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Abstract

The Protein Ontology (PRO) is the reference ontology for proteins in the Open Biomedical
Ontologies (OBO) foundry and consists of three sub-ontologies representing protein classes of
homologous genes, proteoforms (e.g., splice isoforms, sequence variants, and post-translationally
modified forms), and protein complexes. PRO defines classes of proteins and protein complexes,
both species-specific and species non-specific, and indicates their relationships in a hierarchical
framework, supporting accurate protein annotation at the appropriate level of granularity, analyses
of protein conservation across species, and semantic reasoning. In this first section of this chapter,
we describe the PRO framework including categories of PRO terms and the relationship of PRO to
other ontologies and protein resources. Next, we provide a tutorial about the PRO website
(proconsortium.org) where users can browse and search the PRO hierarchy, view reports on
individual PRO terms, and visualize relationships among PRO terms in a hierarchical table view, a
multiple sequence alignment view, and a Cytoscape network view. Finally, we describe several
examples illustrating the unique and rich information available in PRO.
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1. Introduction

Aberrations in protein activities are a fundamental cause of human diseases. Pathological
changes in the proteome may result from single amino-acid variations resulting from non-
synonymous single nucleotide polymorphisms (nsSNPs) [1,2], abnormal isoforms arising
from aberrantly alternative spliced mRNAs [3,4], changes in post-translational modifications
(PTMs) [5,6], or changes in cooperative behavior of multiple proteins in a protein complex
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[7.8], as well as interdependencies of these mechanisms. With the advent of high-throughput
proteomics technologies, our understanding of the protein composition of human cells in
health and disease is expanding rapidly, especially when proteomics data are overlaid and
analyzed along with genomic, transcriptomic and interactomic data in their biological
context.

The Protein Ontology (PRO, proconsortium.org) [9] is a reference ontology for proteins and
protein complexes in the OBO (Open Biological and Biomedical Ontologies) Foundry [10]
that offers a research infrastructure for modeling biological systems and integrating existing
and emerging experimental data.

PRO defines classes of proteins and protein complexes and indicates how these classes
interrelate. For knowledge representation, PRO defines precise protein entities to support
accurate annotation at the appropriate granularity and provides the ontological framework to
connect all protein types necessary to model biology, in particular linking specific protein
forms to particular complexes and particular functions in their biological context. For
semantic data integration, PRO provides the ontological structure to connect—uvia specified
relations—the vast amounts of protein knowledge contained in databases to support new
hypothesis generation and testing.

Classes defined in PRO can be either organism-non-specific or organism-specific and range
in granularity from protein family to proteoform classes (which account for the precise
molecular form of a protein, including specification of sequence or splice variant and any
post-translational modification or PTM [11]). Thus, it allows precise definition of protein
objects and the specification of their relationships with each other.

1.1. PRO Framework

To model the various types of protein entities, we have formulated three sub-ontologies of
PRO to represent: (i) protein classes of homologous genes, (ii) protein forms (proteoforms
[11]) arising from single genes, including splice isoforms, mutation variants, and PTM
forms, and (iii) protein complexes [9,12,13]. Protein terms in PRO are defined at multiple
levels of granularity from the family level down to the isoform and/or modification level,
allowing annotation at the most appropriate level given current knowledge. For example, as
14-3-3 proteins are encoded by several genes whose protein products may not be
distinguishable in assays, they are represented by PR:000003237 for protein products of the
14-3-3 gene family. Similarly, when the protein is known to be the product of a given gene
but the precise isoform is not known, then a gene-level PRO term covering all protein
products is used (e.g., TP73, PR:015350).

Figure 1 shows a schematic representation of the ontology, which is organized in different
levels as follows:

a. Family. refers to the class of proteins translated from a specific set of ancestrally
related genes. Proteins in this class can be traced back to a common ancestor
showing homology over the entire length of the protein. The leaf-most nodes at
this level are usually families comprising paralogous sets of gene products (of a
single or multiple organisms). Figure 1 shows that gene A and gene B arose by
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gene duplication (paralogs) and that all protein products of gene A and gene B
would be under the same family class in PRO. For example, in PRO the
potassium/sodium hyperpolarization-activated cyclic nucleotide-gated channel
protein class (PR:000000676) is defined as “A protein with amino- and carboxyl-
terminal intracellular domains separated by a domain (common with other ion
channels) containing six transmembrane helices (S1-S6) in which the last two
helices (S5 and S6) flank a loop, called the pore loop, which determines ion
selectivity. The N terminus has a conserved domain that is also present in other
voltage-gated potassium and sodium channels. The carboxyl-terminal region
contains the cyclic nucleotide-binding domain (CNBD). In addition, there is a
structural element called the C-linker, the region connecting the CNBD to the S6
segment, which couples conformational changes in the ligand-binding domain to
channel activation.... [PMID:16382102]”. This class includes the protein
products of genes HCN1, HCN2, HCN3 and HCN4.

b. Gene: a PRO term at this level refers to a class of proteins translated from a gene
related by 1:1 orthology in distinct organisms. Considering human as a reference,
all protein products of Gene A in human and its 1:1 orthologs in Figure 1 would
fall under the gene level class. The Gene A protein products from mouse and fly
would also be included. Continuing with a real example, the HCN4 gene product
(PR:000000708) is defined as “A potassium/sodium hyperpolarization-activated
cyclic nucleotide-gated channel protein that is a translation product of the human
HCN4 gene or a 1:1 ortholog thereof. [PRO:CNA].” This class currently includes
the protein products of the HCN4 gene in rat, mouse, rabbit and human. The
species-specific genes (e.g. the human version of Gene A in Figure 1, or mouse
version of HCN4 in the example above) are children of the corresponding gene
level terms. PRO uses the OMA orthology database [14] to map the organism
gene to the corresponding gene level for selected model organisms.

c. Sequence. A PRO term at this level refers to the protein products with a distinct
sequence upon initial translation. The sequence differences can arise from
different alleles of a given gene, from splice variants of a given RNA, from
alternative initiation or termination of transcription, and from ribosomal frame
shifting during translation. One can think of this as a mature MRNA-level
distinction. In Figure 1, isoform A1 (observed in human, mouse and fly) and
isoform A2 (observed only in human and mouse) would be two different classes
in PRO. Again, under each term the species-specific terms can be created, and
these are called ortho-isoforms.

