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ABSTRACT: Immunoglobulin light chain amyloidosis is a protein misfolding disease in which a monoclonal
immunoglobulin (Ig) light chain (LC) with a critically foldedâ-conformation self-aggregates to form
highly ordered, nonbranching amyloid fibrils. The insoluble nature of amyloid fibrils ultimately results in
the extracellular deposition of the LC in tissues and organs throughout the body. Structural features that
confer amyloidogenic properties on an Ig LC likely include amino acid sequence variations and post-
translational modifications, but the specific natures of these changes remain to be defined. As part of an
exploration of the effective range of amyloidogenic modifications, this study details the structural and
genetic analyses of nineκ1 LC proteins. Urinary LCs were purified by size exclusion chromatography
using FPLC, and structural analyses were performed by electrospray ionization, matrix-assisted laser
desorption/ionization, and tandem mass spectrometry. RT-PCR amplification, cloning, and sequencing of
the monoclonal LC genes were accomplished using bone marrow-derived mRNA. Clinical data were
reviewed retrospectively. Characterization of the urinaryκ1 LCs revealed extensive post-translational
modification in all proteins, in addition to somatic mutations expected on the basis of results from genetic
analyses. Post-translational modifications included disulfide-linked dimerization,S-cysteinylation, gly-
cosylation, fragmentation,S-sulfonation, and 3-chlorotyrosine formation. Genetic analyses showed that
several LC variable region germline gene donors were represented including O18/O8, O12/O2, L15, and
L5. Clinical features included soft tissue, cardiac, renal, and hepatic involvement. This study demonstrated
the extensive heterogeneity in primary structure, post-translational modifications, and germline gene usage
that occurred in nine amyloidogenicκ1 LC proteins.

Amyloid deposits composed of immunoglobulin (Ig)1 light
chains (LCs) are the defining feature of immunoglobulin light
chain amyloidosis (AL) or primary amyloidosis, the most
common form of systemic amyloidosis in the United States

(1). Although disease presentation usually involves a rela-
tively minor bone marrow abnormality, AL is devastating
in the usually massive extent of organ system amyloid
deposits and in the short survival that accompanies the
disease (2). The disease is associated with a plasma cell
dyscrasia, and typical findings include the production of a
clonal Ig LC in the bone marrow with the presence of a
monoclonal LC in the serum and/or urine. Clinical mani-
festations of the disease become apparent when the deposits
interfere with normal tissue structure and function. Primary
organ involvement varies among patients, but a consistent
feature of the disease is the occurrence of amyloid fibril
deposition at multiple tissue locations far removed from the
site of abnormal LC production (3, 4).

AL is a protein misfolding disorder, and the formation of
amyloid fibrils is one pathway which can result when the
normal structure-function relationship of Ig LCs is disrupted
(5, 6). AL amyloid fibrils are constructed from aggregated
subunits (or fragments thereof) of an amyloidogenic LC
protein (4, 7). Until recently, it was generally believed that
the deposits were entirely composed of N-terminal fragments
of the LC. We and others have shown that full-length LC is
present in the fibrils from AL tissues, along with truncated
portions of the protein (8-11). The prevailing paradigm for
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amyloidogenesis holds that the precursor amyloid protein
becomes structurally destabilized, transitions through a series
of intermediate conformations, and ultimately adopts a non-
native assembly that favors self-aggregation (12-17). Ag-
gregation may proceed via a nucleation event, and fibril
growth is thought to occur by a mechanism that involves
highly ordered protofilament assembly with resultant struc-
tures that exhibit overall crossâ-sheet organization. The
presence of amyloid deposits can interfere with normal
cellular and extracellular processes, ultimately causing organ
dysfunction and damage. Recent studies have suggested that
the pathological consequences in AL are not entirely due to
mechanical effects, but are a result of cytotoxicity from
prefibrillar aggregates, possibly through a mechanism involv-
ing the disturbance of cell-cell paracrine signaling (18, 19).

The effects of variations in the LC structure on aggregation
and fibril formation have been the focus of many previous
investigations (5, 20-23). Many of these studies have been
limited to examination of the variable domain (VL) of the
LC protein where amino acid alterations are more prevalent
than in the constant domain (CL). While it has been
postulated that key sequence alterations in the VL are
important for fibrillogenesis, other structural components,
e.g., post-translational modifications, present throughout the
LC, may be essential factors in the process. For this study,
we have used techniques to isolate full-length LC which
preserve the post-translational modifications. The purified
proteins have been characterized in detail using mass
spectrometry (MS), allowing us to present structural data on
nine amyloidogenicκ1 LCs, which includes the identification
of post-translational modifications. We have chosen to focus
on κ1 proteins because this is the most common single
amyloidogenic LC subfamily (24). LCs were purified from
urine samples obtained from a group of nine patients with
AL that featured the overproduction of a monoclonalκ1 LC.
Molecular genetic analysis of cDNA from bone marrow
clonal plasma cells and associated clinical findings in the
group are also presented.

EXPERIMENTAL PROCEDURES

Patients.All nine patients were referred to the Amyloid
Treatment and Research Program at Boston Medical Center
for evaluation of amyloid disease and consented to participate
in a research study under a protocol approved by the
Institutional Review Board at Boston University Medical
Center consistent with the Declaration of Helsinki. Confir-
mation of amyloid disease was made by observation that a
tissue biopsy exhibited deposits which showed green bire-
fringence on polarization microscopy after Congo red stain-
ing. All patients had a plasma cell dyscrasia on the basis of
the finding ofκ clonal plasma cells in the bone marrow and/
or a monoclonal Igκ LC in serum and/or urine on
immunofixation electrophoresis. A familial form of amyloi-
dosis was excluded in all patients presenting with cardiomy-
opathy, neuropathy, or renal-only disease. Patients had bone
marrow aspirate samples collected for cDNA analysis of the
clonal LC gene, urine samples collected for monoclonal LC
protein purification and analysis, and clinical information
collected and stored in a patient information data base.
Previously described nonamyloidogenic, urinaryκ1 LC
(MM-96100) derived from a patient with multiple myeloma

(MM) without amyloidosis (20) was used for sequence
comparison to the amyloidogenic LCs.

