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ABSTRACT: Immunoglobulin light-chain amyloidosis is a
protein aggregation disease that leads to proteinaceous

deposits in a variety of organs in the body and, if untreated,
ultimately results in death. The mechanisms by which light-
chain aggregation occurs are not well understood. Here we
have used solution NMR spectroscopy and biophysical studies

to probe immunoglobulin variable domain AV6-57 Vi

aggregation, a process that appears to drive the degenerative
phenotypes in amyloidosis patients. Our results establish that
aggregation proceeds via the unfolded state. We identify,
through NMR relaxation experiments recorded on the
unfolded domain ensemble, a series of hotspots that could
be involved in the initial phases of aggregate formation.
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Mutational analysis of these hotspots reveals that the region that includes K16-R24 is particularly aggregation prone. Notably,
this region includes the site of the R24G substitution, a mutation that is found in variable domains of A light-chain deposits in
25% of patients. The R24G AV6-57 Vi domain aggregates more rapidly than would be expected on the basis of thermodynamic
stability alone, while substitutions in many of the aggregation-prone regions significantly slow down fibril formation.

B INTRODUCTION

Immunoglobulin light-chain (LC) amyloidosis (AL) is among
the most diagnosed of the systemic amyloid diseases, with an
incidence of approximately 10 new cases each year per million
people.'™ In AL, amyloid fibrils derived from LCs secreted
from a clonal plasma cell accumulate in a number of different
organs and tissues, with heart and kidneys often being the most
severely affected.*” Despite recent improvements in survival
resulting from treatments that include chemotherapy and
autologous stem cell transplantation, more than half of AL
patients do not survive 5 years postdiagnosis.”

X-ray crystallography, NMR spectroscopy, and biophysical
studies establish that full-length x or 4 LCs are often dimeric,
with each monomer comprising single copies of a variable, V,
and a constant, C;, domain with an intervening linker. Each
domain, in turn, adopts a f-sheet-rich structure.® Analysis of
amyloid deposits in LC amyloidosis patients reveals that intact
full-length LCs can be present,”'? and studies using full-length
constructs in which a AV6-57 domain was fused to a AC3
domain showed that fibril formation of full-length LCs occurs
when either of the V; or C; domains is severely destabilized by
mutation such that the free energy of domain unfolding is less
than 2 kcal/mol."" More commonly, however, the aggregates
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comprise just the variable domain derived from aberrant
endoproteolysis.”'*'>"* The importance of the individual V;
domains to fibril formation is highlighted by recent cryo-EM
structures of patient-derived fibrils, indicating that the core of
the cross-beta structure is formed by residues from the Vi
subunit.'*"> Notably, V; domains are much more aggregation-
prone than either individual C; domains, full-length LCs,''°
or fulllength LCs with destabilized C domains.'”"” In
addition, proteolysis at a thrombin cleavage site localized to
the N-terminus of the C; domain'® would lead to the release of
V. domains that could then form aggregates. Despite a large
number of studies, the molecular basis by which fibrillation
occurs is not well understood. Fundamental questions remain,
such as whether proteolysis is required for aggregationm’w’zo
or whether fragmentation occurs after the formation of the
fibrillar deposits.lo Aggregation studies must include, therefore,
LC fragments, such as the highly amyloidogenic V| domain, in
addition to focusing on full-length LCs.

Here we investigate the aggregation of AV6-57 V; domains
since immunoglobulin LCs of this family have been observed
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Figure 1. Structural propensities of V; domains in native and fibrillar states. (A) 3D structure of the CLE full-length 1 light-chain dimer (PDB
1LIL®). (B) 3D structure of the 6aJL.2-V; domain (PDB 2WOK"’). (C) Primary amino acid sequence of 6aJL2-V;. (D) Sequence conservation
within the 4 immunoglobulin V; domain family using a grayscale from 0 (very variable position, white) to 1 (very conserved, black). (E) Positions
of complementarity-determining regions, CDRs, that directly contact antigens. (F) Secondary structure of the native 6aJL2-V; domain. Arrows,
coils, and straight lines correspond to f-strands, a-helices, and random coils, respectively. The gray line above the secondary structure diagram
connects the Cys residues that form a disulfide. (G) Location of f-strands in V amyloid fibrils as reported by several studies: 1, AL-09 V| fibrils
studied by ssNMR;*® 2, MAK33 V/_ fibrils (ssNMR);*' 3 and 4, polymorphs A and B for R24G 6aJL2-V, fibrils characterized by ssNMR;** 5, 1V6-
57 fibrils extracted from a patient (cryo-EM);'® 6, AV1-44 fibrils extracted from a patient (cryo-EM).'* (H) Decrease in intensities of amide
correlations as measured in "H,"*N HSQC spectra after 2 h of hydrogen exchange of 6aJL2-V| fibrils (23 °C); the gray dashed line indicates a

threshold of 0.8.