d. Modification. a PRO term at this level refers to the protein products derived from
a single mRNA species that differ because of some change (or lack thereof) that
occurs after the initiation of translation (co- and post-translational). This includes
sequence differences due to cleavage and/or chemical changes to one or more
amino acid residues. The example in Figure 1 shows two proteoforms of isoform
Al that differ in their phosphorylation state (single vs. doubly phosphorylated
form). We have recently collected information about proteoforms of beta-catenin
[15], specifically in relation to cancer. The phosphorylation state of beta-catenin
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influences its stability and its interacting partners. Phosphorylation of a specific
set of residues is needed for its degradation. Phosphorylation of Ser-45 on human
beta-catenin by casein kinase | (CKI) followed by the sequential phosphorylation
of Thr-41, Ser-37, and Ser-33 phosphorylation by the glycogen synthase kinase,
GSK3B, (PR:000035772) creates a recognition site for the ubiquitin ligase
BTRC, which ubiquitinates beta-catenin, targeting it for degradation by the
proteasome. Another modified proteoform of beta-catenin, phosphorylated on
Tyr-654 (PR:000044478), has enhanced transcription-related functions. Fifteen
proteoforms with distinct phosphorylation site combinations are described in
PRO for human beta-catenin.

e. Complex: class of complexes with a specific defined subunit composition. PRO
makes no distinction between complexes whose components are modified before
or after complex formation. All complexes are grouped into the ‘complex’
category regardless of the specific components.

1.2. PRO and Interoperability with Other Protein-Related Resources

PRO collaborates closely with other ontologies and resources to maximize semantic
interoperability. The organism-specific protein complexes defined in PRO extend the generic
complexes described in the Gene Ontology (GO) Cellular Component Ontology (GO, [16]).
The organism-non-specific complexes of GO provide parent terms for PRO’s organism-
specific complex terms and provide the basis for connecting and comparing complexes
between organisms. PSI-MOD [17] and the Sequence Ontology (SO) [18] are used to define
protein classes of the modification category. PRO not only interoperates with ontologies, but
with other resources as well. The ‘organism-gene’ level in PRO is equivalent to the
UniProtKB entries for the specific protein sequences, including those of splice isoforms,
arising from the gene represented [19]. Thus, PRO both incorporates UniProtKB and
complements it by providing formal definitions for protein entities and placing the terms in
an ontological context. Similarly, the Intact complex portal [20] contains protein complexes
observed in specific major model organisms and these will be integrated into the ontological
framework of PRO (ongoing effort).

1.3. PRO Applications

PRO has been employed in multiple studies including assisting in ontology building
(especially in application ontologies), semantic integration, and functional annotation and
ontological representation for proteoforms and complexes for proteomics studies. A few
examples are listed below:

. Used in combination with literature mining and curated databases to create a
knowledge “map” for analysis of beta-catenin function in cancer [15].

. Integrated in IDOBRU framework for ontological modeling of host-pathogen
interactions using Brucella as the pathogen model [21].

. Supporting GO annotation of specific proteoforms in model organism databases
(e.g., in MGI [22] and PomBase [23]).
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. Supporting annotation of species-specific protein complexes in the Toll-like
Receptor signaling pathway, relating both to their components and to species-
independent families of complexes [12].

. Used within the Neurological Disease Ontology, an ontology that represents
aspects of neurological diseases that are relevant to their treatment and study
[24].

. Supporting concept recognition in CRAFT corpus [25].

. Providing ontological framework for proteoforms in iPTMnet (http://
proteininformationresource.org/iPTMnet/, see Chapter 16).

1.4. Scope of this chapter

In this tutorial, you will learn how to use the PRO resources, including i) searching/browsing
the ontology and annotation; ii) analyzing proteoforms of a gene within and across species;
iii) analyzing complexes; iv) saving/downloading data; and v) visualization of the ontology.
Examples in this book chapter are from Release 49.0.

2. Materials
1. The PRO website is accessible at proconsortium.org.

2. Download: The ontology (pro.obo) and the annotation (PAF.txt) can be
downloaded from the ftp site accessible from the PRO home page. The ontology
is also available in OBO and OWL formats through the OBO Foundry (7) and
Bioportal (8). For general documentation please see links on the PRO home
page.

3. The pro.obo contains a stanza of information about each term. Each stanza in the
obo file is preceded by [Term] and is composed of an ID, a name, synonyms
(optional), a definition, comment (this section indicates the hierarchy level and
may include evidence codes and other comments), cross-reference (optional) and
one or more relationships to other terms (Figure 2).

4, The annotations to PRO terms are distributed in the PAF.txt file. To facilitate
interoperability to the best extent this tab delimited file follows the structure of
the gene ontology association (GAF) file. Please read the README file and the
PAF guidelines.pdf in the ftp site to learn about the structure of this file. PRO
terms are annotated with relations to other ontologies or databases. Currently
used: Gene ontology (GO) [16] to describe processes, function and localization;
Sequence ontology (SO) [26] to describe protein features; PSI-MOD (http://
www.psidev.info/MOD) to describe protein modifications; Disease Ontology
[27] to describe disease states; and Pfam [28] to describe domain composition.

5. Link to PRO. PRO identifiers are URIs, globally unique identifiers. The URIs
have one of two forms:

http://purl.obolibrary.org/obo/PR_ddddddddd where d is a digit.
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http://purl.obolibrary.org/obo/PR_ <uniprot accession>
For example, see http://purl.obolibrary.org/obo/PR_Q8CGCT7.

6. Cytoscape. PRO features a Cytoscape [29] view that provides an interactive and
visual interpretation of PRO terms and their relations. The view can be accessed
via the Cytoscape icon displayed on PRO search results pages and entry reports.
Cytoscape supports searches and customization of the layout and display;
displays links to PRO entry pages, OBO stanzas and annotations; and allows
saving of the network image in PNG format.

3. Methods
3.1. PRO Homepage

The PRO homepage (http://www.proconsortium.org/) (Figure 3) is the starting point of
navigation through the protein ontology resources. The menu on the left side links to several
documents and information pages, as well as to the ftp download page. The functionalities in
the homepage include: (3.1.1) PRO browser, (3.1.2) PRO entry retrieval, (3.1.3) text search,
and (3.1.4) annotation.