Protein Purification and Electrophoretic Analysis (FPLC,
HPLC, and PAGE).Patient urine samples were collected over
a 24 h interval in containers with approximately 0.01%
EDTA and 0.02% NaN3 as preservative agents. Samples were
retrieved as quickly as possible and immediately dialyzed
against deionized H2O in 6000-8000 molecular weight
cutoff dialysis tubing (Spectrapor, Spectrum Laboratories,
Rancho Dominguez, CA) usually through five separate
changes. Following dialysis, the urine samples were lyoph-
ilized and stored at-20 °C until further use. Protocols used
for processing and storage of all urine samples were strictly
adhered to to avoid introducing structural changes to the LCs
postcollection. An aliquot of each lyophilized urine sample
was initially analyzed by SDS-PAGE (detailed below) to
assess total protein content and LC abundance. Samples were
then reconstituted in 0.02 M sodium phosphate, pH 7.1, and
albumin-depleted using a 5 mLHi-Trap Blue column (GE
Healthcare Bio-Sciences, Piscataway, NJ). The filtrate was
collected, dialyzed against deionized H2O, and lyophilized.
The purification of the LC protein involved one or two
successive size-exclusion fractionation steps, as previously
described (20, 25). In brief, the albumin-depleted samples
were chromatographed on Sephacryl S-200 (S-200, GE
Healthcare Bio-Sciences, Piscataway, NJ) in 50 mM Na2-
HPO4, 150 mM NaCl, pH 7.5 (2.6× 100 cm column).
Fractions that were immunoreactive to anti-human freeκ LC
polyclonal antibodies were pooled, collected, and run on a
Superdex S-75 (S-75, GE Healthcare Bio-Sciences) in 50
mM Na2HPO4, 150 mM NaCl, pH 7.5 (1.6× 100 cm
column), if further purification was warranted. All chro-
matographic separations were performed in automated mode
using a GE Healthcare A¨ KTA FPLC system. Size-exclusion
columns were calibrated using calibration kit standard
proteins (GE Healthcare Bio-Sciences) which included
thryoglobulin,Mr ) 670 000, bovine serum albumin,Mr )
67 000, ovalbumin,Mr ) 45 000, carbonic anhydrase,Mr )
29 000, and lysozyme,Mr ) 13 700. Eluted proteins were
monitored at 280 nm.

The homogeneity of purified LCs was analyzed by SDS-
PAGE and reversed-phase HPLC (RP-HPLC). Electrophore-
sis on 10-15% gradient polyacrylamide gels (26, 27) was
performed using an automated Phast system (GE Healthcare
Bio-Sciences). The identification of LC proteins was dem-
onstrated by immunoblotting. Proteins were initially sepa-
rated by SDS-PAGE, electrophoretically transferred to
nitrocellulose, and then visualized by antibody-linked staining
(28, 29). Low Mr standards were run as electrophoretic
markers and included phosphorylase b,Mr ) 97 000,
albumin,Mr ) 66 000, ovalbumin,Mr ) 45 000, carbonic
anhydrase,Mr ) 30 000, trypsin inhibitor,Mr ) 20 100, and
R-lactalbumin,Mr ) 14 400. A humanκ LC (free) sample
obtained commercially (Sigma, St. Louis, MO) was used as
a control. Immunodetection was carried out using polyclonal
rabbit IgG directed against human Igκ LC (Dako, Carpin-
teria, CA). Bound antibody was visualized by incubation with
alkaline phosphatase conjugated to goat anti-rabbit IgG and
reacted with BCIP/NBT phosphatase substrate (Promega,
Madison, WI). Purity assessment by RP-HPLC was ac-
complished using a Poroshell 300SB-C8 (5µm, 2.1× 7.5
mm) column (Agilent Technologies, Palo Alto, CA) (25).
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Proteins were eluted over a linear gradient of 5-85% solvent
B in 5 min at a flow rate of 1.0 mL/min (solvent A, 5%
CH3CN, 0.1% TFA; solvent B, 85% CH3CN, 0.085% TFA).
Spectrophotometric monitoring was at 214 and/or 280 nm.
Peak fractions were collected and dried in a SPD111V
SpeedVac concentrator (ThermoSavant, Holbrook, NY).

Proteins whose cDNA-deduced LC sequences predicted
the presence of theN-glycosylation consensus sequence,
N-X-T/S (where X * P), were tested for glycosylation.
Potential glycoproteins were checked for sugars electro-
phoretically by using the GelCode glycoprotein staining kit
(Pierce Biotechnology, Rockford, IL). The stain reacts with
periodate-oxidized carbohydrate groups, creating periodic
acid-Schiff base (PAS) chemistry. Glycosylated proteins
gave fuchsia-stained bands.

Mass Spectrometry.The molecular masses of the intact
LCs, before and after treatment with dithiothreitol (DTT),
were determined by nanospray electrospray ionization mass
spectrometry (ESI-MS) using an Applied Biosystems/Sciex
QStar-Pulsar I quadrupole orthogonal time-of-flight (TOF)
mass spectrometer (Qstar). Proteins that stained positive for
carbohydrates and did not yield molecular weights upon ESI-
MS analyses were subjected to in-source collision-induced
dissociation (CID) by raising the declustering potential of
the mass spectrometer to 100 V. The resulting mass spectra
were examined for the presence of oxonium ions diagnostic
of N-linked glycans (30). The sample aliquots were pro-
teolytically digested with trypsin, Asp-N, Lys-C, and Glu-
C. Aliquots of these enzymatic digestion products were
reduced with DTT. Matrix-assisted laser desorption/ioniza-
tion mass spectrometry (MALDI-MS) and ESI-MS analyses
of both the reduced and nonreduced digests were performed
on a Bruker Reflex IV MALDI-TOF mass spectrometer and
the Qstar, respectively, to generate peptide maps. Peptides
of interest were sequenced using ESI-MS/MS on the Qstar.
These tandem mass spectrometry experiments could be
employed to acquire information on post-translational modi-
fications. Where appropriate,N-linked glycans were released
by treatment with peptide-N-glycosidase F (PNGase F), and
molecular mass determination of the LC before and after
treatment was performed using the Bruker Reflex. The
released glycans were permethylated using standard protocols
(31) and analyzed by MALDI-MS and ESI-MS/MS.

