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ABSTRACT Light chain-associated amyloidosis is char-
acterized by the deposition as fibrils of monoclonal light
chain-related components consisting predominately of the
variable domain (Vi) or the Vy, plus up to ~60 residues of the
constant domain (Cy). Here, we describe a patient (designated
BIF) with light chain-associated amyloidosis and « Bence
Jones proteinuria in whom, notably, >80% of the amyloid
deposits were comprised of Cp-related material. The extracted
amyloid protein consisted of 99 aa residues identical in
sequence to the main portion of the C, region (positions
109-207) of the precursor Bence Jones protein. Remarkably,
the Cys from both molecules contained a Ser—Asn substitu-
tion at position 177. This heretofore undescribed C,. alteration
did not result from somatic mutation but rather was germline
encoded. When tested in our in vitro fibrillogenic kinetic assay,
Bence Jones protein BIF was highly amyloidogenic. Notably,
endopeptidase treatment of amyloid fibrils prepared from the
native light chain revealed the Vy, to be markedly susceptible
to enzymatic digestion, whereas the Cy was protease-resistant.
Our findings provide evidence that the fragmented light
chains typically present in this disease result from proteolytic
degradation and suggest that, in this case, conformational
differences in Vi /Cy, packing within the fibrils may account
for the unusual composition of the amyloid deposits. Addi-
tionally, we posit that the previously unrecognized Asn'?’
substitution represents yet another C, allotype, provisionally
designated Km*.

Light chain-associated (AL) amyloidosis is characterized by
birefringent Congophilic fibrillar deposits of monoclonal light
chains or, more commonly, light chain-related fragments
consisting of the variable domain (Vr) or the Vi and a
contiguous portion of the constant domain (Cp) (1, 2).
Whether the fragmentary nature of light chains extracted from
amyloid deposits results from proteolytic degradation of the
native molecule pre or postdeposition [or, alternatively, from
aberrant synthesis (3)] has not been established conclusively.
In this respect, further information on the composition of AL
amyloid components has both pathogenic and therapeutic
import.

We report the first case of AL amyloidosis in a patient
(designated BIF) with k Bence Jones proteinuria and wide-
spread disease in whom the fibrillar deposits were not com-
prised of Vi-related material but, rather, consisted almost
entirely of Cr. Also remarkable was the finding that the C,
portion of the Bence Jones protein (BJP) contained a
Ser—Asn amino acid substitution at position 177. The iden-
tical alteration also was present in the C,-associated amyloid
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protein. This heretofore unrecognized difference in C, se-
quence—Asn!”’—was not caused by somatic mutation, as
evidenced from genomic DNA analyses, and presumably rep-
resents a genetic marker distinct from that associated with the
Km', Km'?, and Km?3 C,-related allotypes (4).

MATERIALS AND METHODS

Clinicopathologic Features. Patient BIF was a 69-year-old
Caucasian male of Italian ancestry in whom a diagnosis of AL
amyloidosis was made from examination of material obtained
via endoscopic biopsy of a gastric polypoid mass. The Congo-
philic, green birefringent deposits noted in the lamina propria
and within blood vessel walls reacted with an anti-« light chain
antibody. Approximately 20—-40% of nucleated cells present in
a bone marrow aspirate consisted of a monoclonal («*) plasma
cell population as evidenced through immunophenotyping
studies. Immunofixation electrophoreses of serum and urine
revealed a pronounced hypogammaglobulinemia and « BJP,
respectively. Despite treatment with monthly courses of mel-
phalan and prednisone and other supportive care, his condi-
tion progressively worsened and he died 4 months later.
Postmortem examination revealed extensive amyloid deposi-
tion throughout the entire gastrointestinal tract, heart, spleen,
and bladder; additionally, lesser deposits were present in the
lungs, liver, and kidneys.

Protein Isolation and Characterization. A 24-h urine spec-
imen containing ~7 gm of BJP was dialyzed extensively against
distilled water and lyophilized. The monoclonal Ig urinary
component was isolated from a water-reconstituted urine
sample by zone electrophoresis on blocks of polyvinyl chlo-
ride/polyvinyl acetate copolymer (Pevikon-870, Hydro Plast
A3, Stenungsund, Sweden) and further purified by gel filtra-
tion on an acrylamide/agarose column (AcA 54 Ultragel,
Pharmacia) as described (5). Amyloid proteins were extracted
according to the method of Pras et al. (6) and purified by HPLC
(7) from 10-gm portions of heart and spleen that were obtained
at autopsy and maintained in a —80°C freezer.

