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Abstract

Background: In the post-genomic era, systems-level studies are being performed that seek to
explain complex biological systems by integrating diverse resources from fields such as genomics,
proteomics or transcriptomics. New information management systems are now needed for the
collection, validation and analysis of the vast amount of heterogeneous data available. Multiple
alignments of complete sequences provide an ideal environment for the integration of this
information in the context of the protein family.

Results: MACSIMS is a multiple alignment-based information management program that combines
the advantages of both knowledge-based and ab initio sequence analysis methods. Structural and
functional information is retrieved automatically from the public databases. In the multiple
alignment, homologous regions are identified and the retrieved data is evaluated and propagated
from known to unknown sequences with these reliable regions. In a large-scale evaluation, the
specificity of the propagated sequence features is estimated to be >99%, i.e. very few false positive
predictions are made. MACSIMS is then used to characterise mutations in a test set of 100 proteins
that are known to be involved in human genetic diseases. The number of sequence features
associated with these proteins was increased by 60%, compared to the features available in the
public databases. An XML format output file allows automatic parsing of the MACSIM results, while
a graphical display using the JalView program allows manual analysis.

Conclusion: MACSIMS is a new information management system that incorporates detailed
analyses of protein families at the structural, functional and evolutionary levels. MACSIMS thus
provides a unique environment that facilitates knowledge extraction and the presentation of the
most pertinent information to the biologist. A web server and the source code are available at
http://bips.u-strasbg.fr/MACSIMS/.

Page 1 of 13

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16792820
http://www.biomedcentral.com/1471-2105/7/318
http://creativecommons.org/licenses/by/2.0
http://bips.u-strasbg.fr/MACSIMS/
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/

BMC Bioinformatics 2006, 7:318

Background

Systems biology is an emerging discipline whose goal is to
integrate different levels of information in order to gain a
deeper understanding of how biological systems function
[1]. By studying the various parts of a biological system
(e.g., gene and protein networks, metabolic pathways,
organelles, cells or organisms) and the relationships and
interactions between them, it is hoped that eventually an
understandable model of the whole system can be devel-
oped. Such systems-level studies have been made possible
thanks to 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. Effective analyses in systems
biology require the computational power to analyze these
comprehensive and massive datasets, and the capacity to
integrate heterogeneous data into a usable knowledge for-
mat [2]. To address this problem, information manage-
ment systems are now being developed in a number of
areas for the integration of biological data resources with
analytical tools using computational, bioinformatic and
mathematical methods and the presentation of the results
in an intuitive, user-friendly format for the biologist. For
example, MARS (microarray analysis, retrieval, and stor-
age system) [3] provides a comprehensive suite for stor-
ing, retrieving, and analyzing microarray data. MOLE
(mining, organizing, and logging experiments) [4] has
been developed to help protein scientists manage the
large amounts of laboratory data being generated due to
the acceleration in proteome research. GIMS (Genome
Information Management System) [5] is an object data-
base that integrates genomic data for Saccharomyces cerevi-
siae with data on the transcriptome, protein-protein
interactions, metabolic pathways and annotations, such
as gene ontology terms and identifiers. GeneNotes [6]
allows users to collect and manage diverse biological
information about genes/ESTs. AutoFACT [7] combines
information from various databases and assigns func-
tional definitions to gene sequences.

In the context of the new systems-level biology, more
detailed analyses are now needed that describe gene func-
tion at different levels, such as specific residue interac-
tions, the biochemical function, the role of the gene
product in complexes and pathways and the implications
for the development and activities of the organism. To
achieve this, such diverse information as 3D structures,
protein interactions and modifications, or mutations and
their associated phenotypes must be assembled, classified
and made available to the biologist. Multiple alignments
of molecular sequences represent an ideal basis for the
reliable integration of all this information [8]. By placing
the sequence in the framework of the overall family and
by analysing the variation/conservation at different posi-
tions, multiple alignments can be used to identify impor-
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tant structural or functional motifs that have been
conserved through evolution, and to highlight particular
non-conserved features resulting from specific events or
perturbations. For example, in protein secondary structure
prediction, the use of aligned sequences allows better
application of the propensities of particular residues for
particular secondary structures and improved identifica-
tion of patterns of hydrophobicity [9]. Furthermore, the
reliability of numerous ab initio predictions has been
improved by calculation of a consensus prediction over all
the sequences in a multiple alignment, e.g. for the charac-
terization of membrane proteins [10], sub-cellular locali-
zation [11] or post-transcriptional modifications [12].

Recent advances in multiple sequence alignment methods
[e.g. [13-16]] have led to significant improvements in
alignment efficiency and accuracy, and it is now possible
to construct rapid, reliable alignments of large sets of
complete sequences. These new multiple alignments pro-
vide the basis for most state-of-the-art systems for protein
characterization [e.g. [17-22]]. Thanks to the increasing
adoption of common data standards and exchange for-
mats, a number of systems have also been described
recently that allow the integration and visualization of
other information in the context of a family of proteins
e.g. Pfaat [23], the Bio-dictionary [24], MyHits [25]or
SRS3D [26].

We have developed MACSIMS, a new multiple alignment-
based information management system that combines
knowledge-based methods with complementary ab initio
sequence based predictions for protein family analysis.
MACSIMS takes advantage of the recently developed Mul-
tiple Alignment Ontology (MAO) [27], to integrate differ-
ent types of data in the framework of the multiple
alignment. A wide range of information, from taxonomic
data and functional descriptions to individual sequence
features, such as structural domains and active site resi-
dues, is mined from the public databases using the SRS
Sequence Retrieval System [28]. A number of new algo-
rithms have been developed for reliable data validation,
consensus predictions and rational propagation of infor-
mation from the known to the unknown sequences. The
goal of the present paper is to demonstrate the accuracy
and reliability of these algorithms, and to introduce some
potential applications of this powerful information man-
agement system.

