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AL amyloidosis is a life-threatening disease caused by depo-
sition of immunoglobulin light chains. While the mechanisms
underlying light chains amyloidogenesis in vivo remain unclear,
several studies have highlighted the role that tissue environ-
ment and structural amyloidogenicity of individual light chains
have in the disease pathogenesis. AL natural deposits contain
both full-length light chains and fragments encompassing the
variable domain (V) as well as different length segments of the
constant region (Cp), thus highlighting the relevance that pro-
teolysis may have in the fibrillogenesis pathway. Here, we
investigate the role of major truncated species of the disease-
associated AL55 light chain that were previously identified in
natural deposits. Specifically, we study structure, molecular
dynamics, thermal stability, and capacity to form fibrils of a
fragment containing both the Vi and part of the C;, (133-AL55),
in comparison with the full-length protein and its variable
domain alone, under shear stress and physiological conditions.
Whereas the full-length light chain forms exclusively amor-
phous aggregates, both fragments generate fibrils, although,
with different kinetics, aggregate structure, and interplay with
the unfragmented protein. More specifically, the V-C; 133-
AL55 fragment entirely converts into amyloid fibrils micro-
scopically and spectroscopically similar to their ex vivo coun-
terpart and increases the amorphous aggregation of full-length
AL55. Overall, our data support the idea that light chain
structure and proteolysis are both relevant for amyloidogenesis
in vivo and provide a novel biocompatible model of light chain
fibrillogenesis suitable for future mechanistic studies.

The hallmark of systemic amyloid diseases is the deposition
of plasma proteins into interstitial amyloid fibrils (1). In sys-
temic light chain (AL) amyloidosis, fibrillar precursors are
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monoclonal free immunoglobulin light chains (LCs) overex-
pressed in case of monoclonal gammopathies (2). Amyloid
accumulation can affect virtually any tissue and results in se-
vere organ dysfunction, dramatically impairing life expectancy
and quality.

Immunoglobulin LCs consist of a constant domain (C) and
a variable region (Vr), whose sequence is virtually unique for
each patient and modulates the biochemical and biophysical
properties of the protein (3, 4). Only a subset of LCs form
amyloid in vivo, and, indeed, some patients with gammo-
pathies do not develop fibrillar deposits even over a long
period of time (5). The repertoire of AL LCs-germline genes is
in fact skewed, with overrepresentation of the \ isotype and
some subfamilies, mainly IGLV1-44, IGLV2-14, IGLV6-57,
IGLV3-1, and IGKV1-33 (4, 6). The IGLV6-57 germline,
specifically, is itself responsible for approximately one-fourth
of all AL \ cases (4, 6, 7).

Treatment of AL amyloidosis is currently based on clonal
plasma cells—directed chemotherapy, with the aim of reducing
the abundance of the amyloidogenic precursor and preventing
further fibril accumulation and proteotoxicity (8). Develop-
ment of additional strategies for blocking early fibrillogenesis
steps is complicated, since the pathogenic pathways underlying
LC deposition in vivo are still largely unknown. On one hand,
the LC variability prevents the identification of univocal
sequence-related amyloidogenic features (9, 10). On the other
hand, it is still unclear whether the full-length protein can itself
aggregate in tissues, or whether proteolysis is required to
generate specific amyloidogenic fragments that, after reaching
a critical concentration, prime the formation of fibrils (11-13).

A key role for LCs fragmentation in the initiation of amyloid
aggregation has been long debated (12-15). Structural evi-
dence based on cryo-EM shows that the core of purified AL
fibrils substantially consists of the Vi (16—18). In addition,
whereas the full-length LCs from AL patients’ are resistant to
in vitro fibril formation, the corresponding isolated Vi rapidly
converts into amyloid aggregates under physiological
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Amyloidogenicity of immunoglobulin light chain fragments

experimental conditions (12, 15, 19-24). This observation
strongly suggests that the amyloidogenic potential of specific
Vis can be disclosed after removal of C;. In vitro evidence,
indeed, supports the critical role of the C; domain in modu-
lating stability, dimerization, and aggregation of AL LCs (24—
26). Coherently with the hypothesis that proteolysis of the
constant domain may have a pathogenic role, AL LCs have
been shown to be more susceptible to proteolysis compared to
nonamyloidogenic ones (10, 12, 13, 27).

However, it is now clear that ex vivo amyloid deposits do not
contain the V alone. The presence of full-length monoclonal
LCs together with fragments containing both Vi and different
length regions of the constant domain has been demonstrated
over the years in several thousand clinical samples (14, 28—30).
Proteomics has indeed revealed that the isolated V1, is only one
among many LC fragments identified in the natural amyloid
deposits (14, 29, 30). Understanding the role of these longer
natural LC proteoforms in the pathogenesis of the disease is
fundamental. Using mass spectrometry, we have recently
characterized the cleavage sites in ex vivo AL\ amyloid de-
posits, showing that most of them fall in specific “hotspots”
within the Cp (11, 31). While some cleavage sites may be
compatible with postdeposition events, it remains unclear
whether proteolysis within the hotspots in the constant region
may release heterogeneous V| -C;, fragments and whether they
have a major role in amyloid fibril formation.

New models of in vitro fibrillogenesis are essential to un-
derstand the mechanisms driving the aggregation of LCs into
fibrils and provide, at the same time, novel reliable tools for
drug discovery. Previous work on isolated Vis has provided
seminal information (19-23, 32-35); however, in vitro fibril-
logenesis of V| alone cannot mimic the biochemical features of
natural amyloid. To establish more appropriate experimental
models, we must take into consideration the simultaneous
presence of both full-length and Vi -Cp fragments, with the
aim of closing the existing gaps of knowledge between in vivo
and in vitro evidence.

