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The Gene Ontology (GO) has proven to be a valuable resource for functional annotation of gene products. At well over
27000 terms, the descriptiveness of GO has increased rapidly in line with the biological data it represents. Therefore, it is
vital to be able to easily and quickly mine the functional information that has been made available through these GO terms
being associated with gene products. QuickGO is a fast, web-based tool for browsing the GO and all associated GO
annotations provided by the GOA group. After undergoing a redevelopment, QuickGO is now able to offer many more
features beyond simple browsing. Users have responded well to the new tool and given very positive feedback about
its usefulness. This tutorial will demonstrate how some of these features could be useful to the researcher wanting to dis-
cover more about their dataset, particular areas of biology or to find new ways of directing their research.

Database URL: http://www.ebi.ac.uk/QuickGO

|ntroduction process and cellular component. The terms within these
three ontologies have unique identifiers and are organized
as a directed acyclic graph (DAG), a hierarchical structure
where each term can have one or many parent (less-
specific) terms and zero, one or many child (more-specific)
terms (Figure 1). Relationships between terms are indicated
in the key to the right of the graph in Figure 1. There are
currently five relationship types: is a, meaning that the
term is a subclass of its parent, e.g. ‘transferase activity’
is a type of ‘catalytic activity’; part of, meaning that the
term is part of the parent term, e.g. ‘nucleolus’ is part
of 'nuclear lumen’; regulates, meaning that the term is a
process that modulates its parent process, e.g. ‘regulation
of apoptosis’ describes the modulation of ‘apoptosis’; the
final two relationships are positively regulates and nega-
tively regulates, each describing the relevant modulation
of a parent process term.

GO and the Gene Onto'ogy Associations between these terms and gene products are

. made by several biological databases producing detailed
Annotation group functional descriptions of gene products. The Gene

GO is a controlled vocabulary describing three functional =~ Ontology Annotation (GOA) group is one of 20 databases
attributes of gene products: molecular function, biological  that form the GO Consortium. Each of these databases uses

High-throughput sequencing and experimental methodol-
ogies have meant that there is an ever-increasing amount
of biological data available to researchers, which must
be effectively managed, analysed and interpreted. The
Gene Ontology (GO) has proven highly useful in helping
researchers find biological significance in high-throughput
data by supplying a consistent and structured nomencla-
ture for biological concepts. These terms have been
employed by a large number of biological database
groups to describe the functionality of specific gene pro-
ducts; the combination of a highly descriptive, structured
vocabulary and associated gene product annotations
has proven effective in ordering and interpreting large
data sets.
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Figure 1. A section of the Cellular Component part of the
Gene Ontology showing the term ‘retromer complex’. The
term has three parent terms; ‘membrane part’, ‘endomem-
brane system’ and ‘protein complex’ and two child terms;
‘retromer complex, outer shell’ and ‘retromer complex, inner
shell’. Relationships between the terms are indicated by
coloured lines (edges) joining the terms, the different rela-
tionships are displayed in the key in the right panel.

the common vocabulary of GO to annotate a range of gene
products from different species in a consistent way. These
associations, or annotations, can be made manually or com-
putationally (electronically). Manual annotation is carried
out by highly trained biologists reading published experi-
mental literature, whereas electronic annotation involves
the automatic assignment of GO annotations to gene pro-
ducts. To read more about GOA’s annotation methods,
please see the ‘Annotation methods’ link on our website
(http://www.ebi.ac.uk/GOA/). Gene products can have
many GO annotations in each of the ontologies such that
well-studied genes or proteins may have hundreds
of annotations assigned either by manual or computational
methods, for example, human p53 (http://www.ebi.ac.uk/
QuickGO/GProtein?ac=P04637) protein has over 200 GO
annotations.

QuickGO and other GO browsers

As the number of genomes being sequenced, and gene
products being characterized increases, the GO annotations
made from this data concomitantly increases (the GOA
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database contains over 45 million GO annotations as of
July 2009) so there is a need for researchers to be able
to sort and view these annotations and quickly retrieve
relevant information to direct their research. All GO anno-
tations from the GO Consortium member groups are
available as Gene Association Files which are download-
able from the GO Consortium website (http://www
.geneontology.org/) and the individual database websites.
Such files have a very simple tab-delimited format; how-
ever, these files are large and somewhat cryptic to a bio-
logist, requiring some computational knowledge in order
to obtain from them subsets of information they are
interested in. QuickGO was developed by the GOA group
in August 2001 as a fast, web-based browser of GO term
information and all GO annotations assigned to UniProt
Knowledgebase (UniProtKB) accessions. In 2007, the GOA
group was awarded a grant from the BBSRC Tools and
Resources Development Fund to redevelop QuickGO by
adding extensive new features. In March 2008, following
this redevelopment, the new version of QuickGO was
released. The GO annotations contained within the GOA
database are now at the centre of QuickGO, users are
able to customize annotation sets by using the extensive
filtering options provided, these include being able to fil-
ter on protein accession, evidence code, taxonomic identi-
fier and GO term. The latter functionality also means
that users can create GO slims, subsets of GO terms used
to simplify the view of annotations to a set of gene pro-
ducts (Binns,D. et al., submitted for publication).

A number of different web-based GO browsers are pub-
licly available (see the GO Consortium Tools website: http:/
www.geneontology.org/GO.tools.browsers.shtml), and the
vast majority provide equivalent detail on the terms and
structure of the GO, it is in the display and manipulation
of associated annotations where the main difference be-
tween browsers can be seen. A number of GO browsers
are provided by model organism groups, which display
the full set of electronic and manual GO annotations for
individual species, such as the MGI GO browser (http:/
www.informatics.jax.org/searches/GO_form.shtml) (1),
whereas the GO Consortium browser, AmiGO (http:/
amigo.geneontology.org/cgi-bin/amigo/go.cgi) (2), provides
a comprehensive display of manual annotations provided
by the groups in the GO Consortium. AmiGO is the most
comparable GO browser to QuickGO in that the ontology
can be searched and browsed, terms and their relationships
can be viewed in context with the GO hierarchy, GO anno-
tations can be viewed and downloaded for multiple species
and it is updated frequently. Similar to QuickGO, AmiGO
also has a GO slim facility used to map-up annotations
to more general GO terms to give a simplified overview
of the attributes of a list of gene products.

In addition, an increasing number of publicly available
tools from third-party groups have been created to enable
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the manipulation and analysis of the GO ontologies
and annotations in the context of other public ontology
efforts and gene expression data [e.g. Ontology Lookup
Service (http://www.ebi.ac.uk/ontology-lookup/) (3), Gene
Class Expression (http://gdm.fmrp.usp.br/cgi-bin/gc/upload/
upload.pl) (4)].

QuickGO is unique among these other browsers in that
it is the only web-based browser to display annotation
to almost 190000 species, including both manually and
electronically assigned annotations, as well as the facility
to extensively filter on a number of annotation attributes
and map between 17 different identifier types. This facility
is of particular interest for researchers requiring functional
predictions for genes or proteins originating from non-
model organism species.

QuickGO is updated weekly with GO annotations and
nightly with GO term information making it one of the
most up-to-date GO browsers available, this is a critical
feature of GO browsers, and GO analysis tools in general,
due to the constant growth and updating of both the
ontology and annotations. Unfortunately, there are some
GO browsers where there is a long lag between updates
[e.g. Gofetcher (http://mcbc.usm.edu/gofetcher/home.php)
(5), GenNav (http://mor.nlm.nih.gov/perl/gennav.pl)] requir-
ing users, sometimes unwittingly, to use old data.

QuickGO is linked from a range of text-mining, protein-
and gene expression-analysis tools and protein databases.
These tools provide a wide range of services but use
QuickGO as the primary source of GO term and annotation
information. Text-mining tools linking to QuickGO include
GOCat (http://eagl.unige.ch/GOCat/) (6) and EBIMed (http://
www.ebi.ac.uk/Rebholz-srv/ebimed/index.jsp) (7), which
can analyse either blocks of text or PubMed identifiers
to predict GO terms that could be associated with that
text. Other analysis tools linking to QuickGO include
InterProScan (http://www.ebi.ac.uk/Tools/InterProScan/) (8),
a protein signature recognition tool and DAVID (http:/
david.abcc.ncifcrf.gov/) (9), a functional enrichment analysis
tool. Major databases which link to QuickGO term and
annotation data include the Pfam protein family database
(http://pfam.sanger.ac.uk/) (10), UniProtKB (http://www
.uniprot.org/) (11) and the Human Protein Atlas (http:/
www.proteinatlas.org/) (12).

This article hopes to provide users with some examples
of the more complex and novel functions that QuickGO
can perform, in an easy to follow guide. The researcher
will then be able to apply this knowledge to their
own data set enabling them to draw conclusions more
easily about their chosen area of research. Some of the
examples cited within are taken from real-life tasks that
are commonly requested by our users through the GO
(gohelp@genome.stanford.edu) and GOA (goa@ebi.ac.uk)
helpdesks.

Tutorial

Basic QuickGO

Getting started

One of the great advantages of QuickGO is that it is very
easy to start browsing the GO and its associated annota-
tions. There is no software to download and the basic
search interface is intuitive for novice users. Before under-
standing how some more complex tasks can be tackled,
we will begin with a ‘quick-start’ guide to QuickGO.

