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ABSTRACT

The IntAct molecular interaction database has cre-
ated a new, free, open-source, manually curated re-
source, the Complex Portal (www.ebi.ac.uk/intact/
complex), through which protein complexes from ma-
jor model organisms are being collated and made
available for search, viewing and download. It has
been built in close collaboration with other bioin-
formatics services and populated with data from
ChEMBL, MatrixDB, PDBe, Reactome and UniPro-
tKB. Each entry contains information about the
participating molecules (including small molecules
and nucleic acids), their stoichiometry, topology
and structural assembly. Complexes are annotated
with details about their function, properties and
complex-specific Gene Ontology (GO) terms. Consis-
tent nomenclature is used throughout the resource
with systematic names, recommended names and a
list of synonyms all provided. The use of the Evi-
dence Code Ontology allows us to indicate for which
entries direct experimental evidence is available or if
the complex has been inferred based on homology
or orthology. The data are searchable using standard
identifiers, such as UniProt, ChEBI and GO IDs, pro-
tein, gene and complex names or synonyms. This
reference resource will be maintained and grow to
encompass an increasing nhumber of organisms. In-

put from groups and individuals with specific areas
of expertise is welcome.

INTRODUCTION

Biological processes are driven by the interactions of pro-
teins with other molecules in an organism. These interac-
tions may be transient (e.g. signalling receptor—ligand inter-
actions) or lead to the formation of stable biological com-
plexes (e.g. minichromosome maintenance complex, EBI-
913604). Many molecules exist only in an obligate com-
plex formation (e.g. collagen type I, EBI-2325312). Many
databases deal with protein, small molecule and polysac-
charide functions, for example, UniProtKB (1), Gene On-
tology (GO) (2), ChEBI (3), ChEMBL (4) and their in-
teractions (e.g. IntAct (5), MINT (Molecular INteraction
Database (5,6)), MatrixDB (7) or DIP (Database of In-
teracting Proteins (8)) but no central, integrated resource
has so far been available to hold this type of information
for stable, macromolecular complexes. The Complex Por-
tal, hosted by the IntAct team at the European Bioinfor-
matics Institute (EBI) (www.ebi.ac.uk/intact/complex), pro-
vides a framework for the capture of such data, and the ex-
istence of web-based editorial tools not only enables col-
laborating groups to capture standards-compliant experi-
mental data (5) but also to contribute to the curation of
the growing collection of manually curated protein com-
plexes. Several databases (such as CORUM (9)) exist that
have previously collated information on protein complexes
but they provide limited data integration across resources
and have tended to concentrate on a more limited species

*To whom correspondence should be addressed. Tel: +44 1223 494107; Fax: +44 1223 494468; Email: bmeldal@ebi.ac.uk

© The Author(s) 2014. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

G10T ‘L1 Areniqo, uo Areiqry me je /310 s[ewmolpioyxo-reu//:dny woiy popeoumo(]


http://www.ebi.ac.uk/intact/complex
http://www.ebi.ac.uk/intact/complex
http://nar.oxfordjournals.org/

D480 Nucleic Acids Research, 2015, Vol. 43, Database issue

range. UniProtKB/Swiss-Prot contains a wealth of data
pertaining to the behaviour of individual proteins within
larger complexes in the form of free-text statements. Cu-
rators from the UniProt Consortium collaborate with the
Complex Portal to help extract and structure these data.
The Protein Ontology (PRO) provides an ontological rep-
resentation of protein-related entities by explicitly defining
them and describing their relationship (10). This includes
the existence of proteins within larger macromolecular com-
plexes. The PRO consortium, by collaborating with the In-
tAct group, will contribute to both extend the number of
complexes which are available as objects within the PRO hi-
erarchy while making more richly annotated data on these
entities available in a broader range of formats through the
Complex Portal. Model organism groups, such as Saccha-
romyces Genome Database (11) and WormBase (12), are
contributing expertise and curation effort within their or-
ganism of interest, while the MINT database is augmenting
the resource with additional expertise on the composition of
protein complexes. Curators at the EBI ensure that entries
relating to conserved complexes remain consistent across
multiple species, or that differences that have evolved across
a taxonomic range are suitably highlighted. Long-term data
maintenance, such as regular updates of controlled vocab-
ulary terms and underlying protein sequence data, are also
provided by the IntAct team.