Therefore, based on previous characterization of ex vivo
deposits related to LC AL-55, we have produced the full-length
AL-55 protein together with its variable domain and a longer
truncated species, whose C terminus is located in one of the
previously identified cleavage hotspots (11, 14, 31). Our data
show that the longer fragment, with its highly dynamic trun-
cated C-terminal domain, is a major player in the formation of
amyloid fibrils in vitro, supporting the role of proteolytic
events within the Cp and suggesting that V1 -C; fragments can
contribute to LC fibrillogenesis in tissues. Our data provide a
novel in vitro biocompatible model of LC fibrillogenesis that
accounts for the contribution of the major proteoforms pre-
sent in natural amyloid.

Results
Protein preparation

To study the role of full-length LC and LC proteolytic
fragments of different length in amyloidogenesis, we have
produced three recombinant proteins taking into
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consideration the natural pathogenic nonglycosylated AL55
LC sequence (11, 16, 31), belonging to the IGLV6-57 germline
family. Based on the LC cleavage sites identified in ex vivo
amyloid deposits, we have prepared three constructs encoding
the corresponding recombinant species (Figs. 1A and S1): a)
the full-length AL55 LC; b) the residue 1 to 133 fragment (133-
ALS55), which represented one of the ex vivo species identified
in natural deposits (11, 31) and containing the Vi and 22
residues of the Cp; c) the V. domain, comprising the 111
amino acids of the variable and joining regions (V-AL55).

Structural characterization and thermal stability

The secondary structure content of each species was
assessed by far-UV CD spectra at 10 °C, a temperature at
which the three proteins were stable (Fig. 1B). All spectra
displayed a main minimum at around 218 nm, as expected for
B-sheet—rich proteins. Spectral deconvolutions indicated an
estimated B-sheet content of 42 to 45% (Fig. 1C) that was in
line with what previously reported for full-length and Vi LCs
(10, 25). We then assessed protein stability by collecting the
CD signal at 203 nm at increasing temperatures (Fig. 1D, blue
lines). While the full-length AL55 was stable up to 44 °C
(midpoint temperature of 51.6 °C), V -AL55 and 133-AL55
were less stable with a midpoint temperature close to 38 °C
(Fig. 1, D and E). Indeed, the CD spectra collected at 85 °C
(Fig. 1B, red spectra) showed an increased random coil
structure content for both the full-length and 133-AL55, as
indicated by the main minimum at ~203 nm. Minimum
around 217 nm in the spectrum of Vi -AL55 suggested the
presence of [-sheet-rich aggregates. The unfolding revers-
ibility was assessed by cooling down the same samples to 10
°C, followed by a second thermal treatment from 10 to 85 °C
(Fig. 1D, gray lines and S2). The stability monitored by the CD
signal at 203 nm in the second thermal treatment (Fig. 1D,
gray lines and S2) shows a conformational transition for 133-
ALS55 and Vi-AL55 species, although much less evident in the
latter. Therefore, under these conditions, thermal unfolding
was completely irreversible for the full-length LC, whereas the
process was partially reversible for 133-AL55 and, to a much
less extent, for Vi-AL55.

Further structural studies were carried out using Alpha-
Fold2 (36). In silico predictions for the monomeric full-length
AL55 and Vi-AL55 were in line with known structures
determined for A LCs and isolated Vis, containing, respec-
tively, two and a single-structured domains with immuno-
globulin fold. AlphaFold2 analysis for the 133-AL55 fragment
was consistent with the existence of a defined structure in the
corresponding Vi region and high residue flexibility in the
remaining Cp sequence (Fig. 2A).

Molecular dynamics of 133-AL55 fragment

In addition to the AlphaFold2 prediction, solution NMR was
performed to establish the actual 133-AL55 structure. The 2D
['H-'°N] heteronuclear single quantum coherence (HSQC)
spectrum of a 0.5 mM 133-AL55 in PBS at 37 °C (Fig. 2B)
confirmed the simultaneous presence of well-dispersed cross-

SASBMB



Amyloidogenicity of immunoglobulin light chain fragments

A B C ® p-sheets
» others
full-length AL55 . e
N e —-C0O full-length V, -AL55 133-AL55 =0 $ %8 4‘;
AL55 s tqe
133-AL55 LR | 42 42*
NHy+ o C00 S ¢
2o
V,-ALSS S 2 ”
NH,+ —————118.C00- a2zl
5| @
@
NFMLTQPHSV SESPGKTLTI SCTGSSASIA g o 0 E ts’ E
SHYVQWYQQR PGGAPTTLIY ENDQRPSEVP o
DRFSGSIDSS SNSASLTISG LKTEDEADYY o I | I [ 1T I c 10 W
CQSYDGNNHW VFGGGTKLTV LSQPKAAPSV 200 240 200 240 200 240 9 49
TLFPPSSEEL QANKATLVCL ISDFYPGAVT Wavelength (nm) S I <
VAWKADSSPV KAGVETTTPS KOSNNKYAAS = o
SYLSLTPEQW KSHEKSYSCQV THEGSTVEKT s > 8
VAPTECS E -
55 — ©
D 1%
=T
full-length VL-AL55 133-AL55 50 —
AL5S 5
10— 0 g |
5 | £ 457
g 1 | |
E 7] 0] o O
@) . | i 40 — -
O i I i -
'10_‘:(”’9':'“#\. E m
RARABARE rrrr 20T SS——T
15 45 75 15 45 75 15 45 75 £ 9 9
Temperature (°C 2 a J
P i 5§ 3 %
= > 3
E -—

