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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 folde@-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 ninel 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 urinatyLCs 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 dimerizeBiopsteinylation, gly-
cosylation, fragmentatior-sulfonation, and 3-chlorotyrosine formation. Genetic analyses showed that
several LC variable region germline gene donors were represented including 018/08, 012/02, 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 amyloidogenid. LC proteins.

Amyloid deposits composed of immunoglobulin {igyht (1). Although disease presentation usually involves a rela-
chains (LCs) are the defining feature of immunoglobulin light tively minor bone marrow abnormality, AL is devastating
chain amyloidosis (AL) or primary amyloidosis, the most in the usually massive extent of organ system amyloid
common form of systemic amyloidosis in the United States deposits and in the short survival that accompanies the

disease J). The disease is associated with a plasma cell
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1 Abbreviations: 1g, immunoglobulin; LC, light chain; AL, immu- AL is a protein misfolding disorder, and the formation of

noglobulin light chain amyloidosis; \/ variable domain; G constant amyloid fibrils is one pathwa_y Wh!ch can I’eSl.,I|t Yvhen the
domain; MS, mass spectrometry; MM, multiple myeloma; FPLC, fast normal structure function relationship of Ig LCs is disrupted
protein liquid chromatography; RP-HPLC, reversed-phase high-pressure(5, ), AL amyloid fibrils are constructed from aggregated

liquid chromatography, SDSPAGE, sodium dodecy! sulfatgoly- . - -
acrylamide gel electrophoresis; PAS, periodic acshiff base; DTT, subunits (or fragments thereof) of an amyloidogenic LC

dithiothreitol; ESI, electrospray ionization; TOF, time-of-flight; CID, ~ protein @, 7). Until recently, it was generally believed that
collision-induced dissociation; MALDI, matrix-assisted laser desorption/ the deposits were entirely composed of N-terminal fragments

ionization; My, relative molecular mass; PNGase F, peptide-N-glycosi- ¢ the |.C. We and others have shown that full-length LC is
dase F; FR, framework region; pl, isoelectric poW; elution volume; )

Meaica calculated masvlopss Observed mass; D, dimer; M, monomer; ~ Present in the fibrils from AL tissues, along with truncated
CHO, covalently linked glycans. portions of the protein§—11). The prevailing paradigm for
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amyloidogenesis holds that the precursor amyloid protein (MM) without amyloidosis 20) was used for sequence
becomes structurally destabilized, transitions through a seriescomparison to the amyloidogenic LCs.
of intermediate conformations, and ultimately adopts a non-  Protein Purification and Electrophoretic Analysis (FPLC,
native assembly that favors self-aggregatia@-17). Ag- HPLC, and PAGE)Patient urine samples were collected over
gregation may proceed via a nucleation event, and fibril a 24 h interval in containers with approximately 0.01%
growth is thought to occur by a mechanism that involves EDTA and 0.02% Nahlas preservative agents. Samples were
highly ordered protofilament assembly with resultant struc- retrieved as quickly as possible and immediately dialyzed
tures that exhibit overall cross-sheet organization. The against deionized ¥ in 6000-8000 molecular weight
presence of amyloid deposits can interfere with normal cutoff dialysis tubing (Spectrapor, Spectrum Laboratories,
cellular and extracellular processes, ultimately causing organRancho Dominguez, CA) usually through five separate
dysfunction and damage. Recent studies have suggested thathanges. Following dialysis, the urine samples were lyoph-
the pathological consequences in AL are not entirely due to ilized and stored at-20 °C until further use. Protocols used
mechanical effects, but are a result of cytotoxicity from for processing and storage of all urine samples were strictly
prefibrillar aggregates, possibly through a mechanism involv- adhered to to avoid introducing structural changes to the LCs
ing the disturbance of ceficell paracrine signalindlg, 19). postcollection. An aliquot of each lyophilized urine sample
The effects of variations in the LC structure on aggregation Was initially analyzed by SDSPAGE (detailed below) to
and fibril formation have been the focus of many previous 2ssess total protein content and LC abundance. Samples were
investigations§, 20—23). Many of these studies have been then reconstituted in 0.02 M sodium phosphate, pH 7.1, and
limited to examination of the variable domain (vof the ~ albumin-depleted usha 5 mL Hi-Trap Blue column (GE
LC protein where amino acid alterations are more prevalent Healthcare Bio-Sciences, Piscataway, NJ). The filtrate was
than in the constant domain (C While it has been  collected, dialyzed against deionized® and lyophilized.
postulated that key sequence alterations in theave  The purification of the LC protein involved one or two
important for fibrillogenesis, other structural components, SUCCessive size-exclusion fractionation steps, as previously
e.g., post-translational modifications, present throughout the d€scribed 20, 25). In brief, the albumin-depleted samples
LC, may be essential factors in the process. For this study,Weré chromatographed on Sephacryl S-200 (S-200, GE
we have used techniques to isolate full-length LC which Healthcare Bio-Sciences, Piscataway, NJ) in 50 mM-Na
preserve the post-translational modifications. The purified HPQ: 150 mM NaCl, pH 7.5 (2.6x 100 cm column).
proteins have been characterized in detail using massFractions that were immunoreactive to anti-human re€
spectrometry (MS), allowing us to present structural data on Polyclonal antibodies were pooled, collected, and run on a
nine amyloidogenie LCs, which includes the identification ~ SuPerdex S-75 (S-75, GE Healthcare Bio-Sciences) in 50
of post-translational modifications. We have chosen to focus MM N&HPQ,, 150 mM NaCl, pH 7.5 (1.6x 100 cm
on k1 proteins because this is the most common single column), 'f. further punflcatlon was warrgnted. All chro-
amyloidogenic LC subfamily24). LCs were purified from  Matographic separations were performed in automated mode
urine samples obtained from a group of nine patients with USing & GE HealthcareTA FPLC system. Size-exclusion
AL that featured the overproduction of a monoclonalL.C. ~ columns were calibrated using calibration kit standard
Molecular genetic analysis of cDNA from bone marrow Proteins (GE Healthcare Bio-Sciences) which included
clonal plasma cells and associated clinical findings in the thryoglobulin,M, = 670 000, bovine serum albumil; =

