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A B S T R A C T

Light chain amyloidosis is one of the most common systemic amyloidosis, characterized by the deposition of
immunoglobulin light variable domain as insoluble amyloid fibrils in vital organs, leading to the death of pa-
tients. Germline λ6a is closely related with this disease and has been reported that 25% of proteins encoded by
this germline have a change at position 24 where an Arg is replaced by a Gly (R24G). This germline variant
reduces protein stability and increases the propensity to form amyloid fibrils. In this work, the crystal structure
of 6aJL2-R24G has been determined to 2.0 Å resolution by molecular replacement. Crystal belongs to space
group I212121 (PDB ID 5JPJ) and there are two molecules in the asymmetric unit. This 6aJL2-R24G structure as
several related in PDB (PDB entries: 5C9K, 2W0K, 5IR3 and 1PW3) presents by crystal packing the formation of
an octameric assembly in a helicoidal arrangement, which has been proposed as an important early stage in
amyloid fibril aggregation. However, other structures of other protein variants in PDB (PDB entries: 3B5G, 3BDX,
2W0L, 1CD0 and 2CD0) do not make the octameric assembly, regardless their capacity to form fibers in vitro or in
vivo. The analysis presented here shows that the ability to form the octameric assembly in a helicoidal ar-
rangement in crystallized light chain immunoglobulin proteins is not required for amyloid fibril formation in
vitro. In addition, the fundamental role of partially folded states in the amyloid fibril formation in vitro, is not
described in any crystallographic structure published or analyzed here, being those structures, in any case ex-
amples of proteins in their native states. Those partially folded states have been recently described by cryo-EM
studies, showing the necessity of structural changes in the variants before the amyloid fiber formation process
starts.

1. Introduction

Light chain amyloidosis (AL) is one of the most common systemic
amyloidosis, characterized by the extracellular deposition of insoluble
amyloid fibrils, arising from the aggregation of free monoclonal light
chain immunoglobulin. These light chain proteins are secreted in excess
into the bloodstream by a population of clonal plasma cells in the bone
marrow [1]. The accumulation and deposition of amyloid fibrils in vital
organs, without treatment, leads to progressive organ failure and the
subsequent death of the patient in about 13 months [2].

AL has an estimated incidence in developed countries of 8–12 cases
per million inhabitants per year. However, autopsy studies suggest that
the incidence could be higher because it is often misdiagnosed [3]. The
AL symptoms depend on the organ affected, although vague and non-
specific symptoms include: fatigue, weight loss, edema bleeding

tendency, macroglossia, peri-orbital bruising, and hepatomegaly [4].
In almost 40% of cases, AL is diagnosed after the onset of the

symptoms [5]. This is in part due to the fact that the diagnosis relies on
subcutaneous fat aspiration and histopathological examination with
amyloid stain, showing Congo red-positive amyloid deposits, with ty-
pical apple-green birefringence under polarized light [6].

Current treatments aim to avoid the synthesis of light chain pro-
teins, and therefore the treatments are mostly based in chemotherapies
to suppress the underlying plasma cell dyscrasia. Currently, high-dose
melphalan followed by autologous peripheral blood stem cell trans-
plantation is considered one of the most effective treatments for AL.
This treatment usually increases the survival time, but rarely eliminates
the disease and is not effective for rapidly progressive types [7]. To
provide a basis for new treatments for AL, in vitro studies have focused
on inhibiting amyloid fibril formation with small molecules such as

https://doi.org/10.1016/j.bbrep.2019.100682
Received 5 March 2019; Received in revised form 2 August 2019; Accepted 15 August 2019

⁎ Corresponding author.
E-mail address: adelaida@ibt.unam.mx (A. Díaz-Vilchis).

Biochemistry and Biophysics Reports 20 (2019) 100682

Available online 29 August 2019
2405-5808/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/24055808
https://www.elsevier.com/locate/bbrep
https://doi.org/10.1016/j.bbrep.2019.100682
https://doi.org/10.1016/j.bbrep.2019.100682
mailto:adelaida@ibt.unam.mx
https://doi.org/10.1016/j.bbrep.2019.100682
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrep.2019.100682&domain=pdf


doxycycline [8], epigallocatechin gallate [9,10], methylene blue and
sulfasalazine [11].

The precursors of AL are light chain immunoglobulin proteins,
mostly including only the variable region (VL). However, in some cases,
the constant region (CL) has also been implicated in the disease. The VL

can be from lambda (λ) or kappa (κ) germline, nevertheless, in AL
patients, λ are overexpressed (λ/k= 3:1) as compared with healthy
individuals [12].

