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Abstract: Recent progress in experimental techniques such as high-throughput genome sequencing, proteomics,

transcriptomics and interactomics have lead to a new demand for integrated computational analyses, capable of

systematically organizing these heterogeneous, fragmentary data into a coherent whole. As a consequence, novel system-

level bioinformatics solutions are now being developed with the goal of understanding and predicting the behaviour of

complex systems, such as molecular pathways, cells, tissues, organs and even whole organisms. Multiple alignments of

both nucleotide and protein sequences play a central role in many of these applications, which range from the

identification of genes and their products, via the characterisation of their 3D structure and their molecular and cellular

functions, to the prediction of the phenotypic consequences of mutations, reverse engineering and drug design. In a

multiple sequence alignment, structural and functional data can be combined with evolutionary information to allow

reliable data validation, consensus predictions and rational propagation of information from known to unknown

sequences. Clearly, integration at this scale calls for high quality, automatic multiple alignments. Alignment techniques

are now responding to the challenge, with current developments moving away from a single all-encompassing algorithm

towards more co-operative, knowledge based systems. However, the success of these methods relies on the efficient

integration of information from different databases and the close cooperation of the different data mining and

investigation algorithms. A large community effort is now underway to develop standards for data exchange and

organisation that will facilitate collaborations between the various resources, in order to support improved domain

understanding and to provide better decision-making systems and services for the biologist.
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I. INTRODUCTION

The field of molecular biology has been transformed by
the availability of numerous complete genome sequences,
together with the new information resources that are being
created from the raw data produced by different high
throughput technologies in fields such as transcriptomics,
proteomics, or interactomics. This new wealth of
information has opened up the possibility of system-level
studies aimed at the elucidation, design or modification of
complex structures, such as regulatory pathways, cells,
tissues or even complete organisms. Systems biology aims to
explain such complex biological systems through the
integration of experimental data and computational research
in order to formulate mathematical models that describe the
structure of the system and its response to individual
perturbations [1-4]. The goal is not simply to produce a
catalogue of the individual components or even interactions,
but to understand how the system components fit together,
the effect of each individual part on its neighbours, and how
various parameters such as concentrations, interactions, and
mechanics change over time. Although a complete systems-
level understanding of any biological process is still some
way off, initial studies have begun to provide insights into
how cellular networks may be organised [5]. For example,
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new biological pathways have been elucidated from analysis
of protein-protein interaction networks derived from
experimental methods such as yeast two-hybrid approach
and mass spectrometry, in conjunction with other types of
data, including protein function, subcellular location and
gene expression profiles [6]. In addition to the definition of
the system structure, system behaviour and response to
external stimuli, such as environmental conditions, chemical
injection or drug absorption are also being studied. For
example, protein–protein interaction maps for the budding
yeast Saccharomyces cerevisiae were combined with a
genomic-scale data set describing the phenotypic role of all
nonessential yeast proteins to study the recovery of the yeast
from exposure to DNA-damaging agents [7]. A systematic
integration of technologies is also being applied in the
pharmaceutical industry to identify molecular functions and
pathways associated with a disease and to improve the drug
discovery pipeline, e.g. [8,9].

Systems modelling of molecular networks clearly
requires an interdisciplinary approach, with input from
genetics and molecular biology, chemistry, computer science
and mathematics amongst others. It is a highly iterative
process involving cycles of data collection, quantitative
modelling, hypothesis formulation and testing, and model
refinement. Clearly, new bioinformatics approaches are
needed in order to manage and extract the important
information from the mass of experimental or predicted data
available today. In this context, multiple alignments of
molecular sequences provide an ideal environment for the
reliable integration of information from a complete genome
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to a gene and its related products. By placing the sequence in
the framework of the overall family, multiple alignments can
identify important structural or functional motifs that have
been conserved through evolution, but can also highlight
particular non-conserved features resulting from specific
events or perturbations [10,11]. Multiple alignments thus
allow reliable data validation, consensus predictions and
rational propagation of information from known to unknown
sequences, and provide a valuable workbench for integrated
systems analysis, hypothesis generation and experiment-
planning advice.

II. THE CENTRAL ROLE OF MULTIPLE
ALIGNMENT IN THE POST-GENOMIC ERA

Multiple sequence alignment has become a fundamental
tool in many different domains in modern molecular biology.
One of the most well known applications is in evolutionary
studies to define the phylogenetic relationships between
organisms [12]. But multiple alignments are also exploited in
numerous other tasks ranging from comparative multiple
genome analysis to detailed structural analyses of gene
products and the characterisation of the molecular and
cellular functions of the protein. Fig. 1 shows a schematic
representation of some of these applications, which are
discussed in more detail below.

