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Abstract

Light chain amyloidosis (AL amyloidosis) appears to be caused by the aggregation of an antibody 

light chain (LC) or fragment thereof, and is fatal if untreated. LCs are secreted from clonally 

expanded plasma cells as disulfide-linked dimers, with each monomer comprising one constant 

and one variable domain. The energetic contribution of each domain and the role of 

endoproteolysis in AL amyloidosis remain unclear. To investigate why only some LCs form 

amyloid and cause organ toxicity, we measured the aggregation propensity and kinetic stability of 

LC dimers and associated variable domains from AL amyloidosis patients and non-patients. All 

the variable domains studied readily form amyloid fibrils, whereas none of the full-length LC 

dimers, even those from AL amyloidosis patients, are amyloidogenic. Kinetic stability — that is, 

the free energy difference between the native state and the unfolding transition state — dictates the 

LC’s unfolding rate. Full-length LC dimers derived from AL amyloidosis patients unfold more 

rapidly than other full-length LC dimers and can be readily cleaved into their component domains 

by proteases, whereas non-amyloidogenic LC dimers are more kinetically stable and resistant to 

endoproteolysis. Our data suggest that amyloidogenic LC dimers are kinetically unstable (unfold 

faster) and thus are susceptible to endoproteolysis that results in the release amyloidogenic LC 

fragments, whereas other LCs are not as amenable to unfolding and endoproteolysis and are 

therefore aggregation resistant. Pharmacologic kinetic stabilization of the full-length LC dimer 

could be a useful strategy to treat AL amyloidosis.
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Introduction

There is strong genetic and pharmacologic evidence that the misfolding and/or aggregation 

of initially soluble proteins can cause dysfunction in post-mitotic tissue(s) in the systemic 

amyloidoses [1–3]. A relatively common systemic amyloid disease is immunoglobulin light 

chain amyloidosis (AL amyloidosis) [3], a fatal condition if untreated, that affects 10 

patients per million per year [4]. AL amyloidosis is caused by the misfolding and 

misassembly of an immunoglobulin (Ig) light chain (LC) or fragment thereof, whose 

sequence is generally unique to each patient [5]. These LCs are secreted from neoplastic 

monoclonal plasma cells, often without an Ig heavy chain. Most LCs are efficiently removed 

from the blood by the kidneys [6, 7]. However, some LCs are amyloidogenic — they can 

aggregate after secretion from plasma cells to form a variety of structures including amyloid 

fibrils, causing proteotoxicity in organs, most commonly, the heart and kidneys. In AL 

amyloidosis, the population of clonal plasma cells is generally small and proteotoxicity 

occurs without fully-developed cancer symptoms, although amyloid deposition can also be a 

symptom of multiple myeloma, a more aggressive plasma cell cancer [8, 9]. The underlying 

cancer can often be treated with chemotherapy and/or stem cell replacement therapy, which 

removes the source of amyloidogenic LCs, stopping active aggregation and proteotoxicity 

[10]. However, many AL amyloidosis patients present with advanced cardiomyopathy, 

which makes it difficult for them to tolerate chemotherapy. Thus, there is an urgent need for 

both earlier diagnosis and therapeutic strategies that reduce LC cardiotoxicity [10, 11]. A 

better understanding of whether a given LC sequence will be amyloidogenic and why some 

are especially cardiotoxic could allow potentially dangerous LCs to be identified earlier [4].

The two classes of LCs, κ and λ, each consist of an N-terminal variable (V) Ig domain 

attached to a C-terminal constant (C) Ig domain; 22–25 kDa (Fig. 1a). Each Ig domain is 

stabilized by an intra-chain disulfide bond (Fig. 1a). The V-domains have diverse sequences 

used for antigen recognition, while the C-domains are much more conserved. LCs from the 

λ6a subclass are more commonly observed in amyloid deposits than in mature antibodies, 

so the presence of a λ6a clone seems to represent a risk factor for AL amyloidosis [12]. λ 
LCs are typically detected in the blood as disulfide-linked dimers (Fig. 1a) with a half-life of 

3–6 h [13].

Amyloid fibrils isolated from AL amyloidosis patients often contain LC fragments, which 

appear to result from endoproteolysis. Early reports identified V-domains as being the main 
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constituent of fibrils [14], reviewed in [8, 15], but amyloid can also comprise C-domains and 

full-length, 2-domain LCs [8, 16–20]. It is not clear which fragment(s) play a role in the 

deposition or toxicity of LCs. Research to date on the mechanisms of LC amyloid formation 

has mainly focused on isolated V-domains [5, 21–26]. The propensity of V-domains to form 

amyloid generally correlates with their thermodynamic stability, suggesting that aggregation 

is driven by populating partially-folded states [5, 21–30]. The role of the C-domain and the 

amyloidogenic potential of full-length LCs have recently received more attention [28, 31–

34], but to date there has been no systematic survey of how the structure and stability of full-

length LCs relates to their amyloid propensity. Herein, we investigate the kinetic stability 

(unfolding rates) and amyloidogenicity of recombinant λ LCs. Under native-like conditions, 

all full-length λ LC dimers remained soluble and non-amyloidogenic, whereas both the V-

domains studied formed amyloid fibrils. Full-length amyloidogenic LC dimers were less 

kinetically stable, and therefore more susceptible to endoproteolysis, than full-length non-

amyloidogenic LC dimers. Thus, endoproteolysis of kinetically unstable LCs appears to 

release aggregation-prone V-domains.

Results

Full-length λ light chains do not readily form amyloid at 37°C

We recently showed [11] that the 2-domain, full-length amyloidogenic λ6a LC, ALLC, 

coming from an AL amyloidosis patient [35], was less stable than the analogous non-

amyloidogenic λ6a LC protein JTO, originating from a multiple myeloma patient [25]. 

However, we did not observe amyloid formation from either full-length LC in vitro [11]. To 

investigate why ALLC forms amyloid fibrils in the patient, we expressed ALLC and JTO as 

full-length LCs (referred to as ALLC-FL and JTO-FL comprising the contiguous V- and C-

domains, Fig. S1) and as isolated V-domains (referred to as ALLC-V and JTO-V). We 

measured the aggregation propensity of these LCs using the amyloid-binding dye thioflavin 

T (ThT) [36]. We used recombinant LCs, rather than urine-derived “Bence-Jones proteins”, 

to test the effects of specific mutations on kinetic stability in the absence of post-

translational modifications other than disulfide bonds. All full-length constructs contained 

the λ3 constant domain encoded by the IGLC3*01 gene segment; Fig. S1.

Both full-length LCs (0.3 mg mL−1) formed disulfide-linked dimers in vitro as assessed by 

analytical ultracentrifugation (AUC) sedimentation velocity experiments and sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), with and without disulfide 

reduction (Fig. 1b and 1c). Both V-domains sedimented more slowly than the full-length 

LCs, with ALLC-V sedimenting more slowly than JTO-V (Fig. 1c). This is consistent with 

JTO-V having a higher propensity than ALLC-V to form non-covalent dimers in solution, 

and agrees with the hypothesis that destabilization of the V-domain dimer interface is 

associated with amyloidogenesis [27, 30].