It has been observed that in ~25% of the amyloidogenic λ6 proteins
a change is found at position 24, where an Arg is replaced by a Gly [13].
This variant makes amyloid fibrils faster than the germline and was
more thermodynamically unstable [14]. In vitro studies suggest that this
mutation eliminates important interactions, including a cation-pi with
Phe2, an ionic interaction with Asp93 and some H-bonds [15]. 6aJL2-
R24G first crystal structure shows that in the absence of Arg24, Phe2 is
reoriented to the inside of the upper hydrophobic core and a cavity is
formed around the complementary determining region 1 (CDR1) [16].
Molecular dynamic simulations find differences between 6aJL2 and
6aJL2-R24G in their dynamical signatures that explain the variant in-
creased tendency to form amyloids [17].

In this work, we determined a crystal structure by molecular re-
placement of recombinant 6aJL2-R24G at 2.0 Å resolution crystallized
in a new condition, with two subunits in the asymmetric unit. The
structure analysis shows that this structure, although crystallized in a
different space group, by crystal symmetry generates octamers in a
helicoidal arrangement, which is also found in structures of protein
variants with PDB entries 5C9K, 2W0K, 5IR3 and 1PW3 among others
[16,18,19]. This octameric assembly has been proposed as an important
early stage in amyloid fibril aggregation [16]. However, other crystal
structures of protein variants do not make that octameric assembly in a
helicoidal arrangement (PDB entries: 3B5G, 3BDX [18], 2W0L [Un-
published], 1CD0 and 2CD0 [20] among others). The analysis presented
in this work shows that the ability to form the octameric assembly in a
helicoidal arrangement in light chain immunoglobulin proteins is not
required for amyloid fibril formation in vitro. In addition, the critical
role of partially folded states in the amyloid fibril formation in vitro, is
not described in any crystallographic structure of light chain im-
munoglobulin proteins published to date or analyzed here, being those
structures, in any case, examples of proteins in their native states. More
recently, three amyloid fibril structures determined by cryo-electron
microscopy (cryo-EM) showed a non-native fibril fold in mouse and
human organs confirming that partially folded states are determinant in
amyloid fibril aggregation [21,22].

2. Materials and methods

2.1. Protein purification and crystallization

Recombinant 6aJL2-R24G was expressed and purified following the
method described [9].

6aJL2-R24G was crystallized by sitting drop vapor diffusion method
at 18 °C. The drops were prepared with a robot (Mosquito LCP, TTP
Labtech) in 96-well crystallization plates by mixture of protein (0.2 μl)
at 7 mg/ml in 20mM sodium phosphate buffer, pH 7.5 with the re-
servoir solution (0.2 μl) containing 1M sodium/potassium tartrate,
100mM Tris-HCl, pH 7.0 and, 200mM lithium sulfate. Crystals ap-
peared after one month and continued to grow for two months. Crystals
were flash-cooled by immersion in liquid nitrogen using 30% glycerol
in mother solution as cryoprotectant.

2.2. Data collection and crystal structure determination

A diffraction data set collected on 14-1 beamline of the Stanford
Synchrotron Radiation Lightsource (SSRL, Menlo Park, USA) was in-
dexed, integrated and scaled using XDS package [23].

The structure was determined by molecular replacement using the

program PHASER [24]. The starting model was the available NMR
coordinates of 6aJL2-R24G structure (PDB ID 2MKW [15]). The model
was improved by rigid body refinement and geometric constraint per-
formed in REFMAC [25]. The final model was refined alternating cycles
of automatic and manual refinement with PHENIX [26] and COOT
[27], respectively to a final Rcryst of 19.5% (Rfree of 24.9% calculated
with 5% of the data randomly selected) at 2.0 Å (Table S1). The final
structure displayed good stereochemistry, as analyzed by MOLPROBITY
[28]. Structural figures were made with PyMOL Molecular Graphics,
Version 1.8, Schödinger, LLC.