3.1.1. PRO Browser—The browser is used to explore the hierarchical structure of the
ontology (Figure 4). The icons with a plus and minus signs (Figure 4A, 1) are for expanding
and collapsing nodes, respectively. Next to these icons is a PRO ID, which links to the
corresponding entry report, followed by the term name. Unless otherwise stated, the implicit
relation between nodes is 7s_a. The number of terms to be displayed in the hierarchy page
can be managed from the result page number box (Figure 4A, 2). The column on the right
(Figure 4A, 3) shows the level within the hierarchy for each term. This column is
customizable, and additional information can be added by selecting other information tabs.
Finally, to retrieve all terms matching a particular keyword, enter the word or phrase in the
Find box (Figure 4A, 4) and all terms matching will be displayed in the hierarchy as shown
in Figure 4B for terms containing IRF3-P, the phosphorylated form of interferon regulatory
factor 3.

3.1.2. PRO Entry Pages—The PRO entry provides a report containing the ontological
information and annotation available for a given PRO term. If you know the PRO ID you can
use the “retrieve PRO entry” box in the homepage (Figure 3, 2) to get direct access to the
report. Alternatively, you can open a report by clicking on the PRO ID listed in any page
(e.g., from search or browser results).

The entry report may contain some or all of the following sections (Figure 5):

1. Ontology Information (Figure 5, 1): this section is found in all entries. It
displays the ontological information including term ID, name, synonymes,
definition, comments and parent term. A table with terms arranged by categories
may be present in entries for terms that encompass many child classes (e.g., gene
level, organism-gene level). This table provides a quick overview of the number
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of proteoforms and complexes related to a given entry, as is in the case for mouse
Eprs gene in the example provided.

2. Related Cross References (Figure 5, 2). This section contains mappings to
external databases that relate to the protein or complex report, such as
UniProtKB in this example.

3. Interactive Sequence View (Figure 5, 3). The sequence viewer displays the
protein sequence(s) defined in the entry with modified sites highlighted (color-
coded based on each PTM). When the class includes more than one sequence
(like our example that includes all products of mouse Eprs), a multiple sequence
alignment is shown. Click on the magnifier glass to zoom in and explore specific
sequence sections. The sequence viewer does not appear in protein complex
reports.

4, Protein Forms/Complex Subunits. The Protein Forms section (found in protein
reports) lists all the proteoforms related to the entry in a hierarchical way (Figure
5, 4). The Complex Subunits section (found in complex reports) lists all the
proteoforms that are components of the protein complex. In our example, mouse
Eprs has been observed as a phosphorylated form (on Ser-999) and in the
corresponding unphosphorylated form. The numbers in the orange and green
boxes next to the PRO ID indicate the presence of annotation or complex
information for the particular term, respectively (see 5 and 6 below).

5. Forms found in complexes (found in protein reports) (Figure 5, 5). This section
lists all complexes that contain at least one proteoform described on the page.
For example, the Ser-999 phosphorylated form (PR:000037785) of Eprs is a
component of the mouse GAIT complex (PR:000037795). The green box next to
PR:000037785 in the Protein Forms table indicates that it is found in a complex.

6. Functional Annotation (Figure 5, 6): Finally, this section shows the annotation
of the term, including functional and disease information (source: PAF file).
These annotations were contributed by the PRO consortium group and by
community annotators through RACE-PRO (see section 3.1.4). This table has
two different views. The PRO-centric view displays the annotations for each
PRO term. The annotations refer to different ontologies (e.g., GO and DO) as
appropriate. On the other hand, the GO-centric view clusters all the terms that
have a GO annotation in common. In that way you can see similarities among
terms.

3.1.3. Searching PRO—Searching can be performed by entering a keyword or ID in the
text Search PRO box on the right side of the homepage. For example, you can type the name
of the protein for which you want to find related terms. Alternatively, the advanced search
can be accessed by clicking on the Search PRO hyperlinked title above the text entry box
(Figure 3, 3) on the home page. The advanced search page (Figure 6) enables searches with
Boolean operators (AND, OR, NOT), as well as null (not present)/not null (present) searches
with several field options (see Note 1, Figure 6, 1).
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Figure 6, 1 shows an example of advanced search intended to retrieve all PRO terms for
mouse proteoforms (field->Taxon ID, “10090” and field->category, “organism-
modification”) containing functional annotation (field->ontology 1D, “not null”). In addition,
the “Quick Links” menu (Figure 6, 2) gives direct access to popular searches (like searching
for phosphorylated forms) and the “Batch Retrieval” link (Figure 6, 3) allows entry of
multiple identifiers (e.g., PRO and UniProt) in a single search.

In our search, 138 mouse proteoforms are shown in a results table (Figure 6, 4) with the
following default columns: PRO ID, PRO name, PRO Term Definition, Category, Parent
(term ID), and the searched fields. Some of the functionality in this page includes:

. Display Option (Figure 6, 5): Allows you to customize the result table by adding
or removing columns. Use > to add or < to remove items from the list. Click the
apply button for changes to take effect.

. Link to PRO entry reports: Clicking any hyperlinked PRO ID takes you to the
corresponding PRO Entry report page.

. Link to hierarchical view: Clicking the blue hierarchy icon next to a PRO 1D
opens the browser with the selected term highlighted.

. Save Result As (Figure 6, 6): Allows you to save the result table as a tab-
delimited file.

3.1.4. Annotation and PRO ID Requests—The annotation section is a forum for
community interaction. There are two options: 1) the PRO tracker allows submission of new
terms requests or changes/comments on existing ones, and 2) the rapid annotation interface,
RACE-PRO, enables users to contribute directly to the curation of proteoforms.

The RACE-PRO interface can be used to:

. Submit a request for a PRO ID for a proteoform of interest based on
experimental evidence.

. Add annotation to a proteoform or protein complex. Currently, in most databases
the annotation is added to the canonical protein. There is little or no distinction
made between functions of isoforms or modified forms. Using RACE-PRO, the
annotation can be associated with the most appropriate protein form. Therefore,
if a paper shows that only a phosphorylated form of isoform 2 of protein x is
localized to the nucleus, then this annotation can be added only to PRO entry for
the phosphorylated form of isoform 2, and not to others. Only experimental
information is added. Another important consideration is that information

Isearch tips:

To retrieve all the entries from a given category, for example, all the nodes for gene product level, search by selecting the
field “category” and entering “gene” in the box.

