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Abstract

Protein post-translational modification (PTM) is an essential cellular regulatory mechanism and
disruptions in PTM have been implicated in disease. PTMs are an active area of study in many
fields, leading to a wealth of PTM information in the scientific literature. There is a need for user-
friendly bioinformatics resources that capture PTM information from the literature and support
analyses of PTMs and their functional consequences. This chapter describes the use of iPTMnet
(http://research.bioinformatics.udel.edu/iptmnet/), a resource that integrates PTM information
from text mining, curated databases, and ontologies and provides visualization tools for exploring
PTM networks, PTM crosstalk, and PTM conservation across species. We present several PTM-
related queries and demonstrate how they can be addressed using iPTMnet.
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1. Introduction

Post-translation modification (PTM) is a major mechanism by which the cell regulates the
biological activity of proteins. PTMs, such as phosphorylation, acetylation, and
ubiquitination have a broad range of effects, altering protein stability, enzymatic activity,

sub-cellular localization, and interactions. Coordination of multiple PTMs at the same site or

at multiple sites on a protein affords another layer of complexity, giving the cell exquisite
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control over protein function [1]. Abnormalities in PTM have been implicated in many
diseases, and modulation of PTM is being actively pursued as a therapeutic strategy. A
growing number of kinase inhibitors is being used to treat cancer as well as inflammatory
and autoimmune diseases [2]. Histone deacetylase inhibitors are also showing promise in
cancer treatment [3].

Because of the extent and importance of PTM events in the cell, researchers from many
fields are often confronted by PTM-related questions, from simple questions such as: “What
are the substrates of this kinase?” and “Which sites are acetylated in this protein?” to more
complex queries such as: “How does this PTM interact with other PTMs in the same
protein?”, “What are the functional consequences of this PTM events?” and “Which of these
PTM events that have been observed in mouse are likely to also occur in humans?” The
ultimate resource for answering these questions is the scientific literature; however, it can be
overwhelming. A PubMed search for “phosphorylation” returns >250,000 articles; a search
for “acetylation” returns nearly 30,000. Several efforts are underway to summarize this
information in bioinformatics databases for easy consumption by biologists. Resources such
as UniProtKB [4], PhosphoSitePlus [5] and Phospho.ELM [6] provide high quality PTM
information manually curated from the literature. However, manual curation is time and
labor-intensive, making it nearly impossible to keep up with the vast body of PTM literature.
Use of automated text mining tools to capture PTM information from the literature is a
promising approach to supplement the work of human curators.

We have developed iPTMnet (http://research.bioinformatics.udel.edu/iptmnet/), a user-
friendly web resource that integrates text-mined information with information from curated
databases to provide a detailed, current picture of PTM events. iPTMnet includes automated
results from two text mining tools—RLIMS-P, which identifies mentions of kinases,
substrates, and phosphorylation sites in text [7], and eFIP, which identifies mentions of
phosphorylation-dependent protein-protein interactions (PPIs) [8]. The system incorporates
PTM databases that specialize in different organisms, including mammals, plants, and yeast
(see Note 1). With an emphasis on PTM relationships, including enzyme-substrate
relationships and PTM-dependent PPIs, iPTMnet offers a user-customizable PTM network
view. Furthermore, iPTMnet uses the Protein Ontology (PRO, see Note 2) [9] to represent
combinatorial PTM forms (proteoforms, see Note 3) and orthologous relationships between

IThe following PTM resources are included in iPTMnet:

HPRD: post-translational modifications and enzyme-substrate relationships for human proteins [16];

PhosphoSitePlus: expert curated PTM information including phosphorylation, ubiquitination, acetylation and
methylation mainly for human, rat and mouse proteins [5];

Phospho.ELM: expert curated database for phosphorylation sites in animal proteins [6];

PhosPhAL: protein phosphorylation sites identified by mass spectrometry in Arabidopsis thaliana [17];

P3DB: protein phosphorylation data from multiple plants derived from large-scale experiments and the literature [18];
PhosphoGrid: experimentally verified in vivo protein phosphorylation sites in Saccharomyces cerevisiae [19];

UniProtKB: comprehensive protein database in which the reviewed section contains expert annotated information from
the literature, including PTMs [4];

2pRO provides a structured hierarchical representation of protein entities and protein complexes [9]. It consists of three sub-
ontologies: ProEvo, for evolutionary relationships among proteins, ProForm, for relationships among proteoforms (see Note 3),
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PTM proteins in different organisms to support studies of PTM conservation across species
and PTM crosstalk. Here we describe the use of iPTMnet to answer a variety of PTM-related
biological questions (see Note 4).

2. Methods

2.1 Browsing in iPTMnet. Example: overview of plant kinase information

The iPTMnet Browse feature provides a general overview of PTMs and/or PTM enzymes in
organisms of interest. To explore information about plant kinases:

1. Go to the iPTMnet home page at http://research.bioinformatics.udel.edu/iptmnet/
and click “Browse” (Figure 1).

2. The panel on the left side of the page allows you to select individual organisms
(e.g. Maize) or groups of organisms (e.g. Plant). For this example, select “Plant.”
Output can be further filtered using the two menus—PTM type and Has Role—
located directly below the orange “Browse” button. To display kinases, select
“Phosphorylation” from the PTM type menu and “Enzyme” from the Has Role
menu. Click “Browse” (Figure 1).