Figure 1. Sequence and conformational characterization of AL-55-related species. A, scheme of the three AL55 proteoforms under investigation with V
(variable), J (joining), and C (constant) regions. Full-length sequence of AL55 shown in the lower part of panel A with highlighted sequences of 133-AL55 (in
bold) and V| -AL55 (underlined), respectively. B, far-UV CD spectra of the three AL55 species at pH 7.4, 10 °C, and 85 °C. C, secondary structure content of the
three proteoforms based on far-UV CD spectra collected at 10 °C. D, thermal stability monitored by CD signal at 203 nm. After heating up to 85 °C (blue
lines), samples were cooled down at 10 °C before repeating a second heating treatment (gray lines) to assess the reversibility of the temperature-induced
conformational changes. E, temperature of the midpoint (Tmp). Values of Tmp for each species were determined from the corresponding curves reported in
E. All data shown in B-E are expressed as mean and SD of three independent measurements. V|, light chain’s variable domain.

peaks indicative of a structured domain together with more
intense peaks located in the middle of the spectrum, consistent
with a nonstructured region. Under these conditions, the
spectrum changed with time: the structured domain was no
longer detectable after 6 h, evolving into a spectrum consistent
with an unfolded/aggregated protein. When lowering the
temperature to 15 °C, the conformational stability of 133-
AL55 increased up to 32 h (Fig. S3), allowing to perform tri-
ple resonance 3D NMR experiments, required for backbone
resonances assignment (Fig. 2C). Under these conditions,
however, the 3D spectra allowed only partial assignment of the
backbone amide peaks (19 out of 97 detectable peaks) in the
["H-""N] HSQC spectrum, due to lack of signal propagation.

SASBMB

Interestingly, 14 of the 19 assigned peaks belonged to region
117 to 133 (C domain) and the remaining five were located in
strand S4 and in the complementarity-determining region 2
loop; all the 19 assigned peaks exhibited chemical shifts typical
of unfolded domains. The lack of signal propagation in 3D
spectra affects 80% of the 133-AL55 residues all belonging to
the Vi domain. This was consistent with various scenarios not
predictable with in silico methods, such as the presence of
multiple conformations or high molecular weight soluble ag-
gregates. To further confirm the backbone dynamics of 133-
AL55 in solution, we performed 'H-heteronuclear Nuclear
Overhauser Effect ("H-{*N} NOE) (37) spectroscopy at 15 °C.
Data for the C, assigned residues (Fig. 2D) show '"H-{"°N}
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Figure 2. Structural evaluation of AL55 species. A, structures predicted using AlphaFold2. Residues in the 3D structures are colored according to their
pLDDT value (AlphaFold per residue estimate of model confidence) with the following code: red pLDDT <50; yellow 50 SII:)LDDT <70; cyan 70 <pLDDT <90;
H

blue ﬁ)LDDT > 90. B, conformational stability of 133-AL55 at 37 °C monitored by solution NMR. Superposition of the 2D [
°N] labeled 133-AL55 at 0.5 mM in PBS pH 7.4/D,0, 95/5, vol/vol, recorded immediately after dissolution (blue trace) and after 6 h at 37 °C (red trace). C,

[13C’

-13N] HSQC spectra of uniformly

2D ['H-">N] HSQC spectrum of uniformly ['3C, "°N] labeled 133-AL55 at 0.5 mM in PBS pH 7.4/D,0, 95/5, vol/vol, recorded at 15 °C: the 19 assigned peaks
(over 97 detectable peaks) are labeled. D, backbone dynamics of 133-AL55 investigated by "H-'>N heteronuclear NOE, at 15 °C on the same sample used for
backbone resonances assignment. The "H-">N NOE values are plotted versus sequential residue number for the 14 assigned amino acids belonging to the C,
domain and compared with the average of the remaining 59 peaks. C, light chain’s constant domain; HSQC, heteronuclear single quantum coherence.

NOE values in the range of -0.9 to 0.12, whereas a typical
value of 0.8 correlates with structured regions in which resi-
dues reorient along with the whole molecule.

Aggregation kinetics and mutual contribution of different
species to fibril formation

The ability of the three proteins to convert into amyloid
fibrils was explored by incubation at 37 °C in PBS pH 7.4,
under agitation, and monitored by Thioflavin T (ThT) emis-
sion fluorescence (Figs. 3 and S4). Different agitation speeds
and protein concentrations were tested. Whereas the full-
length AL55 did not convert into amyloid fibrils over the

4 | Biol. Chem. (2024) 300(4) 107174

entire observation time (up to 15 days, data not shown), both
133-AL55 and Vi-AL55 readily formed amyloid aggregates
with disappearance of the soluble precursors from the super-
natant within hours (Fig. S44). However, their fibrillogenesis
kinetics were different (Fig. 3, A and B and S4, B-E). Fibril-
logenesis of V1 -AL55 was very fast and reached a ThT plateau
within the first hour, independently on the agitation speed
(Fig. S4B). In contrast, the lag phase of 133-AL55 was longer,
and the rate of fibrillar growth was slower.