3. Results and discussion

The crystal structure described in this work corresponds to the
6aJL2-R24G germline variant (PDB ID 5JPJ) (using the continuous
numbering as in PDB ID 2MKW) [15], crystallized in the orthorhombic
space group I212121, determined by molecular replacement and refined
up to 2.0 Å resolution (Table S1). The crystal asymmetric unit contains
two subunits, each including residues Asn1 to Leu111 (Fig. S1A), which
by crystal symmetry generates dimers formed by VL-VL domains. Native
gels and NMR studies demonstrated that 6aJL2-R24G is mainly mono-
meric in solution. These results are in accordance with our DLS mea-
surements of 6aJL2-R24G that show a diffusion coefficient of
1.14×10-7 cm2/s corresponding to an apparent radius of ~2.1 nm; this
shows a good agreement with the monomer [9]. The overall structure of
6aJL2-R24G subunit has the typical immunoglobulin fold with eight β-
strands, packed tightly against each other in two antiparallel β-sheets
joined together by a disulfide bridge in a form of a Greek key β-barrel
(Figs. S1B and S1C) [12,29]. The β-sheet one is formed by strands A, B,
D and E while the β-sheet two is formed by strands: C, C′, F and G. The
three CDR's are composed by residues 24–34, 50–56 and 89–95, re-
spectively. 6aJL2-R24G comprises the conserved Trp at position 36. The
r.m.s.d. between chain A and B is 0.48 Å using 111 Cα atoms. The
electron density map (2Fo-Fc), countered at 1 σ around the site of Gly24
confirming the variant mutation as shown in (Fig. S1D).

The structure of the VL domain 6aJL2-R24G was superposed with
the natives 6aJL2 NMR (PDB ID 2MMX, model 1) and crystal structures
(PDB ID 2W0K) [15,18], with a r.m.s.d. of 2.0 Å using 106 Cα atoms
and 0.52 Å using 111 Cα atoms, respectively. Also, 6aJL2-R24G was
superposed with the 6aJL2-R24G NMR structure (PDB ID 2MKW, model
1) and the 6aJL2-R24G crystal structure (PDB ID 5C9K, [16]). The
r.m.s.d of the structural alignments are 1.16 Å using 109 Cα residues
and 0.19 Å using 111 Cα residues for entries 2MKW and 5C9K, re-
spectively, showing that the global structures are almost identical,
particularly in the crystal structures. Besides, 6aJL2-R24G shows the
Phe2 reoriented to the inside of the upper hydrophobic core similar to
5C9K structure [16].

It has been proposed that the characteristic non-helical conforma-
tion in CDR1 for germline λ6 proteins was due, to the presence of an
Arg in position 24, and a Gly in this position would give rise to a dif-
ferent conformation. This structural rearrangement would explain, in
part, the low stability (Tm (Melting temperature) in the variant is 6 °C
lower than the WT) and propensity for the amyloid fibril formation
[30]. However, in the 6aJL2-R24G crystallographic structures (PDB ID
5C9K and 5JPJ) there was not a helix formation in the CDR1 region, as
already reported in the NMR solution structure [15].

The mutational analysis conducted by a number of laboratories,
points to a correlation between thermodynamic stability and amyloid
fibril formation; most importantly, it appears that the population of
partially folded states is critical in the initiation of the amyloid fibril
reaction and certain somatic mutations appear to promote these par-
tially folded states more than others [12]. However, more recently, it
has been reported that the 6aJL2-R24G crystals (PDB ID 5C9K) revealed
an octameric assembly in a helicoidal arrangement, the authors propose
that direct stacking might be a plausible mechanism to understand
amyloid aggregation of this protein. And this octameric assembly might
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represent an important early stage in amyloid aggregation [16]. We
have analyzed that equivalent octameric assembly in a helicoidal ar-
rangement are generated by crystal packing of the structures of 6aJL2-
R24G: PDB ID 5JPJ (in this work), 2W0K (6aJL2 WT), 5IR3 (AR)
[16,18] and 1PW3 [19] among others of 6aJL2 protein (Fig. 1). It is
important to mention that the two crystal structures of 6aJL2-R24G
(PDB ID 5C9K and 5JPJ) present the octameric assembly in a helicoidal
arrangement, and the 6aJL2 WT (PDB ID 2W0K) crystal structure as
well. In contrast, we have observed that other crystal structures of the
6aJL2 protein in PDB: PDB ID 3B5G, 3BDX [18], 2W0L [Unpublished],
1CD0 and 2CD0 [20] among others, do not form the octameric as-
sembly in a helicoidal arrangement (Fig. 2). Even other authors have
reported that a protein unstable and highly fibrillogenic as the mutant
6aJL2-P7S (Fig. 2C) (PDB ID: 3BDX), where the crystal packing analysis

showed the establishment of intermolecular β-β interactions, could be
relevant in the mechanism of amyloid fibril formation [18].

