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AL amyloidosis is the most common amyloid systemic disease and it is characterized by the deposition of
immunoglobulin light chain amyloid fibers in different organs, causing organ failure. The immunoglob-
ulin light chain germinal line 6a has been observed to over-express in AL patients, moreover, it was
observed that, out of these amyloidogenic proteins, 25% present a mutation of an Arg to Gly in position
24. In vitro studies have shown that this mutation produces proteins with a higher amyloid fiber propen-
sity. It was proposed that this difference was due, in part, to the formation of a non-canonical structural
element. In order to get a more detailed understanding of the structural and dynamic properties that gov-
ern the amyloid fibers formation process, we have determined the solution structure by NMR for the two
constructs, showing that the difference in amyloid fibril formation is not due to sequence or structure.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction the formation of a non-canonical germ line 6a structure in the
In order to function correctly, most proteins have to adopt a
stable three-dimensional structure. However, in the cellular envi-
ronment, the proteins may be subject to conditions that may lead
to partial or total loss of their native conformation, promoting the
formation of aggregates or amyloid fibrils [1–3]. Primary amyloi-
dosis (AL) or light chain amyloidosis is a deadly disease, caused
by the deposition of insoluble amyloid fibrils in organs, causing
organ failure and eventually death. AL is the most common sys-
temic amyloidosis and it is generated by an abnormally prolifera-
tion of monoclonal population of plasma cells that produce
immunoglobulin light chains proteins (LC). Once the LCs are in
the blood flow, the proteins misfold, form fibrils and deposit in tis-
sues and organs, being kidneys, heart and liver the most frequently
affected [4–6].

It has been found that the germ line lambda 6a over-expresses
in patients with AL; also, it was observed that out of these amyloi-
dogenic LC, 25% present a mutation of an Arg to Gly in position 24.
In vitro studies have shown that this mutation produces LC pro-
teins with a higher amyloid fiber propensity and lower stability
[7–9]. It was proposed that this difference was due, in part, to
CDR1 (residue 25–32) due to the R24G mutation [8,7].
In order to get a more detailed understanding of the structural

and dynamic properties that govern the amyloid fibers formation
process, we have determined the solution structure by NMR for
the two constructs: the light chains lambda 6a germ-line protein
(6aJL2) and its single point mutation at position 24 (6aJL2-R24G).
Surprisingly, we found that the mutant does not form the non-
canonical structure predicted in solution, moreover, the two solu-
tion structures are very similar.
2. Materials and methods

2.1. Sample preparation

The recombinant proteins were expressed from the plasmids
6a/pet-27 and 6a-R24G/pet-27 transformed into Escherichia coli
BL21(DE3) cells, grown at 37 �C in 1 L of 2XYT medium supple-
mented with 60 lg/mL kanamycin at 200 rpm. When the cells
reached an OD600 of 0.9, they were transferred to 250 mL of mini-
mal M9 media containing 1 g/L 15NH4Cl and 2 g/L of 13C6-glucose
(CIL) as the sole nitrogen and carbon sources supplemented with
60 lg/mL kanamycin [10]. After 1 h at 37 �C, the cells were induced
by adding of 0.8 mM isopropyl-D-thiogalactoside (IPTG) and then
grown at 25 �C at 100 rpm for 12 h before harvesting by centrifuga-
tion at 4000 rpm for 20 min.

The protein was extracted by osmotic shock with 20% (w/v) cold
sucrose, in a buffer 100 mM Tris, pH 8.0 and 1 mM EDTA and
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centrifuged at 4000 rpm. The pellet was resuspended with 20 mL
of cold water and centrifuged at 4000 rpm for 25 min. The superna-
tant was purified by gel filtration (Hi-load 16/600 Superdex S-200
GE) with a buffer 50 mM Sodium Phosphate, pH 7.4 and 75 mM
NaCl. Fractions containing the protein were combined and concen-
trated using a 3 kDa cutoff concentrator. Protein concentration
was estimated by OD280 with an extinction coefficient of
14,565 M�1 cm�1 determined by PROTPARAM [11]. The approxi-
mate concentration for the samples was 1–2 mM.
2.2. NMR spectroscopy