3. Results are displayed in a table with nine columns (Figure 2). The first column
shows the iPTMnet identifier. Clicking here will take you to the iPTMnet entry
page for the protein (see Section 2.2). Clickable links to the iProClass, UniProt,
and PRO pages for the protein are also provided. The next columns display the
protein name, gene names, and organism. Reviewing the organism column
reveals that most of the results (34/36) are proteins from Arabidopsis. The
remaining two are from maize. The Substrate Role column displays a green
check mark if the protein has known PTM sites and lists the number of known
PTM enzymes, if any. Thirty-one out of the 36 plant kinases undergo PTM
themselves (i.e., they have at least one PTM site); however, a PTM enzyme is
known in only 17 of those cases. The Enzyme Role column displays a green
check mark if the protein is a PTM enzyme, followed by the number of known
substrates. Because we filtered the list for proteins with kinase activity, every
result has a green check mark in this column. The final three columns display the
number of PTM-dependent PPIs automatically identified by eFIP, the number of
PTM sites, and the number of isoforms for the protein. The numbers in the last

including PTM forms of a protein, and ProComp, for protein complexes. Two features of PRO are particularly relevant to iPTMnet.
First, orthologous proteins can be easily identified using PRO. In the PRO hierarchy, species-specific orthologs of a protein are
connected by an /s_arelation (parent-child relationship) to a species-independent term. Second, PRO terms can be defined for
individual PTM proteoforms, including forms with multiple PTMs, and these terms can be associated with proteoform-specific
functional information. For example, the mouse apoptosis regulatory protein BAD has three phosphorylated proteoforms in PRO
involving different combinations of three sites: S112, S136, and S155. PR:000026136 is phosphorylated on Ser-136; PR:000026167 is
phosphorylated on S112 and S136; and PR:000026133 is phosphorylated on S112, S136, and S155. The S112/S136 doubly
phosphorylated form (PR:000026167) exhibits a phosphorylation-dependent decreased interaction with 14-3-3 proteins; this
information is included in the term’s annotation. The relationship among PTM proteoforms of a protein can be easily seen in the PRO
hierarchical structure.

Proteoform refers to any of the protein products of a single gene, including those that arise by genetic mutation, alternative splicing,
and post-translational modification [20].

The data and screenshots presented in this article were collected from iPTMnet v3.1 in May 2016.
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five columns of the table are clickable links to the relevant sections of the protein
entry page.

You can select results to download or display in a network view (see below) by
checking the box to the left of the iPTMnet identifier (Figure 2).

2.2 Basic Exploration of a PTM network. Example: Arabidopsis thaliana Mitogen-activated
protein kinase 6 (MPKG6)

The iPTMnet protein entry pages are organized into several tables that provide information
about PTM sites, PTM enzymes, proteoforms, and PTM-dependent PPIs for the selected
protein. If the protein is itself a PTM enzyme, information about its substrates is also given.
Users can access two visualization options from the entry pages: (i) a Cytoscape network
view of the PTM relationships and (ii) a multiple sequence alignment view that shows an
alignment of proteoforms of the selected protein as well as orthologous proteins from other
organisms with PTM sites highlighted (see sections 2.5 and 2.6). We will illustrate how the
protein entry page can be used to answer PTM-related questions about a protein of interest
using Arabidopsis MPKG6 as an example. MPKG6 is a MAPK, one of the terminal kinases in
the MAPK signaling cascade, and plays a key role in the response to pathogens [10]. In
general, MAPKSs are activated via phosphorylation by upstream kinases. Therefore, we
would expect MPK®6 to be a phosphoprotein as well.

2.2.1 Is MPK®6 a phosphoprotein? If so, what sites is it phosphorylated on?
What phosphorylated proteoforms of MPK6 are known?

1.

In the section labeled “Search for Protein in the iPTMnet Database” on the
iPTMnet home page (http://research.bioinformatics.udel.edu/iptmnet/), enter
MPKG® in the search box (Figure 3A). Because we are interested in Arabidopsis
MPKG®, select A. thaliana from the “Restrict by Organism” menu, and click
Submit.

Search results are displayed on a new page with the search term highlighted in
yellow (Figure 3B). The columns in the search results table are the same as in the
browse results table described above. In this case, only one iPTMnet entry, our
desired protein Arabidopsis MPK6, matches the search criteria. Click on the
iPTMnet ID to go to the entry page (Figure 3C).

To view information about PTM sites in MPKS6, click on “Q39026 (MPK®6) as
Substrate” in the gray “Display” box in the upper left corner of the page (Figure
4A). This will bring the Substrate table to the top of the browser window (Figure
4B). The table has five columns: Site, PTM Type, PTM Enzyme, Source, and
PMID. We can see that MPKG® is indeed a phosphoprotein. It has four
phosphorylation sites at S215, T221, Y223, and T226. The PTM enzyme is not
known for any of these sites. We can view the information in its source database
or view the associated literature citations, by clicking on the links in the Source
and PMID columns, respectively.

To view proteoforms of MPK®, click on “Proteoforms™ in the “Display” box
(Figure 4C). The Proteoform table lists the proteoform ID, the site and type of
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modification, the modifying enzymes if known, source, and literature reference.
One MPKG6 proteoform has been described: MPK6/Phos:1 (PR:000028874),
which is doubly phosphorylated on T221 and Y223, two of the sites listed in the
Substrate table. Inspection of the Results section of one of the literature
references by clicking on its PMID, 10713056, and then navigating to the full-
text article via PubMed indicates that this proteoform is the active form of MPK6
[11].

