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ABSTRACT

The application of high-throughput techniques such
as genomics, proteomics or transcriptomics means
that vast amounts of heterogeneous data are now
available in the public databases. Bioinformatics is
responding to the challenge with new integrated
management systems for data collection, validation
and analysis. Multiple alignments of genomic and
protein sequences provide an ideal environment
for the integration of this mass of information. In
the context of the sequence family, structural and
functional data can be evaluated and propagated
from known to unknown sequences. However, effect-
ive integration is being hindered by syntactic and
semantic differences between the different data
resources and the alignment techniques employed.
One solution to this problem is the development
of an ontology that systematically defines the
terms used in a specific domain. Ontologies are
used to share data from different resources, to auto-
matically analyse information and to represent
domain knowledge for non-experts. Here, we present
MAO, a new ontology for multiple alignments of
nucleic and protein sequences. MAO is designed to
improve interoperation and data sharing between
different alignment protocols for the construction
of a high quality, reliable multiple alignment in
order to facilitate knowledge extraction and the
presentation of the most pertinent information to
the biologist.

INTRODUCTION

The post-genomic era is presenting new challenges for bioin-
formatics. High-throughput genome sequencing and assembly
techniques, together with new information resources, such as
structural proteomics, interactomics, transcriptome data from
microarray analyses, or light microscopy images of living cells
have lead to a rapid increase in the amount of data available
(1,2). As a result, there now exists a vast array of heterogen-
eous data resources distributed over different Internet sites that
cover genomic, cellular, structure, phenotype and other types
of biologically relevant information. A major challenge for
bioinformaticians is the efficient integration of the experi-
mental and predicted information with the vast number of
applications that have been developed to manage and interpret
this data into an integrated network, leading to improved
cooperation and hopefully a more rapid pace of scientific
discovery.

Multiple alignments of nucleic acid and protein sequences
provide an ideal workbench for the integration and presenta-
tion of this mass of biological information (3,4). By placing
the sequence in the context of the overall family, multiple
alignments permit not only a horizontal analysis of the
sequence along its length, but also a vertical view of its evolu-
tion. Since their introduction in the early seventies, multiple
sequence alignments have been widely exploited in most
aspects of molecular biology. They were originally used in
evolutionary analyses to explore the phylogenetic relation-
ships between organisms (5,6). More recently, new sequence
database search methods have exploited multiple alignments
to detect more and more distant homologues (7–9). Multiple
sequence alignments have also led to a significant improve-
ment of 3D fold recognition techniques and homology mod-
elling techniques (10,11). Another important application is the
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functional characterization of nucleic acid and protein
families, using either homology-based methods or mean
ab initio predictions for a family of sequences. Furthermore,
with the recent availability of programs to perform multiple
structure alignments (12–14), it is now possible to analyse
very distantly related proteins, whose sequence similarity is
too low to be detected by sequence comparison methods. Of
course, in the current era of complete genome sequences, it is
now possible to perform comparative multiple sequence ana-
lysis at the genome level. Multiple alignment methods are
responding to the challenges posed by these diverse applica-
tions, with current developments moving away from a single
all-encompassing algorithm towards co-operative, knowledge-
based systems, which exploit the new structural and
functional data available (15–19). The success of these meth-
ods relies on the efficient integration of information from
different databases and the close cooperation of the different
alignment algorithms. Organization and analysis techniques
are needed to ensure that the pertinent information can be
extracted and presented to the biologist in a clear, user-
friendly format.

The organization and merging of biological information
from different domains, such as genetics, structural biology,
protein chemistry or pharmacology, is currently hindered
by syntactic differences in the file formats used by different
applications and by semantic differences, such as naming
conventions and terminology. The syntactic issue is
now being addressed with the widespread adoption of standard
file formats, such as the XML (eXtensible Markup Language)
data exchange format. For example, the aim of the
eFamily schema (http://www.efamily.org.uk/) is to allow dif-
ferent domain definitions and mappings to be exchanged
between protein databases. However, if the data are to be
truly understandable by multiple applications, semantic
interoperability will also be necessary. Semantic ambiguities
are ubiquitous, e.g. the same sequence may have different
definitions, such as glycine-tRNA synthetase or glycine-
tRNA ligase, in different sequence databases. The problem
becomes more complex when natural language is used, e.g.
for protein definitions. To resolve such semantic discrepan-
cies, formal, structured vocabularies are now required, which
constrain the use and interpretation of the terminology
employed.

