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ABSTRACT: Light chain (LC) amyloidosis (AL) is a fatal disease in which immunoglobulin LC deposit as
fibrils. Although the LC amyloid-forming propensity is attributed primarily to the variable region, fibrils also
contain full-length LC comprised of variable-joining (V1) and constant (Cy ) regions. To assess the role of Cy.
in fibrillogenesis, we compared the thermal stability of full-length LC and corresponding Vi and Cp
fragments. Protein unfolding and aggregation were monitored by circular dichroism and light scattering. A
full-length A6 LC purified from urine of a patient with AL amyloidosis showed irreversible unfolding coupled
to aggregation. The transition temperature decreased at slower heating rates, indicating kinetic effects. Next,
we studied five recombinant 16 proteins: full-length amyloidogenic LC, its Vi, germline LC, germline V; , and
C... Amyloidogenic and germline proteins showed similar rank order of stability, Vi < LC < Cp; hence, in
the full-length LC, Vi destabilizes C;. Amyloidogenic proteins were less stable than their germline
counterparts, suggesting that reduction in Vp stability destabilizes the full-length LC. Thermal unfolding
of the full-length amyloidogenic and germline LC required high activation energy and involved irreversible
aggregation, yet the unfolding of the isolated Vi and C; fragments was partially reversible. Therefore,
compared to their fragments, full-length LCs are more likely to initiate aggregation during unfolding and
provide a template for the V deposition. The kinetic barrier for this aggregation is regulated by the stability of
the Vi region. This represents a paradigm shift in AL fibrillogenesis and suggests C; region as a potential

therapeutic target.

Light chain (LC)" amyloidosis is a rapidly progressing disease
in which normally soluble immunoglobulin LC form extracellu-
lar fibrillar deposits (AL) in target organs, leading to organ
failure and death. The available treatment for AL amyloidosis is
limited to cytotoxic agents that kill the monoclonal plasma cells
which produce the amyloidogenic LC (7). This treatment helps to
extend patients’ lives and improve their quality; however, it is not
effective for every patient and, as any chemotherapy, has side
effects (2, 3). Understanding the molecular pathway of LC aggre-
gation and fibril formation can help to develop novel therapeutic
targets and design new agents that can block this pathogenic
pathway and thereby delay the progression of the disease and
alleviate its symptoms. To find novel therapeutic targets for AL
amyloidosis, it is important to elucidate the pathogenic roles of
various LC constituents in amyloid deposits.

Full-length LC is comprised of two similar structural domains
of nearly 100 amino acids each, termed variable and constant
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regions, connected by a short joining region (4). The X-ray crystal
structure of LC shows that the variable and constant regions
share a similar immunoglobulin-like fold that is rich in 5-sheet (4).
Despite their structural similarity, the two domains have distinct
functions: the variable region mediates interactions with antigens
and effector molecules, and the constant region is responsible
for binding to cell surface. These functional differences reflect
the differences in the protein sequence. As indicated by their
names, the constant regions are encoded by the host genome and
are nonpolymorphic, while the variable regions are altered by
somatic hypermutation during B cell maturation in response to
antigenic selection. As a result, each clonal amino acid sequence
of the LC variable region is different. This sequence variability of
the variable region leads to diversity in aggregating propensity;
1.e., some LC sequences are highly prone to aggregation and fibril
formation, while others allow the LC to remain water-soluble
(for example, LC with variable regions encoded by A germline
genes, which account for nearly 70% of all AL LC cases, are
reported to be more amyloidogenic than those with x genes
(5—8)). The molecular determinants for LC aggregation are not
clearly understood and are the focus of this work.

Previous reports suggested that AL LC deposits were composed
mainly of variable fragments (9, 10). Thus, earlier biophysical
studies of LC have focused primarily on the LC variable regions
(that were imprecisely referred to as “light chains™) (1/—16). These
prior analyses showed that thermal and chemical denaturations of
variable fragments were well approximated by a reversible two-state
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transition and revealed a correlation between thermodynamic insta-
bility of the LC variable region and its ability to form amyloid.
Furthermore, fibril formation was shown to proceed via an
aggregation-prone protein unfolding intermediate (/7—20). It was
proposed that the unfolded intermediate accumulated during the
slow kinetic step detected in the unfolding of the 6aJL2 variable
region, which led to slow protein aggregation and, eventually, fibril
formation (12).

In addition to variable fragments, our recent proteomic studies
of amyloid deposits from patient organs detected considerable
amounts of full-length LC (21). To test, for the first time, the role
of full-length LC in protein aggregation, we carried out thermal
denaturation studies of recombinant 16 LC and its individual
fragments, Vi comprised of variable and joining regions, and C,
corresponding to constant domain. The results, taken together
with similar studies of the germline proteins, have revealed that (i)
full-length LC is more prone to irreversible aggregation upon
unfolding than its Vi or Cy fragments and (ii) unfolding and
aggregation of the full-length LC are subject to kinetic control
and are modulated by the stability of the Vi region and its
interactions with the Cp region. These results prompted us to
postulate a key role for interdomain interactions in full-length LC
at early stages of fibril nucleation.

MATERIALS AND METHODS

Extraction and Analysis of the Whole Protein from the
Heart Tissue. The protein was extracted from tissue samples as
described (21). Briefly, the samples were washed repeatedly with
sterile isotonic saline followed by one wash with double-distilled
water. Isoelectric focusing buffer (7 M urea, 2 M thiourea, 4%
CHAPS, 65 mM dithiothreitol) was added (200 uL buffer per 100 g
of tissue). The samples were crushed with a pestle to remove the
protein. Samples were centrifuged at 80000g for 1.5 h at 19 °C. The
central aqueous layer between the top lipid layer and the cell debris
pellet was recovered. Residual lipids were removed by centrifuging
at 25000g for 30 min at 4 °C, followed by recovery of the central
layer. Total protein was quantified by using the Bio-Rad protein
assay. Samples were stored at —80 °C.