group are also presented. 67 000, ovalbuminiv; = 45 000, carbonic ('alnhydrz';}slkdr =
29 000, and lysozymeyl, = 13 700. Eluted proteins were
EXPERIMENTAL PROCEDURES monitored at 280 nm.

The homogeneity of purified LCs was analyzed by SDS

Patients.All nine patients were referred to the Amyloid PAGE and reversed-phase HPLC (RP-HPLC). Electrophore-
Treatment and Research Program at Boston Medical Centeisis on 16-15% gradient polyacrylamide gel2§, 27) was
for evaluation of amyloid disease and consented to participateperformed using an automated Phast system (GE Healthcare
in a research study under a protocol approved by the Bio-Sciences). The identification of LC proteins was dem-
Institutional Review Board at Boston University Medical onstrated by immunoblotting. Proteins were initially sepa-
Center consistent with the Declaration of Helsinki. Confir- rated by SDSPAGE, electrophoretically transferred to
mation of amyloid disease was made by observation that anitrocellulose, and then visualized by antibody-linked staining
tissue biopsy exhibited deposits which showed green bire- (28, 29). Low M, standards were run as electrophoretic
fringence on polarization microscopy after Congo red stain- markers and included phosphorylase M, = 97 000,
ing. All patients had a plasma cell dyscrasia on the basis of aloumin, M, = 66 000, ovalbuminM, = 45 000, carbonic
the finding ofk clonal plasma cells in the bone marrow and/ anhydraselM, = 30 000, trypsin inhibitorM, = 20 100, and
or a monoclonal Igk LC in serum and/or urine on  a-lactaloumin,M, = 14 400. A humark LC (free) sample
immunofixation electrophoresis. A familial form of amyloi- obtained commercially (Sigma, St. Louis, MO) was used as
dosis was excluded in all patients presenting with cardiomy- a control. Immunodetection was carried out using polyclonal
opathy, neuropathy, or renal-only disease. Patients had boneabbit IgG directed against human 4g.C (Dako, Carpin-
marrow aspirate samples collected for cDNA analysis of the teria, CA). Bound antibody was visualized by incubation with
clonal LC gene, urine samples collected for monoclonal LC alkaline phosphatase conjugated to goat anti-rabbit IgG and
protein purification and analysis, and clinical information reacted with BCIP/NBT phosphatase substrate (Promega,
collected and stored in a patient information data base.Madison, WI). Purity assessment by RP-HPLC was ac-
Previously described nonamyloidogenic, urinaty LC complished using a Poroshell 300SB-C8u®, 2.1 x 7.5
(MM-96100) derived from a patient with multiple myeloma mm) column (Agilent Technologies, Palo Alto, CA25).



Detailed Analyses of Amyloidogenie 1 Light Chains Biochemistry, Vol. 46, No. 49, 200714261