To investigate the aggregation of these LCs under native-like conditions, we monitored 

aggregation (5 μM monomer equivalent) in phosphate buffered saline (PBS, pH 7.4) at 37 °C 

with shaking. Both V-domains readily formed visible aggregates after 24 h at 1000 rpm in a 

plate shaker, which we detected by measuring turbidity at 350 nm (Fig. 2a). Notably, neither 

ALLC-FL nor JTO-FL showed an increase in turbidity under these conditions (Fig. 2a). To 
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further scrutinize this apparent lack of aggregation, we quantified residual soluble LC 

starting material by size exclusion chromatography (SEC). After 48 h of shaking (1000 rpm) 

at 37 °C, insoluble material was pelleted in a microcentrifuge (16,000 g, 30 min) and the 

quantity and apparent molecular weight of the residual soluble LC was analyzed by 

analytical SEC. Both V-domains were completely depleted from solution under the 

aggregation conditions. In contrast, both full-length LCs remained soluble and dimeric 

(same retention time on the SEC column) at the starting concentration (Fig. 2b) indicating a 

lack of any kind of aggregation. The fluorescence spectrum of ALLC-FL after 48 h of 

incubation under aggregation conditions was indistinguishable from that of the starting 

material (Fig. 2c) after being subjected to centrifugation. The full-length LCs, therefore, 

remain in a native-like dimeric state under conditions where their V-domains aggregate.

Since amyloid-like aggregates readily bind to the fluorogenic dye thioflavin T (ThT) [36, 

37], we used ThT fluorescence to further characterize the differential aggregation of full-

length LCs and V-domains. ALLC-V and JTO-V formed ThT-positive aggregates (λex = 440 

nm, λem = 480 nm) after 24 h of shaking (250 rpm) at 37 °C, whereas neither full-length LC 

did so (Fig. 3a). Even after prolonged incubation (35 days in microwell plates at 1000 rpm), 

neither full-length LC aggregated under conditions where both V-domains formed ThT-

positive aggregates in 1–2 days (Fig. 3b). The decrease in ThT fluorescence of the V-domain 

amyloid fibrils over the duration of the experiment is likely due to large aggregates adhering 

to the wells [38], increased light scattering, and/or structural annealing that alters ThT 

binding as the fibrils age [37]. Both V-domains aggregated similarly in PBS when monitored 

by ThT fluorescence in a cuvette at 37 °C with vigorous stirring, with kinetics characteristic 

of a nucleated polymerization (Fig. 3c) [37, 39]. The kinetics of ALLC-V could be fit to the 

Finke-Watzky mechanistic model [39], whereas the fits to the data for JTO-V are poor, due 

to the uneven baseline in the lag phase (Fig. 3c and 3d). Electron micrographs reveal that the 

aggregates formed by both V-domains at 37 °C exhibit a fibril morphology resembling 

amyloid (Fig. 4a and 4b). We were able to precipitate both ALLC-FL and JTO-FL at 

elevated temperature (55 °C) [11, 35], however these aggregates appear to be amorphous 

(Fig 4c and 4d) and do not bind to ThT [11]. Overall, ALLC-V and JTO-V aggregate in a 

similar manner, while ALLC-FL and JTO-FL remain similarly soluble. Therefore, it appears 

that some other physical chemical property may explain the differences in full-length LC 

pathology.

Amyloidogenic LC dimers are less stable than non-amyloidogenic LC dimers

At equilibrium, proteins dynamically sample unfolded conformations, even in the absence of 

denaturant. Protein aggregation is driven by population of partially-folded intermediates [5, 

24], access to which is limited by high-energy unfolding transition states. Less stable 

proteins generally have a higher equilibrium population of such intermediates 

(thermodynamic instability) or may access them more frequently (kinetic instability). Since 

thermodynamically less stable LC V-domains are known to aggregate more readily [5, 21–

26], we measured the apparent thermodynamic stability of the LC V-domains and the full-

length LC dimers by urea denaturation monitored by intrinsic tryptophan fluorescence (Fig. 

5, λex = 280 nm, λem = 300–400 nm). Both LC V-domains unfolded and refolded reversibly 

from urea, as has been observed for other λ6a V-domains [21, 24, 25]. However, neither 
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full-length, disulfide-bonded LC reversibly refolded after complete unfolding by urea. Data 

for ALLC-FL are shown in Figs. 5a and 5b. Similar results were observed for JTO-FL (data 

not shown). Both full-length LCs refolded from denaturant to a state with a non-native-like 

tryptophan fluorescence emission spectrum, with a red-shifted emission maximum that 

suggests greater solvent exposure of a tryptophan residue (Fig. 5a, dashed blue line). Urea 

titrations of ALLC-FL from either a folded state in 0 M urea or an unfolded state in 6 M 

urea show hysteresis in the plots of the average wavelength of the resulting emission 

spectrum (Fig. 5b). Similar irreversible folding from a heat denatured state has previously 

been observed for LCs [28, 31]. Therefore, for full-length LCs only an apparent equilibrium 

stability, indicated by the urea concentration at the unfolding midpoint, Cm, could be 

measured (Table 1). We previously showed that ALLC-FL is less stable than JTO-FL [11] 

(Fig. 5c). This difference is recapitulated in the V-domains: ALLC-V is less stable than JTO-

V, although by a smaller margin (Fig. 5d and Table 1).

The free energy difference between the native state and the unfolding transition state, which 

we define as a protein’s kinetic stability, can be estimated in the absence of denaturant by 

extrapolation from the unfolding rate in the presence of denaturant. Unlike equilibrium 

denaturant titrations, measurement of unfolding rates does not require reversible folding 

[40]. Kinetic stability can be thought of as the average lifespan of a folded molecule between 

transient excursions to an unfolded state, described as its half-life or t50. LCs are folded in 

the endoplasmic reticulum of plasma cells before secretion into the blood [11], so kinetic 

stability may provide a useful estimate of LC stability in blood [40]. The unfolding rates of 

full-length LCs and their respective V-domains were measured as a function of urea 

concentration by stopped-flow fluorescence (Fig. 6, λex = 280 nm, λem = 350 nm). Both 

full-length LC and V-domain unfolding was cooperative; thus, the unfolding of the two 

domains in full-length LCs appears to be kinetically linked (Fig. 6). At low urea 

concentrations the unfolding of JTO showed a minor lag phase (Fig. 6, 5 M urea transient) 

which may indicate a more complex unfolding pathway, but we have not been able to 

characterize this further. The unfolding kinetics of other LCs fit well to a single exponential 

equation (Fig. 6) and the denaturant dependence of the unfolding rates is linear, which 

suggests that unfolding is a 2-state process under these conditions. We analyzed the LC 

unfolding data under the assumption of a 2-state process, although we note that the 

unfolding pathway may be more complex in the absence of urea. Both full length LCs 

unfolded more slowly than their isolated V-domains, and ALLC-FL unfolded more rapidly 

than JTO-FL, in agreement with their apparent thermodynamic stabilities (Fig. 6 and Table 

1). Unfolding of LC V-domains is reversible [21, 24, 25, 29], so we also measured folding 

rates of ALLC-V and JTO-V as a function of urea concentration (Fig. 6b, λex = 280 nm, 

λem = 350 nm). The folding rates of ALLC-V and JTO-V were similar (Fig. 6b and Table 

2), despite the 16 residues that differ between these proteins (Fig. S1), implying that stability 

differences between them are driven by differences in their unfolding rates, as has been 

observed for other single-domain proteins [41]. The overall similarity of the folding, 

unfolding and aggregation rates of ALLC-V and JTO-V suggests that they have similar 

folding free energy landscapes. The clearest measurable difference is between the kinetic 

stability of the full-length native dimers.
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The >50-fold faster unfolding rate of the amyloidogenic ALLC-FL relative to the non-

amyloidogenic JTO-FL suggests that unfolding rate differences (kinetic stability) could 

explain why only certain LCs form amyloid in vivo — those which unfold more readily. To 

ask whether this is a general trend, we measured the unfolding midpoints (apparent 

equilibrium stability) and rates of an additional five full-length LCs (Figs. 7, S1 and S2), 

wherein different V-domains were fused to identical C-domains. We used the λ6a germline 

6aJL2 sequence, which was previously shown to have a more stable V-domain than that of 

JTO [42]. We made the destabilizing R25G mutation in 6aJL2, which is a germline gene 

polymorphism found in approximately 25% of λ6 LCs from AL amyloidosis patients [42]. 