Two-dimensional PAGE was carried out as described (21). For
each gel, 500 ug of protein was loaded. Extracts were diluted to a
final volume of 300 uL with 100 uL of Destreak buffer (Amersham
Biosciences), IEF buffer, and p/ 3—10 ampholytes (Bio-Rad) to a
final concentration of 0.02%. Seventeen centimeter ReadyStrip
IPG strips (Bio-Rad) with nonlinear gradients of pH 3—10 were
used for the first dimension electrophoresis step, i.e., IEF. Strips
were passively rehydrated for 1 h and then actively rehydrated at
50 V for 8 h. IEF was performed using a Protean IEF cell (Bio-
Rad) as follows: 120 V for 1 h, 300 V for 30 min, a linear increase
up to 3500 V over 3 h, 5000 V for 10 min, and 8000 V steady until a
total of 67000 V-h had elapsed. After IEF, strips were subjected to
disulfide reduction with dithiothreitol and cysteine alkylation with
iodoacetamide. Next, second dimension electrophoresis was per-
formed using 9—16% gradient ReadyGels (Bio-Rad). The gels
were stained with GelCode colloidal Coomassie Blue (Pierce) and
were imaged with an EDAS 290 (Eastman Kodak Co.).

For immunoblotting, the 2D PAGE gels were transferred to
Millipore Q PVDF membranes (Millipore). Semidry transfers
were conducted using a TransBlot semidry electrophoretic
transfer cell (Bio-Rad) and probed with polyclonal rabbit anti-
human immunoglobulin A light chain antibodies. Subsequently,
the membranes were probed with goat anti-rabbit polyclonal IgG
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antibodies coupled with horseradish peroxidase. Membranes
were developed using an enhanced chemiluminescence system
(Eastman Kodak Co.).

Cloning of Recombinant Ig LC and Its Fragments. (A)
A6 Amyloidogenic LC. A 26 LC from an AL 01-095 patient with
multiorgan disease was cloned from bone marrow. The full-length
LC-encoding DNA fragment was amplified for insertion into the
pQE-1 vector (Qiagen) to allow for expression in Escherichia coli
of an N-terminal 6 x His-tagged LC. The primers used to insert
appropriate restriction sequences at the 5’ and 3’ ends of the coding
sequence of full-length A6 LC by PCR techniques were 5
oligonucleotide AATTTTATGCTGACTCAGCCGC and 3’ oli-
gonucleotidle GGTAAGCTTATTATGAACATTCTGTAGG-
GGC. A blunt end was provided by the 5 oligonucleotide, and
a HindIII site (underlined) was engineered into the 3’ oligonucleo-
tide. The DNA sequence of full-length 16 LC was amplified by
PCR with platinum pfx polymerase (Invitrogen). The DNA-
encoding 16 LC was digested with HindIII restriction endonu-
cleases and was ligated into the purified pQE-1 vector that was
enzymatically cleaved with Pyull and HindIIl. The constructs
were verified by DNA sequencing. The resulting plasmid was
termed A6 AL LC/pQE-1.

(B) 16 Germline LC. The primary sequence of the variable
and joining regions of AL 01-095 was aligned against the sequence
of its germline donor, IGLV6-57*01 (22), which was obtained
from the ALBase database (23). The alignment revealed nine
amino acid differences in the variable region, four in the com-
plementarity determining region and five in the framework region
(Figure 7). To test the effects of these amino acid substitutions on
the protein stability, we have engineered mutations in the variable
region of the full-length LC that restore its similarity with the
IGLV6-57#01 germline donor sequence, leaving the constant
region (encoded by germline donor LC3*04) unchanged. To
generate the full-length 26 Germ LC gene (IGLV6-57*01/
LC3*04) from 16 AL LC, nine point mutations were consecutively
introduced using a site-directed mutagenesis kit (Stratagene). The
resulting plasmid was termed A6 Germ LC/pQE-1.

(C) A6 Amyloidogenic and Germline V; Regions. To
generate the genes corresponding to A6 amyloid (AL 01-095) and
germline (IGLV6-57%01) Vi regions, the stop codons (TAG)
were incorporated into plasmids A6 AL LC/pQE-1 and 16 Germ
LC/pQE-1 after the Vi sequences using the site-directed muta-
genesis kit (Stratagene).

(D) A6 Constant Region. The DNA fragment encoding 16
Cp region (LC3*04) was amplified by PCR techniques with
platinum pfx polymerase (Invitrogen) using the following pri-
mers: 5 oligonucleotide CCCAAGGCTGCCCCCTCG (blunt
end) and 3’ oligonucleotide GGTAAGCTTATTATGAACAT-
TCTGTAGGGGC (with an engineered HindIII restriction site,
underlined). The DNA-encoding 16 C; region was digested with
HindIII restriction endonucleases and ligated into the purified
pQE-1 vector (Qiagen) that had been cut with the Pvull and
HindIII enzymes.