Proteins were eluted over a linear gradient 685% solvent by the original FR1 primers were then corrected by additional
B in 5 min at a flow rate of 1.0 mL/min (solvent A, 5% PCR amplification using 'Sprimers for the appropriate V
CH3CN, 0.1% TFA,; solvent B, 85% C}CN, 0.085% TFA). leader region and the’ $rimer for the ¢ region. Rese-
Spectrophotometric monitoring was at 214 and/or 280 nm. quencing was carried out to obtain the correct full-length
Peak fractions were collected and dried in a SPD111V LC coding sequence. The germline donor genes were
SpeedVac concentrator (ThermoSavant, Holbrook, NY). identified on the basis of maximum similarity of the
Proteins whose cDNA-deduced LC sequences predictednucleotide sequences using a database of rearranged Ig genes,
the presence of th&l-glycosylation consensus sequence, V-BASE (http://www.mrc-cpe.cam.ac.uk), and the Interna-
N-X-T/S (where X= P), were tested for glycosylation. tional Immunogenetics Information system, IMGT/V-
Potential glycoproteins were checked for sugars electro- QUEST (http://imgt.cines.fr)32). For MM-96100, no nu-
phoretically by using the GelCode glycoprotein staining kit cleotide sequence was available and the germline donor gene
(Pierce Biotechnology, Rockford, IL). The stain reacts with was determined using NCBI igBLAST (http://www.nc-
periodate-oxidized carbohydrate groups, creating periodic bi.nih.nlm.gov/igblast). Amino acid positions were as des-
acid—Schiff base (PAS) chemistry. Glycosylated proteins ignated by V-BASE numbering. The NetNGlyc server at
gave fuchsia-stained bands. http://www.cbs.dtu.dk/services/NetNGlyc/ was used to pre-
Mass SpectrometryThe molecular masses of the intact dict potentialN-glycosylation sites, N-X-T/S (where %
LCs, before and after treatment with dithiothreitol (DTT), P), present in the LC sequences. All nucleotide sequences
were determined by nanospray electrospray ionization masswere submitted to GenBank (accession numbers EF589383,
spectrometry (ESI-MS) using an Applied Biosystems/Sciex EF589396, EF589419, EF589425, EF589448, EF589452,
QStar-Pulsar | quadrupole orthogonal time-of-flight (TOF) EF589488, AF124196, AF12497). Isoelectric points (pls) for
mass spectrometer (Qstar). Proteins that stained positive forthe V. domain and corresponding full-length protein in each
carbohydrates and did not yield molecular weights upon ESI- of the LCs were calculated using the observed primary
MS analyses were subjected to in-source collision-induced structure data, cDNA-deduced sequence information, and
dissociation (CID) by raising the declustering potential of EXPASy protein analysis tools (http://ca.expasy.org/tools/
the mass spectrometer to 100 V. The resulting mass spectragi_tool.html).
were examined for the presence of oxonium ions diagnostic
of N-linked glycans 80). The sample aliquots were pro- RESULTS
teolytically digested with trypsin, Asp-N, Lys-C, and Glu- To study the structural features of amyloidogerniclL.C
C. Aliquots of these enzymatic digestion products were proteins, we purified LCs from the urine samples of nine
reduced with DTT. Matrix-assisted laser desorption/ioniza- patients with AL amyloidosis. Dialyzed and lyophilized urine
tion mass spectrometry (MALDI-MS) and ESI-MS analyses samples were initially analyzed by SB8AGE under
of both the reduced and nonreduced digests were performededucing conditions. There was considerable variation among
on a Bruker Reflex IV MALDI-TOF mass spectrometer and the samples in total protein content, LC concentration, and
the Qstar, respectively, to generate peptide maps. Peptide$.C electrophoretic mobility (Figure 1). Monomeric LC with
of interest were sequenced using ESI-MS/MS on the Qstar.a relative molecular massvif) of ~25 000 was the most
These tandem mass spectrometry experiments could beabundant protein in all samples, identified by immunoblotting
employed to acquire information on post-translational modi- using a polyclonal anti-human lg LC antibody (data not
fications. Where appropriatBl-linked glycans were released shown). Albumin |, ~ 67 000) was also present in most
by treatment with peptide-N-glycosidase F (PNGase F), and cases and was removed using an affinity binding matrix. In
molecular mass determination of the LC before and after addition, several samples contained proteins Witfess than
treatment was performed using the Bruker Reflex. The 25000 which were prominent, but less abundant than the
released glycans were permethylated using standard protocolsnonomeric LC. In AL-01039 (lane 2), AL-96066 (lane 5),
(31) and analyzed by MALDI-MS and ESI-MS/MS. AL-98002 (lane 7), and AL-01102 (lane 8), these more
Molecular Genetic AnalysisAt the time of patient rapidly migrating proteins were immunoreactive with the
evaluation, a portion of a bone marrow aspirate specimen anti« LC antibody by immunoblot analysis (data not shown)
was obtained and used for cloning and sequencing of Ig LC and likely are LC fragments (Figure 1). Aloumin-depleted
genes, as previously described), In brief, the aspirate cells  samples were fractionated by gel filtration chromatography
were treated with ammonium chloride to lyse red blood cells, and assessed electrophoretically as detailed below.
washed, pelleted, and frozen &80 °C. Total RNA was Urinary LCs Are Dimers or Monomerd he chromato-
extracted from 10nucleated cells using Trizol, and cDNA graphic profiles of the samples could be separated into two
was synthesized. The cDNA was amplified by multiplex PCR distinct groups on the basis of the elution volun&) (of
using a set of 5primers specific for the framework region the LC. In three of the nine samples, AL-99067, AL-01039,
1 (FR1) of four \{ « (k1/4,x2, «3) families and a 3constant and AL-02004, the LC was rapidly eluted from the column.
region (G) « primer. Amplified products were further cloned Each had &, < 300 mL, which suggested that these proteins
and sequenced. Each specimen was subjected to multiplehad relative molecular masses in the range between 67 000
independently repeated PCR amplifications, and three clonesand 45 000. For the other six samples, the LC in each case
from each reaction were sequenced in the Boston Universityeluted at a slower rate and hadVa ~ 400 mL, which
School of Medicine Molecular Genetics Core Facility. For corresponded to a protein bf, between 29 000 and 13 700.
each AL case, the LC clonal sequence was determined fromColumn-fractionated samples were assessed for homogeneity
the identical matching of at least 50% of six to nine by SDS-PAGE with Coomassie Blue staining and immu-
independently cloned and sequenced products. Once the L(hoblot analysis using antiL.C antibody. The most abundant
was identified, minor nucleotide sequence errors introduced peak fractions in all cases yielded a single major discrete
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Ficure 1: Initial SDS-PAGE analysis of urine samples that had been dialyzed exhaustively again€,dgéphilized, and resolubilized
under reducing conditions. LoM;, standards (S) and a commercially obtained purifiddC (C) were run in the far left and right lanes,
respectively. Lanes numbered-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.

protein band by SDSPAGE under reducing conditions. The S-200 is shown in Figure 3 as a representative example of
electrophoretic end point of this band was always consistentthe group. One major and three minor components were
with M, ~ 25 000. partitioned and are indicated as peaks4l The most

