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Abstract

The prediction of protein-protein interactions and kinase-specific phosphorylation sites on
individual proteins is critical for correctly placing proteins within signaling pathways and
networks. The importance of this type of annotation continues to increase with the continued
explosion of genomic and proteomic data, particularly with emerging data categorizing
posttranslational modifications on a large scale. A variety of computational tools are available for
this purpose. In this chapter, we review the general methodologies for these types of
computational predictions and present a detailed user-focused tutorial of one such method and
computational tool, Scansite, which is freely available to the entire scientific community over the
Internet.
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1 Introduction

Decades of research in molecular biology have resulted in the availability of vast amounts of
data, including genomic sequences, protein sequences, structural data, and protein metadata
including functional domain information and interaction data. Unfortunately, the availability
of these data types does not necessarily result in a clear understanding of what all the data
means in a broader context. The bulk of the available data is single molecule-centric,
limiting our ability to understand how molecules are integrated into pathways and networks.
With the advent of new experimental techniques, it is possible to enrich these pieces of data
with additional information related to protein-protein interactions and enzyme-substrate
relationships. One of the most important breakthroughs in this context was the rise of
experimental techniques that allowed the rapid and large-scale detection of protein-protein
interactions [1]. Since the molecular apparatus of a cell is mainly controlled by protein—
protein and protein—nucleic acid interactions, detecting and understanding such events,
particularly direct interactions, is the first step to a broader view of biological systems.
Interaction information has been collected in a number of different public databases [2, 3],
and the information stored in these databases mostly contains experimentally verified
information, i.e., data from in vivo or in vitro experiments. Unfortunately, given the current
trend towards large-scale proteome wide analyses and the fact that these databases are far
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from complete, this information often proves insufficient for many analyses. The missing
pieces in the puzzle that elucidates a more complete view of the cell interactome can be
provided by interaction prediction tools. These tools create in silico predictions of protein-
protein interactions and kinase—substrate relationships, are typically inexpensive and fast
compared to conventional time- and resource-intensive experimental methods, and can
provide a focused list of predictions that can then be verified or refuted by further focused
experimental testing.

Over the past years, a number of different computational approaches for predicting protein-
protein interactions have been developed. These techniques can be divided into those that
are based on a single biological feature and those that attempt to use a range of different
features and data types and can therefore be categorized based on the types of data that they
use. A detailed overview of how each of these approaches works, and what the shortcomings
of these methods are, can be found elsewhere [4, 5], but a short summary is provided here,
focusing on which general features are used to predict protein-protein interactions.

At one extreme are methods based on a protein's three-dimensional structure, generally
referred to as “protein docking” techniques. Given a 3D model (usually based on high-
resolution data from X-ray crystallography or NMR experiments, deposited in the Protein
Data Bank [1]) for two potentially interacting proteins, the best fit for each potential
interaction interface on the surface of these models can be searched for and scored [6].
However, finding low-energy fits is very challenging, often due to the static nature of the
PDB structures and the dynamic plasticity that can occur at protein-protein interfaces. Thus,
conformational changes, the arrangements of side chains, and the energy levels of a potential
conformation combination and interaction, potential posttranslational modifications that may
or may not be included in a model, and a number of other factors have to be considered.
Because of the large variance in the quality of the prediction of different methods in this
field, CAPRI (Critical Assessment of Protein Interactions), a community-based program that
regularly evaluates the algorithms to predict protein-protein interactions based on structures
in a double-blind manner, has been initiated [7]. Alternatively, machine learning methods
can be developed, usually based on databases of experimentally verified interactions and a
number of additional biological properties. These points of data are then used to train a
prediction engine based on known data [8]. The problem with this approach—as with any
other machine learning approach used in this manner—is that the resulting predictor does
not provide easily decipherable information about why the proteins are likely to interact.
This means that, although it may yield useful results, it is hard to reconstruct and understand
exactly why a prediction is made by this black-box predictor. A very specific type of
machine learning method tries to find a pattern based on features at the interaction interface
of the proteins involved. A method closely related to this approach is described later in this
chapter. Other prediction methods are based on genomics. Gene fusion methods predict that
discrete proteins are likely to interact if their homologues are fused into single genomic
entities in other species. Other techniques based on gene neighborhood conservation are
built on the hypothesis that gene pairs within such neighborhoods that are evolutionary
conserved across different species are likely to interact.
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No matter which method is used, it is important to keep the caveats of the method in mind.
First, no prediction can guarantee either biological correctness or relevance. This is
especially important if prediction tools are used to design and plan further experiments
without first confirming the initial prediction. Failure of a method to predict an interaction
may not reflect a fundamental problem with the method but may instead reflect limitations
of the data that the method is based on. The data, be it experimentally verified interaction
sites, 3D data of proteins, or other information, originates from experiments which are all
error-prone, though in some cases the extent of the error may be difficult to estimate. This
also applies to methods that use machine learning to train a predictor, as these methods are
highly dependent on the quality of the underlying training dataset. Obviously, a large set of
training data is necessary to create a good predictor and, indeed, large databases of
experimentally verified protein-protein interactions are now available. However, training a
predictor also requires a negative dataset that provides information of what interactions are
very unlikely to happen. Experimental data of this type are typically not published, at least
in part due to difficulties in distinguishing whether the lack of an observed interaction is the
result of a technically failed experiment or because there is no biologically relevant
interaction [9]. The end result is a lack of reliable negative training data for computational
method development. The quality and nature of the training data should therefore be one
important consideration in the user's choice of whether to trust a predictor trained on these
kinds of data types, including the species of the proteins in the training dataset, the type of
experiments used to verify the sites, and of course the number of sites and proteins included.
Thus, it is very important for prediction tools to explicitly (1) give information about how
the method works and what information it uses, (2) provide some type of quantitative
measure that allows users to compare different results and distinguish between good and
not-as-good predictions, and (3) provide any additional information that helps the user
decide whether to trust the predictions. This information could be incorporated into the
prediction method itself but is also very helpful if this type of metadata is simply presented
for the user to examine independently of whether this information is explicitly used in the
prediction algorithm.

