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of PTMs
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Abstract

Post-translational modifications (PTMs) are an important source of protein regulation; they fine-tune the
function, localization, and interaction with other molecules of the majority of proteins and are partially
responsible for their multifunctionality. Usually, proteins have several potential modification sites, and their
patterns of occupancy are associated with certain functional states. These patterns imply cross talk among
PTMs within and between proteins, the majority of which are still to be discovered. Several methods detect
associations between PTMs; these have recently combined into a global resource, the PTMcode database,
which contains already known and predicted functional associations between pairs of PTMs from more
than 45,000 proteins in 19 eukaryotic species.
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1 Introduction

The cell is a very robust system where the final response to stimuli
depends on many layers of regulation. In the last two decades,
many new techniques have been developed to provide snapshots of
genome and proteome regulation at different levels: transcription,
posttranscription, translation, or posttranslation. These new types
of experiments have changed partially the discovery workflow in
science—now we may start to test a hypothesis with a lot of data
and few assumptions, following a top-down strategy. Three main
steps are required in this type of analysis: (1) filtering, mainly apply-
ing strong statistical controls in order to reduce the false positives
rate; (2) annotation, where a biological meaning is superimposed
on the statistics; and (3) integration, where results are merged with
other levels of regulation to model cell behavior. Bioinformatics
has come to help with the development of new algorithms, tools,
and databases to address these three challenges.
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For proteins, their role in a particular cell state is partially
controlled by means of the addition of small moieties called post-
translational modifications (PTMs). There are many PTM types
described that are amino acid specific; their number, position, and
combination present at a particular moment determine the final
state of a protein. Mass spectrometry (MS) technology is able to
explore the modification status of the whole proteome with a par-
ticular type of PTM at once. This technique requires an enrich-
ment of these moieties in order to increase their detection
threshold, which results in false positives as a side effect. An increas-
ing number of experiments are now available that report mostly
phosphorylation sites but also the occupancy of other PTM types
such as acetylations, ubiquitinations, glycosylations, and others, of
nearly the whole proteome under different conditions. Under this
scenario there are two big challenges to address in order to trans-
late the huge amount of data available into reliable information
about the regulation of specific proteins. First, we should try to
discriminate among all PTMs reported to focus on those with bio-
logical relevance. Several databases work to gather this type of
information, measuring the conservation of the modified amino
acids as a proxy for the prevalence of the PTM over evolution [1, 2],
calculating the accessible surface area [3], or mapping the PTMs
onto more or less complete maps of the regulatory elements of the
proteins [1-5] and even onto their secondary [3] and tertiary
structures [1, 3, 6]. The second challenge is to elucidate the pos-
sible cross-regulatory eftects of PTM combinations under specific
conditions. There are hundreds of described examples of PTM
cross talk in the literature [7, 8] (see Note 1), and it is postulated
that the function, localization, and interactions of most proteins
depend partially on their modification pattern [9]. However, the
search for their cross-regulatory effects is still an unexplored field.
There are a few systematic efforts that go beyond the basic annota-
tion of the experiment where the modifications were reported [4]
(e.g., the cell cycle phase where they are present [2]) to more
detailed information; for example, the downstream effects of the
modifications [ 10] and their interaction with other PTMs [1] have
been manually annotated, and text-mining tools have been used
to report the functional processes in which the modifications are
involved [11]. Although these approaches provide very accurate
and valuable information, they can only be applied to low-
throughput experiments (LTEs), while the majority of the PTMs
reported come from high-throughput experiments (HTEs). The
PTMcode database complements this information with several pre-
diction methods to annotate pairs of PTMs as being functionally
linked. To the best of our knowledge, PTMcode is the only
resource that provides predictions of post-translational regulation
of proteins based on the functional associations among their PTMs.
In addition, PTMcode also provides predicted cross talk between
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PTMs in interacting proteins that might regulate their binding,
placing PTMcode as a bridge between protein-protein interactions
(PPIs) and PTM databases.

Herein, we describe in detail how to explore functional
associations between protein modifications using the PTMcode
database.