An example of a faster eluting LC is shown in Figure 2; abundant component (peak 3) hadlzequal to 392.93 mL.
this represents the chromatographic profile of AL-99067  Column-fractionated samples were assessed for homoge-
albumin-depleted urine fractionated on Sephacryl S-200. Oneneity by SDS-PAGE with Coomassie Blue staining and
major and two minor components were separated in this immunoblot analyses. The most abundant peak fraction in
sample and are labeled peaks3 The most abundant all cases yielded a major discrete protein band under reducing
component (Figure 2, peak 3) had/aequal to 283.60 mL.  conditions. The electrophoretic end point of this band was
The inset in Figure 2 demonstrates the purity assessment anélways consistent withl, ~ 25 000. The inset in Figure 3
immunoblotting results for AL-99067. The major fraction demonstrates the purity assessment and immunoblotting
(peak 3) hadVi; ~ 25 000 under reducing conditions and results for AL-96066. The major fraction (Figure 3, peak 3)
was immunoreactive with the angiLC antibody. hadM; ~ 25 000 and was immunoreactive to anti-human Ig

Purified LC proteins from the rapidly eluting group, AL- « LC antibody. Several minor, highévl; bands were also
99067, AL-01039, and AL-02004, were further analyzed by observed by immunoblot and likely represent LC oligomeric
nonreducing SDSPAGE to investigate the presence of species. In addition, peak 4 (Figure 3) appeared to be an LC
disulfide-linked dimers. The chromatographic profiles of the fragment withM, < 14 400 by SDS- PAGE and immunoblot
urinary samples from these three cases suggested that littletnalyses. Further examination of this fraction by mass
monomeric i1, ~ 25 000) LC was present. However, a major Spectrometric analysis determined that this protein had a
component with aiV, slightly greater than 45 000 was eluted molecular mass of-12 kDa and was composed\df domain
under the nonreducing conditions in the chromatographic residues +108 @25).
separation. It was hypothesized that this fractionated protein Post-Translational Modifications of LCs Are Varied.
corresponded to a dimeric form of LC linked through Detailed and precise structural characterization studies of the
cysteine residues on two subunits. Figure 2B shows the purified xk1 LC proteins were conducted using MS tech-
SDS-PAGE of purified LC from AL-99067 (peak 3, niques. Initially, each LC sample was examined by ESI-MS,
Sephacryl S-200) run in the absence (NR) and presence (Rand observed massedMd,s9 were compared to those
of the reducing ageng-mercaptoethanol. Under nonreducing calculated Kcacd from the cDNA-deduced sequences. A
(left lane) conditions, a major species was present at ansummary of the mass differences between observed and
electrophoretic end point consistent with dimeric LC. How- calculated values, as well as the types of post-translational
ever, when a reductant was present (right lane), the mostmaodifications that were identified in each of the nifeL.C
abundant form of the protein had, ~ 25 000, which likely proteins, is presented in Table 1. The wide range of mass
corresponds to monomeric LC. In the reduced (R) sample, differences in the intact proteins was due to multiple
a slight band in the dimer region remained visible (Figure combinations of the variety of post-translational modifica-
2B). We have observed the appearance of residual amountgions that are discussed below. Results from the ESI analyses
of dimer in reducing SDSPAGE analyses with other LCs were used in combination with MALDI-MS analyses of
and amyloidogenic proteins (including transthyretin) which enzymatic digestions of the LCs to verify amino acid
are prone to subunit association. These observations are likelysequences and to characterize post-translational modifica-
due to the stable noncovalent interactions between subunitgions. These MS investigations revealed that there was
and therefore attributed to SDS-resistant associations. extensive structural diversity among the urinary LC

A second type of chromatographic elution pattern was seenproteins, not only in amino acid sequences, but also in terms
in six of the urinary samples. These LCs eluted-d00 mL  of the post-translational modifications.
corresponding to th#&1, range between 29 000 and 13 700. (1) Dimerization.Dimerization was observed in three of
This group of urine-derived proteins included AL-96066, AL- the protein samples. For AL-99067, the deconvoluted ESI-
01066, AL-98002, AL-01090, AL-00131, and AL-01102. MS spectra showed a major peak with an average mass of
The gel filtration profile of AL-96066 through Sephacryl ~46 kDa. There was no evidence of this peak after treatment
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Ficure 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 volwedf the LC was~300 mL, which corresponds to &h. between 67 000

and 45 000. Arrows indicate the elution positions of thryoglobulih € 670 000), bovine serum albumiM{ = 67 000), ovalbuminNi,

= 45 000), carbonic anhydraskl(= 29 000), and lysozyme\{, = 13 700), which were standard proteins used for column calibrations.
Eluted proteins were monitored at 280 nm. A representative linear plot dfljog V/V, for the standard proteins is shown in the inset
(right, upper panel), wher¥, is the void volume of the column. Horizontal lines corresponding toNggralues forM, = 50 000 and

25 000 represent predicted dimeric (D) and monomeric (M) LC elution volumesVdYigfor AL-99067 was~1.6 as indicated; this value
was consistent with ai, corresponding to dimeric LC. The inset in the right, lower panel shows the Coomassie-stained®S6G5
performed under reducing conditions (left) and immunoblot (right) analyses of S-200 collected fraetrisninunoblotting was performed
using anti-human immunoglobulin light chairantibodies. LowM, standards (S) and a commercially obtained purifiddC (C) were run

in the far left and right lanes, respectively. (B) SBRAGE of Sephacryl S-200 peak 3 under nonreducing (left lane) and reducing (right
lane) conditions.