to be preferentially present in AL patients.”" Regions present in
the core of the amyloid fibrils formed by this domain and those
exposed to solvent are identified through dimethyl sulfoxide-
quenched hydrogen/deuterium exchange”” experiments. The
relationship between protein thermodynamics and fibrillo-
genesis is investigated, demonstrating that loss of native
structure of the V| domain is required for fibril formation.
Carr—Purcell-Meiboom—Gill (CPMG) relaxation dispersion
NMR experiments””** show that oligomerization can proceed
from the unfolded state of the V| domain via a process that
occurs on the millisecond time scale, with regions involved in
oligomerization similar to those identified to be aggregation-
prone by several prediction algorithms.”> A mutagenesis
strategy was used to establish which of the oligomerization
hotspots identified by CPMG NMR are important for the
conversion of unfolded V domains into amyloid fibrils,
establishing an important role for sequence comprising strand
B of the native V| protein. Notably, this region includes the
R24G mutation, found in 25% of AL patients from this A4
family,”" for which the aggregation rate is shown to be
significantly faster than that expected based on thermodynamic
stability alone.
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B RESULTS AND DISCUSSION

Structural Properties of Native and Fibrillar States of
the V| Domain. Full length x and 4 LCs often form dimeric
structures, as illustrated by the full length Cle® LC depicted in
Figure 1A, isolated from patient urine. Both V| and C_
domains have a similar fold, comprising stacked f-sheets
stabilized by an intradomain disulfide bridge. The 3D structure
of a representative V| domain, the germ line AV6—57 V|
protein, 6a_]L2—VL,26’27 is shown in Figure 1B along with its
amino acid sequence in Figure 1C. Functional LC genes are
created by DNA recombination in B cells, followed by
introduction of additional sequence variability through somatic
hypermutations.”® The sequence conservation for 33 human 1
V. domains® is shown in Figure 1D. Most somatic
hypermutation occurs in the complementarity-determining
regions (CDRs) that directly contact antigens (Figure 1E) and
is not considered in the figure. The prevalent f-secondary
structure of the protein in its native state (Figure 1B,F) differs
from the cross-f-sheet networks present in fibrillar states that
have been elucidated in recent solid-state NMR (ssNMR) and
cryo-electron microscopy (cryo-EM) amyloid structures from
human k-type AL-09 V;,”" murine k-type MAK33 V;,*" human
A-type R24G 6aJL2-V}, and two A-type V| fibrils extracted
from the hearts of AL amyloidosis patients'*"* (Figure 1G). In
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Figure 2. Thermodynamic stability and aggregation propensities for a series of 6aJL2-V; mutants. (A) Positions of the mutated residues plotted as
blue spheres on the 3D structure of the domain (PDB 2w0k*”) using a ball and stick representation. New amino acids introduced by mutation are
indicated by the single-letter code in brackets. The three large spheres delineate the amide groups whose solvent hydrogen exchange decay is shown
in panel B. (B) Hydrogen/deuterium exchange time profiles for three amide groups of selected 6aJL2-V| variants. (C) Kinetics of aggregation as
monitored by ThT fluorescence for three selected 6aJL2-V variants; six traces are shown in each subpanel. The decrease in fluorescence for the
129A variant at long times is likely because fibrils become larger and less accessible to ThT or due to self-quenching. (D) Correlation between the
estimated fraction of fully unfolded protein f, and the inverse duration of the lag phase, kj,,, shown on a log—log scale. Values of f; were calculated
as the reciprocal of the average protection factor for the most protected residues (maroon-colored residues in Figure S1), with uncertainties
obtained from the standard deviation of these values. Errors in ky,, rates are based on at least six repetitions of the ThT aggregation assays. (E)
Thermal melting curves for V34A for several conditions, as measured by intrinsic fluorescence (lines) and solution NMR (circles). The NMR-
based f value in D,O at pH 5, 37 °C was obtained from hydrogen exchange measurements, while the f; value at pH 6.4 and in H,0 (NMR, 37
°C) was calculated from the volumes of the native- and unfolded-state peaks for G112 in 'H,'"*N HSQC spectra. The dashed vertical line at 37 °C
indicates the temperature at which the NMR experiments were performed. (F) Decrease in amide peak intensities after 2 h of hydrogen exchange of
S31P and S97P 6aJL2-V| fibrils (23 °C); the gray dashed lines indicate a value of 0.8. Similar profiles are obtained for the WT domain (Figure 1H).
(G) Thermal melting curves for five 6aJL2-V| variants in H,O at pH 7.4. Dashed vertical lines are positioned at 44 and S5 °C (see panels H and I).
(H) Bar plots of fy values (dark gray, left y-axis) and ki, (pale gray, right y-axis) at 44 °C. (I) As in panel H, but at 55 °C.