Comparative Genomics

Comparative genomics is a powerful discipline that is
becoming more and more informative as genomic sequence
data accumulate [13]. The major principles are
straightforward. As genomes evolve, large-scale
evolutionary processes, such as recombination, deletion or
horizontal transfer, cause frequent genome rearrangements
[14]. Comparative analyses of complete genomes present a
comprehensive view of the level of conservation of gene
order, or synteny, between different genomes, and thus
provide a measure of organism relatedness at the genome

scale, e.g. [15-18]. Examples of such analyses include
comparisons among enteric bacteria [19] and between mouse
and human [20]. In spite of these evolutionary
rearrangements, the DNA sequences encoding the proteins
and RNAs responsible for the functions shared between
distantly related organisms, as well as the DNA sequences
controlling the expression of such genes, should be
preserved in their genome sequences. Conversely, sequences
that encode proteins or RNAs responsible for differences
between species will themselves be divergent. For example,
a comparison of the genomes of yeast, worms, and flies
revealed that these eukaryotes encode many of the same
proteins, but different gene families are expanded in each
genome [21]. A similar observation was made in a
comparison of 16 complete archaeal genomes, where
comparative genomics revealed a conserved core of 313
genes that are represented in all sequenced archaeal
genomes, plus a variable 'shell' that is prone to lineage-
specific gene loss and horizontal gene exchange [22].

Gene Identification and Characterisation

One of the major challenges in the post-genomic era is
the complete, functional annotation of the genes coded by
the sequenced genomes. Once a new genome sequence is
made available, the first essential step in genome annotation
is gene discovery and validation. The most widely used
approach to detect protein coding regions consists of
employing heterogeneous information from different
methods, including codon usage bias and ab initio prediction
of functional sites in the DNA sequence, such as splice sites,
promoters, or start and stop codons. The reliability of these
prediction methods depends critically on the quality of the
underlying multiple alignments used to construct the
consensus sequences or profiles that represent the various
signals [23,24]. For prokaryotic genomes, over 95% of
proteins can be successfully identified, e.g. [25], although
the exact determination of the start site location remains

Fig. (1). Common multiple alignment applications: (i) comparison of complete genomes; syntenic regions are shown in red and green, (ii)

gene structure prediction; exons are shown aligned on the genome for 3 protein coding genes and 1 RNA gene (iii) homolog detection by

database searching, functional prediction and SNP analysis use information about conserved residues (shown as shaded bars on the multiple

alignment), (iv) 3D structure analysis (conserved residues are indicated as coloured circles) (v) protein-protein and protein-RNA interactions.
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problematic because of the absence of relatively strong
sequence patterns. Therefore, in the re-annotation of the
Mycoplasma pneumoniae genome [26], multiple sequence
alignments were used to propose N/C-terminal extensions to
the original protein reading frame. The process of predicting
genes in higher eukaryotic genomes is further complicated
by several additional factors, including complex exon/intron
organization, alternative splicing variants, and the sheer size
of the genomic sequence [27]. It has been shown that
comparison of the ab initio predicted exons with protein,
EST, or cDNA databases can improve the sensitivity and
specificity of the overall gene prediction, e.g. [28]. Unlike
protein-coding genes, noncoding RNA gene sequences do
not have strong statistical signals. Therefore, comparative
sequence analyses are generally used to detect either known
RNA motifs, e.g [29] or conservation patterns that may
represent conserved secondary structures, e.g. [30]. But
identifying genes alone will not be sufficient and there has
been growing interest in alternative splicing as a mechanism
for expanding the repertoire of gene functions. For example,
a method has been developed to detect alternative splicing in
expressed sequence data and to generate databases of
alternative splicing relationships for the human, mouse and
rat genomes [31]. Alternative splicing patterns are also
represented by multiple alignments in databases such as the
AsMamDB [32] or ASG [33].