One of the most important features in describing protein-protein interactions is elucidating
the exact sites on the proteins where the interaction occurs, either at the detailed atomic/
structural level or at the level of specific amino acid sequences. That is, on the surface of the
protein, which part of the amino acid sequence directly contacts or indirectly influences the
interaction partner? By focusing solely on sequence information, the complexities required
for interaction prediction by docking-type simulations (conformational states of side chains,
energetic contributions, etc.) are radically reduced.

Since protein-protein interactions are mediated by attractive forces based on the
physicochemical properties of amino acids, in many cases it is sufficient to describe
potential interaction partners by amino acid sequence patterns alone. This can be clearly
shown by considering kinase—substrate interactions: kinases generally only phosphorylate
serine (S), threonine (T), or tyrosine () residues based on the ability of their phosphate
acceptor hydroxyl groups to nucleophilically attack the y-phosphate of ATP. However, more
than 500 different kinases are known alone in humans, each of which targets a different set
of substrates [10]. The specific site of phosphorylation is therefore not the only amino acid
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that plays a role in substrate recognition. Instead, 4-12 amino acid residues on the substrate
flanking the phospho-acceptor likely physically contact a kinase's active site [11] and help to
position the substrate for an in-line attack on the phosphate while simultaneously optimizing
the geometry of the kinase's catalytic machinery to facilitate stabilization of the resulting
transition state. This indicates that this part of the substrate's primary structure may be
sufficient to determine whether an acceptor residue is likely to be phosphorylated by a given
kinase. Although sequence patterns are only one piece of information in a puzzle of many
(secondary structure, tertiary structure, surface accessibility, etc.), an abundance of data
suggests that this is one of the most distinguishing factors in describing a kinase—substrate
interaction and in many cases it is a sufficient predictive feature [12, 13]. Obviously, this
idea does not apply only to kinases but can be used to describe other protein-protein
interactions mediated by other types of modular protein domains that recognize short linear
sequence motifs on their binding partners in a phospho-dependent or -independent manner,
such as SH2 and SH3 domains, FHA and BRCT domains, 14-3-3 proteins, etc.

Specific amino acid preferences can be described in two ways. One is to describe them in a
strict combinatorial regular expression-like pattern (Boolean matching model). This
approach was originally used in PROSITE [14] to search for patterns in a sequence database.
However, these patterns are very inflexible and do not allow for including differently
weighted preferences for amino acids. A more flexible and powerful approach is the use of
position-specific scoring matrices (PSSMs) to describe patterns/ motifs in this form. This
approach was implemented in Scansite [15, 16], an application to predict short linear
sequence motif sites. A PSSM matrix like this contains a probability value for each amino
acid (columns) at each position of a sequence window of certain size (rows), where each
value in a column and row of the matrix describes the binding partner's preference for that
amino acid at that position in the motif. Scansite is a web application that uses PSSMs to
predict interaction sites that are important in cellular signaling and includes more than 120
kinases and proteins that recognize specific short linear binding motifs. It can be used to
show all potential sites in a given protein or all proteins in a database that contain sites for
one or more motifs. Directions for both uses are provided in the following sections.

