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ABSTRACT

PocketQuery (http://pocketquery.csb.pitt.edu) is a
web interface for exploring the properties of
protein-protein interaction (PPI) interfaces with a
focus on the discovery of promising starting points
for small-molecule design. PocketQuery rapidly
focuses attention on the key interacting residues
of an interaction using a ‘druggability’ score
that provides an estimate of how likely the
chemical mimicry of a cluster of interface residues
would result in a small-molecule inhibitor of an
interaction. These residue clusters are chemical
starting points that can be seamlessly exported to
a pharmacophore-based drug discovery workflow.
PocketQuery is updated on a weekly basis to
contain all applicable PPI structures deposited in
the Protein Data Bank and allows users to upload
their own custom structures for analysis.

INTRODUCTION

Protein—protein interactions (PPIs) are essential for biolo-
gical function and are an emerging class of therapeutic
targets (1,2). PPIs have proven to be a challenging target
for drug discovery (3) and have performed poorly in
high-throughput screens (4), possibly due to the historical
bias of existing chemical libraries (5). One successful
approach for targeting PPIs is the rational design of
small-molecules that mimic the interaction of a few
key residues at the protein—protein interface (6-8). These
residues are typically deeply buried ‘anchor’ residues (9)
and/or ‘hot-spot’ residues (10,11). The prediction of
such residues has received a great deal of attention, and
approaches use structural features (9,12-14), sequence
conservation (15-18), or, most successfully, a multi-
feature consensus approach (19-24). Although most
predictors focus on identifying individual residues,
analyzing clusters of nearby residues has been found to

be more informative when identifying chemical starting
points for the design of small-molecule PPI inhibitors
(25). PocketQuery provides an interface for exploring
high-level features of a PPI interface and rapidly
focusing attention on the key clusters of residues that
are likely small-molecule inhibitor starting points.

There are numerous online resources for analyzing
and predicting the properties of PPIs (26). In particular,
several web servers support the exploration and
visualization of properties of PPI interface residues
such as sequence conservation (27), surface area calcula-
tions (14,28,29), and predicted hot spots (14,22).
PocketQuery provides a 3D interface to explore all of
these properties, and interface residue properties are
precomputed for all PPI structures in the Protein Data
Bank (PDB) resulting in the immediate availability of
most structures of interest.

PocketQuery is unique in its focus on identifying
small-molecule starting points from PPI structure in the
form of clusters of interface residues. A cluster of
co-located residues provides greater specificity than a
single residue, and, unlike the full collection of interface
residues, the molecular interactions of a small cluster are
accessible to small-molecules. Clusters are ranked accord-
ing to a ‘druggability’ score where high scoring clusters
likely delineate a potential binding site on a receptor
surface. PocketQuery is complementary to methods that
identify binding sites through an analysis of the receptor
(30). Unlike receptor-only methods, PocketQuery requires
the full PPI structure, but the residues identified by
PocketQuery not only delineate a putative binding site
on the protein, they also define a set of molecular inter-
actions selected for by evolution. These interactions define
a pharmacophore that can be seamlessly exported into a
virtual screening workflow.

MATERIALS AND METHODS

PocketQuery contains an analysis of every PPI structure in
the PDB and is updated on a weekly basis as new
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structures are made available. Structures are not filtered
by experimental method or resolution; users must make
their own determination as to whether a structure is of
high enough quality to support a meaningful analysis.
The first biological assembly deposited in the PDB is
analyzed. If no biological assembly is available (e.g. for
an NMR structure), then the first model of the asymmetric
unit is analyzed. Additionally, users may submit their own
structures for analysis. Very large oligomeric structures
(such as viral capsids) are reduced to a single monomer
and its neighbors to reduce the computational overhead
of the analysis. Each structure is preprocessed with
CHARMM version 31bl (31) to add missing atoms, inclu-
ding hydrogens, and optimize hydrogen bonding.

The following energetic, structural and evolutionary
properties are computed for each interface residue of
a PPIL:

AGFC: an estimate of the change of free energy (kcal/
mol) for a residue upon complexation. Computed
using FastContact (12). More negative values
indicate a stronger interaction.

AAG®: an estimate of the change in free energy of an
alanine mutation. Computed using Rosetta (13). More
positive values indicate the mutation destabilizes the
complex and thus the original residue has a stronger
interaction.