2 Materials

Two types of users can profit from the data produced by the
PTMcode database: those interested in the post-translational regu-
lation of particular proteins or protein families [12, 13] and those
interested in performing further high-throughput computational
analyses on the PTMs, either using our curated dataset of PTMs in
one or many species [14-16] or applying other algorithms to the
predicted functionally associated PTMs in order to contribute to
the deciphering of the global “PTMcode” [17, 18] (see Note 2).
For both type of tasks, the PTMcode database has implemented
ways to explore and download the data.

PTMcode is freely accessible at http://ptmcode.embl.de and
requires no more than a modern browser installed in a standard
computer. In order to access some PTMcode features, users should
allow java applets to be run. Please check it your favorite browser is
supported here (https://java.com/en/download/help/enable_
browser.xml).

3 Methods

3.1 PTMs and PPIs
Are the Main Sources
of Protein Post-
translational
Regulation

Two interconnected processes regulate final protein function and
localization: (1) the interaction with other molecules, mainly other
proteins to form transient or stable complexes, and (2) the addi-
tion of PTMs [19] that may regulate the protein’s binding activity.
Many resources are dedicated to gather and curate these two types
of events. The PTMcode database is not a substitute for PTM data-
bases [2, 11, 20] nor the repositories that compile or predict PPIs
[21-23]; instead it incorporates both types of regulation in a
unique resource in order to provide a complete picture of the post-
translational regulation of eukaryotic proteins. Thus, PTMcode
compiles in its second release:

1. Post-translational modifications from six databases [2, 3, 11,
20, 22, 24] and nine proteome-wide experiments [25-33]
summing up 316,546 experimentally verified PTMs of 69 dif-
terent types. The PTMs are mapped onto sequences extracted
trom the eggNOG database [34], which chooses the largest
transcript as representative of the protein. To avoid spurious
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3.2 Non-
Experimentally
Verified PTMs

mapping due to different sequence or transcript versions,
PTMcode checks that all PTMs for a particular protein coming
from the same source modify the type of amino acid reported.
If even one PTM is mapped onto the incorrect residue, we
assume that the protein sequence from the source is not the
same as the one in our database, and all PTMs coming from
that source for that protein are discarded. This methodology
permits us to build a consistent and accurate dataset of protein
modifications for 45,361 proteins from 19 eukaryotes.

2. Protein-protein interactions extracted from the STRING data-
base [35]. STRING compiles and scores known and predicted
protein-protein associations based on several types of evidence.
PTMcode collects high-confidence PPIs (score >0.700) that
are based on experimental evidence of physical binding
(“experiments” evidence type). In total, PTMcode includes
221,268 PPIs from the 19 eukaryotes.

In order to understand the modification landscape of the pro-
teome, the study of individual proteins by means of LTEs, although
very accurate, is clearly insufficient. We need HTEs to cover as
many species, proteins, PTM types, and conditions as possible.
Despite the efforts of the community, this goal is still far from
being accomplished as only a few species have been subject to this
type of screening. Thus, many different tools have been developed
to predict modifications (http://www.cbs.dtu.dk /databases/
PTMpredictions/).

The PTMcode database annotates a new category of PTMs
that complements the information provided by experimentally
verified modifications—the so-called “propagated PTMs.” The
principle behind them is that conservation of an amino acid over
evolution is a proxy for the conservation of its function and so for
its modifications [ 36—38].

Propagated PTMs are assigned using orthologous groups
(OGs) from the eggNOG database. eggNOG builds OGs for pro-
teins from thousands of species and organizes them in levels of
inclusive taxa. For every protein, PTMcode selects the OG of the
oldest eukaryotic level in which it is included and spreads the anno-
tation of its experimentally verified PTMs across the conserved
residues in a multiple sequence alignment (MSA) of all proteins in
that group (Fig. 1). This naive exercise allows us to disseminate
modifications from one species to others. We evaluated that 22.7 %
of the experimentally verified human phosphoserines align with a
known phosphorylation site in another species (15 % is the random
expectation) [1], which is surely an underestimate as HTEs have
been performed on only a few other species. Thus, the PTMcode
database maps over 1,30,0000 non-verified PTMs in ~130,000
proteins and provides modification patterns for the proteomes of
species that have not been subjects of HTEs.
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Fig. 1 Schema for PTM propagation. The SOX2 protein has two sources of PTMs coming from two HTES per-
formed in mouse and human (sequences highlighted with a red rectangle). The experimentally verified PTMs
are mapped into the MSA of the 0G, and the conserved amino acids in the columns with annotated PTMs are
marked as “propagated PTMs”

To show the impact of this type of novel annotation, nine
species had, as a result of our “PTM collection pipeline,” less than
500 “real” modifications, but by including propagated PTMs,
these numbers increased more than 250-fold to a level comparable
with species with HTE data.