This mutation was shown to reduce the thermodynamic stability of the 6aJL2 V-domain by 

5.9 kJ mol−1 and increase its amyloidogenicity [42]. We also used two LC sequences from 

AL amyloidosis patients: WIL, which was previously compared to JTO [25], and the 

Genbank sequence AF490967 [12], which we refer to as 6aJL7AL since it originates from 

the λ 6a and JL7 gene segments. Our WIL sequence contained a histidine residue at 

position 101 that was not present in the original protein studied [25], which we refer to as 

WIL 101H. As with ALLC and JTO, we use the notation -FL for the full-length LCs. 

Stability data is shown in Figs. 7 and S2, and Table 1. The germline λ6a sequence, 6aJL2-

FL, was substantially more kinetically stable than the amyloidogenic full-length LCs but less 

kinetically stable than JTO-FL (Fig. 7). The R25G mutation reduced 6aJL2-FL’s kinetic 

stability, consistent with its association with amyloidogenic λ6a sequences [42] (Fig. 7). 

Both 6aJL2-FL variants exhibited similar apparent thermodynamic stabilities relative to 

JTO-FL, based on Cm values (Fig. S2). The two patient-derived full-length amyloidogenic 

sequences (WIL-FL and 6aJL7AL-FL) had lower Cm values, and unfolded faster than JTO-

FL, although neither was as kinetically unstable as ALLC-FL (Fig. 7). WIL-FL 101H had a 

slightly increased Cm value compared to WIL-FL (Fig. S2), but its unfolding rate was 

indistinguishable from that of WIL-FL (Fig. 7).

LC dimer inter-chain disulfide elimination reduces kinetic stability

Since the disulfide-mediated dimerization of full-length LCs seems to be important in 

preventing amyloidosis, perhaps by enhancing their kinetic stability (Figs. 6 and 7), we 

reasoned that disrupting the dimer interface might reduce the kinetic stability of full-length 

LCs enough to cause them to aggregate. We therefore mutated the conserved cysteine 

residue in the C-domain near the C-terminus (residue 217 in the germline sequence, which 

forms an inter-chain disulfide bond, Fig. 1a) to serine in ALLC-FL, JTO-FL and 6aJL2-FL. 

Sedimentation velocity AUC analysis showed that ALLC-FL C217S sedimented more 

slowly than ALLC-FL, and had a broader distribution of sedimentation coefficients, 

consistent with it populating a monomer-dimer equilibrium (Fig. S3). JTO-FL C217S 

exhibited similar sedimentation properties to JTO-FL, those consistent with a prominent 

dimer quaternary structure (Fig. S3). These results are analogous to the data for the variable 

domains (Fig. 1c), suggesting that the dimer interface is weaker in ALLC-FL than in JTO-

FL, which may be related to their relative stabilities. The apparent thermodynamic stabilities 

of the LCs were only slightly altered by this mutation (Table 1 and Figs. 7b and S4). 

However, all three proteins unfolded faster than their C217 variants (Table 1 and Figs. 7b 

and S4). The denaturant dependences of the rates and equilibrium transitions are lower for 

Morgan and Kelly Page 6

J Mol Biol. Author manuscript; available in PMC 2017 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



all three C217S LCs than their C217 variants (Fig. S4). This may reflect increased solvent 

exposure in the native state, consistent with reduced dimer interface stability.

The stability data for all of the LCs investigated is summarized in Fig. 7b. The non-

amyloidogenic LCs JTO-FL and 6aJL2-FL are more stable than the LCs associated with 

amyloidosis. We verified that LC unfolding rates at 25°C and 37°C correlated with each 

other, as expected for folded proteins (Table 3 and Fig. 7c). Notably however, none of the 2-

domain LCs formed amyloid after incubation for 30 days at 37 °C with shaking (Fig. 7d), 

indicating that even when the dimer interface is disrupted, the C-domain exhibits a striking 

protective effect against aggregation in the context of the full-length LC.

Kinetically unstable full-length amyloidogenic LCs are susceptible to proteolysis — a 
critical step in triggering the amyloidogenesis cascade?

Amyloid deposits isolated from patients often contain LC fragments, as well as full-length 

LCs [8, 16–20]. It is not clear whether the LCs are proteolyzed before or after amyloid 

formation, although amyloid formation from full-length LCs was first demonstrated after 

proteolysis of LCs with pepsin in vitro [43]. Since proteases generally prefer unstructured 

polypeptides as substrates, a protein’s rate of proteolysis is often controlled by its global or 

local unfolding rate [44, 45]. Our observation that full-length amyloidogenic LCs are less 

kinetically stable than full-length non-amyloidogenic LCs (Fig. 7), but do not form amyloid 

(Figs. 2, 3 and 7d), suggests that limited endoproteolysis may initiate aggregation by 

releasing an amyloidogenic V-domain from its protective C-domain.

We assessed the endoproteolysis of full-length LCs by measuring proteinase K sensitivity at 

37 °C in PBS buffer. The extent of proteolysis after 2 h (Fig. 8a) correlated with the 

logarithm of the LC unfolding rates (Fig. 8b, R² = 0.93, P < 0.005, Student’s t-test), in line 

with the model that proteinase K can endoproteolyze LCs whenever they visit an extended 

unfolded conformation [44]. Strikingly, the amyloidogenic 2-domain LCs (ALLC-FL, WIL-

FL, 6aJL7AL-FL and 6aJL2-FL R25G; Fig. 7 and 8a; red data points) were cleaved to a 

greater extent than full-length LC sequences not capable of amyloid formation in vivo 
(6aJL2-FL and JTO-FL; Figs. 7 and 8a; blue data points). The products visible on the SDS-

PAGE gels in Fig. 8a were identified by mass spectrometry as the C-domains (Fig. S5). This 

is consistent with rapid digestion of the V-domain by proteinase K, either directly from the 

full-length LC or following cleavage of the unstructured linker between the C- and V-

domains. Similarly, both ALLC-V and JTO-V were rapidly proteolyzed by proteinase K, 

consistent with their kinetic and thermodynamic instability (Fig. 8c).

In accordance with their reduced kinetic stability, the C217S variants of ALLC-FL and JTO-

FL were cleaved much more rapidly than the full-length disulfide-bonded LCs (Fig. 9a). 

ALLC-FL was more sensitive than JTO-FL to digestion by trypsin in PBS at 37 °C (Fig. 9b), 

consistent with the hypothesis that the relative endoproteolysis rate is limited by the 

unfolding rate, rather than protease activity [44, 45]. Endoproteolysis by pepsin at pH 3, 

however, as historically used to generate amyloid fibrils from full-length LCs [43], digested 

full-length LCs to similar extents (Fig. 9c). Even the highly stable JTO-FL (Fig. 6) was 

digested (Fig. 9c), suggesting that acidic conditions disrupt the tertiary and quaternary 

structure of LC dimers. These results also seem to explain the finding that pepsin treatment 
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of LCs does not always result in amyloidogenesis [46], which we propose may be due to 

overproteolysis.

Incubation of ALLC-FL after endoproteolysis, under conditions where ALLC-V aggregates, 

did not result in amyloidogenesis — suggesting that cleavage in the right place in the full 

length sequence is critical (Fig. 10a). Furthermore, overproteolysis may be a factor as 

ALLC-V is completely proteolyzed by a 30-min incubation with proteinase K (Fig. 8c). 