In recent years, ontologies have been introduced in a number
of areas for the management of biological knowledge (20). In
computer science, an ontology is defined as a formal, struc-
tured representation of the knowledge in a particular domain
(21). The most important aspect of an ontology is that it creates
a shared understanding of a domain in a format that can be
used by both humans and computers. Ontologies are thus used
for automatic annotation of data, for the sharing of information
from different resources and for the presentation of domain
knowledge to researchers, and in particular to non-experts in
the specific field. One of the most widely used bioinformatics
ontologies is the Gene Ontology (GO) (22), which describes
data about gene products. GO is composed of three separate
hierarchical vocabularies, representing the function of a gene
product, the process in which it plays a role and its cellular
location. The GO is used for various tasks such as pro-
tein function inference and automated annotation (23–27).
Numerous other ontologies have also been made publicly

available, including developmental and anatomical ontologies,
conditions for microarray experiments and phenotype attrib-
utes. Many of these ontologies are grouped together at the
Open Biomedical Ontologies (OBO) website (http://obo.
sourceforge.net). OBO is an umbrella web address for
well-structured controlled vocabularies for shared use across
different biological domains. One of the major goals of the
OBO consortium is to provide a set of compatible ontologies,
which can be used in combination in order to integrate indi-
vidual data resources into a coherent whole. Although various
ontologies have been developed for particular aspects of single
sequences, such as gene structure (SO) (28), protein function
(GO) or protein–protein interactions (MI) (29), they do not
contain all the information required for analyses of gene fam-
ilies. Some work has also begun to develop standard data
formats to represent RNA sequences and structures (30),
and the RNA Ontology Consortium (ROC) (http://roc.bgsu.
edu/) has been established to build a formal ontology.
Recently, a protein family ontology has been developed
(31) dedicated to protein family database creation and main-
tenance. However, this ontology does not cover multiple align-
ment concepts, such as column information or residue
conservation.

We present here MAO, a new task-oriented ontology for
data retrieval and exchange in the fields of DNA/RNA align-
ment, protein sequence and structure alignment. The ontology
has been developed jointly by the members of the MAO work
group, who intend to offer compatible multiple alignment tools
and analysis results that commit to the MAO ontology. The
purpose of MAO is to standardize descriptions of multiple
sequence alignments in order to allow the different alignment
construction and analysis methods to communicate with
each other and also to allow the integration of structural or
functional data with information about sequence family con-
servation and evolution. Similar to other ontologies, the MAO
consists of a controlled vocabulary of terms or ‘concepts’ and
a restricted set of relationships between the concepts. The
MAO is organized as a complex hierarchy, known as a directed
acyclic graph (DAG), where the nodes in the graph represent
concepts and the branches joining the nodes represent rela-
tionships. Explicit text definitions are provided for all
concepts, as well as unique identifiers for unambiguous access.
The top-level concept is called the multiple_sequence_
alignment, which may represent either nucleotide or protein
sequences. Most of the basic features associated with multiple
alignments are defined as MAO concepts, ranging from a
single residue to sub-families of sequences. Attributes asso-
ciated with the basic concepts allow the definition of more
complex information, such as column conservation, residue or
motif function, or 3D structural information. The MAO onto-
logy has been implemented in the common shared syntax
defined by OBO, using the open source Java software
OBO-Edit (http://www.geneontology.org/). Wherever pos-
sible, cross-references are provided to related ontologies,
such as the GO, SO, MI, Interpro (32) and the US National
Center for Biotechnology Information (Bethesda, MD) organ-
ism classification. Thus, MAO permits the integration of
diverse information in the context of the overall gene family,
facilitating data cross-validation, complex analyses and know-
ledge extraction for presentation to the biologist in a user-
friendly format.
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MATERIALS AND METHODS

This section describes the framework for the development of
MAO, including the design of the ontological model and the
subsequent choices of representation and implementation
tools. The development procedure shown in Figure 1
is based on the ontological building life cycle suggested by
Stevens et al. (33). After the initial specification phase, the
ontology is built using an iterative process designed to facil-
itate the maintenance and future evolution of the ontology, by
allowing additional concepts to be incorporated when new
knowledge becomes available in the domain. The individual
steps in the life cycle are described in detail below.