In addition, the maximum intensity of ThT fluorescence
was higher for the 133-AL55 fragment than for Vi-AL55
(Fig. 3, A and B). The ThT curves of 133-AL55 varied with the
agitation speed; in particular, at lower speeds, the lag phase

SASBMB
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Figure 3. Fibrillogenesis of full-length AL55, 133-AL55, and V -AL55. A, ThT emission fluorescence monitored during incubation of each protein at
20 pM concentration, in the microplate assay format, using agitation speed at 100 rpm and (B), at 900 rpm. Shown V| -AL55 (blue), 133-AL55 (green), full-
length AL55 (red). C-E, representative TEM images of aggregates of V-AL55, 133-AL55, and full-length AL55, respectively. Samples were withdrawn after
48 h of incubation and directly applied onto the carbon grid (negative staining; the scale bars represent 200 nm). TEM, transmission electron microscopy;

ThT, Thioflavin T; V|, light chain’s variable domain.

increased with reduction of the ThT value at plateau
(Fig. S4C). Both species generated fibrils at low concentrations
(down to 5 pM for V -AL55 and to 1 uM for 133-AL55,
respectively), with a longer lag phase as the concentration
decreased (Fig. S4, D and E). Morphology of the aggregates was
studied using transmission electron microscopy (TEM) (Fig. 3,
C-E), on samples directly applied onto the carbon grids
without pelleting. Amyloid fibrils by both fragments were
visible in the samples, whereas only amorphous aggregates
were present in the case of the full-length, without detectable
fibrillar or oligomeric species (Fig. 3E). Insoluble material
obtained from Vi-AL55 also included significant amounts of
amorphous aggregates (Figs. 3C and S4F), whereas the 133-
AL55 sample contained almost only fibrillar species (Figs. 3D
and S4F).

We then sought to study the fibrillogenesis process when
both the full-length precursor and one of the amyloidogenic
fragments were present in solution. To this aim, we mixed
equimolar concentrations of full-length and either soluble 133-
AL55 or Vi-AL55, at 37 °C, under agitation. Data indicate a
substantially different scenario between the two mixtures.
Coincubation of full-length AL55 with V;-AL55 resulted in a
ThT signal overlapping with that observed for the Vi -AL55
alone (Fig. 44), suggesting no significant effect of V -AL55 on
full-length aggregation. On the contrary, coincubation of full
length with 133-AL55 significantly altered the kinetic profile
compared to 133-AL55 alone, with extension of the lag phase

SASBMB

and decrease in slope (Fig. 4B). Ts5q values for 133-AL55 alone
and in the presence of the full-length protein are significantly
different (respectively, 7.6 h versus 12.6 h; p = 0.002). Appar-
ently, this unexpected and almost paradoxical effect of the
fibrillogenesis rate inhibition did not influence the yield in
fibrillar products, since the ThT value at the steady state was
identical to that obtained by 133-AL55 alone.

Misfolding dynamics of the three different species during
aggregation

The conformational changes during protein aggregation
were monitored by FTIR spectroscopy (Figs. 5 and S5) in
which p-sheet structures can be detected in native proteins
and aggregates (38—40). Absorption spectra of each species in
their native state (Fig. S5A) shows the amide I and amide II
bands, which are mainly associated with the C=O stretching
and N-H bending vibrations of the peptide bond, respectively
(38). To resolve the overlapped components, the second
derivative analyses were also performed. In particular, all the
three species displayed two main amide I peaks at
~1691 cm™! and ~1638 cm™}, both assigned to the anti-
parallel B-sheet structures of the proteins in their native state
(38—41). To determine the individual contribution of
different species in mixtures, as required in the cofibrillo-
genesis experiments, absorption spectra of isotopically
labeled [**C]full-length AL55 were acquired for isotope-
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Figure 4. Fibrillogenesis of 133-AL55 or V,-AL55 in mixture with full-
length AL55. A, ThT emission fluorescence of full-length AL55 incubated
with equimolar concentration of soluble V -AL55 monitored with time (or-
ange). ThT signal of V| -AL55 is shown in blue. B, ThT emission fluorescence
of full-length AL55 incubated with equimolar concentration of soluble 133-
AL55 monitored with time (black). ThT signal of 133-AL55 alone is shown in
green. Tsq values are significantly different (respectively, 7.6 h for 133-AL55
alone versus 12.6 h for 133-AL55 in the presence of the full length; p = 0.002;
Student’s t test). All incubations were carried out using 20 uM protein
concentrations in microplates under agitation at 900 rpm. Curves shown as
mean and SD of three independent experiments. ThT, Thioflavin T; V,, light
chain’s variable domain.

edited FTIR analysis (42). Indeed, the replacement of '*C
with '>C leads to a downshift of the IR components enabling
us to study the conformational properties of [**C] full-length
AL55 in the presence of [*C]Vy or ['*C]133-AL55 as IR
peaks occur at a different spectral position for the labeled and
unlabeled protein, respectively (Fig. S5A). However, for
consistency, FTIR spectra of ['°C]full-length AL55 are re-
ported both for the aggregation of the protein alone and in
mixture. In the unfractionated sample of ['*C] full-length
AL55, the native B-sheets related peak at ~1596 cm™
slowly decreased in intensity during incubation (Fig. 54), and
a new amide I component at around 1584 cm™' was attrib-
uted to the formation of intermolecular B-sheets as a result of
protein aggregation. This latter peak reached an intensity
lower than that of the native P-sheets at the end of our
observation (144 h), consistent with a partial protein aggre-
gation. In this time frame, the native component at
1649 cm ™' gradually upshifted to 1650 cm™'. Accordingly, the
FTIR spectra of the supernatant after centrifugation