Expression and Purification of Recombinant Proteins.
The 16 LC/pQE-1 expression plasmid was introduced into E. coli
Rosetta-gami 2 cells (Novagen) by heat shock; the cells were plated
onto Luria broth (LB)—agar media containing 100 ug/mL ampi-
cillin and were incubated overnight at 37 °C. A single colony
was isolated and cultured overnight at 37 °C in LB media with
100 ug/mL ampicillin (LB/amp). This culture was used to inoculate
500 mL of LB/amp, which was grown at 37 °C until ODgyy = 0.6
and then cooled to 14 °C. Protein expression was induced by
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adding isopropyl p-thiogalactopyranoside at (.12 mM and incu-
bating for 20 h at 14 °C. The cells were harvested by centrifugation,
resuspended in cell lysis buffer (50 mM sodium phosphate, 300 mM
NaCl, 10 mM imidazole, pH 8.0) at 3 mL/g wet weight cells,
supplemented with hen egg white lysozyme at 1 mg/mL, and incu-
bated for 30 min at 4 °C. The cells were lysed by sonication at 4 °C,
and the supernatant was clarified by centrifugation and passage
through 0.22 um filters. The clarified cell lysate was loaded onto a
3 mL nickel nitrilotriacetic acid agarose column (Qiagen) and
rinsed with wash buffer (50 mM sodium phosphate, 300 mM NaCl,
20 mM imidazole, pH 8.0) until OD»gy < 0.01. The polyhistidine-
tagged rLC was eluted from the column with elution buffer (50 mM
sodium phosphate, 300 mM NaCl, 250 mM imidazole, pH 8.0),
and fractions with OD,gy > 0.05 were collected and pooled. The
pooled fractions were exhaustively dialyzed against water.

Circular Dichroism Spectroscopy and Right-Angle Light
Scattering. Protein samples (5 —20 uM protein in S mM sodium
phosphate buffer, 15 mM NaCl, pH 7.4) were placed in a 1 mm
path length cell, and CD data were collected by using Aviv 400
(Aviv Biomedical, NJ, USA) or Jasco J-815 (Jasco Inc., Japan)
spectropolarimeters equipped with thermoelectric temperature
controllers. Far-UV CD spectra (190—250 nm) were recorded
with 1 nm step size and 1 nm bandwidth. The spectra were smoot-
hed by using the noise reduction routine, the buffer baselines were
subtracted, and the spectra were normalized to protein concentra-
tion and presented in units of molar ellipticity per residue, [O].
Protein secondary structure was estimated from these spectra by
using the CDPro program suite (24), which is a modified version
of three methods, SELCON3 (25), CONTIN/LL (CONTIN
method (26) in locally linearized approximation (27)), and
CDSSTR (28).

CD melting data were recorded at 202 nm to monitor S-sheet
unfolding upon sample heating and cooling from 25 to 85°C at a
constant rate ranging from 11 to 80 °C/h. Changes in the
macromolecular size due to aggregation of the thermally un-
folded protein were monitored by right-angle light scattering that
was recorded at 202 nm simultaneously with the CD by using
fluorescence attachment in an Aviv 400 spectropolarimeter as
described (29). The apparent melting temperature Ty, at each
heating rate was determined from the peak position in the first
derivative of the CD or light scattering melting data (30).

The time course of protein unfolding was assessed in kinetic
temperature-jump (T-jump) experiments. The unfolding was
triggered at =0 by a rapid temperature increase from 25 °C to
a higher constant value and was monitored by CD at 202 nm. The
kinetic CD data at each temperature were approximated by a
multiexponential decay function; the unfolding rates k(7) were
determined at each temperature and were used to obtain the
Arrhenius plot, —RT'In k(T) versus 1/T, where R is the universal
gas constant and T the temperature in kelvin. The activation
energy (enthalpy) E, ~ AH* of the unfolding was determined
from the slope of the Arrhenius plot with an accuracy of about
+10 kcal/mol, which incorporates fitting errors and deviations
among different data sets.

Protein Cross-Linking and Size- Exclusion HPLC. Size-
exclusion HPLC was used to detect formation of soluble aggreg-
ates upon protein heating. Recombinant full-length AL LC and
its Vi and Cy regions, which were intact or heated and cooled
from 20 to 85 °C at a rate of 80 °C/h under the same sample
conditions as described in CD experiments, were cross-linked
with glutaraldehyde following established protocols (3/). Briefly,
0.3 uL of 50% glutaraldehyde solution was added to 4 ug of
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FIGURE 1: Proteomic analysis of heart tissue from AL patient 01-095.
(a) Proteins extracted from the tissue were subjected to 2D PAGE
followed by Coomassie staining. The p/ range is 3—10; molecular
mass range is 10—250 kDa. (b) The enlarged boxed region of the gel
from panel a with the results of immunoblotting with primary (rabbit
anti-human polyclonal lambda light chains) and secondary (goat
anti-rabbit IgG-HRP) antibodies. The p/ range is 4.5—5.8; molecular
mass range is 10—25 kDa. Immunoreactive spots correspond to the
full-length LC and its various proteolytic fragments.

25
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protein in 20 uL of potassium/sodium phosphate buffer at pH 7.
After 4 min incubation at room temperature, the reaction was
quenched with 1.94 uL of 7% NaBH,4 in 0.1 M NaOH. HPLC
was performed using a Zorbax Bio Series GF-250 (4 um, 4.6 x
250 mm) column (Agilent Technologies, Palo Alto, CA), with
spectrophotometric monitoring at 280 nm. The proteins were
eluted isocratically in a 0.2 M sodium phosphate buffer, pH 7.0,
over 20 min at a flow rate of 1 mL/min.

RESULTS

Analysis of ex Vivo LC Proteins. The composition of AL
amyloid fibrils in tissues was determined by proteomic techniques.
Total protein was extracted from autopsied heart tissue, obtained
from a patient who succumbed to systemic A6 AL amyloido-
sis (AL 01-095). Two-dimensional PAGE analysis was used to
produce a proteomic map that revealed extensive heterogeneity of
the deposited LC proteins (Figure la). While other studies have
reported that AL fibrils are composed mainly of Vi region
fragments and rarely contained full-length LC (10, 32), we found
abundant amounts of protein with M, = 25 kDa and immuno-
reactive to antthuman LC antibodies, along with smaller sized LC
fragments (Figure 1b). Similarly, full-length LC and fragments
were found in our recent study of adipose tissue samples from
patients with AL including a case featuring a 26 LC (21). In that
study, matrix-assisted laser desorption/ionization mass spectro-
metry and peptide mass fingerprinting were used to confirm the
identity of the full-length and truncated A6 LC proteins.