Molecular Genetic Analysis.At the time of patient
evaluation, a portion of a bone marrow aspirate specimen
was obtained and used for cloning and sequencing of Ig LC
genes, as previously described (24). In brief, the aspirate cells
were treated with ammonium chloride to lyse red blood cells,
washed, pelleted, and frozen at-80 °C. Total RNA was
extracted from 107 nucleated cells using Trizol, and cDNA
was synthesized. The cDNA was amplified by multiplex PCR
using a set of 5′ primers specific for the framework region
1 (FR1) of four VL κ (κ1/4,κ2, κ3) families and a 3′ constant
region (CL) κ primer. Amplified products were further cloned
and sequenced. Each specimen was subjected to multiple
independently repeated PCR amplifications, and three clones
from each reaction were sequenced in the Boston University
School of Medicine Molecular Genetics Core Facility. For
each AL case, the LC clonal sequence was determined from
the identical matching of at least 50% of six to nine
independently cloned and sequenced products. Once the LC
was identified, minor nucleotide sequence errors introduced

by the original FR1 primers were then corrected by additional
PCR amplification using 5′ primers for the appropriate VL
leader region and the 3′ primer for the CL region. Rese-
quencing was carried out to obtain the correct full-length
LC coding sequence. The germline donor genes were
identified on the basis of maximum similarity of the
nucleotide sequences using a database of rearranged Ig genes,
V-BASE (http://www.mrc-cpe.cam.ac.uk), and the Interna-
tional Immunogenetics Information system, IMGT/V-
QUEST (http://imgt.cines.fr) (32). For MM-96100, no nu-
cleotide sequence was available and the germline donor gene
was determined using NCBI igBLAST (http://www.nc-
bi.nih.nlm.gov/igblast). Amino acid positions were as des-
ignated by V-BASE numbering. The NetNGlyc server at
http://www.cbs.dtu.dk/services/NetNGlyc/ was used to pre-
dict potentialN-glycosylation sites, N-X-T/S (where X*
P), present in the LC sequences. All nucleotide sequences
were submitted to GenBank (accession numbers EF589383,
EF589396, EF589419, EF589425, EF589448, EF589452,
EF589488, AF124196, AF12497). Isoelectric points (pIs) for
the VL domain and corresponding full-length protein in each
of the LCs were calculated using the observed primary
structure data, cDNA-deduced sequence information, and
ExPASy protein analysis tools (http://ca.expasy.org/tools/
pi_tool.html).

RESULTS

To study the structural features of amyloidogenicκ1 LC
proteins, we purified LCs from the urine samples of nine
patients with AL amyloidosis. Dialyzed and lyophilized urine
samples were initially analyzed by SDS-PAGE under
reducing conditions. There was considerable variation among
the samples in total protein content, LC concentration, and
LC electrophoretic mobility (Figure 1). Monomeric LC with
a relative molecular mass (Mr) of ∼25 000 was the most
abundant protein in all samples, identified by immunoblotting
using a polyclonal anti-human Igκ LC antibody (data not
shown). Albumin (Mr ≈ 67 000) was also present in most
cases and was removed using an affinity binding matrix. In
addition, several samples contained proteins withMr less than
25 000 which were prominent, but less abundant than the
monomeric LC. In AL-01039 (lane 2), AL-96066 (lane 5),
AL-98002 (lane 7), and AL-01102 (lane 8), these more
rapidly migrating proteins were immunoreactive with the
anti-κ LC antibody by immunoblot analysis (data not shown)
and likely are LC fragments (Figure 1). Albumin-depleted
samples were fractionated by gel filtration chromatography
and assessed electrophoretically as detailed below.

Urinary LCs Are Dimers or Monomers.The chromato-
graphic profiles of the samples could be separated into two
distinct groups on the basis of the elution volume (Ve) of
the LC. In three of the nine samples, AL-99067, AL-01039,
and AL-02004, the LC was rapidly eluted from the column.
Each had aVe < 300 mL, which suggested that these proteins
had relative molecular masses in the range between 67 000
and 45 000. For the other six samples, the LC in each case
eluted at a slower rate and had aVe ≈ 400 mL, which
corresponded to a protein ofMr between 29 000 and 13 700.
Column-fractionated samples were assessed for homogeneity
by SDS-PAGE with Coomassie Blue staining and immu-
noblot analysis using anti-κ LC antibody. The most abundant
peak fractions in all cases yielded a single major discrete
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protein band by SDS-PAGE under reducing conditions. The
electrophoretic end point of this band was always consistent
with Mr ≈ 25 000.

An example of a faster eluting LC is shown in Figure 2;
this represents the chromatographic profile of AL-99067
albumin-depleted urine fractionated on Sephacryl S-200. One
major and two minor components were separated in this
sample and are labeled peaks 1-3. The most abundant
component (Figure 2, peak 3) had aVe equal to 283.60 mL.
The inset in Figure 2 demonstrates the purity assessment and
immunoblotting results for AL-99067. The major fraction
(peak 3) hadMr ≈ 25 000 under reducing conditions and
was immunoreactive with the anti-κ LC antibody.

Purified LC proteins from the rapidly eluting group, AL-
99067, AL-01039, and AL-02004, were further analyzed by
nonreducing SDS-PAGE to investigate the presence of
disulfide-linked dimers. The chromatographic profiles of the
urinary samples from these three cases suggested that little
monomeric (Mr ≈ 25 000) LC was present. However, a major
component with anMr slightly greater than 45 000 was eluted
under the nonreducing conditions in the chromatographic
separation. It was hypothesized that this fractionated protein
corresponded to a dimeric form of LC linked through
cysteine residues on two subunits. Figure 2B shows the
SDS-PAGE of purified LC from AL-99067 (peak 3,
Sephacryl S-200) run in the absence (NR) and presence (R)
of the reducing agent,â-mercaptoethanol. Under nonreducing
(left lane) conditions, a major species was present at an
electrophoretic end point consistent with dimeric LC. How-
ever, when a reductant was present (right lane), the most
abundant form of the protein hadMr ≈ 25 000, which likely
corresponds to monomeric LC. In the reduced (R) sample,
a slight band in the dimer region remained visible (Figure
2B). We have observed the appearance of residual amounts
of dimer in reducing SDS-PAGE analyses with other LCs
and amyloidogenic proteins (including transthyretin) which
are prone to subunit association. These observations are likely
due to the stable noncovalent interactions between subunits
and therefore attributed to SDS-resistant associations.