2 Materials

Scansite 3 (http://scansite3.mit.edu/) requires nothing more than a computer with an Internet
connection and a modern web browser. Although it works with all popular web browsers,
the recommended options are Mozilla Firefox, Google Chrome, and Opera. On some pages
that display search results, Scansite will show content in pop-up windows so that results can
be viewed side by side. Therefore it is recommended that you allow pop-ups in your browser
for these pages to work properly. Wherever Scansite allows you to choose a sequence
database (e.g., when selecting proteins or for searching a database), you can choose from
these resources: SwissProt [17], SGD (yeast) [18], Ensembl (human and mouse) [19], NCBI
Protein (GenPept) [20], and TrEmbl [21]. Scansite uses local mirrors of these databases in
order to allow fast queries. Over the past years Scansite has also become popular for
analyses of whole proteomes or subsets thereof. These are generally not done using the web
interface, but computationally. If you are interested in using Scansite for this purpose, please
see Note 1 for information about Scansite's web service.
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2.1 Scanning a Protein for Motifs

To perform Protein Scans you need either a protein sequence or a protein identifier
(accession number or ID) for the protein you are interested in from one of Scansite's protein
sequence database mirrors.

2.2 Searching a Sequence Database for Motifs

3 Methods

Database Searches only require information about the motif that is searched for in a
particular sequence database. All of the standard Scansite matrices for kinases and modular
binding domains are available. In addition, you may enter more specific information to
restrict the search to a smaller number of proteins.

Scansite's two most important interaction prediction searches will be described in detail in
this section: Protein Scans that search for motif matches in a given protein and Database
Searches that find proteins that contain one or more motifs in a protein sequence database. A
short overview of Scansite's other features is given in Note 2. In the following, you will be
guided through the steps necessary to use these features properly. Furthermore, some
guidance on how to interpret these searches’ results will be given.

3.1 Scanning a Protein for Motifs

The key feature of Scansite is the prediction of motif-relevant sites in a given protein. This
feature is referred to as Protein Scan or Scan Proteins for Motifs and allows a range of
different inputs.

1. Navigate to Input Page—To get to the Protein Scan input screen from anywhere in
Scansite, click the “Scan Proteins for Motifs” button in the navigation section on the left-
hand side of the web page.

2. Choose the Protein to Scan—There are two different ways of choosing proteins in
Scansite: by protein identifier (default option) and by sequence.

To choose a protein by accession number, select “Protein Accession” from the “Choose
Protein by. . .” drop-down list. Below, select a protein sequence database and enter a protein
ID. Links on the right-hand side of the text boxes refer to the different sequence databases
that Scansite currently supports and where you can search for protein identifiers. After

1Accessing Scansite Computationally. The current era of genomics and proteomics often requires analyses of large numbers of

proteins. To make

tasks like this easier it is now possible to access Scansite computationally using a web service. The parameters of

protein scans, database searches, and other utility functions are sent to Scansite using a URI. The results are then returned in XML
format. Detailed instructions and examples are available online at http://scansite3.mit.edu/Scansite3Webservice/. This link can also be
found in Scansite's FAQ online.

2Getting the Most

out of Scansite. In addition to the features described in detail above, Scansite offers some more useful tools. To start

with, you can search Scansite's sequence databases for simple wildcard-based sequence patterns or regular expressions. Another tool
calculates a sequences molecular weight and isoelectric point for a given number of putative phosphorylations. Last, a tool called

“Calculate Amino

Acid Composition” visualizes a protein sequence's amino acid composition by highlighting selected sites and

displaying the relative abundance of sites (e.g., all tyrosines in a sequence that are followed by leucines two residues downstream). In
addition, this tool displays a protein's domain information as calculated by InterProScan [28]. One can also use one of these tools to
analyze a protein sequence, copy/paste it to make changes (e.g., introduce mutations), and then use it as an input for protein scans.
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entering at least three characters in the text box entitled “Protein Accession”, Scansite
searches for protein 1Ds that start with these characters and presents a list of options below
the text box. The same happens when the “Check!” button next to the text box is clicked or
the Enter key is pressed. You can either continue typing or select an ID from the list. The
text box turns green for valid and red for invalid protein identifiers.

In order to enter a peptide sequence, select “Input Sequence” from the drop-down list. The
area below this menu will change accordingly. Then, enter or paste a name and an amino
acid sequence. Invalid characters (punctuation marks, white space, digits, etc.) are stripped
from the sequence automatically. This means that you can just paste a sequence that is
formatted with spaces and line breaks or annotated with numbers. If you paste a FASTA-
formatted sequence, make sure not to copy the FASTA header (“>. . .”) with the sequence.
Otherwise all possible amino acid one letter codes in the header will also become part of the
sequence.

3. Choose Motifs to Consider—It is possible to search for all motifs of a motif class,
for only a selected subset of motifs or motif groups or both, or for a user-defined motif
(instructions on how to create your own motif can be found in Note 3). You can choose from
these options in the drop-down menu entitled “Look for”. Again, the area below this menu
will change accordingly dependent on your choice, offering a number of additional choices.

