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Abstract
Prism (Protein Interactions by Structural Matching) is a system which employs a novel prediction
algorithm for protein-protein interactions. It adopts a bottom-up approach that combines structure
and sequence conservation in protein interfaces. The algorithm seeks possible binary interactions
between proteins through the structure similarity and evolutionary conservation of known interfaces.
It is composed of a database holding protein interface structures derived from the Protein Data Bank
(PDB) and predicted protein-protein interactions. It also provides related information about the
proteins, and an interactive protein interface viewer. In the current version, 3799 structurally non-
redundant interfaces are used to predict the interactions among 6170 proteins. A substantial number
of interactions are verified in two publicly available interaction databases (DIP and BIND). As the
verified interactions demonstrate the suitability of our approach, unverified ones may point to
undiscovered interactions.

Prism can be accessed through a user friendly web site (http://prism.ccbb.ku.edu.tr) and it is planned
to be updated regularly as new protein structures become available in the PDB. Users may browse
through the non-redundant dataset of representative interfaces which the prediction algorithm
depends on, retrieve the list of similar structures to these interfaces, or see the results of interaction
predictions for a particular protein. Another service provided is the interactive prediction. This is
done by running the algorithm for the user input structures.
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1. Introduction
Molecular and cellular operations are largely carried out by interactions between proteins.
Interactions are physical associations of protein structures through weak, non-covalent bonds.
Two proteins interact through particular regions on their surfaces, called binding sites, or
interfaces. Identifying protein binding sites and knowing which proteins interact with which
others are crucial for a better understanding of the bases of many biological processes. Despite
the ongoing effort to decipher the complex nature of protein interactions, they are not still
entirely understood (1-5). Protein binding sites have been thoroughly analyzed for the presence
of certain physico-chemical and geometric properties that can be used to distinguish these
regions from the non-interacting surface regions. Notable differences have been found both in
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the chemical composition and geometric properties of these sites (6-10). Almost a decade ago,
Wells and his colleagues have discovered the existence of ‘energy hot spots’, that is, residues
that contribute significantly (over 2 Kcal/mol) to the binding free energy (11). These residues
have been identified through alanine scanning mutagenesis. Subsequently, computational
methods have been developed to predict these residues. In a landmark paper, Bogan and Thorn
(1) have proposed that hot spots are surrounded by what they called ‘O-rings’. These are
hydrophobic regions which may serve to exclude water from the hot spot residue. Combined,
binding sites have been described by amino acids that interact across the two-chain interface.
However, not all amino acids contribute equally. Some contribute marginally or not at all
(12). On the other hand, a few others dominate the stability of the complex. These hot spot
residues were observed to correlate with structurally conserved residues (13,14). Prediction of
binding sites using these specific properties can be used for improving docking algorithms.
Besides the experimental methods for detecting and analyzing the protein-protein interactions
(7,15,16), computational approaches are becoming increasingly important venues as large
amounts of data become available. Development of predictive methods is a major goal in
computational biology that will lead to protein engineering and drug discovery (9,10,17).
Structural classification of protein interfaces gives insights about the possible ways proteins
may interact (18,19). Hence, an efficient computational technique with acceptable error rates
that can be utilized to predict the binding sites and binding partners in proteins will surely be
of great aid (20-22).

We present Prism (Protein Interactions by Structural Matching), a system incorporating a novel
protein-protein interaction algorithm (20,23) and a web-server that can be used to explore
protein interfaces and predict protein-protein interactions. Our algorithm principally seeks for
pairs of proteins that may potentially interact in a dataset of protein structures (target dataset)
by comparing them with a dataset of interfaces (template dataset), which is a structurally and
evolutionary representative subset of biological and crystal interactions present in the Protein
Data Bank (PDB) (24). If, after comparisons, two target structures are found to structurally
and evolutionarily complement each other as chains of any template interface do, they qualify
as a potentially interacting pair. Thus, a list of potentially interacting protein pairs is obtained
as a final result. Prism consists of a web interface to the dataset of our interface dataset and
target structures including a summary of the proteins the interface belongs to (with cross
references to other biological databases where available), similarity matching results, solvent
accessible surface area calculation results on a residue level scale, interface visualization on
the protein using both static images and an interactive interface viewer implemented using a
browser plug-in.

