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Abstract

Light chain amyloidosis is a protein misfolding disease in which immunoglobulin light chains
aggregate as insoluble fibrils that accumulate in extracellular deposits. Amyloid fibril formation /n
vitro has been described as a nucleation—polymerization, autocatalytic reaction in which nascent
fibrils catalyze formation of new fibrils, recruiting soluble protein into the fibril. In this context, it
is also established that preformed fibrils or “seeds” accelerate fibril formation. In some cases,
seeds with a substantially different sequence are able to accelerate the reaction, albeit with a lower
efficiency. In this work, we studied the recruitment and addition of monomers in the presence of
seeds of five immunoglobulin light chain proteins, covering a broad range of protein stabilities and
amyloidogenic properties. Our data reveal that in the presence of homologous or heterologous
seeds, the fibril formation reactions become less stochastic than de novo reactions. The kinetics of
the most amyloidogenic proteins (AL-T05 and AL-09) do not present significant changes in the
presence of seeds. Amyloidogenic protein AL-103 presented fairly consistent acceleration with all
seeds. In contrast, the less amyloidogenic proteins (AL-12 and xI) presented dramatic differential
effects that are dependent on the kind of seed used. kI had a poor efficiency to elongate preformed
fibrils. Together, these results indicate that fibril formation is kinetically determined by the
conformation of the amyloidogenic precursor and modulated by the differential ability of each
protein to either nucleate or elongate fibrils. We observe morphological and conformational
properties of some seeds that do not favor elongation with some proteins, resulting in a delay in
the reaction.
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Light chain (AL) amyloidosis is a progressive and lethal disease characterized by the
anomalous aggregation of monoclonal immunoglobulin light chains into amyloid fibrils and
tissue deposition, which results in organ dysfunction.}:2 It is widely accepted that /n vitro,
amyloid fibrils are formed following the nucleation-polymerization model.3-8 The reaction
can be described in two phases: the so-called nucleation/lag phase, in which the partially
folded, aggregation-prone conformation of monomers associates into a multimolecular
nucleus, and the polymerization/elongation phase, in which the nucleus acts as a *“seed”, to
elongate into fibrils by the recruitment and addition of monomers and/or multimolecular
oligomers.

The ability to self-propagate is a fundamental property of all amyloid fibrils and proceeds as
a continuous autocatalytic process via the recruitment of additional protein molecules from
the surrounding solution.2-8:9 In fact, the sigmoidal nature of the amyloid fibril formation
kinetics is characteristic of autocatalytic reactions,*:8:10 where the rate increases as the
materials react. Autocatalytic reactions proceed slowly in the beginning because there is
little catalyst present. As the reaction continues, the rate of the reaction accelerates with an
increased amount of catalyst and then slows as the reactant is consumed.

The characteristic basic steps of amyloid formation are primary nucleation and elongation of
fibrils. Primary nucleation starts from monomers in solution, while elongation describes new
growth that is dependent on already formed fibrils.

It is well established that the rate of fibril formation is accelerated by the addition of
preformed fibrils (a phenomenon called “seeding” because of its analogy with the
crystallization process). Recent experimental evidence from a number of laboratories1-13
supports the idea that /n vitro, the recruitment of the monomers to the nascent fibril includes
elongation and secondary nucleation components. Elongation is the recruitment of
monomers into the ends of a nascent fibril. Secondary nucleation is a complementary
mechanism that generates new recruitment competent fibrils at a rate that is dependent on
the concentration of existing fibrils.

Three different mechanisms for the secondary nucleation have been proposed by Ruschak et
al.1* (a) Fragmentation breaks fibrils to produce new ends suitable for growth with a rate
depending only upon the concentration of the existing fibrils and results in fibrils with a long
and linear morphology.1® (b) “Branching” allows a new fibril to grow from within an
existing fibril. Finally, (c) lateral interactions occur when addition of a monomer facilitates
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side-to-side interactions with another fibril, with the rate of lateral interactions being
dependent on both the concentration of monomers and that of existing fibrils.11 Branching
and lateral interactions are equivalent processes of secondary nucleation.

Two distinct types of seeding reactions are known. Addition of soluble protein identical to
the fibril seed or nucleus involves homologous seeding or self-seeding. Addition of a
different soluble protein induces heterologous seeding or cross-seeding. Heterogeneity of
amyloid protein composition within a single patient has been clinically demonstrated16:17
and has been observed in murine amyloidosis models.18:19 It reinforces the critical
importance of understanding the recruitment of soluble proteins in both types of seeding
reactions in the context of human diseases.

All processes (primary nucleation, elongation, and secondary nucleation) involved in fibril
formation are active during all phases of the reaction; in other words, none of the three
phases seen in the overall kinetics (lag phase, elongation phase, and the final plateau) can be
related to a single microscopic process (primary nucleation, elongation, and secondary
nucleation).3 Thus, modifications of each microscopic process influence the overall kinetic
curve; i.e., changes in the elongation rate constant have large effects on the duration of the
lag phase with respect to similar changes in the primary nucleation constant.

