at the two protein concentrations (Table1; Figure S6 C,D). κI O18/O8 fibrils are 

more stable than AL-09 and AL-12 fibrils at 20 μM, but AL-12 fibrils are more stable at 220 

μM. AL-09 H87Y fibrils are less stable than AL-09 fibrils at 20 μM, but AL-09 H87Y fibrils 

are more stable at 220 μM. This result suggests that AL-09 H87Y fibrils are ‘different’ at the 
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two different concentrations with more stable fibrils at 220 μM. It is possible that by having 

more initial monomer available in the reaction at 220 μM, the ultrastructure is different and 

more stable. AL-12 fibrils are more stable than AL-12 R65S at both concentrations, but to a 

lesser extent at 220 μM.

Aggregation kinetics in κI O18/O8:

κI O18/O8 exhibit a significant nucleation phase at 20 μM (0–26 h) and 220 μM (0–35 h) 

[highlighted salmon area in Figure 2A and S8A] followed by an exponential drop in 

monomer concentration concomitant with an increase in Thioflavin T fluorescence intensity. 

By the end of 120 h (20 μM) and 160 h (220 μM), κI O18/O8 is completely aggregated. The 

rate of aggregation determined from the t50 values was 61.8 ± 9.5 h (SA) and 59.2 ± 4.5 h 

(TA) at 20 μM, and 113.5 ± 10.5 h (SA) and 99.4 ± 3.3 h (TA) at 220 μM, respectively 

(Table 1). Early through the nucleation phase, at 20 μM and 220 μM, κI O18/O8 shows 

predominant monomeric species by DLS (peaks under colored square in Figure 2B and 

S8B). The size of the monomers, determined by their hydrodynamic radii varies from 1.9–

2.7 nm, within the size range of the monomeric species (2.1–2.8 nm) observed for κI 

O18/O8 by DLS and SEC (Figure S2 and S3A). We observe a predominantly monomeric 

population during nucleation with a small fraction (0.1–0.3%) of particles measuring 25 nm 

– 400 nm.

In order to corroborate the findings from DLS, we tested the aggregation in 220 μM κI 

O18/O8 by analytical size exclusion chromatography (SEC). We were unable to conduct the 

analytical size exclusion chromatography with the 20 μM reaction due to the low signal 

observed (data not shown). κI O18/O8 at 220 μM presented a single peak consistent with a 

monodisperse population (Figure S9A) during the nucleation phase. The apparent molecular 

weight calculated from the elution volume (Ve) computes to 11.7–12.4 kDa, consistent with 

the molecular weight of the monomeric κI O18/O8 variable domain proteins (Figure S3A), 

supporting our DLS observations.

We were unable to observe any higher molecular weight species that would be associated 

with the 25 nm – 400 nm particles observed in DLS. This is probably due to the low 

abundance of those species and the exclusion volume limit of our column.

TEM is biased towards larger species and while it is not quantitative, it provides information 

regarding size and morphology of the larger particles not observed using DLS or SEC. TEM 

images of κI O18/O8 show spherical oligomers (black arrows), nebular mesh of non fibrillar 

oligomers (red arrows) and transformation of non-fibrillar oligomers to bundles of short 

fibrillar forms (green arrows) during the nucleation phase (0–35 h) (Figure 2C). At the later 

stages of aggregation, the non-fibrillar oligomers transform into bundles of short (blue 

arrows) and long fibrils (purple arrows) (Figure S10 A–C). At 220 μM, κI O18/O8 mostly 

shows nebular mesh of non-fibrillar oligomers (red arrows) (Figure S8C) during nucleation 

phase, and exhibits bundles of short fibrils (blue arrows) along with long fibrillar forms 

(purple arrows) (Figure S10 D–F) after nucleation.

In summary, κI O18/O8 does not appear to populate any significant amount of soluble 

oligomeric species during the nucleation phase. In addition, κI O18/O8 undergoes 
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significant maturation steps that happen during the stationary phase of the reaction at later 

time points.

