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It has been suggested that the N-terminal strand of the light chain variable domain (Vi) protects the mol-
ecule from aggregation by hindering spurious intermolecular contacts. We evaluated the impact of muta-
tions in the N-terminal strand on the thermodynamic stability and kinetic of fibrillogenesis of the V|
protein 6aJL2. Mutations in this strand destabilized the protein in a position-dependent manner, acceler-

Kf’yWOTde ating the fibrillogenesis by shortening the lag time; an effect that correlated with the extent of destabi-
Light chain lization. In contrast, the effect on the kinetics of fibril elongation, as assessed in seeding experiments was
&rgﬁ?é?ng of different nature, as it was not directly dependant on the degree of destabilization. This finding suggests
Aggregation different factors drive the nucleation-dependent and elongation phases of light chain fibrillogenesis.

Finally, taking advantage of the dependence of the Trp fluorescence upon environment, four single Trp
substitutions were made in the N-terminal strand, and changes in solvent exposure during aggregation
were evaluated by acrylamide-quenching. The results suggest that the N-terminal strand is buried in
the fibrillar state of 6aJL2 protein. This finding suggest a possible explanation for the modulating effect

Folding thermodynamics

exerted by the mutations in this strand on the aggregation behavior of 6aJL2 protein.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Evidence suggests that the self-assembly of immunoglobulin
light chains into amyloid fibrils is a misfolding phenomenon, that
is promoted by factors destabilizing the native domain structure
[1]. Little is known about the mechanism of AL fibril assembly or
which region of the light chain forms the B-sheet core of the fibril-
lar aggregates. Studies conducted on the A6 recombinant (r) vari-
able domain (V) protein 6aJL2 suggested that the N-terminal
strand (residues 1-14) is involved in the mechanism of the AL fibril
assembly. It was shown that substitution of Arg25 for Gly, which
disrupts the cation-m interaction between Phe2 and Arg25, in-
creases the propensity of the protein to aggregate as amyloid fibrils
in vitro [2]. As the Phe2-Arg25 interaction stabilizes the conforma-
tion of the N-terminus in 6aJL2 [3] (Fig. STIA and B), it was
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suggested that some type of structural rearrangement involving
the N-terminal strand is required for the fibrillar aggregation to oc-
cur [2]. Further evidence for this hypothesis was obtained when we
studied the structural role of Pro7, the residue stabilizing the
sheet-switch motif that characterizes the native conformation of
N-terminal strand (Fig. S1A). It was shown that the Pro7Ser
substitution destabilizes the protein by 2.1 kcal/mol, and favors
fibril formation. The P7S mutant showed a rearrangement of the
sheet-switch motif that was accompanied by intermolecular B-f
interactions involving the N-terminus and B-strand B of symme-
try-related molecules in the crystal lattice [4]. Such interactions
appear to be a reminiscent of the B-B contacts postulated for the
cross-f structure in the amyloid fibril. Taken together, these find-
ings reinforce the protective role hypothesis of the N-terminal
strand [5], so that its destabilization and subsequent rearrange-
ment is required for the self-assembly of the light chain into fibrils.
Here, we further evaluated the structural role of the N-terminal
strand in A6 light chains by studying the effect of mutations of
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Phe2, the hydrophobic member of the Phe2-Arg25, cation-m inter-
action; and Pro7 and His8, located in the sheet-switch motif. We
found that mutations in these three positions significantly modu-
lated the aggregation behavior of 6aJL2 protein. Finally, we gener-
ated single Trp substitutions at four different positions of the N-
terminal strand, and evaluated, by acrylamide-quenching, the
changes in their solvent exposure during aggregation. These data
suggest that the N-terminal strand is buried in the fibrillar state
of 6aJL2 protein.

2. Materials and methods
2.1. Site-directed mutagenesis

The cloning of the wild-type protein 6aJL2 and the mutants
6aJL2-P7S, -H8S, -H8P and -P7S-H8S were described previously
[2,4]. Mutants 6aJL2-F2A, -F2S, -F2P, -F2L, -F2W, -N1W, -M3W,
-H8W, and -S14W were generated by polymerase chain reaction
(PCR) using pSyn1-6aJL2 construct as template in a two-step strat-
egy, as described elsewhere [4]. The complete sequence of all the
synthetic oligonucleotides used in this study are available upon
request.

2.2. Bacterial expression, and purification of the rV; 16 proteins

The bacterial expression and purification of the rV; proteins was
performed as described previously [2].