A second type of chromatographic elution pattern was seen
in six of the urinary samples. These LCs eluted at∼400 mL
corresponding to theMr range between 29 000 and 13 700.
This group of urine-derived proteins included AL-96066, AL-
01066, AL-98002, AL-01090, AL-00131, and AL-01102.
The gel filtration profile of AL-96066 through Sephacryl

S-200 is shown in Figure 3 as a representative example of
the group. One major and three minor components were
partitioned and are indicated as peaks 1-4. The most
abundant component (peak 3) had aVe equal to 392.93 mL.

Column-fractionated samples were assessed for homoge-
neity by SDS-PAGE with Coomassie Blue staining and
immunoblot analyses. The most abundant peak fraction in
all cases yielded a major discrete protein band under reducing
conditions. The electrophoretic end point of this band was
always consistent withMr ≈ 25 000. The inset in Figure 3
demonstrates the purity assessment and immunoblotting
results for AL-96066. The major fraction (Figure 3, peak 3)
hadMr ≈ 25 000 and was immunoreactive to anti-human Ig
κ LC antibody. Several minor, higherMr bands were also
observed by immunoblot and likely represent LC oligomeric
species. In addition, peak 4 (Figure 3) appeared to be an LC
fragment withMr < 14 400 by SDS-PAGE and immunoblot
analyses. Further examination of this fraction by mass
spectrometric analysis determined that this protein had a
molecular mass of∼12 kDa and was composed ofVL domain
residues 1-108 (25).

Post-Translational Modifications of LCs Are Varied.
Detailed and precise structural characterization studies of the
purified κ1 LC proteins were conducted using MS tech-
niques. Initially, each LC sample was examined by ESI-MS,
and observed masses (Mobsd) were compared to those
calculated (Mcalcd) from the cDNA-deduced sequences. A
summary of the mass differences between observed and
calculated values, as well as the types of post-translational
modifications that were identified in each of the nineκ1 LC
proteins, is presented in Table 1. The wide range of mass
differences in the intact proteins was due to multiple
combinations of the variety of post-translational modifica-
tions that are discussed below. Results from the ESI analyses
were used in combination with MALDI-MS analyses of
enzymatic digestions of the LCs to verify amino acid
sequences and to characterize post-translational modifica-
tions. These MS investigations revealed that there was
extensive structural diversity among the urinaryκ1 LC
proteins, not only in amino acid sequences, but also in terms
of the post-translational modifications.

(1) Dimerization.Dimerization was observed in three of
the protein samples. For AL-99067, the deconvoluted ESI-
MS spectra showed a major peak with an average mass of
∼46 kDa. There was no evidence of this peak after treatment

FIGURE 1: Initial SDS-PAGE analysis of urine samples that had been dialyzed exhaustively against ddH2O, lyophilized, and resolubilized
under reducing conditions. LowMr standards (S) and a commercially obtained purifiedκ LC (C) were run in the far left and right lanes,
respectively. Lanes numbered 1-10 contain samples from AL-99067, AL-01039, AL-02004, MM-96100, AL-96066, AL-01066, AL-
98002, AL-01102, AL-01090, and AL-00131, respectively.
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of the LC sample with the reducing agent dithiothreitol, but
a new peak at 23 233 Da was observed. This mass was
consistent with the mass calculated from the cDNA-deduced
sequence (Mcalcd ) 23 235 Da). LC analyzed in the absence
of a reductant was shown to have a mass of 46 458 Da, which
was approximately equal to the calculated mass of 46 460
Da. These results were consistent with our hypothesis that
the soluble LC was purified as a covalently linked dimer.
The peptide mapping provided 100% sequence coverage, as
well as information on two disulfide bonds (C23-C88 and

C134-C194) within one monomer and one covalent inter-
molecular disulfide bridge (C214-C214) between two mono-
mers. Similar results were obtained for AL-01039 protein.
AL-02004 was also shown to be a disulfide-linked dimer.

(2) S-Cysteinylation.The addition of disulfide-linked
cysteine at the C-terminal C214 residue was identified in
three of the amyloidogenic proteins, AL-96066, AL-01066,
and AL-00131. The ESI mass spectrum of AL-96066 is
shown in Figure 4. The most abundant component had a mass
of 23 394 Da. Less abundant species with masses between

FIGURE 2: (A) Gel filtration chromatography (FPLC) of a rapidly eluting LC. An albumin-depleted urinary sample from AL-99067 was
fractionated on a Sephacryl S-200 column. The elution volume (Ve) of the LC was∼300 mL, which corresponds to anMr between 67 000
and 45 000. Arrows indicate the elution positions of thryoglobulin (Mr ) 670 000), bovine serum albumin (Mr ) 67 000), ovalbumin (Mr
) 45 000), carbonic anhydrase (Mr ) 29 000), and lysozyme (Mr ) 13 700), which were standard proteins used for column calibrations.
Eluted proteins were monitored at 280 nm. A representative linear plot of logMr vs Ve/Vo for the standard proteins is shown in the inset
(right, upper panel), whereVo is the void volume of the column. Horizontal lines corresponding to logMr values forMr ) 50 000 and
25 000 represent predicted dimeric (D) and monomeric (M) LC elution volumes. TheVe/Vo for AL-99067 was∼1.6 as indicated; this value
was consistent with anMr corresponding to dimeric LC. The inset in the right, lower panel shows the Coomassie-stained SDS-PAGE
performed under reducing conditions (left) and immunoblot (right) analyses of S-200 collected fractions 1-3. Immunoblotting was performed
using anti-human immunoglobulin light chainκ antibodies. LowMr standards (S) and a commercially obtained purifiedκ LC (C) were run
in the far left and right lanes, respectively. (B) SDS-PAGE of Sephacryl S-200 peak 3 under nonreducing (left lane) and reducing (right
lane) conditions.
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23 274 and 23 504 Da were also noted. The predicted mass
for this LC was 23 277 Da. This was approximately 117 mass
units lower than the observed mass. Subsequent analysis of
the most abundant species showed that this was an intactκ1
LC containing theS-cysteinyl post-translational modification
at C214 and internal disulfide bonds at C23-C88 and C134-
C194 (21).