The front page of QuickGO is shown in Figure 2 and
from this point you have access to the majority of
QuickGO’'s features, which are indicated. To assist
new users, example queries are included below the
search box.

An example of a simple GO term search would be to type
‘nucleus’ into the search box, this search results in a list
of GO terms that have the word ‘nucleus’ in their GO
term name, definition or synonym field. The required GO
term can be viewed by clicking on the GO ID link. Figure 3
shows the information page for ‘nucleus’, the page is
organized into tabs; Term Information, Ancestor Chart,
Ancestor Table, Child Terms, Protein Annotation and
Co-occurring Terms which contain all the information
for a GO term including its GO ID, definition, synonyms,
position within the ontology, relationship to its parent
and child terms, proteins associated with the term and
the terms which are most commonly co-assigned with
the term.

Filtering annotations

One of QuickGO's strengths is its ability to extensively fil-
ter annotation data. This section will provide a quick-start
guide on how to filter annotations in the most useful ways.
Filtering is performed on any protein annotation table, e.g.
the Annotation Download table (http:/www.ebi.ac.uk/
QuickGO/GAnnotation) or a Protein Annotation table
associated with a single GO term, by using the blue
‘Filter’ boxes at the head of most columns. To get to the
Annotation Download table from the front page of
QuickGO, click on the ‘Find, View and Download sets
of GO annotations’ link, the resulting table contains all
the GO annotations in the GOA database, so is a good
place to start customizing an annotation set.

Filtering by protein/gene identifier.

e Click in the blue filter box at the top of the ‘ID’ column
(Figure 4).

e Type or paste into the text box one or more sequence
identifiers. Several types of identifier may be searched
including; UniProtKB, Ensembl, Gene ID, RefSeq, TAIR,
FlyBase, MGI, etc.

e By default QuickGO will display UniProtKB accessions,
even if another identifier type was searched.
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Figure 2. The front page of QuickGO. Most of QuickGO’s functionality can be accessed from this page (http://www.ebi.ac.uk/

QuickGO/).

To display the annotations with the identifier type that
was searched, click on the blue filter box at the top of
the ‘DB’ column and choose the appropriate database

identifier type.

e Click outside of the filter box and click the ‘Load’
button to display annotations to the selected gene

products.
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GO:0005634 nucleus

A of it cells in which ¢ are housed and replicated. In most cells, the nucleus contains all of the cell's ¢ except the and is the site
of RNA synthesis and processing. In some species, or in specialized cell types, RNA metabalism or DNA replication may be absent

| Term Information || Ancestor Chart || Ancestor Table || Child Terms || Protein Annotation || Co-.occurring Terms |
{i])] 600005634
D Name  nucleus
@ Ontology  Cellular Component

oA of it cells inwhich ¢ are housed and replicated. In most cells, the nucleus containg all of the cell's excepl the

@ Definition and is the site of RNA synthesis and processing, In some species, or in specialized cell types, RNA metabolism or DNA replication may be absent.
) Comment
GO Slims.
This term is present in the g GO C i intained GO slims:

GO slim name  Count of all terms
.ggs‘llm candida 90

qoslim qeneric 128

qoslim goa 63

aoslim pir 472
qoslim plant 102
lirm a7
D synomms
Type Synomym

exact cell nucleus

Cross-references associated with this terme
Database D

INTERPRO IPR0O01292

INTERPRO IPRODI 21T

INTERPRO IPRO03957

INTERPRO IPROD1138

Figure 3. The Information page for ‘nucleus’, the page is organised into five tabs which contain all the information for a GO
term including its GO ID, definition, synonyms, position within the ontology, relationship to its parent and child terms, proteins
associated with the term and the terms which are most commonly co-assigned with the term.

Columns: DB D Al | Symbol
M Fitter | Ay Ay .

&F

Qualifier 201D GO Term name Reference

Wih A Date  |From
| | Any

QuickGO will map identifiers to UniProtkB Ac.s unless you have specified an alternative identifier type via the ‘DB filter box.
ENSDARGODOOOO71866 A
ENSDARGODOO0069481 |
ENSDARGOO000054926 » |

[ BHF-UCL BHF-UCL
[] KRUK KRUK
O Ref G Targets

Figure 4. Filtering by protein/gene identifier. This filter is used to find annotations to a list of genes or proteins; several sequence
identifier types can be searched in QuickGO.

taxonomic identifier from the UniProtKB taxonomy e Find annotations to these terms: display all direct
database. annotations made to the selected GO ID(s).

e Click outside of the filter box and click the ‘Load’ e Find annotations to descendants of these terms: dis-
button to display the filtered set of annotations. play all annotations made to the selected GO ID(s)

and their child terms.
e Click outside of the filter box and click the ‘Load’
Filtering by GOID. button to display the filtered set of annotations.

e Click in the blue filter box at the top of the ‘GO ID’

column (Figure 6). Filtering by evidence code.

e Type or paste into the text box one or more GO IDs. e Click in the blue filter box at the top of the ‘Ev’ column
e Select how the GO IDs are to be used, either; (Figure 7).
e Use these terms as a GO slim: map-up annotations e Select the evidence code(s), e.g. to see only annotations
to the set of GO terms to provide an overview of made with manual experimental evidence codes select
a list of proteins’ attributes (for more on GO slims ‘Manual Experimental’, to see only electronic annota-
see below). tions select ‘IEA’.
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Columns:
D Fitter:

GO Term name

goID
Any

3702

[] 9606 Human

[[] 10090 Mouse

[[] 40674 Mammalia

[] 3398 Magnoliophyta (owering plants)

[] 2759 Eukaryota

[] 1117 Cyanobacteria

Visit NEWTTo find identifiers for other taxonomic groups

To filter by speciesitaxonomic group, list taxon identifiers in the text box or select one of the pre-defined taxonomic groups below.

Figure 5. Filtering by taxonomy. This filter is used to find annotations to selected species; common taxon identifiers are pro-
vided, alternatively a list can be entered into the text box or the link to UniProtKB Taxonomy can be used to search for

identifiers.
Columns: ] (1] Al Symbol Taxon Qualifier 801D GO Term name Reference Ev with A Date  |From
r 4
6010005634 |
GO: 0005737
O Usethese terms as a GO slim
© Find annotations to these terms
@ Find annotations to descendants of these terms

Figure 6. Filtering by GO identifier. Annotations to particular GO terms can be displayed by using this filter. The chosen terms

can also be used to create a GO slim.

e Click outside of the filter box and click the ‘Load’
button to display the set of annotations made with
the chosen evidence codes.

Mapping annotations to a different sequence
identifier.

e Click in the blue filter box at the top of the ‘DB’ column
(Figure 8).

e Select the database sequence identifier type to be dis-
played (by default QuickGO displays UniProtkB acces-
sions, e.g. P12345).

o Click outside of the filter box and click the ‘Load’ button
to display annotations to the selected identifier type.

User tutorials

We will now see how more complex questions can be
answered with the help of QuickGO.

The first two cases are queries that were sent to the
GO helpdesk and represent what many users would like
to achieve. The final two cases describe more novel applica-
tions of QuickGO that researchers may find useful.

Case 1. How to find GO annotations in a particular
area of biology

Topics covered include:

e Customizing a set of annotations by filtering on GO
term and taxonomic identifier.

e Mapping annotations to a different sequence identifier.

e Reviewing a filtered annotation set using QuickGO's
annotation statistics.

e Downloading a filtered protein list.

Question: “I'm currently working on zebrafish, and
I would like to get a list of all genes implied in the devel-
opment. What is the easiest way to get that list? The best
for me would be to get Ensembl IDs of the genes, but other
IDs would be ok.”

The user may find that he has to go to several different
resources to find the information he requires; however,
this question can be answered completely and very easily
with QuickGO alone by utilizing its filtering and identifier
mapping capabilities. Here, users can choose to see annota-
tions with identifiers such as UniProtkKB, Ensembl, RefSeq,
FlyBase, etc.
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Columns: DB D Al | Svmbol Taxon Qualifier GoID GO Term name Reference Ey [With A Date Erom
K Fitter LAy | Ay | Ay | Any (A | Any Any , Ay | Ay |

[#] IMP IGLIPLIDAIEP EXP Manual Experimental

[] IMP,IGLIPILIDA,IEP EXP,ISS,TAS, NAS,ND,IC RCA Manual All

0 w;ec Inferred from Genomic Contest

0 mp inferred from mutant phenotype

Ol inferred from genetic interaction

Oow inferred from physical interaction

[ 1ss inferred from seq e or structural si ty

[ oA inferred from direct assay

O er inferred from expression patiem

O ea inferred from electronic annotation

[ Tas traceable author statement

[] NaS non-traceable author staternent

[ NR not recorded

[ ND no data

O inferred by curator

[ rRcA p

Osa inferred from sequence alignment

[ ExP inferred from experiment

Figure 7. Filtering by Evidence Code. This filter is used to find annotations made using selected evidence codes, for example the

electronic annotations (IEA code) could be filtered out.