particular, the three CDRs that are found in loop regions in the structure in CDR1 and CDR3 (k-type AL-09 V;,*° 1V6-57
native structure, transition, at least partially, to p-strand R24G 6aJL2-V;,*> AV1-44, and AV6-57 ex vivo fibril
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structures,' "> Figure 1G) and/or in CDR2 (k-type MAK33
V.*' and AV1-44 ex vivo fibril structure,'* Figure 1G). The
identified f-strand regions are not identical in these ssNMR-
and cryo-EM-derived structures of amyloid fibrils, indicating
that V| domains can form different fibrillar structures, likely
depending on the relative distribution of aggregation
propensities within aggregation-prone regions. Alternatively,
there may be one well-conserved aggregation-driving region
that triggers formation of a fibrillar nucleus followed by
propagation of cross-f-structure in a pattern that is sequence-
specific.

In an effort to confirm the regions of 6aJL2-Vy forming
regular secondary structures in the fibril, as very recently
identified by Lecoq et al.*” for the R24G mutant, we used the
dimethyl sulfoxide (DMSO)-quenched hydrogen/deuterium
exchange method.””*” In this approach fully amide protonated
fibers are exposed to D,O solvent for a defined time to allow
exchange of the amides which are not stably hydrogen bonded.
After quenching the exchange via lyophilization and sub-
sequent dissolution of the fibril in denaturing DMSO, "H-""N
HSQC spectra are acquired to quantify the intensities of the
amide sites, and hence the remaining amide protonation. The
drop in intensities of amide correlations in HSQC data sets
following 2 h of incubation in deuterated buffer, reporting on
solvent exchange in the fiber, is plotted against residue number
in Figure 1H. The largest loss of signal is observed for amides
in the middle of the protein sequence, between residues R40
and G6S. This region, therefore, does not form a rigid,
hydrogen-bonded structure in the fiber, but rather is
sufficiently flexible so that approximately half of the amide
protons exchange with deuterons over a 2 h period. Ratios
larger than 0.8 are generally observed for T17-Q39 and S66-
F102; amide hydrogens in these regions are stabilized through
hydrogen bonding and are therefore not available to exchange
with solvent. Values between 0.6 and 0.8 are measured for the
N- and C-terminal regions. These amides may be part of the
cross-B-sheet network, but undergo some hydrogen exchange
through solvent penetration and local transient unfolding at
the edge of the B-strands. The overall protection pattern is
consistent with the secondary structure recently reported by
Lecoq et al. of amyloid fibrils from R24G 6aJL2-V;**
(structures 3 and 4 in Figure 1G), in which residues P45—
P60 are mostly unassigned due to structural disorder in the
fibrils, and with a recently published cryo-EM structure of
another AV6-57 LC'® (structure § in Figure 1G), where amino
acids extending from Q38-G6S were shown to be structurally
disordered. It is also compatible with the quaternary cross-j-
sheet structure of the AL-09 V; fiber” (structure 1 in Figure
1G), showing f-strands in the N- and C-termini.

Loss of Native Structure Is Required for Aggregation.
NMR-detected native-state hydrogen exchange experiments
were acquired for wild-type 6aJL2-V| under EX2 conditions to
probe the stability of single structural elements of the
domain.** The profile of residue-specific protection factors
(the ratio of “intrinsic”, residue-specific exchange rates
measured on unstructured peptides® to rates extracted from
the protein of interest) shows higher protection in f-strand
regions that are most buried in the core of the immunoglobulin
fold (maroon in Figure S1), in particular strands B, C, D, E,
and F. The largest protection factors, averaging approximately
10 000, directly report on global unfolding of the domain.*®
With the aim of generating several protein variants covering a
wide range of thermodynamic stability, 12 moderately

conservative single-point mutations were introduced into
6aJL2-V, (Figure 2A), and native-state hydrogen exchange
experiments were recorded for each mutant. The exchange
time-course for three representative amide groups, 120 (/-
strand B), Y37 (f-strand C), and Y89 (f-strand F), are shown
in Figure 2B for three 6aJL2-V sequences including germ
line*>*” (also referred to as wild-type, WT, in what follows),
and V; domains where 129 was substituted by either valine
(129V) or alanine (I29A). Each amide group of residues 120,
Y37, and Y89 reports on hydrogen exchange occurring through
global unfolding, as these are among the slowest exchanging
amides in the domain (Figure S1). Not surprisingly, among
these three Vi domains the protein with the fastest hydrogen
exchange is the mutant with the largest introduced cavity,
129A, followed by 129V, while the amides of the WT protein
exchange more slowly.