The information collected from the public databases con-
tains not only high quality, experimentally validated data,
but also less reliable data from high-throughput experi-
mental technologies and computational predictions. In
MACSIMS, the mined data is first validated by comparing
the information retrieved for each sequence. At the same
time, any local alignment errors are detected and the well-
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Distribution of the number of sequences/alignment in the
well characterised data set used for validation.

aligned homologous regions in the alignment are identi-
fied using the LEON algorithm [29]. The consistent infor-
mation is then propagated from the known to the
unknown proteins only within these safe regions. MAC-
SIMS thus provides a reliable environment for a rational
transfer of information, which is robust to errors in the
input data and to alignment errors. The reliability of the
MACSIMS data management system is demonstrated
using a large-scale test set of 83 automatic alignments
based on the BAIiBASE [30] benchmark database. For
each of the alignments, a number of sequence features
predicted by MACSIMS, such as domains or active site
motifs, were compared to the known sequence features
retrieved from the public databases. The specificity in
these tests was shown to be above 99%, and the sensitivity
was 91%. Two applications of MACSIMS are demon-
strated. The first example addresses the problem of target
identification in a high-throughput structural proteomics
project, while the second example concerns the structural
and functional characterisation of mutations known to be
involved in human genetic diseases.

The total information content of the MACSIMS, including
the mined data and the MACSIMS propagated or pre-
dicted information, is stored in an XML format file that is
suitable for automatic, high-throughput projects. The
source of all the information is also recorded in the XML
file, so that an expert user can trace the origins of the new
data. A web server is available for visual analyses, incorpo-
rating the JalView alignment editor  http://
www.jalview.org/[31,32]. JalView is a platform-independ-
ent program that is capable of displaying and editing large
sequence sets, and allows multiple integrated views of the
alignment and associated sequence features. This graphi-
cal presentation provides a valuable workbench for
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detailed functional analyses and integrated systems anal-
ysis.

Implementation

Construction of the test set

A test set of multiple alignments was constructed based on
the BAIiBASE benchmark alignment database [30]. Bali-
BASE is designed for the evaluation and comparison of
multiple sequence alignment algorithms and provides a
large number of high quality, manually refined, reference
alignments based on 3D structural superpositions. For
each of the 83 multiple alignments in the reference set 1,
a single PDB [27] sequence was selected from the
sequences in the alignment, and the corresponding full-
length sequence was extracted from the Swiss-Prot data-
base [34]. All the sequences in a BAIiBASE reference align-
ment share the same structural fold, so we selected the
first sequence in the alignment as a representative
sequence. For each of these initial query sequences, a
BlastP search [35] was performed in the Uniprot and PDB
databases. Next, a subset of sequences was selected from
the sequences detected by BlastP with an Expect<10. The
sample subset contained all the PDB sequences detected,
together with a set of representative Uniprot sequences,
built by dividing the sequences into 40 subgroups
depending on the log of the BlastP expect values, and
selecting one sequence from each subgroup. Sequences
from the Swiss-Prot database were preferred because they
are generally more extensively annotated than the SpT-
rembl sequences. Finally, the sequence subsets were
aligned using the PipeAlign system [8]. The result is a test
set of 83 automatically-constructed multiple alignments,
containing a total of 10250 full-length sequences from the
public sequence and structure databases. The distribution
of the number of sequences per alignment is shown in Fig-
ure 1.

Algorithm overview

The algorithm incorporated in MACSIMS is composed of
a number of integrated processes: (i) data retrieval and ab
initio predictions, (ii) identification of homologous
regions, (iii) data validation and propagation and (iv)
data storage and presentation. The processing pipeline is
outlined in Figure 2 and is described in detail below.

Data retrieval and ab initio prediction

For each sequence in the multiple alignment, data is
mined from the public sequence databases, using the SRS
Sequence Retrieval System [28]. In order to retrieve infor-
mation efficiently, a customized SRS database containing
all the sequences in the alignment is created on-the-fly
and this custom database is then indexed to the public
database. If the sequence name in the alignment corre-
sponds to a valid Uniprot [34] accession number, various
sequence entry fields are retrieved first from Uniprot,
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Figure 2
Schematic overview of the MACSIMS algorithm.
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Decision rules for feature validation.

including the organism name and NCBI TAXID, the func-
tion definition, GO definitions and the EC number, and
the sequence feature table containing details of known
domains, secondary structure elements (SSEs), functional
or modified sites, etc. Pfam [36] domains and Prosite [37]
patterns associated with each sequence are also retrieved
via the InterPro database [38], although Prosite entries
with a 'false' status are ignored. If the sequence name cor-
responds to a PDB [33] accession number, the function
definition and the organism are retrieved from the TITLE
and SOURCE fields respectively. The SSEs are also
retrieved from the HELIX and SHEET fields. If the
sequence name does not correspond to a valid database
accession number, the sequence is kept in the alignment,
although no data is mined. A number of different predic-
tion programs are then run for each sequence: (i) the SEG
algorithm [39] is used to identify low complexity seg-
ments, (ii) the GES hydrophobicity property [40] is used
to predict potential transmembrane helices, (iii) coiled
coil segments are predicted using the NCOILS program
[41]. The information extracted from the sequence data-
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bases, together with the propagated and predicted infor-
mation is stored in an XML format output file, based on
the MAO multiple alignment ontology. The DTD for the
MACSIMS XML format is available at http://www-bio3d-

igbmc.u-strasbg.fr/macsim.dtd.

Identification of homologous regions

The reliable 'core blocks' in the multiple alignment are
identified using the RASCAL algorithm [42], which com-
bines a number of complementary sequence analysis
algorithms in order to identify conserved, well aligned
sequence segments. Briefly, the multiple alignment is first
divided into sub-families using the Secator [43] sequence
clustering program. Conserved blocks for each sub-family
are then determined using the mean distance (MD) col-
umn scores implemented in the NorMD alignment objec-
tive function [44]. These subfamily core blocks are
represented by profiles and are compared to each other in
a pairwise fashion to identify sequence segments con-
served between sub-families. Taking advantage of the
transitive nature of homologous relationships, informa-
tion from intermediate sequences is used to help define
the conserved core blocks for more divergent sequences.
Finally core blocks are chained into regions using the
method developed in LEON [29]. These regions are char-
acterized by their phylogenetic distribution, defined as the
most specific taxon that is common to all sequences in the
region.