Columns: DB D
[ Fitter: Ay Ay

Al Smbol  Tammn  |Qualier GOID
Ay Ay Ay

GO Term name Beference Ev With

Any | Ay | Any

A Date From
Ay |

CluniProtkBiSwissProt UniProtkKBiSwissProt (reviewed entries)
[l UniProtkKBITIEMBL UniProtikKBITIEMBL (unreviewed entries)
I 1Pt International Protein Index

O DictyBase DictyBase

[Clunicene UniGene

CIUniProtks UniProtkB

CIFB FiyBase

[J 6R GRAMENE

[ w1 Mouse Genome Informatics

] sPOM GeneDB Schizosaccharomytes Pombe

[CITIGR The Institute of Genome Research

Use this filter to change between different sequence identifier types. QuickGO's default is to show annotations fo UniProtkB (Swiss-Prot and TrEMBL) accession numbers.

[Cwe wormBase

[C] ZFIN The Zebrafish Inf tion Network

[JRefseq_Prot NCBI Reference Sequences

[“] ENSEMBL Ensembl

[C]EMBL EMBL accession

[ GenelD NCBI GenelD

CITAIR The psis Information R

QuickGO maps between different identifier types by using a bination of’ ping files g by the datab , and using identifier cross-references supplied by UniProtiKB.|
If more than one identifier type needs o be used to map all drag the ted to change the order in which identifiers are found.

Figure 8. Mapping annotations to a different sequence identifier. QuickGO displays annotations to UniProtKB accessions by
default, but is able to map annotations to a number of different identifier types.

Here is how to obtain these results with QuickGO:

(i) The starting point for obtaining a custom set of

annotations is the Annotation Download (http:/
www.ebi.ac.uk/QuickGO/GAnnotation) page. This
page displays a table of an initial set of all GO anno-
tations available from GOA (Figure 9). This page is
also accessed from the ‘Find, View and Download

(i)

sets of GO annotations’ link on the front page
of QuickGO (Figure 2). The annotations in this table
can be filtered according to your needs by using the
blue ‘Filter’ boxes, which appear at the top of many
of the table’s columns.

To obtain the set of annotations the user requires,
the annotations must be filtered by database identi-
fier, taxon and GO term (Figure 10). First, click on
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Annotation download

All GO annotations provided by the GOA database can be viewed, filtered and downloaded from this web page. The unfiltered view provides an initial set of all of the GO annotalions available.
Help. fitering, anatzing and downloading annotation

Columns: [u]:] {[u] All Symbol Taxon  Qualifier GO ID GO Terrn name Reference Ev  With A Dale Erom
EFiter Any Any Ay Any | Aoy Ay Any| Any sy
Advanc garch

A statistics: 5885237/ 182881 15050 14 2

Eview 1-25 E aokmark this annotation set
UniProtKBITrEMBL ADADDD moeAs 35758 GO0003824 catalyic activity interpro  IEA IPRO15421 F 20090617 UniProt
UniProtkBITrEMBL ADADDOD moeAS 35758 GO:0033014 letrapyrrole biosynthetic process interpro  IEA IPRO10961 P 20090617 UniProt
UniProtKB/TrEMBL ADADDO moeAS 35758 GO0030170 pyridocal phosphate binding interpro  IEA IPRO15421 F 20090617 UniProt
UniProtKBITrEMBL ADADDD moeAS 35758 GO0030170 pyridoxal phosphate binding interpro  IEA IPRO1D961 F 20090617 UniProt
UniProtKBITrEMBL ADADDD moeAS 35758 GO:0030170 pyridoxal phosphate binding interpro  IEA IPRO04839 F 20090617 UniProt
UniProtKBITrEMBL ADADDD moeAS 35758 GOOD16TED activity, groups interpro  IEA IPROD4833 F 20090617 UniProt
UniProtKBITrEMBL ADAODD moeAS 35758 GO:0009058 biosynthetic process interpro  IEA IPRO04839 P 20090617 UniProt
UniProtKBITrEMBL ADADDD moeAS 35758 GO:0003870 S-aminolevulinate synthase activity interpro  IEA IPRO10961 F 20090617 UniProt
UniProtKBITrEEMBL A0ADD1 moeD5 35758 GO0000166 nucleotide binding interpro  IEA IPRO03593 F 20090617 UniProt
UniProtkBITrEMBL ADADD moeD5 35758 GO0016021 integral to membrane interpro  IEA IPRO11527 C 20090617 UniProt
UniProtkBITEEMBL A0AD01 moeD5 35758 GO:0005524 ATP binding interpro  IEA IPRO11527 F 20090617 UniProt
UniProtkBITrEEMBL A0AO01 moeD5 35758 GO0005524 ATP binding interpro  IEA IPRO17871 F 20090617 UniProt
UniProtkBITrEMBL ADADDT moeDs 35758 GON016887 ATPase activity interpro  IEA IPRO03439 F 20090617 UniProt
UniProtkBITrEMBL ADADD1 moeD5 35758 GOO016887 ATPase activity Interpro  IEA IPRO17871 F 20080617 UniProt
UniProtkKBITIEMBL ADAODT moeD5 35758 GOO017111 nucleoside-iphosphatase acthity interpro  IEA IPRO03593 F 20090617 UniProt
UniProtKBITrEMBL ADADDT moeD5 35758 G0:0005524 ATP binding interpro  IEA IPRO03439 F 20090617 UniProt
UniProtKBITrEMBL ADAOD1 moeD5 35758 GO:000E31D transpor interpro  IEA IPRD11527 P 20090617 UniProt
UniProtKBITIEMBL AQADD1 moeD5 35758 GO0042626 ATPase activity, coupled to of es interpro  IEA IPROV1527 F 20090617 UniProt
UniProtKBITrEMBL ADADDT moeD5 35758 GO0000166 nucleotide binding spkw IEA KW-0547 F 20090629 UniProt
UniProtKBITEEMBL ADADD1 moeD5 35758 GO.0005524 ATP binding sphkw IEA KW-0067 F 20090629 UniProt
UniProtKBITrEEMBL AQADD2 35758 GO0000166 nucleotide binding spkw IEA KW-0547 F 20090629 UniProt
UniProtKBITrEMBL ADADD2 35758 GO:0005524 ATP binding sphkw IEA KW-D067 F 20090629 UniProt
UniProtKBITrEMBL ADADDZ 35758 GOO016021 integral to membrane interpro  IEA IPRO01140 C 20090617 UniProt
UniProtkBITrEMBL ADADDZ 35758 GO0006810 transport interpro  IEA IPRO11527 P 20080617 UniProt
UniProtKBITrEMBL ADADDZ 35758 G0:0006810 transport interpro IEA IPRO01140 P 20080617 UniProt
Sample Full Statistics Report

Sample size: |2S

4 ]1]

Options: gzip: [ timit [1000

Forma'rl association ” genelgo I[ proteinList ] Current columns, Tab Sepalma\l'alues‘

Figure 9. The Annotation Download page is the starting point for creating custom sets of GO annotation. Annotations can be
filtered using the blue ‘Filter’ boxes in the row labelled with a red ‘1’, clicking on a blue box will result in a pop-up box
explaining what filtering options are available on that column. Statistics are available for many of the columns and are
calculated on the fly as annotation sets are refined. Statistics are accessed from the blue boxes in the row labelled with a
red ‘2'. Data from the annotation set can be downloaded in various formats — the options are shown at the red ‘4’ — but the limit
must be set for the number of annotations in the set (obtained from the blue ‘Statistics’ box). There is also an option to gzip the
download file. Annotation sets may be bookmarked by clicking on the ‘bookmark this annotation set’ link (yellow highlight).

the blue filter box in the ‘DB’ column and select
‘Ensembl’, then click on the ‘Taxon’ filter box and
type ‘7955, the taxon identifier for D. Rerio, into
the text box, finally click on the ‘GO ID’ filter box
and type in ‘GO:0032502' the GO identifier for
‘developmental process’, also within this box ensure
that the option to ‘Find annotations to descendants
of these terms’ is selected.

Now all the filters have been applied, click outside of
any filter box that is open and click on the ‘Load’
button that is now displayed. Initially, only the first
25 annotations will be displayed in the table, to see
more annotations you can either page through or,
alternatively, increase the sample size at the
bottom of the table and click ‘Refresh’.

A number of blue ‘Statistics’ boxes will also appear—
these provide further information on the subset of
annotations selected. For instance, clicking on the

(iii)

(iv)

‘Statistics:’ button (Figure 11) will display the total
number of annotation rows returned. We can see
from the statistics that are produced with this
custom annotation set that there are over 3000
annotations, of which almost 900 are IEA-evidenced
annotations (Figure 11).

(v) In the original query the user required a list of
Ensembl identifiers, a list of unique identifiers pre-
sent in this annotation set can be downloaded by
selecting the ‘proteinList’ download option at the
bottom of the annotation table. To ensure the
entire list of sequence identifiers is included in the
download, increase the Download ‘limit’ to the
number of unique identifiers in the set (found in
the blue statistics box in the ‘ID" column, Figure 11).

Therefore, in these few simple steps we have been able to
retrieve a set of annotations that would have either taken
several resources to obtain or more advanced computing
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Tutorial

Annotation download

All GO annotations provided by the GOA database can be viewed, filtered and downloaded from this web page. The unfiltered view provides an initial set of all of the GO annotations avallable.