of the LC sample with the reducing agent dithiothreitol, but C134-C194) within one monomer and one covalent inter-

a new peak at 23 233 Da was observed. This mass wasmolecular disulfide bridge (C234C214) between two mono-
consistent with the mass calculated from the cDNA-deduced mers. Similar results were obtained for AL-01039 protein.
sequenceNcacs = 23 235 Da). LC analyzed in the absence AL-02004 was also shown to be a disulfide-linked dimer.
of a reductant was shown to have a mass of 46 458 Da, which (2) S-Cysteinylation.The addition of disulfide-linked

was approximately equal to the calculated mass of 46 460cysteine at the C-terminal C214 residue was identified in
Da. These results were consistent with our hypothesis thatthree of the amyloidogenic proteins, AL-96066, AL-01066,
the soluble LC was purified as a covalently linked dimer. and AL-00131. The ESI mass spectrum of AL-96066 is
The peptide mapping provided 100% sequence coverage, ashown in Figure 4. The most abundant component had a mass
well as information on two disulfide bonds (C2888 and of 23 394 Da. Less abundant species with masses between
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Ficure 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 volurdg f the LC was~400 mL, which corresponds to &, between 29 000 and 13 700.
Arrows indicate the elution positions of thryoglobulikl{(= 670 000), bovine serum albumiiM({ = 67 000), ovalbuminl, = 45 000),
carbonic anhydraséV; = 29 000), and lysozymeM; = 13 700), which were standard proteins used for column calibrations. Eluted proteins
were monitored at 280 nm. A representative linear plot of Mygvs V/V, for the standard proteins is shown in the inset (right, upper
panel), wheré/, is the void volume of the column. Horizontal lines corresponding toMbgalues forM, = 50 000 and 25 000 represent
predicted dimeric (D) and monomeric (M) LC elution volumes. N8/, for AL-96066 was~2.2 as indicated; this value was consistent
with an M, corresponding to monomeric LC. The inset in the right, lower panel shows the Coomassie-staineBASEES performed
under reducing conditions (left) and immunoblot (right) analyses of S-200 collected fractighdrbimunoblotting was performed using
anti-human immunoglobulin light chainantibodies. LowM, standards (S) and a commercially obtained purifiedC (C) were run in the

far left and right lanes, respectively.

23274 and 23 504 Da were also noted. The predicted mass (3) N-GlycosylationTwo cDNA-deduced LC sequences,
for this LC was 23 277 Da. This was approximately 117 mass AL-98002 and AL-02004, were predicted to have potential
units lower than the observed mass. Subsequent analysis oN-glycosylation sites (N-X-T/S, where 3 P) at N70 and
the most abundant species showed that this was an kftact N20, respectively. PAS treatment of the purified urinary LCs
LC containing thes-cysteinyl post-translational modification ~ from these two cases confirmed that these were glycopro-
at C214 and internal disulfide bonds at CZ388 and C134 teins. The results for PAS staining of AL-98002 are shown
C194 @1). in Figure 5 (lane 3). For reference, nonglycosylated (lane 1)
For AL-01066, the deconvoluted ESI mass spectrum and glycosylated (lane 2) proteins were electrophoresed in
showed a major peak at 23 690 Da. After treatment of the adjacent lanes.
LC with the reducing agent, dithiothreitol, a new peak at Due to the complexity of the AL-98002 sample, the
23573 Da was observed and there was no evidence of themolecular mass of the LC could not be determined by ESI-
peak at 23 690 Da. This observed mass of 23 573 Da was inMS. However, using MALDI-MS, the average mass of
agreement with the theoretical value of 23 570 Da calculated 22 196 Da was obtained for the intact protein (Figure 6A,
from the cDNA-deduced amino acid sequence. The 120 Datop panel). TheN-glycosylation site at N70 was confirmed
mass decrease after reduction corresponded to a loss of &y mass spectrometry. After treatment with PNGase F to
disulfide-linked cysteine and the reduction of two to three removeN-glycans, MALDI-MS of the sample produced a
disulfide bonds in the native protein. The cDNA-deduced peak at/z 17 625 Da (Figure 6A, lower panel), suggesting
amino acid sequence was verified by peptide mapping usingthat some of the heterogeneity was dueNttinked glyco-
MALDI-TOF MS, and three disulfide bonds (C2%¥88, sylation. The PNGase F-released glycans were permethylated
C134-C194, and C214cysteine) were identified. using a standard protocoBZ, 33). MALDI-MS of the
Results from the structural analysis of AL-00131 protein permethylated glycans released from the LC indicated that
are discussed in further detail below. the glycans contained bi- and triantennary structures (Figure
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Table 1: Structural Variations in Nine Amyloidogenic Urinary