3Creating Scansite Motifs. Both main search options in Scansite allow the use of user-defined motifs. These motifs have to be in a
Scansite-specific tabulator-separated file format. All user-defined motifs that are uploaded to Scansite are only used for the user's
searches and are deleted as soon as the user leaves the site. If you have a clear idea of what motif you want to look for, use the
information below to specify your own Scansite-specific motif file.

PSSMs in Scansite describe amino acid-specific affinity values for a sequence window of 15 residues. Lines correspond to positions in
the sequence window, columns (separated by tabulators) to amino acids. It is not necessary to define values for every single amino
acid—default values are used for omitted residues. The first line (row 1, header) defines the residue-to-column assignments using
amino acid one letter codes. Those amino acids can be in any order. The following lines (rows 2-16) define affinity values for the
respective residues; rows 2-8 and 10-16 define the N- and the C-terminal side of the motif, respectively. Scansite's search for sites in
a peptide sequence highly depends on the PSSM's central residue (row 9). At least one site in this position needs to be invariant in the
motif sequence. For example, the fixed residue should be a Y for motifs recognized by tyrosine-kinases and S and T for serine-/
threonine-kinases. To mark a position as invariant, the value 21 has to be used.

In addition to columns of standard amino acids (default values of 1), it is also possible to incorporate special requirements. A motif's
preference for a protein sequence's N- or C-terminus can be incorporated by using a column labeled “$** (dollar sign) or “*”
(asterisk), respectively. These positions are assigned values of 0 by default. Scansite 3 also recognizes the rarely occurring amino
acids selenocysteine (U) and pyrrolysine (O), which can be added by their one letter code as well. Due to their similar chemical
structure, the default numbers for these residues are the values of cysteines and lysines, respectively. Lastly, some wildcard values can
be used for very special cases: B (aspartate/asparagine), Z (glutamate/glutamine), J (leucine/isoleucine), and X (any residue). These
symbols are included because they occur rarely in public protein databases. Generally speaking, they have no relevance for actual
research purposes. The default values for these wildcards are the mean values of the amino acids they encode.

Now that the general structure and default values of motif files were defined, you may wonder what values to use to define affinities.
Scansite's scoring system ranges from 0 to roughly 21. Giving an individual amino acid a score of 1 at one position in the motif
indicates that no preference exists, positive or negative, for that particular amino acid in that position. Giving all amino acids in one
position of the motif a score of 1 (i.e., making all values in a single row of the matrix equal to one) indicates no preference exists for
any particular residue type at that position in the motif. The value 21 defines that the amino acid that is given this value in a position
is required in this position for the motif to find a match. Values higher than 21 are permitted to indicate very strong affinities.
However, negative values are not permitted for defining a strong disfavoring of amino acids. Instead, values between zero and one
should be used for that purpose. Beware that the scoring function uses logarithms, so values less than 1, particularly those less than
0.5, strongly penalize for that particular residue in a motif.

Here is a short checklist to avoid the most common pitfalls of creating motifs:

. Is there at least one amino acid with value 21 in the central position?
. Is there a header line defining the columns using amino acid one letter codes?
. Are there 16 lines (1 header and 15 lines with values) in the file?

. Are all column separators in the file tabulators (and not spaces or other characters)?
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Begin by selecting a motif class (mammalian or yeast). By default, Scansite's mammalian
motifs are displayed. To select more than one motif or motif group, hold down the control
key on your keyboard and make selections using your mouse. If you are not sure which
motifs belong to which groups, you can either click the link below the list of groups (“Show
Group Definitions”) or follow the instructions in Note 4. When using your own motif, select
the motif file from your computer. After the file is uploaded (this happens automatically
after you selected a file), you get a chance to make changes to affinity values if you wish to
do so.

4. Select a Stringency Level—This measure defines how high sites have to score in
order to be displayed as results. The setting high only displays the very best sites, i.e., the
top 0.2 % of sites (sites that have a score less than or equal to the top 0.2 % of motif-specific
scores in the reference proteome). Medium stringency displays the top 1 %, low the top 5 %,
and minimum displays the top 15 %. These settings apply only for motifs from the Scansite
database. Since no precompiled reference proteome score distribution (see Note 5) is
available for user-defined motifs, these always display all sites with a score <5.

5. Additional Options—The two additional options that users are given are to decide
whether to show predicted domains in the result as supporting information (see Note 6) and
whether to use an alternative reference proteome. At the moment users can use either
SwissProt's Vertebrate proteins as a reference (default) or all of SGD's proteins (default for
scans using yeast motifs). Domains can also be requested later on from the result page.

6. Click the Submit Button—As an example for a Protein Scan result page, the results of
a high stringency protein scan are shown in Fig. 1. The result page is split in seven sections
(divided by grey bars): Protein Overview, Scan Overview, Protein Plot, Predicted Motif
Sites (Table), Repeat Scan, Download Results, and Additional Analyses. Each of these
sections is collapsible by clicking on the grey title areas. This allows the user to quickly get
to the bottom of the page if a long list of predicted sites is displayed.