The seeded reactions circumvent these problems by bypassing the de novo formation of
nuclei from monomers,11 resulting, in the ideal cases, in exponential traces in which fibril
elongation is the dominant process. The presence of a lag phase usually implies a secondary
nucleation mechanism in seeded reactions.1

In the context of AL amyloidosis, previous work by our group and others?2%-27 has shown a
direct correlation between low protein stability and the propensity for amyloid formation for
some AL proteins. However, we have also found that proteins with similar thermodynamic
parameters present different fibril formation kinetics.23-2527.28 Thjs suggests that, within a
certain thermodynamic stability regime, there are additional factors that play a role in
determining the amyloidogenic potential of AL proteins.

Here, we have investigated the mechanism of /in7 vitro fibril formation within the context of
AL amyloidosis by studying the aggregation kinetics of four immunoglobulin light chains
and the wild-type, kI germline protein. The kI patient-derived, variable domain proteins
share substantial sequence identity with the kI germline sequence: AL-09, 94%; AL-12,
91%; and AL-103, 96%. AL-TO05, from the A1b subgroup, is 48% identical with respect to
the kI germline. The ability of AL proteins to form an “amyloidogenic nucleus” and to self-
propagate was assessed using de novo fibril formation assays. We then studied the
differential ability of AL fibrils to self-seed (homologous) and cross-seed (heterologous) to
investigate the conformational specificity and the kinetic dominance of elongation in the
amyloid reaction. Self-seeding reactions allow the determination of the elongation properties
of amyloid fibrils and the efficiency of each protein to elongate the nascent fibril with
preformed fibrils from the same protein. Cross-seeding experiments evaluate the ability and
efficiency of a protein for sequence and conformational specificity.
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Of the xI subgroup proteins, AL-09 is quite amyloidogenic.2® AL-09 forms fibrils quickly
and over a broad pH range (pH 2.0-9.0). The stability of the AL-09 protein has been
extensively characterized, presenting a fully reversible, two-state chemical and thermal
unfolding.23:30 AL-103 presents thermodynamic stability parameters comparable to those of
AL-09 (Figure 1B) but shows strong kinetic control of protein folding with delayed and
restricted kinetics of amyloid formation with a strong pH dependence (pH 2.0-7.0), because
of the presence of the somatic mutation/insertion P95alns.2427:29 AL-12 is slightly more
stable than AL-09 and AL-103 and presents delayed amyloid formation Kinetics with respect
to its germline protein x1.28 AL-12 amyloid fibril formation kinetics show a weak pH
dependence, as it is able to form fibrils within the pH range of 2.0-8.0. kI germline protein
(WT), used as control, is known to exhibit higher stability and delayed fibril formation
compared to those of the patient proteins AL-09 and AL-103.27 I is able to form amyloid
fibrils only at pH 2.0; hence, the fibril formation experiments were conducted at this pH
value. To further probe the relationship between the seeding specificity and the sequence,
AL-TO5 protein was included as a heterologous protein. Despite having a sequence only
48% identical to that of the xI proteins, AL-T05 shares their monomeric structure and has a
thermodynamic stability comparable to that of AL-12. AL-TO5 presents the fastest kinetics
of fibril formation studied by our group to date.3!

In this work, we have shown that the efficiency of recruitment between proteins with
different sequences differs depending on the amyloidogenic nature of the protein, with the
most amyloidogenic proteins showing very little effect and the least amyloidogenic proteins
showing a preference for specific seeds to accelerate amyloid formation.

EXPERIMENTAL PROCEDURES

Chemicals

Water was Milli-Q grade. Yeast extract and tryptone were from Difco. Other reagents were
from Sigma-Aldrich.

Cloning, Expression, Extraction, and Purification of Recombinant V| AL-09, AL-12, AL-103,

and x|

AL-09, AL-12, and AL-103 are patient-derived variable domain proteins belonging to the
germline gene product, kI 018/08 (also known as IGKV 1-33); their sequences were
obtained from patients with cardiac involvement.32 Germline kI 018/08 will be called I
herein for the sake of simplicity. We also omitted V_ from the name of all proteins herein for
the sake of simplicity.

Protein expression was performed as reported previously.25:30:33 Briefly, all plasmids were
transformed into Escherichia coliBL21(DE3) Gold competent cells (Stratagene, La Jolla,
CA), and protein expression was induced overnight with 0.8 mM isopropyl p-p-1-
thiogalactopyranoside.

Proteins were extracted and then purified by size-exclusion chromatography with a HiLoad
16/60 Superdex 75 column on an AKTA FPLC (GE Healthcare, Piscataway, NJ) system, in
10 mM Tris-HCI (pH 7.4).
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Protein purity and homogeneity were determined by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and analytical size-exclusion chromatography (see below). Protein
concentration was determined by UV absorption at 280 nm using an extinction coefficient
calculated from the amino acid sequence as follows: & = 14890 M~ cm~1 for I and
AL-103, £ = 13610 M™% cm™ for AL-09 and AL-12, and £ = 18020 M~ cm™ for AL-TO5.
Pure proteins were frozen and stored at =80 °C.