For AL-01066, the deconvoluted ESI mass spectrum
showed a major peak at 23 690 Da. After treatment of the
LC with the reducing agent, dithiothreitol, a new peak at
23 573 Da was observed and there was no evidence of the
peak at 23 690 Da. This observed mass of 23 573 Da was in
agreement with the theoretical value of 23 570 Da calculated
from the cDNA-deduced amino acid sequence. The 120 Da
mass decrease after reduction corresponded to a loss of a
disulfide-linked cysteine and the reduction of two to three
disulfide bonds in the native protein. The cDNA-deduced
amino acid sequence was verified by peptide mapping using
MALDI-TOF MS, and three disulfide bonds (C23-C88,
C134-C194, and C214-cysteine) were identified.

Results from the structural analysis of AL-00131 protein
are discussed in further detail below.

(3) N-Glycosylation.Two cDNA-deduced LC sequences,
AL-98002 and AL-02004, were predicted to have potential
N-glycosylation sites (N-X-T/S, where X* P) at N70 and
N20, respectively. PAS treatment of the purified urinary LCs
from these two cases confirmed that these were glycopro-
teins. The results for PAS staining of AL-98002 are shown
in Figure 5 (lane 3). For reference, nonglycosylated (lane 1)
and glycosylated (lane 2) proteins were electrophoresed in
adjacent lanes.

Due to the complexity of the AL-98002 sample, the
molecular mass of the LC could not be determined by ESI-
MS. However, using MALDI-MS, the average mass of
22 196 Da was obtained for the intact protein (Figure 6A,
top panel). TheN-glycosylation site at N70 was confirmed
by mass spectrometry. After treatment with PNGase F to
removeN-glycans, MALDI-MS of the sample produced a
peak atm/z 17 625 Da (Figure 6A, lower panel), suggesting
that some of the heterogeneity was due toN-linked glyco-
sylation. The PNGase F-released glycans were permethylated
using a standard protocol (31, 33). MALDI-MS of the
permethylated glycans released from the LC indicated that
the glycans contained bi- and triantennary structures (Figure

FIGURE 3: Gel filtration chromatography (FPLC) of a slowly eluting LC. An albumin-depleted urinary sample from AL-96066 was fractionated
on a Sephacryl S-200 column. The elution volume (Ve) of the LC was∼400 mL, which corresponds to anMr between 29 000 and 13 700.
Arrows indicate the elution positions of thryoglobulin (Mr ) 670 000), bovine serum albumin (Mr ) 67 000), ovalbumin (Mr ) 45 000),
carbonic anhydrase (Mr ) 29 000), and lysozyme (Mr ) 13 700), which were standard proteins used for column calibrations. Eluted proteins
were monitored at 280 nm. A representative linear plot of logMr vs Ve/Vo for the standard proteins is shown in the inset (right, upper
panel), whereVo is the void volume of the column. Horizontal lines corresponding to logMr values forMr ) 50 000 and 25 000 represent
predicted dimeric (D) and monomeric (M) LC elution volumes. TheVe/Vo for AL-96066 was∼2.2 as indicated; this value was consistent
with an Mr corresponding to monomeric LC. The inset in the right, lower panel shows the Coomassie-stained SDS-PAGE performed
under reducing conditions (left) and immunoblot (right) analyses of S-200 collected fractions 1-4. Immunoblotting was performed using
anti-human immunoglobulin light chainκ antibodies. LowMr standards (S) and a commercially obtained purifiedκ LC (C) were run in the
far left and right lanes, respectively.
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6B). These structures were similar to those reported for other
LC proteins associated with AL (22).

In the case of AL-02004, the MALDI-TOF mass spectrum
of the reduced LC yielded an average mass of 25 726 Da
with a peak width at half-height of over 800 Da (data not
shown). The calculated mass (obtained from the cDNA
sequence) was 23 449 Da. The considerably higher observed
mass, coupled with the large peak width, strongly suggested
the presence of glycosylation. ESI-MS analysis did not
provide molecular weight information. However, increasing
the cone voltage of the instrument to cause in-source
fragmentation generated oxonium ions typical of the frag-
mentation of carbohydrates. The masses of oxonium ions
observed were consistent with those of sialatedN-linked
glycans (m/z 657 Da). AnN-linked glycan consensus site
was present at N20 in AL-02004.

(4) Fragmentation.Evidence of extensive fragmentation
was found in one LC protein sample. ESI-MS analysis of
AL-01102 showed that there was no full-length LC in this
sample. Two fragments were detected with molecular masses
of 12 047 and 12 136 Da. These masses were consistent with
the calculated mass for residues 105-214 of the CL domain.
MALDI-MS analyses of the enzymatic digests of the whole
sample gave 79% sequence coverage (residues 17-27, 46-
92, and 105-214). Two disulfide bonds were identified as
C23-C88 and C134-C194.

(5) Multiple and Other Post-Translational Modifications.
Two amyloidogenic LCs contained multiple types of modi-

fications. In AL-01090, modifications at both the amino and
carboxy termini were noted. Aspartic acid was processed to
pyruvate at the first position in the sequence, and C214 was
S-sulfonated at the C-terminus. In addition, M4 was found
in the oxidized form, methionine sulfoxide, and a low
abundance of chlorinated Y36 was also detected.