The LC gene from patient AL 01-095 was sequenced from
bone marrow plasma cells and was determined to be a member of
the A6 family, IGLV6-57. The LC protein was purified from the
urine of the same patient and used for structural stability studies.
Mass spectrometric analysis showed that the 46 LC had no
posttranslational modifications and formed a disulfide-linked
dimer via the C-terminal Cys215.

The thermal stability of the urinary LC AL 01-095 was studied by
circular dichroism (CD) spectroscopy. Figure 2a shows the far-UV
CD spectra recorded from the intact protein at 25 °C (solid squares)
and from the same sample that was consecutively heated to 85 °C
(triangles) and cooled to 25 °C (open squares) at a rate of 80 °C/h.
The spectrum of the intact protein had a negative peak at 218 nm
and a positive peak at 197 nm characteristic of 5-sheet. Heating to
85 °C led to major spectral changes, including the appearance of a
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FIGURE 2: Thermal denaturation of purified urinary full-length 16 LC from AL patient 01-095 monitored by circular dichroism and right-angle
light scattering. (a) Far-UV CD spectra recorded of a protein sample that was intact at 25 °C (filled squares) or was heated to 85 °C (open squares)
and consecutively cooled to 25 °C (filled triangles) at a rate of 80 °C/h. (b) Far-UV CD and (c) 90° light scattering data recorded at 202 nm upon
sample heating and cooling at a fast (80 °C/h, filled circles) or a slow rate (11 °C/h, open circles) show concomitant irreversible changes indicative of
protein unfolding coupled to aggregation. Vertical arrows show apparent melting temperatures 7}, determined from the peak positions in the first
derivatives of the heating data. Sample conditions in this and other CD experiments are 10 4uM protein in 10 mM sodium phosphate buffer, pH 7.0.

negative CD peak near 202 nm, which is characteristic of a predo-
minantly unfolded conformation. This unfolding was largely irre-
versible, as indicated by the large difference between the spectra
recorded at 25 °C before and after heating to 85 °C.

The protein secondary structural content was estimated by
using the CDPro program suite (24) with two sets of reference
proteins (25). The intact amyloidogenic LC was estimated to have
64% [-sheet structure at 25 °C (Table S1, Supporting Informat-
ion), similar to the f(-sheet content observed in X-ray crystal
structures of full-length Bence-Jones proteins (33—35). Upon
heating to 85 °C, S-sheet content decreases to 34%; this residual
p-structure may result from the anchoring effects of the two
disulfide bridges, one in the variable region and another in the
constant region of the LC (36). The f-sheet content was not
restored to its original value upon heating and cooling, suggesting
irreversible unfolding of LC (Figure 2).

Irreversible thermal unfolding often results from aggregation of
the heat-denatured protein. To test whether such aggregation
occurs upon unfolding of the urinary AL 01-095 LC, we used far-
UV CD to report on the secondary structure and right-angle light
scattering to report on macromolecular size. Right-angle light
scattering was measured by using total fluorescence accessory in
AVIV-400 spectropolarimeter (29). Far-UV CD at 202 nm for
p-sheet to random coil conversion (Figure 2b) and 90° light
scattering for protein aggregation (Figure 2c) were recorded
simultaneously during sample heating and cooling at a fast rate
(80 °C/h, filled) or a slow rate (11 °C/h, open circles). Heating
above 40 °C led to cooperative changes in the CD signal at 202 nm,
from positive (S-sheet) to negative (random coil), indicating
protein unfolding (Figure 2b). Noncoincidence of the heating
and cooling CD curves confirms that the unfolding was irrevers-
ible. Furthermore, heating above 40 °C led to an irreversible
increase in light scattering, due to protein aggregation (Figure 2c).
Importantly, the apparent transition temperatures T, which were
determined from the peak positions in the first derivatives of the
CD and light scattering heating data, agreed within the accuracy of
their experimental determination (+1 °C), which indicated a close
coupling between protein unfolding and aggregation. We conclude
that thermal unfolding of urinary full-length LC AL 01-095 is an
irreversible transition coupled to protein aggregation.

Furthermore, decreasing the heating rate from 80 to 11 °C/h
led to a low-temperature shift in the CD and light scattering
heating data (Figure 2b,c). As a result, the apparent T, of the

protein unfolding and aggregation decreased from 54 + 1 to 48 +
1 °C. Such a heating rate effect is a hallmark of slow kinetically
controlled transitions with high activation energy (37, 38).

Analysis of Recombinant Full-Length AL LC and Its V.
and Cy Fragments. To assess the roles of individual LC regions
in protein unfolding and aggregation, we generated a recombi-
nant LC that had the same sequence as the urinary AL 01-095
LC. In addition, recombinant proteins corresponding to the Vi
(comprised of variable and joining) and Cp regions of the LC
were produced and used to compare thermal unfolding properties
of these proteins.