2.2.2 What are the substrates of MPK6?—To view substrates of MPK®, click on
*Q39026 (MPK®6) as PTM Enzyme” in the “Display” box. The PTM enzyme table has two
tabs. The first tab “Protein as Phosphorylation Enzyme” (Figure 5A) shows all substrates of
MPKG® in cases where the relevant MPK6 proteoform is not reported; the second tab
“Proteoform as Phosphorylation Enzyme” (Figure 5B) shows the substrates of specific
proteoforms of MPKG6. The “Protein as Phosphorylation Enzyme” table lists the ID of the
substrate, the site, the source database, and literature references (see Note 5). Each substrate-
site pair is listed in its own row. Thus, the first and second rows of the table indicate that
MPKG®6 phosphorylates the substrate ZAP6 on S8 and S223, respectively. Overall, there are 7
substrates, and 10 substrate-site pairs listed. The “Proteoform as Phosphorylation Enzyme”
table lists the ID of the modified proteoform, the modification sites, and the ID of the MPK6
proteoform that is acting as the PTM enzyme as well as source information and references.
In this table we see that the doubly phosphorylated activated form of MPK6 (MPK6/Phos:1,
PR:000028874) phosphorylates one or more sites on five different proteins (see Note 6).

2.2.3 Visualization of the MPK6 Phosphorylation Network—For a network view of
MPKG® relationships, click on the Cytoscape View icon at the top right of the page in the
Protein Information section (green box in Figure 3C). The network will be displayed in a
new tab/window (Figure 6). Click on “LEGEND” in the upper left corner of the window to
display an explanation of the node and edge style. PTM enzyme nodes are pentagons and
substrates and sites are circles. PTM-enzyme—site PTM-enzyme—proteoform, and
site—substrate edges are shown. The color of the PTM-enzyme nodes and PTM-
enzyme—>site/proteoform edges indicates the PTM type (e.g., pink represents
phosphorylation).

2.3 PMID-centric searching in iPTMnet

iPTMnet also allows users to search for a PMID of interest and view a summary of all PTM
information in iPTMnet associated with that PMID.

1. From the iPTMnet home page, select “PMID” from the pull-down menu to the
left of the “Search for Proteins in iPTMnet Database” panel. Enter a PMID of
your choice, for example 15696159, and click Submit (Figure 7A).

SThe Substrate column of the PTM enzyme page displays the UniProtKB identifier followed by the gene name in parentheses. If no
gene name is given in the UniProtKB record, then only the UniProtKB identifier will be displayed. For example, no gene name is
displayed for the MPK®6 substrate Q9SJF3 (Figure 5A) because the UniProtKB record does not provide this information. On the
UniProtKB entry page, the gene is referred to by its Arabidopsis ordered locus identifier, At5g67300.

61f the PTM enzyme is listed as MPK®6 (with no proteoform information), it does not imply that the MPKG6 is unphosphorylated, just
that its phosphorylation status was not assayed and/or reported. It is possible (and even likely given what we know about MAPK
signaling pathways and MAPK activity), that MPKG6 is phosphorylated on its activating sites in all cases.
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2. Inspect the results page. The page shows the PMID, title, and abstract of the
article (Figure 7B), followed by several tables of PTM information (Figure 7C-
F). The selection of tables that is displayed will depend on the PTM information
in the article. In this case, there are four tables:

Enzyme-Substrate Table (Figure 7C): This table summarizes the PTM enzyme,
substrate, and site information in iPTMnet for which the article is cited as
evidence. We can see that this article described phosphorylation of ABL1 and
14-3-3 proteins (YWHAB and YWHAZ). In two cases (YWHAB pS186 and
YWHAZ pS184), the kinase, MAPKS, is also provided.

Proteoform Table (Figure 7D): This table displays the proteoforms curated by
PRO based on the article. Two of the substrate-site pairs shown in the first table
have been curated by PRO: ABL1 pT735 (PR:000044506) and 14-3-3 protein
zeta/delta (YWHAZ) pS184 (PR:000044508).

Proteoform PPIs (Figure 7E): This table shows the phosphorylation-dependent
PPIs that have been curated by PRO based on the article. For example, the
tyrosine-phosphorylated form of ABL1 (PR:0000544506) interacts with
YWHAZ.

PTM-dependent PPI (Figure 7F): This table displays phosphorylation-dependent
PPls automatically extracted from the article by the text-mining tool, eFIP. In this
case, eFIP detected an interaction between phosphorylated ABL1 and the 14-3-3
family member, YWHAQ.

