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Systemic amyloid light-chain (LC) amyloidosis is a disease process
characterized by the pathological deposition of monoclonal LCs in tissue.
All LC subtypes are capable of fibril formation although λ chains,
particularly those belonging to the λ6 type, are overrepresented. Here, we
report the thermodynamic and in vitro fibrillogenic properties of several
mutants of the λ6 protein 6aJL2 in which Pro7 and/or His8 was substituted
by Ser or Pro. The H8P and H8S mutants were almost as stable as the wild-
type protein and were poorly fibrillogenic. In contrast, the P7S mutation
decreased the thermodynamic stability of 6aJL2 and greatly enhanced its
capacity to form amyloid-like fibrils in vitro. The crystal structure of the P7S
mutant showed that the substitution induced both local and long-distance
effects, such as the rearrangement of the VL (variable region of the light
chain)–VL interface. This mutant crystallized in two orthorhombic
polymorphs, P212121 and C2221. In the latter, a monomer that was not
arranged in the typical Bence–Jones dimer was observed for the first time.
Crystal-packing analysis of the C2221 lattice showed the establishment of
intermolecular β–β interactions that involved the N-terminus and β-strand
B and that these could be relevant in the mechanism of LC fibril formation.
Our results strongly suggest that Pro7 is a key residue in the conformation
of the N-terminal sheet switch motif and, through long-distance interac-
tions, is also critically involved in the contacts that stabilized the VL
interface in λ6 LCs.

© 2009 Elsevier Ltd. All rights reserved.

Edited by S. Radford
Keywords: AL amyloidosis; crystal structure; fibrillogenesis; λ6 subgroup;
thermodynamic stability

*Corresponding authors. E-mail addresses: hersan@servidor.unam.mx; adela@servidor.unam.mx.
† A.H.-S., L.d.P.Y., B.B., and A.R.-R. made equal contributions to this work.
Abbreviations used: ASU, asymmetric unit; BJ, Bence–Jones; CDR, complementarity-determining region; FR,

framework region; LC, light chain; PBS, phosphate-buffered saline; PCR, polymerase chain reaction; ThT, thioflavin T; VL,
variable region of the light chain; WT, wild type.

doi:10.1016/j.jmb.2009.11.038 J. Mol. Biol. (2010) 396, 280–292

Available online at www.sciencedirect.com

0022-2836/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.

mailto:hersan@servidor.unam.mx
mailto:adela@servidor.unam.mx
http://dx.doi.org/10.1016/j.jmb.2009.11.038


Introduction

Amyloidosis derived from amyloid light chain
(LC) is a systemic disease characterized by the
extracellular deposition of a fibrillar proteinaceous
material made of immunoglobulin LC fragments,
comprising the variable domain (VL) either alone or
with a portion of the constant domain (CL).

1–4 The
mechanisms involved in fibril formation remain
unclear. Several lines of evidence point to thermo-
dynamic stability as one of the major factors that
influence the amyloidogenic behavior of the LCs.5–9

Point mutations that destabilize the folding of the
LC, extreme values of pH and temperature, and the
presence of chemical denaturants induce the forma-
tion of amyloid-like fibril in vitro.10–16 These data
suggest that misfolded species play a key role in the
aggregation route.6,11,14,17 Although ample data
support this model, little is known about the nature
of the structural changes leading to the amyloid
aggregation of LC.
The VL adopts the typical immunoglobulin fold

characterized by the topological organization of nine
strands (A, B, C, C′, C″, D, E, F, and G) as a Greek
key motif.18 As in other β-sheet proteins, the LCs
make use of “negative design” features to prevent
the edge strands from forming promiscuous β
interactions, thereby preventing aggregation of the
native state. The VL makes use of several edge-
protection strategies, including the favorable place-
ment of prolines and charged residues, a β-bulge on
edge strand G (C-terminal region), and a loop
comprising residues 40–60 that caps edge strands
C″ and λ LCs, N-terminal strand A (residues 1–14)
adopts a characteristic conformation known as the
“sheet switch,” which has been proposed to protect
the two edge strands B and G from developing
spurious intermolecular interactions that lead to
aggregation.19