PTMcode predicts functional associations for propagated
PTMs among themselves and with experimentally verified modifi-
cations. However, the propagated PTMs have to be considered
potential PTMs and should be interpreted with more care than the
ones found in experiments.

3.3 Channels There are many possible ways in which two particular PTMs might
for the Prediction be functionally associated. For instance, they could be part of a
of Functional molecular switch that controls protein function and/or localiza-
Associations tion [39], they could constitute a series of consecutive modifica-
Between PTMs tions [40], or they could contribute to the same final outcome of

the protein even though they are added at different times and in
different cell compartment (e.g., PTMs as a signal for protein
transport).

In order to catch this wide variety of regulatory events, the
PTMcode database implements five independent channels to pre-
dict the functional association between PTMs within the same pro-
tein; some of these are also applied to PTMs between interacting
proteins. Below we describe these five channels in the context of
PTMs within the same protein; for the association of PTMs
between interacting proteins, see Subheading 3.7.

3.3.1  Coevolution The coevolution of two protein residues has been widely used as a
Channel proxy for their functional connection [41]. One of the most popu-
lar algorithms to address this concept is mutual information (MI)
[42]. When applied to the MSA ofa group of orthologous proteins,
MI can estimate the coevolution of two residues (two columns in
the MSA) by measuring the accuracy of predicting the amino acid
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3.3.2 Structural Distance
Channel

present in one position knowing the identity of the amino acid in
the second position. To evaluate the functional association of two
PTMs, PTMcode uses a slightly modified version of M1 to penalize
anticorrelation of residues (residues that have an opposite pattern
of coevolution).

As discussed in [43], the signal coming from the MI evaluation
must be compared to a background distribution of MI values to
avoid spurious correlations due to phylogenetic influences (closely
related species in the MSA) and small sample size (few species in
the MSA). Some background distributions have been already pro-
posed based on label randomization in the MSA [44] or on the set
of MI values of all pairs of residues in the MSA [43]. PTMcode
uses very strict criteria for its background distribution, using the
MI values from non-modified residues in the MSA of the same
type of amino acid and located in similar protein regions (ordered
or disordered) as the two modified residues under evaluation. Pairs
of PTMs with an MI value higher than 95 % of the background
distribution are classified as coevolving. For residues lacking
enough variability in the MSA column (very conserved or not con-
served) to be able to compute MI values, we calculate the ratio of
the conserved site in a MSA position to the total proteins and com-
pare it to the distribution of the non-modified sites with the same
limitations taken as background. Again pairs with a ratio above
95 % of the background distribution are selected as coevolving.

The coevolution channel is designed to extract a wide range of
regulatory relationships as the underlying mechanisms might
be very different and are not included in the definition of the
algorithm.

The atomic proximity of two amino acids in the 3D structure of a
protein is a widely accepted proof of the residues’ functional
association. Indeed protein contact maps representing matrices of
all-against-all residue distances within a protein can be used to
reconstruct its 3D structure [45]. The PTMcode database uses
available protein 3D structures from the Protein Data Bank [46] to
measure the distance between Ca-Co atoms of all pairs of modified
residues within the model. Although a threshold of 6-12 A is usu-
ally accepted to determine contact between residues, we wanted to
be more strict, so we calculated the threshold value based on
known cases of PTMs that have a physical interaction. In total, we
could measure 12 pairs of residues having this type of association
and set as an optimal value for physical contact their average
distance (4.69 A).