2.3. GndHCl and thermal induced-equilibrium unfolding

Equilibrium unfolding experiments of the mutants 6aJL2-F2A,
-F2S, -F2P, -F2L, -F2W were performed by addition of guanidine
hydrochloride (GndHCI) and by heating, as was previously de-
scribed [6].

2.4. In vitro fibrillogenesis

The in vitro fibrillogenesis of the A6 proteins from the soluble
precursor was performed in a 100 pg/mL (8.3 M) protein dilution
in PBS, pH 7.4, containing 20 uM of Thioflavin T (ThT) and 0.05% so-
dium azide, according to the method described previously [4]. The
value of the lag time (tj,g) was calculated by extrapolation of the
linear region of the hyperbolic phase to abscissa [7].

2.5. Seeding assays

Seeding experiments were performed according to the method
describe previously [6]. The set of proteins tested included the
wild-type 6aJL2, seven single mutants at positions 2, 7 or 8,
(6a-F2S, 6a-F2L, 6a-F2P, 6a-F2W, 6a-P7S, 6a-H8S and 6a-H8P)
and the double mutant 6a-P7S-H8S. The experimental sample con-
sisted of a mixture containing 218 pg/mL (18 uM) of soluble
monomer in PBS, 21.6 pg/mL of seeds (1.8 uM) and 33 uM ThT.
Fluorescence data were measured using excitation and emission
wavelength of 450 and 485 nm, respectively. Each sample was
tested in quadruplicate. Fluorescence data were analyzed by non-
linear fitting with the equation:

Frir = Amr(1 — e7™) (1)

where Fryr is the ThT fluorescence, Ayt is the asymptotic ThT fluo-
rescence value, and k(s ') is the growth rate constant of the poly-
merization reaction. A pseudo-first order rate constant (ks™') of
the polymerization reaction was calculated by linear fitting of the
data In[Arnt—F;] as a function of time (s), where F; is the ThT fluores-
cence as a function of time [8]. Arny, an indirect measure of the

apparent mass of fibrils accumulated after completion of the elon-
gation, was normalized to the wild-type 6aJL2, in order to facilitate
the comparisons among proteins.

2.6. Acrylamide quenching

Samples (800 pul) 0.5 mg/mL of mutants 6aJL2-N1W, -M3W,
-H8W and -S12W, diluted in PBS pH 7.4, were placed in 2.0 ml vol-
ume, capped polypropylene microtubes and incubated at 37 °C
with constant agitation (1000 rpm) in a Thermomixer Confort
apparatus (Eppendorf, Barkhausenweg 1, 22339 Hamburg, Ger-
many). At predetermined times an aliquot (25 pl) was withdrawn
from each sample and mixed with 2.0 ml PBS pH 7.4. Intrinsic fluo-
rescence spectra were registered without quencher and upon add-
ing a series of 15 pL aliquots of a 3.0 M acrylamide solution.
Fluorescence measurements were performed at 25 °C in a Horiba
Yvon-Jobin FluoroLog-3 spectrofluorometer (Horiba Scientific,
3880 Park Avenue, Edison, New Jersey, NJ 08820-3097, USA), excit-
ing the sample at 295 nm and recording the emission spectra from
310 to 410 nm. The excitation and emission slit widths were both
5 nm. Each sample was tested in duplicate. The fluorescence spec-
tra center of mass (SCM) was calculated from the intensity data (1)
obtained at different wavelengths (1) using the following equation:

SCM=>"1L/> I 2)

After correcting the fluorescence intensity data for dilution due to
the addition of acrylamide, the value of the Stern-Volmer constant
(Ksy) or dynamic quenching, was calculated from the non-linear fit-
ting of the experimental data with the equation:

Fo _
L

where Fy and F are, respectively, the fluorescence intensities in the
absence and presence of acrylamide, Ksr is the static quenching con-
stant and [A] is the molar concentration of acrylamide [9].

Upon completion of the fibrillogenesis, the aggregates were har-
vested by centrifugation, washed twice with PBS. Then, the acryl-
amide quenching experiments were performed again in samples
containing 20 pg/ml (1.6 uM) of washed fibrils. Protein 6a-F2W
was analyzed in both soluble and aggregated states.

1+ (Ksv « [A])exp Ksr[A] 3)

2.7. Electron microscopy

Electron microscopy was performed at 80 kV on a Zeiss EM900
Transmission Electron Microscope (TEM), as describe previously
[6].

