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SUMMARY

Two amyloidogenic Bence Jones proteins (Am37 VkIV and NIG1 VkI) and one non-amyloidogenic

protein (NIG26 VkIII) were characterized. The protein Am37 had four deletions when compared with

the translated germ-line gene sequence: two Ser residues following position 27 (27e, 27f) in CDR1 and

two amino acids Pro-44, and Tyr-49 in FR2 were deleted. A strictly conserved salt-bridge-forming

amino acid, Asp-82, was replaced by the hydrophobic residue Leu. In a comparative study of

amyloidogenic and non-amyloidogenic proteins, ®ve amino acids (Ser-10, Ala-13, Ser-65, Gln-90,

and Ile-106) were found to be unique to NIG1 and several other amyloidogenic proteins. Additional

substitutions also occur within these proteins. These substitutions might be signi®cant in altering protein

folding as well as in contributing to their aggregation as amyloid ®brils.
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INTRODUCTION

The major ®bril protein found deposited in the tissues of indivi-

duals with primary amyloidosis and amyloidosis associated with

multiple myeloma, i.e. light chain (AL) amyloidosis, is related to

a monoclonal immunoglobulin light chain [1]. The deposits are

composed mainly of one protein that possesses a b-pleated sheet

structure and is stacked upon itself into long unbranched strands

or ®brils of intermediate length. The subunits for AL amyloidosis

can vary in length from the entire light chain to only a portion

of the variable region [1,2]. It has been proposed that certain

immunoglobulin light chains are predisposed to amyloid formation

by their secondary and tertiary structure [3], and this may be the

result of speci®c amino acid substitutions in their primary structure.

The speci®c chemical and structural features which deter-

mine the divergent accumulation properties of light chains may

be factors in the pathological deposition of ®bril protein in

different sites of various organs. In this study, we examined

the amino acid sequences of two amyloidogenic and one non-

amyloidogenic k-type light chain proteins and compared them

with other proteins belonging to the same subgroups. We also

attempted to identify the structural features controlling amyloid

formation.

MATERIALS AND METHODS

Puri®cation of proteins

The urine samples containing the Bence Jones proteins Am37 and

NIG1 were obtained from individuals with multiple myeloma-

associated AL amyloidosis, and another sample containing NIG26

was obtained from a patient with Bence Jones proteinaemia. The

proteins were precipitated by ammonium sulphate fractionation

and were puri®ed using a conventional two-dimensional high

performance liquid chromatography (HPLC) system. Next, the

proteins were treated using an anion exchange HPLC column

loaded with DEAE cellulose (2´16 ´ 16 cm), followed by a reversed

phase HPLC column loaded with phenyl-5PWRP (4´6 ´ 75 mm).

The purity was checked by MALDI-TOF/MS, SDS±PAGE, and

immunoblot analyses.

Reduction and alkylation

The puri®ed protein was dissolved in 6 M guanidine-chloride,

0´001 M EDTA and 0´25 M Tris±HCl pH 8´5, followed by addition

of dithiothreitol. The reaction vessel was wrapped in aluminium

foil and the mixture was held at 258C for 2 h in a nitrogen

atmosphere. The reduced protein was alkylated by addition of
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4-vinylpyridine. After 30 min, the resultant mixture was subjected

to reversed phase HPLC.

Peptide preparation

Proteolytic digestion of the reduced and S-pyridylethylated protein

was carried out with lysylendopeptidase, followed by a secondary

digestion with trypsin TPCK. The digest was separated and

puri®ed using reversed phase HPLC. A VYDAC Protein C4

(4´6 ´ 150 mm) column was used for the separation, and a Super

Sphere RP100-C18 (4 ´ 250 mm) column was used for the puri®-

cation. A ¯ow rate of 1 ml/min was used with a linear gradient of

acetonitrile (5±60%, 40 min) in 0´1% tri¯uoroacetic acid (TFA).

Amino acid analysis

The resultant peptides were dissolved in 6 N HCl containing 5%

(v/v) phenol. They were hydrolysed in evacuated tubes in a

constantly boiling solution of HCl for 24 h at 1108C. The solution

was then evaporated. The hydrolysates were dissolved in 200 ml of

0´02 M Tris±HCl buffer pH 8´0, separated, and identi®ed using a

Jasco 800 series HPLC system.