Aggregation kinetics in AL-09:

There is no evidence of concentration dependence in the kinetics of amyloid formation for 

AL-09. The kinetics (at both concentrations) presents a fast nucleation phase with a unique 

biphasic transition observed by sedimentation assay. Consequently, AL-09 displays two t50 

values for SA at 20 μM (2.4 ± 0.9 and 27.9 ± 4.9 h) and 220 μM (2.6 ± 0.9 and 35.0 ± 3.4 h) 

(Table 1). The SA data shows a sharp drop in monomer concentration followed by a stable 

plateau phase (highlighted green area in Figure 3A and S11A).The monomer concentration 

remains unaltered over a period of 4–23 h. The TA data also shows a clear biphasic 

transition at 220 μM, with a minor burst in fluorescence intensity (4 times the value at zero 

time point) followed by a plateau phase (4–12 h) and a second transition (Figure S11A). It 

has been reported previously that such initial burst in fluorescence intensity during TA could 

be due to prefibrillar oligomers rich in β–sheet content, formed early during the aggregation 

pathway.51, 52 The two t50 values of AL-09 at 220 μM are 2.1 ± 0.5 h and 40.3 ± 5.7 h 

respectively (Table 1). AL-09 aggregates four times faster than κI O18/O8 and is completely 

aggregated by 40 h. DLS analysis of AL-09 at 20 μM and 220 μM show two populations of 

intermediate species with different sizes [species–I: 5–30 nm (peaks represented under 

colored squares) and species–II: 100–300 nm] (Figure 3B and S11B), consistent with SA 

and TA. No AL-09 monomer peaks (2.1–2.6 nm, (Figure S2B) were detected in the amyloid 

formation reaction at either concentration. AL-09 shows a dominant population of 5.0 nm 

particles at 0.5 h. A similar pattern in the relative abundance of species was also noted 

through the plateau phase (4–17 h) (Figure 3B). This species profile is very similar in the 

amyloid formation reaction at 220 μM (Figure S11B). In the next phase of the reaction (6–

32 h), there is a decrease of species-I associated with an increase in species-II at both 

concentrations tested. This phase corresponds to the plateau in monomer concentration 

observed by SA. SEC experiments for AL-09 at 220 μM (Figure S9B) shows intermediate 

species ranging in size from 63.7 kDa to 629.4 kDa within the first 9 h of the experiment, in 

good agreement with the DLS data. These results suggest the presence of a stable population 

of oligomeric intermediates that undergo conformational changes that increases their ThT 

fluorescence without incorporating additional monomers.

The TEM studies of AL-09 at 20 μM show an aggregated nebular mesh of nonfibrillar and 

spherical oligomers during the initial stages of aggregation (Figure 3C). Spherical oligomers 

(black arrows) were observed during the initial sharp decrease in the concentration of 

monomers (SA). During the initial plateau phase (midpoint of the reaction) in which no 

changes in the monomer concentration is observed but ThT fluorescence intensity continues 

to increase, we observe dense nebular mesh of oligomers (red arrows). At the end of the 

reaction when the monomer has been all incorporated into fibrils and the ThT fluorescence 

intensity reaches a plateau, AL-09 displays morphologies consistent with bundles of short 

fibrils (blue arrows) and mature long fibrils (purple arrows) (Figure S12 A–C). AL-09 

reactions at 220 μM (Figure S11C and S12 D,E) presents a similar profile to the one 

observed at 20 μM.
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Aggregation kinetics in AL-09 H87Y:

We then wanted to determine whether restorative mutant AL-09 H87Y presented the same 

profile of species during early events of amyloid formation compared to those of the 

germline protein κI O18/O8. We based this hypothesis on our previous thermodynamics and 

fibril formation studies of these two proteins32.