2.4 Construction and analysis of more complex PTM networks. Example: tyrosine
phosphorylation of beta-catenin (CTNNB1) during mitosis

Users can construct networks based on multiple iPTMnet entry pages in order to address
more complex scientific questions as shown in the following example involving beta-catenin
(CTNNB1). CTNNB1 functions as an adhesion molecule as part of the adherens junction at
the cell membrane and as a transcriptional co-regulator in the nucleus. The distribution of
CTNNB1 between the membrane-associated and nuclear pools as well as CTNNBL1 stability
are regulated by a complex interplay of multiple PTMs. Tyrosine phosphorylation of
CTNNBL1, which occurs on several residues is generally associated with CTNNB1
dissociation from the membrane, increased stability, and increased transcriptional activity
[12]. 1t has been reported that CTNNBL tyrosine phosphorylation decreases during mitosis
[13]. It is plausible that this decrease is due to regulation of one or more of the CTNNB1
tyrosine kinases by the mitotic kinase CDK1. We can use iPTMnet to identify tyrosine
kinases that phosphorylate CTNNBL1 that are in turn phosphorylated by CDK1.

1. Search for the CTNNBL1 entry page in iPTMnet as in step 1 of section 2.2.1.
Enter “CTNNBL1” in the search box and select human as the organism. You will
see one search result; click on its iPTMnet ID (iPTM:P35222/CTNB1_HUMAN)
to go to the entry page.

2. Go to the “P35222 (CTNNBL1) as Substrate” table. Because we are interested in
CTNNBL tyrosine phosphorylation, use the pull-down menu in the Site column
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to select “All Tyrosine” and the pull-down menu in the PTM Type column to
select “Phosphorylation.” This will filter the table to show only tyrosine
phosphorylation events (Figure 8).

3. Next, we will build a custom network view that only displays the kinase-site
relations for the tyrosine phosphorylation sites. For each site that has a known
kinase, there is a check box to the left of the site column (Figure 8, red arrow).
Click on all of the check boxes in the filtered Substrate table. As you click on
each one, the substrate ID, site, and kinase 1D will appear in the grey Cytoscape
View panel on the left. Click on the submit button at the bottom of the Cytoscape
View panel (Figure 8, green rectangle). The network will be displayed in a new
tab/window. You can manually position the nodes by clicking and dragging to
make a concentric layout with CTNNBL in the center, its tyrosine
phosphorylation sites in the inner ring, and the kinases in the outer ring (Figure
9). The network shows seven CTNNB1 tyrosine phosphorylation sites (Y64,
Y86, Y142, Y331, Y333, Y489, Y654) that are phosphorylated by ten kinases
(EGFR, FLT3, FYN, FGFR2, FGFR3, PTK®6, CSK, SRC, NTRK1, and ABL1,
the “h” preceding each kinase name in the Cytoscape network indicates that they
are from human).

4, The next step is to determine which of these tyrosine kinases is a substrate of the
mitotic kinase CDKZ1. Return to the tab/window displaying the CTNNB1 entry
page. Do not clear the Cytoscape View panel. Click on the iPTMnet logo in the
upper left corner of the page to go to the home page. Search for CDK1 in human
as you did for CTNNBL in step 1 of this section. Click on the search result
(iPTM:P06493/CDK1_HUMAN) to go to the human CDK1 entry page.

5. Go to the “P06493 (CDK1) as PTM Enzyme” table. Enter the first CTNNB1
tyrosine kinase from step 3 (EGFR) into the search box in the upper right corner
of the table (Figure 10A). The table will display only one row, which indicates
that EGFR S1026 is phosphorylated by CDK1. Check the box to the left of the
site column to add this relation to the custom Cytoscape view. The Cytoscape
panel should still be displaying the CTNNB1 kinase-substrate relations added in
step 3. Next, search for the second kinase, FLT3, in the table. iPTMnet does not
have any information about CDK1 phosphorylation of FLT3, so the search
returns, “No matching records found” (Figure 10B). Continue to search for the
remaining nine kinases. Of these kinases, only one (ABL1) is a CDK1 substrate;
add this relation to the Cytoscape View. Finally, click on the submit button in the
Cytoscape View panel to see the network.

6. You can manually position the nodes to create the arrangement shown in Figure
11. The gray outline shows the CDK1 relations that were added to the network.
From this analysis, we can conclude that CDK1 may regulate EGFR through
phosphorylation on S1026 and ABL through phosphorylation on S569, which, in
turn, could affect CTNNB1 phosphorylation on Y86, Y142, Y489, and Y654. To
test the hypothesis that CDK1 is negatively regulating CTNNB1 phosphorylation
via EGFR and/or ABL, the next step would be to check the literature references
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for the CDK1-EGFR and CDK1-ABL kinase-substrate relations to see what
effect CDK1 phosphorylation has on EGFR and ABL activity.

2.5 Analysis of PTM-crosstalk in iPTMnet. Example: TP53 and EP300

PTM crosstalk is the influence of one PTM on other PTMs of the same substrate protein.
Crosstalk can involve direct competition between two PTMs for a single site, or it can occur
when PTM at one site enhances or inhibits binding of PTM enzyme, thereby influencing
PTM at a second site. iPTMnet can be used to explore both of these types of crosstalk. To
facilitate identification of cases where two PTMs compete for the same site, sites that
undergo multiple types of PTM are highlighted in a special dark yellow color in the
iPTMnet sequence view. To identify potential crosstalk among multiple sites in a protein, we
can take advantage of the integration of PTM-dependent PPl and PTM-enzyme-substrate
information in iPTMnet. Specifically, we can find cases where a PTM enzyme is involved in
a PTM-dependent PPI with a protein via one modification site and also modifies a second
site on the same protein. Although the existence of these multiple relations does not
definitively show that PTM crosstalk is occurring, it pinpoints interesting candidates for
further study. In this section, we will illustrate how to use iPTMnet to explore PTM crosstalk
using the tumor suppressor protein TP53 and the acetyltransferase EP300 as examples.