In the “Protein Overview” section, some information about the input protein is listed,
including alternative identifiers and keywords (only for proteins from Scansite's databases),

4Learn more about Scansite's Data. In a section called “Databases and Motifs” in the navigation section of the web page (left-hand
side), an overview of Scansite's database mirrors (release dates and sizes), motifs, and motif group definitions is presented. In the
motifs section you can select a motif and click “Get Info!.” Clicking this button will visualize the motif as a sequence logo [29] and
display a link that takes you to a web page that gives information about the gene that recognizes this motif. Mammalian motifs and
geast—specific motifs are supported by information from GeneCards [30] and SGD, respectively.

Interpreting Scansite Scores. Scansite's scores range from 0 to (theoretically) co. However, you will never see scores higher than 5
because sites with scores that high are discarded in the scoring process. Please be aware that scores in Scansite are always motif-
dependent. This means that scores for different motifs should not be directly compared to each other. For example, knowing that one
motif's optimal score is 0.001 and another motif's best score is 0.4 it is easy to say that these are the best possible scores, so hits with
these scores are equally good. However, the only way to extend this knowledge to slightly poorer scores is to know how likely other
scores are to occur. To make this possible and allow a comparison among motifs, Scansite offers percentile values. The percentiles
used in Scansite are calculated from the so-called reference proteomes which are proteomes that are commonly used in research. In the
process of adding a motif to Scansite, it is scored against every single peptide in the reference proteome and the scores are stored to
create a score distribution. This distribution is then used to calculate percentile values from scores calculated when users run certain
searches. Using these values it is possible to rank sites from different motifs.

Domains in Scansite 3. Scansite uses InterProScan [28] to predict a protein's PFAM domains [31]. Therefore the domain positions
displayed in Scansite may vary by a few amino acids from the positional assignments seen on the PFAM homepage. This is mentioned
because these variations may cause confusion but do not pose a problem since all these positions are predictions and there is no way to
tell which numbers are more correct in the absence of clear structural data from crystallographic or NMR experiments.

Methods Mol Biol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ehrenberger et al.

Page 8

and the protein's molecular weight and isoelectric point (calculated according to ref. 22).
The “Scan Overview” summarizes the input parameters of the search and displays the
number of sites that have been detected using these settings. In the next part of the page
(“Protein Plot”), a plot of the protein gives a visual overview of the search results displaying
the protein sequence as a straight line annotated with some additional information. If domain
information about the query protein was requested to be displayed, the predicted domains
are listed above the image. The plot displays the predicted sites (annotated with the position
and motif group), the protein's domains (if requested) along with their names and positions,
and a surface accessibility plot that shows which parts of the protein are likely to be exposed
to the surface and which ones are likely to be buried. If domains have not been requested
earlier, a button will be displayed below the image that allows the user to request domain
prediction at this point. The links in the list of displayed domains refer to these domains’
PFAM pages (see Note 6).

The sites that are outlined in the protein plot are listed in more detail in the table view below
(“Predicted Motif Sites”). Most columns can be sorted by clicking on the label in the table's
header. Here, each site that was found is displayed along with some motif information
(motif, motif group, hyperlink to motif's gene information page), its score and percentile,
and the surrounding sequence. In addition, Scansite-3 offers hyperlinks to PhosphoSite [23],
PhosphoELM [24], and Phosida [25] if a site was reported in one of these databases before
(for more information about “Previously Mapped Sites” see Note 7). The other links
displayed in the table, more specifically the columns “Score” and “Sequence,” refer to a
histogram view of a site in the reference proteome and to a view that shows a site's sequence
highlighted in the protein's sequence, respectively. The latter view also offers a link that
directly submits the site's sequence (15 amino acids) to NCBI's basic local alignment search
tool (BLAST) [26]. More information on BLASTIng sites in Scansite can be found in Note
8.

In the “Repeat Scan” section of the result page, it is possible to either directly rerun the scan
with a different stringency setting or to go back to the input page to change other search
parameters. This is especially helpful if your search did not return any results. The next part
in the page (“Download Results”) offers a link to a downloadable version of the table shown
above (tabulator-separated file). At the bottom of the result page (“Additional Analyses™)
users can directly submit the current protein's sequence to DisPhos [27], a Disorder-
Enhanced Phosphorylation Site Predictor (see Note 9).

7Previously Mapped Sites in Scansite. Displaying previously mapped sites in Scansite is only possible for proteins from public protein
databases and works best with proteins from SwissProt. Please note that these references are only site-specific but not motif-specific.
This means that if a previously mapped site shows up in the list, the site is reported in the linked databases; however, this does not
imply that the Scansite motif that was found at this site is related to the site reported in the database. It could be that a completely
different gene is responsible for this site. Wherever possible, the hyperlinks refer directly to the external databases page about this site.
If a database does not support direct linking, the link just takes you to the database's homepage.