Some of the search fields are of the type null/not null. This is the case for the ortho-isoform and ortho-modified form. To
retrieve the ortho-isoform entries, select the search field ortho-isoform and type not null.

More details about the options for the DB 1D, Modifiers, and Relations fields are listed in the PAF guidelines (see
Materials).

Methods Mol Biol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Arighi et al.

Page 9

submitted via RACE-PRO has to be pertinent to a particular protein sequence in
a particular species.

How to Use RACE-PRO: In this section, we will demonstrate how to create the Ser-999

phosphorylated proteoform of mouse Eprs described in section 3.1.2 and shown in the
Protein Forms table in the entry report in Figure 5, based on the information found in PMID:
23071094. Before using RACE-PRO, the first step is to check if the proteoform is already in
PRO by searching for the protein name or its UniProt accession in the search box on the
home page. If it is not already in PRO, proceed to the RACE-PRO interface, as shown in
Figure 7. To access the RACE-PRO interface, it is necessary to fill in minimal personal
information (name, e-mail address, institution) for the purpose of saving and accessing your
data and for communication; this information will not be distributed to any third party or
made publically available. The save option allows you to save your information to submit at
a later time. Submit is used when you are done with the entry.

Definition of the Protein Object: In this block, enter all the information about a proteoform
along with the evidence source.

1. Retrieve the sequence: Enter a UniProt accession to retrieve the relevant
sequence. For example, for mouse Eprs, enter Q8CGC?7 (see Note 2). The
sequence will be displayed in the box on the RACE-PRO page (see Note 4).

2. Specify sequence region: allows selection of a subsequence in the case of cleaved
products. After saving, the selected region will be underlined.

3. Indicate post-translational modifications. to describe a modification, or multiple
co-occurring modifications, enter the residue number and the type of
modification (see Note 4). The residue number should always refer to the
sequence displayed in the sequence box. After saving, the residue(s) will be
highlighted (in this example residue: 999, modification: phosphorylation). Check
that the highlighted residues are in the expected positions. If there is no
information about any post-translational modification, then leave these field
blanks. It is also possible to indicate the modifying enzyme (e.g., kinase) if such
information is available.

4, Protein object name. add names by which this object is referred to in the paper or
source of data. By default the protein name in the UniProt record is displayed.
Additional synonyms can be added separated by semicolons (;).

2To search UniProt accessions at the UniProt website (www.uniprot.org), enter the protein name and organism: eprs and mouse into
the search box. From the result list, check the one that is relevant to your search. Alternatively, enter eprs and then use the filter to
select mouse as the organism. View likely UniProt entries to confirm that it represents the protein of interest. If a published paper
describes a particular isoform, also check if this isoform is already present in UniProt (in the Sequences section). You can also enter
UniProt identifiers for isoforms (a UniProtkKB accession followed by a dash and a number, e.g., Q8CGC7-1). If you have an identifier
from a different database, use UniProt’s ID mapping service (http://www.uniprot.org/uploadlists/) to obtain the corresponding
UniProtKB accession and retrieve the sequence.

If the modification is not in the list, use the “Other” option to add it. These terms will be later mapped to the corresponding PSI-
MOD terms (e.g., Ser phosphorylation will become MOD:00046). If the modification site is unknown, please enter “?” in the residue
number box. Enter one modification site on each line. Use the [more] or [less] buttons to add or remove a modification line.
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5. Evidence Source: Enter information about the source of the proteoform
information. In this example, select PMID from the drop-down menu and add the
ID 23071094. If the appropriate option is not present in the drop-down menu, use
the “Other” option. In addition, the Evidence code menu is used to select if the
information is experimental, based on similarity to another proteoform or
deduced by the user based on a combination of sources and knowledge.

6. Assay evidence: use this to indicate if the data is from /in vivo or in vitro
experiments.

Annotation of the Protein Object: In this block annotation from experimental data that is
pertinent to the protein form described in the previous section should be added. All the
information about the different columns in the table is described in the PAF guidelines. This
section is optional.

What Happens Next?: An editor from the PRO team will review the entry and request any
additional information if needed. The corresponding PRO term will be generated along with
associated annotations (if submitted). These will have the corresponding source attribution.

3.2. Interesting Examples

3.2.1. Proteoforms with Common Annotation—14-3-3 proteins are a family of
proteins that bind to phosphorylated proteins and can affect the function of the target protein
in many ways including the modulation of its enzyme activity, its subcellular localization, its
structure and stability, or its molecular interactions [30]. To identify proteins that are
regulated by these important modulators, search for terms that are annotated with the GO
term “14-3-3 protein binding” (GO:0071889). Select the search field “Annotation term” and
enter “14-3-3 protein binding” in the box. Some examples are listed in Table 1. As expected
all the proteins listed are phosphorylated forms, although they may contain other
modifications as well. The specific 14-3-3 binding partner is listed in the “interacts with”
column. However, note that the last entry, a phosphoproteoform of FOXOL1 is explicitly
annotated as NOT binding to 14-3-3 proteins. Therefore, this last example should be
excluded in the final list of the phosphoproteoforms binding to 14-3-3 proteins.

3.2.2. Proteoform Conservation Across Species—The appetite-regulating hormone
or Ghrelin is an endogenous peptidic hormone regulating both hunger and adiposity [31].
Acylated ghrelin induces a positive energy balance, while deacylated ghrelin has been
reported to be devoid of any endocrine activities [32]. The hierarchy for this protein in PRO
can be found at http://www.proconsortium.org/cgi-bin/pro/browser_pro?ids=PR:
000007973#0 and it reveals two isoforms: PR:000043841 and PR:000043842, with ortho-
isoforms from human, mouse and rat as child terms. Moreover, the mouse and human active
cleaved acylated forms of Ghrelin are also conserved (PR:000044483 and PR:000044484,
respectively) and both are children of the organism non-specific modification term (PR:
000044482).