The purity and M;s of the monoclonal urinary Ig and the
amyloid protein were determined by SDS/PAGE in the pres-
ence or absence of 2-mercaptoethanol by using a discontinuous
buffer system, 12.5% homogeneous polyacrylamide gels, and
reference standard proteins. After SDS/PAGE, the proteins
were blotted onto poly(vinylidene difluoride) membranes, and
the N-terminal sequence was determined.

Sequence Analyses. Samples (10-20 mg) of completely
reduced and pyridylethylated BJP and amyloid protein were
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F1G. 1. Primary structure of light chain BIF (BJP) and amyloid protein BIF (AMY). The residues marked by dashed arrows were determined
from sequencing peptides generated by trypsin (T) cleavage and from enzymatic digestion with the aspartic acid-specific (Asp-N) endoproteinase.
The numbering system used is as given in ref. 12 (amino acids are indicated by the single-letter code). The junction between Vi and Cr domains
and the segments encoded by the V, J, and C genes in BJP BIF are as designated. The arrow at position 177 indicates the Asn for Ser substitution

found in both proteins.

cleaved enzymatically with trypsin (Worthington Biochemical,
Freehold, NJ) at an enzyme to substrate ratio of 1:100 (wt/wt)
as described. (7) The proteins also were digested with an
aspartyl residue-specific endopeptidase prepared from a
Pseudomonas fragi mutant (Endoproteinase N, Boehringer
Mannheim) under aqueous conditions at an enzyme to sub-
strate ratio of 1:100 (wt/wt) for 6 h at 37°C; extension of the
digestion time to 24 h also cleaved peptide bonds N-terminally
at glutamyl residues. The resultant peptides were separated by
HPLC (7), and the amino acid sequences were determined by
using an ABI 477A gas-phase protein sequencer connected
on-line to an ABI 120A phenylthiohydantoin analyzer (Ap-
plied Biosystems).

Preparation of Germ-Line DNA. Germ-line DNA was pre-
pared from the patient’s cardiac tissue and family members’
buccal cells by using the Puregene DNA Isolation Kit (Gentra,
Minneapolis, MN). One-micromolar amounts of 08-018 V,1-
and C,-specific primers (8) were used respectively to amplify
the V, and C, regions from 1 pug of genomic DNA under
conditions described (9). PCR products were isolated and
purified and then sequenced by using an ABI Prism Model
2.1.1 data collection automated DNA sequencer.

Fibrillogenic Kinetic Assay. Lyophilized, purified samples
of BJP were dissolved in phosphate buffered saline (PBS), pH
7.0 at a final concentration of 1 mg per ml. After filtration
through a 0.2 um filter, 1 ml-aliquots were pipetted into 13 X

100 mm borasilicate test tubes that were placed in an orbital
shaker and maintained at 37°C at an angle of 45° to the axis of
rotation. The tubes were agitated at 225 rpm and analyzed
daily spectroscopically at 320 nm for development of turbidity.
Precipitates were harvested by centrifugation at 17,000 X g for
10 min and washed three times with PBS. Aliquots of the
washed precipitates were resuspended in PBS, air-dried on
microscopic slides, Congo red stained, and examined under
polarized light. For electron microscopy, precipitates were
applied to Formvar carbon-coated copper grids, air-dried,
stained with 1% phosphotungstic acid, and viewed with a
Hitachi H-600 electron microscope. Protein aggregation was
measured by light scattering at 400 and 600 mm, and the
thioflavin T (ThT) fluorometric assay was performed by the
method of LeVine (10).

RESULTS

BJP BIF. By SDS/PAGE, the isolated and purified protein
BIF consisted of approximately equimolar mixtures of cova-
lent dimer and monomer with molecular masses of ~43 and 22
kDa, respectively. Under reducing conditions, the dimer was
converted to the monomeric form. When tested by ELISA
against a battery of anti-V, subgroup specific mAbs (11),
protein BIF was typed serologically as a k1 light chain. This
classification was confirmed chemically: The complete amino
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acid sequence of protein BIF was established from analyses of
tryptic- and Asp-N-derived peptides ordered on the basis of
published data (12). The portion of the Vi domain encoded by
the V. gene consisted of 95 residues and was most homologous
in sequence (identity, 95%) to the deduced product of the V1
germ-line gene 08—018 (8) that was found to be identical to the
patient’s germ-line gene counterpart (data not shown). Among
the interchanges were the replacement in BJP BIF of Val, Phe,
Thr, Val, and Phe for the germline encoded Leu, Leu, Pro, Ile,
and Tyr at positions 33, 46, 59, 83, and 87, respectively. The 13
remaining Vy residues were joining-(J)-gene-derived and were
related most closely in sequence to the predicted product of the
J,2-germ-line gene (13) with one substitution in protein BIF of
Arg for Lys at position 107.

