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Abstract

AL-Base, a curated database of human immunoglobulin (Ig) light chain (LC) sequences derived
from patients with AL amyloidosis and controls, is described, along with a collection of analytical
and graphic tools designed to facilitate their analysis. AL-Base is designed to compile and analyse
amyloidogenic Ig LC sequences and to compare their predicted protein sequence and structure to
non-amyloidogenic LC sequences. Currently, the database contains over 3000 de-identified LC
nucleotide and amino acid sequences, of which 433 encode monoclonal proteins that were
reported to form fibrillar deposits in AL patients. Each sequence is categorised according to
germline gene usage, clinical status and sample source. Currently, tools are available to search for
sequences by various criteria, to analyse the biochemical properties of the predicted amino acids at
each position and to display the results in a graphical fashion. The likelihood that each sequence
has evolved through somatic hypermutation can be predicted using an automated binomial or
multinomial distribution model. AL-Base is available to the scientific community for research
purposes.
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Introduction

The pathology of amyloidosis in humans is due to the extra-cellular deposition of
proteinaceous fibrils. Twenty-seven distinct proteins have been implicated in amyloid
disease [1]. In many of these, a single amino acid substitution differentiates the
amyloidogenic protein from its wild type counterpart. Thus, analysis of primary sequence is
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important in characterising the relationship between mutation and aggregation via changes
in physicochemical properties [2,3]. AL amyloidosis presents a unique challenge in that the
immunoglobulin (lg) light chain (LC) proteins that comprise the deposited fibrils display
inherent somatic sequence variability. For this reason, a large organised data set is needed to
elucidate the links between protein sequence and aggregation. Conventional databases such
as Gen-Bank (http://www.ncbi.nlm.nih.gov/Genbank/) and Uniprot (http://
www.pir.uniprot.org/) store a wealth of nucleotide and protein sequence data. However,
smaller, specialised databases can be useful for studying specific types of sequences, or
sequences related to a particular disease such as amyloidosis. Previously, a database of Ig
LC proteins (ftp://bioinformatics.anl.gov/VVL-database) was established, containing the
amino acid sequences of over 200 LCs derived from patients with a variety of diseases.
However, the VVL-database has not been updated since 2005 and has no integrated tools for
searching or analysis. To address these issues, we have developed AL-Base, a visual
platform analysis tool for the study of LC sequences associated with AL amyloidosis, which
expands on the capabilities and the contents of the VVL-database by adding sequences
generated from mRNA, as well as including a searchable interface and visual tools for
analysis. Currently, AL-Base contains 433 amyloidogenic LC sequences compiled from
public sources, including 271 that we have derived from patients seen at the Boston
University amyloid treatment and research program. New sequences are continually being
added to the database as they become publicly available. AL-Base stores alignments for
every LC sequence according to the international ImMunoGeneTics information system
(IMGT) numbering for variable (V) and constant (C; ) domains [4,5]. Any set of Ig LC
sequences can be pulled from the database and compared. All data, including alignments,
are available to download in common formats such as FASTA [6] and ClustalW [7]. The
database is currently available for public use at http://pulm.bumc.bu.edu/aldb/home/. We
hope that with community input and involvement, the current feature set can be expanded.

Materials and methods

Software and hardware architecture

The database was developed on a Dell PowerEdge server with a 1.8 GHz Xeon processor
and 2 GB of memory, using freely available and open source tools. The operating system is
BU Linux 4.5 server edition (Zodiac). The main interface to the database is accessible
through a web browser at http://pulm.bumc.bu.edu/aldb/home. The web server is Apache
2.0.1 (www.apache.org), and the web application framework is Ruby on Rails
(www.rails.org). Ruby on Rails ties the back-end database to the front-end website, and
simplifies the process of adding new features and functionality. Many features of the
database make use of the BioRuby library (www.bioruby.org). The database is accessible
via the internet. As all sequence processing is done on the back-end server, client side
requirements are minimal; however, the large amount of data returning from some queries
merits a recommendation of using at least a Pentium-4 PC with 512 MB of RAM, or a
Macintosh of similar capabilities. The database was designed to be used with the Firefox
web browser, but it can also be displayed in other browsers such as Internet Explorer, Safari
or Opera.
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Sequence collection

Sequences were culled from various publicly available sources, including GenBank, Uniprot
and the PDB (http://www.rcsb.org/pdb). In addition to the amyloidogenic sequences, we
have included all available LCs from other plasma cell disorders (PCD) such as multiple
myeloma (MM), light chain deposition disease (LCDD) and Waldenstrom's
macroglobulinemia (WM), as well as a heterogeneous collection of LCs from other disease
states or sources. Sequence annotations were parsed to exclude non-functional sequences,
such as those with out-of-frame insertions, or incorrect stop codons. When available, the
pathologic nature of the sequence in vitro or in vivo (fibril, cast, amorphous deposit, non-
pathologic) was noted. The original flat-file is also stored along with the sequence so that all
available information is preserved.