Indeed, AL-09 H87Y shows a monophasic transition at 20 μM (t50 SA: 152.3 ± 7.6 h and t50 

TA: 140.4 ± 18.6 h) similar to κI O18/O8 (Figure 4A) (Table 1). Furthermore, concentration 

dependent studies were also similar to κI O18/O8 (Figure S13A). The overall rate of 

aggregation (t50 value) was observed to be 5–7 times slower than AL-09. DLS exhibited a 

predominant monomeric population during the nucleation phase (Figure 4B, S2C, and 

S13B). The SEC chromatogram is consistent with the DLS data showing a single peak 

representing monomeric protein as the only aggregating species at 220 μM of AL-09 H87Y 

during its nucleation phase (Figure S3C and S9C). In line with AL-09, the TEM of AL-09 

H87Y shows a dense population of aggregated nebular mesh of non-fibrillar (red arrows) 

and spherical oligomers (black arrows) during the nucleation phase at both 20μM (Figure 

4C) and 220 μM (Figure S13C). A codominance of nebular mesh species and short fibrillar 

forms (blue arrows) and mature fibrils (purple arrows) were noted at both concentrations in 

AL-09 H87Y after the nucleation phase (Figure S14 A–E). Although the TEM profiles of 

AL-09 and AL-09 H87Y at 20 μM and 220 μM show aggregating species with very similar 

morphologies, the sequence of their appearance is shifted for AL-09 H87Y, consistent with 

its delayed fibril formation kinetics.

Aggregation kinetics in AL-12:

In our previous reports using 96-well plates, AL-12 presented the slowest fibril formation 

kinetics of all the proteins we have reported so far.35 We hypothesized that AL-12 would 

allow us to interrogate the early events of AL amyloid formation in greater detail. 

Interestingly, AL-12 showed the largest change in kinetics in our microcentrifuge tube 

assays for this study, with t50 values that resemble the fast kinetics observed at all conditions 

with AL-09. AL-12 aggregation reaction is characterized by a very short nucleation phase 

(0–13 h) (highlighted salmon area in Figure 5A and S15A) followed by a sharp drop in the 

concentration of monomers. The rate of aggregation observed for AL-12 showed no 

concentration dependence and was the second fastest aggregation reaction in this study with 

similar t50 values at 20 μM (SA: 26.7 ± 5.1 h and t50 TA: 37.2 ± 3.2 h) and 220 μM (SA: 

28.7 ± 6.8 h and t50 TA: 30.9 ± 7.7 h) (Table 1). Unlike AL-09, aggregation kinetics in 

AL-12 exhibits a monophasic transition similar to κI O18/O8. In the course of the short 

nucleation phase (0–13 h) observed during the aggregation of AL-12 at both concentrations, 

a predominant population of particles ranging in size from 2.0–2.7 nm (peaks under colored 

square in Figure 5B and S15B) and a small fraction (0.2–0.3%) ranging from 100–400 nm 

was detected by DLS. The size of the predominant species observed during the short 

nucleation phase in AL-12 was in agreement with the size of monomeric species (1.8–2.9 

nm) observed for different concentrations of AL-12 in Tris-HCl buffer at pH 7.4 (Figure 

S2D). The SEC chromatogram of AL-12 at 220 μM further corroborated the presence of 

monomeric protein during the nucleation phase (Figure S9D).
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The TEM images of AL-12 show a co-dominant population of spherical oligomers (black 

arrows) and nebulae like oligomers (red arrows) during the nucleation phase [20μM (0–13 

h)] (Figure 5C). At later stages (after 30 h) short fibrils arranged in bundles (blue arrows) 

populate the aggregation reaction (Figure S16 A,B). The morphologies of the aggregating 

species at 220 μM (Figure S16 D,E) were very similar to those observed at 20 μM and 

differed only in the sequence of their appearance as a function of time.

Aggregation kinetics in AL-12 R65S:

In our previous report, AL-12 R65S presents delayed fibril formation kinetics with respect to 

AL-12.35 In this study, using the microcentrifuge tube assay, AL-12 R65S shows a delay in 

fibril formation with a nucleation phase twice as long as that observed for AL-12 

(highlighted salmon area in Figure 6A and S17A). Similar to AL-12, the nucleation phase in 

AL-12 R65S is followed by a sharp drop in concentration of monomers coupled with an 

increase in Thioflavin T fluorescence intensity. However the rate of aggregation at 20 μM, 

[t50 = 46.2 ± 7.5 h (SA) and 46.6 ± 1.4 h (TA)] as compared to 220 μM, [t50 = 64.9 ± 7.3 h 

