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Abstract

3D basis.

L

Background: We have previously published a software tool for the analysis of the environments around protein
post-translational modification on a sequence-driven basis. This article describes advances to this tool, primarily
focused on methods of describing the spatial relationships between post-translational modifications on a 2D and

Results: We show that we are able to extract meaningful information about protein modification distributions
and inter-relationships using this software. We show examples of modification clustering relationships based on our
own data, and discuss the potential use of this and similar tools in the future.

Conclusions: We anticipate that this tool will be useful in describing how and when post-translational
modifications are deployed by cells, thereby revealing novel aspects of cellular regulation.

Keywords: Protein modification; PTM; PTM coding; Three
dimension; Software

Introduction

Large-scale proteomic datasets containing large amounts of post-
translational modification (PTM) information are now commonplace.
20,000 unique reported sites of phosphorylation, for instance, are not
uncommon in a single experiment [1], and with similar increases in
data density repeated across many different categories of PTM [1-3].
This increase in available data naturally expands our understanding
of how and when proteins are modified by specific types of PTM,
though the increase in functional and biological understanding gained
is limited by our ability to fully characterize individual sites and/
or proteins. These large datasets are, however, also a good resource
in other respects. For example, there is increasing attention being
given to the biological information that may be contained within
the patterns of PTMs on larger scales than single sites and single
proteins. Observations of the likelihood for phosphorylation to occur
in disordered regions of proteins [4,5], or glycosylation to be present
on cell membrane-exposed proteins, for example, have shown that it is
indeed possible to draw conclusions about the general usage of PTMs
in cells from analysis of PTM locations in large scale datasets.

There is, however, another aspect of the environment around PTM
sites that may also have an impact on their distributions: namely, the
presence or absence of other PTMs. Many studies in recent years have
shown that there exist functional interactions between PTMs; this is
known as PTM crosstalk [6-9], and is thought to act to regulate protein
behaviour. Furthermore, it has been shown that PTMs often occur
in hotspots or clusters of dense modification [2,10]. These positional
relationships are conserved over evolutionary time [11], suggesting
that they have a functional role. Proposed functions include that the
clusters may act as an information integrating mechanism, allowing
different combinations and permutations of PTMs to perform different
roles (essentially being interpreted as a single unit), thereby increasing
the overall complexity and capacity for control of the system [12,13].

Of course, not all PTMs exist in this type of cluster, but knowing
which do and how these clusters are altered over time and on a scale of
tens of thousands of PTM sites, may well reveal novel aspects of cellular

function. Our laboratory has previously created a software tool that has
been used to perform assessments of physical environments around
PTM sites [14] as well as their proximity to each other on a 2D basis (i.e.
separation in terms of number of amino acids) in large datasets, and
revealed that PTMs of several categories display significant clustering
behaviour in sequence space, and that this behaviour is altered over
time [15,16]. Proteins are, however, three dimensional structures and
therefore a thorough assessment of PTM clustering tendencies requires
an approach that works in three dimensions.

We have therefore extended our software tool to allow users to
describe 3D as well as 2D relationships in PTM datasets, by mapping
where in the appropriate proteome a PTM site of a given category has
been identified, describing how this position relates to all other PTM
sites in the proteome (i.e. which sites are generally found close to
which other sites, and so on). In our data, generated from samples of
developing mouse brains, this has shown that there exists a significant
effect in three dimensions for PTMs to be closer than expected by
chance.

Materials and Methods

In order to develop and test this code, a large scale PTMomic
dataset was produced. Mouse brain developmental samples (0, 8, 21
and 80 days old) were enriched for phosphopeptides using titanium
dioxide essentially following the method of Larsen et al. [17] and
analysed on an LTQ-Orbitrap Velos (Thermo Scientific, San Jose, CA)
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using higher energy collision dissociation. Raw files were processed and
searched using Proteome Discoverer (version 1.0; Thermo Scientific)
and Mascot (version 1.12; www.matrixscience.com/) against a Swiss-
prot rodent database (UniProtKB/Swiss-Prot 2012_10, 538,259 target
sequences). Peptide hits with a low confidence after false discovery rate
analysis were discarded.