8BLASTing of Sites. Scansite allows to directly submit the 15-mers around identified sites to NCBI's BLAST. This is a simple
approach to see if a site is conserved in organisms that are expected to be physiologically similar to the one at hand. If the site is also
found in similar proteins in other species, the site is more likely to be biologically relevant.
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3.2 Searching a Sequence Database for Motifs

The Scansite feature Search Sequence Database for Motifs or short Database Search
performs a broader search than single protein scans. Given a motif (or a set of motifs) and a
sequence database, it searches the database for sequences that contain motif-relevant sites.
One of the most powerful parts of this tool is the option of targeting a search to specific
experimental requirements by restricting searches to proteins of a specific organism class,
species, molecular weight and isoelectric point range, annotation, and sequence property.
For example, this tool can be used to help identify unknown bands in two-dimensional (2D)
gel electrophoresis experiments.

1. Navigate to Input Page—To get to the Database Search input screen from anywhere
in Scansite, click the button “Search a Sequence Database for Motifs” in the navigation
section on the left-hand side of the web page.

2. Choose the Search Method—The area below this drop-down list will change
dependent on what you select. Searches for single “Database motifs” from the Scansite
database are the easiest option to choose. Alternatively, you can search for your own motifs
(see Note 3) or so-called “Quick Motifs” (see Note 10). It is also possible to search for
sequences that match up to five motifs. These searches can include either database motifs,
user-defined motifs, or a combination of both. The score of a multi-motif site is the mean
(average) of all the scores of the sites involved. Co-occurrences of different motif sites in
proteins can be filtered in different ways. First of all, it is possible to penalize gaps between
sites of different motifs. Gap penalty settings are either high, medium, low, or none.
Penalties p are then added to the score according to the maximum distance dpy,x between the
involved sites (i.e., position of site closest to C-terminus minus position of site closest to N-
terminus). The penalty values are calculated as follows: pjow = 0.001 X dmax; Pmedium = 0.01
X Omax; Phigh = 0.1 x dmax. Secondly, it is possible to define up to three strict minimum and
maximum distance bounds between motif-specific sites. This can be used if you know which
motifs to expect and how far apart you expect them to be in the protein sequence. If you just
want to get an overview of peptides that have multiple motif sites, it is recommended to use
a gap penalty. Using distance bounds is the better option for very specific searches.

3. Select Database to Search—from the drop-down menu.

9Intrinsically Disordered Proteins. Disordered regions in proteins are stretches of amino acids that do not have a rigid tertiary
structure and are therefore enabled to change conformation. Disordered Proteins are proteins with disordered regions. It has been
shown [32] that many posttranslational modifications and binding sites occur in disordered regions because these regions make a
protein more flexible, which facilitates binding and interaction processes. DisPhos is a disorder-prediction engine that focuses on
potential phosphorylation sites. The results of DisPhos searches can therefore be used as supporting information for phosphorylation
sites predicted by Scansite.

Using Quick Motifs. Creating a custom motif only makes sense if enough information about the affinities of the kinase or binding
domain is known. This, however, requires a very specific idea about the motif. Often, only very little detail about a motif is known. In
cases like these, creating a “Quick Motif” to search a database is the best option. For defining a quick motif, the user can enter a set of
primary and secondary preferences for each position of a 15-mer. These preferences are then used to calculate a simple Scansite motif.
As for actual Scansite motifs, the center position needs to be fixed, so it is not possible to enter secondary preferences there. The web
page describes a number of wildcards that can be used in this process to easily describe amino acid subsets by their physicochemical
properties (e.g., hydrophobic or positive residues). A simplified regular expression-like version of the motif that is entered is displayed
below the text boxes (with resolved wildcards) as soon as values in the text boxes are changed.
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4. Restrict Search—It is recommended that you exclude as many proteins from the
search as possible to both target your search as much as possible to what you are looking for
and to decrease the runtime of the search. Database searches can take several minutes and
the runtime of a search mostly depends on the number of proteins that are searched. You
will find useful hints on what kinds of restrictions you can apply in Note 11.

5. Select Number of On-Screen Results—Since Database Searches may find a very
high number of results and visual exploration of a table of thousands of results generally is
avoided, the number of sites that are displayed in the web browser is limited. By default, the
size of the output list is limited to 50, but users can also choose sizes 100, 200, 500, 1,000,
and 2,000. Please note that these are just the numbers of sites that are displayed in the table
on the result page. A file containing all the hits that were found in this search can be
downloaded from the result page as well.