2.5.1 PTM Crosstalk I: Exploring Sites with Multiple Possible Modifications

1. Using a similar procedure to steps 1-2 of section 2.2.1, go to the iPTMnet entry
page for human TP53. Enter “TP53” in the search box and select human from the
Restrict by Organism menu.

2. Look at the Interactive Sequence View Panel. It may take a few extra seconds to
load. You will see a “zoomed-out” view of the human TP53 protein sequence.
Only the modified residues are shown, highlighted in different colors. The color
of the highlighting indicates the type of modification: pink is phosphorylation,
light blue is methylation, dark blue is acetylation, and dark yellow is multiple
modifications. You can scroll through the sequence using the horizontal scroll
bar.

3. Click on the magnifying glass in the upper right corner of the panel. Now you
will see a “zoomed-in” view of the sequence that displays all residues. The
modified residues are still highlighted as before and you can scroll through the
sequence using the horizontal scroll bar (Figure 12A). Clicking on the
magnifying glass again will return you to the “zoomed-out” view.

4, Moving the mouse over a highlighted residue in either the “zoomed-out” or
“zoomed-in” view will open a box with information about the modification,
including modification type, PTM enzyme (if known), evidence source, and
literature references. To examine this information for a multiply modified site
that may serve a point of PTM crosstalk, mouse over the dark yellow highlighted
serine residue at position 149 (Figure 12A). The box reveals that this site is both
phosphorylated by casein kinase 1l (CSNK2A1) and glycosylated. Click on the

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ross et al.

Page 9

PMIDs to view the evidence for these modifications and learn more about how
they may interact.

2.5.2 PTM Crosstalk II: Exploring Crosstalk Among Multiple Residues

1.

Using a similar procedure to steps 1-2 of section 2.2.1, go to the iPTMnet entry
page for human acetyl transferase EP300. Enter “EP300” in the search box and
select human from the Restrict by Organism menu. Click on the search result
(IiPTM:Q09472/EP300_HUMAN) to go to the entry page.

Inspect the Q09472 (EP300) as PTM Enzyme table to view substrates/sites that
are acetylated by EP300. One of the substrates listed is TP53, which is acetylated
by EP300 on K382. Another, STAT3, is acetylated on K685.

Next, inspect the PTM-Dependent PPI table (the last table on the entry page).
You will see that EP300 (the interactant) participates in several PTM-dependent
PPls, including one with TP53 phosphorylated on T18 or S20. Thus, EP300
participates in a PTM-dependent PPI with TP53 and also acetylates TP53,
raising the possibility that there is crosstalk between these two modifications. To
learn more about the nature of this potential crosstalk, click on the PMID for the
TP53-EP300 interaction (PMID:11258706) and review the abstract. The abstract
states that phosphorylation of EP300 on T18 and S20 enhances EP300 binding,
suggesting that phosphorylation of TP53 on T18 and S20 may lead to increased
acetylation at K382 by EP300. Similarly, EP300 participates in PTM-dependent
PPI with STAT3 phosphorylated on S727. Since STAT3 is also acetylated by
EP300, there is also possible crosstalk between these modifications.

This analysis can also be performed using the Cytoscape network view. To create
the view, first click on “Clear” in the Cytoscape View panel to remove any
previous selections. Next, go to the Q09472 (EP300) as PTM Enzyme table and
click the checkboxes next to each EP300 substrate/site pair. These relations
should appear in the Cytoscape View panel. Then, go to the PTM-dependent PPI
table and click on all of the checkboxes to add these relations to the network
view. Click on “Submit” in the Cytoscape View panel, which will display the
network in a new tab. To more easily identify cases where proteins participate in
multiple types of relations with EP300 (i.e., PTM-enzyme-site and PTM-
dependent PPI), open the Display Options menu and select “Hierarchical” from
the Layout menu (Figure 12B). Inspect the network (Figure 12C). You should see
that TP53 has three modification sites that are involved in relations with EP300:
two phosphorylation sites (T18 and S20) that participate PTM-dependent PPIs
(green edges) and one site (K382) that is acetylated. STAT3 has two sites
involved in relations with EP300: one phosphorylation site (S727) that
participates in a PTM-dependent PPI and one acetylation site (K685). The other
proteins in the network are involved in either PTM-dependent PPI or acetylation
relations with EP300, but not both.

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ross et al.

Page 10

2.6 Exploration of Cross-Species Conservation of PTMs in iPTMnet. Example: BCL2 in
Human, Mouse, and Rat

The iPTMnet Interactive Sequence Alignment view provides a convenient interface for
comparing PTM proteoforms within and across species. The view uses the PRO hierarchy to
identify related sequences to align. Experimentally observed PTM sites in each sequence are
highlighted in color. If the modifiable residue is conserved in other sequences in the
alignment, it is highlighted in grey. Users can select which sequences and/or PTMs to show
in the alignment. We will use the iPTMnet MSA view to compare phosphorylation of the
anti-apoptotic and cell cycle inhibitory protein BCL2 in human, mouse, and rat.

1.
2.

Go to the iPTMnet entry page for human BCL2 (P10415).