Incubation of LC proteinase K fragments at pH 4, which can accelerate aggregation [24, 31, 

46], did not lead to fibril formation either (Fig. 10a). To further explore the hypothesis that 

kinetic instability and cleavage of full-length LCs at the proper sequence location are both 

needed for amyloidogenesis, we engineered a thrombin cleavage site between the two 

domains of ALLC-FL and JTO-FL, to make proteins referred to as ALLC-Th-FL and JTO-

Th-FL. The λ LC hexapeptide subsequence, 113GQPKAA118, which forms the junction 

between the linker region and the C-domain (Fig. S1), is similar to the thrombin consensus 

sequence, LVPRGS. Insertion of the thrombin cleavage site in ALLC-FL and JTO-FL seems 

to destabilize both LCs since its incorporation increases the susceptibility of both LCs to 

proteinase K endoproteolysis (Fig. 10b), although ALLC-Th-FL is less stable than JTO-Th-

FL. Incubation of ALLC-Th-FL and JTO-Th-FL with thrombin resulted in cleavage of 

ALLC-Th-FL to smaller species, while less cleavage of JTO-Th-FL was observed (Fig. 10c). 

This suggests that endoproteolysis of ALLC-Th-FL and JTO-Th-FL depends on the kinetic 

stability of the LC. Mass spectrometry analysis of the products of thrombin digestion of 

ALLC-Th-FL showed fragments with masses consistent with both the predicted V-domain 

and C-domain products (Fig. S5). Incubation of ALLC-FL and JTO-FL with thrombin for 16 

h at 37 °C did not result in endoproteolysis (Fig. 10c). Incubation of ALLC-Th-FL with 

thrombin at pH 7.4, 37 °C with agitation did not result in amyloid formation. However, we 

were able to induce ALLC-Th-FL to form amyloid by digestion with thrombin, followed by 

incubation at pH 4, 37 °C with shaking for 24 h (Fig. 10d). Notably, the same treatment did 

not cause JTO-Th-FL, ALLC-FL or JTO-FL to aggregate after digestion with thrombin (Fig. 

10d).

Discussion

The results presented above are consistent with the hypothesis that the propensity of full 

length LC dimers to form amyloid is influenced by at least two factors: the kinetic stability 

of the LC dimer and endoproteolytic release of fragments from the dimer that are themselves 

amyloidogenic.

Although full-length LCs aggregate at high temperature [11, 33, 35, 47], they do not readily 

do so at physiological temperature and pH, conditions under which V-domains will 

aggregate (Figs. 2, 3 and 7d). Contrary to our initial expectations, full-length LCs do not 

readily form either amyloid-like (Fig. 3) or amorphous (Fig. 2) aggregates under the native-

like aggregation conditions explored herein. Slow aggregation kinetics, often requiring 

native state destabilization, have been observed in other full-length LCs [31, 35, 37]. Full-

length amyloidogenic LCs unfold faster than non-amyloidogenic LCs (Fig. 6), but this 

instability is not by itself sufficient to cause amyloid formation (Figs. 2 and 6d), even when a 

LC is destabilized by a Cys-to-Ser mutation. We have been unable to find native-like 
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conditions where full-length LCs aggregate. This suggests that the C-terminal domains of 

LCs prevent aggregation of their attached V-domains, through a mechanism that remains to 

be determined.

In addition to LC dimer unfolding, endoproteolysis by the appropriate protease, one that 

affords an amyloidogenic sequence, appears to be required to trigger LC amyloidogenesis 

(Fig. 10). The kinetic stability of a LC appears to define its resistance to endoproteolysis 

under native-like conditions in vitro (Figs. 8 and 9). The diversity of light chain fragments 

found in patients [8] suggests that several proteases may contribute to endoproteolysis-

triggered LC amyloidogenesis, and indeed there are many candidate proteases in the 

secretory pathway and the extracellular space. In fact, different LC sequences may be 

susceptible to endoproteolysis by different proteases when the LC dimer is sufficiently 

kinetically unstable, producing distinct peptide sequences with varying amyloidogenicity. 

This may include C-domains or fragments thereof, which have been found as the main 

constituent of some amyloid deposits [16, 19, 34]. Although cleavage by proteinase K does 

not yield amyloidogenic fragments, we suggest that proteolysis by other proteases could do 

so, a process that is rate limited by the LC unfolding rate [44]. Insertion of a thrombin 

cleavage site into LCs demonstrates the principle that impaired kinetic stability dependent 

endoproteolysis can generate amyloidogenic fragments, although we do not understand why 

these fragments are less amyloidogenic than recombinant V-domains. Recent work by 

Nokwe and coworkers suggests that a C-terminal arginine residue (as results from thrombin 

cleavage of ALLC-Th-FL) stabilizes a LC V-domain and reduces its amyloidogenicity [48], 

highlighting the sensitivity of amyloidogenesis to the precise sequence of the aggregating 

LC, as well as its kinetic stability. Post-translational modifications could also play a role. For 

example, glycosylation of κ light chains is commonly observed in amyloid deposits, but 

rarely in mature antibodies [16, 49], perhaps rendering full-length LCs less kinetically stable 

and more prone to endoproteolysis. LC dimers do not efficiently refold from a chaotrope-

denatured state; hence, the refolded state could be susceptible to endoproteolysis, although 

we did not experimentally test this hypothesis herein. It is established that extracellular 

matrix components hasten the aggregation of amyloidogenic proteins [50, 51], a variable 

that merits further exploration, although we have not observed such an effect in our 

experiments to date (data not shown). It is also possible that amyloid fibrils composed of LC 

fragments can seed or accelerate the aggregation of full-length LCs, although we have not 

observed this in vitro with these LCs (data not shown).

The finding that full-length amyloidogenic LC dimers are kinetically unstable relative to 

non-amyloidogenic LC dimers has implications for treating AL amyloidosis. Since 

destabilizing C-domain dimerization increases the unfolding rate of the LC and reduces the 

resistance of the whole protein to endoproteolysis, it is possible that stabilizing this interface 

with an antibody or pharmacological chaperone could make full-length LCs less prone to 

endoproteolysis, and hence less amyloidogenic. A similar kinetic stabilization approach is 

currently being used to treat the transthyretin amyloidoses [2, 52].
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Materials and Methods

Protein sequences

All gene sequences were synthesized by IDT (Coralville, IA) with the exception of the V-

domain of WIL, which was generously provided by Dr. Steve Bourgault of Université du 

Québec à Montréal. We previously measured the stabilities of ALLC-FL and JTO-FL [11]. 

The V-domains of JTO, WIL, 6aJL2 and 6aJL2 R25G have been studied previously [25, 42]. 

The sequence of 6aJL7AL was chosen from a study of sequence determinants of 

amyloidogenicity [12], and the gene was synthesized from the Genbank entry AF490967. 

Full-length light chain genes included the human CL3 C-domain sequence, and were cloned 

into a construct derived from pDEST-14 (Thermo Fisher, Carlsbad, CA), under the control 

of a T7 promoter. V-domains were cloned into pET-22 (EMD Millipore, Billerica, MA), 

fused to the E. coli pelB leader sequence. Mutagenesis was carried out using either 

QuikChange (Agilent, Santa Clara, CA) or Q5 Site-Directed Mutagenesis (NEB, Ipswich, 

MA) according to the manufacturers’ instructions.