We have analyzed the four examples of 6aJL2 proteins that form the
octameric assembly in a helicoidal arrangement, the other five that do
not form it and the NMR structures (6aJL2 WT and mutant R24G)
structurally superimposed with the structure reported in this work (PBD
ID 5JPJ, subunit A). The values of R.M.S.D., space group and fibrillo-
genic potential are shown in Table S2. Also, in Fig. S2 all superimposed
subunits are shown. The values of R.M.S.D. in general, they are very
similar (0.19–0.85 Å), independently whether the 6aJL2 proteins form
the octameric assembly or not, which is also observed in Fig. S2. As
expected, NMR structures show the highest R.M.S.D (1.16–2.0 Å) due to
their higher mobility. These 12 structures of 6aJL2 proteins analyzed
generally form amyloid fibers in vitro to a greater or lesser degree (Table
S2).

Furthermore, we have analyzed the 6aJL2 R24G (PDB ID 5JPJ)
octameric assembly with the other four protein octameric assemblies.
The artificial octamers of NMR structures were generated by super-
posing subunits in the 5JPJ octameric assembly. The Table S3 has the
R.M.S.D values between the structures compared with 5JPJ octameric
assembly. The five octameric assemblies have R.M.S.D. between 1.74
and 1.86 Å and they do not seem to present clashes between the sub-
units that form the octamer. However, the solution structures 2MMX
and 2MKW clash, particularly 2MMX (Fig. S3).

Finally, we have analyzed the crystal packing in two examples of
proteins that form the octameric assembly in a helicoidal arrangement
PDB ID 5JPJ and 2W0K, and two examples of variants that do not form
the octamer PDB ID 3B5G and 3BDX. One example of each one is shown
in Fig. S4. The crystal packing is conserved in the proteins that form the
octameric assembly, but in the non-octameric proteins the packing is
different. Besides, the interfaces (hydrogen bonds) between octameric
proteins in general is maintained (with seven common hydrogen
bonds). However, just three of the hydrogen bonds (three in each
structure) found in the octameric assembly are also found in the non-
octameric proteins (Table S4).

Protein crystallization and amyloid fibril formation are different
processes otherwise amyloidogenic proteins would form amyloid fibrils
instead of crystals. Besides, molecular dynamics simulations indicate
that 6aJL2 germline variants P7S and R24G lead to a loosened native
state, given their loss of interactions, and the increase in the solvent-
exposed area [17]. Other experimental data agrees with these results:
For AR, the most unstable and fibrillogenic λ6a protein described to
date, native state fluorescence and circular dichroism characteristics
were also compatible with a loosened native state [31]. In the case of
6aJL2-R24G crystal structure indicates that some interactions are loo-
sened by the mutation, which reduces their stability and promotes the
amyloid fibril formation in vitro. Considering the previous information,
we conclude that the ability to form the octameric assembly in a heli-
coidal arrangement in light chain immunoglobulin proteins is not re-
quired for amyloid fibril aggregation in vitro. Furthermore, the ex-
istence of partially folded states crucial in amyloid fibril formation is
not described in any crystal structure of light chain immunoglobulin
proteins described to date. Recently, three amyloid fibril structures
determined by cryo-EM showed a non-native fibril fold confirming that
partially folded states are determinant in amyloid fibril aggregation
[19,20]. Then, the alternative for the early stages of amyloid fibril
aggregation is that the population of partially folded states in amyloi-
dogenic proteins is determinant in the amyloid fibril reaction, and so-
matic mutations appear to promote these partially folded states [12].
These partially folded states have been reported in amyloidogenic
proteins by molecular dynamics simulations [17], by fluorescence and
circular dichroism [30] and by amyloid fibril structures determined by
cryo-EM [21,22].

Fig. 1. Octameric structures of 6aJL2 light chain variable domain generated by
symmetry-related molecules in the crystal packing. A) 6aJL2-R24G of this work
(PDB ID 5JPJ). B) Intrinsic octameric structure of 6aJL2-R24G (PDB ID 5C9K)
[16]. C) 6aJL2 WT (PDB ID 2W0K) [18]. Views down (above) and perpendi-
cular (below) in A), B) and C).

Fig. 2. Structures with eight subunits of 6aJL2 generated by symmetry-related
molecules in the crystal packing. A) Unstable and highly fibrillogenic P7S
mutant of 6aJL2 (PDB ID 3B5G) [18]. B) Mutant H8P of 6aJL2 (PDB ID 2W0L)
[Unpublished]. C) Unstable and highly fibrillogenic P7S mutant of 6aJL2 (PDB
ID 3BDX) [18]. Views down (above) and perpendicular (below) in A), B) and C).
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