Biochemistry, Vol. 46, No. 49, 200714265

fications. In AL-01090, modifications at both the amino and

LC Proteins carboxy termini were noted. Aspartic acid was processed to
1LC Moo Moncd AMS  modification pyruvate at the first position in the sequence, and C214 was
T — Ssulfonatgq at the C—termlnl_Js..In addltlor_1, M4 was found
AL-99067 46 460 46 458 (T) 9 C214-C214 in the oxidized for_m, methionine sulfoxide, and a low
23235 23233 (M) -2 abundance of chlorinated Y36 was also detected.
AL-01039 46488 46 504 (D) +16 C214-C214 The most extensively modified protein in this group of
AL-02004 ;212 ggg 4212 %gg E'\D/')) _ﬁg N20-CHG nine amyloidogenie1 LCs was AL-00131 (Figure 7). C214
23 449 23382 (M) 67 C214.C214 was f_oqnd to bcﬁcy;tem_ylated_ anchquonat(_ad, as we!l
. . as oxidized to cysteic acid. Evidence of partial C-terminal
S-Cysteinylation . h . .
AL-96066 23277 53394 117 C214-cysteine truncatlon was also noted. At the N-terminus, aspartic acid
AL-01066 23570 23 690 +120 C214-cysteine was modified to pyruvate (as demonstrated by the 45 Da
N-Glycosylation shift from 23 276 Da to the lower mass of 23 232 Da) and
AL-98002 23674 22196 —1478 N70-CHO M4 was oxidized to methionine sulfoxide. It was also
AL-02004 46880 46 770 (D) —110 N20-CHO determined that Y49 was chlorinated.
23449 25726 (M) +2277 C214-C214 V|, Gene Usage and Somatic Mutations Analyaisariety
Fragmentation _ of germline genes were used in the rearrangement_aflv
AL-01102 23351 12047and 12136 tN'tem;'.'”a' gene sequences in this study (Table 2). Six of the nine
11607 (\) runcation amyloidogenic LCs, AL-96066, AL-98002, AL-00131, AL-
11762 (Q) 01066, AL-01102, and AL-02004, were found to use the
Multiple Other 018/08 \ «1 germline gene donor. Three other LCs, AL-
AL-01090 23383 23 386 +3 C214SS0; 99067, AL-01039, and AL-01090, were derived from L15,
N-terminal L5, and O12/02 VY «1 germline genes, respectively. Without
M 4p_3g“"ate exception, \V sequences were somatically mutated through-
Y36-Cl out all framework (FR) and complementarity-determining
AL-00131 23248 23279 +31 C214-cysteine (CDR) regions, with the number of replacement mutations
C214880; varying from 2 to 18 per sequence. Specifically for F31
ﬁig‘;ﬁ% amino acid substitutions were located at multiple residues
pyruvate throughout these regions in all but one (AL-96066) of the
Y49-C| k1 sequences (Table 2). Furthermore, the number and nature

2 Mcaica= calculated mass (Da)Mopsa= Observed mass (Da)AM
= Mopsd — Mcaica (D). ¢ D = dimer.©M = monomer. Listed twice.
9 CHO = covalently linked glycans.

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 hotspots3@) were targeted in three sequences,

6B). These structures were similar to those reported for othere.g., S77G (AL-99067), S77N (AL-98002), and S77G (AL-
LC proteins associated with AL2P). 01090). Overall, the majority of somatic mutations were the

In the case of AL-02004, the MALDI-TOF mass spectrum result of neutral amino acid replacements. However, muta-
of the reduced LC yielded an average mass of 25 726 Dations that resulted in the gain or loss of a charged residue in
with a peak width at half-height of over 800 Da (data not at least one FR position occurred in all but one of the group
shown). The calculated mass (obtained from the cDNA (AL-00131). These included R18T in AL-99067, Y49D in
sequence) was 23 449 Da. The considerably higher observedAL-96066, Q3E and S76R in AL-01066, K42T and D70N
mass, coupled with the large peak width, strongly suggestedin AL-98002, R61S in AL-02004, and K45N in AL-01090
the presence of glycosylation. ESI-MS analysis did not (Table 2). In twox1 proteins, the identical charge change
provide molecular weight information. However, increasing from basic to acidic residue was noted (K45E in AL-01039
the cone voltage of the instrument to cause in-source and K42E in AL-01102), although the substitution positions
fragmentation generated oxonium ions typical of the frag- were different. It is also of interest that, in two of the O18/
mentation of carbohydrates. The masses of oxonium ionsO8-derived cases, the gain of an asparagine residue, D70N
observed were consistent with those of sialaktinked (AL-98002) and T20N (AL-02004), created potentis}
glycans (Wz 657 Da). AnN-linked glycan consensus site glycosylation sites whose occupancy was substantiated by
was present at N20 in AL-02004. PAS staining and MS analyses.

(4) FragmentationEvidence of extensive fragmentation Amyloidogenia's Nonamyloidogenic LC Comparisorhe
was found in one LC protein sample. ESI-MS analysis of V| sequences of the nine AL proteins were compared to MM-
AL-01102 showed that there was no full-length LC in this 96100, a nonamyloidogenid LC previously characterized
sample. Two fragments were detected with molecular massesas a monomeric LC that waScysteinylated at C214 and
of 12 047 and 12 136 Da. These masses were consistent wittderived from the 018/08 germline gen20). In FR1-3,
the calculated mass for residues @4 of the € domain. amino acid differences were noted among the AL and MM
MALDI-MS analyses of the enzymatic digests of the whole proteins. The total number of residue differences in the AL
sample gave 79% sequence coverage (residueg7,746- proteins ranged from 3 to 10. While the majority of these
92, and 105-214). Two disulfide bonds were identified as amino acid variations represented neutral changes, 7/9 of the
C23-C88 and C134C194. amyloidogenic LCs showed at least one position where a

(5) Multiple and Other Post-Translational Modifications. net gain or loss of charge occurred. These non-neutral
Two amyloidogenic LCs contained multiple types of modi- changes (with the corresponding MM sequence shown in
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Ficure 4. Molecular ion region of the ESI mass spectrum obtained for purified urinary LC from AL-96066.
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4.95 (AL-01102) to 6.99 (AL-01090). The fakqof 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_ \and full-length
plcaica Values with amyloidogenic LC AL-01066.