Help: filtering and downl
Columns: DB D Al Symbol Taxon | Qualifier GO ID GO Term name Reference Ev With A Date Erom
B Fiter Ay @) | Ay | Any (b}any | A (€} Any | Aoyl Ay Ay |
Al s I
_s_‘_mnl Use this filter to chiange between different sequence identifier ypes, QuickGO's defaull is bo show annotaion®4p UniProB (Swiss-Prot and TrEMBL) accession numbers. 14 23
Hview Et g :ﬂm:&)/
LCliP1 intematibnal Protein index interpro  IEA IPRO15421 F 20090505 UniProt
Cluri UniPronE 7958 interpro  IEA IPRO04833 P 20090505 UniProt
Oirer GOTerms: Interpro  [EA IPRO04839 F 20090505 UniProt
Cor [ 9606 _Human (0003508 interpro [EA IPRO10961 P 20090505 UniProt
Clmet KIS (WA I [] 10090 Mouse interpro  IEA IPRO15421 F 20090505 UniProt
g;‘_]";g"ﬁ““‘;ﬁ“"’;"‘“”:“" [] 40674 Mammaka interpro IEA IPRO10961 F 20090505 UniProt
& Institute 0me Researn
ClweWomBase [] 2398 Magnoliopiyta Mowering plants) © Use hese lamms as 8 GO &im interpro  |EA IPRO04839 F 20090505 UniProt
3604 Tha Zebeatieh o mrrslion Rebonck [ 2759 Eukaryota © Find snrioteions B ass s interpro [EA IPRO03593 F 20090505 UniProt
efSeq_Prot NCBI Reference Sequences [] 117 Canobacteria © Find annotations 1o of these terms ces interpro  IEA IPRO11527 F 20090505 UniProt
Euszna_snsemu Visit NEWTTo find ideniSers for olher tasonamic groups interpro [EA IPRO03593 F 20090505 UniProt
EMIBL EMBL accession
interpro  IEA IPRO17871 F 20090505 UniProt
[ GenelD NCBI GenelD
DTPT?Thsmhldonsls A Tdtio Foss Siion interpro | IEA IPRO11527 P 20090505 UniProt
Quick0 maps between difierent identifier ypes wusmgammhlnwmnl‘manplngﬂles prmﬂau by the databases, and using dentifier supplied by interpro  |EA IPRO11527 C 20090505 UniProt
I e than ong identifier e needs 1o be used to map al requined 1o change e order in which idenifiers are found. interpro IEA IPROT7871 F 20090505 UniProl
UniProtkBITrEMBL ADADD1 moeD5 35758 GO0016887 ATPase aclivity inferpro  IEA IPRO03433 F 20090505 UniProt
UniProtkBITrEMBL ADADD1 moeD5 35758 GO:0005524 ATP binding interpro  IEA IPRO11527 F 20090505 UniProt
UniProtkBITrEMBL ADADD1 moeD5 35758 GO0005524 ATP binding inferpro  IEA IPRO03439 F 20090505 UniProt
UniProtkBITrEMBL ADADD1 moeD5 35758 GO0000166 nucleotide binding sphw IEA KW-0547 F 20090505 UniProt
UniProtkBITrEMBL ADADDY moeD5 35758 GO:0005524 ATP binding sphw IEA KW-0067 F 20090505 UniProt
UniProtkBITrEMBL ADADDZ 35758 GO0000166 nucleotide binding sphw IEA KW-0547 F 20090505 UniProt
UniProtkBITrEMBL ADADDZ 35758 GO:0005524 ATP binding sphw IEA KW-0067 F 20090505 UniProt
UniProtkBITrEMBL ADADDZ 35758 GO0000166 nucleotide binding inferpro  IEA IPRO03593 F 20090505 UniProt
UniF TEMBL AOADD2 35758 GO0005524 ATP binding inferpro _ IEA IPRO11527 F UniPrat

Figure 10. Case 1. Customizing a set of annotations by selecting a sequence identifier-type and filtering on taxonomic identifier
and GO term. (a) The ‘DB’ filter is used to change between identifier types. (b) Enter a taxonomic identifier or click the link to
search for one. (c) Enter a GO term identifier and select the ‘Find annotations to descendants of these terms’ to find annotations
to that GO term and its child terms. Once all the required filters have been selected, click outside of the filter box and then
click on the ‘Load’ button to see the customized set of annotation.

knowledge to extract the information from a gene associ-

ation file.

Case 2. How to find GO annotations for a list of
proteins from a proteomic experiment

Topics covered include:

Tripathi et al. (13). The list is supplied as Supplementary

Data available from the journal website.

(M

(ii)

e Customizing a set of annotations by filtering on protein

accession and an entire ontology.

e Reviewing a filtered annotation set using QuickGO’s

annotation statistics.
e Bookmarking a specific filtered annotation set.
e Downloading a specific filtered annotation set.
e Mapping up annotations using a GO slim.

(iii)

e Viewing relationships between terms in the chart view.

Question: | have a list of SwissProt accession numbers
from a proteomics experiment. | am looking for a tool that
will let me input (in batch mode) this list of accession num-
bers and give as output the GO annotation for cellular
localization. | prefer this to be in a tab delimited format,

such that the GO annotations can be viewed in Excel.”

Since we do not have the list of identifiers from the
user, for this exercise we will use a list of breast cancer-
associated proteins which were identified in a study by

First, go to the Annotation Download (http:/www
.ebi.ac.uk/QuickGO/GAnnotation) page to retrieve
all GO annotations available from GOA (Figure 9).
To obtain annotations to a list of UniProtKB acces-
sions, click on the blue filter button in the ‘ID’
column and copy and paste the list of breast
cancer-related accessions into the pop-up box,
which appears (Figure 12).

To limit the annotations to those made to the Cellular
Component ontology, click on the filter box in the
‘GO ID' column and type ‘GO:0005575' for the GO
term ‘cellular_component’ and check that the ‘Find
annotations to descendants of these terms’ button
is also selected (Figure 12), this will ensure that anno-
tations made to all cellular component GO terms
for the selected list of accessions are displayed
the results. Click outside of the filter box and then
click on the ‘Load’ button. Initially, only the first 25
annotations will be displayed in the table, to see
more annotations you can either page through or,
alternatively, increase the sample size at the bottom
of the table and click ‘Refresh’.
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4 Home Help Downloads & Your selection (0 termsiy |Si£]
Annotation download
Al GO annotations provided by the GOA database can be viewed, filtered and downloaded from this web page. The unfillered view provides an inftial set of all of the GO annotations avallable,
Help: filtering, and load
Columns: o]} D All Symbol Taxon Qualifier GO ID GO Term name Reference By With A Date Erom
dFiter | ENSEMBL AnyAny J 7955 Any | 600032502 Any | Any Ay | Any |
@ Advanced search L
{@jo distinctvaives /
Code % Count
Bstatistes: \ | 12 | | L B 00 & |
Elview \_ 125 > ] bookmarkthis annotation set o
( T i 18 mib2 7955 G0:0030318 melanocyte differentiation : is :;1 — P 20070730 ZFIN
et R 66 bhihbg 7955 GOD03N0N7_ exocrine pancreas develog " o i P 20070808 ZFIN
1:21 11612009 in 476ms. (26 celsi2 7955 GO0055113 epiboly involved in gastrulg . o o P 20090423 ZFIN
second
(ancestor=GO:0032502) 2% celsn2 7955 GO.0021754 facial nucleus developmen %! 15 528 P 20070122 ZFIN
[ {nemaxEDL) J 21 ocg0 7955 GO:0048840 otolith development we 531700 N | - ;0000521 v
ENSEMBL ENSDARGODO00036100 206152066 7955 GO.0007275 multicellular organismal of T © ! 5 P 20090505 UniProt
ENSEMBL ENSDARGO0000070805 | ¢sk 7955 GO:0060027 convergent extension involy 0 ! 48 i P 20070306 ZFIN
ENSEMBL ENSDARGO0000056314 | a2mi 7955 50:0001889 liver development NAS 0 10 | P 20090213 ZFIN
ENSEMBL ENSDARGO0000069382  DKEY-191G9.4-001 7955 G0:0001757  somite specification M g P 20061228 ZFIN
ENSEMBL ENSDARGO0000069382  DKEY-191G9.4-001 7955 50:0035050 embryonic heart tube devel ::; : g P 20061228 ZFIN
ENSEMBL ENSDARGO0000041117  'wnt2 7955 50:0007275 mull P UniProt
ENSEMBL ENSDARGOO000041117  wai2 7955 G0:0007275 multicellul Interpro  IEA IPRO09140 P 20080505 UniProt
ENSEMBL ENSDARGOO0000041117  wnt2 7955 60:0007275 it interpro 1A IPRO0S817 P 20090505 UniProt
ENSEMBL ENSDARGOO000041117  wni2 7955 G0:0007275 t interpro IEA IPRODS816 P 20090505 UniProt
ENSEMBL ENSDARGOOD00055106  sidkew101k66 7955 GO0030097 hemopoiesis 16914492 IMP P 20071227 ZFIN
ENSEMBL ENSDARGOO0D00055106 sidkey-101k6.6 7955 GO:0030097 hemopoiesis 18250154 IMP P 20081117 ZFIN
ENSEMBL ENSDARGUO0D00044485  sallé 7955 G0:0035118 ic pectoral fin g 16501170 IMP P 20060330 ZFIN
ENSEMBL ENSDARGO0000052094  notchib 7955 GO.0030154 cell differentiation interpro  IEA IPROD0B0O P 20090505 UniProt
ENSD 094 notehlb 7955 GO 93 jon of process interpro  IEA IPROD8297 P 20090505 UniProt
ENSD 094 noteh1b 7955 GO:0030154 cell differentiation interpro  IEA IPRO11656 P 20090505 UniProt
ENSD 094 notehib 7955 G0.0030154 cell differentiation interpro  IEA IPRO10660 P 20090505 UniProt
ENSD 094 noteh1b 7955 60.0007275 multicellular organismal development interpro IEA IPRO11656 P 20090505 UniProt
ENSD 094 notchlb 7955 G0.0001568 blood vessel development 17251261 IMP P 20070626 ZFIN
Sample  Full Statistics Repor
sample size: [25
Download
Options: gzip: ] timit IIUEIEI -
Format [ ion | [_genezgo | proteintist || fasta | c urnins, Tab values: [ tsv |