(A) Full-Length LC. Since the LC purified from the AL 01-
095 patient urine lacked posttranslational modifications, the only
difference between the urinary and recombinant LC was the
presence of the N-terminal His tag in the recombinant protein.
Far-UV CD spectra of the urinary LC and the recombinant full-
length protein closely overlapped (Figure SI, Supporting In-
formation), indicating similar secondary structures. Moreover,
the CD melting data recorded for both proteins under the same
conditions closely overlapped (Figure S1, Supporting Informat-
ion) and demonstrated identical heating rate effects, an indication
of identical thermal stability (data not shown). These data provide
strong evidence that the presence of the His tag had no detectable
effects on the secondary structure or stability of the recombinant
amyloidogenic LC. Furthermore, our mass spectrometric analysis
data showed that urinary LC formed a disulfide-linked dimer via
the C-terminal Cys215. An S—S bonded dimer was also formed
by the recombinant LC, as indicated by nonreducing gel electro-
phoresis (Figure S2, Supporting Information). Under mildly
reducing conditions (~6% (w/w) DTT), this dimer was converted
into monomer (Figure S2, Supporting Information). Importantly,
protein secondary structure and thermal stability assessed by far-
UV CD remained unaltered upon dimer-to-monomer conversion.
Therefore, even though protein dimerization was proposed to
play a role in amyloid formation by affecting free light chain
clearance and metabolism in vivo (39), it has no detectable effect
on the structure, stability, and irreversible unfolding of the LC
molecule at early stages of aggregation in vitro.

The formation of soluble protein aggregates upon thermal
unfolding was assessed by size-exclusion chromatography. Re-
combinant LC proteins, which were either intact or heated from
25 to 85 °C at a rate of 80 °C/h and then cooled, were cross-
linked with gluteraldehyde before HPLC analysis. Intact protein
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F1GURE 3: Heat-induced aggregation of recombinant AL proteins
assessed by size-exclusion high-performance liquid chromatography.
The proteins that were intact (lower curve) or heated and cooled from
25 to 85 °C at a rate of 80 °C/h (upper curve) were cross-linked by
gluteraldehyde and analyzed by HPLC. Upon heating and cooling,
full-length LC forms soluble aggregates with an apparent molecular
mass of >200 kDa (the true molecular mass is hard to estimate since
the aggregated protein is largely unfolded). (a) V| fragment shows no
detectable aggregation (b) and Cp-fragment forms lower order
oligomers (c).

showed a single peak corresponding to full-length LC (~25 kDa).
Heated protein showed an additional peak corresponding to
higher order soluble oligomers with an apparent molecular mass
of >200 kDa (Figure 3a). Since fibril formation is a slow process,
the protein was incubated for 8 days at 50 °C; negative stain
electron microscopy showed formation of unbranched fibrils of
varying lengths with diameters of ~10 nm (Figure S3, Supporting
Information). Taken together, our CD, light scattering, size-
exclusion HPLC, and electron microscopic data show that
thermal unfolding of full-length A6 LC is a slow thermodynami-
cally irreversible transition coupled to aggregation that can lead
to amyloid fibril formation over time.

(B) Vi, Fragment. Figure 4a shows far-UV CD spectra
recorded from a Vi sample containing intact protein (filled
squares) that was consecutively heated to 65 °C (triangles) and
cooled to 25 °C (open squares) at a rate of 80 °C/h. The spectrum
of the intact Vi 16 protein was similar to that reported for other
V., proteins (17, 19, 40, 41). This spectrum differed from that of
the full-length LC at short wavelengths (Figures 2a and 4a, solid
circles) but showed a similar negative peak near 218 nm,
indicating a predominantly -sheet conformation. The estimated
p-sheet contentin Vi was ~62%, similar to that in full-length LC.
This is comparable to the S-sheet content observed in the X-ray
crystal structures of other lambda Vi proteins (14, 42, 43).
Heating to 65 °C led to a substantial unfolding of this S-structure
(Figure 4a, open squares), with a residual fS-sheet content of
~30% (Table S1, Supporting Information). Importantly, in
contrast to full-length protein, the CD spectra recorded at
25 °C of intact Vi and of V| that was heated and cooled at
a fast rate from 25 to 65 °C largely overlapped (Figure 4a, filled
and open squares), suggesting that Vi unfolding was largely
reversible. This is consistent with many earlier studies reporting
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FIGURE 4: Thermal unfolding and refolding of recombinant Vi
fragment of AL LC. (a) Far-UV CD spectra of intact protein
recorded at 25 °C (filled squares) and of the same protein that was
heated to 65 °C (filled triangles) followed by cooling to 25 °C (open
squares) at a rate of 80 °C/h. (b) CD melting data recorded at 202 nm
during protein heating and cooling at a fast (80 °C/h, filled circles) or
a slow rate (11 °C/h, open circles).
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FIGURE 5: Thermal unfolding and refolding of recombinant Cy
fragment of AL LC. (a) Far-UV CD spectra recorded from intact
protein at 25 °C (filled squares) and from the same protein that was
heated to 85 °C (filled triangles) and cooled to 25 °C (open squares) at
a rate of 80 °C/h. (b) CD melting data recorded at 202 nm during
sample heating and cooling at a fast (80 °C/h, filled circles) or a slow
rate (11 °C/h, open circles).

reversible unfolding of various Vi fragments of LC (ref 4/ and
references therein).

To test the thermodynamic reversibility of Vi unfolding, CD
melting data were recorded during heating and cooling at two
different rates (Figure 4b). At a fast rate of 80 °C/h (filled circles),
the heating and cooling data of Vi largely overlapped, confirm-
ing the reversible nature of unfolding. At a slow rate of 11 °C/h
(open circles), only partial protein refolding upon heating and
cooling was observed. This is consistent with the findings from a
recent study of a similar V protein, A6 germline 6aJL2; this
protein showed reversible thermal unfolding on a fast time scale
but formed an irreversible soluble oligomeric unfolding inter-
mediate on a slow time scale (4/). Importantly, the CD melting
data recorded for V; at a fast and a slow rate closely overlapped
(Figure 4b, open and filled circles). This contrasts with the
hysteresis and scan rate effects observed in the melting data of
full-length LC. We conclude that, in contrast to full-length LC
that undergoes irreversible unfolding coupled to aggregation, the
unfolding of Vy is inherently reversible on a fast time scale.

