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ABSTRACT

Despite the growing volumes of proteomic data,
integration of the underlying results remains
problematic owing to differences in formats, data
captured, protein accessions and services available
from the individual repositories. To address this,
we present the ISPIDER Central Proteomic
Database search (http://www.ispider.manchester.
ac.uk/cgi-bin/ProteomicSearch.pl), an integration
service offering novel search capabilities over
leading, mature, proteomic repositories including
PRoteomics IDEntifications database (PRIDE),
PepSeeker, PeptideAtlas and the Global Proteome
Machine. It enables users to search for proteins and
peptides that have been characterised in mass
spectrometry-based proteomics experiments from
different groups, stored in different databases, and
view the collated results with specialist viewers/
clients. In order to overcome limitations imposed by
the great variability in protein accessions used by
individual laboratories, the European Bioinformatics
Institute’s Protein Identifier Cross-Reference (PICR)
service is used to resolve accessions from different
sequence repositories. Custom-built clients allow
users to view peptide/protein identifications in
different contexts from multiple experiments and
repositories, as well as integration with the Dasty2
client supporting any annotations available from

Distributed Annotation System servers. Further
information on the protein hits may also be added
via external web services able to take a protein as
input. This web server offers the first truly integrated
access to proteomics repositories and provides a
unique service to biologists interested in mass
spectrometry-based proteomics.

INTRODUCTION

Proteomics is beginning to catch up with nucleotide-based
microarray technology as a means to catalogue and
quantify the gene products expressed in cells and tissues,
with the added advantage that the proteome provides the
functional molecular components of most biological
systems—proteins are the principal effector molecules.
Indeed, proteomics forms a key component in a range of
experiments, from protein quantification in systems
approaches to model and predict pathways (1) through
to characterizing biomarkers for diagnostic purposes (2).
Proteomics provides the opportunity to study the func-
tional molecules of the cell directly, identifying and
quantifying proteins expressed from the genome (3).

The ultimate goal in most proteomics experiments is
therefore to confidently identify all the proteins contained
within a sample. This is in turn usually based on observed
peptide identifications derived from the collected tandem
mass spectra and attendant database searches. Confidence
in a particular identification may be derived simply from
the score assigned by the identification tool, by some
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measure of false positive rate, or by manual inspection (4).
However, other groups worldwide may well have studied
the same (species’) proteome in the same or similar
conditions, or may have studied a different developmental
stage, and it would clearly be useful to determine what
proteins and peptides other groups have identified.
Furthermore, there is great value in the determination of
‘proteotypic’ peptides of a particular protein (5), i.e. those
peptides that are repeatedly and consistently identified in a
given protein over multiple experiments. The proteotypic
peptides may be good ‘markers’ for a given protein or,
more importantly, may be excellent candidates to produce
as labelled internal standards for quantitation (5,6).

Following the explosion in sequenced genomes, pro-
teomics is also experiencing a rapid growth in the amount
of data that is produced and as a result there are a number
of different proteomic data repositories. However, unlike
sequence data, mature data standards for proteomics and
related data are not yet available [although they are under
development through the Proteomics Standards Initiative
(PSI) (7)]. The main data repositories include PRIDE
(Proteomics Identifications database) (8), GPM database
(9), PeptideAtlas (5), GAPPdb (Genome Annotating
Proteome Pipeline database) (10), PepSeeker (11),
Tranche (12), PEDRO (13) and the OPD (Open
Proteomic Database) (14), for a comprehensive review
see Mead et al. (15). Many of these data repositories are
now well established and continue to be populated with
high quality mass spectrometric data and protein/peptide
identifications. This increasing wealth of data is a gold-
mine of information that, when correctly collated, could
be used to enhance our understanding of biological
function through the proteins identified. Moreover, the
mass spectrometry and proteomics experimental processes
themselves could benefit from information contained in
the proteome repositories. This could assist the validation
of individual proteome experiments. For instance, one or
more of these data repositories could be mined indepen-
dently to determine all the different peptides observed for
a particular protein in different experiments. Presently,
this is not straightforward, as individual repositories
contain results in different formats; collating these data
into a common structure is clearly useful, but can be
challenging and time consuming.

One can also imagine many typical data-driven tasks in
the sequence domain having direct parallels with post-
genomic fields such as proteomics. Bioscientists may wish
to query and download data sets relating to their gene/
protein(s) of interest and make direct comparisons
between them, looking for similarities or differences.
Furthermore, the ability to link different proteomics
data with other biological features such as functional
and structural annotations may prove useful when trying
to understand why specific proteins and peptides are
observed (or not) in different proteomics experiments. It
should also permit an assessment of the impact of a given
protein on a system, particularly as quantitative proteomic
techniques evolve.