Data validation and propagation

The purpose of this step is to reliably transfer information
from annotated sequences to unknown ones. However, in
order to avoid propagating false information, the data has
to be pre-processed to validate the data mined in step 1.

The mined data is first classified into a number of differ-
ent sequence feature types, e.g. domain, SSE, active site or
modified residue. (The full list of feature types is available
on the MACSIMS web server help pages). A sequence fea-
ture is defined by its type, its start and end position within
the sequence and an annotation text or 'name' that further
characterises the feature. For example, the HMG_box
domain of SSRP1_MOUSE [Swiss-Prot:Q08943] is
defined as type = PFAM, start_residue = 547, end_residue
= 615, name = 'PF00505 HMG_box'. We then use a series
of decision rules to identify inaccurate or uncertain
sequence features, as shown in Figure 3. Data from a 'reli-
able' source, such as Uniprot or PDB SSEs or PFAM
domains is automatically assumed to be correct. Data
from resources containing predicted information is vali-
dated only if it is located within a core block region and it
is in agreement with the majority of the sequence features
of this type (i.e. the sequence feature that has the maximal
occurrence at this position in the alignment is assumed to
be the correct one). Unique predictions within a core
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Decision rules for feature propagation.

block region are labelled with a 'warning' and are not
included in the propagation step described below.

Once the unreliable features have been identified, the
remaining features are propagated between the sequences

in the alignment, depending on a number of pre-defined

Table I: feature propagation criteria
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criteria as shown in Figure 4 and Table 1. Thus, a feature
is propagated from an annotated sequence to an
unknown target sequence, if the following conditions are
met. (i) For single residue sites, the site must be located
within a core block that is present in both the annotated
and the target sequence. Also, the residue in the annotated
sequence corresponding to the site and the aligned resi-
due in the target sequence must be identical. (ii) For SSEs,
at least 70% of the element must be covered by core
blocks shared by the annotated and the target sequence.
(iii) For domains, at least 40% of the domain must be cov-
ered by core blocks shared by the annotated and the target
sequence. The threshold values used for these conditions
were determined by manual inspection of the MACSIMS
results using the original BAIiBASE reference alignments.
The values were chosen to maximize the specificity of the
MACSIMS propagation i.e. a cutoff was selected that
removed all false positive predictions in this initial train-
ing set. Sequence features that do not satisfy these condi-
tions are stored and presented to the user, but are not
propagated to any other sequences.

Data storage and presentation

The final output after the propagation step is an XML for-
mat file containing the complete MACSIMS knowledge
base. The sequence features that are generated by MAC-
SIMS are annotated as either Predicted or Propagated fea-
tures. In the case of propagated features, the source
sequence name is included in the annotation. The XML
format provides an appropriate format for automatic pars-
ing of the results that facilitates integration in high-
throughput systems. The XML format also provides the
possibility to include a reliability score for each sequence

Feature type Description Data source Feature category Core block Coverage
DOMAIN Structural/functional domain Uniprot (predicted) Domain 40%
PFAM-A Pfam database domain Pfam (reliable) Domain 40%
PROSITE Prosite motif or domain pattern Prosite (predicted) Single residue 100%
Domain 40%
STRUCT Secondary structure element Uniprot/PDB (reliable) SSE 70%
MODRES Modified residue Uniprot (predicted) Single residue 100%
>| residue 70%
SITE Active site Uniprot (predicted) Single residue 100%
>| residue 70%
VARSPLIC Splicing variant Uniprot (not propagated) N/A N/A
VARIANT Residue variants or mutations Uniprot (not propagated) N/A N/A
BLOCK Conserved core block Calculated in MACSIMS N/A N/A
REGION Conserved region Calculated in MACSIMS N/A N/A
LOWCOMP Low complexity segment Calculated in MACSIMS N/A N/A
TRANSMEM Potential transmembrane helix Calculated in MACSIMS N/A N/A
COIL Potential coiled coil Calculated in MACSIMS N/A N/A

The data source indicates the original database from which the feature type is retrieved (predicted indicates a feature type that may contain
predicted/unreliable information; reliable indicates a feature type that is assumed to manually verified/reliable). The Feature category refers to the
three categories used to determine the criteria for feature propagation. Core block coverage indicates the percentage of the feature that should be

covered by core blocks for the feature to be propagated.
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feature. These scores will be improved in future versions
of MACSIMS in order to allow expert users to further val-
idate borderline features using other tools. Files are also
generated for input to the JalView applet (see Figure 2).
JalView is a Java application for editing and viewing
sequence alignments. It has facilities for assessing align-
ment quality, visualizing residue property conservation,
and constructing and viewing sequence clusters through
tree and principal components based algorithms.

Results

MACSIMS is a new information management system that
combines data from a number of different resources with
computational methods for data validation and analysis.
The structural and functional information retrieved from
various public databases is first validated in the context of
the MACS. The validated information is then used to char-
acterise the unknown proteins. Thus, MACSIMS provides
detailed annotations ranging from the location of active
sites and the definition of structural or functional
domains to the description of the protein function at the
molecular or cellular levels. In an initial large-scale test; a
set of well characterised proteins is used to evaluate the
specificity and sensitivity of MACSIMS. Then, in a second
test, MACSIMS is used to structurally and functionally
characterise mutations known to be involved in human
genetic diseases. The results of the analyses are repre-
sented in a format designed specifically for high-through-
put computational processing. The results can also be
examined manually by the biologist using a user-friendly,
web-based interface.