Entries combine biological information about the molec-
ular function, biological processes, cellular location and
pathways of a complex with information about its con-
stituents (proteins, nucleic acids, small molecules and
polysaccharides), topology, stoichiometry and structural
assembly. Structured information about complex ligands,
diseases they are involved in and drugs they act as targets for
is also added to appropriate entries. The use of the Evidence
Code Ontology (13) allows us to indicate for which entries
direct experimental evidence is available in a molecular in-
teraction databases, such as IntAct (www.ebi.ac.uk/intact),
or if the complex has been modelled from more limited ev-
idence, or inferred from component sequence homology or
orthology.

CONTENT
Coverage

The Complex Portal contains complexes from more than
10 model organisms, with a current emphasis on human,
mouse, Saccharomyces cerevisiae and Escherichia coli. The
working definition of a stable protein complex is an entity
that contains two or more macromolecules that can be co-
purified and for which there is evidence (experimental or
inferred) that these molecules interact with each other and
have a demonstrated biological or MF. The definition cur-
rently specifically excludes more transient interactions, such
as enzyme-substrate and receptor-ligand complexes, unless
the binding of the substrate or ligand is required for com-
plex formation to occur, e.g. PDGF receptors only dimer-
ize when the ligand binds so the tetrameric receptor-ligand
complex has been curated (EBI-9080360), in contrast to the
dimeric receptor which does not exist in vivo. Nucleic acids
are only included in the list of participants if they are in-
tegral to the formation of the complex (e.g. DnaA-DNA

complex, EBI-6552438). Similarly, small molecules, such as
cofactors, are captured when stably bound into complexes.
Homology modelling is only allowed across closely related
species (e.g. mammals), as one use case for this resource is to
enable the study of the evolution of protein complexes and
highlight examples where function but not subunit content
may have been conserved, or vice versa. As indicated above,
modelled or inferred complexes are clearly marked using the
evidence ontology terms and may be filtered out from exper-
imentally verified data using a simple query.

Quality control

As with IntAct and many other manually curated databases,
each entry is checked by a second curator before it is re-
leased, enabling the provision of highly accurate and up-
to-date information. However, no data set can claim to
be totally error-free and new information is constantly be-
ing published. Therefore, the user is encouraged to feed-
back, or request curation of a specific complex via the
<Feedback> button on the website or by directly emailing
intact-help@ebi.ac.uk.

Search

The portal query interface allows users to search the com-
plex information based on the identifier, name or synonyms
of the complex or of the individual components (proteins,
nucleic acid or small molecules) present in the complex as
well as cross-references and species of complexes. Users can
search for a single term or a mix of terms. The latter can
be of the same or different kind, such as a single UniProt
ACs, a list of mixed protein and gene identifiers, a com-
plex name and its species or a GO ID (e.g. GO:0016491).
The use of wildcards (“?” and “*’) has been enabled, e.g. for
a search of isoforms of ‘Q07817" search with ‘Q07817*’.
Blanks in search strings are by default interpreted as ‘OR’.
For more precise searches use the Boolean operators ‘AND’
and ‘NOT’, use prepends ‘+’ (= AND) or -’ (= NOT), or
use parentheses () or double quotes (“) to specifically sep-
arate or combine certain terms (e.g. <‘nuclear pore’> is
more precise than <nuclear AND pore> which is more pre-
cise than <nuclear pore> as the latter equals <nuclear OR
pore>). More refined searches can be performed using the
Complex Query Language, CQL. CQL has been specifically
designed for searching complexes but has retained those
fields that overlap with the Molecular Interactions Query
Language, MIQL, such as ID, alias, species, biological role
and feature type. More detail on the search options can
be found at http://www.ebi.ac.uk/intact/complex/help/. The
search results can either be filtered or a particular entry can
be selected in order to view its details. Currently, it is possi-
ble to filter by species, and by biological role (e.g. enzyme)
and interactor type (e.g. protein) as defined using the Pro-
teomics Standards Initiative - Molecular Interactions Con-
trolled Vocabulary (PSI-MI CV) (14).