Figure 11. Case 1. A customized annotation set. Ensembl identifie

rs have been selected (yellow highlight); (a) statistics for the

evidence codes—almost 900 are electronic annotations; (b) the ‘statistics’ box displays the number of total annotations in the set;

the user required a list of genes implicated with developmental
format download option (red box).

process, this list can be downloaded using the ‘proteinList’

Annetation dewnload
All GO annatations provided by the GOA database can be viewed, fitered and downloaded from this web page. The unfiflered view provides an initial set of all of the GO annotations available.
|tering, an al Il ng ann

Columns: ;] D All Svmbol Taxon | Qualifier GO ID GO Term name Reference Ev |With A Dale Erom

I Fiter. any Ay | Ay Ay | Aw | Ay Any Any Any

Bstatisties: | L] 5 |

Bl view

interpro IEA IPRO15421 F 20090505 UniProt

| [ BHF-UCL BHF-UCL Interpro IEA IPRO10961 F 20090505 UniProt
u| O KUK KRUK [Use selection | interpro A IPRO04839 P 20090505 UniProt
UniProtkKBITIEMBL. AGADOO moeAS 35758 GOD0167 O yse tese terms as 3 GO shim roups Interpro IEA IPROD4839 F 20090505 UniProt
UniProtkBITIEMBL. ADADOO moeAS 35758 60100330 O Find annotalions 1o these lerms interpro IEA IPRO10961 P 20090505 UniProt
UniProtkKBITIEMBL. ADADOO moeAS 35758 6000301 @ Find o of these terms| Interpro IEA IPRO15421 F 20090505 UniProt
UniProtkKBITIEMBL. ADADOO moeAS 35758 G0:0030170 pyridoxal phosphate binding interpro  IEA IPRO10961 F 20090505 UniProt

Figure 12. Case 2. The GOA annotation set is filtered by inputting a list of UniProtKB protein

accessions into the ‘ID’

filter box and the GO ID for ‘cellular component’ into the ‘GO ID’ filter box and finally choosing to find annotations to the
child terms of cellular component. Clicking away from the filter box will reveal a ‘Load’ button, which will produce a table of the

customized annotation set.

(iv) Clicking on the blue statistics box in the GO ID
column will provide you with both counts and per-
centages of the GO terms applied in the selected
annotation set (Figure 13). These data values can
be copied and pasted into a suitable spreadsheet

program for further manipulation, e.g. creating a
bar graph for publication. A full statistics report
can be viewed by clicking on the ‘Full Statistics
Report’ link at the bottom of the annotation table
(see Figure 11).
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Annotation download

All GO annotations provided by the GOA database can be viewed, filtered and downloaded from this web page. The unfiltered view provides an initial set of all of the GO annotations available.

Help: fittering, anahging and downloading annotation

Columns: 1] D Alt Symbol  Taxon Qualifier GOID GO Term name Reference Ev  With A Date From

ElFinter: Ay 100 Ay | Any 60:0005575 Ay Arvy | iy Any

B Advanced search

Stalistics: a0 1 72 7 8
72 distinctvalues »
Code % Count
GO:0005634 nucleus 28 161 _ adracedlular region Interpro IEA IPRODOSET C 20090505 UniProt
GO-0005737 cyloplasm 1ner R adraceliular region sphw IEA KW-0964 C 20090505 UniProt
GO:0016020 membrane Tt IR adracellular region spsl IEA  SL-0243 C 20090506 UniProt
GO:0005886 plasma membrane 63 I Jucleus interpro IEA IPROD1092 C 20090505 UniProt
GO0005576 exdracellular region 4 28 . Jucleus interpro IEA IPRO11598 C 20090505 UniProt
GO:0016021 integral to membrane +n B ucleus compara IEA ENSML 32194 C
GO-0005622 intracelular 4 1 . Iwucleus spsl IEA SL-011 C 20090506 UniProt
GO:0005615 exdracellular space 21 B Tucieus Sphw IEA | KW¥-0538 C 20090505 UniProt
G0O-0005739 mitochondrion 213 |1 ucleus 9240428 NAS C 20011002 UniProt
GO:0005794 Golgi apparatus: 111 | niraceliular interpro IEA IPROOTOBT C 20090505 UniProt
GO:0005923 tight junction 110 | niraceliular interpro  IEA  IPRO15880 C 20090505 UniProt
GO0005783 endoplasmic reticulum 1 10 l Jucleus 9748269 TAS C 20030904 PINC
GO:0005887 integral to plasma membrane 19 | weleus sphw IEA KW-0539 C 20090505 UniProt
GO:0005730 nucleolus 19 l awucleus spsl IEA SL-0131 C 20090506 UniProt
GO:0005829 cytosol 18 1 andoplasmic reficulum interpro IEA IPROD9033 € 20090505 UniProt
G0:0005789 endoplasmic reficulum membrane 05 1 andoplasmic reticulum 9177348 TAS C 20030904 PINC

Figure 13. Case 2. The GO ID statistics displays all the GO terms in the annotation set and a percentage and count of each GO
term. These statistics are useful for creating bar graphs for publication.

(v) Once an annotation set has been customized, it is
possible to bookmark it so it can be later retrieved
without having to reapply the filtering. By clicking
on the ’‘Bookmark this annotation set’ link (see
yellow highlight in Figure 9), QuickGO will produce
a URL, visible in the location bar, which can be used
to re-run the chosen filtering on the current annota-
tions in the GOA database. It is important to note
that the bookmark does not archive an annotation
set from a particular point in time, the results of
the applied filtering will be re-calculated using
the current contents of the database. This is useful
if you want to look at changes in your annotation
set over time, since each time you return to the
bookmarked set the annotation provided will be
the most up-to-date.

To download the tailored annotation set, change the
number in the ‘Download limit:' box to the total
number of annotations returned (as displayed in the
‘Statistics:’ box); the default limit is 1000, so if the set
contains more than 1000 annotations and the limit is
not changed, not all of them will be downloaded. The
user required a tab-delimited formatted file of the
annotation set, this can be obtained by selecting
the download options ‘TSV' (Tab-Separated Values)
or 'Association’ (Gene Association File format) at the
bottom of the annotation table—the file will be down-
loaded to your computer. There is an option to com-
press the file (gzip) which will enable faster uploads of
the data.

(vi)

GO slims. When users have a large number of proteins
or genes which they would like to functionally characterize

(as in user case 2, above), they might be interested in
generating an overview of the main cellular compartments
(or molecular functions or biological processes) the proteins
are located in. Such an analysis can be achieved by utilizing
a GO slim, a subset of more general GO terms. Annotation
sets can be ‘mapped-up’ to selected high-level terms using
the ‘true path rule’, which means that an association of
a protein with a GO term must be equally true for all the
parents of that term, e.g. if a protein is directly annotated
to the term ‘Golgi apparatus’ it must be also true that
the protein could be annotated to being part of the
cytoplasm—as ‘cytoplasm’ is a parent term of ‘Golgi
apparatus’. QuickGO contains various GO slims which are
maintained by the GO Consortium, such as slims targeted
towards a particular taxonomic range, e.g. yeast or plant,
as well as more general GO slims applicable to many species
and areas of biology. QuickGO users can either directly use
such pre-defined slims, or alternatively choose to change
them, or create their own slims. GO slims are a common
way to summarize the functional attributes of a list of
genes or proteins from large-scale studies and can give
added meaning to a dataset (14-16).

GO slim for case 2. The user from Case 2 might add-
itionally have been interested in displaying an overview of
the cellular compartments their list of proteins are located
in. We will now see how the user could have achieved this
in QuickGO by using the 12 cellular component terms from
the GOA slim.

(i) From the front page of QuickGO, click on the link
‘goslim_goa’ (Figure 2), this will display all of the
GO slim terms from that subset.
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Figure 14. Case 2. Mapping-up annotations using a GO slim (I). The GO slim page of QuickGO containing the 12 GO terms is
shown. Terms can be added or removed from the list on this page and terms can be charted to show their relationship to each
other. Once a set is finalized, annotation can be mapped-up by selecting to use the terms as a GO slim.

(i) To select only those terms in the cellular component
ontology click on the green ‘add’ button next to
each of the GO terms, this will add those terms to
‘your selection’ basket (see link in Figure 2).

(iii) While viewing ‘your selection’ basket you can choose
to ‘view selected terms’, this will display the GO slim
page (Figure 14) where the selected terms are dis-
played with a number of options of how to use
them. Terms can be added or removed from this list
using the relevant buttons or by changing the list
of GO terms at the bottom of the page and updating.
The terms can be viewed in context with each other
by selecting all of the terms and clicking on ‘Chart’.