6 . Biol. Chem. (2024) 300(4) 107174

displayed the features of native full-length AL55 at all
investigated time points (24, 48, 72, and 144 h, Fig. 54,
middle spectra), whereas spectra of the pellet confirmed the
presence of two main components at ~1650 cm ' and
~1584 cm™' (Fig. 54, bottom spectra), assigned to inter-
molecular B-sheets typical of aggregates. The high noise in
the second derivative spectra at 24 and 48 h was due to the
low amount of protein in the pellet at these time points
(Fig. 5A4). In the V_-AL55 sample, the native p-sheet com-
ponents at ~1691 cm™! and ~ 1638 cm™' disappeared after
1 h, with appearance of two new peaks at ~1696 cm ™" and
~1622 cm™!, assigned to intermolecular B-sheets (38, 40, 43)
which reached a constant intensity after ~ 1 h until the end of
our observation (Fig. 5B). The complete aggregation of V-
AL55 was confirmed by the disappearance of the protein
from the supernatant spectra (data not shown) and the
presence of intermolecular B-sheets related FTIR signals in
the pellet (Fig. 5B, bottom spectra). Morphology of the V-
ALS55 aggregates was then confirmed with TEM (Fig. 3). The
FTIR analysis of 133-AL55 sample indicated loss of the native
B-sheet structures between 3 and 24 h (Fig. 5C). Indeed, the
two peaks at ~1691 cm™' and ~1638 cm™' disappeared
during this time frame, while intensity of new components at
~1669 cm™!, ~1629 cm™!, and ~1617 cm™' raised,
implying a structural transition from the native antiparallel 8-
sheets to parallel B-sheet structures in the 133-AL55 amyloid
derived fibrils (42, 44). Complete aggregation of this species
was confirmed by the absence of the protein IR signal in the
supernatant spectra (data not shown), while the pellet dis-
played the typical IR response of amyloid fibrils (components
at ~1669 cm™!, ~1629 cm™, and ~1617 c¢cm™%; bottom
spectra in Fig. 5C). Overall, the FTIR results were consistent
with fibrillogenesis data monitored by ThT fluorescence.
Aggregation of ['*C]full-length AL55 in the presence of un-
labeled V; -AL55 was monitored by isotope-edited FTIR analysis
(Fig. 6A). At the beginning of incubation, the [**C]full-length
ALS55 with Vi -AL55 mixture (Fig. 6A4) displayed the IR compo-
nents assigned to the native B-sheets structures. Peaks of native
Vi-AL55 disappeared during the first hour of incubation, in
parallel with the appearance of the two components assigned to
the V| -AL55 aggregates (at ~1696 cm™' and ~ 1622 cm ™), and
similarly to what observed for Vi -AL55 alone. At longer incu-
bation times, the native [*C]full-length AL55 component at
~1596 cm™! decreased in intensity and the intermolecular -
sheet peak at ~1584 cm™" raised. Accordingly, analysis of the
supernatant collected at different time points (24, 48, 72, and
144 h respectively) showed the presence of [*C] full-length AL55
in native-like secondary structures (Fig. 64, middle spectra). In
addition to the IR components assigned to the V-AL55 in the
pellet, the peak of ['*C]full-length AL55 aggregates was also
observed, with a relative intensity that increased with the incu-
bation times (Fig. 6A4, bottom spectra). In the mixture of [*3C]
full-length AL55 with 133-AL55 (Fig. 6B), the IR components of
the native fragment (at ~1691 cm™ and at ~1638 cm™)
decreased in intensity with slower kinetics than the 133-AL55
alone (Fig. 6, C and D). The IR signal of native ['*C]full-length
ALS55 in the supernatant was predominant in the spectra at 24,
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Figure 5. Fibrillogenesis of [**C]full-length AL55, V,-AL55, and 133-AL55 studied by FTIR spectroscopy. A-C, second derivatives of the FTIR absorption
spectra of [13C]full-length AL55 (A), V -AL55 (B), and 133-AL55 (C) collected at different incubation times. At 24, 48, 72, and 144 h of incubation at 37 °C, 20 pl
aliquots of each sample were withdrawn and the FTIR spectra of supernatants (SN, middle spectra in panel A) and pellets (bottom spectra in all panels) were

acquired. Representative spectra with the main peak positions are shown. V|,

48, 72, and 144 h, respectively (Fig. 6B, middle spectra). In
addition to the IR components of the 133-AL55 fibrillar sample
(at ~1669 cm ™" and at ~ 1629 cm™") in the pellet, the peaks of
['3Clfull-length AL55 aggregates (at ~1650 cm™' and at
~ 1584 cm™") were also observed, with a relative intensity that
increased with the incubation time (Fig. 6B, bottom spectra).
Analysis of spectra of [**C]full-length AL55 in mixture with the
133-AL55 fragment at 144 h showed that a larger fraction of
[13C]full—length AL55 was misfolded in comparison with 3]
full-length AL55 alone (Figs. 54 and 6C), as also confirmed by
the very low concentration of protein in the supernatant at the
last incubation time (Fig. 6B, middle spectra).

Pellets and supernatants were withdrawn after 48 h from the
two mixtures, were also evaluated by SDS-PAGE (Fig. 7, A and
B). In agreement with the FTIR data, both the 133-AL55 and
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light chain’s variable domain.

V1-AL55 species almost completely disappeared from the su-
pernatant at 48 h, whereas the full-length AL55 was split up
between supernatant and pellet in the corresponding electro-
phoretic bands. When examining the samples by electron
microscopy (EM) (Fig. 7, C and D), coexistence of amyloid
fibrils and amorphous aggregates was visible in both cases at
both time points, although the nonfibrillar aggregates were
morphologically different.