The next step in the genome annotation process is the
structural and functional analysis of the gene products. The
most widely used approach is based on homology. The
hypothesis is that homologous sequences i.e. sequences that
have evolved from the same ancestor, often share the same
3D structure and have similar functions, active sites or
binding domains. Thus, experimental information can be
transferred from the known to the unknown protein, if
homology is established. Homology-based methods
generally begin with a search for similar proteins in the
public sequence databases using tools such as BLAST [34]
or FASTA [35]. The sensitivity of these database search
methods has been significantly improved by exploiting
information from multiple alignments e.g. PSI-BLAST [36],
HMMSEARCH [37], SAM [38]. Homologous sequences can
also be identified by searching protein family databases such
as Interpro [39], where domains/motifs are generally
represented by multiple alignments. Once sequence
similarity to an experimentally-determined protein has been
detected, accurate multiple alignments can provide a reliable
basis for the transfer of information from the known protein
to the unknown one, for example in both 2D and 3D
structure modelling or in functional annotations [40-44]. As
an example, Fig. 2 shows part of a multiple alignment of
glutamine amidotransferase protein sequences detected by a
BlastP search using the sequence q8dct2 as a query. The
alignment highlights the catalytic triad of the class I GATase
domain, as well as the residues differentially conserved in
the two subfamilies of GMP synthases and anthranilate
synthases. Reliable identification of functional motifs can be
obtained by cross-validation of predictions for individual
sequences in the context of the family. Thus, the presence of
a DEAH-box subfamily ATP-dependent helicase signature
motif (Prosite PS00690) in sequence TRPG_SULSO can be
confirmed as false positive because the hit occurs in a non-
conserved region of the alignment. Conversely, the class I

GATase domain signature (PS00442) is supported by the
existence of several similar predictions, and can thus be
propagated to the other unpredicted sequences in the
alignment. Finally, a potential frameshift in the open reading
frame of the query sequence q8dct2 has been detected that
may be a natural frameshift or may be the result of a
sequencing error.

Even when no annotated homologues are available, the
identification of sequences that are conserved in specific
phyla can be useful information. For example, a set of novel
virulence-associated genes that constitute novel targets for
antimicrobial therapy were identified by comparing the
genes of unknown function conserved among six human
pathogens causing persistent or chronic infections in humans
[45]. In addition, the analysis of the extent of sequence
variation at a given position in a set of multiply aligned
sequences can be used to identify functional sequence motifs
[46-51] or to improve the reliability of other predictions,
such as transmembrane helices [52], or subcellular
localisation [53]. Patterns of conservation can also be used
by ab initio methods to predict RNA structures [54], protein
domain boundaries [55-57] and 2D [58] and 3D structures
e.g. [59]. More detailed structural analyses also exploit the
information in multiple alignments. For example, binding
surfaces common to protein families have been defined on
the basis of sequence conservation patterns and/or
knowledge of the shared fold e.g. [60-64].

Interaction Networks

In the systems biology view of cellular function, each
biological entity is seen in the context of a complex network
of interactions. Powerful experimental techniques, such as
the yeast two-hybrid system [65] or tandem-affinity
purification and mass spectrometry [66], are now used to
determine protein-protein interactions systematically. In
parallel with these developments, a number of computational
techniques have been designed for predicting protein
interactions. The performance of the Rosetta method, which
relies on the observation that some interacting proteins have
homologues in another organism fused into a single protein
chain, has been improved using multiple sequence alignment
information and global measures of hydrophobic core
formation [67]. A measure of the similarity between
phylogenetic trees of protein families has also been used to
predict pairs of interacting proteins [68,69]. Another
approach involves quantifying the degree of co-variation
between residues from pairs of interacting proteins
(correlated mutations), known as the "in silico two-hybrid"
method. For certain proteins that are known to interact,
correlated mutations have been demonstrated to be able to
select the correct structural arrangement of two proteins
based on the accumulation of signals in the proximity of
interacting surfaces [70]. This relationship between
correlated residues and interacting surfaces has been
extended to the prediction of interacting protein pairs based
on the differential accumulation of correlated mutations
between the interacting partners [71]. More recently, an
alternative strategy has been proposed involving interaction
networks derived from experiments in model organisms in
order to obtain information about interactions that may occur
between the orthologous proteins in different organisms [72].
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Genotype/Phenotype Correlations

A considerable effort is now underway to relate human
phenotypes to variation at the DNA level. Most human
genetic variation is represented by single nucleotide
polymorphisms (SNPs) and many of them are believed to
cause phenotypic differences between individuals [73]. One
of the main goals of SNP research is therefore to understand
the genetics of human phenotype variation and especially the
genetic basis of complex diseases, thus providing a basis for
assessing susceptibility to diseases and designing individual
therapy. Whereas a large number of SNPs may be
functionally neutral, others may have deleterious effects on
the regulation or the functional activity of specific gene
products. Non-synonymous single-nucleotide polymor-
phisms (nsSNPs) that lead to an amino acid change in the
protein product are of particular interest because they
account for nearly half of the known genetic variations
related to human inherited disease [74]. With more and more
data available, it has become imperative to predict the
phenotype of a nsSNP in silico. Computational tools are
therefore being developed, which use structural information
or evolutionary information from multiple sequence
alignments to predict a nsSNP’s phenotypic effect and to
identify disease-associated nsSNPs, e.g. [75,76].