The most extensively modified protein in this group of
nine amyloidogenicκ1 LCs was AL-00131 (Figure 7). C214
was found to beS-cysteinylated andS-sulfonated, as well
as oxidized to cysteic acid. Evidence of partial C-terminal
truncation was also noted. At the N-terminus, aspartic acid
was modified to pyruvate (as demonstrated by the 45 Da
shift from 23 276 Da to the lower mass of 23 232 Da) and
M4 was oxidized to methionine sulfoxide. It was also
determined that Y49 was chlorinated.

VL Gene Usage and Somatic Mutations Analysis.A variety
of germline genes were used in the rearrangement of VL κ1
gene sequences in this study (Table 2). Six of the nine
amyloidogenic LCs, AL-96066, AL-98002, AL-00131, AL-
01066, AL-01102, and AL-02004, were found to use the
O18/O8 VL κ1 germline gene donor. Three other LCs, AL-
99067, AL-01039, and AL-01090, were derived from L15,
L5, and O12/O2 VL κ1 germline genes, respectively. Without
exception, VL sequences were somatically mutated through-
out all framework (FR) and complementarity-determining
(CDR) regions, with the number of replacement mutations
varying from 2 to 18 per sequence. Specifically for FR1-3,
amino acid substitutions were located at multiple residues
throughout these regions in all but one (AL-96066) of the
κ1 sequences (Table 2). Furthermore, the number and nature
of these mutations were unique to each LC. Certain positions
appeared to be commonly targeted for mutational activity.
Thus, serine codons, AGC and AGT, known to be intrinsic
mutational hotspots (34) were targeted in three sequences,
e.g., S77G (AL-99067), S77N (AL-98002), and S77G (AL-
01090). Overall, the majority of somatic mutations were the
result of neutral amino acid replacements. However, muta-
tions that resulted in the gain or loss of a charged residue in
at least one FR position occurred in all but one of the group
(AL-00131). These included R18T in AL-99067, Y49D in
AL-96066, Q3E and S76R in AL-01066, K42T and D70N
in AL-98002, R61S in AL-02004, and K45N in AL-01090
(Table 2). In twoκ1 proteins, the identical charge change
from basic to acidic residue was noted (K45E in AL-01039
and K42E in AL-01102), although the substitution positions
were different. It is also of interest that, in two of the O18/
O8-derived cases, the gain of an asparagine residue, D70N
(AL-98002) and T20N (AL-02004), created potentialN-
glycosylation sites whose occupancy was substantiated by
PAS staining and MS analyses.

AmyloidogenicVs Nonamyloidogenic LC Comparison.The
VL sequences of the nine AL proteins were compared to MM-
96100, a nonamyloidogenicκ1 LC previously characterized
as a monomeric LC that wasS-cysteinylated at C214 and
derived from the O18/O8 germline gene (20). In FR1-3,
amino acid differences were noted among the AL and MM
proteins. The total number of residue differences in the AL
proteins ranged from 3 to 10. While the majority of these
amino acid variations represented neutral changes, 7/9 of the
amyloidogenic LCs showed at least one position where a
net gain or loss of charge occurred. These non-neutral
changes (with the corresponding MM sequence shown in

Table 1: Structural Variations in Nine Amyloidogenic Urinaryκ1
LC Proteins

κ1 LC Mcalcd
a Mobsd

b ∆Mc modification

Dimerization
AL-99067 46 460 46 458 (D)d -2 C214-C214

23 235 23 233 (M)e -2
AL-01039 46 488 46 504 (D) +16 C214-C214

23 253 23 238 (M) -15
AL-02004f 46 880 46 770 (D) -110 N20-CHOg

23 449 23 382 (M) -67 C214-C214

S-Cysteinylation
AL-96066 23 277 23 394 +117 C214-cysteine
AL-01066 23 570 23 690 +120 C214-cysteine

N-Glycosylation
AL-98002 23 674 22 196 -1478 N70-CHO
AL-02004 46 880 46 770 (D) -110 N20-CHO

23 449 25 726 (M) +2277 C214-C214

Fragmentation
AL-01102 23 351 12 047 and 12 136 N-terminal

truncation
11 607 (VL)
11 762 (CL)

Multiple Other
AL-01090 23 383 23 386 +3 C214-S-SO3

N-terminal
pyruvate

M4-O
Y36-Cl

AL-00131 23 248 23 279 +31 C214-cysteine
C214-S-SO3

C214-SO3

N-terminal
pyruvate

Y49-Cl
a Mcalcd) calculated mass (Da).b Mobsd) observed mass (Da).c ∆M

) Mobsd - Mcalcd (Da). d D ) dimer. e M ) monomer.f Listed twice.
g CHO ) covalently linked glycans.
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parentheses) included T18 (R18) and G41 (E41) in AL-
99067, E45 (K45) in AL-01039, D49 (Y49) in AL-96066,
E3 (Q3) and R76 (S76) in AL-01066, T42 (K42) in AL-
98002, S61 (R61) in AL-02004, and E42 (K42) in AL-01102.

For the AL and MM proteins, pI values were calculated
for the VL domains and corresponding full-length LCs using
the observed primary structure data and cDNA-deduced
sequence information. Results are shown in Table 3. Without
exception, the VL domain was more acidic than the full-
length LC in each case. Values for the VL domain of the
amyloidogenic proteins ranged from 4.07 (AL-01102) to 6.74
(AL-01090). The pIcalcd value of 4.53 was determined for
the VL of nonamyloidogenic MM-96100 protein. Calculated
pI values for the VL regions of each LC were compared to
those predicted for the appropriate germline gene donor. The
pIcalcd values for the VL germline gene sequences O18/O8,
L15, L5, and O12/O2 were 4.27, 6.25 7.99, and 7.97,
respectively. For the full-length LCs, pI values ranged from

4.95 (AL-01102) to 6.99 (AL-01090). The pIcalcdof 5.44 was
predicted for full-length MM-96100. This value was com-
parable to those of the AL proteins. In fact, nonamy-
loidogenic MM-96100 shared identical VL and full-length
pIcalcd values with amyloidogenic LC AL-01066.