Demographic, Clinical, and Laboratory Datdhe 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 monoclonalk LC ranged from 20% to 90% of the total

proteins were run in lanes 1 and 2, respectively, as controls. Laneyrinary protein excretion. No association of clinical features

3 contains a glycosylatedl LC (AL-98002).

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, pl values were calculated
for the V. domains and corresponding full-length LCs using

with post-translational modifications afL 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 V
and G domains of a group afl LC proteins from patients

the observed primary structure data and cDNA-deducedWith AL. Mass spectrometric analyses provided precise
sequence information. Results are shown in Table 3. Without characterization of the amino acid sequence, in addition to,

exception, the Y domain was more acidic than the full-
length LC in each case. Values for the Wdomain of the

amyloidogenic proteins ranged from 4.07 (AL-01102) to 6.74

(AL-01090). The placd Value of 4.53 was determined for

identification of the location and chemical nature of post-
translational modifications in thel LCs.

In our MS analyses of thel LCs presented, there were
no cases of unmodified proteins detected in any of the

the V. of nonamyloidogenic MM-96100 protein. Calculated molecular weight profiles. We have provided qualitative
pl values for the VY regions of each LC were compared to structural data rather than the extent of each LC post-
those predicted for the appropriate germline gene donor. Thetranslational modification as ionization efficiencies vary
pleaca Values for the Y germline gene sequences O18/08, widely among peptides depending on their chemistry. All
L15, L5, and O12/02 were 4.27, 6.25 7.99, and 7.97, LCs were isolated in either dimeric or monomeric form under
respectively. For the full-length LCs, pl values ranged from nondenaturing and nonreducing conditions. Three proteins
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Ficure 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.

were purified from urine as covalently linked dimers. Mass are usually found in monomeric fornB6, 38). In fact,
spectrometric analyses demonstrated that these three LCgrevious studies have suggested that the predominarnte of
were bonded via C214 disulfide bridging between two to « found in AL amyloid deposits may be because
monomers. While disulfide-linked dimers are known to be dimerization of LCs is an initial step in the process of fibril
a common structural feature of frdeLCs 35—37), « LCs formation (7, 39). It is possible that previous studies have



14268 Biochemistry, Vol. 46, No. 49, 2007 Connors et al.

23232

2320000

2326200

23214.00

Relative Abundance (%)

23170.00

1) T T T T T T T T T T T T T T
23150 23175 23200 23225 23250 23275 23300 23325 23350 23375 23400 23425 23450 23475

Mass

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

Table 2: Somatic Mutations inl V. Domain Framework Regions of Amyloidogenic LCs Grouped by Post-Translational Modifications

dimerization S-cysteinylation N-glycosylation other
V. domain AL-99067 AL-01039 AL-96066 AL-01066 AL-98002 AL-02004 AL-01102 AL-00131 AL-01090
FR1 (1-23) 12V
Q3E
V15l
R18T
V19l T19V
T20N?
T22A
FR2 (35-49) Q38H
K39R
K42T K42E
K45E K45N
L46V
148V
Y49D Y49F
FR3 (57-88) R61S
S63T
G66A
D70N
T72I
T74S
S76T S76R
S77G S77N S77N
P80OA
A84G
Y87H Y87F
no. of replacement mutations, 3 3 1 3 7 4 4 2 6
V. germline gene L15 L5 018/08 018/08 018/08 018/08 018/08 018/08 012/02

aGain of an asparagine residue that created\atycosylation site.

failed to recognize the dimeric nature efamyloidogenic as consistency in handling and storage protocols were strictly
LCs because sample preparation employed reducing agentsmaintained and LC purifications at multiple time points on
Alternatively, structural modifications of the urinary LCs individual urines rendered similar results.

could have been affected by the length and conditions of Three LCs were found to b®cysteinylated at C214, the
sample storage. For example, the low levels of albumin site which normally forms an interchain disulfide bond with
observed in the three urine samples containing dimeric LCs an available 1g heavy chain. Cysteinylation has been previ-
(Figure 1, lanes 4£3) might suggest that the dimers were ously reported in a nonamyloidogenic L@0j purified from

not found in the circulation but formed in the urine. While a patient with multiple myeloma without amyloidosis (MM-
this possibility cannot be excluded, it is unclear why only 96100).S-cysteinylation of other proteins has been linked
three of the LCs were found to be disulfide-linked dimers to elevated levels of homocysteine, a biomolecule which is
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Table 3: Comparison of pl Values for\and Full-Lengthel LC aIFhough initial glectrophoretic and _chromatographic evalu-
Proteins ations of the urine sample had indicated the presence of a
T full-length monomeric LC. Extensive N-terminal truncation
v ermlme Gere ) | e Dt LE MimamiEs was identified from the mass spectrometric data and may