2. Materials
The rationale of our protein-protein prediction algorithm is that, if any two structures contain
particular regions on their surfaces that resemble the complementary partners of a known
interface, they “possibly interact”, through these regions. In other words, if protein A is known
to interact with protein B, and A' shares similarity with the binding site of A, B' shares similarity
with the binding site of B, then we predict that interacts A' with B'. This resemblance indicates
the ability of these structures to structurally and evolutionarily complement each other along
an interface, as chains of any template interface might do. The algorithm requires a “template”
dataset, i.e. the representative dataset of “available” interfaces; and a “target” dataset, to seek
every potential binary interaction between its members (20).

2.1 Interface Dataset
This dataset contains a structurally non-redundant dataset of protein-protein interfaces.
Interfaces consist of interacting residues between the two polypeptide chains (of a complex
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protein), and those residues which are in their spatial vicinity (neighboring residues),
representing the scaffold of the interface. Two residues from the opposite chains were marked
as interacting, if there was at least a pair of atoms, one from each residue, at a distance smaller
than the sum of their van der Waals radii plus a threshold of 0.5 Å. If the C-α of a noninteracting
residue lay at a distance of at most 6.0 Å from a C-α of an already assigned interface residue
in the same chain, it was marked as a neighboring residue. All interfaces between two protein
chains obtained from higher complexes of proteins available in PDB were extracted (18)
resulting in 21,684 two-chain interfaces. These interfaces were clustered structurally using a
structural alignment in a sequence order-independent way (25). At the end of the iterative
structural clustering procedure, 3,799 interface clusters were obtained. Each cluster includes
a representative interface structure and members similar to the representative interface.

2.2 Template Interface Dataset
Evolutionary conservation of certain residues at protein interfaces is a strong characteristic of
binding sites. Ma et al. (26) reported that particular residues are conserved on structurally
similar interfaces. Moreover, they found that these conserved residues were highly correlated
with polar residue hotspots, residues that are more important than others defining affinity and
stability of an interaction. Therefore, the interface dataset was further filtered using a dataset
of computational hotspots. Computational hotspots are the critical residues for binding on
representative interfaces. The members of the 3,799 interface clusters were processed by a
filtering process which eliminated the redundant sequences from the clusters. A cluster was
defined to be non-redundant if it contained at least five non-homologous sequences. Then,
simultaneous structural alignments among the non-homologous members of each cluster were
performed (27). If a residue was conserved at a particular spot among interfaces of similar
architectures with a frequency of 50% or more, it was flagged as a computational hot spot
(13). As a result, we could detect the hot spots of 67 clusters out of 3,799 since most of the
clusters could not pass the non-homologous filtering. The prediction algorithm serviced by
Prism uses only these 67 template interfaces for similarity matching. Hence, Prism considers
both shape complementarities and evolutionary conservation while searching for binding sites
on the surface of a target protein.

2.3 Target Dataset
This dataset is a sequentially non-redundant subset (with a sequence identity upper limit of
50%) of all the polypeptide chains and complexes existing in the PDB. Every pair of member
structures in this dataset is checked for potential interactions. The protein chains may be in the
form of monomers or in the form of isolated chains from multimeric complexes. As of January
27, 2004; the target dataset contains 6,170 structures (20). The generation of this dataset is a
two step process. The first is a preprocessing step that involves downloading of the set of
proteins obtained by applying a sequence identity filter of 50% to all existing protein structures
in the PDB. This resulted in a list containing 5,427 proteins. Then, the multimeric proteins are
split into constituent chains where homologous chains are counted only once, the target dataset
consists of 6,170 structures. 1,981 of these are multimeric and 4,189 are monomeric. Of the
monomeric structures, 2,483 are derived from complexes. All these structures are on our web
as “Target Structure Dataset”.