In the upper right corner of the Interactive Sequence View panel, click on
“Select/align proteoforms across species. The alignment will open in a new tab
(Figure 13A). Nine sequences are shown by default. The first four sequences are
BCL2 orthologs from different species (human/hBCL2, rat/rBCL2, chicken/
chick-BCL2, and mouse/mBLC2). Human BCL2 has eight phosphorylation sites
(highlighted in pink) and one ubiquitination site (highlighted in dark blue). One
human phosphorylation site, Y9, is conserved in mouse, rat, and chicken (as
indicated by the grey highlighting) but has not been experimentally shown to be
phosphorylated in these organisms. Another site, S70, has been shown to be
phosphorylated in human, mouse, and rat, but is not conserved in chicken. The
remaining sequences are proteoforms of BCL2 (four human and one mouse) with
experimentally observed combinations of phosphorylation sites. For example,
hBCL2/is0:1/Phos:3 (PR:000027463) is phosphorylated on three of the six
possible sites (T69, S70, and S87). hBCL2/is0:1/Phos:4 (PR:000027465) is
phosphorylated on T69 and S87, but not S70.

At the left of the alignment, there is a hierarchical tree view that lists the
sequences shown in the alignment (Figure 13A). To more easily compare human,
mouse, and rat BCL2 uncheck all of the sequences in the tree except hBCL2,
mBCL2, and rBCL2 and click on “Align.” Click on the magnifying glass in the
upper right corner of the alignment to see the “zoomed-in” view (Figure 13B).
Six of the human phosphorylation sites (Y9, S24, S69, S70, S87, and Y235) and
the ubiquitination site (K22) are conserved in all three organisms. In addition,
S70 and S87 have been shown to be phosphorylated in all three organisms.
However, the remaining two sites, T56 and T74, are not conserved in rat or
mouse.

Mouse-over human T56 and T74 to see the kinase information and references for
these sites. T56 is phosphorylated by MAPK1, MAPK3, MAPK14, and CDK1;
T74 is phosphorylated by MAPK1 and MAPKS3. Click on the PMIDs to learn
more about the regulation and functional consequences of these modifications.
According to PMID:10669763, phosphorylation of T56, T74, and S87 by MAPK
family members protects BCL2 from degradation, thereby preserving its anti-
apoptotic activity. S87, which is phosphorylated in human, mouse, and rat
appears to be the most important site for preventing degradation. Thus, it is

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ross et al.

Page 11

possible that this regulatory mechanism is conserved in mouse and rat and
mediated by phosphorylation S87 only [14]. However, according to PMID:
10766756, phosphorylation of T56 by CDK1 is required for the cell cycle
inhibitory function of BCL2 [15]. Lack of conservation of this site in mouse and
rat raises interesting questions about the cell cycle role of BCL2 in these
organisms.
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Menu selections for browsing plant kinases in iPTMnet.
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1 - 20 of 36 results for in iPTMnet

iPTM ID

IPTM:Q39026/ MPKE_ARATH
ProClass Unro®  PRO

iPTM:022476/ BRI1_ARATH
ProClass UnProkB PRO

iPTM:Q84F62/ BAK1_ARATH
ProClass UnsrekB PRO

iPTM:Q840H6/ SRK2E_ARATH

ProClass UnisrotkB  PRO

Figure 2.

Page 14
26 u 2 »
PTM-dependent Isoform
Protein Name Organism Substrate Role Enzyme Role PPl Sites s
Name: Mitogen- Name: MPKB Arabidopsis thaliana + 12 substrates X 4 1
activated protein 0 LocusN (M cress)
kinase 6; At2443790;0RFName
s:F1 d
Name: Protein : Arabidopsis thaliana  « 6 enzymes + 3 substrates x 19 1
BRASSINOSTEROID  OrderedLogusNames: (Mouse-ear cress)
INSENSITIVE 1 Atdg39400;
precursor; s:F23K16.30;
Name: Name: BAK1 ' 4 enzymes + 2 substrates x 13 1
BRASSINOSTEROID  Synonyms:ELG,SERK
INSENSITIVE 1- 3;0OrderedLocusName
associated receptor  s:Atdg33430,0RFNam
kinase 1 precursor; es:F17M5.180;
Name: Name: SRK2E Arabidopsis thaliana \ +" 1 enzyme ¥ 4 substrates x ] 2
Serine/threonine- Synonyms:0ST1,SNR  (Mouse-ear cress)
protein kinase SRK2E; K2.6,0OrderedLocusNa
mes:At4a33950:08FN.
am|__.J A [ 8 C 350 U T + P [ ;[ [ A PR |
| 1 |Phosphorylation 048538 RBOHF 5 174 Q940H6  SRK2E rlimsp 19716822
2 |Phosphorylation  Q940HE SRKZE 5 7 Q940H6  SRK2E uniprot 16766677
| 3 |Phosphorylation QS40H6  SRK2E 5 18 Q940H6  SRK2E uniprot 16766677
4 |Phosphorylation QS940HE SRK2E 5 25 QS40H6  SRK2E uniprot 16766677
5 |Phosphorylation (Q940H6  SRK2E 5 43 Q940H6  SRK2E uniprot 16766677
6 |Phosphorylation Q940HE SRK2E 5 166 phat 19805022
| 7 |Phosphorylation QS40H6  SRK2E s mn phat 19805022, 18433150
8 |Phosphorylation QS40H6 SRK2E 5 175 uniprot 16766677
9 |Phosphorylation (Q940HE  SRK2E s 175 phat 19805022, 20733066
| 10 |Phosphorylation  Q940H6 SRK2E T 176 phat 23572148
11 |Phosphorylation QS940H6-1 SRK2E 5 29 p3db 20466843
| 12 |Phosphorylation  Q9LD83 SLAC1 s 59 Q940H6  SRK2E uniprot 20128877
13 |Phosphorylation QSLD83 SLAC1 5 86 (O940H6 SRK2E uniprot 20128877
| 14 |Phosphorylation Q9LD83  SLAC1 s 113 Q940H6  SRK2E uniprot 20128877
15 |Phosphorylation Q9LD83 SLACL 5 120 Q940H6  SRK2E uniprot 20128877
| 16 |Phosphorylation QIM7Q3  ABF3 T 451 Q940H6  SRK2E rlimsp 21085673