have been a result of substantial structural instability. Two

[;IM-%IOD bl :; 5;4 othe_r a.m.yloidoge.nic LCs were gach uniqu.e_ in t_he nature_and
_ multiplicity of their post-translational modifications. Modi-
30000 4'%7 22 fications were identified at the N- and C-termini of both AL-
e G 2 01090 and AL-00131. The processing of N-terminal aspartic
NEI002 i &0 acid to pyruvate and oxidation of Met4 were identified in
AL0Z009 = it both LCs. We have recently observed the conversion of
i A G N-terminal aspartic acid to pyruvate inLCs as well. This
eilel e H transformation represents a new post-translational modifica-
= i tion, probably stemming from oxidative decarboxylation
AL-99067 460 3.72 followed by oxidative deaminatio®@—51). It is interesting
i e e i that chlorotyrosine residues (position 36 in AL-01090 and
AL-01039 4.93 6.16 position 49 in AL-00131) were identified in these two
7l 0i2/02 7.97 i proteins. Chlorotyrosine residues have been found to be
AL-01090 6.74 6.99 elevated in atherosclerosis, lung disease, sepsis, vasculitis,
2 pleaca= isoelectric point calculated from observed primary structure  and other inflammatory diseases and are regarded as an
data and cDNA-deduced sequences. indicator for oxidative damagesp).
Although A AL amyloidosis is more common than the
converted to cysteine in oxidizing environment42). most frequent LC subfamily in our patient populationis

Several reports have suggested that cysteinylation of proteingepresenting 22% of LC<26). In the x1 LC group, about
can modulate bioactivity through consequent conformational 40% are derived from the Vgermline gene 018/08, and
alterations 42, 43). Interestingly,S-cysteinylation has not  about 20% are derived from 012/023. Seven of therl
been described i LCs. LC proteins in this study were derived from the 018/08 V
One of the dimeric and one of the monomeric LCs were germline gene. The pattern of somatic mutations in the V
found to be glycosylated. Glycosylation of LCs has been domains of the LCs was unique to each. It has been
described for botlk andA proteins 22, 44—48). In addition, previously suggested that specific residues in theldmain
several reports have identified a subset «df LCs as can play a key role in promoting amyloid fibril formation
glycoproteins. In fact, it has been suggested that glycosylation(7, 11). On the basis of the analysis of 37 amyloidogenic
may be important in the mechanism of amyloid fibril and 84 nonamyloidogenic Vk1 sequences, Stevens sug-
formation @, 22, 23). In a study that compared the,V  gested that certain amino acids at approximately 24 positions
domain sequences of 37 amyloidogenic and 63 nonamy-were either over- or underrepresented in the AL proted)s (
loidogenic k1 LCs, it was proposed that the gain of an Four features were proposed to be risk factors for fibrillo-
N-glycosylation site was a risk factor for amyloid fibrilli-  genesis and included loss of 127b (an important packing side
zation @3). chain), replacement of K31 with D (destabilizing at this
Mass spectrometric analysis of arikprotein (AL-01102) position), loss of R61 (involved in a critical buried salt bridge
demonstrated only polypeptide fragmentshf~ 12 000, to D82), and the gain of am-linked glycosylation site

Table 4: Demographic, Clinical, and Laboratory Data on &l Cases

monoclonal

serum LClurine protein primary organ other organ survival
AL ¥1LC sex age freex LC (mg/24 h) involvement involvement (months)
Dimerization
AL-99067 F 59 yes 1500/4836 ST L, K 16
AL-01039 M 68 yes 290/648 ST H 10
AL-02004 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-02004 M 42 yes 2500/2756 H L, K 6
Fragmentation
AL-01102 M 49 yes 2660/3700 ST Gl 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

2 Age at time of diagnosi$ Abbreviations for organ involvement: ST, soft tissue; H, heart; K, kidney; ANS, autonomic nervous system; L,
liver; Gl, gastrointestinal; nd, not determinéd.isted twice.
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through mutations. Overall, 80% of the analyzed amy- analysis of LC proteins and the Boston University School
loidogenic M sequences were characterized by the presenceof Medicine Molecular Genetics Core Facility for providing
of at least one of three specific substitutions or the acquisition nucleotide sequencing services.

of anN-linked glycosylation siteZ3). In the present study,

only two of nine (22.2%)1 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 arN-glycosylation site, and in fact, AL-02004

also featured R61 changed to serine.
We also investigated thel LC group for net charge
differences in both the V domains and the full-length

proteins. Previous studies have demonstrated that LCs from
cases of AL were acidic, with pl values ranging from 3.8 to
5.2 (64—56). In contrast, nonamyloidogenic proteins have

been shown to exhibit more basic or near neutral BIS. (

We calculated pl values for 018/08, 012/02, L15, and L5
germline gene sequences and compared these to values

obtained from the observedl primary structure data.

Predicted values for 018/08 germline gene and the group
encoded by this donor were all in the acidic range. Of note,

the acidic pl value of 4.52 for the nonamyloidogenic MC

MM-96100 fell within the range of the pls of the amy-
loidogenic proteins. Furthermore, while the 012/02, L15,

and L5 germline gene sequences were predicted to have near 8.
neutral pls, the amyloidogenic \6equences were acidic in

two of the three cases. When the @omain was included

in pl calculations for the @1 LC sequences, the predicted
values overall were less acidic. However, it is interesting to
note that the nonamyloidogenic LC had the near lowest pl
at 5.44, with only one amyloidogenic protein (AL-0102)

predicted to be more acidic (pl 4.95).
We have previously reported the associationkdfLC
sequences with soft tissue manifestations of 28)(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 eflL LCs was found.

In summary, this molecular characterization of nine
amyloidogeniocl 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 thel 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, fragmentatiorg-sulfona-

tion, oxidation of methionine, chlorination of tyrosine, the
conversion of aspartic acid to pyruvate, and the presence of 18.
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 19
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 20-

of full-length, nonamyloidogeniel LCs for comparison with
the data presented herein.
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