Following the previous example of the mouse Eprs, the Interactive Sequence View (Figure 5,
3) can be used to check the proteoform conservation between mouse and other species. The
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link on the right upper corner of the viewer expands the sequence viewer to include other
related sequences in PRO. Figure 8 shows the multiple alignment, in which the combination
of modified residues in each proteoform is highlighted. This particular example points to
differences between human and other species: human EPRS has two serine residues that can
be phosphorylated (shown in gray in PR:P07814) whereas in other species the first one is
not conserved (e.g., it is asparagine in mouse).

3.2.3. Find Proteoforms and Complexes Associated with Disease—PRO includes
annotations of proteoforms or complexes related to disease. These annotations are connected
to disease ontology terms via two relations: associated_with_disease_progression and
associated_with_disease_suppression. You can retrieve all the proteins and complexes that
have been annotated in the ontology with “associated_with_disease_progression”, by
searching for this relation in the ontology (select the search field “Relation” and enter
“association_with_disease_progression” in the box), or you could find associations for a
particular disease (select the search field “Ontology term” and enter a disease name, e.g.,
“cancer”).

3.2.4. Comparing Protein Complexes—The mitochondrial isocitrate dehydrogenase
complex (NAD+) catalyzes the oxidative decarboxylation of isocitrate and it is important for
the regulatory control of mitochondrial energy metabolism. If you search PRO using
“mitochondrial isocitrate dehydrogenase complex (NAD+)” you will retrieve all the
complexes currently in PRO, including a human, a yeast and three mouse complexes. All of
these species-specific complexes are children of the complex term GO:0005962
mitochondrial isocitrate dehydrogenase complex (NAD+). To review similarities and
differences between the different complexes, select all the checkboxes and then click on
Cytoscape link. The graphical view will open in a separate window. Figure 9 shows the
complexes (squares) and their protein components (circles) connected by the relation
has_component represented by the dashed arrows (see Note 5). The parent GO complex
term is defined in terms of the enzymatic activity (Mitochondrial complex that possesses
isocitrate dehydrogenase (NAD+) activity). The Cytoscape view of the organism-specific
complexes reveals the different composition in yeast versus the human and mouse. While the
yeast complex is composed of two distinct proteins, the human and mouse complexes all
have three. Selecting a node provides the definition of the term and also links to its report.
The relationship between the three complexes for mouse is clearly show, with one being the
parent of the other two that differ with respect to which isoform of the alpha subunit is
present.

Another rich example is provided by complexes of cyclin dependent kinases (CDKs) with
cyclins. CDKs are a family of multifunctional enzymes that can modify various protein
substrates involved in cell cycle progression. Their activity is controlled by their
phosphorylation state and their binding to a cyclin regulatory subunit. All CDK:cyclin
complexes in PRO are under cyclin-dependent protein kinase holoenzyme complex (GO:

S5The Cytoscape view may be complex, and you may want to hide nodes to focus on a specific part of the graph. To hide all the protein
nodes, select “display option” from the top menu bar and uncheck “All Protein” under “Nodes Type”. Otherwise, selecting any node
or set of nodes and right clicking will open a menu with the option to hide nodes.
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0000307). The hierarchical view of this term in PRO (http://www.proconsortium.org/cgi-
bin/pro/browser_pro?ids=G0:0000307) lists all the complexes of CDKs and cyclins that
have been curated. The Cytoscape view can provide a more granular level where the specific
subunits, including the modifications, can be displayed. For example, PRO contains five
different “cyclin B1:cdkl complex” for human which differ in the phosphorylation state of
its component. Thus, the Cytoscape view in PRO facilitates the comparison of complexes
within and across species.
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a-FAMILY LEVEL.:

all protein products from distinct
genes related by common ancestry

Gene A
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b-GENE LEVEL:

all protein products
of a gene in a species
and its 1:1 orthologs
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arose by gene duplication
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Gene A ﬂ} W

e.g., alternative spIicinE/ \

c-SEQUENCE LEVEL:
distinct protein products
upon initial translation

d-MODIFICATION LEVEL:
distinct proteoforms with
post-translational
modification/cleavage

e-COMPLEX LEVEL:
distinct protein complexes
with specific components

Figure 1.

PRO Hierarchy. The diagram shows the different classes that can be represented in the
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Complex A1-P1:C

ontology. From top to bottom: a-Family class includes all the protein products of
evolutionary related genes at the homeomorphic level (e.g., all the protein products of Gene
A and Gene B are in the same family class). These are conserved in a set of taxa (e.g.
human, mouse, fly). b-Gene level includes all the protein products of a distinct gene in a
species and its 1:1 orthologs. In PRO, human is the reference organism for vertebrates and
all gene products of Gene A in human and its orthologs (e.g. mouse and fly) are in the same
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gene level class. Note that the gene is shown as a box because the gene structure (e.g.
number and positions of introns) may differ between species. Species-specific organism-
gene classes are children of the corresponding Gene level (e.g. mouse Gene A, and human
Gene A are both members of the same Gene A class). c-Sequence level includes all the
isoforms produced by initial translation. This example shows two protein classes isoforms
Al and A2, created by alternative splicing, where isoform Al is conserved in human, mouse
and fly species, and isoform A2 is observed only in mammals. Again, the species specific
organism-sequence terms can be created. d-Modification level includes all post-translational
modifications. Shown here are proteoforms of isoform Al: P1 (phosphorylated at a single
site) and P2 (phosphorylated at two sites) and proteoforms of Isoform A2: P1
(phosphorylated at a single site) and PG (phosphorylated and glycosylated). e- Protein
complex level defines complexes based on component subunits (with stoichiometry if
known). In this case, proteoform isoform Al P1 and protein C are components of complex
AlP1:C.

Methods Mol Biol. Author manuscript; available in PMC 2018 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Arighi et al.