In addition, in cross-seeding experiments neither 133-AL55
nor Vi -AL55 seeds were able to recruit the full-length protein
into ThT-positive aggregates (Fig. S6). In contrast, the kinetics
of 133-AL55 was accelerated in the presence of homologous
seeds (Fig. S6A), whereas the very fast kinetics of fibrillogenesis
of the shorter fragment Vi -AL55 was not affected by its own
seeds (Fig. S6B).
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Figure 6. Fibrillogenesis of 133-AL55 or V,-AL55 in mixture with [**C]full-length AL55 by isotope-edited FTIR. A, second derivatives of the absorption
spectra of samples containin% both ['*Clfull-length AL55 and unlabeled V,-AL55 at different times of incubation at 37 °C. Representative spectra with main
peak positions assigned to [ Clfull-length AL55 (red numbers) and V| -AL55 (blue numbers) are reported. B, second derivatives of the absorption spectra of
samples containing both ['*Clfull-length AL55 and unlabeled 133-AL55 at different times of incubation at 37 °C. Representative spectra with main peak
positions assigned to q full-length AL55 (red numbers) and 133-AL55 (green numbers) are shown. At 24, 48, 72, and 144 h of incubation, FTIR spectra of
supernatants and pellets were also acquired and shown in A and B panels. C, time course aggregation monitored with the ratio of the IR peak assigned to
the native B-sheets of each variant to the tyrosine peak, based on the second derivative spectra. The ratio was calculated for the following samples: ['>C]
full-length AL55 (intensity at ~ 1596 cm’1/intensity at ~ 1480 cm™") alone (red) and in the presence of V-AL55 (magenta) or 133-AL55 (orange); V|-AL55
(intensity at ~1638 cm '/intensity at ~1516 cm™") alone (blue) and in the presence of ['*C] full-length AL55 (light blue); 133-AL55 (intensity at
~1638 cm"‘/intensity at ~ 1516 cm™") alone (blue) and in the presence of q full-length AL55 (light blue). D, intensity ratios for 133-AL55 alone (green bar)
and in the presence of ['3C] full-length AL55 (light green bar) are shown as mean and SD of three independent experiments. *p < 0.05, Student’s t test. V|,

light chain’s variable domain.

Discussion

Several factors concur to enable the transition from globular
proteins to amyloid fibrils (45). Experimental evidence suggests
that proteolysis is one of the major posttranslational modifi-
cations contributing to amyloid conversion of globular proteins
in vivo (12, 13, 15). In order to clarify the role of truncated
species of monoclonal LCs in AL amyloidosis, we have scruti-
nized folding dynamics and aggregation properties of 133-
AL55, a recombinant polypeptide identical to one of the ma-
jor fragments identified in natural deposits (11). This poly-
peptide includes the entire variable region and a specific portion
of the constant domain. The 133-AL55 truncated species
maintains a globular soluble state in physiological solution, but
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under appropriate conditions of shear stress and concentration,
is converted into insoluble amyloid fibrils, microscopically and
spectroscopically similar to their ex vivo counterpart.

NMR spectroscopy of globular 133-AL55 reveals the high
flexibility and lack of stable structure of its C-terminal tail,
spanning residues 117 to 133. When subjected to biocom-
patible mechanical forces, as reported for other proteins (46,
47), 133-AL55 converts into fibrillar structures following a
classical pattern with a lag phase and an exponential growth.
Using FTIR, in particular, we have shown that in vitro fibrils by
133-AL55 have a parallel pB-sheet configuration, consistent
with what previously documented in fibrils extracted from
natural deposits (16).
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Figure 7. Electrophoretic and TEM analyses of aggregates from the fibrillogenesis of 133-AL55 or V| -AL55 in mixture with full-length AL55. A and
B, SDS 4 to 20% PAGE analysis of supernatants and pellets from the coincubation of full-length AL55 with V| -AL55 and 133-AL55, respectively. Samples were
withdrawn after 48 h of incubation; insoluble aggregates were separated by centrifugation, as detailed in Methods. Mixtures at time 0 (Toy,) are shown for
comparison. C and D, TEM images of aggregates from the cofibrillogenesis of full-length AL55 with V|-AL55 and 133-AL55, respectively. Samples were
withdrawn after 48 h of incubation and directly applied onto the carbon grid (negative staining; the scale bars represent 200 nm). NR, nonreducing
conditions; P, pellet; S, supernatant; R, reducing conditions; TEM, transmission electron microscopy; V|, light chain’s variable domain.

To our knowledge, this is the first time in which a specific
truncated form of A LC containing a portion of the Cy, suitable
for making genuine amyloid fibrils in vitro, is studied both at
the level of structure of its globular state and dynamics of
fibrillar aggregation. It is otherwise well known (48), and
confirmed in this study, that isolated Vi domains of amyloi-
dogenic LCs easily form amyloid fibrils in vitro; however, Vi-
AL55-derived fibrils lack the parallel 3-strand configuration of
their ex vivo counterpart. On the contrary, full-length LCs are
extremely resistant to in vitro fibrillar conversion (12, 24).

In natural deposits, truncated species containing portions of
the Cp, such as 133-AL55, are major components (29, 30),
although the full-length and short Vy, fragments are also rep-
resented. Therefore, to provide a new model mimicking the
putative conditions of amyloidogenesis in vivo, we have
explored the fibrillogenesis of mixtures of different species.
The hypothesis that Vi or 133-AL55 fragments could influ-
ence and possibly prime the fibrillogenesis of the full-length
LC was monitored by ThT assay and by isotope edited FTIR.
ThT clearly shows that neither the Vi domain nor the 133-
ALS55 fragment is able to recruit the full-length LC into am-
yloid fibrils, at least under the biocompatible conditions here
used. Moreover, we highlight a paradoxical and unexpected
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inhibition of the fibrillogenesis rate when the full length is
incubated with 133-AL55.

Using isotope edited FTIR, we further dissect the behavior
of the single species in the mix. In particular, focusing on the
full-length LC, we show that it mostly does not integrate into
nascent fibrils but progressively loses solubility and separately
aggregates into amorphous material, especially during the
fibrillar conversion of 133-AL55. Coexistence of fibrillar and
amorphous aggregates is confirmed by EM analysis, and it is
worth of note that, in many amyloid biopsies, an amorphous
background can be visualized by EM in concomitance with
ordered amyloid fibrils. Although full-length AL55 is not
clearly incorporated into fibrils in the presence of the amy-
loidogenic fragments, we have evidence of an increased ten-
dency of the intact precursor to precipitate as amorphous
species in the presence of 133-AL55. This finding can have an
impact in the long-term debate about the potential remodeling
of prefibrillar (“amorphous”) aggregates into fibrils in vitro,
opening the way to future studies to investigate whether LC
proteolysis occurs before or after aggregation.