The limitations of this channel are due to the availability of 3D
protein structures and the mapping of the residues from sequence
coordinates to positions in the structure.
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3.3.4  Manual Annotation
Channel

3.3.5 PTM Hotspot
Channel

3.4 The PTMcode
Home Page
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A very specific case of PTM cross talk is the direct competition of
two types of modifications for the same protein residue [47]. There
are two significant examples of this type of cross talk, the yin-yang
molecular switches [48] where the same serines or threonines are
modified with a phosphorylation or an O-linked glycosylation, co-
regulating protein function and localization, and lysines that can
be acetylated, SUMOylated, ubiquitinated, or methylated to pro-
duce different outcomes (e.g., in histone tails [49]).

PTMcode collects these events by checking the different PTM
types that modify the same protein residue.

In addition to predictions, PTMcode stores manually annotated
PTM crosstalk events extracted from published papers. In these
cases, a description of the interaction of both PTM:s is provided.

From the analysis of the post-translational regulation of well-
studied proteins such as the TP53 oncogene, we have learned that
there are certain protein regions with an accumulation of PTMs
[50] that act as regulatory centers (PTM hotspots). This concept
was extended by Beltrao et al. [51] to many other eukaryotic pro-
teins. PTMcode identifies PTM hotspots following the definition
of Beltrao et al. and presents them within its complete framework
of regulatory events. For each modified residues in a protein, we
count the number of PTMs in a window of 31 amino acids (15
downstream and 15 upstream) and compare them using a Fisher
exact test to the number of modifications in the whole protein.
P-values are adjusted by false discovery rate and overlapping
regions are collapsed.

The users’ entry page (Fig. 2) is divided into two panels:

1. The left panel (Fig. 2a) is dedicated to the exploration of
particular combinations of PTM types. It is an option imple-
mented for scientists that are interested in a particular type of
cross talk, e.g., phosphorylations and O-linked glycosylations
in yin-yang sites [ 52, 53] or phosphorylation linked to ubiqui-
tination as a signal for degradation [7, 54]. From the browser
wheel, users may select two types of PTMs and a table of all
instances of known and predicted functional associations are
displayed below. Two tabs divide the table into associations
within the same protein and those regulating two interacting
proteins.

2. The right panel (Fig. 2b) is designed to allow users to explore
the predicted regulation of particular proteins. Again, two tabs
separate the options to explore the regulation of a protein of
interest or the regulation of its interactions with other pro-
teins. The input is either a protein name or sequence (several
examples are provided), and the search can be restricted to
specific protein regions, residues, or PTM types of interest.
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PTMCode is a resource of known and predicted

protein post-transiational modifications (PTMs) within and between interacting
proteins. It currently contains 316,546 modified sites from 69 different PTM types
which are also propag through g 19 diff eukaryotic
species. A total of 1.6 million sites and 17 million functional associations more than
100,000 proteins can y be explored.

Explore a protein pair

Use either a protein name/identifier or its full amino acid sequence. You can limit

s“ the PTMs reported to any specific residue or protein region of interest. If you are
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Fig. 2 The PTMcode home page

3.5 Exploring From the home page (http://ptmcode.embl.de), PTMcode

a Particular Protein provides several options to search for a protein of interest. Users
may enter either the sequence (only exact matches are reported) or
a protein identifier. In the case of protein IDs, PTMcode uses the
protein ID dictionary from the STRING database, which has cross
links between IDs from the major protein and gene resources. This
dictionary does not report only synonymous IDs for the same pro-
tein but other cross links that help the users to identify the correct
protein from the melting pot that represents the world of genes
and protein names. If there is any source of conflict in the name
provided, we redirect the user to a disambiguation page where the
correct entry can be selected. If, in spite of the facilities imple-
mented to find the desired protein, there is an unclear outcome or
the protein is not found, we suggest searching for the protein ID
in the Ensembl database (http://www.ensembl.org/) and, follow-
ing the links to proteins and transcripts, getting either the ID or
the sequence of the largest transcript associated with the input
ID. Be aware that the protein sequence is our ultimate unique
identification for a particular protein.