The manual curation of the complexes using hierarchi-
cal ontologies, such as the GO or the National Center for
Biotechnology Information (NCBI) taxonomy (15), also al-
lows queries based on these hierarchies. For example, it is
possible to pull out all enzyme complexes by searching on
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Complex Portal results for GO:00716491

Showing 10 results from a totel of 40
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Ribonucleatide-diphosphate reductase variant 1 (sacﬂmmm!m: me\usin 2 (strain ATCC 204508 ( S288¢); 559292)EBI-1396664
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Figure 1. Screenshot of the results for the GO search term ‘GO:0003824” (catalytic activity). Search results are displayed as 10 per page and filters for
refining the search are shown in the left-hand side panel. The number of hits for each filter option is given in parenthesis.

the parent term ‘catalytic activity’ (GO:0003824, Figure 1)
which will find all examples within the current collection, al-
though each has been more specifically annotated to an ap-
propriate child term. Similarly, it is possible to find all mam-
malian complexes by using the search term ‘species:40674°
(mammalia).

Complex details

Each complex has as a minimum a unique accession num-
ber, a recommended name, a list of participants, a func-
tional description and a list of cross-references (Figure 2).
Complexes are curated based either on direct evidence in
the literature, or inferred from closely related species (e.g.
mouse PCNA, EBI-1208675) or homologous complexes in
the same species, for which experimental evidence exists (rat
hemoglobin variants, EBI-9105417 and EBI-9105480), or
based on background scientific knowledge of an expert sub-
mitter (e.g. existence based on pharmacological evidence,
e.g. GABA receptors, EBI-9008426). The type of evidence
that exists for each complex entry is identified by using Ev-

idence Code Ontology (ECO) codes. For ECO codes cur-
rently in use please refer to the online documentation (http:
/Iwww.ebi.ac.uk/intact/complex/documentation/). In cases
where the existence of a complex has been inferred by se-
quence homology of the components, rather than from di-
rect experimental evidence, the details of the experimentally
verified complex, on which it has been modelled, are given.
These entries will be updated when experimental evidence
becomes available.

Complex members are identified via unique accession
numbers with direct links to the respective databases
(UniProtKB for proteins, ChEBI for small molecules),
name and description of the molecule (imported from the
above reference databases), stoichiometry (when known),
interactor type and the biological role of that molecule
within the complex. Known protein binding regions are
identified by their start and end residue numbers and cross-
referenced to InterPro (16) if they match a functional do-
main (EBI-9519429), whereas unknown regions are iden-
tified by range “?-?" (EBI-706546). The linking of binding
regions enables the systematic capture of the topology of
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Hemoglobin HbA complex

Species: Homo sapiens; 9606
Accession number: EBI-2008420

Summary
Systematic Name:

2xHBAL:2xHBE

Synonyms:

HBA-HBB complex HBA1-HBB complex HBAZ2-HBB complex

HBA1-HBB heterotetramer HBAZ-HBB heterotetramer adult hemoglobin HbA complex
HBA-HBB heterotetramer Haemaoglobin HbA complex

Function:

Adult hemaoglobin A (HbA) is expressed in erythrocytes in the bone marrow. Binds oxygen in the lungs and transports it
to the various peripheral tissues. Transports CO2 from cells back te the lungs. It appears in late pregnancy and becomes
the dominant hemoglobin type in adults, replacing fetal hemoglobin (EBI-9108045 & EBI-9108218).