Benchmarking with a large test set of well characterised
protein families

In order to evaluate the quality of the data management
algorithms incorporated in MACSIMS, we used a large-
scale test set based on the BAIiBASE benchmark alignment
database. Version 3 of BAIiBASE contains representative
test cases that cover most of the protein fold space,
divided into 5 reference sets representing many of the
problems encountered when aligning real families of pro-
teins. The protein families in BAIiBASE are well character-
ised and the known information can be used to validate
the predictions made by MACSIMS. However, the refer-
ence alignments in this database are based on 3D struc-
ture superpositions and have been manually refined to
correct any misalignments. In order to provide realistic
test cases for MACSIMS, we therefore selected an initial set
of 83 query sequences that were used to construct auto-
matic multiple alignments containing full-length
sequences (see Methods). These test alignments are thus
representative of typical results that would be obtained in
an automatic protein annotation pipeline. Information
was collected from the public databases for all sequences
in each alignment. The 83 alignments contained a total of
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10250 sequences, with 8045 PDB sequences and 2205
Uniprot sequences. After the data retrieval step, the MAC-
SIMS alignments contained 9799 functional definitions
and 4069 GO (Gene Ontology) crossreferences. Taxo-
nomic data included 8714 organism names and 17322
taxon entries. A total of 150772 sequence features were
retrieved from the databases, including 8020 Interpro
entries and 121858 secondary structure elements (SSEs).
The consensus prediction algorithms contributed a fur-
ther 2535 predicted features (903 low complexity seg-
ments, 937 transmembrane helices, 695 coiled coils).
During the data validation process, 84 of the mined fea-
tures were identified as potential errors and were excluded
from the propagation step. An additional 261791
sequence features were generated by propagation of the
validated features. The ab initio prediction algorithms used
in MACSIMS are standard methods that have been
described elsewhere. Therefore, the results we present here
concern only the feature validation and propagation
steps.

The sensitivity and specificity of this process were meas-
ured in a test designed to illustrate the behavior of MAC-
SIMS for different kinds of sequence features, i.e Pfam
domains, Prosite motifs, SSEs and functional sites from
the Uniprot feature table. The protocol used in the test is
as follows:

1. For all 83 test alignments, the feature retrieval and val-
idation steps were repeated as described above, resulting
in 150772 sequence features.

2. The retrieved sequence features were removed from the
query sequence and any other sequences sharing >90%
residue identity with the query. A total of 15697 features
were removed, of which 2283 belonged to the query
sequence. This leaves a total of 135075 sequence features
in the remaining sequences (sharing <90% identity with
the query) in the alignment.

3. Finally, the propagation step was performed as before.

The features propagated by MACSIMS to the query
sequences were then evaluated by comparison to the 2283
excluded query features. A propagated feature that over-
lapped an excluded feature with the same name was con-
sidered as a true positive (TP), while a propagated feature
that overlapped an excluded feature with a different name
was considered as a false positive (FP). Only one FP fea-
ture was observed: for the sequence [Swiss-Prot:P01843]
(corresponding to [PDB:1JNH_A]), the Uniprot feature
table indicates a strand at position 9-29, whereas MAC-
SIMS has propagated a strand-helix-strand configuration
in this segment. The MACSIMS propagation is in fact in
agreement with the annotation of 1JNH_A in the PDB
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Table 2: benchmark test results
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Feature type percent identity query features

homolog features

true positive false positive new features

PFAM-A domain <90% 161 16l 160 0 4
<50% 161 150 149 0 3
PROSITE pattern <90% 166 165 160 0 5
<50% 166 153 148 0 4
Uniprot site <90% 360 305 260 0 64
<50% 360 288 235 0 56
secondary <90% 1486 1265 1150 | 987
structure
<50% 1486 1197 1009 | 802
Total <90% 2283 1896 1730 | 1060
<50% 2283 1788 1541 | 865

Percent identity indicates the maximum similarity of the sequences in the alignment with the query. 'Query features' is the number of sequence
features for the query available in the public databases. 'Homolog features' is the number of features found in the other sequences in the alignment
that correspond to a feature in the query. True (or false) positives indicate the number of features propagated by MACSIMS that match (or
mismatch) with known query features. 'New features' is the number of features predicted by MACSIMS that are not currently found in the public

databases.

database, indicating a potential error in the Uniprot fea-
ture table entry. The specificity (FP rate) is difficult to esti-
mate accurately as the total number of true features for the
query sequences is unknown. The public databases con-
tained 2283 features related to the query sequences, but
this does not necessarily represent the complete set of pos-
sible features. If we consider only the propagated features
that contradict known information, only one FP was
detected as described above and the specificity is esti-
mated to be over 99%. MACSIMS correctly predicted 76%
of the 2283 original query sequence features. Two main
reasons for this relatively low sensitivity (TP rate) were
identified. First, some of the excluded features did not
exist in any of the homologous sequences in the multiple
alignment. Second, local alignment errors occurred that
resulted in misaligned sequence features. As no core
blocks were defined for these segments, the sequence fea-
tures could not be propagated. If these sequence features
are omitted from the analysis, the sensitivity of MACSIMS
for the propagation of correctly aligned sequence features
is 91%.

The same protocol was repeated in another test, where the
same features were removed from sequences sharing more
than 50% identity with the query. Even for this difficult
test case, in which only distantly related sequences are
used in the feature propagation step, the specificity of
MACSIMS remains >99% with only one propagated fea-
ture in disagreement with the known annotations. The
sensitivity of MACSIMS is only slightly lower, with 86% of
the features correctly aligned in the multiple alignment
being successfully propagated. Details for the different
kinds of features are shown in Table 2. For each type, the
number of known features associated with the query
sequences is indicated. The complete set of features

retrieved for the other sequences in the alignment is used
as a basis for propagation. The number of features in this
complete set that correspond to known query features is
indicated in the table as 'homolog features'. For example,
the 83 queries contained 360 known functional sites in
the UniProt database, but only 305 of these features was
also found in one of the other sequences in the alignment.
The known features are then compared to the features
propagated by MACSIMS and the number of true positives
and false positives are calculated. For the Pfam domains
and the Prosite motifs which are available for all the
sequences in the Uniprot database, most of the known
query features are successfully recovered by MACSIMS. In
contrast, the propagation of SSEs and Uniprot functional
sites, which are available only for experimentally vali-
dated sequences, is less effective.