3. Results
3.1. GndHCI- and thermal-induced equilibrium unfolding

Both GndHCI- and heat-induced unfolding curves of the Phe2
mutants showed a sigmoidal, cooperative transition that in all
cases was well described by a two-state unfolding model (Fig. 1).
The thermodynamic parameters calculated from the unfolding
experiments are shown in Table 1. The data indicate that the
most destabilizing mutation was F2P (AAGyys= 2.5 kcal mol™1)
and the least destabilizing substitutions were F2L (AAGunf=
1.2 kcal mol~!) and F2W (AAG ¢ = 1.3 kcal mol™1). Thus, introduc-
tion of Pro2 caused the loss of 50% of 6aJL2 folding stability, dou-
bling the destabilizing effect caused by Leu and Trp (Table 1). In
all mutants, with the exception of 6a-F2L, the AGy,o value differs
from that of AGys.c. Such differences most probably reflect inaccu-
racies in estimating the AGC,, with the subsequent miscalculation of
the AG250C'
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Fig. 1. Reversible unfolding experiments. (A) GndHCl and (B) heat-induced equilibrium unfolding of the wild-type protein 6aJL2 and its mutants. Data represent the variation
of the fraction unfolded (Fy) as a function of the denaturant concentration (A) an temperature (B). In (A) the solid line is the non-linear fit to a two state model.

Table 1

Thermodynamics and aggregation. Parameters describing the thermodynamic stability of 6aJL2 protein and its mutants in the Phe2, as determined by equilibrium GndHCI and

head induced unfolding, and the kinetic of in vitro fibrillogenesis without seeding.

Protein Thermal denaturation GndCl denaturation AAG® (kcal/mol) In vitro fibrilogenesis
AGgs oc* (kcal/mol)  Tn” (°C)  AHp" (kcal/mol)  AGyyo (kcal/mol)  -m (kcal/molM~')  Cp (M) tiag (min)*
6aJL2 5.2 499 86.2 5.1+0.5 3.6 1.41 - 900
6a-F2S 3.5 43.8 73.6 29+0.5 33 0.87 1.9 56
6a-F2A N.R. 443 N.R. 22+03 2.5 0.87 19 119
6a-F2L 3.9 45.7 76.1 3.7+0.2 3.4 1.09 1.2 244
6a-F2P 3.5 43.6 73.7 2.1+£03 29 0.71 2.5 131
6a-F2wW 4.3 46.0 813 3.6+£0.5 3.4 1.04 13 N.D.
N.R. means non reversible.
N.D. means not determined.
@ Calculated as described by Pace et al. [18].
b Calculated from the plot of AG versus T.
¢ Cumulative free energy change relative to 6aJL2: AAGyns= (m®J2 x CU0) — (mOIL2 5 CEUL2),
4 Calculated by extrapolating the linear region of the hyperbolic phase back to the abscissa.
3.2. In vitro fibrillogenesis from the soluble precursor E s
o
24- 2 6a-F2S
All the Phe2 mutants aggregated with a profile consistent with a $ i
nucleation-dependent polymerization reaction (Fig. S3). The tj, g Sa-p78
varied from one mutant to another (Table 1). The shortest fj,g O 6aHsP
was that of mutant 6a-F2S (56 min). In contrast, mutant 6a-F2L 5 ,f’,‘z,?,offr 6adL2
X Seed 6aJL2

aggregated with the longest tj,, (244 min). As evidenced by elec-
tron microscopy, the aggregates formed, in all cases, comprised
mainly unbranched fibrils of variable length, characteristic of the
amyloid-like fibrils (Fig. S4).

3.3. In vitro fibrillogenesis with seeding

Co-incubation of monomers and the respective homologous
seeds resulted in a rapid increase in ThT fluorescence, without an
appreciable fj,g (Fig. 2). Electron microscopy data showed that
the gross morphology of all fibrils is similar, therefore if as a first
approximation we assume that the binding sites and quantum
yield of ThT in all fibrils are similar; then the highest ThT fluores-
cence intensity at the plateau in 6a-F2S (At = 1.8) suggests that it
produced more ThT-binding aggregates than 6aJL2. In contrast,
6a-F2P (Athr = 0.5) had the lowest ThT fluorescence, suggesting a
lower amount of amyloid aggregates. Interestingly, the pseudo-
first order rate constant (k) of 6a-F2P (1.16 x 107%s™!) was
2.3 times higher than that of 6aJL2 (Table S5), indicating that Pro
enhances the polymerization reaction. Mutations at position Pro7
and His8 modulated the kinetics of fibril elongation differently.
The single P7S substitution enhanced the fibril elongation capacity
of 6aJL2 (Arpr=1.6 and k= 1.1 x 10~* s~ '), whereas mutations H8P
and H8S decreased it (Fig. 2 and Table S5). Notably, the double

ThT Fluorescence (a.u.)