Peptide sequence analysis

Sequence analysis was carried out by the Edman degradation

method as described previously [4]. Approximately 60±100 pico-

mol of peptide were loaded on polybrene-treated glass ®bre disks

and placed in an ABI model 473A gas-phase sequencer. The

resultant phenylthiohydanated amino acids were identi®ed by an

on-line ABI HPLC system.

RESULTS AND DISCUSSION

Immunoglobulin-related polypeptides represent a class of proteins

that have been implicated in the pathogenesis of one type of

amyloidosis that occurs in patients with monoclonal B cell pro-

liferative disorders of idiopathic or neoplastic origin, i.e. immu-

noglobulin or multiple myeloma-associated amyloidosis [5]. The

precise chemical structure or conformational properties of such

proteins which in¯uence the process of deposition as amyloid

®brils, or other forms, or as non-nephrotoxic Bence Jones proteins,

are unknown. In this study, we characterized two amyloidogenic

proteins (BJP), Am37 and NIG1, and one non-amyloidogenic

protein, NIG26, and compared them with other reported amy-

loidogenic and non-amyloidogenic proteins in order to determine

the key sequence(s) relating to disease.

The puri®ed monomeric fractions of Am37, NIG1, and NIG26

had molecular masses (M�H)� of 24 362´60, 23 350´89, and

23 512´90 D, respectively. During immunoblot analyses all three

reacted with anti-k antiserum. Am37 contained 216 residues and its

primary structure was comparable to the VkIV subgroup (90%

homology with BJP LEN). NIG1 consisted of 213 residues and

belonged to the VkI subgroup, and NIG26 consisted of 215

residues and its sequence was homologous to the VkIII subgroup.

All three proteins possessed a Km(3) allotypic CL domain. No

signi®cant carbohydrate moiety or other post-translational

contaminants were detected in the fractions.

Multiple deletions in Am37

In 1973, kIV was isolated from k-type light chains and reported

as the so-called cold agglutinins [6]. It was fully sequenced from

the protein LEN [7]. It has been reported that VkIV is encoded

by a single kIV germ-line V-segment exon [8±10]. All members

of this subgroup have six extra amino acids in the CDR1 region

in comparison with other subgroups such as VkI. The V domain

of Am37 has been aligned with the translated germ-line gene

sequence [8] in Fig. 1. In order to get maximum homology, several

deletions were introduced into the sequence of Am37. Multiple
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Fig. 1. Amino acid sequences of the variable regions of the monoclonal kIV proteins. The translated germ-line (GL) gene sequence, the non-

amyloidogenic and non-nephrotoxic protein LEN, the non-amyloidogenic protein FRA, the amyloidogenic protein SMA, and REC are shown

relative to the amyloidogenic protein Am37 sequence. Dots indicate an amino acid residue identical to that in the GL, and solid boxes indicate

deletion of an amino acid from that position. Stars represent common amino acids in all sequences. Solid circles represent novel substitutions,

and thick bars indicate the b-sheet region for those positions. Small letters for residues 100±103 of SMA are not unambiguously determined.

The numbering system follows Kabat et al. [4], and the b-sheet locations are superimposed from the three-dimensional structure of REI [14].



deletions occurred in its V region. The protein contained 15

residues instead of the 17 normally found in the CDR1 region. Two

amino acids were deleted from positions 27e and 27f of this domain.

In addition to this, the amino acids Pro-44 and Tyr-49 were deleted

from the FR2 region. These changes in the primary structure of

Am37 strongly support the possibility of deletion, insertion and

somatic mutation in the restricted germ-line gene.

Novel substitutions in Am37

In addition to the four deletions, Am37 also had several novel

substitutions, all in the V domain. In the FR1 region, Met-4 and

Ser-10 were replaced by the hydrophobic residues Leu and Phe,

respectively. Signi®cant alterations occurred in the third frame

work (FR3) region. The amino acids Ser-63 and Ser-77 were

replaced by Arg and Asn, respectively. The positively charged

Asp-82 was substituted with the hydrophobic amino acid Leu. Asp-

82 is important because it stabilizes the domain by making a key

conserved salt bridge with Arg-61 located on the adjacent loop.

Replacement of one member of a salt bridge may be particularly

destabilizing, because it leaves behind a potentially unpaired

charge [11]. In fact, the replaced salt bridge partners are also

present in the k-type VL proteins MCM (D82I) [12] and BAN

(R61N), both pathogenic proteins associated with protein deposi-

tion [13]. These replacements were introduced as point mutations

into the k VL domain REI [14] and their susceptibility to ®bril

formation has been extensively studied [15,16]. A correlation

between salt bridge disruption and pathogenesis was observed. In

another study the Asp-82 replacement was found to occur in the FR

region, which determines the overall folding of the immunoglo-

bulin domain conformation and holds the complementary region in

place [17]. This change may result in the variable region structure

being more prone to ®bril formation.