ASASA: the change in solvent accessible surface area
(SASA) of a residue. This is the difference between
the SASA of the bound conformation of a chain in
the complexed state and the bound conformation as an
independent chain. Computed using naccess (http://
www.bioinf.manchester.ac.uk/naccess/).

ASASAY%: the relative ASASA as computed by naccess.
Expressed as a percentage.

Cons: a conservation score computed using Scorecons
(32). A higher score indicates a higher degree of
conservation.

Rate: an evolutionary rate computed using Rate4Site
(33). A higher score indicates a higher rate and lower
degree of conservation.

The full protocol for computing these properties is
reported elsewhere (25). Any residue with ASASA >
0.05 A% is treated as an interface residue. All possible
clusters of interface residues with a maximal span of
12A are computed. The cluster properties include the
aggregated residue properties (minimum, maximum,
average and total values) as well as the types of residues
in the cluster, the size of the cluster (number of residues)
and the maximal distance between cluster residues.

Most significantly, PocketQuery provides a consensus
score for each cluster that is derived from a structural
analysis of protein-ligand and protein—protein structures
(25). The score, which ranges from zero to one, is the
output of a support vector machine trained using struc-
tures of small-molecules that bind at the PPI interface.
When these ligand-bound structures are aligned with the
PPI structure, the small-molecule overlaps a cluster of
residues in the PPI, and these overlapping residues delin-
eate a small-molecule binding site at the PPI interface.

Clusters with properties that are consistent with these
overlapping clusters receive a higher score. That is, a
high score suggests that the chemical mimicry of the
cluster would be a good starting point for the design of
a small-molecule inhibitor of the interaction, and the score
provides a rough indication of the ‘druggability’ of the
PPI. Since this druggability score is derived from a
machine learning structural analysis, its quality and rele-
vance should only increase as more protein-ligand and
protein—protein structures are used in its computation.
Consequently, the score for all PocketQuery clusters will
be updated on a biennial basis to benefit from the con-
stantly increasing amount of structural information.

The PocketQuery interface is implemented using
JavaScript and the Java-based Jmol (http://www.jmol.
org/) molecular viewer. A modern, standards compliant
web browser with a recent Java plugin is required.

POCKETQUERY INTERFACE

PocketQuery provides an easy to use graphical interface
for searching for clusters, displaying and browsing the
clusters that are the results of a search, and visualizing
the molecular structure and properties of clusters within
the 3D PPI structure. The full results of a search as well
as the structures of specific clusters can be exported into
common, analyzable and file formats.

Search

The PocketQuery search interface is shown in Figure 1.
The interface is divided into a Search panel on the left,
where the criteria for the search can be entered, and a
table of result clusters on the right. The search criteria
includes structure-level information, such as the PDB id
and chain, and all the computed cluster properties. An
arbitrary number of search criteria may be conjunctively
joined to precisely filter the results. For instance, searching
for all clusters with a cluster size equal to one and a total
AGF€ (FastContact energy) < —3 would identify all pre-
dicted individual hot-spot residues. If a PDB id is not
provided, a PDB-wide search is performed. A PDB-wide
search can be narrowed by specifying keywords that must
match within the PDB title or keywords fields.

As shown in the lower left of Figure 1, a number of
preset settings for search criteria are available.
Additionally, the search settings may be saved to or
restored from a file to enable collaborative sharing of
search results.

Clusters

The cluster results table is shown in the right of Figures 1,
2 and 3 and is always visible. Each row of the table cor-
responds to a single cluster of residues and each column to
a cluster property. Clusters may be sorted by any available
property by clicking the column heading. As each cluster
has dozens of associated properties, it is unwieldy to view
them all at once. Instead, as shown in the lower right of
Figure 2, different views of the data may be selected
to focus in on different aspects of the interface. For
example, the Residue Centric view, which is shown in
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Figure 1. The PocketQuery search interface. The Search panel on the left allows the user to set an arbitrary number of conjunctively joined filters,
such as specifying a minimum average ASASA for each cluster. Preset filtering criteria are available (bottom left) or custom searches may be
created and shared using the Load/Save buttons. The matching clusters from the PPI structures deposited in the PDB are displayed in the right