Evidence=(E€0:0000181, based on PMID:22508986] ;

Page 17

[Term]

id: PR:000045512

name: kalirin isoform m8 phosphorylated 1 (mouse)

def: "A kalirin isoform m8 (mouse) that has been post-translationally modified to include
phosphorylation.at.Ser-487..UniProtkB;A2CG49-8, Ser-487, MOD:00046." [PRO:KRC, PMID:22508986]
] i ifi ion, idence=(EC0:0000006, based on PMID:22508986) .

synonym: "Kal7 phosphorylated 1*(mouse) " EXACT []
is_a: PRyA2CG49-8 ! kalirin isoform m8 (mouse)
relatiodship: has_part MOD:00046 ! “Q-phospho-L-serine

relationship: only in taxon NCBITaxon:10090 ! Mus musculus

Level Evidence code

Figure 2.
Example of a PRO OBO stanza.
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— Protein Ontology %Mﬁ NIGMS
NIH grant: SR01GM080646-09

PRO provides an ontological representation of protein-related entities by explicitly defining them and showing the relationships between them. Each
PRO term represents a distinct class of entities (including specific modified forms, orthologous isoforms, and protein complexes) ranging from the
taxon-neutral to the taxon-specific (e.g. the entity representing all protein products of the human SMAD2 gene is described in PR:Q15796; one
particular human SMAD2 protein form, phosphorylated on the last two serines of a conserved C-terminal SSxS motif is defined by PR:000025934).
Current release: 49.0.

= Consortium
* Dissemination Browse PRO @ Retrieve a PRO entry (enter a PRO m):@ Search PRO (enter text or ID): @

*PRO Wiki = =
* Documentation |-~ Quick Browse 2| ‘ \ L
= Downloads Example: methylated (sample output) Example: PR:000025934 (sample output) Example: smad (sample output)
= PRO tutorial

=PRO Publications #< Annotation:RACE-PRO PRO tracker @

=PRO Statistics

Figure 3.
PRO homepage. Main Functionalities include: 1) Browsing, 2) Retrieval, 3) Search, and 4)

Annotation tools.
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U PRO Hierarchy (Note that the implicit relationship is is_a, whereas < indicates derives_from relationship.)

‘e Protein Ontology
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[+ PR:000025493 LPS:GPI- ed CD14 p complex |
[#] PR:000025494 LPS:secreted CD14 alpha complex
E  GO:0043234 protein comp

[E]  PR:000018263 amino acid chain external
PR:000018264 proteolytic cleavage product

(1) [ PR:000000001 protein
PR:000023236 (dimethylallyl)adenosine tRNA methyithiotransferase MiaB gene

PR:P91416 1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase homolog 1 (Caenorhabditis elegans)

organism-gene ||

PR:Q09407 1,2-dihydroxy-3-keto-5-methyithiopentene dioxygenase homolog 2 (Caenorhabditis elegans)

organism-gene |

PR:000003775 1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase gene
PR:000033822 1,2-epoxyphenylacetyl-CoA isomerase gene
PR:000023475 1,2-phenylacetyl-CoA epoxidase, subunit A gene
PR:000023476 1,2-phenylacetyl-CoA epoxidase, subunit B gene
PR:000023477 1,2-phenylacetyl-CoA epoxidase, subunit C gene
PR:000006106 1,25-dihydroxyvitamin D(3) 24-hydroxylase, mitochondrial gene
PR:000023201 1,4-Dihydroxy-2-naphthoyl-CoA synthase gene
PR:000035348 1,4-alpha-glucan branching enzyme GlgB gene
PR:000007871 1,4-alpha-glucan-branching enzyme gene

PR:000023200 1.4-dihvdroxv-2-naphthoate octabrenvitransferase

B

14 shown of 203215 records

/PMID \/ Taxon \ /
Sl \/

\/t

\/ Dennmion \

aene

/ Synonym \/ Gene \/ /7 2\ /UniProtkB \
Y «exwand & s0rt (10) & sort (sme) (D) |4 fing Category
G0:0032991 macromolecular complex
G0:0043234 protein complex
PR:000025764 IRF3-P:IRF3-P complex complex

PR:000025765 IRF3-P:IRF3-P complex (human)

organism-complex

PR:000027098 TRE3%P:IRE3P complex (mouse)

organism-complex

PR:000027083 IRF3-P:IRF7-P complex

complex

PR:000027084 IRF3-P:IRF7-P complex (human)

organism-complex

PR:000036001 TRE3%P:IRE3P:KPNA4 complex

complex

PR:000036002 TRE3=P:IRE3P:KPNA4 complex (human)

complex

PR:000036042 IRF3=P:p65 complex

complex

PR:000036043 IRE3-P:p65 complex (mouse)

organism-complex|

G0:0032993 protein-DNA complex

PR:000036046 IRE3%P:p65:ISRE complex

complex

PR:000036047 IRE3-P:p65:ISRE complex (mouse)

organism-complex

Figure 4.

PRO Browser. Navigate the ontology through its hierarchical view. A. In the PRO browser
you can: 1) use plus and minus signs to expand/collapse terms, respectively; 2) change the
number of terms displayed per page; 3) customize the information tabs; and 4) find terms

matching a keyword or phrase. B. PRO browser view with terms containing IRF3-P, using

the “find” functionality.
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Protein Ontology Report - mEPRS

| Protein Ontology  PR:Q8CGC?7 - http://purl.obolibrary.or

'obo/PR_Q8CGC7

This page represents a class of proteins encompassing all the protein products of the EPRS gene in mouse

Ontology Information

M Protein Forms Complex Annotations

PRO ID PR:Q8CGC7 Show OBO stanza / PAF
PRO name bifunctional glutamate/proline--tRNA ligase (mouse)
Synonyms PRO-short-label: mEPRS
bifunctional aminoacyl-tRNA synthetase (mouse)

RELATED: Qprs
Definition A bifunctional glutamate/proline--tRNA ligase that is encoded in the genome of mouse. [OMA:MOUSE01336, PMID: 15489334, PRO:HID]
PRO Category organism-gene
Parent PR:000007144 bifunctional proline--tRNA ligase