Users may also restrict the search to their favorite PTM types,
known modified residues, or particular protein regions.
Once a protein is selected, PTMcode directs the user to its

entry page that is divided into three panels (Fig. 3):
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Fig. 3 PTMcode Results page. The three panels are shown for the TP53 human protein. In the “protein panel”
(a), users may choose to show the “propagated” PTMs and display all functional associations or those related
to one particular PTM or evidence type. They also can download the set of known and predicted associations
either as an image or in text format. In the “PTM panel” (b) detailed information about the selected modifica-
tion is shown. From the “associations panel” (c), the details of every PTM functionally associated with the
selected modification are displayed including their rRCS (highlighted in red) and the evidence channels sup-
porting the prediction

1. The protein panel. An interactive framework where an image of’
the protein is displayed (Fig. 3a) showing along the protein
coordinates: (1) the protein globular domains annotated by
the SMART database [55], (2) the PTMs, and (3) the hotspot
regions. From this panel, users may explore the information
about the domains (linked to SMART), PTMs, and their
functional associations with other modifications. A zoom facil-
ity allows viewing of the details of particular protein regions and
a checkbox permits inclusion of the “propagated PTMs” in the
display. They are shown with a red border to distinguish them
from the experimentally verified modifications. When the user
clicks on their favorite PTM, the rest of the panels refresh in
order to show the knowledge for that particular modification.
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3.6 How to Assess if
a PTM Is Biologically
Relevant

2. The PTM panel. Under the header “detailed information for
selected PTM,” a self-refreshing table appears each time a
PTM is clicked in the “protein panel” (Fig. 3b). In here, some
of the features of the selected PTM are displayed:

(a) The type of modification.

(b) A conservation score that reflects how the residue is con-
served across orthologous proteins.

(¢) The number of functional associations predicted.

(d) A general classification of the possible function of the PTM
based on the PTM type: categories include “regulatory”
(involved in regulation of protein function), “stabilizing”
(required for conformational purposes), and “uncharacter-
ized” (with unknown or unclear function).

(e) The source from which we obtained the modification.

(f) The enzyme that performs the modification (if annotated
in the sources at the time of downloading the data).

The information provided by this panel is complemented by a
pop-up box that appears when the mouse is over a PTM in the
“protein panel.”

3. The PTM associations panel. A user-sortable table that lists the
modifications that were predicted to be functionally associated
with the selected PTM (Fig. 3¢). The table provides (a) the
modification type, (b) the source (in release 2 all are experi-
mental), (¢) the amino acid and position in the sequence,
(d) the conservation score, (¢) the set of evidence (channels)
that supports this association, and (f) the status, either pre-
dicted or known.

The different questions that can be answered from these three
panels are discussed in detail within the following subheadings.

One of the hot topics in the field of protein PTMs is the discrimi-
nation between functional and nonfunctional modifications. This
information is especially relevant for phosphorylation sites as from
the early days of MS proteome-wide experiments; it has been pos-
tulated that some phosphorylations might result from promiscuous
kinase activity [56]. In addition, it is possible that in some cases the
conservation of phosphorylation events might be at the kinase-
substrate level and not at the site level [38], especially in disor-
dered regions. Still, phosphorylation sites have been found to be
generally more conserved than both their flanking regions [57]
and non-modified serines, threonines, and tyrosines in ordered
and disordered regions [9]. Thus, although one cannot discard the
possibility that non-conserved phosphorylations are functional,
many resources use the conservation level of the site [58-60] and
even of the protein [26, 61] to assess the functionality of PTMs.
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The fact that phosphorylation is by far the most explored
modification type also contributes to the special attention that it
receives; in the future it is expected that other PTMs will be recog-
nized as important sources of protein regulation [62], and so they
will be also subject of this type of questioning. On the top of this,
the conservation level of a modification site is valuable information
in itself] as it reflects the evolutionary constraints of the function
(if any) performed by the moiety.

The PTMcode database uses its own conservation algorithm,
the relative residue conservation score (rRCS), to guide users in
assessing the evolutionary constraints of a modification and its bio-
logical relevance. The rRCS of a PTM reports the conservation of
the modified residue over orthologous proteins and is calculated as
follow:

1. The protein in which the modification has been found is
assigned to the oldest eukaryotic group of orthologous pro-
teins provided by the eggNOG database [34].

2. Using the multiple alignment of the OG, the residue conserva-
tion score (RCS) is calculated for the residue. The RCS is the
result of multiplying two components, the residue conserva-
tion ratio (RCR) that is the ratio of conserved sites and non-
conserved sites, and the maximum branch length (MBL) of
any two species containing the same residue as the PTM site
from a species tree generated out of marker genes.