(C) Cp Fragment. The far-UV CD spectrum of the C
fragment (Figure Sa, filled squares) was similar to that of the
full-length protein and indicated a similar f-sheet content of
about 64% (Table S1, Supporting Information). Comparison of
far-UV CD spectra recorded before and after heating to 85 °C at
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F1GURE 6: Thermal unfolding of recombinant amyloidogenic and germline LC proteins compared. (a) CD data were recorded of full-length LC
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the peak position in the d®/d T'functions, are 60 °C (C-region) > 53 °C (full-length germline LC) > 51 °C (full-length amyloidogenic LC) > 47°C
(germline Vi) > 43 °C (amyloidogenic Vp). (b) First derivatives of the CD heating data of AL proteins (selected from panel a).

a fast rate (80 °C/h) showed a partially irreversible unfolding
(Figure 5a, filled and open squares). Furthermore, comparison of
such CD spectra in Figures 2a, 4a, and Sa suggests that the
unfolding of the full-length LC was less reversible than that of its
individual Vi or Cp fragments. This was confirmed by the
comparison of the heating and cooling data recorded for the
full-length LC and its fragments: fast unfolding was irreversible
in LC, partially reversible in Cy, and fully reversible in V.
(Figures 2b, 4b, and 5b, filled symbols). Consequently, irreversible
unfolding of full-length LC results from the higher aggregating
propensity of the partially unfolded Cp region and/or from
interactions between the Cy and Vy regions during their unfolding.

Evidence for Interdomain Interactions in LC. Compar-
ison of far-UV CD spectra of recombinant proteins in their intact
folded state shows that the spectrum of full-length LC cannot be
represented by a weighted average of the spectra of the isolated
Vi, and C; fragments (filled squares in Figures 2a, 4a, and Sa;
Figure S4a, Supporting Information). This effect cannot result
from the His tag as it provides no detectable contribution to the
far-UV CD of the LC. Hence, these data must reflect conforma-
tional differences between the full-length LC and its individual
V. and C; domains. The nonaddititive nature of the far-UV CD
spectra of the full-length LC and its fragments indicates that
interdomain interaction affects protein conformation in the
folded state.

The importance of interdomain interactions during LC un-
folding is further supported by the melting data in Figure 6a. The
CD heating data were recorded at a rate of 80 °C/h for the full-
length LC and its Vi and C; fragments (filled symbols). The
sigmoidal unfolding transition of the full-length protein cannot
be represented as a sum of two consecutive transitions of its V.
and Cy_ fragments (Figure S4b, Supporting Information). This is
illustrated by the first derivatives of the CD melting data,
d[®](T)/dT, which show a well-resolved peak corresponding to
the unfolding of full-length LC (Figure 6b). The peak is located
between those of the Vi and C fragments and cannot be
represented by their weighted average. Therefore, the Vi and
C_ regions unfold together rather than independently, which
implies extensive interactions between these regions during the
unfolding of the full-length LC. Furthermore, the heating data in
Figure 6 demonstrate clearly that the rank order of the protein
stability inferred from their apparent melting temperatures is
Vi, < LC < C;. Consequently, in the full-length protein, the
constant region stabilizes the variable region while the variable
destabilizes the constant region.

Comparison of AL and Germline Proteins. To understand
whether mutations acquired during the development of amyloid-
producing plasma cells affect LC stability and aggregation, we
compared the AL 01-095 protein with a protein expressed from the
sequence of its most probable germline donor, IGLV6-57*01, which
was obtained from the ALBase database (23). Sequence alignment
revealed nine amino acid differences in the variable region, four in
the complementarity determining regions and five in the framework
region (Figure 7). To test the effects of these substitutions on the
protein stability, we engineered mutations in the V; region of the
full-length AL 01-095 LC to restore its identity with the IGLV6-
57*%01 germline donor sequence, leaving the Cy region unchanged.
The resulting full-length LC and its Vi fragment (termed germline
proteins) were produced recombinantly, and their secondary struc-
ture and stability were analyzed by CD spectroscopy.

Comparison of the far-UV CD data of the amyloidogenic and
germline proteins showed several important features. First, CD
spectra of the germline LC and V| proteins were very similar to
their amyloidogenic counterparts, indicating that the germline
mutations had no significant effect on the secondary structure
(Figure S5, Supporting Information). Second, similar to amyloi-
dogenic proteins, the germline proteins showed nonadditive far-
UV CD spectra, O(full-length LC) # ©(V}) + ©(C,), indicating
that the protein conformation in the folded state is affected by the
interdomain interactions in full-length LC. Third, similar to
amyloidogenic proteins, the melting data of the germline proteins
showed an irreversible transition coupled to aggregation for full-
length LC and an inherently reversible transition for the Vi
fragment (Figure S5, Supporting Information). Fourth, similar
to amyloidogenic proteins, the CD heating data of the germline
proteins were nonadditive, indicating interdomain interactions
during protein unfolding (Figure 6a). Finally, the melting data of
amyloidogenic and germline proteins showed similar rank order of
stability, V;, < LC < Cp, (Figure 6a). The only distinction between
the amyloidogenic and germline proteins observed by CD was that,
compared to amyloidogenic proteins, the melting data of the
germline LC and Vi proteins were shifted to higher temperatures
by about 2—4 °C (Figure 6a, open and filled circles and triangles).
This implies higher stability of the germline proteins as compared
to their pathogenic counterparts, which is consistent with exhibiting
a less amyloidogenic nature of the germline proteins.