3. Methods
This section describes the algorithm to infer novel protein-protein interactions using the shape
complementarities and conservation in protein interfaces. A web server that allows one to
search the interface, target datasets, and the predicted interactions is presented as well. The
web server also allows one to run the algorithm on a new target protein that is not in our target
database.
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3.1 Protein-protein Interaction Prediction
The prediction algorithm is based on searching pairs of proteins that share structure and
conserved residue (hotspot) similarity to our known interface template data. First, we extract
surfaces of target proteins and perform successive structural alignments between these surfaces
and the partner chains of interfaces in the template interface dataset, in an all-against-all
manner. If surfaces of two target proteins (A and B) contain regions similar to complementary
partner chains of a template interface I, in other words, one side of the interface I is similar to
target A and the other side is similar to target B, then we say A and B may interact through
these similar regions (or through interface I). Fig 1 shows the top level pseudo code and the
schematic flow of our algorithm. The algorithm starts by extracting surfaces of target structures
by invoking NACCESS program (28). Along with the atomic accessible surface, NACCESS
calculates relative surface accessibilities (RSA) of residues. Residues whose RSAs (percent
accessibility compared to the accessibility of the residue type X in an extended ALA-X-ALA
tripeptide) are greater than 5%, can be considered to be on the surface (3).

The algorithm then checks whether particular regions on target surfaces resemble
complementary partners of representative interfaces in the template dataset. Each partner (side)
of an interface is then structurally aligned with the target surface, by invoking MULTIPROT
(25,27) . MULTIPROT detects common geometrical cores between given protein structures
in a sequence-order-independent way. This feature makes MULTIPROT a favorable selection
for the task, since protein surfaces and protein-protein interfaces have sequence discontinuity.
MULTIPROT returns 10 best substructural matches resulting from every possible alignment.
Each substructure corresponds to different regions on the surface, bearing different levels of
structural similarity to the interface partner. Among these alignments, the algorithm seeks the
most favorable alignment that maximizes our similarity scoring function. The similarity
scoring function is defined as αfevolution + (1-α)fstructure, where fevolution and fstructure are
evolutionary and structural similarity scoring functions respectively. The coefficient, α,
represents the relative importance of evolutionary similarity to structural similarity. The first
function reflects the number of identically matched hotspots, the second function reflects the
size and quality of the alignment along the target-template alignment. We assume that hotspots
bear greater importance in defining an interface than geometrical complementarity. Therefore
we select α as 0.6. The condition prior to alignment restrains the interface partner size to be at
least 0.7 times the target surface size. (Size of a structure is defined as the number of residues
it contains). This condition keeps relatively small interfaces out of computations. Such
relatively small interfaces are likely to align perfectly with target surfaces and yield high
similarity scores, causing biased and unselective results.

After the completion of successive structural alignments, a similarity list for each interface
partner is obtained. If the similarity lists of corresponding partners of a template interface
contain N and M target structures, respectively, we obtain N x M predictions for that interface.
A prediction is uniquely represented by (A,B,I) triplets, where A and B are predicted targets
and I is the template interface via which the interaction was predicted. The extent of
favorableness of the predicted interaction (prediction score) is quantified by simply the sum
of the similarity scores of the target pairs. We have run our algorithm using the template
interface set and target structure set which resulted in a total of 62,616 protein-protein
interactions. The details of the algorithm and the parameters of the scoring function is available
in the Prism server documentation.

3.2 Services Provided by Prism
The Prism web server provides its users with a front-end to our datasets used in our prediction
algorithm, an interface to the offline results of our calculations based on the most previous run
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of our algorithm, and also the ability to run our algorithm for a user input protein. Services
provided to the user and the input types differ accordingly, so they are discussed separately.