(SA) and 49.9 ± 6.8 h (TA)] was observed to be slightly slower by SA (Table 1). AL-12 

R65S at 20 μM and 220 μM populates an abundance of monomeric species (1.9–2.5 nm) 

(peaks under colored square in Figure 6B and S17B), and a small fraction (0.1–0.2%) of 

aggregating species ranging 40–60 nm during the nucleation phase. The size of the 

monomeric species during nucleation was similar to the monomer size (2.6–3.2 nm) of 

AL-12 R65S tested at different concentrations in Tris-HCl buffer pH 7.4 (Figure S2E). The 

apparent molecular weight of the monomeric species (9.9 kDa) as observed from the elution 

properties of 220 μM AL-12 R65S during the nucleation phase (Figure S9E) is in agreement 

with the molecular weight of AL-12 R65S variable domain proteins tested at different 

concentrations in Tris-HCl buffer at pH 7.4 (Figure S3E).

TEM of AL-12 R65S at 20μM during the course of aggregation shows similar morphologies 

as AL-12 with spherical (black arrows) and nebular-oligomers (red arrows) (Figure 6C), 

followed by the appearance of bundles of short fibrils (blue arrows) and clusters of mature 

long fibrils (purple arrows) (Figure S18 A–C). The TEM images of the aggregating species 

at 220μM AL-12 R65S (Figure S18 D–F) was similar to 20μM AL-12 R65S in both the 

chronology and the species morphology.

Overall, the comparative analysis of the aggregation kinetics of the different AL proteins in 

this study suggests the time for the complete conversion of monomers to mature 

sedimentable fibrillar forms vary significantly for the different AL proteins tested. The fibril 

stability varies as well, with AL-09 having the lowest stability compared to κI O18/O8. We 

observe concentration dependence in the stability of the fibrils with the high concentration 

fibril reactions showing more stable fibrils.

κI O18/O8, AL-09 H87Y, AL-12, and AL-12 R65S present a predominant population of 

monomers during the nucleation phase. Based on our findings, we propose that κI O18/O8, 

AL-09 H87Y, AL-12 and AL-12 R65S forms clusters of sparsely populated, transient 

intermediates during the nucleation phase of the reaction. AL-09 exhibits a stable population 

of oligomeric intermediates populated from 4–20 h, with no evidence of concentration 

dependence in the kinetics of amyloid formation. This result is consistent with AL-09’s 
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concentration independent fibril formation behavior reported previously by our group.38 We 

also proposed that for mildly amyloidogenic proteins, the inverse dependence of t50 values 

as a function of protein concentration indicated that the amyloid formation kinetics are 

dominated by a nucleation-elongation mechanism.38

Discussion

In this study, we evaluated the mechanisms of aggregation of five different immunoglobulin 

light chain variable domain proteins. The fastest rates of aggregation were observed for both 

AL-09 and AL-12 as compared to κI O18/O8 and the restorative mutants AL-09 H87Y and 

AL-12 R65S (Figure 1 and S7, Table 1). We found that all the proteins formed transient 

oligomers to varying degrees during the nucleation phase. However, AL-09 populated stable 

oligomers (Figure 3 and S11 A,B). Notably, our comparative studies on the stability of 

amyloid fibrils in this study shows that AL-09 fibrils are consistently less stable than κI 

O18/O8 and AL-12 fibrils. Together our results demonstrate that while AL-09 presents the 

fastest kinetic parameters of fibril formation, the resulting fibrils are the least stable fibrils, 

possibly allowing these fibrils to disaggregate and populate intermediate species to a higher 

extent than the other proteins in this study.