Data storage

The relational database management system (RDBMS) used was MySQL 4.1.20 (http://
www.mysqgl.org). The database schema includes tables for donor germline genes, nucleotide
and protein LC sequences and alignments. The crucial first steps were creating an alignment
standard, as well as automating the process of aligning new sequences as they were added to
the database. The IMGT numbering for Ig V|_and C, domains [4,5] was utilised based on
several unique features, i.e. a current format and its easily parsed treatment of gaps in the V|_
domain complementarity determining regions (CDR). Germline gene information, all
functional germline gene sequences and their respective alignments from the IMGT/GENE-
DB (http://imgt.cines.fr) were downloaded in flat-file format, parsed and inserted into the
database. Once this was complete, each nucleotide or protein LC sequence was assigned to
its germline heritage using BLAST [8] in conjunction with the BioRuby BLAST module,
parsed for CDR and framework regions (FR), aligned according to the IMGT numbering
scheme and then inserted into the database.

Antigen selection

Visual tools

Binomial [9] and multinomial [10] antigen selection algorithms were implemented and
applied to every LC sequence in the database. Briefly, these algorithms determine the
probability of antigen selection by calculating the expected number of replacement (R) and
silent (S) mutations in the FRs and CDRs of the LC V|_region, and comparing these data to
the total number of observed mutations. In a sequence selected by an antigen, there is an
excess of R mutations in the CDR domains and S mutations in the FR domains. The results
of the algorithms are stored in tables in the database for rapid access, and are available from
the individual sequence entry page. The R statistical environment (www.r-project.org) was
used to perform the algorithms.

A web-based interface was written for the database using the Ruby programming language
(www.ruby-lang.org) and the Ruby on Rails web application framework
(www.rubyonrails.org). Many features of the database make use of the BioRuby package
(http://www.bioruby.org). All alignments and sequence data can be downloaded in common
formats such as FASTA and ClustalW. For an alignment of any set of sequences, reports
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providing a summary of the germline gene usage, property scores, mutation rates and
antigen selection results can be generated and downloaded.

Property-based statistical analysis

Results

To highlight the utility of the database for statistical analysis of large data sets of sequences,
we used the integrated tools to compare the mean property values for positions in alignments
for the AL-PCD and other-PCD groups. First, we searched the database for all V 1
sequences for these two sets. For each group, we used the integrated tools to generate an
alignment, and then downloaded reports in comma separated value (CSV) format for each
property value currently available: hydrophobicity [11], flexibility [12], volume [13],
accessible surface area [14], isoelectric point [15] and beta structure [16]. These reports
were then imported into the R statistical environment, though the CSV format can also be
read by common programs such as Microsoft Excel. Mean property values for each position
of the alignment were compared between the AL-PCD and other-PCD group using a two-
tailed T-test, and those positions and properties with significant differences were recorded
based on the Type | error of 5%.

As of February 2008, the database contained 433 AL LCs, 163 LCs from other PCDs and
3364 LCs from other sources. Additionally, 143 germline V|_ sequences, 19 germline joining
(J) region sequences and 15 germline C;_ region sequences have been entered; only
functional, productive germline sequences were selected. Of 433 AL sequences, 26.3% were
V| ,-and 73.7% were V| \. By subtype, the majority of LCs were in the x1 (21.0%), A3
(19.9%), A1 (19.4%), A6 (17.6%) and A2 (15.7%) groups. The rest were divided among »2—-4
(5.3%) and A4,7 and 10 (1.2%) subtypes. For those LCs from other PCDs, the distribution
was 56.4% V| . and 43.6% V|, with the majority in the x1 (33.1%), A3 (16.6%), A2
(13.5%), x4 (11.7%) and A1 (10.4%) subtypes. There were very few A6 sequences in both
the other-PCD (1.2%) and non-PCD (1.6%) groups. The distribution (Table I) shows that
AL is a disease primarily associated with V| A LCs, as has been previously reported [17-21],
whereas both the other-PCD and non-PCD groups contain predominantly V| x LCs.