Protein expression and purification

Full-length LCs were expressed as inclusion bodies in E. coli, as described previously [11, 

32]. BL21 (DE3) E. coli were grown in ZYP-5052 autoinduction media [53] containing 

glucose, lactose and ampicillin for 24 h at 37 °C, 250 rpm. Cells were harvested by 

centrifugation and frozen until purification, typically overnight. Pellets were thawed, 

resuspended in phosphate buffered saline (PBS: 10 mM Na2HPO4, 1.8 mM KH2PO4, 137 

mM NaCl, 2.7 mM KCl, pH 7.4) containing 1 mM phenylmethyl sulfuryl fluoride (PMSF) 

and lysed by sonication on ice. DNase I (Roche, Indianapolis, IN) was added to the lysate, 

and inclusion bodies were collected by centrifugation. Inclusion bodies were resuspended 

and sonicated three times in 1% (v/v) Triton-X in PBS, then once in PBS. The proteins were 

dissolved in 4 M guanidine hydrochloride containing 5 mM dithiothreitol and incubated at 

4°C for 2 h. Insoluble material was removed by centrifugation, then LCs were refolded by 

dropwise dilution into 50 mM Tris-Cl (pH 8.5 on ice) containing 5 mM reduced glutathione 

and 0.5 mM oxidized glutathione. LCs were stirred overnight on ice, then (NH4)2SO4 was 

added to 25% saturation and allowed to equilibrate. Insoluble material was removed by 

centrifugation. Further (NH4)2SO4 was added to reach 75% saturation, which caused the 

LCs to precipitate. Insoluble material was collected by centrifugation and resuspended in 25 

mM Tris-Cl pH 8.5 at 4 °C and dialyzed overnight against the same buffer. Any precipitate 

was removed by centrifugation, and the solution was filtered before being loaded onto a 

Source 15Q column (GE, Pittsburgh, PA) at pH 8.5, eluting with a 0–0.5 M NaCl gradient. 

Fractions containing LCs were pooled, concentrated, and further purified by size exclusion 

chromatography on a Superdex 75 column (GE) in PBS at 4°C. All LCs eluted at a volume 

consistent with a dimer of around 45 kDa. LC purity was assessed by SDS-PAGE. LC 

solutions were filter sterilized and stored at 4°C, and dialyzed into appropriate buffers for 

further analysis. Concentrations were measured by absorbance at 280 nm, using extinction 

coefficients calculated by the ProtParam website [54].

LC V-domains were expressed as fusions with the pelB leader sequence, which directs 

proteins to the E. coli periplasm. Transformed E. coli BL21 (DE3) cells were grown to an 
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OD600 of 1 in ZYP-glucose media [53] containing ampicillin at 37°C, 250 rpm, then cooled 

to 20 °C and induced for 4 h at 20°C, 100 rpm by addition of 0.1 mM isopropyl c-D-1-

thiogalactopyranoside. Cells were harvested by centrifugation. Periplasmic extracts were 

prepared by resuspending cells on ice in 0.2 M Tris pH 8.5, 0.5 M sucrose and 1 mM EDTA, 

shaking at 100 rpm on ice for 30 min, then diluting 3-fold with ice-cold water [55]. Cell 

debris was removed by centrifugation, and the LC V-domains purified by 25–75% 

(NH4)2SO4 precipitations, ion exchange and size exclusion chromatography as described for 

the full-length proteins.

Analytical ultracentrifugation

Sedimentation velocity measurements were carried out on a Beckman Optima XL-I 

ultracentrifuge using an AN 60 Ti rotor. LCs were diluted to an OD280 of 0.4 in PBS 

(approximately 13 μM monomer equivalent for full-length LCs, and 30 μM for V-domains), 

and PBS was used as a buffer blank. Samples were equilibrated to 20°C at 3,000 rpm before 

acceleration to 50,000 rpm. 500 absorbance scans at 280 nm were recorded for each sample 

over the 40-hour run. Data were processed using Sedfit software [56]. Absorbance traces 

were fitted to a continuous distribution c(S) model to produce the sedimentation coefficient 

distributions shown.

Aggregation reactions

All amyloid formation assays were carried out in PBS at 37 °C, with 5 or 20 μM (monomer 

equivalent) LC. Thioflavin T (ThT, Sigma, St. Louis, MO) was made up in ethanol to a stock 

concentration of 5 mM, then diluted in PBS to the desired concentration and filtered before 

use. Final ethanol concentrations were 0.2–0.4% (v/v). Fluorescence was measured in an 

Aviv ATF 105 spectrofluorimeter (Lakewood, NJ) in disposable polystyrene cuvettes, or a 

Spectramax Gemini EM plate reader (Molecular Devices, Sunnyvale, CA) using clear-

bottom, black-wall, 96-well microwell plates (Corning, Tewksbury, MA, item #3631). 

Excitation and emission wavelengths were 440 nm and 480 nm, respectively. For endpoint 

reactions, 100 μl of protein was shaken at 250 rpm in a V-profile 2 mL microcentrifuge tube 

(Axygen, Union City, CA, item # 311-10-081), and samples were added to 10 μM ThT 

solutions in PBS for measurement. After subtraction of buffer fluorescence, LCs that had 

formed amyloid typically showed an increase in sample fluorescence between 5-fold and 

100-fold compared to the native protein, although the precise relationship between the 

amount of fibrils in a sample and the resulting ThT fluorescence is not clear. The presence of 

non-amyloid aggregates was assessed by measuring turbidity at 350 nm in a 

spectrophotometer (Nanodrop 2000c using a quartz cuvette) after 24 h incubation at 37 °C in 

PBS. Amorphous LC aggregates were formed by incubating LCs at 55 °C in PBS for 96 h 

[35].

For V-domain aggregation kinetics, 5 μM protein was stirred in PBS containing 10 μM ThT 

in a polystyrene cuvette. Fluorescence readings were taken every 5 s. Data were normalized 

and fitted to the Finke-Watzky model [39]:
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Where for the reaction A → B, A0 is the initial concentration of A, k1 is the initiation rate 

and k2 is the elongation rate.

Long-term aggregation reactions were carried out in microwell plates sealed with Crystal 

Clear tape (Hampton). LCs (5 μM) were incubated with 10 μM ThT on a plate shaker at 

37 °C, 1000 rpm. Fluorescence was measured daily. Aggregation at pH 4 was carried out in 

20 mM sodium phosphate/citric acid buffer.

Mass balance measurements

After aggregation, samples were centrifuged at 16,000 g in a microfuge for 30 min. 5 μL of 

supernatant was injected onto a BEH200 SEC column (Waters, Milford, MA) on a Waters 

Acquity H-Class Bio-UPLC (ultra performance liquid chromatography) instrument. The 

column was equilibrated and run at 0.2 mL min−1 in 10 mM sodium phosphate buffer, pH 

7.6, containing 100mM KCl and 1mM EDTA. Protein detection was by absorbance at 280 

nm.

Electron microscopy

Electron micrographs were recorded by the Core Microscopy Facility at The Scripps 

Research Institute. Copper grids (carbon coated 400 mesh (Electron Microscopy Sciences, 

Hatfield, PA) were glow discharged and inverted on a 7 μL aliquot of sample for 2 min. 

Excess sample was removed and the grids immediately placed on a droplet of 2% uranyl 

acetate solution or phosphotungstic acid for 2 min. Excess stain was removed and the grid 

allowed to dry thoroughly. Grids were then examined on a Philips CM100 electron 

microscope (FEI, Hillsbrough OR) at 80kv and images collected using a Megaview G2 ccd 

camera (ResAlta Research Technologies, Golden, Co).