To date, just a few examples of stable oligomeric intermediates in the amyloidogenic 

pathway have been characterized.17, 50, 53 Our results suggest that AL-09 has the ‘worst’ of 

both worlds for fibril pathogenicity: AL-09 aggregates fast, populates intermediates, and the 

reversible (disaggregation) reaction is more favorable than for other proteins. This may 

explain the increased cytotoxicity observed in previous studies from our laboratory.54–56

AL-09 data regarding the fibril stability is in agreement with the proposed molecular 

mechanism involving the participation of a stable intermediate in the fibril formation via 

secondary nucleation. There is extensive experimental evidence indicating that stable 

oligomeric intermediates are responsible for the cytotoxicity in cell cultures.18, 57, 58 We 

propose that the interplay between the fast populating oligomeric species and the low 

stability of the AL-09 fibrils results in a large pool of cytotoxic amyloidogenic 

intermediates, prone to recruit and aggregate soluble monomers, catalyzing the amyloid 

formation of AL-09 fibrils and therefore increasing its amyloidogenicity (in the most 

complete sense of the term). This also supports the idea that some AL proteins are better 

fibril nucleators while others seems to be better fibril elongators, based on specific set of 

mutations in key residues in the topology of the proteins.

The fast aggregation kinetics observed in AL-09 is attributed to the altered dimer interface,34 

suggesting that mutations N34I and Y87H might promote formation of stable oligomeric 

intermediates. Our conclusion that the altered dimer in AL-09 promotes formation of stable 

oligomers prior to fibrils is further reinforced by the study of aggregation kinetics in the 

restorative mutant AL-09 H87Y. A single restorative mutation of histidine to tyrosine at 

position 87 changes the dimeric interface of AL-09 to the canonical form observed in κI 

O18/O8 germline protein.34 This change essentially shifts the pattern of aggregation from a 

biphasic transition observed in AL-09 to monophasic slower transition similar to κI O18/O8 

(Figure 1B and A).
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While it is well documented that reduced thermodynamic stability increases the 

amyloidogenic propensity for a protein,20, 59 thermodynamic stability alone is not enough to 

completely explain the amyloidogenic properties in AL proteins. Kinetic stability, kinetic 

traps within the folding pathway,29, 53 and changes in the structure of AL proteins34, 35 can 

all play a role in the overall aggregation process. To test how the structural alteration and 

low thermodynamic stability individually affected the rate and pathway of aggregation, we 

investigated the aggregation kinetics in AL-12 variable domain protein. The primary reasons 

for selecting AL-12 over other AL proteins is because (1) both AL-09 and AL-12 belong to 

κI subtype, (2) Both AL-09 and AL-12 are derived from patients with cardiac amyloidosis, 

(3) AL-12 has lower thermodynamic stability compared to κI O18/O8 germline protein but 

higher than AL-09 (κI O18/O8: Tm= 54.7 ± 0.3 °C; ΔGfolding = −6.1 ± 0.2 kcal/mol; AL-12: 

Tm= 46.3 ± 0.4°C; ΔGfolding = −4.4 ± 0.8 kcal/mol; AL-09: Tm= 41.1 ± 1.0°C; ΔGfolding = 

−3.5 ± 0.3 kcal/mol)34, 35 and (4) AL-12 retains the canonical dimeric conformation similar 

to κI O18/O8.

In the present study, AL-12 aggregated as fast as AL-09 (Table 1) in contrast with previous 

reports.35 This discrepancy might arise in part because of AL-12 sensitivity to its surface 

environment, favoring fibril formation in Eppendorf tubes compared to polystyrene plates. 

AL-12 at both concentrations presents an insignificant transient population of spherical and 

non-fibrillar oligomers during the nucleation phase. AL-12 R65S (Tm= 49.0 ± 0.2 °C; 

ΔGfolding = −4.3 ± 0.9 kcal/mol) is slightly more stable than AL-12 and aggregated more 

slowly with respect to AL-12, correlating with the difference in thermodynamic stability 

(Table 1).

The most amyloidogenic proteins AL-09, AL-12 and the restorative mutant AL-12 R65S did 

not present concentration dependence in their t50 values. In contrast, a slower rate of 

aggregation observed at high concentrations in κI O18/O8 and AL-09 H87Y may be driven 

by a combined effect of their dimer dissociation constant (Kd for κI O18/O8 = 217 μM; Kd 

for AL-09 H87Y = 200 nM)32 and their higher thermodynamic stability.

Collectively, our results show a strong dependence between the altered dimer conformation 

and the formation of stable oligomeric intermediates in amyloidogenic light chains. The 

lower Cr values at low protein concentration observed in our reactions indicate that the 

aggregation reaction is slightly more efficient and the fibril ultrastructure is more stable. 