In the Jk [18] joining region (96±108) Lys-103 is replaced by

Arg. Two replacements occurred in the CDR1 region. The amino

acids Asn-29 and Tyr-32 were substituted by Ser and Phe,

respectively.

Unique substitutions in NIG1

The primary structure of the amyloidogenic light chain protein

NIG1 was aligned with three amyloidogenic Bence Jones proteins,

AND [19], ARN [20], and BAN [13], and one non-amyloidogenic

protein, KA [21] (Fig. 2). All are kI light chains. Five amino acids,

Ser-10, Ala-13, Se-65, Gln-90, and Ile-106 were found to be

unique to the amyloidogenic light chains. The NIG1 protein also

contained two special substitutions: Phe-36 (FR2) and Arg-63

(FR3). These two components are 0´95% invariant in k-type

proteins. NIG1 also contained Gln-77 (FR3), Ile-83 (FR3), and

Glu-103 (FR4), which have not been previously reported.

Substitutions in NIG26

In comparison with other k-type human immunoglobulin light

chains, NIG26 has ®ve substitutions (Fig. 3) not previously

reported. They are as follows: Ser-45 in the FR2 region; Ile-72

in the FR3 region; and an Asp-Arg-Pro sequence in the CDR3

region, a position generally occupied by a Gly-Ser-Ser sequence in

most VkIII proteins. NIG26 also contained Asn-30 and Asn-31 in

the CDR1 region, Asp-50 in the FR2 region, and Trp-96 in the

CDR3 region. These substitutions are not as commonly found in

other members of the same subgroup.

Structural relationships with amyloidogenecity

k-related amyloidosis is less frequent than that from l-related

proteins, and the kIV subgroup is very poorly represented, account-

ing for only about 8% of the monoclonal k-chains [22]. In vivo and

in vitro analyses of certain VkIV light chains have revealed their

high nephrotoxic potential which leads to their pathological

deposition in tissues such as renal tubular casts [23], basement

membrane precipitates [24], and in particular, amyloid ®brils [25].

Some are also reported as non-amyloidogenic [26], and non-

nephrotoxic [26,27]. The alignment results of the variable

region sequences of the amyloidogenic proteins Am37, SMA

[25], and REC [25], the non-amyloidogenic FRA [25], and the

non-amyloidogenic non-nephrotoxic protein LEN [7] with the
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Fig. 2. Comparison of the V region sequences of VkI proteins. The V region sequence of the amyloidogenic protein NIG1 is aligned with the

sequences of three amyloidogenic (A) proteins AND, ARN, and BAN, and one non-amyloidogenic (NA) protein KA. The unique residues are

boxed. The numbering and other symbols are as in Fig. 1. The b-sheet locations are superimposed from the three-dimensional structure of REI

[14] protein.



translated germ-line protein sequence [8] have shown no common

amino acids in the amyloidogenic or non-amyloidogenic protein

sequences. The exchange rates for all amino acids between the

germ-line sequence and other compared sequences are different.

In comparison with the germ-line gene, the LEN protein had

only one replacement (Ser-29), but this substitution was non-

amyloidogenic and non-nephrotoxic. Thus, when the amyloido-

genic proteins are compared with LEN, every amino acid

variation could potentially play a signi®cant role in amyloid

formation.

In this pilot study, ®ve amino acids (Ser-10, Ala-13, Ser-65,

Gln-90, and Ile-106) were found to be common in several amy-

loidogenic light chain proteins (Fig. 2). When these substitutions

are tentatively superimposed on the three-dimensional structure of

the human k protein REI [14], two amino acids, Ser-65 and Ile-106,

correspond to the b-sheet domain. In Am37 (Fig. 1), Arg-63 and

Arg-100 also correspond to the b-sheet region of the REI protein.

These local substitutions may be the cause of the alteration in the

protein conformation, which in turn might lead to their being more

prone to association with amyloid processes. Alternatively, the

changes in NIG26 may be insuf®cient to render it amyloidogenic.

In order to con®rm these ®ndings we are now undertaking an

attempt to clone cDNA from an individual (NIG26 patient) and

trying to determine, by site-directed mutagenesis, which substitu-

ent(s) mentioned above are necessary for the amyloidogenicity of

the protein.
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