Equilibrium unfolding experiments

LCs were incubated overnight at 25°C in 50 mM sodium phosphate buffer, pH 7, containing 

varying urea concentrations. Protein concentration was around 0.1 mg mL−1. Intrinsic 

tryptophan fluorescence was measured on an Aviv ATF 105 spectrofluorimeter at 25°C, 

using an excitation wavelength of 280 nm and recording emission spectra between 300 and 

400 nm. To assess spectral changes as a function of urea concentration, we calculated 

average wavelength, <λ> [57]:

where λi and Ii are the wavelength and intensity at i, respectively. To compare light chains, 

we calculated the folded fraction of each protein:
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where <λ>x is the average wavelength at urea concentration x. The data was fit to a 2-state 

equilibrium unfolding equation [58] from which Cm values were calculated:

where x is the urea concentration (M), G is the free energy of unfolding (kJ mol−1), m is the 

denaturant dependence of the unfolding reaction (kJ mol−1 M−1), R is the ideal gas constant, 

T is the temperature in K, a and c are the fluorescence of the folded and unfolded states, and 

b and d are the denaturant dependence of the fluorescence of the folded and unfolded states, 

respectively. Cm, the midpoint concentration, is:

Kinetic unfolding and folding experiments

LCs in 50 mM sodium phosphate buffer, pH 7 at 25 °C were rapidly mixed with varying 

concentrations of urea in the same buffer using an Aviv ATF 105 spectrofluorimeter fitted 

with a stopped flow mixing system. To measure folding rates, V-domains were equilibrated 

in 6 M urea overnight at 25 °C before experiments. Stock urea concentrations in the 

instrument’s reservoirs were calculated from their measured diffractive indices. The final 

urea concentrations were controlled by varying the protein-to-diluent ratio injected into the 

stopped flow mixer. The instrument’s dead time was around 100 ms. Fluorescence excitation 

and emission wavelengths were 280 nm and 350 nm, respectively. Kinetic transients were 

fitted to an exponential function with a correction for photobleaching. JTO-FL showed low-

amplitude decrease in fluorescence at the lower range of urea concentrations which preceded 

the larger-amplitude increase in fluorescence corresponding to Ig domain unfolding. Data 

for JTO-FL were therefore fitted to an exponential function with two phases, and only the 

rate which corresponded to the major phase (which typically had an amplitude 10-fold 

greater than that of the minor phase) was analyzed further. The natural logarithm of the 

observed rate as a function of urea concentration was fitted to a linear model:

Where ku is the unfolding rate, kuH2O is the unfolding rate in the absence of urea, mu is the 

denaturant dependence of the unfolding rate, R is the ideal gas constant and T is the 

temperature in K. The errors on the fit parameters are reported in Table 1. To generate the 

“chevron plots” shown in Fig. 6b, folding kinetic data measured for the V-domains were fit 

to a 2-state folding model [59]:
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Where kobs is the observed folding or unfolding rate, ku is the unfolding rate, kuH2O is the 

unfolding rate in the absence of urea, mu is the denaturant dependence of the unfolding rate, 

kf is the folding rate, kfH20 is the folding rate in the absence of urea and mf is the denaturant 

dependence of the folding rate.

Endoproteolysis

LCs (10 μM monomer equivalent) were incubated with 100 nM proteinase K (Fermentas), 

trypsin (Sigma) or thrombin (EMD Millipore) at 37°C in PBS. Reactions were quenched by 

addition of 5 mM PMSF and cooling on ice. For pepsin proteolysis, 10 μM LCs were 

incubated with 100 nM pepsin (Protea Biosciences, Morgantown, WV) in 20 mM sodium 

phosphate/citric acid buffer at pH 3, 37°C. Reactions were quenched by adding 10% (v/v) 1 

M Tris-Cl pH 8. The extent of proteolysis was measured by electrophoresing the proteins on 

15% SDS PAGE gels and quantifying the intact LC by reaction with 2,2,2-trichloroethanol 

to give a fluorescent product [60], or by Coomassie staining. Gels were visualized on a Bio-

Rad Chemidoc MP. Band intensity was quantified using ImageJ [61] or Bio-Rad Image Lab 

software. Apparent molecular weights are indicated based on the positions of Invitrogen 

SeeBlue Plus2 (Thermo, Carlsbad, CA) or Precision Plus (BioRad, Hercules, CA) molecular 

weight standards.

Mass Spectrometry

The products of thrombin digestion (Fig. 10c) were identified by liquid chromatography 

(LC) and mass spectrometry (MS) following unfolding in 6 M urea and reduction in 5 mM 

DTT. The peaks identified correspond to adducts of the peptide fragments expected from a 

single cleavage event between residues 114 and 115. Similar treatment of the proteinase K 

proteolysis products (Fig. 8a) showed a complex mixture of species that we were unable to 

unambiguously identify. The products were therefore separated from the intact protein by 

SDS-PAGE and excised from the gel. The gel band was destained, reduced with 10 mM 

DTT, alkylated with 55 mM iodoacetamide and digested overnight with trypsin. The 

resulting peptides were analyzed by nano-LC-MS/MS and compared to the sequence of 

ALLC-FL. Mass spectrometry was carried out by the Center for Metabolomics and Mass 

Spectrometry at the Scripps Research Institute, La Jolla, CA, USA.

Aggregation after thrombin proteolysis

LC (10 μM) was incubated with thrombin in PBS at 37 °C for 16 h, then diluted 2-fold with 

200 mM sodium phosphate/citric acid buffer at pH 4. Samples were shaken for 24 h at 

37 °C, 250 rpm in 2 mL microcentrifuge tubes, and ThT fluorescence measured in 

microwell plates as above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Aggregation of antibody light chains (LCs) is associated with AL 

amyloidosis

• Full-length LCs are much less amyloidogenic than their variable 

domains

• LCs from AL amyloidosis patients are less kinetically stable than other 

LCs

• Amyloidogenesis may be initiated by endoproteolysis of kinetically 

unstable LCs

• Proteolytic fragments of LCs can form amyloid fibrils
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Fig. 1. Recombinant full-length light chains form disulfide-linked dimers
(a) Schematic diagram of a light chain homodimer, where each monomer has a variable and 

constant immunoglobulin domain. Each domain is stabilized by an internal disulfide bond 

and the two chains are linked by an inter-chain disulfide bond (shown by black lines). The 

cysteine residues forming each bond are indicated by their residue numbers in the germline 

sequence. (b) Reducing and non-reducing SDS-PAGE of ALLC-FL and JTO-FL, indicating 

the presence of the native inter-chain disulfide bond. Both ALLC-FL and JTO-FL have a 

higher apparent molecular weight (MW) when the inter-chain disulfide is reduced. Positions 

of MW markers are shown. (c) Sedimentation velocity analytical ultracentrifugation analysis 

of ALLC-FL and JTO-FL, and their respective V-domains at 20 °C, OD280 = 0.4 in PBS 

buffer, pH 7.4. Colors represent different LCs: ALLC-FL, black; ALLC-V, red; JTO-FL, 

green; JTO-V, blue. The sedimentation behavior of the full-length LCs is consistent with a 

dimeric quaternary structure. ALLC-V sediments more slowly than JTO-V, indicating that 

ALLC-V has a lower propensity to form dimers in solution.
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Fig. 2. Full-length LCs remain soluble under conditions where V-domains aggregate
LCs (5 μM monomer equivalent) in PBS were shaken at 1000 rpm in a microwell plate at 37 

C. Colors are as defined in the legend of Fig. 1. (a) After 24 h, V-domains aggregate, as 

determined by turbidity measurements at 350 nm, while full-length LCs do not aggregate. 