Specification

The purpose of MAO is to facilitate the communication
between the numerous methods for the construction, analysis
and annotation of DNA/RNA and protein sequence align-
ments. The scope of the ontological concepts, therefore, ranges
from a complete multiple alignment via subsets of sequences
or individual sequences to single residues. In addition, struc-
tural or functional features associated with the sequences are
defined, either as concepts within MAO or as cross-references
to external resources, such as existing ontologies or public
databases.

Two different hierarchical relations are specified to describe
the relationships between the various MAO concepts. First,
specialization (is_a) relations are defined in which the child
term is more restrictive than the parent term, e.g. amino_acid
is_a residue. The is_a relationship implies inheritance, so that
any attributes associated with the parent concept are inherited
by its children. Second, partitive (part_of ) relationships
between concepts are also possible, e.g. residue is part_of
sequence. Both the is_a and part_of relations imply irreflex-
ivity (nothing is a part of itself ), asymmetry (if atom is part_of
nucleotide, then nucleotide is not part_of atom) and transit-
ivity (if residue is part_of sequence, and sequence is part_of
sub_alignment, then residue is part_of sub_alignment).
Finally, two associative relationships is_name and is_attribute

are specified in order to describe properties associated with
particular concepts. For example, ‘sequence_name is_name of
sequence’ is used to specify a user-defined name for a given
sequence. Similarly, the relationship ‘column_conservation
is_attribute of column’ is used to describe the level and
type of conservation observed for a particular column in the
multiple alignment. The range of allowed values for the attrib-
utes is not specified in MAO because attribute values are
considered to be instances of attributes, which will be specific
to the different applications that commit to the ontology.

Knowledge acquisition

The multiple alignment ontology was established in close
collaboration with domain experts from both the DNA/
RNA and protein communities, including experts in the fields
of both primary sequence and 2D/3D structure comparisons.
Each expert supplied a list of requirements for the types of data
that should be represented in the ontology, as well as a list of
potential cross-references to relevant external resources.
Definitions were thus constructed from our known knowledge,
from major textbooks and from colleagues. As knowledge in
the field progresses, new concepts and new definitions will be
added to the ontology, subject to agreement by the members of
the MAO work group.

Representation

The ontological model described above, where concepts are
organized in a hierarchical network, can be represented by
a graph structure known as a DAG. In the DAG, the nodes
of the graph represent concepts that are connected by directed
edges representing the asymmetric relations between con-
cepts. DAGs can be considered to be a generalization of
trees in which child nodes (more specialized terms) may
have multiple parents (less specialized terms) and multiple
relationships to their parents. The DAG used in MAO has
a single root node called multiple_sequence_alignment. All
other nodes are connected to this root by one of the four
relations described above, or by a chain of several hierarchical
relations.

Conceptualization

This phase involves the identification of the key concepts, their
properties and the relationships that hold between them. The
ontology was built from the top-down, starting from the high-
level multiple_sequence_alignment concept. Then, in an
iterative process, more specific concepts are added to the
more generic ones. Each concept was initially assigned a prim-
ary name, corresponding to the most generally accepted term
in the field. Any alternative terminology is then defined as
a synonym of the primary name. A number of conventions
were systematically applied when naming concepts, in order to
ensure coherence, and also to ensure that the terms are parsable
by automatic programs or scripts. Thus, the concepts are all
specified as singular entities, no plurals are allowed. In addi-
tion, the names contain no hyphens, black slashes or other
characters that may have a special meaning in regular expres-
sion or programming language definitions. Compound terms,
corresponding to short phrases, are systematically separated
by underscore characters, rather than space characters. Lower
case characters are used throughout to avoid potential clashesFigure 1. The MAO development life cycle.
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when using ontology tools that are not case sensitive. Finally,
each concept has a unique identifier with the syntax RO:
nnnnnnn, where RO specifies that the concept belongs to the
MAO ontology and nnnnnnn is a unique integer within MAO.