In these tests, MACSIMS predicted a total of 1060 new fea-
tures for the query sequences that did not overlap any of
the excluded features. Some of these propagations were
verified manually by reference to text annotations or liter-
ature references. For example, the active site of the query
protein THIO2_ANASP [Swiss-Prot:P20857] was propa-
gated from sequence P80028, which shares 24% residue
identity. The site has been described as essential for the
catalysis of redox reactions [45]. As a second example, for
the query sequence LDH1_PLAFD [Swiss-Prot:Q27743],
the L-lactate dehydrogenase active site (PS00064) was
identified as a new feature. This site is described as a
known false negative in the Prosite database. The MAC-
SIMS alignments for all the tests are available for viewing
on the web at http://bips.u-strasbg.fr/MACSIMS/

Balibase_tests/.
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Large scale application of MACSIMS

MACSIMS has been integrated in a high-throughput struc-
tural proteomics project (SPINE), where it was used for
target selection and characterization [46]. It is also being
used in the MS2PH (Structural Mutation to Human
Pathologies Phenotype) project, in order to analyse pro-
teins involved in human genetic diseases and to identify
mutations that cause structural or functional perturba-
tions. This application illustrates the data integration
potential of MACSIMS by characterizing mutations in
terms of their evolutionary conservation, their position in
the 3D structure, and their role in functional sites. For an
initial test set of 100 proteins with well characterized
mutations, a BlastP search was performed in the Uniprot
and PDB databases and a MACS was constructed of the
100 top scoring sequences using the PipeAlign system. For
the 100 query proteins, a total of 2377 sequence features
were mined directly from the public databases. MACSIMS
propagated an additional 1424 features from homolo-
gous sequences in the MACS, representing a 60% increase
in the number of features identified. A further 300 fea-
tures, including low complexity segments, coiled coil seg-
ment and transmembrane helices were predicted by ab
initio methods. The initial data set of 100 proteins and the
MACSIMS alignments for all these tests are available for
viewing on the web at http://bips.u-strasbg.fr/ MACSIMS/

MS2PH tests/.

An example MS2PH alignment of the sulfatase protein
family is shown in Figure 5. Figure 5A shows a schematic
overview of the complete alignment produced by JalView,
in which the regions calculated by MACSIMS are coloured
according to their phylogenetic distribution. The meta-
zoa-specific region identified in the alignment corre-
sponds to a 7 kDa chain (component C) of the
arylsulfatase A precursor, which is linked to component B
by disulfide bonds. The positions of known point muta-
tions in three human sequences are also indicated: aryl-
sulfatase =~ E  precursor  [Swiss-Prot:P51690], N-
acetylgalactosamine-6-sulfatase precursor (P34059) and
arylsulfatase A precursor [Swiss-Prot:P15289]. Figure 5B
shows a detailed view of the alignment of the N-terminal
metal-binding domain, highlighting the mutations in this
zone and the relative positions of the predicted Prosite
motifs. The two motifs, sulfatase 1 and 2 are consistently
predicted in a number of different sequences and are
propagated to the unannotated sequences in the align-
ment. However, the ADH short motif is not propagated by
MACSIMS because it is only present in one sequence and
may correspond to a false positive prediction in the
Prosite database. Figure 5C corresponds to the same align-
ment zone, showing the position of the mutations in rela-
tion to SSEs and important functional sites. For example,
the C79Y mutation in the GALNS gene (alignment col-
umn 622), which occurs at the catalytic site, leads to seri-

http://www.biomedcentral.com/1471-2105/7/318

ous damage in GALNS activity and a severe phenotype
[47].

Discussion

MACSIMS can be used to integrate information from dif-
ferent domains, such as genetics, structural biology, pro-
teomics or interactomics experiments, in the context of a
multiple alignment of a protein family. Input alignments
can be obtained by any of the new automatic programs,
such as PipeAlign [14], MAFFT [13], MUSCLE [15] or
ProbCons [16], or manually constructed. For those
sequences in the alignment with Swissprot or TrEMBL
accession numbers, information is automatically mined
from public databases. The major advantage of MACSIMS
is that the mined information can be cross-validated
within the alignment, in order to differentiate between
reliable, consistent information and spurious predictions.
The validated data then provides the basis for the accurate
propagation of information from known to unknown
sequences.

An important factor in the design of MACSIMS was its
potential application in automatic, high-throughput sys-
tems. It was therefore crucial that the data propagation
system should be reliable and should clearly identify the
source of all inferences. The data collected by MACSIMS
will inevitably contain a number of errors, either from
high throughput experimental techniques or from com-
putational prediction methods. These errors in the input
data can be handled in two different ways, either by leav-
ing the noisy instances in and using a robust algorithm
that is not biased by the noise, or by filtering the data
before use. In the second approach, instances that are sus-
pected of being noisy according to certain evaluation cri-
teria are discarded. We chose the second approach
because our datasets are generally not large enough to per-
mit robust statistical inferences. A non-parametric deci-
sion tree was implemented that identifies and removes
suspicious predictions, resulting in a smaller but cleaner
data set for propagation.

Another important issue is the level of similarity required
in order to transfer information between different pro-
teins. The automatic annotation of proteins based on the
transfer of function descriptions from the most closely
related homolog has lead to a number of errors in high-
throughput genome annotation projects. Some common
causes of questionable predictions are: i) non-critical use
of annotations from existing database entries; ii) taking
into account only the annotation of the closest homolog;
iii) insufficient masking of low complexity segments in
protein sequences, resulting in spurious database hits iv)
ignoring multi-domain organization of the query or target
proteins [48]. In MACSIMS, we have addressed this prob-
lem by applying a recently developed method to identify
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the well-aligned, homologous regions in the alignment.
Information is then propagated only within these safe
regions. As a corollary, the sensitivity of the MACSIMS
propagation algorithm will depend on the quality of the
input alignment. If core blocks are not identified due to
errors in the alignment, no propagation can occur.
Although significant progress has been made recently in
the quality of automatic multiple alignments, errors do
still occur when aligning large sets of complex proteins.
Nevertheless, in the large scale tests using automatically
constructed alignments, we have shown that the sequence
annotations are significantly increased compared to the
available database information, leading to a more com-
plete knowledge base for subsequent analyses. Even in the
extreme case of protein families with no known homologs
in the public annotated databases, MACSIMS can provide
useful information, such as the clustering of the sequences
into sub-families and the identification of conserved
regions within sub-families or in the full alignment. Also,
the predictions of transmembrane regions, coiled coil seg-
ments and low complexity regions may give some clues as
to the potential role of the protein family.