Table of results of browsing plant kinases in iPTMnet. Users can select rows in the table and
download the PTM information in tab-delimited format for viewing in a spreadsheet
program such as Microsoft Excel.
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Figure 3.

(A) The iPTMnet protein search interface. Settings for searching for MPK®6 kinase in

Avrabidopsis are shown. (B) Results page for the search shown in (A). (C) Top portion of the
iPTMnet entry page for Arabidopsis MPK®6. The link to the Cytoscape network view for this
protein is outlined in the green box.
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T221 Phosphorylation p3db phat pro uniprot 23776212, 19245862, 10713056,
i PPEs Y223 Phosphorylation p3db phat pro uniprot ?r?ﬁ?':‘. 23660473, 10713056,
A Back to top T228 Phosphorylation p3db phat uniprot 20466843, 22074104, 19245862
Proteoforms Search:
PRO ID (Short Label) Sites PTM Enzyme Source PMID
Al= Al = Al - Al =

PR:000028874 (At-MPKE/Phos:1)

pT221,pY223

oro

@?5858(}9
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one may have arisen from methionine oxidation of the eriginal peptide. Our data ‘/
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Figure 4.

Parts of the iPTMnet entry page for Arabidopsis MPK®6. (A) The Display panel with links to
the various tables on the entry page. Links to the MPKG6 as Substrate table shown in (B) and
the Proteoforms table shown in (C) are indicated by the red circles. (B) The MPKS6 as
Substrate table, which shows information about PTM sites on MPKG®6. (C) Proteoforms table,
which shows PTM proteoforms of MPKG6 that have been curated in PRO. Clicking on links
in the PMID column (red circle) will display the PubMed abstracts of articles used as
evidence for the PRO terms. From there, users can navigate to the full-text articles, if
available, using the PubMed interface. An evidence sentence taken from the Results section
of PMID:10713056 is shown in the blue box.
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Q39026 (MPK6) as PTM Enzyme 4
Protein as Phosphorylation Enzyme Proteoform as Phosphorylation Enzyme
Search:
% Substrate Site Source PMID
Al - All = Al -
~1 022533 (ZATE) S8 rlimsp 23257164
—| 022533 (ZAT6) $223 rlimsp 23257164
~] 080982 (HSFA2) T249 rlimsp 23638397
] P11035 (NIA2) Se27 rlimsp 21593598
—| QBVZ91 (ERF6) 5266 pro 23300166
QBVZ91 (ERF6) $269 pro 23300166
~| QOFDW1 (MYB44) 853 rlimsp 22704933
QIFDW1 (MYB44) S$145 rlimsp 22704933
QIMOJS5 (MYB41) S$251 pro rlimsp 22575450
Q9SJF3 8237 rlimsp 22407295
Q39026 (MPK6) as PTM Enzyme B
Protein as Phosphorylation Enzyme Proteoform as Phosphorylation Enzyme
seach: [
PRO ID (Short Label) Sites PTM Enzyme Source PMID
Al = Al - Al - All~
PR:000037425 (At-EIN3/Phos:2) pT174 PR:000028874 (At-MPK6/Phos:1) pro 18273012
PR:000028859 (At-ACS2/Phos:1) pS483,pS488,pS491 PR:000028874 (At-MPK6/Phos:1) pro 15539472, 18182027,

20659280

PR:000028864 (At-ERF104/MAPK- PR:000028874 (At-MPK6/Phos:1) pro 19416906

PhosRes+)

PR:000028854 (At-ACS6/Phos:1) pS480,pS483,pS488 PR:000028874 (At-MPKB/Phos:1) pro 15530472

PR:000037415 (At-DCP1A/Phos:1) pS237 PR:000028874 (At-MPK6/Phos:1) pro 22407295
Figure 5.

The MPK6 as PTM Enzyme table for Arabidopsis MPKG6. The table has two tabs. The first

tab (A) shows substrate and site information for MPK®6 in general. The second tab (B) shows
substrate and site information for a phosphorylated proteoform of MPK6 (At-MPK6/Phos:1,
PR:000028874).
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Figure 6.