NMR data were collected at 25 �C on a Varian 700 MHz VNMR-S
spectrometer equipped with a cryogenically-cooled triple reso-
nance pulsed field gradient probe at the Laboratorio Nacional de
Estructuras de Macromoleculas (LANEM). Backbone resonance
assignments for 6aJL2 were obtained using triple resonance
experiments HNCA, HNCACB, CBCA(CO)NH, HNCACO and HNCO.
Side-chain resonance assignments were obtained from 3D
1H–15N-TOCSY (tm = 50 ms), and HCCH-TOCSY. Distance restraints
were obtained from 3D 15N-edited NOESY-HSQC (tm = 150 and
300 ms) and 13C-edited NOESY-HSQC (tm = 150 ms) spectra
recorded in samples dissolved in 5% and 100% D2O, respectively.

Whereas backbone resonance assignments for 6a-R24G were
obtained from BMRB 15276 [12], transferred to a pH 7.4 and con-
firmed from an HNCACB and HNCO, side-chain resonance assign-
ments were confirmed from 3D 1H–15N-TOCSY (tm = 50 ms) and
HC-HSQC. Distance restraints were obtained from 3D 15N-edited
NOESY-HSQC (tm = 150 ms) and 13C-edited NOESY-HSQC (tm =
150 ms) spectra recorded in samples dissolved in 5% and 100%
D2O, respectively. NMR data were processed and analyzed using
NMRPipe [13], CARA [14] and in-house scripts.
2.3. Structural determination

NOE derived distance restraints from NOESY cross peak intensi-
ties were calculated using a calibration curve assuming distance
A
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Fig. 1. Two dimensional 1H–15N HSQC spectra at pH 7.4 and 25 �C of (A) 6aJL2 and (B) 6a
as a function of residues. Sequences and secondary structure elements as found in the s
proportional to 1/r6. Backbone torsion angle restraints were
obtained from analyses of the H, N, Ca and Cb chemical shifts with
TALOS+ [15]. Hydrogen bond restraints were inferred from Solvent
Expose Amide experiments and Hydrogen/Deuterium exchange
experiments.

Structure calculations were performed using simulated anneal-
ing protocols within the XPLOR-NIH software suite [16]. The two
cysteines were linked together through upper distance restrains
2.12 Å and used through all the calculations. An initial set of struc-
tures was generated using a set of NOE restraints filtered from the
X-ray structure of 6aJL2 (PBD: 2W0K [17]) with a cutoff of 10 Å, in
addition to H-bonds and dihedral angle restraints. A final set of the
20 lowest energy structures were selected from 100, and subse-
quently refined by explicit water using restrained molecular
dynamics in XPLOR-NIH [16] and linked together the disulfide
bridge. Analysis of structures was done using XPLOR-NIH and PRO-
CHECK-NMR [18].

2.4. Accession code

The assigned chemical shifts for 6aJL2 and 6aJL2-R24G at pH 7.4
have been deposited in the BioMagResBank under accession num-
bers 19870 and 19798, respectively.

The solution structure and NMR restrains for 6aJL2 and 6aJL2-
R24G have been deposited in the PDB (http://www.pdb.com)
under accession numbers 2MMX and 2MKW, respectively.
3. Results

Fig. 1AB shows the two dimensional 1H–15N correlated spec-
trum of 6aJL2 and 6aJL2-R24G recorded at 25 �C and pH 7.4; both
spectra are very similar and present good dispersion and quality.
The 6aJL2 spectra contains 91 of the 105 expected resonances
(excluding the 6 prolines residues). Whereas the 6aJL2-R24G spec-
tra contains 94 of the 105 expected proton resonances (excluding
the 6 prolines residues). Residues that did not have H–N signal
for both proteins were N1, F2, H8, R40, G58, S69, S70, S96, V100,
JL2-R24G. Backbone amide assignments are indicated. (C) Chemical shift differences
olution structures are shown.
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Fig. 2. Ensemble of 20 lowest-energy structures superposed on the backbone heavy atoms of (A) 6aJL2 and (B) 6aJL2-R24G. Images were rendered with PYMOL.
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F102, and G104, probably due to solvent exchange (some of these
residues were assigned at lower pH [12]). Residues S44 and Y94
present no signal for 6aJL2 and a minimal signal for 6aJL2-R24G,
whereas residue G27 is not present in the germ line while it has
a strong signal in the mutant, probably due to a change in
dynamics.