Terms by PRO Category

Retrieve All terms OBO Stanza / PAF
Organism-Specific

Category Number of Terms
organism-gene 1
organism-sequence 1
organism-modification 2
organism-complex 1
Term Hierarchy Visualization EDAG & Cytoscape
Related Cross References
Db identifiers UniProtkB:Q8CGC7
© Interactive Sequence View ® Select/align proteoforms across species
Modification + Q
» Number of sequence: 3 » Alignment length: 1512 e Scale: " ~ 19 amino acids
190 380 570 760 950 1140 1330 1520
PROSCGCT  mEPRS B
PRQBCGCT-1 mEPRSfso:1 | B
PRODOOITTES  mEPRS/Phos: 1 g
@ Protein Forms @
PRO ID&Category IETTI=BIITTTN  Name Short Label Definition&Comment
s PR:000007144 bifunctional EPRS A protein that is a translation product of the human EPRS gene or a 1:1 ortholog thereof.
gene glutamate/proline--tRNA
ligase
PR:Q8CGCT bifunctional mEPRS A bifunctional glutamate/proline--tRNA ligase that is encoded in the genome of mouse.
organism-gene glutamate/proline--tRNA
ligase (mouse)
PR:000037785 [} EJ bifunctional mEPRS/Phos:1 A bifunctional glutamate/proline--tRNA ligase (mouse) that has been phosphorylated on a
g Pt --tRNA Ser residue in the noncatalytic linker connecting the synthetase cores in an IFN-gamma-
ligase phosphorylated 1 dependent manner. Example: UniProtkB:Q8CGC7-1, Ser-999, MOD:00046.
(mouse)
PR:000037786 bifunctional mEPRS/UnPhos:1 A bifunctional glutamate/proline--tRNA ligase (mouse) that lacks phosphorylation on a
o P RN, residue analogous to Ser-999 in the amino acid sequence represented by
ligase unphosphorylated 1 UniProtkB: Q8CGC7-1. Example: UniProtkB:Q8CGC7-1, Ser-999, PR:000026291.
(mouse)
PR:Q8CGC7-1 bifunctional mEPRS/iso:1 A bifunctional glutamate/proline--tRNA ligase isoform 1 that is encoded in the genome of
g quence line--tRNA mouse.

ligase isoform 1 (mouse)

©® mEPRS forms found in complexes
mEPRS Component
PR:000037785 mEPRS/Phos: 1

© Functional Annotation

PRO Term
PR:000037785
mEPRS/Phos: 1
Ser-999, MOD:00046
PR:000037786
mEPRS/UnPhos:1
Ser-999, PR:000026291

Figure 5.

©)

Complexes
PR:000037795 GAIT complex (mouse)

@ - ; e
GO Annotation Evidence
located_in G0:0097452 GAIT complex MGI:5466658, PMID:23071094
participates_in GOQ:0071346 cellular response to interferon-gamma MGI:5466658, PMID: 23071094
located_in G0:0017101 aminoacyl-tRNA synthetase multienzyme complex MGI:5466658, PMID:23071094

located_in NOT GO:0097452 GAIT complex MGI:5466658, PMID:23071094

PRO entry report for mouse Eprs. The report shows the following sections: 1) ontology
information; 2) related cross references; 3) sequence viewer; 4) protein forms; 5) subunits in
complexes; and 6) annotation.
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[ --Quick Links [v] E3 [Cear @ (click here for Batch Retrieval page) @

(ais) Taxon ID v |[anD v || category v |[anD v |[ontology 1D v |[+ add Input box @
search » - v
10090 organism-modification not null | — del Input box
| Disp Fields Not in Display ~ Fields In Display
Child A | _|Annotation ~ @
el S oy e
50 items/page Vv | |EcoCyc ID v PRO Term Definition Y

[cancer =]
: 6
138 entries | 3 pages | 50 / page | 23 Save Result As: ~TaBLE

dlick to show: selected Hierarchy ~ selected OBO / PAE OR related OBO/PAF/ Cytoscape View () ( 4)
PRO Name PRO Term Definition Category |Parent
L prom Modifier | Relation | Ontology 1D | Ontology Term | Relative To with
[] PR:000025834 s [ty p Aty p kinase SYK |org PR:000025833 has_ 5010019901 |protein kinase PR:1P09769 PMID:15536084 |1PT 10050
kinase SYK isoform |isoform 1 phosphorylated 1 in |modification function binding
1 phosphorylated 1 mouse. UniProtkB:p48025-1, has_ 500031625 n protein PR:P09769 EMID:15536084 (IPT
(mouse) Tyr-317/Tyr-342/Tyr-346, fnckion foses bindiog
MOD:00048. [PMID: 15536084, has_ 10043548 PR:27986 PMID:i5536084 [1PL
PRO:JAN] function 3-kinase binding
- |50:0002433 [immune response- oMID:13338084 [EXP
in regulating cell
surface receptor
signaling pathvay
involved in
phagocytosis.
[Je& iption factor |A 5 factor AP-1 |organism- |PR:000025891 has_ 010005513 [protein binding PR:060739-1 11 [ter 10090
AP-1 isoform 1 isoform 1 phosphorylated 1in |modification feackon
phosphorylated 1 |mouse. UniProtkB:P05627-1,
(mouse) Ser-63/Ser-73,
[MOD:00046|MOD:00696.
[PMID: 19144319,
PMID:20516211, PRO:HID]

Figure 6.
Advance search and result. 1) Search boxes with Boolean operators; 2) quick links to

popular searches; 3) batch retrieval of terms using multiple identifiers; 4) result table; 5)
display options to customize table content; and 6) saving option.
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RACE-PRO

' Protein Ontoloaqu ~ Rapid Annotation interfaCE for PRotein Ontology (?)

2=

Annotator name: your name

Definition of the Protein Object

1. UniProtKB identifier (?) Q8CGC7
OR, click here to insert a different sequence:

E-mail: youremail@email.com

Note: Your e-mail address and other personal information are for internal use only and will not be shared with third parties.