Future studies pertaining to the structure and role of oligomeric intermediates during AL 

protein aggregation at physiological pH and structure of the fibrils are currently under 

progress in our laboratory. These studies will further improve our understanding on the 

catalytic properties of these intermediates and the fibrils in homologous and heterologous 

amyloid recruitment and amyloid co-aggregation under physiological conditions.

Since some of the biophysical techniques (DLS, SEC and TEM) used in this study have 

technical limitations in terms of sample preparation, measurement and data analysis, we 

interpreted the data in parallel with SA and TA to provide a concise picture into the early 

events leading to aggregation in AL proteins in vitro. While the study shows a crucial role of 

intermediates in the aggregation of AL proteins, caution should be maintained in interpreting 

and correlating the data with the in vivo studies or the clinical manifestation of the disease in 
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the patients. Apart from oligomeric intermediates the onset and progression of AL 

amyloidosis can be influenced by components of extracellular matrix, apolipoproteins, 

physicochemical properties of the lipid membrane and pre-existing and/or parallel 

pathological conditions.3–5, 30, 60–62
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ABBREVIATIONS

AL amyloidogenic immunoglobulin light chain

SA Sedimentation assay

TA Thioflavin T binding assay

CD Circular Dichroism spectroscopy

DLS Dynamic light scattering

SEC Size exclusion chromatography

TEM Transmission electron microscopy

t50 time taken to complete 50% of fibril formation reaction

ThT thioflavin T

ABC buffer acetate borate citrate buffer

HPLC high performance liquid chromatography

Tm melting temperature
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Figure 1: Comparative analysis of aggregation rate in different light chain variable domain 
proteins at 20 μM.
Shown are the representative kinetic traces of different time points obtained from 

sedimentation assay to calculate the %monomer remaining in the reaction (■) vs ThT Assay 

(●) at 20 μM of (A) κI O18/O8 (PDB: 2Q20), (B) AL-09 (PDB: 2Q1E), (C) AL-09 H87Y 

(PDB: 3CDY), (D) AL-12 (PDB: 3DVF), (E) AL-12 R65Sa. Kinetic traces at each time 

point are from duplicate readings. Aggregation mixture for all the above experiments were 

prepared in 10 mM ABC buffer at pH 2.0. The highlighted area in salmon in the graphs 

represents the nucleation phase presumed for this study (based on % monomer data). The 

highlighted area in green in the AL-09 graph represents a stable plateau phase during which 

the concentration of monomers remains unchanged. Inset: Crystallographic models showing 

the orientation of the dimeric interface for each protein. Restorative mutation in AL-09 

H87Y (C) and AL-12 R65S (E) are highlighted in yellow. Error bars represent Standard 

error of mean
a AL-12 R65S model was derived from the crystallographic structure of AL-12.
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Figure 2: Composite analysis of monomer concentration, species size and abundance, and 
aggregate morphologies for 20 μM κI O18/O8 during nucleation phase.
Shown are (A) the representative kinetic traces of the sedimentation assay (■) vs ThT 

fluorescence assay intensity (●). The highlighted area in salmon represents the nucleation 

phase (based on % monomer data). The color coded dotted lines in (A) represents the time 

points when DLS was performed. (B) Peaks corresponding to hydrodynamic radii computed 

from scattering intensity obtained from DLS. The peaks inside the colored squares represent 

the radius corresponding to the monomeric protein. Values presented in the parenthesis 

adjacent to hydrodynamic radii represent the population density in percent mass of particles. 