Circular Dichroism Spectroscopy

As a quality control measurement, far-UV circular dichroism (CD) spectroscopy was used to
confirm that the proteins retained their native secondary structure at pH 7.4 and at the
beginning of the fibril formation reaction at pH 2.0. Far-UV CD spectra from 260 to 200 nm
(1 nm bandwidth) were acquired at 4 °C, on a Jasco model 810 spectropolarimeter (JASCO,
Inc., Easton, MD) using a 0.2 cm path-length quartz cuvette. All samples (20 uM) were
prepared in 10 mM Tris-HCI (pH 7.4) or 10 mM acetate borate citrate (ABC) buffer and 150
mM NaCl (pH 2.0). Thermal unfolding/refolding experiments were conducted following the
ellipticity at 217 nm over a temperature range of 4-90 °C to determine the melting
temperature ( 7y,) and to ensure the quality of the preparation, as reported previously.2*
Temperature was regulated within £0.002 °C using a Peltier system.

Sample Preparation for the in Vitro Fibril Formation Assay

Proteins were thawed at 4 °C, filtered using 0.45 um membranes, and equilibrated for 24 h at
4 °C. Filtered, equilibrated proteins were ultracentrifuged at a speed of 90000 rpm
(6450009) for 3.3 h in an NVT-90 rotor on an Optima L-100 XP centrifuge (Beckman
Coulter). This step was performed to remove any preformed aggregates formed during the
thawing process of the soluble protein, as reported previously.2* After ultracentrifugation,
and prior to initiation of the fibril formation reaction, the global structure and oligomeric
state (monomer—dimer equilibrium) of the proteins were confirmed via far-UV CD spectra,
thermal unfolding, and analytical size-exclusion chromatography to ensure the integrity and
homogeneity of the proteins before the initiation of the fibril formation reaction.

Size-Exclusion Chromatography

Analytical size-exclusion chromatography was conducted at 4 °C using a BioSil 125-5 high-
performance liquid chromatography (HPLC) (Bio-Rad) size-exclusion column on an AKTA
FPLC system (GE Healthcare). The column was equilibrated with 50 mM Nay,HPO,, 50
mM NaH,POy,, 150 mM NaCl, and 0.02% NaNs3 (pH 6.8). Chromatographic analyses were
conducted at 0.2 mL/min. k light chain variable domains have been previously characterized
as weak homodimers at relatively high concentrations (~700 pM), with dissociation
constants that range between 300 and 0.2 uM as calculated by NMR diffusion
experiments.3* To re-establish the dimer-monomer equilibrium, protein samples (200 pL of
pure proteins diluted to 20 uM) were incubated for 24 h at 4 °C prior to injection.
Chromatographic peaks were detected by UV absorbance at 280 nm. Molecular weight and
oligomeric states were estimated from elution volumes using a molecular weight calibration
curve as reported previously.2> All proteins studied under these experimental conditions
were monomeric when they were injected at 20 uM, demonstrating the monodispersity of
the protein before the beginning of the reaction.
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In Vitro Fibril Formation Assay

De Novo Nucleation (nonseeded) Experiments—Samples of each filtered and
ultracentrifuged protein were prepared, on ice, at a final concentration of 20 pM in 10 mM
ABC buffer (pH 2.0) containing 150 mM NacCl, 10 uM thioflavin T (ThT), and 0.02% NaNs3,
in 1.5 mL low-binding microcentrifuge tubes (total volume of 1.0 mL).

In vitro fibrillogenesis reactions were conducted by monitoring the fluorescence emission
enhancement of thioflavin T (ThT) that occurs when ThT binds to amyloid fibrils. All fibril
formation assays were performed in triplicate (260 pL per well) using black 96-well
polystyrene plates (Greiner, Monroe, NC) sealed with plate sealers (Nunc, Roskilde,
Denmark), covered with a black polystyrene cover, and sealed with tape to reduce
evaporation. Samples were incubated at 37 °C while being continuously orbitally shaken
(300 rpm) in a New Brunswick Scientific Innova40 incubator shaker. Fibril formation was
monitored daily for 1 month (~750 h) following fluorescence on a plate reader (Analyst AD,
Molecular Devices, Sunnyvale, CA). The excitation wavelength used was 440 nm, and the
emission wavelength was 480 nm. The plate sealer and the tape sealing the cover were
replaced daily.

We considered that a fibril formation reaction had occurred when we observed an at least 4-
fold ThT fluorescence enhancement (~200000 AU in our system). The presence of amyloid
fibrils was confirmed by electron microscopy.

Preparation of Amyloid Seeds—For the seeding experiments, fresh amyloid seeds were
prepared as follows. A 800 pL volume of an amyloid fibril solution (20 uM soluble
monomer at the beginning of the reaction) from de novo experiments was collected and
transferred into low-binding microcentrifuge tubes. Samples were sonicated at room
temperature for 10 s using a Branson model 8510 water bath sonicator (Branson Ultrasonics
Corp., Danbury, CT).

The yield of the de novofibril formation reaction for each protein was verified by an reverse
phase HPLC assay following the method used by O’Nuallain et al.,3> measuring the free
monomer concentration remaining in solution when the plateau of the de novo reactions was
reached. The reaction yields, relative to the initial monomer concentration, were as follows:
AL-09, 67.2% (13.4 pM); AL-103, 86.5% (17.3 uM); AL-12, 89.1% (17.8 uM); I, 93.4%
(18.7 uM); AL-TO05, 94.3% (18.8 uM). The values in parentheses are the equivalent
monomer concentrations in the fibrils.