6. Click the Submit Button—A result page of a Database Search is displayed in Fig. 2.
Four sections can be distinguished within the Database Search result page. The “Search
Input” section at the top of the page summarizes the preferences defined in the input page.
“Search Results” gives an overview of the number of proteins in the entire sequence
database, the number of proteins found that matched the given restrictions, and the number
of sites found in these proteins. In addition, the median and MAD (median absolute
deviation) of these sites’ scores is displayed. This part is followed by a table view of the
sites found (“Predicted Motif Sites”). The table shows the (combined) site score, some
information about the protein that was found (including MW and pl), and displays some

11Restricting Searches. Searches of protein databases can be restricted in a number of ways to allow better more targeted searches. At
the same time applying restrictions reduces the number of proteins that have to be scanned and therefore may significantly reduce the
time a query takes. Consequently, users are encouraged to restrict their searches as rigorously as possible. For some on-site
information, a short help text about each restriction can be displayed by clicking on the links next to the text boxes.

. For many searches, you may only be interested in matches from humans or a particular model organism. Searches can be
restricted this way by entering the species’ name in the text box labeled “Single Species.” This feature supports many
MySQL-style wildcards (regular expressions) to match species names. For example, if you are tired of writing out
“Caenorhabditis elegans”, you can use “C.* elegans” instead. In a regular expression, the period (.) matches any single
character, and the asterisk extends that match to multiple characters (or even zero characters). This also allows for genus-
wide searches, by entering just “Rattus” for example. However, this may yield unexpected results when trying to search for
all kinds of mice with “Mus.” This expression will accidentally match “Thermus aquaticus” as well, but you can avoid that
by entering “*Mus.” The caret symbol (*) requires the text to match at the beginning of the entered name. One of the most
common pitfalls is when the species entered does not match the organism class specified above (e.g., a search for “yeast”
when “Mammals” is selected). Please note that Scansite's organism classes are not taxonomic “classes” in the conventional
sense (except for Mammals) but groups of species frequently used for research purposes.

. The molecular weight, isoelectric point, and phosphorylation options are intended for use in conjunction with 2D gel
electrophoresis experiments. When you find a few spots appearing reproducibly on a 2D gel under a particular test
condition and not under the control, you could use Scansite to find what proteins are expected to be in that region of the 2D
gel by putting in ranges for molecular weights and isoelectric points. You could simultaneously constrain the species to
match the cell line you used in the experiment. If it is an experiment involving possible phosphorylation events, you can
see how much a putative phosphorylation would move the peptides on the gel.

. Matches for “Keywords” are searched in a protein's annotations and are therefore primarily useful for searching well-
annotated databases like SwissProt. For example, proteins involved in the cell cycle can be easily identified by entering
“cell cycle,” novel proteins in GenPept by searching for “hypothetical.”

. The “Sequence Contains” text field is a quick way to restrict your search to proteins containing a consensus sequence. It is
important to note that the consensus sequence entered here is not required to be part of the motif being searched for. It is
merely required to show up somewhere in the sequence. Also, note that regular expressions have to be used here instead of
the protein wildcard signs (“.” instead of “X”, “[ND]” instead of “B”, etc.). For example, the sequence “PXXP” is
represented as “P..P” in regular expression syntax. More information on regular expressions and how they can be used in
Scansite is available in Scansite's frequently asked questions (FAQ) section online.
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site-specific information (site and surrounding sequence). For multi-motif searches a site

an
all

d sequence column for each motif in the motif's site is given. The first column in the table
ows to directly scan the protein for other motifs. This is useful if you want to know what

other matifs are found in that protein, if a site has been reported before (previously mapped)

in
ac

another database, and how the protein is generally composed (domains, surface
cessibility). The link in the column labeled “Accession” takes the user to the protein's

page in its primary database. The score column links to a histogram that shows the site's
score in comparison to all scores found in that search. At the bottom of the page, options for
downloading the entire result set and for repeating the search are given.
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Protein Scan Results: P53 HUMAN (swissprot)

Protein Overview
Protein Scanned: P53_HUMAN (see SwissProl, see PhosphoSite)
Descriptions: RecName: Full=Cellular tumor antigen p53; AtName: Full=Antigen NY-CO-13; AitName: Full=Phosphoprotein ps3; AltName: Full=Tumor suppressor ps3;

Keywords: Apoptosis, cellcyde Host-virus interaction, Endoplasmic reticulum, DNA-binding, bond, Cy , Zinc, usage, T
Complete p : jug Metal-binding, splicing, A 3D-
Dmaso mutation, Li-Fraumeni MN&W , Tumor , Nucleus

Accessions: QINP68, QINZDO, P53_HUMAN, Q2XN98, Q3LRW2, QGLR'W! Q3LRWS, Q3LRW4, QGLRW3 Q9UQ6E1, QIHAQS, Q16848, Q8J016, Q16808, Q16809,
Q16807, QONPJ2, Q86UG1T, QOUBI2, Q9BTM4, P04637, Q16810, Q16811, Q99669, Q15087, Q15088, Q16535, Q15086

Molecular Weight: 43658 8

Isoelectric Point: 6.23

Scan Overview

Protein Plot

Predicted PFAM-Domains (from InterProScan): P53 TAD (6 - 29), P53 (95 - 288), P53 tetramer (318 - 358)

Note: The domains’ positions are retrieved from InterProScan. For this reason the numbers may differ slightly from PFAM-retrieved domains.
Goto PEAM.