Backbone amide resonance (H, N, CA, CB, and CO) assign-
ments for 6aJL2 could be obtained for all of the observed signals
corresponding to 90.1% of the protein, whereas, for 6aJL2-R24G,
92.5% of the backbone amide resonance assignments were
obtained.

The effect of the mutation Arg to Gly at position 24 on the chem-
ical shifts is shown in Fig. 1C. The largest differences correspond to
signals from residues in the immediate vicinity of the mutation;
Table 1
NMR structure statistics.

NMR constrains 2MMX 2MKW

NOE 1216 1343
Intraresidue (i � j = 0) 535 471
Sequential (i � j = 1) 283 399
Medium range (1 < i � j < 5) 81 77
Long range (i � j < 5) 317 396

Hydrogen bondsa 31 31
Dihedral angles 189 200

Violations
Distance violations >0.5 Å 0 0
Dihedral angle violations >5� 0 0

Deviation from idealized geometry
Bonds, Å 2.61 � 10�3 2.24 � 10�3

Angles, � 0.51 0.46
Impropers, � 0.34 0.295

Ramachandran statistics, %
Most favored region 81.3 ± 3.6 84.5 ± 2.9
Additional allowed region 15.5 ± 3.4 13.3 ± 2.4
Generously allowed region 2.9 ± 0.6 1.9 ± 1
Disallowed region 0.38 ± 0.5 0.33 ± 0.5

Structure precisionb

Backbone atoms, Å 0.74 ± 0.18 0.53 ± 0.09
Residues 4–40,44–90,100–109 0.52 ± 0.09 0.45 ± 0.07
All heavy atoms, Å 1.05 ± 0.25 0.93 ± 0.14

a Hydrogen bond were applied between amide proton and oxygen atoms, and
between amide nitrogen and oxygen atoms for each restraint.

b RMS deviations are from the average structure.
residues 22–33 at the loop connecting strand B and C, and residues
4–6 at the N-termini. Most of the other signals are very similar,
which suggested that the structures would be similar.

The solution structure of both proteins could be determined and
are well defined with a mean RMSD backbone deviation for the
6aJL2 of 0.74 Å and for the 6aJL2-R24G of 0.53 Å (Fig. 2). Overall,
the structural quality is good, with more than 96% of the w and
/ angles falling within the favored and additionally allowed
regions of the Ramachandran plot for both proteins (Table 1).

The structured region of the proteins consists of two beta sheets
with eight strands (Sheet 1: strand A: 3–12, strand B: 17–23,
strand D: 63–67 and strand E: 72–78. Sheet 2: strand C: 34–39,
strand C0: 46–50, strand F: 87–94 and strand G: 100–110) while
the CDRs (Complementarity Determining Regions: CDR1: 25–31,
CDR2: 51–54 and CDR3: 95–99) consist of hairpins providing the
scaffold for the recognition.

Comparison of the structural elements from the NMR ensem-
ble for 6aJL2 and 6aJL2-R24G reveals an overall backbone RMSD
of 0.89 Å, with most of the structural difference in the loops that
connect the beta strands. The crystal structure for the germ line
has been reported by X-ray crystallography (PDB: 2W0K [17]),
superposition of the solution structure and the X-ray structure
lead to an RMSD of 0.83 Å, with the largest difference at residues
26–28 and residues 68–71. While the superposition of the struc-
tural elements from the NMR ensemble of the mutant 6aJL2-R24G
and the 6aJL2 crystal structure leads to an RMSD of 0.56 Å, show-
ing that the global structure of the mutant and the germ line are
equals.

Even though globally both structures are very similar and we
did not find specific NOEs that constrain completely the position
of the Arg 24, which suggests that the side-chain undergoes some
type of motion, probably the mutation eliminates relevant
interactions. These presumably transient interactions, including
a cation–pi with Phe 2, an ionic interaction with Asp 93 and some
h-bonds, could easily explain the lower stability in the mutant
protein.