As part of the collection of services contained within the
ISPIDER Central framework, we describe here a web
server which enables scientists to carry out these

integrative in silico experiments in proteomics. Users are
able to query multiple protecomic data repositories and
view the results using specialist viewers that ease the
interpretation and browsing of the data, moreover, the
viewers enable the user to invoke biological web services
to add value to the identifications. We believe these
services will be of great benefit to the proteomics and
wider biological community wishing to see which proteins
and peptides have been identified across the major
proteomics repositories.

ISPIDER TOOLS AND RESOURCES

ISPIDER Central provides a range of services for
integrative data analysis in mass spectrometry-based
proteomics, and the systems architecture for the multiple
database querying, data visualization and added-value
web services is shown in Figure 1. This figure illustrates
the overall project philosophy, where different proteomics
repositories are queried, the results are integrated into a
common format (spidyXML) and a variety of clients and
views are available to examine the data. The features
comprising this overall architecture are described below.

Proteomic data retrieval

The primary query engine is written using a simple Perl
script whereby four of the main public proteomic data
repositories, namely PRIDE (8), PepSeeker (11), the GPM
database (9) and PeptideAtlas (16) can be queried by
protein accession and/or peptide sequence. The query may
also be limited by peptide or protein score, taken from the
member repositories (when available). This approach
makes use of the LWP (Library for World Wide Web in
Perl) module, which enables information to be extracted
directly via the HTTP protocol from external websites.
Using this approach, queries over these repositories are

‘ USER QUERY PICR
web service

‘ PRIDE H PepSeeker H PeptideAtlas H GPM ‘

| | |

External
DAS services

External
web services

SpidyXML

l }

Dasty \M !
_— ISPIDER Viewers

Figure 1. Flow chart of ISPIDER Central general architecture. The
integration of the different results from independent queries over
member repositories is achieved via spidyXML. This in turn may be
processed by internal ISPIDER viewers or external clients. Objects in
spidyXML may also be passed to external web services.
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relatively straightforward since PeptideAtlas supports
retrieval of results in an XML format from a simple
URL, and both the PepSecker and PRIDE repositories
have a BioMart (17) interface which enables elegant
XML-based querying and retrieval of data. The GPM
database was slightly more complex; although, after
stepwise LWP queries have been performed, the desired
X!Tandem (18) XML output could be retrieved and the
appropriate data extracted. Since all queries are per-
formed on the fly, the latter method is slower than the
direct XML queries described above. Users may select
which of the repositories to search over via a set of
checkboxes and, once complete, the outputs from the
selected repositories are combined into a common internal
format, spidy XML (see below).

A potential problem for this type of querying over a
variety of databases containing protein data is that the
same biological entity can be represented by different
protein accession numbers or identifiers depending on the
underlying sequence database that was searched in order
to make the identifications. To overcome this, the
ISPIDER web server provides the opportunity to first
resolve accessions via the PICR (Protein Identifier Cross-
Reference) web service (19) from the European
Bioinformatics Institute (EBI), which translates between
protein sequence identifier name spaces for a wide range of
different databases. As a result, if selected, the ISPIDER
Central resource can use the PICR service to determine all
the possible matching accession numbers in a search for a
single protein accession. The following queries over the
member repositories are then executed for all the matching
accession codes. Selecting this option is powerful, but can
slow down searches substantially for some protein
accessions which resolve into many pseudonyms.

In addition to the basic querying, the ISPIDER Central
resource provides the means to add further information on
to proteins retrieved from the searches. Users can thus

| The upper table displays all the matching
experiments for a particular search.

(g SprER.
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discover more about the potential function of the
identified proteins within the organism. This final service
is integrated with other services through the ISPIDER
interactive tabular viewer (see results section) and enables
the integration of different web services with query results.
The web service details are stored in a central registry
(ispiderRegistry) which may be updated as new web
services emerge. Currently, the registry contains two
example services to retrieve corresponding UniProt
accessions and protein sequences, although this list may
be readily extended by adding protein-based web services.
This exploits the common XML format delivered from the
integrated ISPIDER database queries, as mentioned
above, called spidyXML. This is a standard XML
format that describes parent—child relationships between
protein and peptide data retrieved from the repositories.
The different data types described in spidyXML are
consistent with the features described in the
ispider Registry, a MySQL database containing details of
all the web services available, including all their inputs and
outputs, recorded as ISPIDER data types. For any parent
attribute in spidyXML (and displayed in the top table in
the viewer), the data type of that attribute is used to
determine all the external web services from the
ispider Registry that require this data type as input. Any
suitable services are displayed in a menu to the right of the
screen.