Fibril Elongation [self-seeding (homologous) and cross-seeding
(heterologous)] Experiments—Fresh solutions of each AL protein at 20 pM were
prepared as we prepared them for de novo reactions. Ten microliters of freshly prepared
seeds [1% (v/v)] was sonicated and added to the reaction mixture. On the basis of the fibril
reaction yield, we added seeds at concentrations between 0.13 and 0.18 uM (monomer
concentration in the fibrils). ThT fluorescence was monitored in the plate reader as
previously described for the de novo experiments. In all cases, the same batch of freshly
prepared seeds was used to avoid variability within the seeded reactions. Samples were kept
on ice until the beginning of the reaction.
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De novo control reactions as well as control wells containing only ThT without protein were
performed in parallel, to ensure that any differences in fibril formation kinetics (measured as
I5g values or the time it takes to complete 50% of the fibril formation reaction as well as
elongation rates) could be attributed directly to the presence of the specific seed, while
ensuring the reproducibility of the observations.

Analysis of Experimental Kinetic Data—The # value was obtained by fitting each
independent kinetic trace to a sigmoidal function (defined as a Boltzmann function by the
Origin software package http://www.originlab.com/www/helponline/Origin/en/UserGuide/
Boltzmann.html) as previously reported.27:28.36

A — A
! 2_ LA,

y=—1+e(mfz0)/dx (1)

where A1 is the initial fluorescence value, A is the final fluorescence value, X is the
midpoint (or &g value), and dx is defined as the time constant.

A shorter % value indicates a faster reaction to form fibrils. The rates of fibril elongation
were calculated from the slope of the linear fitting of the growth phase. The comparison and
statistical analysis of the effects of homologous and heterologous seeding over the fibril
formation were based on a paired Student’s ¢test. Significance was reported at the 95% (p <
0.05) confidence level.

Electron Microscopy—A 3 L fibril sample was placed on a 300 mesh copper Formvar/
carbon grid (Electron Microscopy Science, Hatfield, PA), and excess liquid was removed.
The samples were negatively stained with 2% uranyl acetate, washed twice with H,0, and
air-dried. Grids were analyzed on a Philips Tecnai T12 transmission electron microscope at
80 kV (FElI, Hillsboro, OR).

RESULTS

Sequence and Biophysical Characteristics of the Proteins Used in This Study

In this work, four variable domain proteins (V) derived from AL amyloidosis patients have
been selected, to study the effect of preformed fibrils or “seeds” on the kinetics of fibril
formation of these proteins. By using this set of proteins (our group has extensively studied
their biophysical and amyloidogenic properties), we cover a broad range of protein
stabilities and amyloidogenic properties (Figure 1). To ensure that all the fibril formation
reactions start with the proteins in the native conformation, far-UV CD spectral and thermal
unfolding experiments were conducted. All proteins presented the characteristic far-UV CD
spectrum at pH 7.4 (Figure 1C, top panel), observed in V|_ proteins, as previously
reported.20-22

At pH 2.0 in the presence of 150 mM NaCl, AL-09 shows stable f-sheet structure. AL-12,
kl, and AL-T05 also retain their secondary structure. AL-103 presented an increment in
random coil content (Figure S3).
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The thermal unfolding transitions of all samples were sigmoidal (Figure 1C, bottom panel)
and fully reversible at both pH values tested. Thermodynamic parameters at pH 7.4 were in
agreement with the previously reported values.23-2527.36

At pH 2.0 in the presence of 150 mM NaCl, AL-T05, AL-09, and AL-103 showed a
destabilization in thermal unfolding, while kI and AL-12 have similar 7, values at pH 2.0
and 7.4. AL-TO05 showed the smallest change in ellipticity during the thermal unfolding at
pH 2.0 (Figure S3).

Preformed Seeds Have Differential Effects in the Fibrillogenesis of AL Proteins

Preformed fibrils or “seeds” of each of the five proteins were screened for their ability to
accelerate amyloid fibril formation in the presence of soluble AL proteins at pH 2.0 [10 mM
ABC buffer (pH 2.0) and 150 mM NaCl (37 °C)], conditions under which all proteins
studied are able to form fibrils.

In the absence of preformed seeds, nucleation and elongation processes drive the fibril
formation reaction, and the kinetics present the classical sigmoidal transitions.3 For amyloid
reactions with a high concentration of seeds, the overall reaction is dominated by fibril
elongation processes (elongation and secondary nucleation) and the lag phase is abolished,
resulting in exponential Kinetic traces with slopes for the reaction different from those of de
novo reactions.313 In the case of amyloid kinetics seeded with a very low concentration of
preformed fibrils, we expect that some seeds will shorten the lag phase without affecting the
slope of the exponential phase, allowing for the comparison among different proteins
without confounding the analysis.313

Figure 2 shows a summary of the effect of the homologous and heterologous seeding. We
are showing the difference in the time it takes to complete 50% of the fibril formation
reaction (% values) between de novo reactions and the reactions in the presence of each
seed (Afp). We will highlight only the most important results for our comparative analysis
between AL proteins and their mutants (see Figures 3—7 for all the amyloid fibril formation
Kinetic traces).

The proteins AL-T05 (&g de novo= 0.8 + 0.1 h) and AL-09 (#q de novo=54.5 + 0.8 h)
have the fastest de novo kinetics of all proteins tested. For AL-TO5 (Figure 3), neither
homologous nor heterologous seeding affected the kinetics of fibril formation significantly
(see Figure 2 and Table 1).