3.2.1 Browsing and Searching Interface Database—In the interfaces section we make
our interface dataset available to the scientific community. A total number of 21,684 interfaces
are stored, clustered into 3,799 clusters according to their structural similarity. Users are
provided with a search facility by which they can find specific interfaces in our dataset. Their
inputs can be a simple search string which is searched for in the corresponding records in the
title section of the PDB file of the protein which the template interface belongs to. For example
the user might be interested in interfaces that are extracted from proteins that play a role in
apoptosis or the user may want to see interfaces that are extracted from enzymes only. In
addition to this basic search functionality, some advanced search options can also be used,
enabling the user to search for interfaces of certain size (in terms of solvent accessible surface
areas measured in Å2) or interfaces that have the highest frequency for a certain type of amino
acid. Once the user clicks on an interface, an output containing the following data is provided:
(i) A summary of the proteins the interface is extracted from, including cross references to
other biological databases where available. (ii) Details about the interface in question such as
the names of the constituent chains, interface size (in terms of number of residues), solvent
accessible surface areas buried upon complexation, polar and non-polar ASAs, and a listing of
all interface residues with their respective interface ASA. Fig 2 shows a snapshot of the web
server's results on the summary of the proteins, i.e., name of the protein, number of atoms of
the protein, ASA of the interfaces, etc.). (iii) A visualization of the interface is also output as
static images that are dynamically generated by running RasMol scripts where the interface is
highlighted on the protein. The whole protein is represented with a stick representation,
whereas the interface atoms are shown with spheres.

3.2.2 Browsing and Searching Target Dataset—In the targets section (under
prediction), users are provided with a search facility with which they can find specific structures
in our dataset that match to a set of search criteria. The input can be a simple search string
which is searched for in the corresponding records in the title section of the PDB file of the
protein. In addition, using advanced search options, specific sets of target structures can be
returned where, for instance, the target structure is of predefined size (size defined in number
of residues) or of type (monomer, complex, split chain). Once the user clicks on a certain target
protein, she is provided with an output containing the following data: A summary of the target
protein, a list of template interfaces that the target structure is found to have a match for, several
dynamically generated static images visualizing the target structure.

3.2.3 Searching Predicted Interactions—Under the predictions section of PRISM, users
can search our results in two different ways. One possibility is that, users can directly search
for the presence of similarities between a template interface and a target structure.
Alternatively, one can either input the PDB ID or the sequence of a protein (whose sequence
is then aligned to the target dataset using BLAST (29)) which is then checked for any predicted
protein-protein interactions that the input protein participates in. The target structures that
match to different partner chains of a template interface is then displayed to the user as a list
of proteins that are candidates for an interaction. This is done by first checking to see if the
input protein has a binding site similar to any one of the template interfaces as explained in the
methodology section. All the target structures that are a priori found to have a binding site
similar to the partner of the matched interface are listed as the predicted interacting protein.

Fig 3 presents a snapshot of the web server for the prediction results. The left column lists the
possible binding partners for the protein with PDB code 1mr8. The second column contains
links to the domain information of partners. The third column shows which template interfaces
were used in the prediction phase. The last column gives the prediction score. Detailed
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information of the predictions is given in respective pages. Fig 4 displays a snapshot of an
example output. Here one of the putative binding partners of 1mr8, 1e8a is detailed. The target
here is 1mr8 and the template is 1mr8 (in the template dataset, A chain of 1mr8 interacts with
1mr8B chain). The target is 1e8aA. Each row in the figure displays which residue in the
template dataset is structurally aligned with those of the target protein. The red residues (dark
colored) are the computational hot spots of the template interface. It is also possible to list all
proteins matching left and right side of an interface. For example, Fig 5 shows all matching
proteins through the interface 1mrsAB.

3.2.4 Online Prediction Calculations—The Prism web site can also be used for
performing online calculations to predict binding partners of input proteins not covered by our
datasets. At the moment we have implemented a preliminary service in which users can ask to
see which of the proteins in our datasets, their input protein interacts with. Prism accepts an
input protein either by its PDB code, or by file upload. The online calculations build on top of
our previous results. First the target dataset is replaced with the structure in question. Then the
algorithm is run using the original template set and the user input structure. Upon completion
of the algorithm we know which of the template interface partners are structurally similar to
the surface of the structure in question. It then finds the original structures in our target set that
are similar to the partner of the template interface. These structures are then output as the
proteins the input protein is predicted to interact with.