(iv) To slim up annotations to this subset of terms click
on ‘Use these terms as a GO slim’ and then ‘Find’,
initially this action will slim up all of the GO annota-
tions in the GOA database, to restrict the annota-
tions to only those associated with the list of breast
cancer-related proteins, simply paste the list of acces-
sions into the filter box in the ‘ID’ column and then
click ‘Load’ to see the annotations.

(v) The statistics for the number of annotations to each
GO term can be accessed in the blue statistics box

in the ‘GO ID’ column (Figure 15). The most frequent
cellular component term annotated to this set of
proteins is ‘nucleus’.

Case 3. How to find proteins which have only a
predicted activity with no associated experimental
evidence

Topics covered include:

e Advanced querying in QuickGO; using Boolean opera-
tors to combine queries.

e Reviewing a filtered annotation set using QuickGO's
annotation statistics.

e Downloading a specific filtered annotation set.

e Downloading a filtered protein list.

QuickGO is well placed for finding gene products that
only have predicted (electronic) evidence for a particular
attribute since it includes annotations that have been
applied by electronic prediction methods. In addition to
using the filtering options in QuickGO, annotation sets
can be customised using the ‘Advanced Search’, which
uses Boolean operators to construct more complex queries.
The ability to find gene products that only have a predicted
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4 Home Help Downloads &3 Your selection (12 termsiy Search
Annotation download
All GO annotations provided by the GOA database can be viewed, filered and downloaded from this web page. The unfiltered view provides an initial set of all of the GO annotations avallable
Help: fitering, anahzing and downloading annotation
Columns: fu]:] {[u] Alt  Symbol Taxon Qualifier GO0 GO Term name Referanc Ev  With A Date Erom
B Finer: Any 100 Ay | Any 12 Any Any | Any Any
ﬂ 5 1\'§ﬂ g 1 S83IC
H statistics: a0 1 1 7 8
I\ 11 distinctvalues 1/ b 4
Code % Count
GO-0005634 nucleus 31 182 _ extracellular region interpro IEA IPROOOBET C 20090505 UniProt
GO:0016020 membrane 24 139 _ exfracellular region Sphw IEA  KW-0964 C 20090505 UniProt
GO:0005737 cytoplasm 23133 [ eracellular region  spsl IEA  SL-0243 C 20090506 UniProt
GO-0005622 intraceliular 6 37 - nucleus interpro IEA IPRO01092 C 20080505 UniProt
GO-0005576 extracellular region «+22 W nucleus interpro IEA IPRO11598 C 20090505 UniProt
GO:0005623 call 3 20 . nucleus compara IEA ENSMUSPO0000032194 C 20090508 ENSEMBL
GO0005615 extracellular space 2 17 . nucleus spsl IEA SL-0191 C 20080506 UniProt
G0-0005694 chromosome 1o ] nucleus sphw IEA  KIN-0539 C 20090505  UniProt
GO0005575 cellular_component 0 4 | nucleus 9240428 NAS C 20011002  UniProt
GO:0009986 call surface 0 3 | Intracellular inferpro IEA IPROOTOST C 20090505 UniProt
GO0005578 profeinaceous extracellular matrix 0 3 | intracelular inferpro IEA IPRO15880 C 20090505 UniProt
T Y T e Vi - wwwuaswas—  NUCIEUS 9748269 TAS C 20030904 PINC
UniProtkBiSwissProt 01490 TIEG2 9606 GO:D005634  nucleus Sphw IEA  KW-0539 C 20090505 UniProt
UniProtkBiSwissProt o149 TIEG2 9606 GO:0005634  nucleus spsl IEA SL-0191 C 20090506 UniProt
UniProtkBiSwissProt 014967 CLGN 9606 GO:0005737 interpro IEA IPRO09033 Cc UniProt

Figure 15. Case 2. Mapping-up annotations using a GO slim (ll). Annotations to proteins from the breast cancer-related list were
slimmed to 12 cellular component terms to give an overview of the location of these proteins. The table displays the slimmed-up
cellular component annotations for the list of proteins. The ‘GO ID’ statistics shows the percentage and count of annotations to
each term. These statistics are useful for producing a bar graph for publication.

function could be a valuable tool for researchers looking
to focus their research. An example might be a scientist
studying serine-type endopeptidases who wants to find
proteins which are predicted to have this activity but
where no experimental assay has been performed. Such
a list could be then be used in further investigations as
to whether the predictions are true. Documentation
on how to use the Advanced Search can be found in
the QuickGO Reference Manual (http://www.ebi.ac.uk/
QuickGO/reference.html#advanced_annotation).

Here is how a query for finding predicted serine-type
endopeptidases would be performed in QuickGO.

(i) In the Annotation Download (http:/www.ebi.ac.uk/
QuickGO/GAnnotation) page, type the following
query into the ‘Advanced Search’ box;

tax=9606 & ancestor=G0:0004252 &
I ~ (ancestor=G0:0004252 & !evidence=IEA)

This will search for annotations to human proteins
which are annotated to the GO term ‘serine-type
endopeptidase activity’ and exclude any proteins
that have annotations to this term using manual
evidence codes. Note that '~' is a special character
which results in proteins being searched rather than
annotations (Figure 16).

(i) By looking in the blue statistics boxes, we can
see that this query results in 1258 annotations
to 499 proteins. Only the GO term ‘serine-type endo-
peptidase activity’ is represented because it has no

(iii)

(iv)

child terms. Using the bookmarking facility the
query can be re-run on the current QuickGO data
to see how the results may have changed.

The scientist could now either download a list of
proteins using the ‘proteinList’ option or they could
look at what type of prediction methods generated
these annotations by downloading them in Gene
Association or TSV format. By looking at the types
of method used to predict the annotations, research-
ers could choose proteins which have this activity
predicted by several different electronic methods,
thus increasing their confidence that this protein is
likely to have this activity and should be experimen-
tally verified.

An example of a protein which has more than
one electronic method predicting serine-type endo-
peptidase activity is the human protein tissue-
type plasminogen activator (UniProtKB: P00750)
which is predicted to have the activity based on
three electronic annotation methods; from the
Swiss-Prot keyword2GO pipeline, it has the keyword
‘Plasminogen activation’ which has been mapped
to the GO term ’‘serine-type endopeptidase
activity’; from the InterPro2GO pipeline, the
sequence contains three domains; Peptidase S1 and
S6 (IPR001254), Peptidase S1/S6 (IPR0O18114) and
Peptidase S1A (IPR0O01314); and through the
Ensembl Compara orthology prediction pipeline, as
the mouse ortholog (UniProtKB: P11214) has been
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Annotation download

All GO annotations provided by the GOA database can be viewed, fitered and downloaded from this web page. The unfiltered view provides an initial set of all of the GO annotations available

Help: filtering, hyzing and downloading annotation

Columns: DB D Al Symbol Tanon lifier GO ID GO Term name Reference Ev  With A Date Erom

i Fiter: Any Any Any | Ay Any Any Any | Any Any

n rch tax=9606 & ancestor=G0:0004252 & !~(ancestor=GO:0004252 & 'evidence=IEA)

B statistics: 499 1 1 1 2

Eview 1-25[ > | hookmark this annotation set L‘;'::";:"a"':'::m /
UniProtKBITrEMBL ADJLES EXP 0 O IPROD4106  F 20090505  UniProt
UniProtkBITrEMBL AlASDS e 0 0 IPRODI254 F 20090505  UniProt
UniProtKBITrEMBL A1AS08 DA O O IPRODM314  F 20090505  UniProt
UniProtkBITrEMBL A1AS08 s 100125¢ IPRO18114 F 20090505 UniProt
UniProti<BITIEMBL AILIVE € 0 0 IPRO00209  F 20090505  UniProt
UniProtBITIEMBL AILIVE 6C 0 o IPROD2884  F 20080505 |UniProt
UniProtKB/SwissProt | A1L453 o 0 0 IPRO01254 F 20090505  UniProt
UniProtkKBISwissProt A1L453 MP 0 O IPROOI314 F 20090505  UniProt
UniProtkKBISwissProt A1L453 P 0 0 IPRO18114 F 20090505  UniProt
UniProtKBITrEMBL AZIDCH 88 0 0 IPRO17213 F 20080505 UniProt
UniProtKBITrEMBL AZRQDI MAS O O IPRO0O0208 F 20090505  UniProt
UniProtkBITrEMBL AIRKGT ND O O IPRO01254 F 20090505 UniProt
UniProtkBITrEMBL AIRKGT RCA 0 0 IPROO1314  F 20090505  UniProt
UniProtkBITrEMBL AIRKGT TAS 0 O IPROTE114  F 20090505 UniProt
UniProtkBiSwissProt AADITY - S STAE S T S R AT r— wrv IPRODI314  F 20090505  UniProt
UniProtkBiSwissProt ADITY 9606 GO0004252  serine-type endopeptidase activity interpro IEA IPRO01254 F 20090505 UniProt

Figure 16. Case 3. Advanced querying in QuickGO. QuickGO is well placed for finding proteins that have no experimentally
evidenced annotation since it is one of the few web-based GO browsers to include IEA annotations. This query (yellow high-
lighting) shows all human proteins which are annotated to the GO term ‘serine-type endopeptidase activity’ using only electronic
annotation methods. The list of proteins could be used as a basis for designing experiments.