Our findings also help us interpret the kinetics of amyloi-
dogenesis in vivo and highlight how specific LC truncations
can influence the rate of amyloid onset and growth. This work
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strongly raises the issue of the relation between truncated and
full-length LC species, which needs to be explored. In partic-
ular, this first information can be a useful step to further
interpret a successful AL animal model, in which amyloid
deposition is induced by seeds that contain abundant trun-
cated forms (49, 50).

Experimental procedures

All chemicals were from Merck, Sigma-Aldrich, or Thermo
Fisher Scientific, unless otherwise specified.

Expression and purification of recombinant full-length AL55
and fragments

Clinical phenotype and primary sequence (GenBank
#MH670901) of the AL55 amyloidogenic human immuno-
globulin A LC, here used, have been previously described and
extensive biochemical and structural information of the cor-
responding ex vivo fibrils was already available (11, 16, 31).
Constructs of different length were designed as follows: 1) full-
length AL55 (651 bp; 217 amino acids); 2) Vi (VL-AL55),
containing the variable and joining regions (333 bp, corre-
sponding to 111 amino acids); and 3) 1 to 133 fragment (133-
AL55), spanning the Vi and 22 amino acids of C;, (399 bp, 133
amino acids). Sequences were cloned (Twin Helix) in pET-29a
expression vectors, between the Ndel and Xhol restriction
sites, followed by transformation of Escherichia coli BL21(DE3)
competent cells (Thermo Fisher Scientific). Protein expression
was induced by addition of IPTG, incubation for 4 h at 37 °C
and expressed into cytoplasmic inclusion bodies. Cells were
harvested by centrifugation, washed in 0.1 M NaHPO; pH 7.4,
and incubated for 30 min at 37 °C in the same buffer con-
taining 0.1 mg/ml of chicken egg lysozyme. After centrifuga-
tion cells were sonicated in 0.1 M NaHPO3, pH 7.4, 1 mM
EDTA, 5 mM DTT, 1 mM PMSF, and centrifuged. Pellet
containing inclusion bodies was solubilized overnight at 4 °C
in 15 ml of 0.1 M NaHPOj3, 6 M GdnHCI, 10 mM EDTA,
5 mM DTT, 1 mM PMSF, pH 7.4 and centrifuged before
proceeding to the refolding protocol which was tailored to
each specific proteoform. For both full-length AL55 and 133-
ALS55, the protein solution was diluted dropwise (1: 20 final
dilution) in ice-cold refolding buffer (0.1 M NaHPO; pH 7.4,
1 mM EDTA, 1 mM PMSF, 5 mM reduced L-glutathione, and
0.5 mM oxidized L-glutathione), followed by overnight incu-
bation under stirring at 4 °C. Pellets were removed by
centrifugation, and the refolded protein in the supernatant was
dialyzed overnight against 50 mM Tris—HCI buffer, pH 8. A
modified refolding procedure was required to reduce precipi-
tation of the recombinant V;-AL55 isoform. In this case,
protein was subjected to a three-step dialysis in which GdnHCl
was gradually diluted from 1 M to 0.25 M in 50 mM Tris—HCl
buffer, pH 8. After refolding, proteins were subjected to a first
purification step by ion exchange chromatography, using an
HiPrep Q HP 16/10 (Cytiva), followed by size-exclusion
chromatography on a Superdex HiLoad 16/600 75pg col-
umn. Protein concentration was determined spectrophoto-
metrically at 280 nm using the molar extinction coefficient
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predicted for each isoform with the sequence-based ProtParam
tool on the Expasy website (https://web.expasy.org/protparam/).
Purified proteins were immediately frozen at —80 °C. Before use,
all proteins were filtered through a 0.22-pm filter to remove any
aggregates. For NMR and isotope-edited FTIR spectroscopy
analyses, isotopically labeled [*°N and 'C] full-length AL55 and
133-AL55 were produced as above, by growing bacteria using
Spectra 9 minimal medium containing 98% *3C and 98% '°N
(Cambridge Isotope Laboratories).

Far-UV CD and protein stability measurement

Far-UV CD spectra were recorded on a Jasco J-815 spec-
tropolarimeter (Jasco Corp), equipped with a Peltier temper-
ature controller, using the following conditions: 10 uM protein
concentration in PBS pH 7.4, 0.1 cm path length quartz cell, 10
°C, scanning speed of 20 nm/min, 195 to 260 nm spectral
range, three scans per spectrum. For thermal unfolding ex-
periments, samples were heated from 10 °C to 85 °C at a rate
of 1 °C/min and the ellipticity at 203 nm was monitored every
0.2 °C. CD spectra in the far-UV range were collected at 10 °C
and 85 °C. After cooling down the sample at 10 °C, a second
thermal treatment was performed on the same sample to
assess the reversibility of the observed structural changes. The
content in protein secondary structures was calculated from
the CD spectra collected at 10 °C using the online BeStSel
prediction tool (51). Three independent experiments were
performed.