(C) Electron Micrographs of 20 μM κI O18/O8 at different time points during the course of 

aggregation. The color matched dotted line in the EM images compared to (A) and (B) 

represents the closest time point when aliquots from the reaction mixture were studied 

during the course of aggregation. Arrow designation: (→) Spherical oligomers, (→) 

Transformation of nebular mesh to fibrillar form, (→) Aggregated nebular mesh of non-

fibrillar oligomers, (→) Bundles of short fibrils. Scale bar, 100 nm. Aggregation conditions: 

10 mM ABC buffer at pH 2.0, 37°C, 300 rpm. Error bars in (A) represent Standard error of 

mean.
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Figure 3: Composite analysis of monomer concentration, species size and abundance, and 
aggregate morphologies for 20 μM AL-09 during nucleation phase.
Shown are (A) the representative kinetic traces of the sedimentation assay (■) vs ThT Assay 

fluorescence intensity (●). The highlighted area in cyan green represents the plateau phase 

of the biphasic reaction (based on constant % monomeric concentration). The color coded 

dotted lines in (A) represents the time points when DLS was performed. (B) Peaks 

corresponding to hydrodynamic radii computed from scattering intensity obtained from 

DLS. The peaks inside the colored squares represent the radius corresponding to oligomeric 

intermediates. Values presented in the parenthesis adjacent to hydrodynamic radii represent 

the population density in percent mass of particles. (C) Electron Micrographs of 20 μM 

AL-09 at different time points during the course of aggregation. The color matched dotted 

line in the EM images compared to (A) and (B) represents closest time points when aliquots 

from the reaction mixture were studied during the course of aggregation. Arrow designation: 

(→) Spherical oligomers, (→) Aggregated nebular mesh of non-fibrillar oligomers, (→) 

Bundles of short fibrils. Scale bar, 100nm. Aggregation conditions: 10 mM ABC buffer at 

pH 2.0, 37°C, 300 rpm. Error bars in (A) represent Standard error of mean.
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Figure 4: Composite analysis of monomer concentration, species size and abundance, and 
aggregate morphologies for 20 μM AL-09 H87Y during nucleation phase.
Shown are (A) the representative kinetic traces of the sedimentation assay (■) vs ThT 

fluorescence assay (●). The highlighted area in salmon represents the nucleation phase 

(based on % monomer data). The color coded dotted lines in (A) represents the time points 

when DLS was performed. (B) Peaks corresponding to hydrodynamic radii computed from 

scattering intensity obtained from DLS. The peaks inside the colored squares represent the 

radius corresponding to the monomeric protein. Values presented in the parenthesis adjacent 

to hydrodynamic radii represent the population density in percent mass of particles. (C) 

Electron Micrographs of 20 μM AL-09 H87Y at different time points during the course of 

aggregation. The color matched dotted line in the EM images compared to (A) and (B) 

represents closest time points when aliquots from the reaction mixture were studied during 

the course of aggregation. Arrow designation: (→) Spherical oligomers, (→) Aggregated 

nebular mesh of non-fibrillar oligomers. Scale bar, 100 nm. Aggregation conditions: 10 mM 

ABC buffer at pH 2.0, 37°C, 300 rpm. Error bars in (A) represent Standard error of mean.
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Figure 5: Composite analysis of monomer concentration, species size and abundance, aggregate 
morphologies for 20 μM AL-12 during nucleation phase.
Shown are (A) the representative kinetic traces of the sedimentation assay (■) vs ThT 

fluorescence intensity assay (●). The highlighted area in salmon represents the nucleation 

phase (based on % monomer data). The color coded dotted lines in (A) represents the time 

points when DLS was performed. (B) Peaks corresponding to hydrodynamic radii computed 

from scattering intensity obtained from DLS. The peaks inside the colored squares represent 

the radius corresponding to the monomeric protein. Values presented in the parenthesis 

adjacent to hydrodynamic radii represent the population density in percent mass of particles. 

(C) Electron Micrographs of 20 μM AL-12 at different time points during the course of 

aggregation. The color matched dotted line in the EM images compared to (A) and (B) 

represents the closest time points when aliquots from the reaction mixture were studied 

during the course of aggregation. Arrow designation: (→) Spherical oligomers, (→) 

Aggregated nebular mesh of non-fibrillar oligomers. Scale bar, 100nm. Aggregation 

conditions: 10 mM ABC buffer at pH 2.0, 37°C, 300 rpm. Error bars in (A) represent 

Standard error of mean.
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Figure 6: Composite analysis of monomer concentration, species size and abundance, and 
aggregate morphologies for 20 μM AL-12 R65S during nucleation phase.
Shown are (A) the representative kinetic traces of the sedimentation assay (■) vs ThT 

fluorescence assay (●). The highlighted area in salmon represents the nucleation phase 