In addition to the hierarchical relations, textual descriptions
are also associated with each concept in the ontology. A num-
ber of rules were used for making a definition: (i) the definition
should be positive, not negative; (ii) the definition should be
free from words sharing the same root as the concept being
defined and (iii) the definition should be as clear and concise as
possible in order to convey the essence of the concept to the
biologist or the software engineer.

Integration with existing ontologies

An important criterion in the design of MAO was the definition
of the interface with other biological resources, in particular
other related ontologies in OBO. Cross-references are
provided to related ontologies, such as GO, SO, MI, Interpro
and the NCBI organism classification, but the list of inter-
relations will obviously grow as new domain ontologies are
developed. Cross-references are also provided to a number of
public databases, including the nucleic acid and protein
sequence databases, such as GenBank (34) and UniProt
(35), RNA databases, such as NDB (36), SCOR (37) and
RFAM (38), and protein 3D structure databases, such as
PDB (39) and SCOP (40).

Implementation

The ontology was constructed using the open source Java tool
OBO-Edit. The tool provides a graphical interface to handle

any vocabulary that has a DAG data structure. The OBO-Edit
tool can export the resulting ontology in both the GO flat-file
format and the newer OBO format, which is one of the formats
supported by the OBO consortium. The MAO ontology is
freely available in OBO format from the MAO website at
http://bips.u-strasbg.fr/LBGI/MAO/mao.html or from the
OBO site at http://obo.sourceforge.net.

RESULTS AND DISCUSSION

Multiple sequence alignments play a central role in a wide
range of applications, including in-depth database searching,
functional residue identification, structure prediction tech-
niques and of course, evolutionary studies (Figure 2). Accurate
multiple alignments, therefore, represent an ideal environment
for the reliable integration, propagation and presentation of
the most vital and relevant aspects of all the information
associated with a sequence family.

The MAO is a task ontology for the multiple alignment of
DNA, RNA and protein sequences and 3D structures. MAO
has been developed by a number of experts in the fields of
RNA sequence alignment, protein family alignment and 3D
structure comparisons and analyses. The ontology thus
provides an objective, consensual specification of domain
information that represents a consensual agreement on the
concepts and relations that characterize the way knowledge
in that domain is expressed. The MAO ontology has been
registered at the OBO website, which provides an umbrella
web address for well-structured controlled vocabularies for
shared use across different biological domains. Acceptance

Figure 2. Examples of molecular biology applications (shown in green boxes) that rely on multiple sequence alignments. Conserved positions in the multiple
sequence alignment (shown as coloured bars in the central figure) often correspond to functionally or structurally important sites, such as catalytic sites (as shown in
structure comparison), interaction interfaces (in interaction networks) or secondary structure elements (as in RNA sequence, structure and function).
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on the OBO site implies that the ontology has been accepted as
authoritative by the OBO group (41) and that the ontology
meets a number of specific criteria defined by the community.
In particular, only a single ontology should be specified for
each domain or task, and new ontologies should be orthogonal
to the other ontologies already hosted within OBO. An import-
ant issue in the development of the MAO was, therefore, to
define the scope of the ontology and the relationships to other
existing ontologies, in order to ensure orthogonality and to
facilitate integration between the different domain ontologies.
Figure 3 shows the main cross-references defined in MAO to
external ontologies, particularly those covering RNA terms
and protein 3D structure, as well as to the public sequence
and structure databases.

Design criteria

In theoretical terms, an ontology is generally described as ‘a
formal representation of a domain of knowledge’. MAO uses
a hierarchical model represented by a DAG, in which concepts
are described by textual definitions and are linked by one of
the four formal relations. Two different hierarchical relation-
ships are defined, namely is_a and part_of. Characteristics are
assigned to the concepts where appropriate using the associ-
ative relationships is_name and is_attribute, in order to permit
the integration of more complex information, such as residue
function or activity, sequence feature conservation or 3D
structural location. The is_attribute relationship is also used
to record the algorithm or program used for important align-
ment concepts, such as sub_alignment_construction_method
or column_conservation_construction_method. This means
that the results obtained by different alignment algorithms
can be represented in the same framework for comparison
and integration purposes.