(b) Mass balance size exclusion chromatography (SEC) experiments (detected by 

absorbance at 280 nm) reveal no loss of native-like full-length ALLC or JTO dimers under 

aggregation conditions (48 h) that lead to variable domain aggregation. After each 

aggregation attempt, the sample was subjected to centrifugation at 16,000 g for 30 min, 

which typically precipitates aggregates. Representative chromatograms (upper panel) 

demonstrate that ALLC-FL retains its dimeric structure at the starting concentration after the 

aggregation reaction, unlike ALLC-V domains which are not detectable by SEC because 

they aggregate and thus are removed by the centrifugation step. Black lines represent starting 

concentration sample, blue dashed lines represent the sample after exposure to aggregation 

conditions and centrifugation. Quantitation of peak area is shown in the bottom panel. 

Values are normalized to the average peak area of the starting material. (c) Residual soluble 

ALLC-FL retains a native-like intrinsic tryptophan fluorescence spectrum (λex = 280 nm) 

after being subjected to aggregation conditions and centrifugation (blue dashed line), the 

spectrum is indistinguishable from that of the starting material (black line).
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Fig. 3. Full-length light chains are resistant to aggregation in conditions where their variable 
domains form amyloid fibrils
Aggregation of recombinant LCs was measured by thioflavin T (ThT) fluorescence. Colors 

as defined in the legend to Fig. 1. LCs (5 μM monomer equivalent) were incubated in PBS at 

37 °C with agitation. (a) LCs were incubated for 24 h in microfuge tubes without ThT, after 

which samples were added to 10 μM ThT to detect amyloid-like aggregates (n=6). (b) Full-

length and V-domains of ALLC (top) and JTO (bottom) were incubated in a microwell plate 

with 10 μM ThT (n=6). ThT fluorescence was measured daily. Note that only 4 of the 6 

ALLC-V reactions formed amyloid. (c) Representative aggregation kinetics (n=6) of ALLC-

V and JTO-V with 10 μM ThT. Reactions were vigorously stirred in a polystyrene cuvette in 

a fluorimeter. Black lines show fits to the Finke-Watzky model for nucleated polymerization 

[39]. (d) Fit parameters for ALLC-V and JTO-V aggregation (n=6), measured as in (c). 

ALLC-V and JTO-V aggregate with similar kinetics.
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Fig. 4. LC variable domains form amyloid-like fibrils under native-like conditions, while full-
length LCs form amorphous aggregates at high temperature
Representative electron micrographs of aggregates formed by 20 μM ALLC-V (a) and 20 

μM JTO-V (b) at 37 °C, 250 rpm in PBS, pH 7.4 for 48 h. Aggregates formed by ALLC-FL 

(c) and JTO-FL (d) at 55 °C in PBS, pH 7.4 for 96 h are amorphous. Scale bars = 0.2 μm. 

Both conditions result in the formation of amorphous aggregates, but only the V-domains 

additionally form amyloid fibrils.
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Fig. 5. Equilibrium urea denaturation of full-length ALLC and JTO LCs and their isolated V – 
domains
(a) Intrinsic fluorescence spectra of ALLC-FL in 50 mM sodium phosphate buffer, pH 7, 

25 °C. Both V- and C-domains have a tryptophan residue that packs against the intra-domain 

disulfide bond, quenching tryptophan fluorescence. When the each domain unfolds, the 

quenching is lost and the emission of the tryptophan residue increases. Folded ALLC-FL 

was diluted to a urea concentration of 0.6 M (black) or 6 M (grey dotted line) for the 

unfolding spectra. ALLC-FL unfolded in 6 M urea and equilibrated for one hour was diluted 

to a final urea concentration of 0.6 M and then incubated overnight for the refolded spectrum 

(blue dashed line). (b) Equilibrium denaturation curves for ALLC-FL starting from folded 

protein (black circles, unfolding) or protein unfolded in 6 M urea (blue squares, refolding). 

The average emission wavelength (λex = 280 nm, λem = 300-400 nm, see Materials and 

Methods) quantifies the emission spectra of the LCs. (c) Urea denaturation curves of ALLC-

FL (black) and JTO-FL (green). Fraction folded was calculated from the average 

fluorescence emission wavelength (λem = 300-400 nm) measurements of the LCs, 

normalized to the values at 0 M and 6 M urea. Lines represent fits to a 2-state equilibrium 

denaturation model [59], from which the unfolding midpoint, Cm, was calculated. (d) 

Denaturation curves of ALLC-V (red) and JTO-V (blue), analyzed as for (c). Data for 

ALLC-FL and JTO-FL are from Cooley et al. [11]. Stability parameters are shown in Table 

1.
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Fig. 6. Folding and unfolding rates of ALLC and JTO
(a) Unfolding rates of ALLC-FL (black) and JTO-FL (green) as a function of urea 

concentration. The change in fluorescence emission at 350 nm over time was fitted to an 

exponential equation and the observed rate extracted. Representative transients (gray) and 

fits (colored as for Fig. 1) are shown on the right. In the case of JTO-FL the large amplitude 

rate from a double-exponential fit was used to account for the minor lag phase present at low 

urea concentrations. The logarithm of the rates versus urea concentration was fitted to a 

linear equation [59]; for JTO-FL the rate associated with the large amplitude change was 

used. The unfolding rate in the absence of urea, kuH2O, is the y-intercept of the fit, and the 

denaturant dependence of the unfolding rate, mu, is its slope. (b) Folding and unfolding 

kinetics of ALLCV (red) and JTO-V (blue), analyzed as for (a) except that the data were 

fitted to a 2-state kinetic folding model [59]. Representative transients and fits are shown on 

the right. Parameters are shown in Tables 1 and 2.
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Fig. 7. Amyloidogenic full-length LCs are less stable than non-amyloidogenic full-length LCs but 
do not readily form amyloid fibrils
(a) Time constants (t50, 1/kuH2O) for the unfolding of full-length LCs determined by 

extrapolation from unfolding rates in the presence of urea as for Fig. 5. Such t50 values 

represent the average lifetime of the folded state at equilibrium. Amyloidogenic LCs are 

shown in red, non-amyloidogenic LCs are shown in blue. Error bars represent goodness-of-

fit. Data are shown in Table 1. (b) Denaturation midpoint (Cm urea) versus unfolding rate for 

all LCs studied. Full-length, wildtype proteins are indicated by triangles, V-domains by 

black circles, C217S variants by green squares and variants of 6aJL2-FL and WIL-FL by 

crosses. Amyloidogenic full-length LCs are colored red and non-amyloidogenic full-length 

LCs are colored blue. Data and fits are shown in Figs. 5, 6, S2 and S3; parameters are 

summarized in Table 1. (c) Light chain unfolding rates at 37 °C correlate with unfolding 

rates at 25 °C. The unfolding rates of LCs were measured at 37 °C in 50 mM sodium 

phosphate buffer, pH 7, and the unfolding rates in the absence of urea calculated. kuH2O is 

the calculated unfolding rates in the absence of urea from stopped flow measurements. 

Errors indicate goodness-of-fit, shown by the length of the bars on the plot. Fit parameters 

are shown in Table 3. (d) ThT fluorescence of full-length light chains incubated at 37 °C in 

PBS in a microplate for 30 days with shaking. Colors correspond to those in (b). None of the 

full-length proteins forms ThT-binding aggregates (n=6). The data for ALLC-FL, ALLC-V, 

JTO-FL and JTO-V are taken from the time courses shown in Fig. 3b, and the aggregation of 

the other light chains was measured in parallel.