The 12 mutants and the WT protein were assessed with
regard to their kinetics of aggregation. The thioflavin T
(ThT)?” fluorescence-based aggregation time courses are
shown in Figure 2C for the three representative 6aJL2-Vy
variants considered above, WT, 129V, and I129A. A correlation
is observed between hydrogen exchange rates and the kinetics
of aggregation: the variant with the fastest hydrogen exchange,
I29A, also displays the fastest ThT-based aggregation kinetics,
while the WT 6aJL2-V; domain exhibits the slowest hydrogen
exchange and aggregation rates. The correlation noted for WT,
129V, and I29A is observed for all of the 6aJL2-V; variants and
for two additional AV6-57 Vi proteins derived from patients,
JTO and WIL,*® as illustrated in Figure 2D. Here the lag rate,
kig (y-axis), defined as the inverse of the duration of the lag
phase (Figure 2C), is correlated with the fraction of globally
unfolded protein at 37 °C, pH 6.4, f(; (x-axis), calculated as the
inverse of the average protection factor for the most protected
amides. Values of f; were obtained assuming EX2 exchange
kinetics. This was verified for the least stable mutant, V34A,
where the f{; value at 37 °C measured by thermal melting as
probed by intrinsic fluorescence, 0.21 + 0.02, was found to be
in excellent agreement with f{; from hydrogen exchange, 0.19
+ 0.03 (Figure 2E).

To establish whether the mutant proteins form similar fibril
structures, we repeated the dimethyl sulfoxide-quenched
hydrogen/deuterium exchange experiments discussed above
for a pair of mutants, S31P and S97P, where the Pro mutations
might be expected to significantly perturb the fibril structures,
as proline residues are f-strand breakers. Notably, germ line-
like patterns of hydrogen exchange were observed in the S31P
and S97P fibrils (Figure 2F). The overall structure of the fibril
is therefore tolerant of changes in local structure, as has been
observed by Brumshtein et al.*’

To further probe the relationship between thermal unfolding
and fibrillogenesis, we measured the thermal melting of five
6aJL2-V sequences (WT, 129V, V34A, V594, and 167V) by
intrinsic fluorescence and then compared the measured fy;
values with aggregation rates at a pair of temperatures, 44 and
55 °C. Since aggregation assays were done at pH 7.4 in
phosphate-buffered saline, the melting curves were also
obtained under these conditions, which leads to decreased
thermodynamic stability relative to samples dissolved in D,0O
solvent (Figure 2E; D,0O solvent was necessary for hydrogen
exchange measurements). The relative ranking of thermody-
namic stability for the five proteins is the same as measured by
hydrogen exchange, WT > I67V > 129V > V59A > V34A
(compare Figure 2D and G). At 44 °C, WT and 167V domains,
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Figure 3. Oligomerization from the unfolded states of the AV6-57 V| domains probed by "N CPMG NMR. (A) '*N CPMG profiles for Leul11 of
6aJL2, WIL, and JTO-V, domains at the indicated protein concentrations. (B) Concentration dependence of AR, ¢ the difference in R, .4 rates at
minimum and maximum vcpyg values, for individual amide groups of three AV6—57 V| domains. Red circles indicate high concentration
dependence, i.e., values higher than 5 s™' mM™"' (6aJL2) or 3 s™' mM~' (WIL and JTO-V,). Residue-specific AMYLPRED2™> predictions are
shown as squares at the top of each panel with a consensus score shown in grayscale between 2 (white) and 6 or higher (black), where higher values
indicate an increasing propensity to aggregate. Note that there is a single-residue deletion at position 99 for WIL and JTO in comparison to 6aJL2-

V.. Lines between experimental points are included to guide the eye.

which are least prone to aggregation, have the lowest f; values
(Figure 2H), while at SS °C the aggregation rates are more
similar between the five proteins with WT and 167V still
aggregating slightly more slowly than the others (Figure 2I).
The difference in the aggregation rates between the five 6aJL2-
V. variants is flattened upon increasing the temperature where
fu values become uniformly larger; for example, the
aggregation of V34A is 21-fold, 4-fold, and 1.5-fold faster
than the germ line at 37, 44, and SS °C, respectively. This is
consistent with global unfolding leading to aggregation of the
variants examined. The increase in temperature above the
melting points of all the domains leads to similar populations
of their globally unfolded states (close to an upper limit of
100%) and, hence, a parallel reduction of native and partially
unfolded states. The net result is a partial equalization of the
rates of fibril formation.