Scope and structure

The use to which an ontology is put largely determines the
content of the ontology (33). Thus, no ‘optimal’ ontology
exists, but the quality of a particular ontology should be judged

by its usefulness or suitability for a specific application. The
MAO ontology covers the great majority of relevant concepts
required when constructing or analysing multiple alignments
of DNA, RNA or protein sequences, as shown in Figure 4. The
top level multiple_sequence_alignment concept is divided
into sub_alignments, defining a subset of sequences, which
may be constructed by an automatic sequence clustering algo-
rithm, or may be specified by some other factor, such as
phylogenetic or functional criteria. Sub_alignments are then
divided into alignment_sequences and alignment_columns.
Alignment_sequences have various global attributes, such
as function, taxonomy, sequence database cross-references,
etc. In addition, sequence features can also be defined that
represent a particular subsequence and may correspond to a
domain, a transmembrane region, a signal peptide, a secondary
structure element, etc. Alignment_columns can be character-
ized according to their conservation, described in terms of both
the level and the type of conservation. In order to accommodate
a wide range of conservation calculation methods, a large
number of conservation attributes have been defined. Thus,
the conservation level can be described by either a qualitative
or a quantitative value, while the type of conservation might
refer to either a single residue or a group of residues that share
a similar feature, such as ‘small’, ‘negatively_charged’ or
‘hydrophilic’. Clearly, both columns and sequences should
contain residues, but in addition the concept ‘gap’ is defined
to represent insertions or deletions in the sequences. These gap
positions are crucial for the multiple alignment definition and
differentiate the alignment_sequence specified in MAO from
the sequence concept in other ontologies, such as the SO or the
protein family ontology (31). Residues are defined to be either
amino acid or nucleotide. For amino acids, two main attributes
exist. First, the structural location of the amino acid can be
defined as exposed/buried, N/C-terminal, helix/strand/loop,
etc. Second, the amino acid can be annotated by its functional
activity, i.e. active site, binding site, post-transcriptional modi-
fication, mutation, etc. Attributes specific to RNA molecules,
such as base pairs and ‘structural motifs’, are currently being
defined in collaboration with the ROC and will be included in

Figure 3. Major interactions between MAO and external resources. Ontologies developed in collaboration are shown in blue. Other ontologies are shown in yellow,
while external databases are shown in green.
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a future release of MAO. The lowest level concept is the atom
that is a part_of both amino acids and nucleotides, and allows
the integration of 3D structural information in the form of x, y,
z atomic coordinates.

Because many biological terms may be ambiguous, MAO
concepts have associated textual definitions so that their
precise meaning within the context of the ontology is clear
to a human reader. Each concept in the ontology is defined
as precisely and as succinctly as possible. Definitions are
the basis for the relations between concepts, for semantic
disambiguation and as such the foundation of an ontology
and therefore indispensable. However, different experts can
employ different terminologies for the same concepts and it is
not the purpose of MAO to impose a particular terminology.
Alternative terms for a concept are therefore defined as syn-
onyms. In addition, each term in the ontology is assigned
a unique ID that has two components: a two letter code RO
that indicates the ontology namespace and a number. IDs can
be used to link a biological database to the ontology. The user
can query the database for data associated with a particular ID
and use the logic of the rules in the ontology to ask further
questions about the data. IDs can also be used to connect
different databases directly.

Example applications

The vocabulary specified in MAO has been used to define an
XML schema for annotated multiple alignments, in order to
provide an unambiguous file format that is computer-friendly
and easily readable. The XML schema has been incorporated
in the BAliBASE benchmark database (version 3) (42) for the
comparison and evaluation of multiple alignment algorithms.
It has also been used in the Structural Proteomics in Europe
(SPINE) project to generate HMTL format ‘identity cards’ for
each potential protein target. These identity cards, containing
the results of the automatic target identification and charac-
terization process, are made accessible to all members of the
SPINE consortium over the web.