In the case of AL-09 (Figure 4), a slight acceleration can be observed in all seeded reactions,
including with AL-T05 seeds and the homologous (self) seeding experiment.

AL-103 (&g de novo=107.1 £ 0.9 h) shows that homologous seeding has a dramatic
accelerating effect on the AL-103 kinetics. Heterologous seeding reactions of proteins of the
same subtype (kl) also accelerate the reaction (Figure 2 and Table 1). Interestingly, AL-T05
seeds were also able to recruit AL-103 monomers (Figure 5G), but less efficiently (&g =
104.6 £5.2 h).
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In addition, it is worth noting that the AL-103 de novo amyloid formation kinetics is highly
stochastic; this stochastic behavior is reduced to the point of being eliminated in most of the
seeded reactions.

AL-12 shows the most remarkable results as its de novo amyloid formation kinetics are the
slowest at pH 2.0 (&g de novo = 356.96 + 1.70 h). The most striking results are the dramatic
acceleration of AL-12 seeded kinetics in the presence of AL-T05 seeds (%59 =179.8 + 2.6 h)
and the delay observed when the reaction is seeded with AL-09 fibrils (&g =497.4 + 2.7 h),
opposite to what we expected according to the seeding sequence-homology specificity
observed for AL-103 (Figure 6).

When xI or AL-103 seeds are used to seed AL-12 monomeric protein, comparable
accelerations are observed (#q value of 278.2 + 2.4 or 285.8 £ 1.8 h, respectively).

Analogous to AL-12, the wild-type control x| presents interesting results. De novo amyloid
fibril kinetics of kI is among the slowest reactions (&g de novo = 266.2 + 10.9 h).
Homologous and heterologous seeding kinetics of kI present a slight acceleration with
respect to de novo kinetics (Figure 7). Like that of AL-12, the fibril formation reaction in the
presence of AL-09 seeds is delayed; AL-TO5 seeds accelerate the reaction. Although we
observe a differential effect in the I reactions depending on the type of seed employed, the
effect is not as dramatic as that observed for the AL-12 seeded reactions. Additionally, we
noted that, contrary to the sharp transitions observed for the other proteins tested, kI seeded
reactions present smooth and steady transitions, suggesting low cooperativity. This is
probably due to xI’s poor nucleation and recruitment efficiency.

Consistent with what we observed for & values, the elongation rates calculated from the
seeding reactions are faster for the amyloidogenic proteins (AL-T05, AL-09, and AL-103)
than for the nonamyloidogenic proteins (AL-12 and «I) (Figure S1). AL-103 has overall
elongation rates faster than those of AL-09 in the presence of seeds.

For many years, it has been considered that V| corresponds to the central region undergoing
misfolding and aggregation in AL amyloidosis.1:2 However, recent proteomic studies with
amyloid deposits from fat aspirates3” found full-length (FL) light chains as part of the
amyloid deposits. This was later confirmed by a proteomics study using biopsy samples
from affected tissues.38 These results suggest that AL amyloid deposits in patients could be
formed by FL, V|, or mixtures of FL, V|, and/or other fragments.

To test whether the V| domain could promote the fibril formation of full-length (FL)
proteins, a proof-of-principle cross-seeding experiment using I V|_and FL was conducted.
We chose kI because this was the protein that presented the lowest seeding efficiency. For
this particular experiment, we added an experimental condition at pH 7.4 because x| FL is
able to form fibrils at neutral pH.3? Comparing the reactions at pH 2.0 and 7.4 will allow us
to determine if the different solution conditions play a role in the elongation of I V| and FL
fibril formation.

The presence of kI V| seeds shows a large increase in the rate of acceleration of the xI V|
reaction at pH 2.0 (Figure 8A). However, the effect of kI V| seeds on soluble xI V_at pH
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2.0 (Figure 8A) is not as dramatic as the effect we observe with kI FL seeds at pH 2.0
(Figure 8B).

Homologous seeding of kI FL with kI FL seeds is accelerated at pH 7.4 and more favorable
than in the presence of I V|_seeds (Figure 8C,D).

Preformed x| V|_ seeds have a highly stochastic accelerating effect on the I FL fibril
formation reaction at pH 2.0, with each well showing a different kinetic profile (Figure 8E).

By contrast, x| FL preformed seeds cannot initiate or elongate the fibril formation of kI FL
at pH 2.0 (Figure 8F) or I VV|_at 7.4 (Figure 8H). As expected, kI VL seeds are unable to
initiate or elongate fibril formation at pH 7.4, with a behavior consistent with de novo
reactions (Figure 8G)

Our results for I V| /FL seeding are consistent with the idea of the variable domain being
the main component of the /n vivo amyloid aggregates, and the constant domain playing a
modulating role in both the misfolding and fibril formation processes.3? It is interesting to
note that for kI, the presence of FL seeds appears to have an accelerating effect, suggesting
that the constant domain can accelerate the reaction.