Polymerization-Prone Regions Mapped by Solution
NMR and Prediction Tools. The results described above are
consistent with the hypothesis that loss of native structure is
required for amyloid formation, as has been observed for other

proteins.**~* However, assembly into fibrils likely requires
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formation of specific, favorable, intermolecular contacts in
order to overcome the entropic barrier to fibrillation. LCs with
different sequences may have different propensities to self-
associate in the unfolded state, which may affect their ability to
aggregate and cause disease. We therefore performed '“N
CPMG relaxation dispersion experiments to identify initial
oligomerization events that might be responsible for the
conversion of soluble V; domains into amyloid fibrils. These
NMR-based spin-relaxation experiments quantify decay rates
of NMR signals, R, .4 during a fixed evolution period where
the frequency of application of chemical shift refocusing pulses,
Vcpme is varied. This class of NMR experiment is sensitive to
rare oligomerization events occurring on the millisecond time
scale,"”** wherein the population of the resulting oligomer can
be as low as ~0.5%.* SN CPMG experiments™ recorded at
25 °C on the native state of wild-type 6aJL2-Vy indicated the
presence of native oligomers as previously observed for JTO-
V. and WIL-V,."" Perturbation of this native oligomerization
through the introduction of mutations in the V =V
dimerization interface did not influence fibril formation, with
the lag rate kj,, solely determined by the fraction of unfolded
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Figure 4. Mutations in polymerization-prone regions modulate aggregation kinetics. (A) Locations of the introduced mutations, Asp or Gly, in the
sequence of the AV6—57 V; domain are indicated by circled D or G. AMYLPRED2?® predictions (squares) and residues with a high concentration
dependence of AR, . in any of the AV6-57 V| domains examined (spheres), as defined in the caption of Figure 3, are also shown. (B) Correlation,
on a log—log scale, between f{; and kg, showing a significant deviation from the fitted curve of Figure 2D (gray line, shaded area indicates the
standard error in ky,, values; see Materials and Methods) for several mutants in aggregation-prone regions. Unlabeled gray circles are the data points
for the conservative mutations considered in Figure 2D. Data points from mutants where a polar group is either introduced (10 mutations to Asp)
or removed (1 mutation to Gly) in hotspot regions are indicated by labeled black circles. (C) Solvent hydrogen/deuterium exchange time profiles
for two representative slowly exchanging amide groups from S21D and R24G 6aJL2-V, mutants. (D) Kinetics of aggregation monitored by ThT
fluorescence for S21D and R24G 6aJL2-Vy; six traces are shown in each subpanel.

protein, fy; (Figure S2), in agreement with the results in Figure
2. N CPMG experiments were therefore recorded at 55 °C
for the globally unfolded state of three AV6-57 V| proteins,
including those derived from the germ line 6aJL2, WIL, and
JTO. Nonflat CPMG profiles were observed for several >N
probes in each of the three sequences considered, indicating
that the domains undergo conformational exchange involving
one or more sparsely populated states. Notably, the size of the
dispersion profiles, AR, g defined as the difference between
effective "N transverse relation rates at the lowest (~30 Hz)
and the highest (1 kHz) CPMG field strengths used, AR, ¢ =
R, (~30 Hz) — R, (1 kHz), was dependent on protein
concentration, as illustrated with CPMG curves for L111 in
WT 6aJL2, WIL, and JTO V|, domains, Figure 3A. As AR,
increases with protein concentration in all cases, the
population of particles in solution is highly skewed toward
the monomer. The dispersion profiles could not be globally
fitted using a model of exchange involving a single
interconversion between monomer and dimer. This suggests
that each site experiences independent oligomerization events,
most likely a mixture between on- and off-pathway processes
with respect to fibril formation, or that each amide is sensitive
to a different stage of early fibril formation. Individual residue
fits of CPMG profiles indicate exchange rates of approximately
1000 s7', although the populations of the interconverting
species could not be well defined by the data, pointing to a
complex exchange mechanism, as would be expected for a
protein domain with multiple regions that are available for
oligomerization. It is worth noting that this complexity is not
the result of contributions from the folding/unfolding reaction.
Even at 55 °C separate peaks are observed for the C-terminal
residue, G112, of both 6aJL2-V; and JTO-V; that derive from
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native and unfolded states (see Materials and Methods),
implying that the folding equilibrium occurs on a time scale
that is much slower than the exchange process(es), consistent
with folding rates reported in the literature.'® Therefore, the
folding equilibrium will not contribute to the dispersion
profiles measured from the unfolded state in this study.

The concentration dependence of AR, is plotted as a
function of protein sequence in Figure 3B. The red circles in
these profiles highlight those residues with the largest changes
in AR, . corresponding to “oligomerization hotspots”.
Regions predicted by the program AMYLPRED2™® are plotted
as squares below each sequence in Figure 3B. The agreement
between experimental and predicted data is good, with the
great majority of red circles within predicted regions. Most
discrepancies are found between positions 85 and 100, where
the prediction algorithms underestimate the potential for
polymerization that is observed by CPMG NMR. This may be
the result of the intramolecular disulfide bridge connecting
C22 and C91 that would bring the 85—100 region proximal to
residues on the other end of the disulfide bond, thereby
influencing aggregation propensities. The effect of the disulfide
bond is not taken into account in the prediction program.
Significant precipitation of the protein occurred during the
acquisition of CPMG NMR data (1 day), especially for the
more concentrated samples and for wild-type 6aJL2-V;. These
precipitates were ThT-positive (Figure S3), indicating that
pathways leading to fibril formation are present even in the
absence of agitation.