The SRS system is currently used in the data retrieval step
as it provides a single interface for most general biological
databases, and allows a fast access because of on-the-fly
database for sequences in alignment. Information is
retrieved from the Uniprot sequence and PDB 3D struc-
ture databases. Uniprot provides links to domain infor-
mation, including the Interpro database of protein
families, domains and functional sites, as well as to exper-
imental information related to structure, function, muta-
tions and disease. In the future, other data resources will
be incorporated, such as the NCBI sequence resources and
the interaction and mutation databases. An alternative
data retrieval system will be implemented that will
include a remote access facility to these new resources.
Another abundant data source that could be exploited is
the scientific literature, thanks to the development of new
methods and tools for literature-mining [49].

The MACSIMS system is currently available as an interac-
tive web server. A web service using the SOAP http://
www.w3.0rg/TR/soap/ protocol is planned for the near
future. All the information collected or generated by
MACSIMS is stored in XML format files that provide a
structured format for automatic data parsing by comput-
ers. However, all the information is also easily accessible
for manual analysis by biologists, via new enhancements
to the JalView editor. JalView provides a simple-to-use,
graphical interface suitable for non expert users that offers
an interactive environment for in-depth protein family
analysis.

http://www.biomedcentral.com/1471-2105/7/318

Conclusion

MACSIMS is a new system for the management of all the
information related to a protein family. Structural and
functional information is automatically retrieved from
the public databases. The advantage of MACSIMS is that
the raw data can be validated in the context of the multi-
ple alignment and information can be propagated from
known to unknown proteins. MACSIMS thus provides a
unique environment that facilitates knowledge extraction
and the presentation of the most pertinent information to
the biologist.

Work is now in progress to incorporate MACSIMS in the
PipeAlign protein family analysis WWW server. The new
version of this server will allow automatic processing of
proteins, from database searches for homologous
sequences and construction of a high-quality, validated
MACS to information and management using MACSIMS.
MACSIMS will also be integrated in a new system, Ordalie
(Ordered Alignment Information Explorer) that will
allow detailed residue conservation analysis at the com-
plete family or the sub-family level, in order to character-
ize sub-family specific residues and differentially
conserved motifs. We are also investigating the applica-
tion of recent developments in ontology-based methods
for reasoning and inference that will facilitate intelligent
knowledge extraction and decision support for structural,
functional or evolutionary analyses.

Availability and requirements

MACSIMS consists of a suite of programs, all written in
ANSI C. The programs were installed and tested on a DEC
Alpha 6100 computer running OSF Unix. MACSIMS uses
the SRS system (version 7.1.3.2) and the Uniprot, PDB
and Interpro databases, which are updated weekly. A Web
server is available at http://bips.u-strasbg.fr/MACSIMS
that runs the complete suite of programs for a given mul-
tiple alignment. A UNIX shell script is also provided for
users wishing to run the system locally. In this case, the
SRS system must be installed for data retrieval. SRS runs
on Unix/Linux systems and requires at least 100 Mb of
RAM plus enough disk space to hold the databases. The
Secator program http://www-bio3d-igbmc.u-strasbg.fr/
~wicker/programs.html is also needed for sequence clus-
tering and the NCOILS program http://www.russell.embl-
heidelberg.de/coils/coils.tar.gz is required for the predic-
tion of coiled coil segments. MACSIMS takes multiple
alignments in any of the most widely used formats,
including MSF, FASTA or ClustalW formats as input. For
successful data retrieval, the sequence names should cor-
respond to Uniprot accession numbers and the sequences
should be full length. MACSIMS outputs an alignment in
XML format, that can also be converted into the input for-
mat required by the JalView program.

Page 11 of 13

(page number not for citation purposes)


http://www.w3.org/TR/soap/
http://www.w3.org/TR/soap/
http://bips.u-strasbg.fr/MACSIMS
http://www-bio3d-igbmc.u-strasbg.fr/~wicker/programs.html
http://www-bio3d-igbmc.u-strasbg.fr/~wicker/programs.html
http://www.russell.embl-heidelberg.de/coils/coils.tar.gz
http://www.russell.embl-heidelberg.de/coils/coils.tar.gz

BMC Bioinformatics 2006, 7:318

Authors' contributions

JDT and OP both contributed to the design of MACSIMS.
JDT developed the main methodology and drafted the
manuscript. AM and FP developed the data retrieval meth-
ods and FP implemented the web server. AW, JP and GJB
developed and enhanced the JalView alignment display
applet. OP supervised and coordinated the project. All
authors read and approved the final manuscript.

Acknowledgements

We would like to thank the anonymous referees for their suggestions that
greatly improved the manuscript. We are grateful to Anne Friedrich and
Luc Moulinier for their help with the MS2PH test set. JalView developments
were supported by the UK BBSRC (Biotechnology and Biological Sciences
Research Council : BBS/B/16542). ]DT, FP and OP were supported by insti-
tute funds from the Institut National de la Santé et de la Recherche Médi-
cale, the Centre National de la Recherche Scientifique, the Hopital Univer-
sitaire de Strasbourg, the Fond National de la Science (GENOPOLE) and
the SPINE project (E.C. contract num-ber QLG2-CT-2002-00988).

References

I. Kitano H: Computational systems biology. Nature 2002,
420:206-210.

2. Liu ET: Systems biology, integrative biology, predictive biol-
ogy. Cell 2005, 121:505506.

3. Maurer M, Molidor R, Sturn A, Hartler ], Hackl H, Stocker G, Proke-
sch A, Scheideler M, Trajanoski Z: MARS: microarray analysis,
retrieval, and storage system. BMC Bioinformatics 2005, 6:101.

4. Morris C, Wood P, Griffiths SL, Wilson KS, Ashton AW: MOLE: a
data management application based on a protein production
data model. Proteins 2005, 58:285-9.

5.  Cornell M, Paton NW, Hedeler C, Kirby P, Delneri D, Hayes A,
Oliver SG: GIMS: an integrated data storage and analysis envi-
ronment for genomic and functional data. Yeast 2003,
20:1291-306.