ReportSites itself is a command-line oriented Perl program of
~9000 lines. Its central function is to overlay and merge the peptide
sequences from MS/MS data into a nominated protein database and
thereby eliminate redundant modified sites which are discovered
more than once in peptide sequences from the same protein. In doing
this, the program also retains information about the relative position
of each unique PTM site and any quantitative information regarding
the peptide and/or site. Based on this it is possible to centralize each
PTM and describe the distributions of other PTMs around it. When
this is repeated over many tens of thousands of sites, maps of relative
position of PTMs based on sequence are produced (see [15,16] for
usage examples). The 2D tool was extended by mapping the SwissProt
proteins to PDB (The Protein Databank [18]) protein structure files via
the mappings at http://www.ebi.ac.uk/pdbe/docs/sifts/quick.html, in
particular uniprot_pdb.csv.gz. Approximately 11.1% of the SwissProt
proteins with PTMs were mappable. This is astandard yield of proteins
with known 3D structures. Next the sequences with PTMs were cross-
mapped from SwissProt to PDB using exact and fuzzy matching of
peptide sequences into proteins and chains within the PDB data. The
final yield of mappings of experimental PTMs to 3D locations was
13.4%. (It should be noted that a large dataset with a large database will
take some time to complete—for reference, our dataset of some 14,000
PTM sites requires in the region of one hour to run.)

The alpha carbon of the residues in the PDB chain were chosen
as the "location" of the PTM. The X,Y,Z coordinates of these were
accumulated into a suitable data structure for comparing any
desired subset of 3D distances between categories of PTMs. The code
performs a number of data validity checks, and calculates statistics and
distributions of phosphorylation sites, as well as pI and hydrophobicity
around the sites if required. These are reported in a summary form and
graphed in a Perl graphing module, and written to extensive CSV files
for further analysis or graphing. The tool itself can be downloaded from
http://reportsites3d.s3.amazonaws.com/list.html.

Results

ReportSites offers the choice of looking at PTM relationships on a
2D or a 3D level. In the 2D situation, a PTM category, say acetylation,
is selected and the frequency of occurrence of other PTMs around all
instances of acetylation is summed in bins of one amino acid, over a
user-defined range. This results in a visual output of PTM occurrence
in the vicinity of acetylation sites (in our example) across an entire
dataset. This can of course be applied to any other category of PTM,
either as the central site or as one of the PTMs whose frequency
should be measured. Output from our own mouse brain dataset in two
dimensions is shown in Figure 1, illustrating how the tool allows all
PTMs to be displayed relative to each other, allowing a rapid assessment
of the propensity for PTM clustering.

On a 3D level, we are now able to ask the same question. That is, if
we use physical separation in space instead of separation by a certain
number of amino acids as a measure of PTM distributions, will we
see a similar clustering pattern? This is an important point, as many
PTM sites may be closely spaced in 3D space without being close in
sequence space. By accessing 3D crystal structures in an automated
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Figure 1: Example of raw 2D PTM distributions around acetylation sites.
Frequencies on the Y-axis, number of amino acids away from the centralised
PTM category on the X-axis. A clear peak can be seen in the frequencies of
other PTMs in the near vicinity of acetylation sites (blue—all phosphorylation;
red—phosphoserine;  purple—phosphotyrosine; lilac—acetyllysine;  green—
deamidated asparagine).
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Figure 2: Raw distances in A between all pairs of PTMs in development
dataset. Number of PTM pairs on the Y-axis, distance between members of
PTM pairs on the X-axis. A trend can be seen for PTMs to occur at a separation
of approximately 25 to 50 A, though this data is uncorrected.

manner using the PDB we can describe the distance between all PTM
pairs in a dataset, and thereby describe the patterns of modification in
3D space and the relationships between PTM pairs. As is the case for
2D analyses, the 3D analysis can be divided by whichever PTM pair is
required. The initial analysis of all PTM pairs in mouse brain data is
shown in Figure 2.

Two things should be noted with regard to the data in Figure 2:
firstly, that it includes PTM pairs which we already know are close in
2D space, and secondly that some pairs of PTMs are evidently relatively
widely spaced (>200 A). Naturally, if a site contributes to a clustering
effect in two dimensions, it will also do so in three dimensions, though
this does not add to the understanding of the overall clustering
tendency. Therefore, we next included a simple, user-defined filter to
exclude sites from the 3D analysis which are already close in sequence.

At the same time, we wished to normalize the 3D data to bring sites
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Figure 3: Protein size estimation method. A) Protein size can be effectively
estimated using a bounding box method, whereby a 3D box is created around
around the protein and measuring its longest axis. B) lllustrative output from
PTM mapping in 3 dimensions. PTMs marked in red, distances marked in white.
All pairs of PTMs can be interrogated.

which may be very widely spaced (e.g. at opposite ends of elongated
proteins) into an easily assessable frame. This was done by normalizing
the distance in A between each pair of PTM sites by the size of the
protein bounding box-the smallest sized 3D box that could contain
the whole protein (see Figure 3A). When these modifications were
incorporated into ReportSites, they produced an output as shown in
Figure 4A, in this example filtered to remove PTMs closer to each other
than 10 residues in sequence. This value was chosen as the majority
of the 2D clustering pattern was observed at distances less than 10
residues. Figure 3B shows a conceptual visualisation of the 3D mapping
investigations, showing the distance between two chosen PTMs. This
visualisation is performed in Jmo [19].