Preformed Seeds Have Minor Effects on the Morphology of Mature Fibrils of AL Proteins

To further test whether the sequence-dependent seeding effects correlate with morphological
characteristics of amyloid fibrils, we have performed transmission electron microscopy
(TEM). As illustrated in Figures 3—7 (see Figure S2 for a compilation of all the TEM
images), TEM images of fibrils at the end of the reaction present different morphologies and
degrees of clustering as a function of the protein forming the aggregates and the kind of seed
used in the reaction.

We observe in all de novo experiments at pH 2.0 (Figure S2 and Figures 3-7B) that the AL
proteins form amyloid fibrillar aggregates consistent with the length and morphology of AL
protein mature fibrils previously characterized in our laboratory.24:27:28:31

The most dramatic effect of seeding on fibril morphology was observed for AL-12. We
observe that in the de novo experiments, AL-12 forms networks of straight fibrils (Figure S2
and Figure 6B). However, the presence of AL-09 seeds promotes the formation of the
classical morphology we observe for this protein [long straight fibrils (Figure S2 and Figure
6C)], possibly as a consequence of the delay observed in the kinetics of fibril formation,
where a slow reaction allows the formation of fewer fibril nuclei and longer fibrils.

In contrast, samples from kinetics seeded with AL-103 seeds form large clusters of long
straight fibrils, laterally stacked together (Figure S2 and Figure 6D), whereas the self-seeded
reaction, as well as the presence of kI and AL-TO5 seeds, results in classical long straight
fibrils (Figure 6F,G), consistent with the observed acceleration of fibril formation. It is
interesting to note that AL-TO05 seeds, with the heterologous amino acid sequence, induce
the formation of AL-12 fibrils without affecting the fibril morphology significantly.
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De novo AL-TO5 fibril formation forms a dense network of clustered fibrils in a totally
random arrangement (Figure S2 and Figure 3B), where individual amyloid fibril segments
are difficult to observe. This is a typical behavior for /in vitro AL amyloid fibril samples. In
the self- and cross-seeded samples, we observe fewer dense clusters of individual straight
fibrils laterally stacked together, consistent with the seeding of fibril formation (Figure S2
and Figure 3C-G). Individual fibrils showed the same morphological features that were
observed in AL-T05 de novo Kinetics under all conditions. In the presence of AL-09 seeds or
AL-103 seeds, we also observe the presence of short, ribbonlike fibrils laterally stacked
together (Figure S2 and Figure 3C,D), along with the typical long fibrils of AL-TO05.

AL-09 fibrils obtained from de novo kinetics look like short rods, clustered in a random
arrangement (Figure S2 and Figure 4B). By contrast, samples of AL-09 from self-seeded
kinetics present slightly longer fibrils, forming clusters of entangled fibrils. A similar fibril
morphology was found when AL-103 seeds or AL-12 seeds were used; however, we
observed strong lateral interactions (Figure S2 and Figure 4D,E). Fibrils formed in the
presence of kI seeds are long and thin straight fibrils. In the presence of AL-T05, the fibrils
aggregate as large bundles of long fibrils (Figure S2 and Figure 4G). Fibrils obtained from
AL-103 de novo kinetics did not present any significant difference in the fibril morphology
of self- and cross-seeds samples (Figure S2 and Figure 5C-G) and were identical to previous
reports: ribbonlike individual fibrils, with a strong tendency to form dense tangles. We
speculate that AL-T05 and AL-09 form a large number of fibril nuclei, resulting in a large
number of short mature fibrils.

With regard to the cross-seeding experiment of kI FL, fibrils obtained from I FL de novo
kinetics did not present a significant morphological difference compared to the crossseeded
samples (Figure S2) and were identical to the results of previous reports.3°

DISCUSSION

The seeded fibril formation of the AL proteins studied here shows differential effects that
can be broadly grouped into three different behaviors (see Scheme 1).

(1) AL-09 and AL-TO5 presented the fastest kinetics of fibril formation (de novo) and do not
benefit significantly from the presence of seeds in conducting fibril formation. AL-09 has an
amyloidogenic, altered dimer interface3 rotated 90° with respect to the canonical dimer
interface. In the case of AL-TO05 [a protein with a key mutation in the dimer interface
(Q38H)], it presents a dimeric interface that is rotated 180°, similar to xI Y87H from ref 34
(unpublished observations).

We propose that the high efficiency of AL-09 and AL-T05 to form and populate amyloid
nuclei is due to the mutations these proteins have in the dimer interface that shift the
equilibrium toward the altered dimer, which facilitates misfolding events that trigger
amyloid formation. The amyloid formation rates do not really increase with seeding because
the nucleation reaction is already close to the maximal rate of fibril formation for those
proteins.
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(2) The proteins with the most delayed de novo kinetics, AL-12 and «I, presented a
differential acceleration depending on the seed used. AL-12 exhibited the strongest
differential effect of the kind of seeds on the fibril formation reaction. AL-12 de novo fibril
formation kinetics is slow and highly independent of the pH,28 possibly experiencing a
higher energy barrier of amyloid formation compared to those of AL-09 and AL-103. This
barrier is reduced significantly in the presence of certain seeds or other accessory molecules,
such as glycosaminoglycans.36

Unexpectedly, cross-seeded kinetics of AL-12 with AL-T05 seeds present the highest rate of
acceleration observed. We speculate that the high efficiency of cross-seeding with AL-TO05 is
associated a conformational similarity rather than the degree of similarity of the amino acid
sequence. x| presents a promiscuity of the dimer interface.23:39:34 k| has slow de novo fibril
formation kinetics and is able to form fibrils at only pH 2.0.27 Although a similar differential
acceleration as a function of the seed can be observed, it is not as dramatic as in the case of
AL-12.