3. The modified residue is assigned to either an ordered or disor-
dered region on the protein using DisEMBL [63].

4. The RCS is calculated for all residues in the OG of the same
type of amino acid as the modified residue that are also in the
same type of protein region (ordered or disordered). The set of
scores generated here represents the background distribution
used to calculate the rRCS.

5. The rRCS of the modified residue is calculated as the percen-
tile of its RCS value in the background distribution. An rRCS
>95 means that the modified residue is more conserved than
the 95 % of the same amino acids within the same type of pro-
tein region.

For full details on rRCS algorithm and performance see [9].
Other people use rRCS for the same purpose [64, 65], and other
resources have other types of conservation measurements based on
their own algorithms [20] or on the visual inspection of ortholo-
gous protein alignments [2, 3].

Other types of data that could help to determine the biological
relevance of a PTM, in the absence of specific annotation, are the
number of publications where a particular PTM has been reported,
the number of coevolving residues or the number of databases
from which the PTM has been extracted. Indeed, in [ 1] we already
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3.7 Exploring
the Functional
Associations

Between PTMs

3.7.1  Exploring
Cross-Talk Events
by Evidence Type

showed a significant positive correlation between the number of
papers reporting a PTM, the normalized number of coevolving res-
idues, and its conservation. This and other relevant information can
be explored within the pop-up box that appears when the mouse is
over the modification in the “protein panel.” Other clues provided
by PTMcode that can be used for the assessment of the biological
importance of a PTM include (1) whether there is annotation con-
cerning the enzyme(s) that perform the modification, (2) whether
the modification is inside a hotspot region, or (3) whether the
modification is in a globular domain as these domains are ordered
regions and so are under more evolutionary constraints.

The known and predicted functional associations between PTMs
within a particular protein can be explored in detail from the “pro-
tein panel” (Fig. 4). From the top menu of the frame, users can
display all the associations for all the PTMs. A set of connecting
lines will be displayed to illustrate the predicted cross talks. Pro-
pagated PTMs (if shown) can participate in functional associations
among themselves and with experimentally verified PTMs. When a
single PTM is clicked, the associations shown will be restricted to
those involving that modification (Fig. 4a). The lines connecting
PTMs are color coded according to their association type (see the
“evidence type” menu for details (Fig. 4b)). Clicking an “evi-
dence” square will display only the associations with the selected
evidence type; a second click deactivates the selection.

The evidence for cross talk between two PTMs is displayed in the
“PTM associations panel.” Users may click on each of the colored
boxes in the evidence column, and a pop-up box will be displayed
with further information, as detailed below:

1. Coevolution channel (green box). The conservation pattern of
two modified amino acids within the MSA of the OG can be
explored clicking on the “display in Jalview” button (Fig. 4¢) in
the pop-up box. In addition, we provide a list of species where
the two amino acids are conserved.

2. Structural distance channel (yellow box). The pop-up box
shows the two PTMs and the atomic distance between them
(Fig. 4d). From the table row, the “highlight in structure”
button will open a Jmol plug-in where the protein 3D struc-
ture with the two modified residues highlighted may be
explored using full Jmol features (Fig. 4¢).

3. Same residue channel (pink box). The pop-up box shows the
two modified amino acids and a general annotation of their
cross talk based on the types of PTMs involved. For instance,
sites with a phosphorylation and an O-linked glycosylation
reported are annotated as “competition” and sites with an
O-linked glycosylation and a hydroxylation are annotated as
“cooperation” [66].
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Fig. 4 Evidence channels for PTM functional associations. The human protein TP53 is methylated at position
K372 (a). This methylation shows several functional associations with other PTMs supported by different “evi-
dence channels” (b). For instance, it is found to be coevolving with the K164 residue that might be acetylated
(¢) and is found to be in contact with the K370 residue (e), also acetylated. This cross talk has been already
reported in a scientific paper as indicated by the gray square (manual annotation) in the corresponding row of
the table of functional associations

3.7.2  Exploring PTM
Hotspots

4. Manual annotation channel (grey box). The pop-up box shows
the two modified residues, a link to the paper where the asso-
ciation has been reported and a single-sentence annotation
that summarizes the effect of the cross talk.