4. Results and Discussion
Prediction results contain various interaction pairs, some of which are verified in DIP (30) and
BIND (31) interaction databases as well as PDB. Starting from 67 template interfaces we found
62,616 pair wise interactions among the 6,170 target proteins. 31,980 of these interactions are
between the monomeric structures. 25,448 of them are between a monomeric protein and a
complex structure. 5,188 are between two complex structures. Most of these predictions are
heterodimers; only 284 are homodimers (100% sequence identity between partners). This
number contains predictions with partners having identical sequences, within the same
complex.

Table 1 displays a list of predictions with highest scores. The first 4 letters in columns 1, 2 and
4 are PDB representations of proteins, the following letters are PDB chain identifiers. In
columns 1 and 2, multiple chains are enclosed in curly brackets, to indicate that the chains are
identical and the prediction applies to all of them. In column 4, the two letters indicate between
which chains of the structures template interface exists. Columns 5 and 6 are respective
functions of SWISSPROT cross references of target partners, queried via SWISSPROT
Sequence Retrieval System (SRS).

Analysis of the 62,616 predicted interactions reveals that the top five templates with the most
number of matches contribute some 65% of the predictions (40856 interactions). These
interfaces, which are “fitty templates” since they scored high similarity scores and fit targets
easily. Three of these come from helical proteins (1cosAC, 1aq5AC, 1sfcBJ). They are all
single domain interfaces. Furthermore, the first one (1cosAC) comes from a designed protein
and is found to match most of the helical structures in the target set. Prism will normally filter
these predictions from the results of search queries unless the user explicitly wants them.

A reasonable number of predictions were verified in DIP and BIND interaction databases. We
don't expect that all predicted interactions can be verified since not all target structures are
cross-referenced to DIP or BIND databases. Table 2 displays the number of verified
interactions out of cross referenced interactions for three interaction databases (as of January
2004). The column two in the table is the number of verified (target1, target2) interactions.
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The third column is the maximum number of predictions that could be verified due to available
cross-referenced data in the corresponding database. The results display a good balance of
verified and unverified predictions. Verified interactions prove the reliability of our algorithm
whereas unverified ones may correspond to unobserved interactions that actually occur in
nature or may synthetically be realized in laboratory conditions. We believe these unverified
predictions may have important implications regarding drug design.

5. Conclusion
As a large amount of protein structure data becomes available, predictive methods to detect
and characterize protein-protein interactions are becoming increasingly important venues
towards defining new foundations of systems biology. We have developed a novel algorithm
for automated prediction of protein-protein interactions that employs a bottom-up approach
combining structure and sequence conservation in protein interfaces, and developed a web
server for the analysis of protein-protein interfaces and predicted predictions.

Starting from a non-redundant dataset that represents of structurally available interfaces in
protein-protein interactions, some 60000 predictions were obtained, some of which were
verified in interaction databases. The datasets and prediction results can be searched using the
Prism web server. Another service provided by Prism is the interactive prediction. This is done
by running the algorithm for the user input structures. At the moment, the online prediction of
an interaction for a user input protein and all the structures in our target dataset is possible.
Currently, Prism server is being improved by both updating interface and target datasets and
by providing more advanced online calculations such as classification of predictions as crystal-
crystal interactions or biological interactions.
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Fig 1.
Main steps of the PRISM prediction algorithm
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Fig 2.
A snapshot of the web server displaying the details of the proteins that the interface belongs
to. Chain identities give the details of the two sides of the interface.
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Fig 3.
List of the putative interacting proteins for protein 1mr8. The left column lists the possible
binding partners. The second column contains links to the domain information of partners. The
third column is the template interfaces were used in the prediction. The last column is the
prediction score.
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Fig 4.
A snapshot of the server displaying the results of the list of residues of the one side of predicted
interface (target columns). The template columns are the residue listing of the template
interface through which the interface was predicted. Red (dark colored) ones show the
computational hot spots of the template interface.
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Fig 5.
Matching details of template interface. The proteins matching left and right side of interface
1mr8AB is listed with corresponding similarity scores.
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Table 2
Number of verified predictions ( January 2004)

Interaction database Unique verifications Practical maximum verifications

DIP 597 4107

BIND 431 1739

PDB 1094 1497

Methods Mol Biol. Author manuscript; available in PMC 2009 May 22.