Morgan and Kelly Page 26

J Mol Biol. Author manuscript; available in PMC 2017 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. Kinetically unstable amyloidogenic LC dimers are susceptible to endoproteolysis
LCs were incubated with proteinase K at 37 °C, pH 7.4, then quenched with phenylmethyl 

sulfonyl fluoride (PMSF, 5 mM). (a) SDS-PAGE gels of purified, recombinant full-length 

LCs (10 μM monomer equivalent) incubated with proteinase K (100 nM) for 2 h at 37 °C in 

PBS buffer. Quantitation is shown below (n=3). Patient-derived amyloidogenic LC 

sequences (ALLC-FL, WIL-FL and 6aJL7AL-FL; red) are cleaved more readily than the 

non-amyloidogenic JTO-FL and 6aJL2-FL (blue), while the R25G mutation in 6aJL2-FL 

(red) increases its proteolytic susceptibility. LCs are initially cleaved into fragments the size 

of an isolated Ig domain; ALLC-V is shown in the right-most lane for reference (arrow). The 

product was identified as the C-domain by mass spectrometry (Fig. S5). (b) Correlation 

between unfolding rate and extent of proteolysis at 37 °C. The mean of the measurements in 

(a) is shown. (c) ALLC-V and JTO-V are completely proteolyzed by 30 min incubation with 

proteinase K (n=3).
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Fig. 9. Proteolysis of LCs depends on solution conditions
LCs were incubated with either proteinase K, trypsin, or pepsin at 37 °C at the pH shown, 

quenched with PMSF (5 mM) or by increasing the pH, and analyzed by SDS-PAGE. 

Representative gels (n=3) are shown. Quantitation of the remaining intact LCs is shown. The 

lines show the averaged time courses, and each point represents a single replicate. Black, 

ALLC-FL; orange, ALLC-FL C217S; green, JTO-FL; purple, JTO-FL C217S. (a) SDS-

PAGE gels of full-length LCs (10 μM) incubated with 100 nM proteinase K as a function of 

time at 37 °C in PBS buffer (pH 7.4). (b) In PBS buffer, ALLC-FL is proteolyzed by trypsin 

to a greater extent than JTO-FL after 4 h. (c) At pH 3, JTO-FL is proteolyzed by pepsin 

more rapidly than ALLC-FL, indicating disruption of the native state under these conditions.
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Fig. 10. LC fragments released by proteolysis can form amyloid fibrils under acidic conditions
(a) ALLC-FL and ALLC-V (10 μM monomer equivalent each) were incubated with (red) or 

without (black) proteinase K (100 nM) for 2 h, before the proteolysis reaction was quenched 

with PMSF (1 mM) and the resulting polypeptides incubated at pH 4 or pH 7.4 for 24 h at 

37 °C with agitation. Samples were added to ThT (10 μM) for fluorescence measurements. 

(b) Insertion of a thrombin consensus sequence, LVPRGS, into the LC constant domain 

makes both ALLC-FL and JTO-FL more susceptible to cleavage by proteinase K. Light 

chains (10 μM) were incubated with proteinase K (100 nM) at 37 °C for 30 min in PBS (pH 

7.4), and the digestion products visualized by SDS-PAGE. (c) SDS-PAGE gel of ALLC and 

JTO variants (10 μM) incubated with thrombin (100 nM) for 16 h at 37 °C in PBS buffer. 

ALLC-Th-FL is more readily cleaved by thrombin than JTO-Th-FL. (d) 10 μM ALLC-FL, 

JTO-FL (n=3), ALLC-Th-FL and JTO-Th-FL (n=9) were incubated with (red) or without 

(black) thrombin (100 nM) for 16 h. The proteolysis reaction was quenched with PMSF (1 

mM) and the resulting polypeptides diluted 2-fold with sodium phosphate/citric acid buffer 

at pH 4 then incubated for 24 h at 37 °C with agitation. Samples were added to ThT (10 μM) 

for fluorescence measurements. Fragments of ALLC-Th-FL form amyloid fibrils following 

such treatment, while fragments of JTO-Th-FL do not.
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Table 1
Stability parameters for all LCs analyzed at 25

°C, pH 7. Errors indicate goodness-of-fit. Cm, urea unfolding midpoint from apparent equilibrium 

denaturation curves; kuH2O, the calculated unfolding rate in the absence of urea from stopped-flow unfolding 

measurements; mu, the urea dependence of the unfolding rate; t50, half-life of the folded state calculated from 

the unfolding rate. V-domain unfolding rates were calculated from only the unfolding rate data, for 

comparison with the full-length LCs.

Light chain Cm (M urea) kuH2O (×10−3 s−1) mu (kJ mol−1 M−1) t50 (s)

ALLC-FL 1.75 ± 0.2 5.44 ± 0.46 2.11 ± 0.036 184

ALLC-V 1.47 ± 0.19 32.7 ± 0.85 1.87 ± 0.01 30.6

JTO-FL 2.62 ± 0.15 0.079 ± 0.01 3.12 ± 0.05 12600

JTO-V 1.82 ± 0.13 26.0 ± 0.30 1.43 ± 0.005 38.4

6aJL2-FL 2.67 ± 0.2 0.174 ± 0.02 2.85 ± 0.047 5740

6aJL2-FL R25G 2.59 ± 0.14 0.687 ± 0.06 2.58 ± 0.04 1460

WIL-FL 1.93 ± 0.16 1.45 ± 0.08 2.18 ± 0.02 689

WIL-FL H101Δ 1.68 ± 0.17 1.51 ± 0.07 2.25 ± 0.02 661

6aJL7AL-FL 2.4 ± 0.33 0.65 ± 0.05 2.81 ± 0.03 1540

ALLC-FL C217S 2.09 ± 0.37 22.3 ± 0.51 1.4 ± 0.01 44.9

JTO-FL C217S 2.46 ± 0.4 12.1 ± 0.28 1.54 ± 0.01 82.9

6aJL2-FL C217S 2.84 ± 0.2 2.45 ± 0.10 1.88 ± 0.02 408
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Table 2
Folding and unfolding rates of LC V-domains (

Fig. 4b).kfH2O and kuH2O are the calculated folding and unfolding rates, respectively, in the absence of urea 

from stopped flow measurements; mf and mu, the urea dependence of the folding and unfolding rates. Errors 

indicate goodness-of-fit.

Light chain kfH2O (×10−3 s−1) mf (kJ mol−1 M−1) kuH2O (×10−3 s−1) mu (kJ mol−1 M−1)

ALLC-V 4060 ± 89 −1.60 ± 0.019 22.5 ± 0.66 0.607 ± 0.0047

JTO-V 5100 ± 130 −1.83 ± 0.024 25.2 ± 0.60 0.789 ± 0.0040

J Mol Biol. Author manuscript; available in PMC 2017 October 23.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Morgan and Kelly Page 32

Table 3
Stability parameters for all LCs analyzed at 37

°C, pH 7. Errors indicate goodness-of-fit. kuH2O, the calculated unfolding rate in the absence of urea from 

stopped-flow unfolding measurements; mu, the urea dependence of the unfolding rate; t50, half-life of the 

folded state calculated from the unfolding rate.

Light chain kuH2O (×10−3 s−1) mu (kJ mol−1 M−1) t50 (s)

ALLC-FL 49.4 ± 2.46 0.582 ± 0.0085 20.2

JTO-FL 0.375 ± 0.02 1.15 ± 0.0083 82.4

6aJL2-FL 2.26 ± 0.14 0.931 ± 0.010 442

6aJL2-FL R25G 12.1 ± 0.74 0.781 ± 0.010 91.6

WIL-FL 101H 9.81 ± 0.4 0.744 ± 0.0067 2670

Wil-FL 16.1 ± 0.73 0.700 ± 0.0073 62.1

6aJL7AL-FL 10.9 ± 0.76 0.788 ± 0.011 102
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