0 1x10°  2x10°  3x10*  4x10*
Time (S)

Fig. 2. In vitro fibrillation by seeding. Aggregation kinetics, as followed by ThT
fluorescence, of 6aJL2 and its mutants by self-seeding. The data represented are the
mean of quadruplicated samples. The data of the 6aJL2 soluble monomer incubated
without seeding (%) and that of 6aJL2 seed incubated without monomer (x) are
presented as reference. The solid line is the non-linear least-square fitting to Eq. (1).

mutant 6a-P7S-H8S exhibited the greatest elongation capacity
(At = 2.0), having a k value near 2.5 faster (k=12 x 1074s71)
than that of the wild-type.

3.4. In vitro fibrillogenesis of Trp mutants with acrylamide quenching

While 6aJL2 protein has a natural Trp at position 35, this residue
contributes poorly to the intrinsic fluorescence of the molecule in
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Fig. 3. Aggregation kinetics of the Trp mutants. In vitro fibrillogenesis of the mutant proteins (A) 6a-N1W, (B) 6a-M3W, (C) 6a-H8W, and (D) 6a-S14W. The data represented
are the time-course of the ThT fluorescence (), spectra center of mass (S.C.M.) of the intrinsic fluorescence (A) and the Stern-Volmer constant (Ksy) or dynamic quenching
(O) determined in acrylamide quenching experiments. The error bars represent the 95% confidence intervals of duplicated samples.

native state, as it is quenched by the highly conserved intradomain
disulphide bond Cys23-Cys88 [10]. The time course of the ThT
fluorescence intensity of the Trp mutants at positions 1, 3, 8 and
14 displayed a sigmoidal shape, with a tj,; ranging from 2.4 h
(6a-H8W) to 4.1 h (6a-S14W). Both, the SCM of intrinsic fluores-
cence and the Stern-Volmer quenching constant (Ksy) varied
simultaneously, but in opposite direction, with respect to the ThT
fluorescence intensity (Fig. 3). At the end of the experiment
both variables reached similar values in mutants 6a-N1W
(SCM =353.7nm and Ksy=7.6), -M3W (SCM=353.1nm and
Ksy = 6.0) and -S14W (SCM = 354.5 nm and Ksy = 5.6), but signifi-
cantly lower in mutant 6a-H8W (SCM =349.6 nm and Ksy = 3.2).
In general, the fibrils collected at the end of the experiments had
lower Ksy value than the end-point samples (Table S6).

4. Discussion

4.1. Thermodynamic stability and aggregation propensity of the Phe2
mutants

One implicit goal of this study was to evaluate the structural
importance of Phe2 in A6 light chains, as this residue is character-
istic of that immunoglobulin family [3]. In the crystallographic
structure of 6aJL2 protein [4]| Phe2 is buried in a pocket formed
by Leu4, Arg25, Ser27, Tyr91, Asp92, and Val97 (Fig. S1B). In this
molecular environment, Phe2 establishes a cation-m interaction
with Arg25. This type of interaction is relatively common in pro-
teins and contributes to folding stability [11]. Thus, the thermody-
namic instability associated to mutations of Phe2 can be explained,
at least partially, by the disruption of this type of non-covalent
bond with Arg25. However, the structural characteristics of the
residue at position 2 also seem to play an important role in the
domain stability, given the differences seen in each of the Phe2

mutants. We propose that such differences also reflect the ease
with which the substituted residue can reside inside the apolar
pocket normally occupied by the phenyl moiety of Phe2
(Fig. S1B-D). Thus, Ser and Pro were highly destabilizing substitu-
tions at position 2 due to the small polar side chain, and structural
restrictions, respectively. The side chain of Ala, despite being
apolar, is too small to fill the pocket. Leu and Trp were the least
destabilizing because their apolar and larger side chains likely
provided the most efficient “fit” within the pocket. This hypothesis
is supported by the acrylamide-quenching studies, which indicated
that the Trp2 indole moiety is buried in the soluble state (Fig. S2D).
Nevertheless, none of the two residues seems to optimally fill the
pocket, as Leu appears to be a bit small and Trp too large (Table 1,
Fig. S1C and D). Thus, our data support the fact that Phe2
contributes importantly to the thermodynamic stability of the 16
V. domain by its ability to fill optimally the pocket where it estab-
lish the cation-m interaction with Arg25. In a previous report it was
shown that mutation R25G, which also disrupts the Arg25-Phe2
cation-m interaction, destabilizes 6aJL2 by 1.7 kcal/mol [2], an im-
pact in folding stability similar to that of mutations F2S and F2A (in
both cases AAGyns= 1.9 kcal/mol). Due to the change in side chain
volume associated to R25G mutation, it is very probably that a
packing defect is part of the destabilizing mechanism. It has been
shown that mutations causing packing defects are generally
associated with decreased stability, but the magnitude of the
destabilizing effect is context-dependent [12].