III. EVOLUTION OF MULTIPLE ALIGNMENT

ALGORITHMS

The multiple alignment problem has been widely studied
for over twenty years and there now exists a very consequent
literature describing the vast array of algorithms that have
been exploited in the search for faster and more accurate
alignments. A number of excellent reviews [77-79] have
described in detail the introduction of multiple alignment
based on an extension of the original pairwise dynamic
programming algorithm [80] and the subsequent evolution of
multiple alignment programs for both nucleic acid and
protein sequences. Traditionally the most popular method
has been the progressive alignment procedure [81]. A
multiple sequence alignment is built up gradually by aligning
the two closest sequences first and successively adding in the
more distant ones. A number of alignment programs based
on this method exist, notably ClustalW [82] and ClustalX
[83] are based on the global Needleman-Wunsch algorithm
[84]. In contrast, the Pima program [85] uses the Smith-
Waterman algorithm [86] to find a local multiple alignment.
Algorithms other than dynamic programming have also been
exploited in the search for more accurate multiple
alignments, including the use of Hidden Markov Models
(HMM,s) in programs such as HMMER [37] or SAM [87],
Genetic Algorithms in SAGA [88], segment-to-segment

Fig. (2). A. Part of a multiple alignment of glutamine amidotransferase protein sequences. Active site residues are indicated by asterisks.

Residues are coloured according to column conservation: black=100%; grey=80%; light grey=60%; red=100% in glutamine

amidotransferase subfamily; blue=100% in anthranilate subfamily. The red box indicates a wrongly predicted sequence segment in sequence

q8dct2. The corrected sequence is shown immediately below. B. The 3D structure of anthranilate synthase (PDB: 1I1Q) with residues

coloured by CONSURF [141] (red=more conserved, blue=less conserved). Side chains are shown for the 3 labelled catalytic site residues. C.

Detailed view of part of the alignment of the active site of anthranilate synthase. Residues are coloured according to their conservation

(red=100%, pink=80%, blue=60%). Prosite motifs are shown as coloured boxes (black=Gatase_type_I, red=DEAH_ATP_helicase).
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alignments in Dialign [89], Gibbs Sampling [90] or iteration
techniques, notably in the prrp program [91].

A number of studies have been performed recently to
compare the various alignment methods and to evaluate the
progress achieved in terms of both efficiency and alignment
accuracy. A comparison of protein alignment programs [92],
based on the benchmark alignment database, BAliBASE
[93,94], showed that while global alignment methods in
general performed better for sets of sequences that were of
similar length, local algorithms were more successful at
identifying the most conserved motifs in sequences
containing large extensions and insertions. The same study
also showed that the newer iterative methods often produced
more accurate alignments, although these methods were
generally slower than the progressive ones. Since then, a
number of different ‘gold standard’ benchmarks have been
proposed. For example, SABmark [95] provides sets of
alignment problems covering the protein fold space, based
on automatic pairwise structural alignments. An alternative
method is used in PREFAB [96] where sequence sets are
determined by PSI-BLAST [36] searches, although
alignment accuracy is again assessed by comparison to an
automatic pairwise structural alignment. The performance of
some of these sequence alignment programs has also been
evaluated using a benchmark of structural RNA multiple
alignments [97]. It was shown that the ‘twilight zone’ of
RNA alignment, below which sequence alignment methods
are no longer reliable is in the 50–60% sequence-identity
range. Below this limit, algorithms incorporating structural
information, such as Dynalign [98], Foldalign [99], PMcomp
[100] and Stemloc [101], outperformed pure sequence-based
methods.