serine-lypaendopeplidase aclivily GO_REF.0000002 IEA INTERPROIPRO18114 Funclion 20090505 UniPrat
sexine-type endopeplidase activity GO_REF0000002 IEA INTERPROIPR001254 Funclion 20090505 UniProt
GO:0004252 serine-type endopeplidase aclivity GO_REF:0000002 IEA INTERPRO:IPR001314 Funclion 20090505 UniProt
GO0004252 serine-type endopepiidase aclivity GO_REF-0000002 IEA INTERPRO-IPRO00209 Funclion 20090505 UniProt
GO000M252 serine-lype endopeplidase aclivity GO_REF:0000019 IEA ENSEMBL-ENSMUSP00000080117  Funclion 20080508 ENSEMBL
GO0004252 sexine-type endopeplidase aclivity GO_REF:0000002 IEA INTERPRO:IPRO01314 Funclion 20090505 UniProt
GO0004252 serine-lype endopeplidase aclivity GO_REF-0000002 IEA INTERPRO:IPR0O18114 Funclion 20090505 UniProt
GO0004252 serine-lype endopepiidase aclivity GO_REF:0000002 IEA INTERPROJIPRO01254 Funclion 20090505 UniProt

UniProlKB/SwissProt PO0749 - PLAU 9606 - GO0004252 serine-lypeendopeplidase aclivily GO_REF0000002 |EA INTERPROIPRD01314 Funclion 20090505 UniProt
UniProlKB/SwissProt PO0O749 - PLAU 9606 - GO0004252 serine-type endopeplidase aclivily GO_REF:0000002 |EA INTERPROIPRO18114 Funclion 20090505 UniProl
mmmﬂ-mm-eﬂm endopeplidase aclivity GO_REF:0000002 IEA INTERPROIPR001254 Funclion 20090505 UniProl
UniProlkB/SwissProt PO0749 - PLAU 9606 - 2 serine-tvpe endopeplidase aclivity GO _REF:0000004 IEA SP_KW-KW-0617 Funclion 20090505 UniProt
UniProlKB/SwissProt POO750 - PLAT 9606 - GO0004252 serine-lypeendopeplidase aclivily GO_REF0000004 IEA SP_KWKW-0617 Funclion 20090505 UniProl
UniProlKB/SwissProt POO750 - PLAT 9606 - GO0004252 serine-lype endopeplidase aclivily GO_REF0000002 [EA INTERPROIPRD01254 Funclion 20090505 UniProl
UniProlKB/SwissProl POOTS0 - PLAT 9606 - GO:0004252 serine-lype endopeplidase aclivily GO_REF:0000002 [EA INTERPROIPRO18114 Funclion 20090505 UniProl
UniProtkB/SwissProt POO750 - PLAT 9606 - GO0004252 serine-type endopeplidase aclivily GO_REF0000002 [EA INTERPROIPRD01314 Funclion 20090505 UniProl
UniProlKB/SwissProl POOTS0 3 PLAT 9606 -

GO:0004252 serine-lype endopeplidase aclivily GO_REF.0000019 |EA ENSEMBL-ENSMUSPO00D0033941 Funclion 20090508 ENSEMBL

Figure 17. Case 3. Excerpt from a tab separated values file of electronic annotations to the GO term ‘serine-type endopeptidase
activity’ for human proteins including the electronic methods used to make the predictions. Proteins BADR21 (purple highlight)
and P00750 (blue highlight) have annotations predicted by more than one electronic method, increasing the confidence that
the predicted activity may be carried out.

found to have experimental evidence for this activity. e Finding commonly co-annotated GO terms.
(Figure 17; blue highlight). e Using co-occurence statistics.

Of course, it is important to note that gene products may
actually have published experimental evidence for an activ-
ity which has not yet been annotated. The scientist must
decide which proteins are worth investigating, but this
search is a good place to start.

A biological process or pathway consists of a number
of steps, each of which may be controlled by different
proteins. In the literature it is easy to find links between
a protein’s activity and a process it is involved in, for
example an author may be studying phosphofructokinase
enzymes and describe their involvement in glycolysis. In
GO, however, these attributes have been divided into
two separate ontologies; molecular function and biological
process. Currently, there are no links between these ontol-
e Simple searching. ogies and so it can be quite difficult to determine which

Case 4. How to determine which enzymatic activities
usually occur with a given biological process

Topics covered include:
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G0:0006915 apoptosis

Aform of programmed cell death that begins when a cell receives internal or eternal signals that trigger the activity of proteolic caspases, proceeds through a series of characteristic stages ypically including rounding-up
ofthe cell, retraction of pseudopodes, reduction of cellular volume t ¢ nuclear and plasma & of its integrity until the final
stages of the process), and ends with the death of the cell

Term Information Ancestor Chan Ancestor Table || Child Terms || Protein Annotation || Co-occurring Terms |
O @DG0:0006915
D Mame  apoptosis

@ Ontology  Biological Process
Aform of programmed cell death that begins when a cell receives inlernal or extenal signals ||1€f trigger the ar.hrr!f D‘Dwmt Caspaegs, MUC?EGS through a SEHPQ of characteristic stages lfpltaﬂy
(but

0 Definition inchuding rounding-up of the cell, ralrat!mn ofpseuuunodes l\e:luchnn olcallular vo!ume : |, nuclear and plasma
maintenance of its integrity until the fina g th the death of the

D Comment Co-occurrence stalsth:s \\
This display shows those GO tlerms which have been annotated o the same proteins as this term

D symomms Terms may have been co-annotated either by electronic (IEA) or manual annotation methods. Users can decide which evidence code type should be used in the calculation

Type  Symomm Click on the “Update’ button to run the co-occurence calculation

exact  programmed cell death by apoptosis [Flioc Elme Eliel Eie Eiss Mioa Fier Bliea Fltas Fnas Fng Fno Mic Erea Fisa Flexe | Update

exact  apoptotic programmed cell death | | @) Compared term ©@pR @s% @ ¢ Together @ # Compared

related signaling (initiator) caspase activily | @3G0.0006915 apoptosis 179,60 100.00 29444 3444

narrow apoptotic program EIG0.0030663 evasion by virus of host immune response 7280 2540 (11921 23410

exact  apoptotic cell death ©G00044419 ies i between i §322 21.37 12179 43125

narow type | programmed cell death IG0.0004197 eysteine-type endopeplidase activity 5805 12.01 (4725 14518

Cross-references associated with this terr] {3G0.0005789 iic reficulum 7185 1167 (4163 10406

Butshese [0 ©00.0019074 vl genome replication 2402 751 4307 22201

INTERPRO IPRO03103 19012 virion 1455 692 (9474 116814

INTERFRO IPRO10622 @DG0.0004252 serine-type endopeptidase activity 2031 665 (4086 36125

Wikipedia Apoplosis @G0.0005198 structural molecule activity 1183 591 (10272 154677

INTERPRO IPROD&092 LG0.0005576 extraceliular region 13145 513 4302 58771
E)G0.0019031 viral envelope 1009 509 (10303 183439
600003968 RNA-directed RNA polymerase activity 1296 496 4040 56006
G0.0005836 plasma membrane 745 382 9615 231743
IG0.0045443 regulation of transcription 834 385 4294 92422
@G0.0044473 virion part $6.83 340 (1079 3410
E3G0.001 2087 transformation of host cell by virus 4096 325 [1078 4718
G0.0006957 defense response 2350 300 (1103 8429
EG00017111 nucleoside-riphosphatase activity 522 (251 |[451 55776
@G000006410 transcription, RNA-dependent 1077 230 |1058 764
LAGO0008236 senine-type peplidase activity 830 (213 1117 416
E3G00004888 transmembrane receptor activity 1986 195 |B&2 B167
EG0.0005634 nucleus 380 189 (4416 208779

Figure 18. Case 4. Co-occurrence statistics for the term ‘apoptosis’. Users can choose which evidence codes should be used in the
calculation. Commonly co-annotated terms are shown.

activities are linked to which processes. Similarly, it is by default. For this example we will leave them all
common knowledge that glycolysis occurs in the cytoplasm selected to search for annotations with all evidence

but, in GO, there is no link between biological process codes. Click on ‘Update’ to start the calculation.
and cellular component that would indicate this. (iii) A table will appear which contains a ranked list
A feature has been implemented in QuickGO, which of terms, which are often annotated to the same
allows the user to view which GO terms are commonly proteins as the selected term (Figure 18). For each
co-annotated to a gene product. The next example will compared term four statistics are calculated: (a) #
demonstrate that by using co-occurrence statistics, informa- Compared: the number of proteins in which the
tion can be inferred about a process, activity or subcellular compared term is annotated; (b) # Together: the
location simply by viewing what GO terms are commonly number of proteins in which both the compared
co-annotated to the same gene products. and selected terms are annotated; (c) S%: the signifi-
This example will use the term ‘apoptosis’ to infer what cance of the overlap, calculated as the fraction of
types of enzyme activities are associated with this process proteins annotated to both terms in the set of pro-
and where in the cell proteins involved in apoptosis are teins annotated to either. S%=#together/(#selected+
located. #compared-#together) (d) PR: the protein annotation
ratio, calculated as the ratio of the fraction of pro-
(i) To start with we must view the entry page for the teins annotated to the compared term in the set of
GO term ‘apoptosis’. A simple search for ‘apoptosis’ proteins annotated to the selected term, to the frac-
from the front page of QuickGO (Figure 2) will bring tion of proteins annotated to the compared term in
up a list of GO terms related to this keyword, select- the set of all annotated proteins. PR=(#together/

ing the term ‘GO:0006915 apoptosis’ will take us to selected)/(#compared/#all).

this term’s information page. (iv) By selecting the most common ‘activity’-type GO
(i) To access the co-occurrence statistics, click on the terms co-assigned with ‘apoptosis’, we can see
tab ‘Co-occurring Terms’ (Figure 18), a list of evi- whether there is any significant enzyme activity asso-
dence codes will be displayed which are all selected ciated with this process. Terms above an S% of 1.00
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4 Home Help Downloads €3 Your selection (9 termsiy

When the £ icon occurs next to a GO term, you can use it to add the term to this "Your
selection’ basket The resulting collection of terms can then be used to create a GO slim, or
to download annotations that contain these terms. You can view your current selection of
GO terms below.