We speculate that kI is not efficient in populating the amyloidogenic conformation even
though the dimer interface is promiscuous, and therefore, the recruitment of monomers is
less efficient than that of the rest of the proteins. This supports the idea that seeds do not
modify the amyloid formation pathway; it is only modulated by increasing or decreasing the
rate of the secondary nucleation process.

(3) During de novo fibril formation, AL-103 undergoes stochastic conformational
fluctuations to populate an amyloidogenic state.27:29:36

It is important to reiterate that AL-103 stability is not only thermodynamically but also
kinetically determined, by the insertion of proline 95a cis-trans prolyl isomerization, which
can enhance the population of a transient kinetic intermediate prone to fibril formation.2”

The dramatic acceleration of the seeded reactions of AL-103 is in agreement with an
autocatalytic reaction. We propose that the recruitment of soluble AL-103 monomers occurs
preferentially via secondary nucleation, as described by Andersen and co-workers in their
study of glucagon fibrils.11

Interestingly, AL-103 homologous seeding is less efficient than the cross-seeding. We
propose that the conformational features of the AL-103 fibrils are slightly different from the
incoming AL-103 monomer, decreasing the efficiency of incorporation of AL-103 protein.
For cross-seeded reactions, the conformation of the AL-103 amyloidogenic precursor
resembles the structures of heterologous seeds, and the incorporation into mature fibrils is
more efficient. This could be a special case linked to the morphologies of AL-103 amyloid
fibrils. Further studies are still needed.

The presence of preformed fibrils or seeds does not change the species populated in the
amyloid formation pathway; it only modulates it by increasing the rate of the secondary
nucleation process and the rate of elongation for AL-103. This is consistent with a kinetic
process in which elongation and secondary nucleation occur, where seeding shortens the lag
phase but does not affect the growth rate, and a lag phase is still present. This is because the
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surfaces of existing fibrils catalyze the nucleation of new fibrils from the monomeric state,
with a rate that is dependent on both the concentration of monomers and that of existing
fibrils.11

The efficiency of preformed fibril to cross-seed fibril formation of the proteins studied does
not follow any specific pattern per seed used (Figure 9), suggesting that the efficiency to
cross seed is more related to the efficiency of the soluble protein in populating
amyloidogenic conformations rather than to the properties of the seed; however, this
response is variable depending on the seed.

An interesting and surprising delay was observed in cross-seeded reactions with respect to
de novo reactions for a few reactions. The most notorious delay was observed for the AL-12
fibril formation cross-seeded with AL-09, followed by I reactions seeded with the AL-09
seeds. We speculate that the morphological and conformational properties of AL-09 seeds
are not as favorable for elongation of the species populated by delaying the fibril formation
pathway.

We propose that a combination of both the biophysical properties of the amyloid precursors
and the topology of the nuclei plays an important role in the progression of the reaction,
probably due to steric effects, consistent with a lateral or surface secondary nucleation
process. This could be one of the explanations for why there are cases of /n vivo amyloid
plaques that have more than one type of amyloid precursor protein.27 Lateral secondary
nucleation is a process similar to the one described by Ferrone et al. and Cohen et al.%13 and
has been revisited in recent reviews,3:6:40

Finally, the dramatic acceleration of x| FL kinetics caused by the presence of x| variable
domain seeds stands in contrast with the low efficiency of the I V| seeds to accelerate the
kI V|_soluble protein in the self-seeding experiments. We propose that I FL protein
populates to a major extent an amyloidogenic misfolded conformation compared to I V|,
because the kI FL folding pathway is Kinetically controlled, resulting in a sort of kinetically
trapped conformation prone to aggregation. De novo x| FL fibril formation is pH-dependent,
with a stochastic behavior at pH <4.0,39 in contrast with that of «I V|, for which the de novo
kinetics are highly homogeneous albeit restricted to pH 2.0. The presence of I V|
preformed seeds not only accelerates kI FL fibril formation at pH 7.4 but also results in a
more homogeneous kinetic behavior without affecting the morphology of the fibrils,
compared to the kinetics at pH 2.0. This suggests that preformed seeds of kI V| accelerate
fibril formation via direct interaction with a kinetic misfolded intermediate of x| FL, whose
stability is determined by the constant domain.3°

Preformed homologous and heterologous seeds can accelerate reactions only under
conditions under which de novo reactions occur, indicating that the kI species populated
during the fibril formation pathway remain unchanged in the presence of seeds, suggesting
that the energy barrier to populating the critical species needed for amyloid formation
remains unchanged.

Future studies of the growing fibrils by real-time observations at a single-fibril level, in
addition to the determination of the atomic-level structure of AL light chain fibrils, would be
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advantageous for elucidating the molecular basis of the autocatalytic process and the
recruitment of soluble protein in AL amyloidosis disease.