Although multiple alignment algorithms have improved
significantly since their original introduction, a number of
problems remain to be solved. Both the size and the
complexity of the data sets that need to be routinely analysed
are increasing. Large multi-domain proteins pose particular
problems because of events such as domain duplications or
domain recombinations that lead to non-linear alignments.
Protein sequences that contain low-complexity regions, such
as transmembrane segments also represent a difficult
challenge for most of the existing alignment methods. It is
clear that an accurate multiple alignment can no longer be
constructed from the primary sequence data alone and there
is general agreement that complementary algorithms and/or
other information is necessary. Recent developments in
multiple alignment methods have therefore tended towards
integrated, knowledge-based systems incorporating
additional information such as 3D structure, domain
organisation or functional motifs. For example, the program
DbClustal [102] uses information about locally conserved
segments detected during a database search to guide or
'anchor' a global multiple alignment. T-Coffee [103] uses a
library of pairwise alignments and constructs a multiple
alignment with the highest possible level of consistency with
the alignments within the library. MAFFT [104] and
MUSCLE [96] both use fast algorithms to detect local
sequence similarities, then use a progressive alignment
algorithm together with an iterative refinement step to
produce an accurate alignment for large sets of sequences.
PROBCONS [105] is a Markov model-based progressive
alignment algorithm that uses a probabilistic consistency

measure to incorporate multiple sequence conservation
information during pairwise alignment. Other methods
incorporate 2D or 3D structure information to increase
alignment sensitivity for both protein e.g. [106-110] and
RNA sequences [111,112]. Another approach represents
alignments by a graph structure and allows the alignment of
protein sequences with shuffled and/or repeated domain
structures [113,114]. In the near future, further advances in
alignment quality will be likely with the inclusion of other
experimental or predicted data, such as active sites,
interactions, post-translational modifications, etc.

Alignment Quality Analysis

In the face of this complexity, the assessment of the
quality and significance of a multiple alignment becomes a
critical task. However, when a reference alignment is not
available, an objective score is needed that describes the
optimal or "biologically correct" multiple alignment. Several
scoring systems have been proposed including the sum-of-
pairs, minimum entropy and maximum likelihood scores.
These measures, also known as objective functions, are
currently used to evaluate and compare multiple alignments
from different sources. They are also used in iterative
alignment methods to improve the alignment by seeking to
maximize the objective function. Some developments in this
field have recently been reported, including global objective
functions, e.g. [115-118] and measures of local reliability or
column conservation e.g [119-121]. These methods are
designed to identify the best alignment for a given set of
sequences, however they do not provide any information
about the extent of similarity existing between the different
sequences. This particular problem has been addressed by a
number of groups. For example, Errami et al. [122] analysed
the agreement between predicted secondary structures of the
aligned sequences to detect and discard unrelated sequences.
Tress et al. [123] used sequence profiles generated from PSI-
BLAST alignments to predict reliable regions between
remotely related pairs of proteins. Thompson et al. [124]
used profiles of locally conserved regions within subfamilies
of the multiple alignment, and defined homologous regions
based on an intermediate sequence analysis and the
combination of individual weak matches to increase the
significance of low-scoring regions.

IV. A RELIABLE WORKBENCH FOR SYSTEMS-
LEVEL STUDIES

Thanks to the recent developments in multiple alignment
algorithms, it is now possible to build accurate and reliable
multiple alignments of large sequence sets, with the
throughput time required by large scale projects. These
multiple alignments provide an ideal environment for
reliable integration of different kinds of information, such as
alternative splicing, 3D structure, molecular interactions,
cellular localisation, etc. As an example, Fig. 3  shows a
multiple alignment of the vitamin D receptor (VDR) protein
family, together with other related nuclear receptors. Vitamin
D is critically important for the development, growth, and
maintenance of a healthy skeleton from birth until death and
mutations in the VDR gene are known to result in a
generalized resistance to vitamin D, leading to the early
onset of severe rickets [125]. The multiple alignment
highlights the conserved N-terminal DNA binding domain
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(DBD), a dispensable insertion domain (E1) and the ligand
binding domain (LBD). The known mutations in the coding
regions of the human VDR gene can be divided into two
classes, representing two different phenotypes, based on this
domain organisation. Mutations in the VDR DBD prevent
the receptor from activating gene transcription, although
vitamin D (1,25D3) binding is normal. Patients with this
DNA binding-defective phenotype do not respond to vitamin
D treatment. In contrast, some patients with mutations in the
LBD that cause reduced or complete hormone insensitivity
have been partially responsive to high doses of calcium and
vitamin D, although this often necessitates long term
intravenous infusion therapy. For these patients, an
alternative treatment using vitamin D analogs was proposed
[126]. Knowledge of the 3D structure of the hormone-
occupied VDR LBD [127] and the nature of the amino acid
residues that contribute to the functional surface of the
receptor allowed the selection of 3 candidate VDR mutations
for analog treatment and the analogs that may be able to
restore the functions of these mutants. The conserved resi-
dues arginine 274 and histidine 305 have been shown to con-
tact the 1 -OH and 25-OH groups, respectively, in 1,25D3.
The amino acid residue phenylalanine 251, which is
localized to the E1 domain, is in a region that modulates
Retinoid X receptor (RXR) heterodimerization and
coactivator interaction. As a result, specific vitamin D
analogs were identified that have the potential to interact
with the receptor at amino acid contact points that differ
from those utilized by the natural ligand, thus restoring the
function of mutant VDRs. This example clearly illustrates
the importance of polymorphism data that, combined with
structural and evolutionary information, can form the basis