Properties:

Two alpha chains and tweo beta chains. Each chain has a heme b group attached to it containing either an Fe2+ or Fe3+
ion. Oxygen only binds to Fe2+ ions, not Fe3+ ions. COZ binds directly to the protein chains and therefore does not
compete with oxygen binding. MW = 64 kD

Disease:

Mutations in hemaoglobin alpha chain can result in a range of diseases, Including alpha-thalassemia, Heinz body anemias
and hemogiocbin H [HBH) disease. Mutations in hemoglobin beta chain can result in a range of diseases, including
sickle-cell anemia, beta-thalassemia and Heinz body anemias.

Complex Assembly:

Heterotetramer,

Participants

PE5305 HBAL Hemoglobin subunit aipha 2 unspecified rose  protein binding-associated region CHEBL:30413 [?-7]
£BI-714580 birding-assaciated region PLARTL [2-7]

GEA7 1 HEB  Hemaglebin subun't beta 2 unspecified role  peobein binding-assaciated region CHEBL:304L3 [2-7]
EBI-V15554 birding-assaciated reginn PEI90S [7-7]
CHEBL:30413  herne  hermsa 4 cofactor small malecule  binding-assaciated region PEI905 [2-7]
ERI-GERN3S hirding-assaciated region PEAATL [7-7]

Cross References

igantical phject in an extomal s chembl

evidence antolagy

tealngical process gene onimisgy
rellular camponent ene stolsgy
molecular furctian gene catolegy
Experimental evideace that interaction ogours Irtact
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edditivnal informatian pubmed
igantical object In an external resaurce reactome
identical hject in an extemal resaurce wwipi
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ECO: 0000353
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140700

16765986
REACT_123853.1
2dnl

Figure 2. Screenshot of the details page of the human haemoglobin HbA complex (EBI-9008420). The Cross References table has been shortened to fit in
the figure. Clicking on the hyperlinks will open the details directly in the external database.

a complex in a format which will subsequently enable the
automated derivation of a graphical representation of this
topology. Other features, such as post-translational modifi-
cations and disulphide bridges, which are required for bind-
ing, are also listed (e.g. EBI-8869931).

Each complex has up to three name categories: firstly, a
mandatory recommended name that is either taken from the
GO or is the most commonly used name in the literature. In

parallel, missing terms are added to the GO and the pro-
tein complex hierarchy within the GO is being revised and
augmented. Secondly, additional names for the complex are
added to the list of synonyms. Thirdly, in collaboration with
Reactome (17,18), we give each complex a systematic name,
which is essentially a string of gene names of the complex
participants, separated with a colon (:) and stoichiometry
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indicated, e.g., 2xHBA1:2xHBB for haemoglobin HbA. For
further details of the Reactome nomenclature rules, see (19).

Further information on the complex is added by the cura-
tor providing a detailed description of its function, and any
processes it is involved in, as well as information about prop-
erties, such as molecular weight, complex size or internal
topology of the complex, where available. Complexes with
complete stoichiometry are also annotated with the relevant
assembly terms, such as homodimer or heterotrimer. Where
applicable, important /igands are listed and short descrip-
tions are given about diseases with which the complex is as-
sociated.

To aid data integration and to provide maximum addi-
tional information to the user, related classes or instances
of the complex in other databases are provided as cross-
referenced links. These may include links to ChEMBL, EM-
DataBank (20), the GO, MatrixDB, PDBe (21) and Reac-
tome. Links to experimental evidence proving the existence
and content of a particular complex are provided as IMEx
(International Molecular Exchange Consortium (22)), In-
tAct, MINT, MatrixDB or DIP cross-references and, as in-
dicated, ECO codes are used to further indicate the level
of evidence available for the complex. For enzymes we pro-
vide a link to the Integrated relational Enzyme database
(IntEnz (23)). When a complex is involved in a disecase we
provide cross-references to Online Mendelian Inheritance
in Man (OMIM, http://omim.org/), Experimental Factor
Ontology (EFO) and/or Orphanet (http://www.ebi.ac.uk/
efo/about.html and http://www.orphadata.org/cgi-bin/inc/
ordo_orphanet.inc.php). As EFO is in the process of com-
piling a new disease ontology we will progressively be cross-
referencing to EFO/Orphanet/ORDO. Further informa-
tion in the literature on the complex, such as an appropriate
review or a functional study, is cross-referenced to Europe
PubMed Central (24).