Demographic, Clinical, and Laboratory Data.The demo-
graphic, clinical, and laboratory features for the nine cases
of AL are summarized in Table 4. The group included seven
male and two female patients ranging in age at the time of
diagnosis from 42 to 74 years. Soft tissue or cardiac disease
was the primary clinical feature in this AL group. Other
commonly involved organs were kidney and liver. Serum
free LCs were present in seven cases. The urinary excretion
of monoclonalκ LC ranged from 20% to 90% of the total
urinary protein excretion. No association of clinical features
with post-translational modifications ofκ1 LCs was found.
The survival from diagnosis was short, less than 2 years in
all but one patient.

DISCUSSION

This is the first detailed structural report of both the VL

and CL domains of a group ofκ1 LC proteins from patients
with AL. Mass spectrometric analyses provided precise
characterization of the amino acid sequence, in addition to,
identification of the location and chemical nature of post-
translational modifications in theκ1 LCs.

In our MS analyses of theκ1 LCs presented, there were
no cases of unmodified proteins detected in any of the
molecular weight profiles. We have provided qualitative
structural data rather than the extent of each LC post-
translational modification as ionization efficiencies vary
widely among peptides depending on their chemistry. All
LCs were isolated in either dimeric or monomeric form under
nondenaturing and nonreducing conditions. Three proteins

FIGURE 4: Molecular ion region of the ESI mass spectrum obtained for purified urinary LC from AL-96066.

FIGURE 5: Duplicate SDS-PAGE (10-15%) of purifiedκ1 LC
protein (AL-98002) stained with Coomassie (left) and PAS (right).
Lane S contains referenceMr marker proteins. Nonglycosylated
(soybean trypsin inhibitor) and glycosylated (R1-acid glycoprotein)
proteins were run in lanes 1 and 2, respectively, as controls. Lane
3 contains a glycosylatedκ1 LC (AL-98002).
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were purified from urine as covalently linked dimers. Mass
spectrometric analyses demonstrated that these three LCs
were bonded via C214 disulfide bridging between two
monomers. While disulfide-linked dimers are known to be
a common structural feature of freeλ LCs (35-37), κ LCs

are usually found in monomeric form (36, 38). In fact,
previous studies have suggested that the predominance ofλ
to κ found in AL amyloid deposits may be because
dimerization of LCs is an initial step in the process of fibril
formation (7, 39). It is possible that previous studies have

FIGURE 6: (A) MALDI-TOF mass spectra of the purified LC from AL-98002 before (upper panel) and after (lower panel) treatment with
dithioreitol, iodoacetamide, and PNGase F. (B) MALDI-TOF mass spectrum of the released permethylated glycans from the glycosylated
light chain.
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failed to recognize the dimeric nature ofκ amyloidogenic
LCs because sample preparation employed reducing agents.
Alternatively, structural modifications of the urinary LCs
could have been affected by the length and conditions of
sample storage. For example, the low levels of albumin
observed in the three urine samples containing dimeric LCs
(Figure 1, lanes 1-3) might suggest that the dimers were
not found in the circulation but formed in the urine. While
this possibility cannot be excluded, it is unclear why only
three of the LCs were found to be disulfide-linked dimers

as consistency in handling and storage protocols were strictly
maintained and LC purifications at multiple time points on
individual urines rendered similar results.

Three LCs were found to beS-cysteinylated at C214, the
site which normally forms an interchain disulfide bond with
an available Ig heavy chain. Cysteinylation has been previ-
ously reported in a nonamyloidogenic LC (20) purified from
a patient with multiple myeloma without amyloidosis (MM-
96100).S-cysteinylation of other proteins has been linked
to elevated levels of homocysteine, a biomolecule which is

FIGURE 7: Deconvoluted ESI mass spectrum of purified LC from AL-00131.

Table 2: Somatic Mutations inκ1 VL Domain Framework Regions of Amyloidogenic LCs Grouped by Post-Translational Modifications

dimerization S-cysteinylation N-glycosylation other

VL domain AL-99067 AL-01039 AL-96066 AL-01066 AL-98002 AL-02004 AL-01102 AL-00131 AL-01090

FR1 (1-23) I2V
Q3E

V15I
R18T

V19I T19V
T20Na

T22A
FR2 (35-49) Q38H

K39R
K42T K42E

K45E K45N
L46V

I48V
Y49D Y49F

FR3 (57-88) R61S
S63T

G66A
D70Na

T72I
T74S

S76T S76R
S77G S77N S77N

P80A
A84G

Y87H Y87F
no. of replacement mutations,n 3 3 1 3 7 4 4 2 6
VL germline gene L15 L5 O18/O8 O18/O8 O18/O8 O18/O8 O18/O8 O18/O8 O12/O2

a Gain of an asparagine residue that created anN-glycosylation site.
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converted to cysteine in oxidizing environments (40-42).
Several reports have suggested that cysteinylation of proteins
can modulate bioactivity through consequent conformational
alterations (42, 43). Interestingly,S-cysteinylation has not
been described inλ LCs.

One of the dimeric and one of the monomeric LCs were
found to be glycosylated. Glycosylation of LCs has been
described for bothκ andλ proteins (22, 44-48). In addition,
several reports have identified a subset ofκ1 LCs as
glycoproteins. In fact, it has been suggested that glycosylation
may be important in the mechanism of amyloid fibril
formation (4, 22, 23). In a study that compared the VL

domain sequences of 37 amyloidogenic and 63 nonamy-
loidogenic κ1 LCs, it was proposed that the gain of an
N-glycosylation site was a risk factor for amyloid fibrilli-
zation (23).