These results show a clear peak in inter-PTM distance, normalized
by protein size. The median inter-PTM distance lies in the 27"
percentile, which is more than 2 standard deviations from the expected
median for a normal distribution of PTMs. Interestingly, despite the
presence of large distances in the dataset the upper ranges of the plot
(from approximately percentile 70 to 100) are almost empty of data.
Additionally, the exclusion of PTM pairs closer to each other than 10
residues had little effect on the distribution.

We assume that a ‘normal distribution’ in this context has a
median of 50. It is possible, however, that a random selection of PTM
sites within a given protein would have an average inter-PTM distance
which does not reflect the idealised normal distribution. In order to
determine if this was the case, we generated a dataset of random points
within an idealised cuboid protein, measured the distance between
them and normalized them. This produced a dataset as shown in Figure
4B, with a median inter-PTM distance in the 37" percentile, illustrating
two things: firstly, that a simple distribution model is inadequate to
describe inter-PTM distances, and secondly, that the median distance
in our data varies still from the random distribution to a substantial
degree.

Discussion

We report an extension of the software tool ReportSites that can
facilitate site-specific analysis of large-scale PTMomic data. This tool
allows quick and easy assessment of PTM spatial relationships on
both a 2D and 3D level. This is of importance as 3D assessment will
be necessary to give a ‘real-world’ picture of the PTM environment in
large-scale datasets. This analysis showed a trend for PTM pairs to be
closer in three dimensions than would be expected by chance. By this
we mean that a random distribution of non-modified residues should
produce a curve with a median separation at the 50™ percentile, while in
our PTM data we see the median at approximately the 26™ percentile.

It is interesting that we were able to recapitulate in three
dimensions the 2D clustering effects observed in our own work [15,16]
as well as that of others [10,11] given that this effect was observed even
when closely spaced sites on a sequence basis were excluded from
analysis. This suggests that there is a distinct effect functioning in three
dimensions, in addition to that already shown in two dimensions. We
also observed the same 3D patterns when using data downloaded from
the Phosida website [20], which indicates that the effect is not limited
to mice or to brains.

The implications of these findings could be interesting-as has
been noted elsewhere, patterns of PTM proximity is a prerequisite for
certain proposed mechanisms for complex cellular control to exist.
These mechanisms primarily focus on an effect called PTM coding,
whereby densely modified areas of proteins behave as single units and
are read as a ‘code’ [8,12,13,21,22].

When transitioning from 2D analysis to 3D, a significant drop
in data density was observed, due to the lack of 3D structures for
many proteins identified by high-throughput approaches. This limits
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Figure 4: Normalized 3D PTM occurrence. Number of PTM pairs on Y-axis,
distance between pairs in percentile protein size on X-axis. A) Distances
between PTMs in our experimental datsaset. When corrected for outliers created
by large proteins and adjusted to removed sites already close in sequence, a
peak in inter-PTM distance was observed that was significantly lower than would
be expected by chance. Median value in red, at 27" percentile; B) Equivalent
normalized distribution for random PTMs within an idealised cuboid ‘protein’.
Median value in black, at 37" percentile.
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the ability of the tool to use the full extent of the data available to it,
but in the absence of other methods to predict protein structure
accurately this may be unavoidable. Given the increase in interest in the
possibility that PTMs may be used in a combinatorial coding manner,
we anticipate that tools such as this will be useful in describing to what
degree PTMs are found in clusters of dense modification. This will
reveal areas of the proteome as well as individual proteins which attract
intense modification, which may well point out key regulatory nodes
for the cell. The difference in median inter-PTM distance between our
experimental dataset and a set of random PTM:s in a regular cuboid
‘protein’ suggests that we are able to access some degree of genuine
biological information with this tool, as opposed to simply sampling
the ‘noise’ in the system.

We note that localisation of PTM sites is an issue in this area. As
ReportSites does not contain any localisation aspects itself, the data
entered must be filtered to an adequate level of confidence before entry
into the program. This includes false-positive assessment as well as e.g.
phosphorylation localisation.

We plan on developing this tool further to incorporate measures
of protein structure that can be assessed on a high throughput basis.
This includes, for example, computational tools such as those to predict
protein disorder [23]. At the time of writing the authors are not aware
of any other freely available software tools that perform the function of
ReportSites with which it can be compared.

Conclusions

Development of ReportSites allowed us to describe more clearly the
relationships between PTMs in large datasets, moving from a purely
2D basis to a 3D. This analysis revealed clustering effects in three
dimensions which are separate to those observed in two dimensions.
When working with a large enough PTMomic dataset (now commonly
produced), this tool may aid in revealing novel aspects of the biological
functions and cellular uses of post-translational modifications.
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