Fibrillogenesis and cofibrillogenesis experiments

All fibrillogenesis experiments were carried out at 37 °C in
PBS pH 7.4 under agitation. Different agitation speeds (900,
300, and 100 rpm respectively) and protein concentration
(from 1 to 20 uM) were tested. Amyloid fibril formation was
monitored by measuring ThT emission fluorescence at 480 nm
following excitation at 445 nm and using 10 pM ThT final
concentration. Kinetics studies were performed in Costar 96-
well black-walled plates (Corning) sealed with transparent
film, on a Clariostar plate reader (BMG Labtech), with mea-
surements at 15-min intervals. Fibrillogenesis reactions for
TEM, FTIR, and SDS-PAGE analyses was performed in 1 ml
glass vials (working volume: 500 pl) under magnetic stirring; in
this case ThT fluorescence was measured at intervals on ali-
quots of the corresponding suspensions. At least three inde-
pendent experiments were performed, testing overall two
different batches of each unlabeled protein. For cofibrillo-
genesis studies, samples containing equimolar concentrations
of soluble full-length AL55 and either soluble Vi -AL55 or 133-
ALS55 were incubated and analyzed as above using 20 uM for
all experiments except for FTIR studies, in which 30 uM was
used to improve the signal. In experiments requiring separa-
tion of the soluble fraction from aggregates, samples with-
drawn at different time points were centrifuged at 20,800g for
20 min; pellets were washed in all cases with PBS and centri-
fuged again. To calculate Tso values (values of the time at
which the reaction reached its midpoint fluorescence), ThT
fluorescence curves were fit to asymmetric sigmoidal
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equations, using GraphPad Prism version 9.4.0. Seeding and
cross-seeding experiments were performed by incubating
soluble proteins with preformed aggregates by either 133-
AL55 or Vi -AL55. The seeds were generated by incubating
20 uM V1 -AL55 or 133-AL55 as described above, which leads
to their complete conversion into insoluble aggregates. Seeds
suspensions were added to solutions of 20 uM soluble proteins
in a 1:10 v/v ratio, followed by incubation in microplates at 37
°C under agitation (900 rpm), in the presence of 10 mM ThT.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis

Samples were diluted in SDS-PAGE buffer (62 mM Tris—
HCI, 10% (v/v) glycerol, 2% (w/v) SDS, bromophenol blue),
denatured for 10 min at 90 °C, and loaded on 4 to 20% Mini-
protean TGX Precast gel (Bio-Rad). Addition of 1% (v/v) B-
mercaptoethanol was used to separate proteins under reducing
conditions. Gels were stained with colloidal Coomassie blue G-
250 (Gel Code blue staining reagent, Sigma-Aldrich).

FTIR spectroscopy studies

For FTIR measurements in attenuated total reflection, 2 ul
of each sample (at 30 uM of each protein in PBS buffer pH
7.4) were deposited on the diamond plate of the single
reflection attenuated total reflection device (Quest, Specac).
Spectra were recorded after solvent evaporation to allow the
formation of a hydrated protein film, as previously reported
(42, 43). The Varian 670-IR spectrometer (Varian Australia
Pty Ltd), equipped with a nitrogen-cooled mercury cadmium
telluride detector and an air dryer purging system, was
employed under the following conditions: 2 cm™ spectral
resolution, 25 kHz scan speed, 1024 scan coadditions, and
triangular apodization. The second derivatives of each
measured spectra were obtained after Savitsky—Golay
smoothing by using the Resolutions Pro software (Varian
Australia Pty Ltd). At least three independent experiments
were performed.

NMR spectroscopy

NMR spectra were acquired on a 700 MHz AVANCE NEO
spectrometer (Bruker Biospin) equipped with a triple-
resonance cryoprobe. The uniformly ["*C, '°N]-labeled re-
combinant 133-AL55 was dissolved in a mixture 95/5 vol/vol
PBS buffer pH 7.4/D,0O to reach a 0.5 mM protein concen-
tration. A series of 2D ["H-'>N] HSQC spectra were acquired
at 37 °C along 12 h to monitor the conformational stability of
the 133-AL55 fragment. Partial assignment of backbone res-
onances was obtained for a second 133-AL55 sample in the
same buffer and concentration conditions, but at a tempera-
ture of 15 °C. The assignment was based on three-dimensional
HNCA, HNCOCA, HNCACB, HNCO, and HNCACO ex-
periments (52). Backbone dynamics of 133-AL55 in solution
was investigated by 'H-"’N heteronuclear NOE (‘H-'°N
NOE). The ['"H-'°N] correlation spectra were recorded in the
presence and absence of 'H saturation (giving rise to NOE and
NO-NOE spectra, respectively). The intensity ratio (NOE/NO-
NOE) was used to determine residue-specific 'H-">N' NOE

SASBMB

values for each detected peak. Experiments were collected
using the pulse program hsqcnoef3gpsi3d from the Bruker li-
brary (Topspin, version 4.1.4); the relaxation delay was set to
5 s and the total acquisition time to 3 h, respectively. Spectra
were processed with Topspin 4.1.4 (Bruker Biospin) and
analyzed in NMRFAM-SPARKY 3.115 (53). The structure of
the three proteoforms was also predicted in silico by
DeepMind AlphaFold2 software (https://alphafold.ebi.ac.uk/)
(36, 54).

Transmission electron microscopy

TEM samples were prepared by applying 20 ul of each
unpelleted sample (diluted 1:10 with ultrapure water) onto a
200-mesh carbon-coated Formvar nickel grid (Electron Mi-
croscopy Sciences) and allowed to sediment on the carbon film
for 2 min, followed by negative staining with a 5% (w/v) uranyl
acetate solution for 1 min. Excess solutions were removed with
filter paper. Samples were imaged with a JEOL JEM-1011
transmission electron microscope (Jeol) at 80 kV. All repre-
sentative TEM micrographs in this publication have been
chosen from 5 to 20 images.

Statistics

The number of replicates is indicated in each experimental
section. Differences in mean values were determined by two-
tailed Student’s ¢ test for independent samples and consid-
ered statistically significant when p values were < 0.05.

Data availability

Data generated in this study are contained within the
manuscript and associated supporting information.
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