(based on % monomer data). The color coded dotted lines in (A) represents the time points 

when DLS was performed. (B) Peaks corresponding to hydrodynamic radii computed from 

scattering intensity obtained from DLS. The peaks inside the colored squares represent the 

radius corresponding to the monomeric protein. Values presented in the parenthesis adjacent 

to hydrodynamic radii represent the population density in percent mass of particles. (C) 

Electron Micrographs of 20 μM AL-12 R65S at different time points during the course of 

aggregation. The color matched dotted line in the EM images compared to (A) and (B) 

represents the closest time points when aliquots from the reaction mixture were studied 

during the course of aggregation. Arrow designation: (→) Spherical oligomers, (→) 

Aggregated nebular mesh of non-fibrillar oligomers. Scale bar, 100nm. Aggregation 

conditions: 10 mM ABC buffer at pH 2.0, 37°C, 300 rpm. Error bars in (A) represent 

Standard error of mean.
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Table 1:
Kinetic parameters of light chain variable domain proteins.

Table shows average t50 values obtained from sedimentation and Thioflavin T assays for different proteins at 

20 μM and 220 μM. “n” represents the number of biological replicates used to obtain the reported average t50 

values. The critical concentration (Cr) for the amyloid formation reaction was calculated at the end of the fibril 

formation reaction (see methods). ΔΔG values were calculated as previously reported by Williams and Wetzel.
48 Experimental conditions: 10 mM ABC buffer pH 2.0, 37°C, 300 rpm.

Proteins Conc (μM)

t50 (Hours)
Critical 

Concentration 
[Cr] (μM)

ΔΔG 
[ΔGAL protein 

− 

ΔGκI O18/O8] 
(kcal·mol−1)

ΔΔG 
[ΔGALrestorative mutant 

− ΔGAL protein] 
(kcal·mol−1)

Sedimentation Assay
Thioflavin T Assay

Tube Plate

κI O18/O8

20 61.8 ± 9.5 (n=3) 59.2 ±4.5 (n=3) 266.2 ± 10.9
a 1.2 ± 0.1 0 ---

220 113.1 ± 10.5 (n=3) 99.4 ± 3.3 
(n=4) --- 3.2 ± 0.3 0 ---

AL-09

20 2.4 ± 0.9 
(n=3)

27.9 
± 4.9 
(n=3)

12.1 ± 2.4 
(n=3) 54.5 ± 0.8

a 1.9 ± 0.4 0.29 ± 0.04 0

220 2.2 ± 0.7 
(n=3)

34.5 
± 2.0 
(n=3)

2.1 
± 0.5 
(n=3)

40.3 
± 5.7 
(n=3)

--- 3.4 ±0.4 0.05 ± 0.00 0

AL-09 H87Y

20 152.3 ± 7.6 (n=4) 140.4 ± 18.6 
(n=4) 635 ± 26.8

b 2.4 ± 0.2 --- 0.13 ± 0.04

220 274.4 ± 35.9 (n=2) 218.9 ± 12.2 
(n=2) --- 2.8 ± 0.2 --- −0.12 ± 0.01

AL-12

20 26.7 ± 5.1 (n=5) 37.2 ± 3.2 
(n=5)

253.2 ± 4.0
c
; 

357.0 ± 1.7
a 1.9 ± 0.3 0.28 ± 0.02 0

220 28.7 ± 6.8 (n=4) 30.9 ± 7.7 
(n=4) --- 3.1 ± 0.7 −0.02 ± 0.04 0

AL-12 R65S

20 46.2 ± 7.5 (n=2) 46.6 ± 1.4 
(n=2) 333.4 ± 45.4

c 3.0 ± 0.1 --- 0.27 ± 0.03

220 64.9 ± 7.3 (n=3) 49.1 ± 6.8 
(n=3) --- 3.4 ± 0.3 --- 0.07 ± 0.05

a
From ref44,

b
Unpublished data from our laboratory,

c
From ref35.
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