The Cp portion of BJP BIF consisted of 107 residues
contained within tryptic peptides T7 through T14. With the
exception of one amino acid, the sequence was the same as a
prototypic C, domain containing the Km? allotypic-associated
Ala and Val residues at positions 153 and 191, respectively (4,
12). The main difference was the substitution at position 177
in tryptic peptide T11 of Asn for Ser. This interchange was
confirmed through analysis of the overlapping Asp-N 10
peptide. The complete amino acid sequence of BJP BIF is
provided in Fig. 1.

Amyloid Protein BIF. The molecular masses of the amyloid
extracted from the heart and spleen were determined by
SDS/PAGE. Under reducing conditions, the predominant
(>80%) component had a molecular mass of ~11 kDa. That
this material was light chain-related was established through
N-terminal sequence analyses of the unfractionated amyloid
protein extracted from a PVDF membrane and peptides
derived from enzymatic cleavage of the completely reduced
and pyridylethylated protein purified by HPLC (Fig. 1). The
majority of amyloid BIF consisted of 99 residues that were
identical in sequence to that of the C, region (positions
109-207) of the BIP BIF. The Ser—Asn!”’ substitution,
present in the intact light chain, was found also in the TS5 and
Asp-N 3 peptides. The seven C-terminal residues (positions
208-214) contained in the native molecule were not detected
in the amyloid component. Minor populations of intact light
chain identical in N-terminal sequence to BJP BIF, as well as
C,-related fragments lacking one, three, and 19 N-terminal
residues, were noted. There were no demonstrable differences
in the composition of heart- and spleen-derived AL compo-
nents.

In addition to the C,-related peptides present in the tryptic
digest of the HPLC-purified amyloid protein, a 30-residue
component corresponding to amino acids 65-94 of the human
neutrophil defensin HNP 1 peptide also was found (14). On a
molar basis, this component represented ~5-10% of the
material contained in the digest.

In Vitro Amyloidogenic Studies. To determine the amyloi-
dogenic potential of native BJPs or Vi fragments derived
enzymatically or by recombinant technology (15, 16), we have
developed an in vitro fibrillogenic kinetic assay in which, under
defined conditions, certain soluble proteins form precipitates
having the characteristic tinctorial and ultrastructural features
of amyloid. Using this assay, the amyloidogenic propensity of
BJP BIF was evidenced when solutions of the light chain
became turbid within 24 h. By 14 days, >75% of the BJP had
precipitated and exhibited Congo red-positive green birefrin-
gence when viewed under polarized light and was fibrillar by
electron microscopy (Fig. 24). In other analyses, the in vitro
formation of amyloid by BJP BIF also was evidenced when
ThT-positive aggregates were formed readily, as demonstrated
in fluorescent (Fig. 2B) and light scattering assays. When the
synthetic amyloid was digested with trypsin (enzyme to sub-
strate ratio, 1:100) and examined by SDS/PAGE, an ~11 kDa
component comparable to that found in the patient’s amyloid
extract was identified. N-terminal sequence analysis revealed
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Fic. 2. Synthetic Congo red-positive green birefringent fibrils
prepared from BJP BIF. (A4, Left) Polarization photomicrograph:
Congo red staining, X400; (Right) Electron photomicrograph: nega-
tive staining. (B) ThT assay: fluorescence intensity of the ThT-fibril
complex. Excitation and emission wavelengths, 450 and 490 mm,
respectively.

that >90% of this material represented the C, portion of light
chain BIF; the remainder consisted of V| -related material. In
similar experiments involving synthetic fibrils comprised of a
different amyloid-associated 08—018 k1 light chain that lacked
the Ser—Asn!”’ alteration, an ~11 kDa Vi component also
was generated. However, in contrast to amyloid BIF, this C
had undergone proteolysis, and the residual material repre-
sented the Vi portion of the molecule.

DISCUSSION

The results of our studies on the protein extracted from
amyloid deposits present in the heart and spleen of a patient
(BIF) with widespread AL amyloidosis and k Bence Jones
proteinuria revealed that >80% of this material consisted of
virtually the entire C, portion of the precursor monoclonal «
light chain. The finding of Cy-associated amyloid deposits in
this individual has been undescribed heretofore in AL amy-
loidosis, in which fibrils typically are comprised of either Vi,
V1 plus an indeterminate amount of Cy, or, less commonly, the
intact light chain (1, 2, 17).