LC sequences can be accessed from the database using the integrated search engine. Search
identifiers include germline gene usage, clinical status and sample sources (molecule, tissue
and cell types). Sequences that match criteria are then displayed on a sortable results page.
Once a search has been performed and a set of LCs selected, the visual tools integrated into
the database can be applied to simplify the analysis of individual or multiple sequences.
Individual entries can be selected for more information, including a list of features and
qualifiers, the sequence itself, a conceptual translation, germline gene usage, relevant
hyperlinks and references. Sequences can be aligned and compared with their closest
germline progenitors, for both the V|_and C,_regions. The number of nucleotide
substitutions are counted, and a list of R and S nucleotide and protein substitutions can be
generated (Figure 1).

For multiple entries, alignments can be configured to show either nucleotide or protein
sequences. Alignments are available for the V|_region and, if available, the C_ region of
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every LC; FR and CDR regions can be aligned individually if needed. All amino acid
residues or only the substitutions can be characterised according to their physicochemical or
biophysical properties using coloured alignments. Currently, residues can be coloured
according to IMGT colour menus for a variety of amino acid classes based on hydropathy,
volume and chemical characteristics (Figure 2) [22]. Furthermore, residues can be
highlighted according to a scaled physicochemical or biophysical property (currently
hydrophobicity, flexibility, volume, surface area, isoelectric point and beta structure), with
shades of blue representing lower values and shades of red representing higher values. An
‘average’ value is coloured white. Values for residues are obtained from the AA index [23],
a database of numerical indices representing various physicochemical and biochemical
properties of amino acids. In many sequence to structure mapping problems, amino acid
properties can be an extremely useful feature for prediction [24]. For large sets, a report can
be generated for each position detailing the residue variability, along with a ‘score’
representing the average value for each selected property.

Results for the antigen selection algorithms have been completed for 376 LCs in the AL
category and 130 LCs in the other-PCD category. For any sequence, the results are publicly
available from the antigen selection results page (Figure 3), which is accessed from the
sequence features page. Tools to search for sequences based on these results are in
development.

The property-based statistical analysis identified 23 of 95 positions in the V-region of the Ig
LC that had significant differences in mean property values between the AL-PCD and other-
PCD groups. Of these positions, six were in the CDR and 17 were in the FR. These positions
included some that have been previously identified, as well as several that are novel. A
substitution list was generated for each recorded position for both groups (Table I1).

Discussion

One of the challenges in creating the database was deciding which LCs should be included.
There is a plethora of public LC sequence information available, including those generated
from cDNA, genomic DNA and purified protein, which were obtained from a variety of
sources such as bone marrow plasma cells, peripheral blood B cells, urine and tissue
samples. AL-Base divides LCs into three major categories: AL, other-PCD and non-PCD.
First and foremost, we searched for and included all available AL LCs. These included 271
sequences from patients seen in the amyloid treatment and research program at the Boston
University Medical Centre (GenBank Accession Numbers EF589384-571, EU599319-361).
Next, we searched for sequences that could be used as controls for comparison. This set is
composed of LCs from other PCDs, not only from MM (n = 152) but also from LCDD (n =
7) and WM (n = 4). Although LCDD sequences by definition do not form fibrils [25], it is
possible that some of the MM sequences could be amyloidogenic, as up to 10-20% of MM
cases can develop fibrillar LC deposits [26-28]; thus, it is possible that some of the
sequences classified as MM could actually be amyloidogenic. The final category, non-PCD,
is a heterogeneous group that includes cDNA derived sequences from polyclonal healthy
bone marrow, disease-related LCs and sequences of solved LC structures from the Protein
Data Bank (www.rcsh.org/pdb). By including this category, many possibilities arise for
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studying AL LCs, such as finding structural models with similar sequence, or comparing the
differences in family distribution for AL and another LC population.

The property-based statistical analysis identified 23 positions that had significant differences
in mean property values between the AL-PCD and other-PCD sets (Table Il). For each of
the three invariant residues that form the folding core of the LC (C23, W41 and C104),
significant differences were observed in adjacent residues (R/Q/W24, Y42 and Y103), as
well as residues located nearby spatially (D/E86, T88 and L/S52). It may be that changes
near folding core residues lead to decreased LC stability and amyloidosis, as has been
previously suggested [29]. Additionally, Y42 and Y103 form part of the VL-VH interface,
and substitutions in this region may prevent the LC from binding properly to the heavy chain
or inhibit dimerisation [30]. Differences were also seen in certain clusters of residues that
compose structurally important regions of the LC [31]. FR1 positions 17 and 18, which form
the latter part of a turn between the A and B strands, had significant differences in isoelectric
point, beta structure and flexibility between the two sets. P72, which interacts with F76 and
forms a conserved loop, was replaced much more frequently in the AL group and had
significant differences for 4 of 6 mean property indices. There were numerous replacements
in the AL-PCD group at R75, the ‘smoking gun’ for LC pathogenicity [32] and salt bridge
partner with D98. D/E97, which interacts with R75, was also replaced more frequently in the
AL-PCD group. Of the CDR residues identified, positions 30 and 31 have been previously
discussed for their role in amyloidogenicity [33]. Other AL sequence differences identified
by this method included positions 3, 26, 47, 52, 56, 67-69, 86, 88 and 107-109.