Cytoscape network view for Arabidopsis MPK®6. Kinases are pink, pentagonal nodes;
proteins, sites, and proteoforms are grey circles. Grey edges connect sites to their

corresponding proteins and proteoforms. Pink edges connect kinases to the sites they
phosphorylate. MPKG® itself is outlined in blue.
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B
JNK phosphorylation of 14-3-3 proteins regulates nuclear targeting of c-Abl in the apoptotic response to DNA damage. 7

Abstract

The ubiquitously expressed c-Abl tyrosine kinase localizes to the cytoplasm and nucleus. Nuclear c-Abl is activated by diverse genotoxic agents and induces apoptosis; however, the
mechanisms that are responsible for nuclear targeting of c-Abl remain unclear. Here, we show that cytoplasmic c-Abl is targeted to the nucleus in the DNA damage response. The results show
that c-Abl is sequestered into the cytoplasm by binding to 14-3-3 proteins. Phosphorylation of c-Abl on Thr 735 functions as a site for direct binding to 14-3-3 proteins. We also show that, in
response to DNA damage, activation of the ¢-Jun N-terminal kinase (Jnk) induces phosphorylation of 14-3-3 proteins and their release from c-Abl. Together with these results, expression of an
unphosphorylated 14-3-3 mutant attenuates DNA-damage-induced nuclear import of c-Abl and apoptosis. These findings indicate that 14-3-3 proteins are pivotal regulators of intraceilular c-
Abl localization and of the apoptotic response to genotoxic stress.

PTM Type Substrate
Phosphorylation iPTM:P00519-1 (ABL1)
ProClass #roB  PRO
Phosphorylation iPTM:P31946 (YWHAB)
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Proteoforms
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Figure 7.

Site
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Relation
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Interaction
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PTM Enzyme
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PR:000044507 (14-3-3 protein (human))
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pro
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Association type Source ‘ F
unknown association efip

PMID-centric view in iPTMnet. Searching for PMID: 15696159 (A) opens the PMID:
15696159 entry page, which displays the title and abstract of the article (B) as well as
several tables of iPTMnet information associated with the article: a PTM enzyme-substrate
table (C), a proteoform table (D), a proteoform-PPI table showing curated phosphorylation-
dependent PPIs from PRO (E), and a PTM-dependent PPI table showing phosphorylation-
dependent PPIs automatically extracted by eFIP (F).
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Figure 8.

Portion of the human CTNNB1 entry page illustrating how to construct a custom Cytoscape
network view of tyrosine phosphorylation of CTNNB1. The right side of the figure shows

the settings for filtering the CTNNB1 as substrate table to show only tyrosine

phosphorylation sites. Clicking the checkboxes next to the tyrosine sites (red arrow) adds
these relations to the custom Cytoscape View panel (left). Clicking on the Submit button
(outlined in green) will display the network.
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hCTNNB1

Figure 9.
Cytoscape view of tyrosine phosphorylation of CTNNBL. Kinases are pink, pentagonal

nodes; CTNNBL and its phosphorylation sites are grey circles. Grey edges connect sites to
CTNNBL. Pink edges connect kinases to the sites they phosphorylate.
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Figure 10.

Views of the human CDK1 as PTM Enzyme table, illustrating how to search for particular
substrates of interest. Searching the table for EGFR (A) returns one result, indicating that
CDK1 phosphorylates EGFR on one site (51026). Searching for FLT3 (B) returns no results,
indicating that iPTMnet does not have any information about FLT3 phosphorylation by

CDK1.
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Figure 11.

Cytoscape network view showing potential regulation of CTNNBL1 tyrosine phosphorylation
by CDK1. The CTNNBL1 tyrosine phosphorylation network is shown as in Figure 9. In
addition, phosphorylation of CTNNB1 tyrosine kinases by CDK1 is shown (grey outline).
Kinases are pink, pentagonal nodes; other proteins and their phosphorylation sites are grey
circles. Grey edges connect sites to their corresponding proteins. Pink edges connect kinases

to the sites they phosphorylate.
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A Interactive Sequence View
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Figure 12.

PTM crosstalk involving human TP53 and EP300. (A) Interactive sequence view panel on
the human TP53 entry page. Modified sites are highlighted (pink: phosphorylation; light
blue: methylation, dark blue: acetylation, dark yellow: multiple modifications). Mousing-
over a modified site (e.g. S149) pops up a window with more information about the
modification. Clicking on the magnifying glass (red circle) toggles between a zoomed-out
and zoomed-in view of the sequence. The zoomed-in view is shown. (B) Display Options
panel in the Cytoscape network view window showing network style parameters that can be
set by the user. The menu for changing the network layout is indicated in the red rectangle.
(C) Cytoscape network view showing PTM-dependent PPIs (green edges) and PTM
enzyme-site (purple edges) relations for human EP300. The arrows indicate proteins that are
involved in phosphorylation-dependent PPIs with EP300 and are also acetylated by EP300.
PTM enzymes are pentagonal nodes (pink: kinases, purple: acetylases). Other proteins and
sites are grey circles. Grey edges connect sites to their corresponding proteins; pink edges
indicate phosphoryaltion; purple edges indicate acetylation; and green edges indicate
phosphorylation-dependent PPIs.
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Figure 13.
(A) Multiple Sequence Alignment view for BCL2. Phosphorylated sites are indicated in

pink; conserved phosphorylation sites are indicated in grey. The zoomed-out sequence is
shown. On the left, the tree view for selecting sequences to include in the alignment is
shown. (B) Zoomed-in multiple sequence alignment view for three selected BCL2
sequences: human (hBCL2), rat (rBCL2), and mouse (mBCL2).
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