All complexes are annotated to GO terms. Every com-
plex is annotated to at least one cellular component term
and to relevant molecular function and biological process
terms for the complex as a whole, rather than annotation of
individual components as is the focus of other annotation
efforts. New terms are created as appropriate.

WEB APPLICATION, WEB SERVICE AND DOWN-
LOAD OPTIONS

A new index has been built and a public RESTful web
service has been provided (http://www.ebi.ac.uk/intact/
complex-ws/) for programmatic retrieval of complexes. The
current webservice provides only two methods but will be
expanded as new features are added. A method °/search’
will take as parameter for any CQL query and return a
custom JSON which only gives a summary of the existing
complexes hitting the user query (complex name, species,
description and internal identifier). The user can then get
the full details of the complex of interest using the ‘/details’
method which returns another custom JSON describing the
complex cross-references, participants, etc.

The web application has been built on top of the RESTful
service for searching and viewing of individual complexes.

Nucleic Acids Research, 2015, Vol. 43, Database issue D483

Files can be downloaded in PSI-MI XML2.5 format from
our dedicated ftp site: http://www.ebi.ac.uk/intact/complex/
download/.

COLLABORATIONS AND COMMUNITY INVOLVE-
MENT

The Complex Portal has been designed to provide a frame-
work in which groups are able to contribute their expert
knowledge by annotating complexes within a particular de-
fined area. The IntAct molecular interaction database is re-
sponsible for training, data quality, data consistency and
long-term data maintenance. While coverage is limited at
this early stage of the Portal development, the involvement
of multiple contributing groups ensures that this will grow
rapidly. We hope that further groups will add to the com-
munity effort in the near future, in particular, participation
of the plant community would assist in filing this gap in the
taxonomic coverage.

For suggestions for new complexes to be added to the
database and direct submissions please contact us via the
<Feedback> link on the homepage or by directly emailing
at intact-help@ebi.ac.uk.

FUTURE PLANS

Work is continually ongoing to improve the website, search
capabilities and download options. The PSI-MI are cur-
rently actively working to provide an improved XML for-
mat, PSI-MI XML3.0, for the capture of abstracted data,
such as protein complexes. Individual complex download
files (in both XML2.5 and XML3.0) will be available from
both the list of initial search results and the details page.
The filter options will be expanded, for example, to make it
easier to extract the experimentally verified complexes from
those which have been modelled or inferred by homology.

Visualization of complex topology is critical and a com-
plex viewer is currently under development that will dis-
play the complex participants and its binding features in
a flexible, interactive mode from the information supplied
in the underlying XML file. The complex viewer will be
wrapped in a BioJs (25) component which will be available
in the BiolJs registry so it can be re-used by other devel-
opers wishing to import and display some or all of these
protein complexes, or indeed other data presented in the
PSI-MI XML format. Other BioJS components, such as a
structural viewer, for those complexes which have been fully,
or partially, crystallized and patterns of co-expression data
for complex components, will also be incorporated. Ongo-
ing activities include improvements to associated controlled
vocabularies and further cross-referencing in addition to in-
creasing the content of the Complex Portal.

We constantly try to improve our databases and services
in terms of accuracy and representation and actively en-
courage user feedback. Please contact the IntAct group if
you have any questions via the <Feedback> link on the
homepage or email us directly at intact-help@ebi.ac.uk. In-
formation about curation is provided at http://www.ebi.ac.
uk/intact/complex/documentation/. Extensive documenta-
tion and training material on how to best use our resource
is available at http://www.ebi.ac.uk/training/networks. Cu-
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ration groups interested in capturing macromolecular com-
plex data or experimental interaction data who would like
access to the editorial tool are encouraged to contact IntAct
to discuss this further (intact-help@ebi.ac.uk).
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