Selection
View selected terms
@ so RNA RNA activity

© 50:0004197 cysteine-type endopeptidase activity
& GO0004252 serine-type endopeptidase activity
& GO.0004386 helicase activity

& GC.0004888 transmembrane receptor activity

© GO.0005198 structural molecule activity

@ GO:0008234 cysteine-type peptidase activity

@ G0.0008236 serine-type peptidase activity

@ GO.0017111 nucleoside-triphosphatase activity

Empty
G0:00035968 GO:0004197 GO:0004252 GO:0004386 GO:0004888
G0:0005198 GO:0008234 GO:0008236 GO:0017111

Add to the selection in the texdbox above and press:

Figure 19. Case 4. 'Your selection’ basket. Terms can be col-
lected, whilst browsing, by clicking on the green ‘add’ button.
The selected terms and their relationship to each other can be
displayed as a chart by clicking the ‘View selected terms’ link.

(v)

(vi

were selected by clicking on the green ‘add’ icon

next to the GO term, this adds the term to ‘your

selection’ basket (Figure 19).

The set of terms can then be viewed in context to

each other by clicking on ‘view selected terms’ in

your basket, selecting all of the terms and clicking
on ‘Chart’ (Figure 20). The enzyme activities, which
commonly occur with apoptosis, now can be easily
determined. In this case six out of the nine activity
terms selected have the common parent term ‘hydro-
lase activity’, suggesting proteins with this activity
are likely to have a role in apoptosis. In fact, four
out of the six hydrolase terms are more specifically

peptidase activity—enzymes with this activity (e.g.

caspases) are known to have a role in apoptosis

(17, 18).

) Similarly, we could determine whether gene products
involved in apoptosis are located in a particular
subcellular region. By selecting the most common cel-
lular component terms from the co-occurrence table

Current collection of GO Terms
Bookmark: 9 terms

Select ID Name
Select all Function
@ 50.0003968 RNA-directed RNA polymerase activity
2 500004197 cysteine-type endopepti activity

) GO.0004252 serine-type endopeplidase activity
&) GO.0004386 helicase activity

© G0.0004888 transmembrane receptor activity
© 600005198 structural molecule activity

) GO.0008234 cysteine-type peptidase activity

& G0.0008236 serine-type peptidase activity

€ G0.0017111 nucleoside-triphosphatase activity

EEEEEEEEEE

Selectterms above and:
Remove terms from this selection:

transferase
activity

Remove

transferase
activity,
transferring
phosphorus-c

nucleotidyltran
sferase activity

molecular
function
structural molecular
‘:&‘Nm‘ molecule transducer
activity activity

hydrolase signal
activity "::Eg;‘:"
i hydrolase
peptidase I ’;R";’:S activity, acting receptor
activity Tt on acid activity
ity anhydrides
Y i rd
peptidase hydrolase
activity, acting activity, acting !raenrs::::mgian
on L-amino on acid l“hﬁ;
acid peptides anhydrides, in

™

RNA cysteine-type endopeptidase serine-type . 4
polymerase peptidase o peptidase L o 4
activity activity L activity SEAcivity
RiA-sleciee cysteine-type | | serine-type Inucleoside-trip
polymerase pept pep hosphatase
activity activity activity activity
I
helicase
activity

Figure 20. Case 4. ‘Activity’ terms commonly co-occurring with ‘apoptosis’. The activity-type terms were selected and viewed in
context as a chart to make it easy to see any significant enzyme activities associated with apoptosis.
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Current collection of GO Terms
Bookmark: 12 terms

Select ID Name

cellular

Select all Component
© GO.0005576 exracellular region

&) GO:0005634 nucleus

© GO:0005737 cytoplasm
© GO.0005739 mitochondrion

& GO:0005789 endoplasmic reticulum membrane
) GO:0005886 plasma membrane

& GO.0016020 membrane

& GO.0016021 integral to membrane

component
extracellular L
reglon organelle cell virion
membrang-bo
unded organelle part cell pant virion part
organelle
endomembran -
intracellular membrane & system viral envelope

EENEESEEEEEEEE

& GO.0019012 virion Sy
© 60:0019031 \nra.l envelope imr;;:rl'lum m;;:;.::m '::gma;!:‘l:; hvambrane pan
€ 500031224 infrinsic to brane
€ G0:0044423 virion part - 3
Selectterms above and: : nuclear E
intracefiular cytoplasm pe- intrinsic to
Remove terms from this selection: | Remove /’ oroMse L bt i)
Remove all other terms from this selection: | Preserye-] ~— [
Visualize relationships between terms: | chart .r:'::ﬂ‘r:'.'af-';o intracellular cytoplasmic integral 1o
unded"e organelle part part membrane
organe
nucleus mitochondri rm(ulum.

endoplasmic
reticulum part

endoplasmic
reticulum
membrane

Figure 21. Case 4. Subcellular location terms commonly co-occurring with ‘apoptosis’. The cellular component terms
were selected and viewed in context as a chart to make it easy to see any significant subcellular locations associated with

apoptosis-related gene products.

(as demonstrated above) and then viewing these
in context with each other as a chart (Figure 21),
we can see that the component terms commonly
co-annotated with apoptosis are widespread, includ-
ing cytoplasm, nucleus, membrane and endoplasmic
reticulum. This suggests that proteins involved in
apoptosis are located in many regions of the cell.
Another example of using the co-occurrence statistics
would be to find out what activity or biological pro-
cess terms are commonly associated with a subcellu-
lar location. We can find out which terms are
commonly co-annotated with the cellular component
term 'Golgi apparatus’ by following the same proced-
ure as detailed above. Two terms, which commonly
occur together with Golgi apparatus, are ‘galactosyl-
transferase activity’ and ‘protein amino acid glycosy-
lation’ which are both known to occur in the Golgi
(19, 20). The process term ‘vesicle-mediated trans-
port’ is also frequently co-annotated with Golgi
apparatus and is a major role of the Golgi (21).

(vii)

Conclusion

QuickGO is a fast web-based tool for the Gene Ontology,
more than just a simple GO browser it is also a tool for
analysis of GO terms and GO annotations. It has proven
useful for curators browsing for GO terms as well as for
users wanting to analyse gene/protein lists from large-
scale experiments. QuickGO was recently redeveloped to
include more advanced features than it had previously,
such as the ability to: retrieve annotations for either a list
of gene products or a list of GO terms, create customized
annotation sets which can be bookmarked for later retrie-
val, provide statistics on various aspects of an annotation
set, perform GO slim analysis, query the GOA database
using Boolean operators, download sets of annotations
or protein lists, find GO terms which are commonly
co-annotated, and compare two or more GO terms and
their relationships in a chart diagram. This tutorial has
given an in depth look at some of the more complex
tasks that can be performed in QuickGO, which the
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user may not be aware are available, and hopefully it
has demonstrated that even these complex tasks do not
require the user to have significant programming know-
ledge which is often the case when using other GO analysis
tools.

Useful resources

GOA website: http://www.ebi.ac.uk/GOA/

QuickGO video tutorials: http://www.ebi.ac.uk/QuickGO/
tutorial.html

QuickGO FAQs: http://www.ebi.ac.uk/QuickGO/FAQs.html
GO Consortium: http://www.geneontology.org/

GO Consortium evidence code guide: http://www
.geneontology.org/GO.evidence.shtml
Other GO browsers/analysis  tools: http://www

.geneontology.org/GO.tools.shtml

Email addresses:
GO helpdesk: gohelp@genome.stanford.edu
Contact GOA: goa@ebi.ac.uk

Glossary

Annotation: a specific association between a gene product
and a Gene Ontology term.

Biological Process: one of the Gene Ontologies; terms
describe a recognised series of events or molecular
functions.

Cellular Component: one of the Gene Ontologies; terms
describe where in the cell a gene product can be located.
Evidence Code: one of a number of three letter codes
indicating how an annotation to a particular term is
supported.

Gene Association File: a tab-delimited file containing all
the information required for complete GO term-gene
product associations.

GO browser: a computer tool designed for viewing the
Gene Ontology and/or its associated gene product
annotations.

GO slim: A subset of terms from the Gene Ontology used
to provide a general overview of attributes for a set of
gene products.

Molecular Function: one of the Gene Ontologies; terms
describe the activities or jobs which a gene product can
perform.

Supplementary data

Supplementary data are available at Database Online.
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