Integrated gene family analysis

One of the most powerful features of the MAO ontology is that
it provides a natural, intuitive link between a number of dif-
ferent ontologies in the domains of genomics and proteomics.
Using the cross-references defined in MAO, diverse functional

information from external data resources, such as active
sites, mutation data and their associated phenotypes, etc.
can be integrated, either for a single sequence or for a family
of sequences. In the context of the overall family alignment,
structural and functional data can be combined with informa-
tion about the conservation of the family and the variability
observed at different residue sites. As an example, Figure 5
shows a multiple alignment of the interleukin-1 (IL1) protein
family. IL1 is a proinflammatory cytokine produced by activ-
ated macrophages and monocytes. It functions in the genera-
tion of systemic and local responses to infection, injury, and
immunological challenges and is the primary cause of chronic
and acute inflammation (43). The overall IL1 family alignment
is divided into four sub_alignments, corresponding to two
structurally distinct forms (IL1A and IL1B), one sub-family
of IL1 homologues (I1Fx) and one sub-family containing IL1
receptor antagonist proteins (IL1X). The domain structure
of the sequences was determined by cross-reference to the
Interpro database, followed by propagation of the known
domains in the conserved regions of the alignment. In particu-
lar, the interleukin domain was identified as a common attri-
bute shared by all the sequences in the C-terminal half of the
multiple alignment. However, IL1A and IL1B are both syn-
thesized as larger precursors, with the N terminal �115 amino
acids forming a propeptide that is cleaved off to release the
active IL1. Sequence analysis of this propeptide region high-
lighted a number of conserved features in the IL1A sequences
that were not present in the IL1B sub_alignment, including
a continuous stretch of four columns of conserved basic amino
acids (lysine or arginine) that corresponded exactly to the
experimentally verified nuclear localization signal motif of
human IL1A (44). These differentially conserved regions
may be responsible for the functional disparities observed
recently. In fact, it has been shown that IL1A produces apop-
tosis in malignant cell lines, whereas IL1B promotes invas-
iveness (45) and it has been suggested that within the nucleus,
the IL1A propeptide may interact with elements of RNA pro-
cessing affecting alternate splicing of genes involved in the
regulation of apoptosis (44).

Perspectives

An ontology provides the conceptual framework that is used to
capture knowledge in a specific domain. The concepts in the

Figure 4. Graphical representation of part of the MAO ontology structure. Grey boxes represent concepts and coloured arrows represent relationships (red, is_a; blue,
part_of; green, is_attribute). The major MAO concepts are described in the text.
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ontology represent classes or sets of instances that exist in the
real world, but the ontology itself should not contain any
instances. This is roughly analogous to what is known as
the schema for a relational database or XML document.
The combination of an ontology with associated instances
is known as a ‘knowledge base’. Work is now in progress
to construct a MAO knowledge base of high quality, global
multiple alignments that will cover most of the known protein
fold space. Information as diverse as gene structure, protein
3D structure/function or specific residue interactions will be
combined together with taxonomic and evolutionary informa-
tion to produce a detailed description of a protein family. An
important part of this development will be the analysis and
cross-validation of this mass of heterogeneous information,
the presentation of the pertinent information in a user-
friendly, graphical interface and the easy accessibility of
these annotated alignments. The potential applications for
such a knowledge base are numerous, but will include such
fields as the definition of characteristic motifs for specific

protein folds, or the automatic annotation of the ever-
increasing number of hypothetical proteins being produced
by the high-throughput genome sequencing projects.
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Figure 5. Knowledge-based sequence analysis of the IL1 protein family. Protein sequences were detected by a BlastP search using the query sequence IL1A_
HUMAN (outlined in red) and aligned using the PipeAlign web server (46). (a) Schematic view of the full length alignment. Alignment columns are coloured
according to similar residue conservation (black, 100% conserved, dark blue/pink, 60% conserved; light blue/pink, 20% conserved; similar residue groups, DN; EQ;
ST; KR; KYW; LIVM) using the GeneDoc program (http://www.psc.edu/biomed/genedoc). (b) Multiple alignment of IL1 propeptide in IL1A and IL1B subgroups,
produced using the OrdAli program (L. Moulinier, manuscript in preparation). Alignment columns are coloured according to conservation; black, 100% conserved;
grey, 80% similar residue groups (PAGST, DEQN, KRH, FYW, ILMV, C); red/blue, 100% conserved in sub_alignment IL1A/IL1B. Functional sites were
experimentally verified for human IL1A and IL1B (black triangle above sequence: cleavage site). (c) Selected MAO concepts and associated instances, highlighting
the differentially conserved features. Mutation predictions were obtained from SeattleSNPs (http://pga.mbt.washington.edu/).
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