Important Regions for Fibril Formation. Our CPMG
data recorded on a series of unfolded V; domains suggest
multiple regions with the propensity to polymerize and hence
multiple oligomerization processes likely occurring on separate
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time scales. In order to assess the relative importance of each
polymerization-prone region, as predicted by AMYLPRED?2
and indicated in Figure 3B, we generated a series of 10 6aJL2-
V, mutants where each of these regions was modified by
replacement of a single amino acid with aspartate. The
mutations are made to solvent-exposed side chains in order to
avoid destabilization of the native states of the domains. We
also considered the somatic mutation R24G,”" which removes
a polar side chain in the aggregation-prone 16—24 region. The
location of each of the mutations along the protein sequence is
shown in Figure 4A, together with the predicted aggregation
regions using AMYLPRED2. In addition, polymerization-
prone regions identified by CPMG NMR in any of the WT
6aJL2, WIL, and JTO V; domains discussed above are also
indicated. Aggregation assays monitored by ThT fluorescence
establish that all the mutants form amyloid fibrils, but they
have different aggregation kinetics (Figure 4B, black symbols).
The aggregation data for 6aJL2-V| variants S21D (p-value =
0.023, where the p-value is calculated for the null hypothesis
that the aggregation kinetics are not different for the new set of
11 variants), R24G (p-value = 0.0007), Q92D (p-value =
0.040), S97D (p-value = 0.026), and G104D (p-value = 0.050)
deviate from the linear kj,, vs fy, profile calculated in Figure 2D
that made use of more conservative mutations (Figure 4B,
solid gray region). For the mutants localized to aggregation
hotspots ki, rates are either significantly slower (S21D, S97D,
G104D) or faster (R24G, Q92D) than what would be
predicted based purely on thermodynamic stability. Notably,
these aggregation assays emphasize the important role of the
K16-R24 region, as introduction of a charge (S21D) reduces
the rate of fibril formation, while removal of a charge (R24G)
enhances the kinetics of aggregation, despite the fact that these
two proteins have similar thermodynamic stabilities, as
measured by hydrogen exchange of the most slowly exchanging
amides (Figure 4C, Figure S4). The slower aggregation profiles
for some of the Asp substitutions in aggregation-prone regions,
such as for S21D, are not surprising, as the introduction of a
charge would be expected to decrease formation of fibers if
indeed the perturbed region is critical for this process. The
situation for R24G, where the aggregation rate is increased, is
interesting, as this is a somatic mutation found in 25% of AL
patients for this A family.”’ Our results show that this mutation
is linked to AL not only because of the reduced
thermodynamic stability’® relative to WT but also from
removal of the arginine side chain, which increases the
aggregation propensity at the level of the primary structure.
Position 24 is one hotspot for somatic mutation linked to AL
since it is a hypervariable position of the V| domain yet
adjacent to a very conserved aggregation-prone region (Figure
1D). We do not currently have an explanation for why the
Q92D substitution increases the kinetics of aggregation, except
that it may reduce off-pathway excursions.

Brumshtein et al.>’ have carried out a similar mutagenesis
study to evaluate regions in V| domains that drive aggregation,
using a different set of mutations than the Asp substitutions
considered here. In particular, two mutations, in combination,
L76P and V100P+V101P+F102P+G103P, were found to
inhibit fibril formation in the VL2-8-J1 domain. In our study
regions surrounding residues 76 and 100—103 were found to
be aggregation prone on the basis of CPMG relaxation
experiments. However, we failed to observe a significant effect
for the introduction of aspartate residues at positions 77 and
102, although some delay in the aggregation was observed for

mutations at position 97 or 104. Differences between the two
studies may arise from the different mutagenesis approaches
used, coupled with the different Vi proteins considered.
Nevertheless, both studies establish that although the effect of
a given mutation on the rate of aggregation depends on the
region where the mutation is introduced, with some sites more
important than others, amyloid formation likely involves an
interplay between several sites. The opposing views of a single
sequence exclusively responsible for the aggregation or that the
driving force is nonspecific are both oversimplifications.