Unexpectedly, the CDR1 of 6aJL2-R24G structure shows the
same folding as the structure of 6aJL2 (PDB: 2W0K) and other
members of the families 6a like WIL (PDB: 2CD0) and JTO (PDB:
1CD0) [19]. Therefore, it appears that the mutation at position 24
induces only slight structural changes in the protein, in clear con-
trast to what was been proposed before.
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Fig. 3. Superposition of the CDR1 structural elements of a representative member from the NMR ensemble 6aJL2-R24G with (A) structure from RHE from germ line 1 and (B)
X-ray structure from WIL and JTO members of the 6a family. Images were rendered with PYMOL.
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4. Discussion

While the reported thermodynamics parameters for the germ
line 6aJL2 and the 6aJL2-R24G mutant are different, showing a
decrease in the stability of about 1.4 kcal/mol and a reduction
for the melting temperature (tm) from 49.9 to 44.2 �C [8], it is
still difficult to understand how this single mutation drastically
changes the fibril formation propensities, going for a lag time
of about 14 h to a lag time of 2 h for the mutant. Moreover,
there are some examples for this germ line in which proteins
with the same stability have different amyloid fibril formation
propensities [20].

To investigate if the substitution in the sequence at position 24
for an Arg to Gly has an effect in the amyloid propensity sequence-
wise, we use the MetAmyl server [21]. This meta-predictor makes
use of nine different algorithms to evaluate the sequence propen-
sity to form amyloid fibrils giving back a consensus sequences.
The consensus amyloidogenic regions for both proteins were the
same; residues 17–22, 30–38, 46–51, 74–80 and 98–104. There-
fore, it is reasonable to consider that, sequence-wise, the mutation
by itself does not contribute to the increase in the amyloidogenic
differences between the two proteins.

It was predicted, based in sequences alignments with structures
for different germ lines, that the characteristic non-helical confor-
mation for germ line lambda VI proteins was determined by the
presence of an Arg residue in position 24. And therefore a Gly at
this position would imply a different conformation for the CDR1,
mimicking structures from germ lines that did not have an Arg,
and the structural rearrangement would provoke the fibril forma-
tion differences.

Superposition of the NMR structure of 6aJL2-R24G and the crys-
tal structure from RHE (PDB: 2RHE), a member of germ line 1
[22,23], reveals that the predicted helix element for the mutant
was not formed (Fig. 3A). Moreover, the superposition with differ-
ent members of the germ line 6a (JTO and WIL [19]) clearly shows
that the 6aJL2-R24G mutant conserves the structure elements of
the family (Fig. 3B). Nevertheless, it is still possible that the muta-
tion eliminates some important interactions, due to the change of
the size of the side-chain and the charge, that could be important
in the protein stability.

Interestingly, even though the structures are very similar, the
NOE patterns and intensities show small but relevant differences
for both constructs, with more intense signals for 6aJL2-R24G. This
fact could suggest a different dynamic behavior between the two
proteins and could be related to the amyloid propensities. Further
studies will be required to determine if there is a difference in the
dynamics of 6aJL2 and 6aJL2-R24G and if this has an implication in
the amyloid fiber formation process. Such studies should help
reveal some of the features for the fibril formation.

We have obtained a family of NMR structures of the 6aJL2 and
6aJL2-R24G proteins. While the exact reason for the difference
between the amyloid fibril propensity for the two proteins remains
to be determined, we have demonstrated that the structural ele-
ments for these two constructs are maintained. This result was
somehow unexpected because it has been assumed that some of
the differences observed in amyloid fibril propensities were due
to structural differences induced by the mutation at position 24.
The solution structure of 6aJL2-R24G has allowed us to confirm
that the mutation does not induce a helix element in the CDR1.
These results suggest that the difference in the fibril formation pro-
pensities are not structurally or sequentially determined. Further
characterization of dynamics for both constructs may provide use-
ful information about the changes in molecular motion accompa-
nying the mutation and may ultimately lead to a description for
the amyloid propensities changes.
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