for biochemical and cellular studies which may eventually
lead to new drug therapies.

To achieve this level of integration, it is clear that data
organisation and analysis techniques are now required to
ensure that the pertinent information can be extracted and
presented to the biologist in a clear, user-friendly format e.g.
[128-132]. However, integration is currently hindered by
syntactic and semantic differences between the different
databases and applications, such as different 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 [133]. To resolve semantic
discrepencies, formal, structured vocabularies, known as
ontologies are now being introduced in a number of areas for
the management of biological knowledge [134]. In computer
science, an ontology is defined as a formal, structured
representation of the knowledge in a particular domain [135].
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)
[136], 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. Numerous
other ontologies are also being developed in other domains,
including genome sequences [137], RNA sequences [138],

Fig. (3). A. Schematic representation of a multiple alignment of nuclear receptor protein sequences, divided into 4 sub-families. Different

colours are used to shade the conserved columns in the 4 different domains (black = 100% conserved, dark shading = 60% conserved, light

shading = 40% conserved). Secondary structure elements of human VDR (PDB: 1DB1) are shown above the alignment (red=helix,

green=beta strand). B. Multiple alignment of the ligand binding domain (LBD). Alignment columns are coloured according to similar residue

conservation (black=100% conserved residue or similar residue group (groups are DN;EQ;ST;KR;FYW;LIVM); orange=G, yellow=P,

magenta=TSAC, cyan=NH, green=QED, red=FYW, pink=LIVM, blue=KR. Mutations for human VDR are indicated by black triangles

above the alignment and are annotated as X>Y, where residue X is mutated to residue Y. Residue interactions with the ligand are indicated

by asterisks above the alignment.
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and molecular interactions [139]. In the field of multiple
alignments, an ontology, MAO [140] has recently been
introduced for both nucleic acid and protein sequences. One
of the most powerful features of the MAO ontology is that it
provides a natural, intuitive link between a number of
different ontologies in the domains of genomics and
proteomics, so that diverse experimental data and predicted
information can be integrated in the context of the overall
family alignment. Thus, structural and functional data can be
combined with information about the conservation of the
family and the variability observed at different residue sites.

V. PERSPECTIVES

The availability of fully sequenced genomes and the
enormous amount of data from structural and functional
proteomics projects has opened the way to new methods of
analysing a gene's function, not only at the molecular level
but also at the higher levels of the pathways, macro-
molecular complexes, cells or organs the protein belongs to.
In order to fully understand the functions and molecular
interactions of a particular protein, such diverse information
as cellular location, degradation and modification, 2D/3D
structures, mutations and their associated pathologies, the
evolutionary context and literature references must be
assembled, classified and made available to the biologist.
Integrated multiple alignments of complete sequences will
provide an ideal workbench for the integration and
presentation of the most vital and relevant aspects of all
these sequence data.

Such an alignment network will facilitate information
retrieval and knowledge discovery, with functionalities for
interactive queries, combinations of sequence and text
searches, and sorting and visual exploration of search results.
Although few, if any, of these methods have reached the
status of validated proteomic tools, the rapid pace at which
they are developing suggests that the rich and varied sources
of information contained in the proteome will become
increasingly accessible. The tools will allow the validation,
visualization, integration and interpretation, in a biological
context, of the vast amounts of diverse data generated by the
application of proteomic and genomic discovery science
tools. The potential applications are numerous, but will
include such fields as the automatic annotation of the ever-
increasing number of hypothetical proteins being produced
by the high-throughput genome sequencing projects or the
definition of characteristic motifs for specific protein folds.
Hopefully, this will also have significant consequences for
more wide-reaching areas, such as protein engineering,
metabolic modelling, genetic studies of human disease
susceptibility, and the development of new drug
development strategies.
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