Mass spectrometric analysis of oneκ1 protein (AL-01102)
demonstrated only polypeptide fragments ofMr ≈ 12 000,

although initial electrophoretic and chromatographic evalu-
ations of the urine sample had indicated the presence of a
full-length monomeric LC. Extensive N-terminal truncation
was identified from the mass spectrometric data and may
have been a result of substantial structural instability. Two
other amyloidogenic LCs were each unique in the nature and
multiplicity of their post-translational modifications. Modi-
fications were identified at the N- and C-termini of both AL-
01090 and AL-00131. The processing of N-terminal aspartic
acid to pyruvate and oxidation of Met4 were identified in
both LCs. We have recently observed the conversion of
N-terminal aspartic acid to pyruvate inλ LCs as well. This
transformation represents a new post-translational modifica-
tion, probably stemming from oxidative decarboxylation
followed by oxidative deamination (49-51). It is interesting
that chlorotyrosine residues (position 36 in AL-01090 and
position 49 in AL-00131) were identified in these two
proteins. Chlorotyrosine residues have been found to be
elevated in atherosclerosis, lung disease, sepsis, vasculitis,
and other inflammatory diseases and are regarded as an
indicator for oxidative damage (52).

Althoughλ AL amyloidosis is more common thanκ, the
most frequent LC subfamily in our patient population isκ1,
representing 22% of LCs (24). In the κ1 LC group, about
40% are derived from the VL germline gene O18/O8, and
about 20% are derived from O12/O2 (53). Seven of theκ1
LC proteins in this study were derived from the O18/08 VL

germline gene. The pattern of somatic mutations in the VL

domains of the LCs was unique to each. It has been
previously suggested that specific residues in the VL domain
can play a key role in promoting amyloid fibril formation
(7, 11). On the basis of the analysis of 37 amyloidogenic
and 84 nonamyloidogenic VL κ1 sequences, Stevens sug-
gested that certain amino acids at approximately 24 positions
were either over- or underrepresented in the AL proteins (23).
Four features were proposed to be risk factors for fibrillo-
genesis and included loss of I27b (an important packing side
chain), replacement of K31 with D (destabilizing at this
position), loss of R61 (involved in a critical buried salt bridge
to D82), and the gain of anN-linked glycosylation site

Table 3: Comparison of pI Values for VL and Full-Lengthκ1 LC
Proteins

a pIcalcd) isoelectric point calculated from observed primary structure
data and cDNA-deduced sequences.

Table 4: Demographic, Clinical, and Laboratory Data on ALκ1 Cases

AL κ1 LC sex agea
serum

freeκ LC

monoclonal
LC/urine protein

(mg/24 h)
primary organ
involvementb

other organ
involvementb

survival
(months)

Dimerization
AL-99067 F 59 yes 1500/4836 ST L, K 16
AL-01039 M 68 yes 290/648 ST H 10
AL-02004c M 42 yes 2500/2756 H L, K 6

S-Cysteinylation
AL-96066 M 68 yes 636/1060 ST K 144
AL-01066 M 56 yes 172/766 ST L, K, H 20

N-Glycosylation
AL-98002 M 60 no nd/1000 H ANS 3
AL-02004c M 42 yes 2500/2756 H L, K 6

Fragmentation
AL-01102 M 49 yes 2660/3700 ST GI, K, H 2

Multiple Other
AL-01090 M 59 yes 766/1036 H ST, L 18
AL-00131 F 74 no nd/1454.0 H L, K 6

a Age at time of diagnosis.b Abbreviations for organ involvement: ST, soft tissue; H, heart; K, kidney; ANS, autonomic nervous system; L,
liver; GI, gastrointestinal; nd, not determined.c Listed twice.
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through mutations. Overall, 80% of the analyzed amy-
loidogenic VL sequences were characterized by the presence
of at least one of three specific substitutions or the acquisition
of anN-linked glycosylation site (23). In the present study,
only two of nine (22.2%)κ1 proteins actually met the criteria
of this predictive strategy. Thus, replacement of D70 in AL-
98002 and T20 in AL-02004 with asparagine resulted in the
introduction of anN-glycosylation site, and in fact, AL-02004
also featured R61 changed to serine.

We also investigated theκ1 LC group for net charge
differences in both the VL domains and the full-length
proteins. Previous studies have demonstrated that LCs from
cases of AL were acidic, with pI values ranging from 3.8 to
5.2 (54-56). In contrast, nonamyloidogenic proteins have
been shown to exhibit more basic or near neutral pIs (21).
We calculated pI values for O18/O8, O12/O2, L15, and L5
germline gene sequences and compared these to values
obtained from the observedκ1 primary structure data.
Predicted values for O18/O8 germline gene and the group
encoded by this donor were all in the acidic range. Of note,
the acidic pI value of 4.52 for the nonamyloidogenic VL LC
MM-96100 fell within the range of the pIs of the amy-
loidogenic proteins. Furthermore, while the O12/O2, L15,
and L5 germline gene sequences were predicted to have near
neutral pIs, the amyloidogenic VL sequences were acidic in
two of the three cases. When the CL domain was included
in pI calculations for the 9κ1 LC sequences, the predicted
values overall were less acidic. However, it is interesting to
note that the nonamyloidogenic LC had the near lowest pI
at 5.44, with only one amyloidogenic protein (AL-0102)
predicted to be more acidic (pI 4.95).

We have previously reported the association ofκ1 LC
sequences with soft tissue manifestations of AL (24). In this
study, soft tissue or cardiac disease was the dominant clinical
feature, with other organs including kidney and liver showing
more minor involvement. No association of clinical features
with post-translational modifications ofκ1 LCs was found.

In summary, this molecular characterization of nine
amyloidogenicκ1 LCs demonstrated that these proteins were
derived from multiple germline genes which have undergone
extensive somatic mutations. Without exception, the ex-
pressed proteins were subsequently modified in a variety of
ways. All nine amyloidogenic LCs of theκ1 subtype
examined in this study showed extensive structural diversity
in both amino acid sequence and post-translational modifica-
tions. Modifications included disulfide-linked dimerization,
S-cysteinylation,N-glycosylation, fragmentation,S-sulfona-
tion, oxidation of methionine, chlorination of tyrosine, the
conversion of aspartic acid to pyruvate, and the presence of
cysteic acid conjugated to cysteine. While the individual
contributions of these modifications to pathology are un-
known, several of these structural features have been linked
to oxidative stress and may be markers of the process of
amyloidogenesis or cell or tissue damage. To further
understand the role of protein structure in AL, it will be
essential to obtain detailed molecular information on a set
of full-length, nonamyloidogenicκ1 LCs for comparison with
the data presented herein.
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