From amino acid sequence analyses, it was determined that
the amyloid deposits found in patient BIF were derived from
the native BJP. This molecule was deemed particularly amy-
loidogenic based on the results of our fibrillogenic kinetic assay
in which the soluble light chain was converted rapidly into
Congophilic birefringent fibrils without enzymatic digestion
(18) or chemical modification (19). Noteworthy was that BJP
BIF was encoded by the V,1-related 08-018 germ-line gene,
the products of which preferentially are associated with AL
amyloid formation but do not typically contain the Asn'7’
alteration present in the BIF component (20).
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Table 1. Allotypic-associated C, residues

Residue
Allotype 153 177 191
Km! Val Ser Leu
Km?!2 Ala Ser Leu
Km? Ala Ser Val
Km?* Ala Asn Val

*Provisional designation for the C, sequence alteration found in light
chain BIF.

Through comparative sequence analyses of amyloid vs.
nonamyloid « chains, particular residues at certain positions
within the Vi have been identified that apparently enhance
light chain fibrillogenesis (20). These would include the sub-
stitutions found in BJP BIF of Val, Thr, and Val for the
germline-encoded Leu, Pro, and Ile at positions 33, 59, and 83,
respectively. That the destabilizing effects of such mutations
lead to partially unfolded intermediates and fibril formation
has been shown experimentally (21, 22); however, the molec-
ular event(s) responsible for generation of AL amyloid fibrils
has not been elucidated. The demonstration that such material
can consist partially or entirely of intact light chains (17)
indicates that fragmentation of the precursor protein is not a
prerequisite for fibrillogenesis. Based on experiments in which
human amyloid-associated BJPs were injected into mice (23),
it is probable that AL amyloid is formed in situ as a result of
the deposition in tissue of soluble light chains and conversion
of this material into fibrils. Subsequent proteolysis of the
amyloid protein results in generation of light chain fragments.
Several types of endopeptidases including the lysosomal pro-
tease cathepsin D have been implicated as being among those
enzymes responsible for amyloid digestion (24). The presence
of neutrophil-derived defensin components in AA amyloid
extracts (25), as also found in material from patient BIF,
suggests a role of these molecules in amyloid degradation.

The fact that the Cy represented the predominant compo-
nent contained in the amyloid protein BIF indicates that the
Vi domain of the precursor light chain was unusually suscep-
tible to proteolysis. Indeed, trypsin digestion of synthetic
amyloid fibrils formed from BJP BIF yielded a C, fragment
having an N-terminal sequence identical to that of the major
constituent of the AL deposits found in vivo. By contrast, in
similar experiments involving synthetic fibrils formed from a
different 08—018-derived k1 BJP, digestion with trypsin re-
sulted in proteolysis of the C. and yielded only a V. fragment.
Although there are no x-ray crystallographic data on AL
amyloid that would elucidate tertiary structural features of this
material, these findings suggest that differences in domain
packing within the fibrils may account for the variation that is
found in the light chain composition of amyloid deposits. Most
commonly, the Cp portion of the molecule is exposed to
solvent, whereas the Vi is buried and protected from enzy-
matic digestion. In the case of the amyloid formed by light
chain BIF, we postulate that the reverse occurred and that the
V1. portion of the fibrils was sterically accessible. Whether the
Ser— Asn substitution at position 177 in the C, region affected
domain packing and was responsible for this phenomenon is
unknown.

The Ig k-chain locus contains a single C, gene (26) that
encodes a protein product invariant in sequence except for
alterations at positions 153 and 191 (Table 1) that are associ-
ated with the expression of the three serologically detected Ky,
allotypes, Km!, Km'?, and Km> (4). Remarkably, BJP (and
amyloid protein) BIF had a previously unrecognized substi-
tution of Asn for Ser at position 177 in the C, region. That this
difference did not result from somatic mutation was evidenced
from analyses of germline-derived DNA isolated from the
tissue of patient BIF. The Asn for Ser difference resulted from
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a one-base change in codon 177 whereby AGC was altered to
AAC. Furthermore, the codon specifying Asn!”” was found in
germline DNA prepared from buccal cells obtained from the
patient’s mother and two of three siblings. In all of the
Asn'”7-positive cases, analyses of several germ-line DNA-
derived clones showed the presence of nucleotides encoding
the Ser'”” as well as the Asn!'7” residues, thus indicating the
heterozygosity of this genetic alteration.

We presume that a C, gene encoding for Asn!”’ rarely is
expressed based on amino acid sequence data on 22 mono-
clonal k chains (GenBank) and analysis of DNA derived from
347 individuals (representative of 10 human populations) of
which 50 were subjected to direct sequencing of PCR products
(27, 28). Presently, there are no known serologic reagents that
differentiate between light chains with Asn'”” vs. Ser'””. How-
ever, the use of an allele-specific oligonucleotide in C, dot
blots of amplified-C, DNA (27) will help establish the exact
frequency and biologic import of this C, allotype that we
provisionally designate Km*.
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