The wide variety of substitutions seen at these positions illustrates the complexity in finding
single point mutations that contribute to amyloidogenesis in AL. In understanding the
pathogenesis of Ig LC deposition and fibril-forming diseases, one challenge lies in
determining what combination of residues or substitutions can promote protein misfolding
and fibril formation. To explore these changes, AL-Base provides an accessible and user-
friendly way to work with large numbers of LC sequences and their alignments. Our aim
was to create an open database usable by investigators interested in research involving AL
Ig LC sequences. To that end, we have developed a fully featured, dynamic website that
organises all publicly available AL LC sequences and associated data. Novel aspects of this
database are the addition of searching and visual analysis tools, as well as its expandable
architecture. Additions can be ‘plugged in’ to the current architecture as new algorithms or
analysis tools are developed. This is illustrated by the antigen selection prediction capability.
Each sequence entered into the database is analysed by the antigen selection algorithm, the
results are stored and can be displayed on a results page. By using the IMGT numbering,
whole LC sequences can be stored, and sequences from any LC family and source can be
quickly analysed and compared. Colourful alignments aid comparative analysis and provide
clues to the physicochemical and biochemical differences in the LC in different sets. We
expect to maintain the database, continually adding new sequences when they become
available, and adding new features as tools for analysis of nucleotide sequences and
predicted proteins are developed. We hope that with community input and involvement, we
can expand the feature set.
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PCD
WM

plasma cell dyscrasia

Waldenstrom's macroglobulinemia
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Figure 1.
An example of an alignment of selected amyloidogenic V| LC to closest germline

progenitor. Each LC in the database can be aligned to its most likely germline gene
progenitor. A substitution list is generated and the comparison can be presented visually
using a coloured alignment. FRs and CDRs are distinguished by light grey and dark grey
header lines, respectively.
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Figure2.

An example of a multiple alignment of selected V| LC protein sequences. Once a set of LCs
has been selected from a search, a multiple alignment can be performed. Either nucleotide or
protein alignments can be shown. Alignments can be coloured according to the residue class
or the property; in this case, by the 11 IMGT amino acid chemical characteristics classes are
shown [22]. Different regions of the LC as defined by the IMGT can be individually aligned.
Alignments can be downloaded in ClustalW format. Each sequence is identified by its
clinical type, accession number, LC family subtype and germline gene. Sequences in a
multiple alignment can be individually selected for more information. A report can be
generated for each column, giving the counts of residues at that position.
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STATISTICS FOR GERMLINE GENE: IGLV1-51°02

FR CDR
R:S 494.0:1182.0 38.0:38.0

RIS 2714 3.579
Rf 0.731 0.782
Lr 0.796 0204

RESULTS FOR EF589566

FRICDORR Rep S Ps Pu
FR 6 15122 4 0.00024 0.00018
CDR 8 4147 3 002869 003000

Figure 3.
Antigen selection algorithm results for LC EF589566. Top section shows nucleotide

statistics for germline gene progenitor IGLV1-51*02. R, replacement sites; S, silent sites;
R, replacement frequency; Lg, length of region compared with entire V| region. Bottom
section shows results of antigen selection algorithm. R, observed replacement mutations; S,
observed silent mutations; Rgxp, expected number of replacement mutations; Pg, p-value as
determined by binomial distribution model [9]; Py, p-value as determined by multinomial
distribution model [10]. This LC shows evidence of antigen selection in both the FR and
CDR regions.
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Table |

Sequence counts by family and major category.

Vi LCfamily  Amyloidogenic sequences (n = 433)

Non-amyloidogenic sequences (n = 3527)

Other-PCD (n = 163)

Non-PCD (n = 3364)

Kl
K2
K3
4
A
12
A3
A4
A5
\6
A7
18
A9
110

91
4
5

14

84

68

86
3

76

-, O O B

54

9
10
19
17
22
27

O O O O N N P

817
425
803
148
479
217
311

50

53
13
16
16
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