For example, in Figure 2, the parent attribute in the
corresponding spidyXML is a protein accession, the
ISPIDER data type for this is ‘protein_accession’ and is
hence displayed in the menu. To the right of the table in
the figure are available web services that require a protein
accession as input. By the selection of one or more protein
accession numbers in the interactive table a user may
simply invoke an available web service. The results of any
web service are shown as an additional tab in the lower
table.

Links to other
ISPIDER viewers

TABLE VIEWER

Fage) [« Frewougpags] rlent Page >

=

0 protein_accession erimeant_acce:

0 PO03SE (infal PRIDE_ 1655 (info)

a PODASE (info PepSesker_1291

O PepSecker_1291

o PepSesker_1291

(] PepSeeker_1291

(] PepSeeker_1291

] PepSesker_1291

(] PepSeeker_1291

O PepSeeker_1291

(@} PepSeeker_12914 1

protein

protein_accession  protein_score end  peplide_sequence
PO03SE A5T04 8000000000 213 GAADMIPASTGAAK
PO035E 35704 8000000000 213 GAACGNIPASTGAAK
POO3SE 35704 8000000000 1 VGVNGFGR
PO03SE 35704 8000000000 180 IVSNASCTTNCLAPLAK
POD3SE 35704 8000000000 160 IWENASCTTNCLAPLAK
PO03SE 35704 8000000000 213 DGRGAADNIFASTGAAK
FO0356 35704 3000000000 332 VVDLMVHMASK
PO03SE 35704 8000000000 332 VVDLMVHMASH

IPASTGAAK

The lower table details peptides identified in the
protein/experiment selected from the upper table. |

o Matrix view for proteins
arigan Matri vigw for
Pride_de
PapSeal
PapSeal
PepSeal
PepSest wen sErvicEsH
PepSesl IptIFASTA_UNIPROTEniry
PepSesl ChpetUMIPROTENTY
PepSesl Tegako
PepSesl |
PepSesl New Search
Unimod_accession  expariment
1655
1655 \ —
1655 Additional web
& 1655 5
8 ] services may be
1655 invoked and the
19 1655 H
o I results displayed as

1655 an extra tab in the

lower table.

Figure 2. The ISPIDER Interactive tabular view. Example results are shown for a protein accession-based query over multiple repositories.
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THE ISPIDER SUITE OF VIEWERS

Results delivered in spidyXML may be examined by the
user using a variety of clients and views, each with a
slightly different focus, showing peptide and protein
identifications for experiments from the repositories
queried.

Nested view/Tabular view

This is the default page displayed to the end-user and is
potentially the most comprehensive. The data is split into
two interconnected tables whereby the top table, shown in
Figure 2, contains a summary of the results and by
clicking on each ‘parent’ the ‘children’ are shown in the
lower table. What constitutes the ‘parent’ and ‘children’ is
determined by the user at the query stage, and then refers
directly to the spidyXM L. For example, the parent can be
a protein and the children a set of one or more peptides
identified in that protein. Alternatively, the ‘parent’ can be
an experiment from a proteomics data repository and the
‘children’ all the proteins or peptides identified in that
experiment. This viewer itself is based on the Google
toolkit (20), an open source java development framework,
which facilitates the writing of AJAX (Asynchronous
Javascript and XML) applications and dynamic HTML.
The power of this framework is demonstrated in the
‘value-added’ application whereby for each parent various
web services present in the ispiderRegistry can be
employed to gather related information and is displayed
in additional tabs in the lower table.

Matrix view

This view has also been developed with the Google toolkit
(20) and allows a 2D ‘matrix’ type view with the ‘parents’
as column headings across the top and ‘children’ as rows
along the left hand side (Figure 3). This view has many
potential uses, depending on the query and parent—child

I‘..':f i-'ﬂr Ceniral :‘

relationship, not least the ability to look for the peptides/
proteins which have been observed across multiple
experiments. In addition, each attribute in the matrix
can be coloured as a ‘good’ or ‘bad’ score according to a
quality definition in the spidyXML, where available.
Presently, protein/peptide score information is rather
patchy in some of the repositories, although it is expected
that standards being developed by the PSI (e.g.
analysisXML) will address this. The Matrix view is also
an interactive viewer, whereby clicking on a row/column
heading will sort the row/column according to the score.

Coverage view

This view is written using the BioPerl (21) graphics module
and provides a simple graphical view for each protein in
the result set with the positions of all the matching peptide
sequence. This is currently only available for those results
where the start and end coordinates for each peptide are
available.