In summary, our studies of the immunoglobulin AV6-57 Vi
domain, which is preferentially found in aggregates from AL
patients,”" establish that global unfolding is an obligatory step
in fibril formation, as a linear correlation between aggregation
rate and fraction unfolded V; domain was observed.
Aggregation hotspots are established through a '*N relaxation
dispersion analysis performed as a function of protein
concentration, identifying, in particular, residues within the
K16-R24 fragment. Hydrogen exchange profiles of a number of
variants of the AV6-57 V| sequence including the germ line,
S31P and S97P, show that similar fibrillar structures are
obtained, with protection for the first 40 and last 50 residues,
while the region encompassing R40-P60 remains flexible.
Notably, the secondary structural propensities observed here
are similar to those found in AL-09 V;*° and R24G 6aJL2-V,*>
fibers and in the cryoEM structure of a AV6-57 LC fibril,"> but
differ from MAK33 V; domain fibrils and the cryoEM
structure of a AV1-44 LC fibril'* This emphasizes the
importance of studies on a wide range of light-chain sequences
so as to establish the molecular determinants that are
responsible for their aggregation and, ultimately, develo4p the
relevant pharmaceuticals that can eliminate the process.*

B MATERIALS AND METHODS

Sequence Conservation. The sequence conservation for the 4
Vy domains, as calculated using the program CompBio*” and shown
in Figure 1D, was based on an analysis that included 33 reviewed
germ line IGLV sequences and the five functional IGLJ sequences
present in the UniProt database.”’ Note that the joining of single
IGLV and IGLJ sequences by DNA rearrangement during the
differentiation of B cells from hematogoietic stem cells leads to the
formation of a mature 4 V; domain.*® Residue-by-residue values of
conservation were calculated according to the Shannon entropy of
residues with a window size equal to zero."”*’

Protein Production. 1V6-57 V| domains were expressed in
BL21(DE3) E. coli cells using a pET-22 plasmid with a pelB leader for
periplasmic expression. Protein production and purification were as
previously described.'’ The sequence of the germ line AV6-57 V;
protein, 6aJL2-Vy,***” is the IGLV6-57*01 allele in the IMGT
repertoire.SO

NMR Experiments. All NMR experiments were performed on a
Bruker Avance III HD 14.1 T spectrometer equipped with a
cryogenically cooled, xy,z pulsed-field gradient triple-resonance
probe. Details of individual experiments are described in what follows.

1. Dimethyl Sulfoxide-Quenched Hydrogen/Deuterium Ex-
change. Fibrils of 6aJL2-V| were formed by incubation of 20—50
mL solutions containing 20 uM U—""N protein, phosphate-buffered
saline (PBS) pH 7.4, and 5 mM NaNj, in a 1 L flask with shaking
(250 rpm) over 3 days, 37 °C. At the end of this period the solution
was split into two tubes, and fibrils were collected by centrifugation at
15000g. Fibrils were then resuspended into 10 mL of 50 mM BisTris,
pH 6.4 buffer, either H,O based (reference sample) or D,0O based
(exchange sample). Fibrils for the reference sample were collected
and washed using the following protocol: centrifugation at 15000g
and 4 °C, resuspension in S mL of ice-cold Milli-Q H,O,
centrifugation at 15000g and 4 °C, resuspension in 1 mL of ice-
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cold Milli-Q H,O, and freeze-drying. Fibrils used for the exchange
measurements were collected after 2 h of incubation in deuterated
buffer (23 °C) and washed using the same protocol as described
above for the reference sample, except that ice-cold D,O was used in
the two resuspension steps. An exchange time of 2 h is optimal since
incubation for longer times does not lead to further exchange for the
faster exchanging amides (residues 40—65), with I/I(0h) values of
approximately 0.5, while all other amides continue to exchange toward
a constant plateau value of approximately 0.5, therefore reducing the
dynamic range of the experiment. For NMR detection, lyophilized
samples were dissolved in 95% DMSO-d;, 5% D,0O, and 50 mM
sodium dichloroacetate, pD S, and acquisition of 'H,N HSQC
spectra was started immediately at 10 °C. The sample pH and
temperature for NMR acquisition are optimal to minimize the
hydrogen exchange reaction during the experiments,51 so that the
amide proton occupancies depend only on the hydrogen exchange
that occurred in the fibrillar state. The experiment for the WT protein
was performed in duplicate, and the error bars in Figure 1H indicate
differences between the two replicates. Peak assignments were
obtained using (HB)CBCA(CO)NNH, HNCACB, HNCO, HN-
(CA)CO, and HNN spectra®® recorded on a uniformly *C,'*N-
labeled sample of 6aJL2-V; with a protein concentration of 1.1 mM in
95% DMSO-dg, 5% D,0, and 50 mM sodium dichloroacetate, pH 5.