Phe2 mutations accelerated, in a residue-dependent manner,
the kinetic of fibrillogenesis of 6aJL2 protein, by shortening the t ¢
of the aggregation reaction. In accord with previous reports
[2,6,7,10,13], we observed a positive correlation between protein
stability and the f,¢ (Fig. S7). The correlation here appears to be
non-linear, as proteins with the C,; equal or lower to 1.0 M GndHCI
aggregated with similar e, but as the C, get larger, the tj,
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increased gradually. In contrast, there is not a clear correlation be-
tween the thermodynamic stability and the parameters (A, and
k) describing the kinetics of fibril elongation by homologous seed-
ing (Fig. S7). This observation agrees with a previous report [6] and
suggest differences regarding the energetic and the structural fac-
tors driving the nucleation and elongation phases of the light chain
fibrillogenesis. While the first is primarily determined by the accu-
mulation of misfolded species [13], the second appears to be influ-
enced by specific structural characteristics of the precursor. In this
regard, Masahiro Abe et al. [14]| showed that sugars can retard the
fibrillogenesis of the A6 rV, protein 3Hmut Wil by increasing its
folding stability, but do not affect in the same way the elongation
of the amyloid fibrils.

4.2. Role of the N-terminal strand in the mechanism of V fibril
assembling

All the mutations tested in this study targeted the N-terminal
strand. Thus, the different ability for assembling into fibrils dis-
played by the mutant proteins reflects to some degree the contri-
bution of this protein segment to the mechanism of aggregation.
As a trend, substitutions that introduce a Pro residue, e.g., F2P
and H8P, decreased the amount of fibrils formed at equilibrium.
In contrast, substituting Pro7 to Ser significantly increased fibrillar
content (Fig. 2). Thus, introducing Pro in the N-terminal strand hin-
dered 6a]L2 fibril elongation, an effect also observed in other amy-
loid precursors [15]. In contrast, no correlation was observed
between Pro mutation and the k value, as 6a-F2P had a k value
2.5 times higher than the wild-type, but similar to 6a-P7S, in which
Pro7 was substituted to Ser (Table S5). Our data suggest that both
the kinetics and the energy of 6aJL2 fibril elongation can be mod-
ulated by multiple, varied mutations at the N-terminal strand.
These findings indicate that the N-terminal strand may be involved
not only in stabilizing the global immunoglobulin domain, but also
may participate in the network of contacts required for
fibrillogenesis.

To get insight about the location of the N-terminal strand in the
fibrillar state, we generated single Trp mutants at four different
positions along the N-terminal strand (Fig. S2A). Then, we studied
the hydration state of these residues during the assembly process,
by taking advantage of the dependence of the Trp fluorescence
upon environment [16] (Fig. S2B). We found that each of the
N-terminal Trp residues enters a more hydrophobic environs as
the Vi assembles into fibrils (Fig. 3). The most dramatic change
in solvent exposure, as determined by acrylamide quenching,
was that of 6a-H8W, while it was similar for the other Trp mutants
(Fig. S2C, Table S6). The scarcity of data regarding the AL fibril
structure make it difficult to interpret these findings. However,
we postulate that either the N-terminal strand adopts a novel con-
figuration, such as the previously proposed type 6 B turn [17], or
perhaps becomes incorporated into the core or solvent inaccessible
region of the amyloid-like fibril.

In summary, here we have shown that mutations at the
N-terminal strand of 6aJL2 protein modulate both the folding ther-
modynamics and the fibrillogenesis of the molecule. Furthermore,
we have data that suggest that the N-terminal strand is less solvent
accessible in the fibrillar state, possibly being accommodated in
the proximity of the fibril f-core. Based on these findings, we pro-
pose that the N-terminal strand is a potential target for developing
an inhibitor-based therapeutic approach in AL amyloidosis.
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