1255
s315
i
Predicted Sites
; =
'PS3TAD P53 P53 tetramggains
629) (95-288) (318.358)
4393 Ads
100 200 300

| Surface Accessibility

Protein: PS3_HUMAN (swissprot)

Please allow popups in your browser settings fo make links in the tabie work properly!

Score  Percentie  Motif  Motifgroup Ste  Sequence Siinca :" wm
0159 0.001% (AATT':‘T(‘:;‘ mﬂmmﬂ) 518 PSVEPPLSQETFSDL 1.6951 ATM hosphofil M,
0400  0.128% m{:‘) xvmm) s1s PSVEPPLSQETFSDL  1.6951 pRpc  ChosehoflM.
0323 0010% fm“ gmr'\::.o:‘f:-?d)m 1285  RRPILTIATLEDSSG 03350 MAPK1

0269  0.074% lcsom & serinefthreonine kinase $315  LPNNTSSsPQPKKKP 22838 COK1 EhosphoCLM,

(COK1_2) group (Pro_ST_kin)
0326  0.068% (FFgg'r’_('K:;' :Y’i:";" ¥0aee grovp ¥327  KKPLDGEYFTIQIRG  0.6342 EGR Phosphosite

DISCLAMER: These results are purely speculative and should be used with EXTREME CAUTION because they are based on the assumption that the
peptide library data is correct and sufficient to predict a site!

Also, if an evidence for a site is given (‘previously mapped site') it is only site- and protein-specific, meaning that this site is known to be phosphorylated by
some kinase, but not necessanly by the kinase Scansite associates with this site!

Repeat Scan
Medium v | Scan! j
Repeat Search with Different Parameters |

Download Results
D results as tab file
Additional Analyses
Score sites using DisPhos (Disords d Phosphory Site Predi
Fig. 1.

The results of a high stringency protein scan for all mammalian motifs using the SwissProt
protein P53_HUMAN and the default reference proteome are shown. The section entitled
“Scan Overview” which summarizes the parameters of the scan of the page is collapsed to
better fit this figure on the page
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Database Search Results

Search Input

Motifs: ATM_Kin

Database: SwissProt

Organism Class: Mammals

P homo sap

Keyword restriction: cell cycle

Sequence restriction: ARATT

Number of Phoshorytation Sites: 0

Isoelectric Point: from 0

Molecutar Weight: from 0

Search Results

Total Number of Proteins in Database: 533049
of Proteins 1 (these p have been scored using the given motif(s))

Number of Predicted Sites Found: 1

Median of Scores: 0.613

Median Absolute Deviation of Scores: 0.00000

Predicted Motif Sites
Please allow popups in your browser settings to make links in the table work properly!
Displaying up to 50 predicted motif sites. You can downioad the compiete list of results in the section below!
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Scan Site
this A Score  Accession Protein Annotations [ATM ERquence JATM pl
Protein! Kinase] " -
Description: RecName: Full=DNA ligase 3;
EC=6.5.1.1; AitName: Full=DNA ligase Ill;
A . Full=Poly Y
synthase [ATP] 3;; Keywords: Cell cycle,
Polymorphism, Metal-binding, DNA repair,
Scan! 0613 DNLI3 HUMAN | oinding. phcg. ONA™ 356 WRDVRQFsQWSETDL 1120213  9.17
3D-structure, Cell division, Phosphoprotein,
Zinc, Ligase, ATP-binding, DNA replication,
Magnesium, Zinc-finger, Reference
C
Accessions: Q16714, P49916, QENVK3;
Scan Site
this Score Accession Protein Annotations [ATM ¥ AT pl
Protein! Kinase] Means -

DISCLAIMER: These results are purely speculative and should be used with EXTREME CAUTION because they are based on the assumption that

the peptide library data is correct and sufficient to predict a site!

Also, if an evidence for a site is given ('previously mapped site') it is only site- and protein-specific, meaning that this site is known to be

phosphorylated by some kinase, but not necessarily by the kinase Scansite associates with this site!

Download Results
[ I i
Repeat Search with Different Parameters |

Fig. 2.

The results of a Database Search for ATM in human proteins of SwissProt that are annotated

with “cell cycle” and contain the sequence “ARATT"”. Here, only one protein matched the

given restrictions and this protein also contains the motif that was searched for
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