Analysis of LC Unfolding Kinetics. The hysteresis and scan
rate effects in the melting data in Figure 2 indicate that thermal
unfolding of full-length LC is a kinetically controlled transition
with high activation energy. To quantify this unfolding kinetics,
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according to ref 48.

we performed temperature-jump (T-jump) experiments using
recombinant amyloidogenic and germline LC proteins. Protein
unfolding was triggered at time /=0 by a rapid temperature
increase from 25 °C to a higher constant value (37—55 °C), and the
time course of the f-sheet to random coil conversion was
monitored by CD at 202 nm, ©O](7). Figure 8a shows selected
T-jump data recorded from full-length AL LC at 10 uM. No
effects of protein concentration on the transition kinetics were
detected in the concentration range explored (5—20 uM protein).
The T-jump data were approximated with multiexponential decay
functions, [O](f)=A4, exp(—kit) + A, exp(—kat) + ..., where A4; is
the amplitude and k;is the temperature-dependent rate constant of
the ith kinetic phase. Two exponents were required for adequate
data fitting (solid lines in Figure 8a), suggesting two kinetic phases:
the first faster phase occurs on a time scale of minutes, and the
second slower phase takes hours to complete. Figure 8b shows
Arrhenius plots, In k(7) versus 1/T, for the two kinetic phases of
LCunfolding (filled symbols). Linear approximation of these plots
suggests comparable slopes, implying comparable activation en-
ergies (enthalpies) for these phases, £,=30 + 10 kcal/mol. The
relatively large uncertainly in this estimate, which incorporates
fitting errors and deviations among different data sets, precludes
more detailed quantification of the LC unfolding kinetics.

What is the physical origin of the two kinetic phases in LC
unfolding? The answer is suggested by comparing our LC data to
that from the LC V;_ fragment, 6aJL.2, the only LC protein whose
unfolding kinetics has been reported (47). The rate of the first
unfolding phase observed in our LC studies was comparable to the
unfolding rate reported for the 6aJL2 Vi fragment and was in the
range reported for other immunoglobuline-like proteins (41, 44).
Furthermore, on a time scale of minutes, the Vy fragment 6aJL2
was shown to undergo reversible two-state unfolding without
aggregation, but on a slower time scale this protein reportedly
formed soluble aggregates (41). This raises the possibility that the
first faster phase seen in Figure 8 involves reversible LC unfolding
without aggregation, while the second slower phase is linked to
aggregation. This interpretation is strongly supported by the
irreversible heat-induced aggregation of LC that was detected by
light scattering in our melting experiments (Figure 2) and con-
firmed by size-exclusion chromatography (Figure 3). Therefore,
we propose that the faster kinetic phase in Figure 8b reflects the

reversible unfolding of full-length AL LC while the slower phase
involves irreversible protein aggregation.

To test this hypothesis, we carried out kinetic analysis of AL LC
in the presence of low concentrations of urea to disrupt the protein
oligomers without altering the secondary structure. In 1 M urea,
full-length AL LC had an intact secondary structure as indicated
by far-UV CD spectra but showed faster thermal unfolding in
T-jumps (data not shown) as compared to that in denaturant-free
buffer. The T-jump data recorded in | M urea were well approxi-
mated by monoexponentials, suggesting one unfolding phase.
Arrhenius analysis showed that this phase was similar to the fast
phase detected in denaturant-free buffer (Figure 8b, overlapping
open and filled circles). Therefore, the addition of urea had little
effect on the fast unfolding phase but eliminated the slow
unfolding phase. This further supports the conclusion that the
fast phase reflects unfolding of one protein molecule while the
slow phase involves aggregation of full-length LC.

Finally, the unfolding kinetics of the full-length amyloido-
genic and germline proteins were compared. Figure 8c shows
selected T-jump data recorded by CD at 202 nm. These and
other kinetic data reveal that the germline LC undergoes slower
unfolding, particularly in the second kinetic phase, and, hence,
is more stable and less prone to aggregation when compared to
the AL LC. This is consistent with the melting data in Figure 6
showing that, under identical experimental conditions, germ-
line proteins unfold at higher temperatures and, consequently,
are more stable than their AL counterparts. The difference in
the unfolding of the amyloidogenic and germline proteins is more
pronounced in the T-jump than in the melting data (Figures 6 and
8), suggesting that, similar to other reports, kinetic experiments
provide a particularly sensitive tool for elucidating small differ-
ences in the stability of proteins and their assemblies (45). Taken
together, our results clearly demonstrate lower kinetic stability of
the AL LC, which is consistent with a higher amyloid-forming
propensity compared to germline LC.

DISCUSSION

Proteomic analysis carried out in this and our previous
study (21) has revealed that fibrillar deposits in the tissues of
patients with 16 LC systemic amyloidosis contain not only
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FiGure 8: Unfolding kinetics of recombinant full-length LC pro-
teins. (a) Representative CD data recorded at 202 nm of AL LC in
temperature jumps from 25 °C to 45, 48, or 51 °C. Gray lines show
two-exponential data fitting, [@](7) = A, exp(—k 1) + A, exp(—kat),
indicating two kinetic phases with rate constants k; and k,. (b)
Arrhenius plots, In(k) versus 1/7, for the two kinetic phases in the
unfolding of recombinant AL LC: a fast phase (filled circles) and a
slow phase (filled triangles). Solid lines show least-squares fitting of
all data points by linear functions; the slopes of these linear plots
correspond to the Arrhenius activation energies for the two phases of
about E, ~ 30 & 10 kcal/mol. The accuracy of this estimate reflects
the fitting errors and the deviations among fitting three different data
sets. Open circles show the Arrhenius plot for the single unfolding
phase observed in AL LC in the presence of 1 M urea. (c) Repre-
sentative kinetic CD data of amyloidogenic and germline full-length
LC recorded in a T-jump from 25 to 50 °C. Solid lines show two-
exponential data fitting.

variable fragments but also full-length LC. Here, we report the
first detailed biophysical study of full-length amyloidogenic 46
LC. The results suggest an important role of the full-length LC in
fibrillogenesis. Our CD data reveal that full-length LC undergoes
slow irreversible thermal unfolding with a high activation energy,
E,~30 kcal/mol. Analysis of the CD and light scattering melting
data, together with the size-exclusion chromatography results,
shows clearly that the unfolding of the full-length LC is coupled
to irreversible aggregation. Such aggregation apparently corre-
sponds to the slow phase in protein unfolding. Importantly,
prolonged incubation of full-length LC at high temperatures
leads to formation of fibrils, detected by electron microscopy. We
speculate that the residual S-sheet structure in the heat-unfolded
protein (~30%) facilitates conversion of the thermally unfolded
LC aggregates into the cross-f-sheet conformation in amyloid
fibrils (17).