Inside the “protein panel,” hotspots—regions with a significant
concentration of PTMs—are indicated by a blue line (Fig. 5).
Clicking on the blue line will highlight the region and display the
included PTMs. A click on any of the PTMs will highlight the cor-
responding entry in the “protein panel.” Hotspots that consist of
“propagated” PTMs are only displayed if the “display propagated
PTMs” checkbox is activated. To view an example of a PTM
hotspot, users may check human cyclin-dependent kinase 12
(CRKRS). Interestingly, the homologous mouse protein has a
hotspot in almost the same region, while in the rat protein, this
region only appears as a hotspot if the “propagated” PTMs
are displayed (Fig. 5). This observation highlights the need for
annotation of “propagated” PTMs in species with no HTEs and
supports the methodology that we use to calculate them.
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Fig. 5 PTM Hotspot representation. The hotspots found in three orthologous proteins are shown. Hotspots
supported by experimentally verified PTMs are shown in blue; hotspots supported by “propagated” PTMs are

shown in red

3.7.3  Export
of Functional Association
Data

3.8 Functional
Associations of PTMs
in Interacting Proteins

The “protein panel” display can be downloaded using the top
menu in png and jpg formats with a range of resolutions. The func-
tional associations in text format can also be downloaded following
the link below the “protein panel.”

As discussed earlier in this Chapter, PTMs and PPIs constitute an
intricate layer of protein regulation that only recently has been
connected using large-scale approaches. Several computational
studies have shown enrichments in PTM clusters in protein com-
plexes [18], a higher number of interaction partners in modified
proteins compared to non-modified [67] and a higher degree of
coevolution between PTMs located in interacting proteins com-
pared to non-interacting [1]. On top of these simple associations,
the “PTMcode” also plays a role in the regulation of protein
interactions. For example, proteins with particular coevolving
PTM types form bigger protein-protein networks than proteins
with same type of PTMs that are not coevolving [9].

In order to predict functional associations between PTMs in
interacting proteins, some of the channels described in Subheading
3.3 were adapted to address the particularities of this task. For the
“coevolution channel,” the two interacting proteins are mapped to
their respective OGs, and their MSAs are pruned to keep only
proteins of species in common to both. Then, the MI algorithm
described in Subheading 3.3.1 is applied. For the “structural dis-
tance channel,” we measure the distance of all pairs of modified
residues in protein interfaces mapped in the structure of the protein
complex (if available). The “same residue channel” and “hotspot”
evidence sources are not applicable here, and manual annotation
was not performed for this type of association. Be aware that we
apply these predictions to all the possible pairs of PTMs between
the two proteins, not only those located in the binding interface,
so especially for the coevolution channel, the associations may
encompass a wide variety of mechanisms.
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Fig. 6 Functional associations of PTMs in interacting proteins. The human protein TP53 has many reported
interactions. The interaction with MAPK1 is shown within the “protein panel”; from here predicted functional
associations between their PTMs on MAPK1 and TP53 can be explored in detail

The functional associations of PTMs in interacting proteins
can be explored from two entry points:

1. From the home page (see Subheading 3.4), the tab “explore a
protein pair” allows the user to display the list of interacting
partners of his /her favorite protein. From that list, a particular
interacting protein can be selected, and the two proteins are
displayed in parallel within the “protein panel.”

2. If a single protein is being explored, as described in previous
Subheadings, the “interactions menu” provides information
about PPIs (see our definition of PPI in Subheading 3.1) and
their predicted functional associations. The “network display”
button will open a new panel with a representation of the PPI
network (Fig. 6). From here, any PPI with a continuous edge
can be explored (dashed edges represent PPIs with no PTMs
functionally linked).

Once a PPI is selected, the “protein panel” shows now the two
proteins (Fig. 6), their PTMs, and their functional associations.
Clicking on any of them displays evidence and features as described
for single proteins in previous Subheadings.
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4

Notes

1. For a general review on specific cross talk between different PTM
types, we suggest reading the supplementary material in [9].

2. To download the whole dataset of PTMs and functional asso-
ciations, users may visit the “data” tab at the top of any
PTMcode page. A direct download link is provided for associa-
tions regulating proteins and PPIs.
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