Consistent with the misfolding hypothesis of
protein aggregation, it could be rationally predicted
that the VL amyloidogenesis proceeds via confor-
mational intermediates that compromise the effec-

tiveness of these protective motifs (e.g., the N-
terminal sheet switch). Consequently, aggregation-
prone regions, such as the edge strands that are
normally buried in the native state, may partially
access the molecular surface. If this assumption is
correct, the substitution of residues at position 7
and/or position 8 will disturb the interaction
network that stabilizes the N-terminal sheet switch
in λ LC, thereby favoring its aggregation into
amyloid-like fibrils.
To confirm this hypothesis, we used the 6aJL2

protein as a model. This VL contains the sequences
encoded by the λ6 germ-line genes.21 In this work,
we report the thermodynamic and in vitro fibrillo-
genic properties of 6aJL2 mutants in which Ser
substitutes Pro7 and/or His8. Serine is present in
other VLλ gene segments in both positions. The
effect of substituting His8, a residue characteristic of
the λ6 proteins, by Pro was also studied. We
observed that the P7S mutation decreased the
thermodynamic stability of 6aJL2 and enhanced its
fibrillogenic potential in vitro. In contrast, H8P and
H8S mutants were almost as stable as the wild-type
(WT) protein and were poorly fibrillogenic. The
crystal structures of the native 6aJL2 and the point
mutant P7S were determined to aid in the interpre-
tation of the biophysical data. Our structural data
clearly indicate that Pro7 is a key residue that affects
the stability of the sheet switch at the N-terminus,
thus supporting its protective function. Additional-
ly, this residue is involved in long-distance interac-
tions that stabilize the whole domain, in particular,
the conformation of the VL–VL interface.

Results

Thermodynamic stability of mutants and the
kinetics of amyloid fibril formation

The thermodynamic parameters of the different
mutants (P7S, H8P, H8S, and P7S–H8S), as deter-
mined from thermal and chemical equilibrium

Table 1. Thermodynamic and kinetic parameters for the chemical and thermal unfolding and the aggregation of the λ6
proteins

Protein

Thermal unfolding GdnHCl unfolding

ΔΔGa

(kcal/mol)

In vitro fibrillogenesis

ΔG25 ″C
b

(kcal/mol)
Tm

c

(°C)
ΔHm

c

(kcal/mol)
ΔGH2O

(kcal/mol)
−m

(kcal/mol)
Cm
(M)

Without seed With seed

tlag (min)d AThT
e Kf (s−1)

6aJL2 5.2 49.9 86.2 5.1 3.6 1.41 — 900 1 5.3×10−5

P7S 3.7 43.0 79.5 2.5 3.0 0.84 2.1 50 1.6 1.1×10−4

H8P 4.4 50.1 84.8 4.5 3.0 1.48 −0.3 1000 0.5 6.1×10−5

H8S 5.0 49.5 84.4 4.5 3.5 1.28 0.5 500 0.3 4.8×10−5

P7S–H8S 3.8 43.7 79.4 N.D. N.D. N.D. N.D. 130 2.0 1.2×10−4

N.D. means not determined.
a Cumulative free energy change relative to 6aJL2: ΔΔGunf= (m

6aJL2×Cm
mut)− (m6aJL2×Cm

6aJL2).
b Calculated as described by Pace et al.39
c Calculated from the plot of ΔG versus T.
d Calculated by extrapolating the linear region of the hyperbolic phase back to the abscissa.
e Asymptotic ThT fluorescence value of the elongation reaction, normalized to 6aJL2.
f Pseudo-first-order growth rate constant fits from the data shown in Fig. 1d.
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