MAALCLTVNA
IATTSGLYGT
DLCVWATLKG
KQDVGKFVEL
PEKEKEDFEK
AEREQRTESK
IQPHPRTGNK
WEYSRLNLNN
SRSVVNMEWD
LKPVWYSPKV
YKKTTKITWL
LKDLKKGDII
VEISKKETSS
VKQLLTLKAE
KAEKAPKAKV
AKVLFDRVAC
KDKKKKEKEN
EENLAEWYSQ
FVSQAALEKE
PVRLNQWCNV
LAIPVVRGRK
TPGEKQFAYQ
EALMAKCNEY
AVRRDTGEKL
KVAQIPFCGE
PAKFYTLFGR

GNPPLEALLA
NLMEHTEIDH
SAAWQEHLKQ
PGAEMGKVTV
VILEDVAMLH
HRKNSVEKNL
YNVYPTYDFA
TVLSKRKLTW
KIWAFNKKVI
FIEGADAETF
AESTHALSIP
QLQRRGFFIC
APKERPAPAV
YKEKTGQEYK
TEAVECLLSL
QGEVVRKLKA
KSEKQNKPQK
VITKSEMIEY
KNHIEDFAPE
VRWEFKHPQP
TEKEKFAGGD
CSWGLTTRTI
RRRLLGANIR
TIAEKEAEAK
IDCEDWIKKM
)4

VEHVKGDVSI
WLEFSATKLS
NKTLVHVKRW
RFPPEASGYL
IKPDQFTYTS
QMWEEMKKGS
CPIVDSIEGV
FVNEGLVDGW
DPVAPRYVAL
SEGEMVTFIN
AVCVTYEHLI
DQPYEPVSPY
SSTCATAEDS
PGNPSAAAVQ
KAEYKEKTGK
EKASKDQVDS
QNDGQGKDSS
YDVSGCYILR
VAWVTRSGKT
FLRTREFLWQ
YTTTIEAFIS
GVMVMVHGDN
VRVDLRDNYS
LEKVLEDIQL
TARDQDVEPG

SVEEGKENLL
SCDRLTSAIN
FGFLEAQQAF
HIGHAKAALL
DHFETIMKYA
QFGQSCCLRA
THALRTTEYH
DDPRFPTVRG
LKKEVVPVNV
WGNINITKIH
TKPVLGKDED
SCREAPCILI
SVLYSRVAVQ
TVSTKSSSNT
DYVPGQPPAS
AVQELLQLKA
KSQGSGLSSG
PWSYSIWESI
ELAEPIAIRP
EGHSAFATFE
ASGRAIQGAT
MGLVLPPRVA
PGWKFNHWEL
NLFTRASEDL
APSMGAKSLC

RVSETVAFTD
ELNHCLSLRT
RSVGTKWDVS
NQHYQVNFKG
EKLIQEGKAY
KIDMSSNNGC
DRDEQFYWII
VLRRGMTVEG
LDAQEEMKEV
KNADGKITSL
FKQYINKDSK
YIPDGHTKEM
GDVVRELKAK
VESTSLYNKV
QNSHSNPVSN
QYKSLTGIEY
GAGEGQGPKK
KDFFDAEIKK
TSETVMYPAY
EAADEVLQIL
SHHLGQNFSK
SVQVVVIPCG
KGVPVRLEVG
KTHMVVSNTL
IPFNPLCELQ

VNSILRYLAR
YLVGNSLTLA
GNRATVAPDK
KLIMRFDDTN
VDDTPAEQMK
MRDPTLYRCK
EALGIRKPYI
LKQFIAAQGS
ARHPKNPDVG
DAKLNLENKD
HEELMLGDPC
PTSGSKEKTK
KAPKEDIDAA
AAQGEVVRKL
AQPAGAEKPE
KPVSATGAED
QTRLGLEAKK
LGVENCYFPI
AKWVQSHRDL
ELYARVYEEL
MCEIVFEDPK
ITNALSEEDR
PRDMKSCQFV
EDFQKVLDAG
PGAMCVCGKN

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500

2. Specify sequence region

) Region: from

3. Indicate post-translational modifications
Amino acid number: 999

® Full-length

4. Protein object name

Bifunctional

5. Evidence Source

Phosphorylation

(separate multiple names using ";")

to

Page 22

Save Submit
Mon May 23 09:1

Institution: your institution

Organism:
Mus musculus

(add amino acid number relative to the sequence displayed in the box 1) (more]

yjlutamate/proline--tRNA ligase

Db name: PMID

6.Assay Evidence

[11In vitro  ~]1In vivo

(separate multiple IDs using ",") ']

IDs: 23071094

Annotation of the Protein Object

Domain [add]

Functional Annotation

Modifier

Figure 7.

Relation
located_in

[add]
GO ID

RACE-PRO annotation interface

GO term
GO:00974! GAIT complex

Link to PFAM

Link to GO

Interaction with

Modifying enzyme:

Evidence code: Experimental
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Modification ~ Q

o Number of sequence: 10 e Alignment length: 1739 e Scale: "—" = 22 amino acids

220 440 660 880 1100 1320 1540 1760
PR:Q8CGC7 MEPRS - —— = e ——— ———— ——— = =N=———
PR:P28668 fiy-EPRS -— - —— K
PR:Q23315 worm-EPRS
PRP07814 hEPRS
PR:P07814-1 hEPRS/is0:1
PR:P28668-1 fly-EPRS/is0:A
PR:P28668-2 fy-EPRS/iso.B
PR:Q8CGC7-1 mEPRS/iso:1
PR:000037787  bifunctional glutamat
PR:000037785 mEPRS/Phos:1

<o

14

Figure 8.
Sequence viewer for mouse Eprs proteoforms and related PRO terms. Multiple sequence

alignment with highlighting of the combination of modified residues in each proteoform
(pink: experimentally shown to be phosphorylated; gray: phosphorylation site conserved).
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mitochondrial
. isocitrate

mitochondrial mitochondrial

isocitrate isocitrate
[ dehydrogenase [l dehydrogenase [ dehydrogenase
" tamplex (NAD+) /1 )eomplex (NAD+) / ‘complex (NAD+)
i “(human) 7 (mouse) / Y (yeast)
Fa i N, o N / b
7 ' N, / S i/ \
7 ! N, . / S / \
s i . m chond}’ﬁl mitochondrial~._ / \
Ve Y 4 isocitrate isocitrate Al ¥ |
hIDH3A hIDH3B hibH3G Ml dehydrogenase [l denydrogenase mIDH3A yIDH2nad yIDH1nad
| complex(NAD+) | .~ / complex (NAD+)
i Bmouse) 17 / A (mouse)
g ~L -
\ ‘/' P \\ V”/ ‘\~\~
Y ’ "o "R je Y .
g BN A EN )
mIDH3B mIDH3G mIDH3A/iso:2 mIDH3A/iso:1
Figure 9.

Cytoscape view for the mitochondrial isocitrate dehydrogenase complex (NAD+) in PRO.
Complexes are represented by squares, proteins by circles. Solid arrows represent the is_a
relation, while broken arrows represent the has_component relation.
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