Dasty2

Dasty?2 (22) is a web client for visualizing protein sequence
feature information using DAS (Distributed Annotation
System) (23). The client establishes connections to the
DAS reference server to retrieve sequence information and
to one or more DAS annotation servers to retrieve feature
information. Dasty2 then merges the information from all
of the different servers and displays them in a web browser
as a highly interactive graphical viewer. The Dasty2 client
has been integrated into ISPIDER Central, using a Perl
script to mimic a DAS annotation server, producing the
appropriate XML from the spidyXML for a specific
protein. This view, shown in Figure 4, enables the user to
examine the peptide identifications retrieved for a given
protein in the context of the large collection of functional
and structural features associated with the parent protein
obtained via Dasty2. This includes such relevant features

| The matrix displays |
the proteins and

fou re not logged

Fublications  Links  People peptides identified in B Gkt cotitaing the

the search. ; ; : :

A R Ve — | protein/experiment details. w py?

GPM10100086572  GPM1i0100096419  GPMiotoog  Clicking on a column  ore
PeRtide sequsneslexperimant (ENSPO0000371261)  (ENSP00000371261)  (ENSPooos  heading will sortthat .,
TVAPMPPAQDHK column according to |, ., '
AVOEIMOEK 573 512  View
AFTKPEEACSFILSADFPALVVK score. R vieny for profenns
VLIGSGGR 51.2 Y e
VFSWLOOEGHLSEEEMAR 57.3 512 50 =2y fonnead
DIQQHKEEAWVIGSVVAR 573 512 50 5 ;
GVEITGFPEAQAL GLEVFHAGTALK 573 512 50 Scores are displayed when a
AFAHITGGGLLENIPR 57.3 51.2 50 protein/peptide has been
Eﬁfgﬁp&ﬁ‘%‘r DGVGTK gg 512 :g identified in a particular
NLIESMQINGSVLIK 573 512 50 experiment. Where a score is B
VAVLISGTGSNLQALIDSTR 57.3 512 50 not available a dot is displayed.
RGDTVATLSER 57.3 512 50 rerar
ITEGDVVVGIASSGLHSNGFSLVR —57.3. ——Ean _ D ] T
IEFVVVGPEAPLAAGIVGNLR 573 Each row contains a peptide
KIEFVWVGPEAPLAAGIVGNLR 573 sequence, clicking on a row
£ o SAGIDIVISHI heading will sort the row

VDLGGFAGLFDLK 573

according to score. %

Figure 3. The ISPIDER Interactive matrix view. An example is shown displaying peptide identifications cross-referenced against their parent proteins

from a variety of experiments taken from repositories.
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Figure 4. Dasty? client displaying the ISPIDER search results. Results from an ISPIDER query may be linked out to the Dasty2 client, which shows

peptide identifications in line with other annotations.

as secondary structure, disorder prediction (24) and post-
translational modifications.

Comma Separated Variable download

Finally, a link is also provided to download a simple
comma-delimited text file of the results which can be
uploaded into external software for analysis by the user.

USAGE

This site is intended for use by biologists and proteomic
researchers, wishing to compare/contrast protein and
peptide identifications from different laboratories and in
different experimental conditions. Similarly, we believe
this will be beneficial to researchers looking to design
internal standards for quantitation (25,26), e.g. proteo-
typic peptides which are commonly observed in the same
protein across multiple experiments (5). The ISPIDER
web server is able to capture data relating to individual
experiments from different proteomic databases, which
may include (depending on the database searched)
proteins, peptides, genome loci, search engines used to
make the identifications and the underlying database(s)
searched, as well as various scores and confidence values
associated with the identification. In addition, value may
be added to these identifications through the use of
external web services invoked from ISPIDER and also

through the use of Dasty which graphically aligns the
protein of interest with any identified peptides and other
protein information from available DAS servers, such as
PRINTS and PROSITE domains, phosphorylation sites
and secondary structure information.

CONCLUSIONS

The ISPIDER Central resource reported here illustrates
how integrative bioinformatics techniques can be applied
to merge different repositories, and demonstrates a viable
platform for data integration in proteomics. The resource
itself represents one output in a larger data integration
project for proteomics, exploring complementary technol-
ogies for the same purpose. These include a virtual
integrated resource combining data from PRIDE (8),
PEDRO (13) and PepSeeker (11), using the AutoMed
heterogeneous data integration toolkit (27). Development
of web services underpins much of this, either for
integration into the existing framework or via proteome-
specific workflows using myGrid (28,29). We aim to add
these services to the ISPIDER portal, as well as provide a
reanalysis pipeline for protein/peptide identification, to
improve computation services for proteome biologists.
The resource is accessible from http://www.ispider.
manchester.ac.uk/cgi-bin/ProteomicSearch.pl.
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