Collectively, our results lead us to conclude that for AL proteins, fibril formation proceeds
by the recruitment of soluble protein into fibrils via a lateral secondary nucleation
mechanism. The interaction between the soluble protein and the nascent fibril is a
conformation-dependent process, modulated by the ability of each protein to populate
amyloidogenic conformations. It is clear that in addition to protein stability, disruptions in
the quaternary structure could significantly increase the protein amyloidogenic propensity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ThT thioflavin T

CD circular dichroism

VL variable domain of immunoglobulin light chain

FL immunoglobulin light chain

FI fluorescence intensity

Tso time at which 50% of the fibril formation reaction is complete
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Figure 1.
Structural and stability properties of the V| proteins prior to amyloid formation reactions.

(A) Structural and (B) sequence alignments of the V|_ immunoglobulin proteins. The
sequence of the A1 1b germline V_was included for the purpose of comparison.
Nonconservative somatic mutations are colored red. (C) Far-UV CD spectra and thermal
unfolding analysis of AL-09 (red), AL-103 (green), AL-12 (blue), AL-TO05 (black), and xlI
(olive green). All proteins display -sheet structure with the two characteristic minima (235
and ~217 nm) for these proteins. Experimental conditions were as follows: 20 uM protein in
10 mM Tris-HCI (pH 7.4). Far UV-CD spectra were recorded at 4 °C. Thermal denaturation
experiments were performed from 4 to 90 °C at a rate of 0.5 °C min~1.
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Figure 2.
Differential effect of seeding on the % value of fibril formation kinetics of VL proteins.

Comparison of A values as a function of the seed employed. Data are from fibril
formation reactions conducted in triplicate. A reaction was considered positive when the
ThT fluorescence increased 4-fold (>200000 AU). All proteins tested were able to form
fibrils at pH 2.0. Note the difference in the x-axis for AL-T05.
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(A) Self-seeding and cross-seeding experiments with AL-TO05: de novo at pH 2.0 (black),
AL-09 seeds (red), AL-103 seeds (green), AL-12 seeds (blue), x| seeds (brown), and AL-
TO5 seeds (orange). All reactions were performed with 20 mM protein in the presence of 1%
seeds. Transmission electron microscopy (TEM) images of AL-09 at the end point of the
reaction. (B) De novo experiment at pH 2.0 in the presence of (C) AL-09 seeds, (D) AL-103
seeds, (E) AL-12 seeds, (F) kI seeds, and (G) AL-TO05 seeds. The scale bar represents 200
nm.
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(A) Self- and cross-seeding experiments with AL-09: de novo at pH 2.0 (black), AL-09
seeds (red), AL-103 seeds (green), AL-12 seeds (blue), I seeds (brown), and AL-TO5 seeds
(orange). All reactions were performed with 20 uM protein in the presence of 1% seeds.
Transmission electron microscopy (TEM) images of AL-09 at the end point of the reaction.
(B) De novo experiment at pH 2.0 in the presence of (C) AL-09 seeds, (D) AL-103 seeds,
(E) AL-12 seeds, (F) xI seeds, and (G) AL-T05 seeds. The scale bar represents 200 nm.
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(A) Self- and cross-seeding experiments with AL-103: de novo at pH 2.0 (black), AL-09
seeds (red), AL-103 seeds (green), AL-12 seeds (blue), I seeds (brown), and AL-TO5 seeds
(orange). All reactions were performed with 20 uM protein in the presence of 1% seeds.
Transmission electron microscopy (TEM) images of AL-09 at the end point of the reaction.
(B) De novo experiment at pH 2.0 in the presence of (C) AL-09 seeds, (D) AL-103 seeds,
(E) AL-12 seeds, (F) xI seeds, and (G) AL-T05 seeds. The scale bar represents 200 nm.
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Figure®6.
(A) Self- and cross-seeding experiments with AL-12: de novo at pH 2.0 (black), AL-09

seeds (red), AL-103 seeds (green), AL-12 seeds (blue), I seeds (brown), and AL-TO5 seeds
(orange). All reactions were performed with 20 uM protein in the presence of 1% seeds.
Transmission electron microscopy (TEM) images of AL-09 at the end point of the reaction.
(B) De novo experiment at pH 2.0 in the presence of (C) AL-09 seeds, (D) AL-103 seeds,
(E) AL-12 seeds, (F) xI seeds, and (G) AL-T05 seeds. The scale bar represents 200 nm.
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(A) Self- and cross-seeding experiments with xlI: de novo at pH 2.0 (black), AL-09 seeds

(red), AL-103 seeds (green), AL-12 seeds (blue), I seeds (brown), and AL-TO05 seeds

lcl seeds

AL-TO05 see

(orange). All reactions were performed with 20 uM protein in the presence of 1% seeds.
Transmission electron microscopy (TEM) images of AL-09 at the end point of the reaction.
(B) De novo experiment at pH 2.0 in the presence of (C) AL-09 seeds, (D) AL-103 seeds,
(E) AL-12 seeds, (F) xI seeds, and (G) AL-T05 seeds. The scale bar represents 200 nm.
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in all cases.
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Comparison of A values as a function of the seeds employed. Data are from fibril
formation reactions that were conducted in triplicate. The reactions were considered positive
when ThT fluorescence increased 4-fold (>200000 AU). All proteins tested were able to
form fibrils at pH 2.0.
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Scheme 1.
Proposed Mechanism of Cross-Seeding.
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