6. HongP, Wong WH: GeneNotes - a novel information manage-
ment software for biologists. BMC Bioinformatics 2005, 6:20.

7.  Koski LB, Gray MW, Lang BF, Burger G: AutoFACT: an auto-
matic functional annotation and classification tool. BMC Bio-
informatics 2005, 6:151.

8. Lecompte O, Thompson |D, Plewniak F, Thierry ], Poch O: Multiple
alignment of complete sequences (MACS) in the post-
genomic era. Gene 2001, 270:17-30.

9. King RD, Sternberg M]: Identification and application of the
concepts important for accurate and reliable protein sec-
ondary structure prediction. Protein Sci 1996, 5:2298-310.

10. Reithmeier RA: Characterization and modeling of membrane
proteins using sequence analysis. Curr Opin Struct Biol 1995,
5:491-500.

I'l.  Nair R, Rost B: Better prediction of sub-cellular localization by
combining evolutionary and structural information. Proteins
2003, 53:917-30.

12.  Blom N, Sicheritz-Ponten T, Gupta R, Gammeltoft S, Brunak S: Pre-
diction of post-translational glycosylation and phosphoryla-
tion of proteins from the amino acid sequence. Proteomics
2004, 4:1633-49.

13.  Katoh K, Misawa K, Kuma K, Miyata T: MAFFT: a novel method
for rapid multiple sequence alignment based on fast Fourier
transform. Nucleic Acids Res 2002, 30:3059-3066.

14.  Plewniak F, Bianchetti L, Brelivet Y, Carles A, Chalmel F, Lecompte
O, Mochel T, Moulinier L, Muller A, Muller J, Prigent V, Ripp R, Thi-
erry JC, Thompson D, Wicker N, Poch O: PipeAlign: A new
toolkit for protein family analysis. Nucleic Acids Res 2003,
31:3829-3832.

15. Edgar RC: MUSCLE: multiple sequence alignment with high
accuracy and high throughput. Nucleic Acids Res 2004,
32:1792-1797.

16. Do CB, Mahabhashyam MS, Brudno M, Batzoglou S: ProbCons:
Probabilistic consistency-based multiple sequence align-
ment. Genome Res 2005, 15:330-340.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.
30.

31
32.

33.

34.

35.

36.

37.

38.

http://www.biomedcentral.com/1471-2105/7/318

Abascal F, Valencia A: Automatic annotation of protein func-
tion based on family identification. Proteins 2003, 53:683-692.
Krebs WG, Bourne PE: Statistically rigorous automated pro-
tein annotation. Bioinformatics 2004, 20:1066-1073.

Chalmel F, Lardenois A, Thompson JD, Muller J, Sahel JA, Leveillard
T, Poch O: GOAnno: GO annotation based on multiple align-
ment. Bioinformatics 2005, 21:20952096.

Cozzetto D, Tramontano A: Relationship between multiple
sequence alignments and quality of protein comparative
models. Proteins 2005, 58:151-157.

Engelhardt BE, Jordan MI, Muratore KE, Brenner SE: Protein Molec-
ular Function Prediction by Bayesian Phylogenomics. PLoS
Comput Biol 2005, 1:e45.

Frenkel-Morgenstern M, Voet H, Pietrokovski S: Enhanced statis-
tics for local alighment of multiple alignments improves pre-
diction of protein function and structure. Bioinformatics 2005,
21:2950-2956.

Johnson JM, Mason K, Moallemi C, Xi H, Somaroo S, Huang ES: Pro-
tein family annotation in a multiple alignment viewer. Bioin-
formatics 2003, 19:544-545.

Rigoutsos I, Huynh T, Floratos A, Parida L, Platt D: Dictionary-
driven protein annotation. Nucleic Acids Res 2002, 30:3901-3916.
Pagni M, loannidis V, Cerutti L, Zahn-Zabal M, Jongeneel CV, Falquet
L: MyHits: a new interactive resource for protein annotation
and domain identification. Nucleic Acids Res 2004, 32:W332-325.
O'Donoghue SI, Meyer |E, Schafferhans A, Fries K: The SRS 3D
module: integrating structures, sequences and features. Bio-
informatics 2004, 20:2476-2478.

Thompson D, Holbrook SR, Katoh K, Koehl P, Moras D, Westhof E,
Poch O: MAO: a Multiple Alignment Ontology for nucleic
acid and protein sequences. Nucleic Acids Res 2005,
33:4164-4171.

Etzold T, Ulyanov A, Argos P: SRS: information retrieval system
for molecular biology data banks. Methods Enzymol 1996,
266:114-128.

Thompson JD, Prigent V, Poch O: LEON: multiple aLignment
Evaluation Of Neighbours. Nucleic Acids Res 2004, 32:1298-1307.
Thompson |D, Koehl P, Ripp R, Poch O: BAIIBASE 3.0: latest
developments of the multiple sequence alignment bench-
mark. Proteins 2005, 61:127-136.

Clamp M, Cuff ], Searle SM, Barton GJ: The Jalview Java alignment
editor. Bioinformatics 2004, 20:426-427.

Waterhouse A, Procter |, Clamp M, Barton GJ: Jalview 2 -complex
analysis and visualisation of molecular sequence alignments.
2006. in preparation.

Berman HM, Battistuz T, Bhat TN, Bluhm WF, Bourne PE, Burkhardt
K, Feng Z, Gilliland GL, lype L, Jain S, Fagan P, Marvin }, Padilla D, Rav-
ichandran V, Schneide B, Thanki N, Weissig H, Westbrook D, Zard-
ecki C: The Protein Data Bank. Acta Crystallogr D Biol Crystallog
2002, 58:899-907.

Wu CH, Apweiler R, Bairoch A, Natale DA, Barker WC, Boeckmann
B, Ferro S, Gasteiger E, Huang H, Lopez R, Magrane M, Martin M|,
Mazumder R, O'Donovan C, Redaschi N, Suzek B: The Universal
Protein Resource (UniProt): an expanding universe of pro-
tein information. Nucleic Acids Res 2006, 34:D187-191.

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, Lip-
man D): Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids Res 1997,
25:3389-3402.