2. Native-State Hydrogen Exchange. AV6-57 V| domain samples,
prepared as described above, were desalted by dialysis against Milli-Q_
H,0 and freeze-dried. Subsequently they were dissolved in D,O-
based buffer comprising 20 mM sodium citrate, pD S, and acquisition
of a series of 'H,"" N HSQC spectra at 37 °C was started immediately.
The concentration of the protein used in the study ranged between
0.12 and 0.45 mM. Protection factors were calculated as PF = k. ./k,
where k, is the residue-specific value of the intrinsic rate of hydrogen
exchange for an unfolded peptide.”® k. rates were calculated using the
Web tool at http://hx2.med.upenn.edu/download.html. Values of fy
were calculated as the reciprocal of the average protection factors for
the most protected amides in each domain (for example, maroon-
colored residues in Figure S1 highlighting the WT protein).

3. CPMG Experiments. "N CPMG experiments were recorded on
U-"*N labeled proteins dissolved in buffer comprising 50 mM BisTris,
pH 6.4, 1 mM EDTA, S mM NaNj, and 90% H,0/10% D,O. Protein
concentrations varied from 0.2 to 1.2 mM. Dispersion profiles were
acquired by measuring the variation of effective transverse relaxation
rates of in-phase "N magnetization, R, ¢ as a function of the number
of refocusing pulses applied during a constant-time relaxation interval,
T, of 35 ms,™ R, . = 1/T In(1,/I), where I is the intensity of a peak at
a given, nonzero, value of Ucpyg and I, is the corresponding intensity
when T = 0. A 17 kHz 'H continuous-wave decoupling field was
applied during the constant-time interval.>> The CPMG frequency,
Vcpme 18 given by 1/(25), where & is the delay between successive
refocusing pulses.” A total of 18—23 2D planes were recorded with
different vcpy values, between 30 and 1000 Hz, with three repeats
for error analysis;>> in addition a reference plane was recorded
without the constant-time relaxation interval to obtain I, values. All
CPMG experiments were recorded at 55 °C, where proteins were
predominantly unfolded. A small population of the native state could
be quantified on the basis of the pair of peaks observed for the C-
terminal residue G112, corresponding to the native and unfolded
states, with peak intensities in the reference plane indicating the
presence of ~25% and ~10% of folded domains for 6aJL2-V; and
JTO-Vy, respectively. No residual population of the native state could
be detected for WIL-Vy, in agreement with its lower thermodynamic
stability.’® Furthermore, since sample precipitation was observed
during the course of data acquisition, especially for the more
concentrated samples, determination of protein concentration was not
straightforward and was done as follows: Two short (8 min) 'H,"*N
HSQC spectra were recorded before and after the CPMG
experiments. The change in intensity between the two spectra was
found to be small (less than 10%) for samples in the 0.2—0.3 mM
concentration range but larger (up to 40%) for the more concentrated
samples. Therefore, for the less concentrated samples, absorbance
measurements at 280 nm were used to estimate the total protein

concentrations, and the concentration of the unfolded state was
estimated according to the intensity of the two peaks for G112 in the
reference plane. For more concentrated samples the average
concentration of the unfolded state during the course of the CPMG
experiments was estimated by comparing the intensity of the G112
peak in the reference plane with that of the less concentrated samples
that do not aggregate over time. Note that all the planes comprising
the pseudo-3D dispersion data set (different vcpyg values), including
the reference plane, are acquired in an interleaved manner. Thus, the
intensity of peaks in the reference plane provides an estimate for the
average concentration of protein over the course of the experiment.
Spectral assignments for each domain were obtained using (HB)-
CBCA(CO)NNH, HNCACB, HNCO, HN(CA)CO, and HNN data
sets.”

Fibril Formation Assays. Solutions (100 L) containing 10 yM
protein and 1 uM ThT were incubated at 37, 44, or 55 °C in black,
clear-bottomed, untreated 96-well plates (Figures 2C,D and 4B,D).
Plates were covered by transparent film and a lid to reduce
evaporation. ThT fluorescence was measured with a plate reader,
with excitation at 440 nm and emission at 480 nm. The assays were
done in PBS, pH 7.4, with agitation at 1000 rpm. Errors in fi,, = 1/ky,,
values were calculated from multiple aggregation measurements (at
least 6 repeats), with the error in Kiagy Akyyg, given by Ak, = Atlagklagz.
Since the experimental errors in #,, are proportional to #,, values
(Figure SS), the shaded area in Figure 4B is calculated as klagﬁt(l +a)
where & = ([ (Kiugexpr — Kiagfic)/ kla&ﬁt]z)o's, and ( ) refers to the average
over experimental data points.

Intrinsic Fluorescence. Fluorescence spectra of samples at
protein concentrations of 0.02 mM were acquired with a PTI
QuantaMaster 80 spectrofluorometer using an excitation wavelength
of 280 nm. The excitation and emission slit widths were set
respectively to 2 and 4 nm. A step size of 2 nm and an integration
time of 2 s were used. The acquisition of the spectrum at each
temperature was started 2 min after the cuvette had reached the
desired temperature. The emission between 300 and 400 nm as a
function of temperature was fit to a two-state equation for thermal
denaturation.*®
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