Taken together, our results reveal that full-length LC under-
goes a slow irreversible thermal unfolding coupled to aggregation
that leads to fibril formation over time. This contrasts with the
largely reversible unfolding of the 16 V| fragment observed on a
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fast time scale in this and other studies (ref 4/ and references
therein) and with partially reversible unfolding of the C; region
(amyloid fibril formation by ¥ Cy domain in vitro was recently
reported (46)). Moreover, similar to AL and germline LC from
the A6 family, an AL LC protein from the «1 family also showed
irreversible unfolding of full-length LC and partially reversible
unfolding of its V and Cp fragments (Figure S6, Supporting
Information). This suggests that irreversible unfolding and
aggregation of the full-length LC, which contrasts starkly with
at least partially reversible unfolding and reduced aggregating
propensity of its fragments, may be a common feature of imm-
unoglobulin LCs. It is consistent with our analysis of partially
irreversible unfolding of full-length 1 purified from the urine of
the patient with multiple myeloma showing that low thermo-
dynamic stability is not sufficient for amyloid formation and
suggesting the importance of kinetic factors (47).

Our data suggest that the enhanced aggregation of the full-
length protein results not only from the combined aggregating
propensities of its Vi and Cp regions but also from the intra-
molecular interactions between these regions. Such interactions
are inferred from the nonadditive far-UV CD spectra and from
the nonadditive melting data recorded from these proteins
(Figures 2, 4, and 5; Figure S4, Supporting Information).
Furthermore, far-UV CD spectra and the melting data of the
synthetic germline proteins show similar nonadditive effects
(Figure 7; Figure S5, Supporting Information), indicating that
these effects are not limited to one particular LC sequence. Taken
together, our results prompt us to postulate that kinetic stability
and aggregating propensity of full-length LC depend upon the
structural stability of the Vi and Cy_ regions, as well as upon their
interactions.

Interestingly, our CD studies of the recombinant 46 AL and
germline proteins show that the rank order of protein stability is
Vi <LC<Cy. Consequently, in the full-length LC, the Vy region
destabilizes the Cy region while the C; region stabilizes the Vi,
region. What intramolecular interactions between the Vi and Cy,
regions can cause this effect? The answer is suggested by the
comparison of AL proteins to their germline counterparts: lower
thermodynamic stability of the Vi fragment corresponds to
lower kinetic stability of the full-length protein (Figures 6a
and 8c). This implies that, in the full-length protein, increasing
the population of the unfolded Vi region destabilizes the C
region, possibly via the direct interactions between these partially
unfolded regions facilitated by their linkage via the joining
region. These interdomain interactions shift the conformation
of the full-length protein toward the partially unfolded state that
is prone to irreversible aggregation.

The results reported here prompt us to propose a new model
for the early events in AL LC aggregation. Our model differs
from the existing paradigm that is centered solely on the poly-
morphic variable region, and it invokes not only thermodynamic
but also kinetic instability. We postulate that, compared to the V.
region, full-length LC has a higher propensity to aggregate upon
partial unfolding. This high aggregating propensity is counter-
balanced by the high kinetic barrier that separates the native
soluble state of the full-length LC from its partially unfolded
aggregation-prone state. The height of this kinetic barrier deter-
mines the aggregation rate of full-length LC and is regulated, in
part, by the thermodynamic stability of its variable region: the
less stable the V| region, the lower the kinetic stability of the full-
length LC and the faster it unfolds and aggregates. (For a
relationship between thermodynamic and kinetic stability see a
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recent review by Sanchez-Ruiz (45).) Once the full-length LC has
nucleated the aggregate, it provides a template for aggregation of
the variable regions, whose rapid deposition is facilitated by their
low thermodynamic stability. Thus, the aggregation-prone full-
length LC initiates the nucleation, while the relatively unstable
variable regions are central to protein deposition at the propaga-
tion stage.

This model is consistent with the predominance of variable
region fragments found in amyloid deposits in patients with AL
amyloidosis. Our model is also consistent with the reports that
the amyloid-forming propensity of A6 LC correlates with, but
cannot be entirely attributed to, thermodynamic instability of the
V. fragment (//—13). We propose that, in addition to Vi
instability, another essential and previously unrecognized factor
for amyloid nucleation is the interdomain interactions between
Vi and Cy regions in full-length LC.

Our model suggests two complementary strategies in develop-
ing small molecules to reduce protein aggregation for the
treatment of AL amyloidosis. One is the conventional approach
aimed at raising the structural stability of the variable region.
This will not only hinder the unfolding and eventual aggregation
of the V fragment but will also diminish its destabilizing effects
on the full-length LC, which, according to our model, will
decelerate nucleation. This strategy is complicated by the poly-
morphic nature of the target protein. An alternative strategy is to
search for molecules that bind to the constant region, possibly at
the interface with the variable region and/or at the joining linker,
thereby inhibiting unfavorable interactions between the variable
and constant regions in their partially unfolded aggregation-
prone states and/or increasing the kinetic stability of full-length
LC. This strategy would be expected to slow down the early
nucleation stage, i.e., increase the lag time of irreversible aggrega-
tion of LC, and perhaps preventing or retarding fibrillogenesis.
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