Bateman A, Coin L, Durbin R, Finn RD, Hollich V, Griffiths-Jones S,
Khanna A, Marshall M, Moxon S, Sonnhammer EL, Studholme D),
Yeats C, Eddy SR: The Pfam protein families database. Nucleic
Acids Res 2004, 32:D138-D141.

Hulo N, Bairoch A, Bulliard V, Cerutti L, De Castro E, Langendijk-
Genevaux PS, Pagni M, Sigrist CJ: The PROSITE database. Nucleic
Acids Res 2006, 34:D0227-D230.

Mulder NJ, Apweiler R, Attwood TK, Bairoch A, Bateman A, Binns D,
Bradley P, Bork P, Bucher P, Cerutti L, Copley R, Courcelle E, Das U,
Durbin R, Fleischmann W, Gough ], Haft D, Harte N, Hulo N, Kahn
D, Kanapin A, Krestyaninova M, Lonsdale D, Lopez R, Letunic |, Mad-
era M, Maslen J, McDowall J, Mitchell A, Nikolskaya AN, Orchard S,
Pagni M, Ponting CP, Quevillon E, Selengut ], Sigrist CJ, Silventoinen
V, Studholme D), Vaughan R, Wu CH: InterPro, progress and sta-
tus in 2005. Nucleic Acids Res 2005, 33:D201-D205.

Page 12 of 13

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12432404
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15836795
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15836795
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15468326
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15468326
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15468326
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14618567
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14618567
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15686593
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15686593
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15960857
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15960857
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11403999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11403999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11403999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8931148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8931148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8931148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8528765
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8528765
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14635133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14635133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15174133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15174133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15174133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12136088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12136088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12136088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12824430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12824430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15034147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15034147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15687296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15687296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15687296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14579359
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14579359
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14764575
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14764575
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15495137
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15495137
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15495137
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16217548
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16217548
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15870168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15870168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15870168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12611813
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12611813
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12202776
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12202776
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15215405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15215405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15087318
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15087318
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16043635
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16043635
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8743681
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8743681
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14982955
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14982955
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16044462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16044462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16044462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14960472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14960472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9254694
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9254694
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14681378
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608177

BMC Bioinformatics 2006, 7:318

39.

40.

41.

42.

43.

44,

45.
46.

47.

48.

49.

50.

Wan H, Wootton JC: A global compositional complexity meas-
ure for biological sequences:AT-rich and GC-rich genomes
encode less complex proteins. Comput Chem 2000, 24:7-94.
Engelman DM, Steitz TA, Goldman A: Identifying nonpolar trans-
bilayer helices in amino acid sequences of membrane pro-
teins. Annu Rev Biophys Biophys Chem 1986, 15:321-353.

Lupas A, Van Dyke M, Stock J: Predicting coiled coils from pro-
tein sequences. Science 1991, 252:1162-1164.

Thompson ]D, Thierry JC, Poch O: RASCAL: rapid scanning and
correction of multiple sequence alignments. Bioinformatics
2003, 19:1155-1161.

Wicker N, Perrin GR, Thierry JC, Poch O: Secator: a program for
inferring protein subfamilies from phylogenetic trees. Mol
Biol Evol 2001, 18:1435-1441.

Thompson |D, Plewniak F, Ripp R, Thierry JC, Poch O: Towards a
reliable objective function for multiple sequence alignments.
J Mol Biol 2001, 314:937-951.

Chivers PT, Prehoda KE, Raines RT: The CXXC motif: a rheostat
in the active site. Biochemistry 1997, 36:4061-6.

Thompson JD, Albecj S, Alzari P, Andreini C, Banci L, Berry |, Bertini
I, Cambillau C, Canard B, Carter L, Cohen S, Diprose ], Dym O, Esn-
ouf RM, Felder C, Ferron F, Guillemot F, Hamer R, Jelloul M,
Laskowski RA, Longhi S, Lopez R, Luchinat C, Malet H, Mayo C,
Mochel T, Moulinier L, Morris R], Oinn T, Pajon A, Peleg Y, Perrakis
A, Poch O, Prilusky J, Rachedi A, Ripp R, Rosato A, Silman |, Stuart DI,
Sussman JL, Thierry JC, Thornton JM, Unger T, Vaughan B, Vrankin
W, Watson |D, Whamond G, Yang ZR, Henrick K: SPINE Bioinfor-
matics and data management aspects of high throughput
structural genomics projects. Acta Cryst 2006 in press.

Tomatsu S, Montano AM, Nishioka T, Gutierrez MA, Pena OM,
Tranda Firescu GG, Lopez P, Yamaguchi S, Noguchi A, Orii T: Muta-
tion and polymorphism spectrum of the GALNS gene in
mucopolysaccharidosis IVA (Morquio A). Hum Mutat 2005,
26:500-512.

Galperin MY, Koonin EV: Sources of systematic error in func-
tional annotation of genomes: domain rearrangement, non-
orthologous gene displacement and operon disruption. In Sil-
ico Biol 1998, 1:55-67.

Jensen LJ, Saric ], Bork P: Literature mining for the biologist:
from information retrieval to biological discovery. Nat Rev
Genet 2006, 7:119-129.

Zvelebil M)}, Barton GJ, Taylor WR, Sternberg MJE: Prediction of
Protein Secondary Structure and Active Sites Using the
Alignment of Homologous Sequences. | Mol Biol 1987,
195:957-961.

http://www.biomedcentral.com/1471-2105/7/318

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here: O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 13 of 13

(page number not for citation purposes)



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10642881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10642881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10642881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3521657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3521657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3521657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2031185
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2031185
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12801878
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12801878
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11470834
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11470834
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11734009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11734009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9099998
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9099998
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16287098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16287098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16287098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11471243
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11471243
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11471243
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16418747
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16418747
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3656439
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3656439
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3656439
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Implementation
	Construction of the test set
	Algorithm overview
	Data retrieval and ab initio prediction
	Identification of homologous regions
	Data validation and propagation
	Data storage and presentation

	Results
	Benchmarking with a large test set of well characterised protein families
	Large scale application of MACSIMS

	Discussion
	Conclusion
	Availability and requirements
	Authors' contributions
	Acknowledgements
	References