panel.
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Figure 2. Browsing the PocketQuery search results. The Clusters panel on the right displays the table of clusters matching the specified search
criteria. Different consolidated views of the many available cluster properties can be selected, as shown in the bottom right. Results may be sorted by
any numerical property. Here they are shown sorted by a ‘druggability’ score, where are higher score indicates the similarity of a cluster to residue
clusters known to delineate small-molecule binding sites at a PPI interface. Selecting a result cluster in the results table brings up a molecular viewer
panel featuring a 3D JMol interface of the PPI structure. The residues of the selected cluster(s) and their properties are shown in the bottom of the

molecular viewer panel.
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Figure 3. Visualizing the properties of a protein—protein interface. A variety of display styles are available for the receptor protein, ligand protein
and selected cluster(s). The receptor surface is shown color mapped by partial charge. The color of the interface residues of the ligand protein
(including the cluster residues) may be color mapped to any of the computed properties, such as energy estimates, sequence conservation or ASASA.

Figure 3 and is most appropriate when searching for only
clusters of size one, displays the residue names and
sequence identifiers, but omits the cluster size and
maximum distance (which are always one and zero for
single-residue clusters). The full search results, consisting
of all the computed properties for every matching cluster,
can be downloaded as a comma separated text file through
the Save Results button.

Clusters may be visualized in the context of the PPI by
clicking on the corresponding row. As shown in Figure 2,
this launches a molecular viewer in the left panel of the
interface, replacing the search panel. If multiple clusters
from the same chain are selected (i.e. using the Ctrl and
Shift keys) as shown in Figure 3, their residues are merged
into a single cluster in the molecular viewer panel. The
residue properties of the displayed cluster are shown in
the bottom of the molecular viewer panel, as shown
in Figure 2.

Visualization

The molecular viewer may be manipulated using the
standard Jmol controls. Additionally, the viewer panel,
shown in Figure 3, can be used to customize the visual
styles of the receptor protein, ligand protein and cluster
residues. The ligand protein is the single chain that
contains the selected cluster whereas the receptor protein
consists of all other chains in the PPI complex. The default
display style is for the receptor and ligand protein residues
to be shown as wireframes with the cluster residues shown
as sticks, as shown in Figure 2. The receptor protein is
displayed with a rendered surface that is color mapped by
the partial charge of the residues (the surface may be
omitted by setting the transparency to 100%). The inter-
face residues of the ligand protein may be colored

by residue property, as shown in Figure 3. Property
values are mapped to a rainbow (ROYBG) spectrum
where the smallest values are always red and the largest
blue.

Export

Once a cluster has been identified as a promising starting
point for small-molecule design, it can be saved as a
PDB file or exported directly into a pharmacophore-based
virtual screening workflow. This functionality is provided
under the Export tab of the molecular viewer panel.
Export is available for two online virtual screening
search engines: AnchorQuery (http://anchorquery.csb
.pitt.edu) and ZINCPharmer (http://zincpharmer.csb
.pitt.edu). Both AnchorQuery and ZINCPharmer screen
for compounds using a 3D pharmacophore, the spatial
arrangement of the essential features (such as hydrophobic
regions or hydrogen bonds) of an interaction. A candidate
pharmacophore is derived directly from the cluster—
receptor structure exported by PocketQuery and can be
easily refined by the user.

AnchorQuery is a specialized interactive pharmaco-
phore search technology. AnchorQuery includes a
library of > 1.5 billion conformers of > 21 million novel
chemical compounds. These compounds are accessible
through one-step multi-component reaction chemistry.
The compounds are designed to be biased to target PPIs
by virtue of always containing a functional mimic of a
specific amino acid (the ‘anchor’ feature of the pharmaco-
phore). AnchorQuery provides rapid access to a large
chemical space specialized for targeting PPIs, but
synthesis is required for experimental validation.

ZINCPharmer is a general interactive pharmaco-
phore search technology for the ZINC database (34).
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ZINCPharmer is routinely updated to search the most
recent set of purchasable compounds from ZINC.
The size of this library is on the order of 100-200
million conformations of 10-20 million compounds.
Although historical collections of compounds are
thought to be poorly suited for targeting PPIs (5), com-
pounds found through ZINCPharmer have the advantage
that they may be immediately purchased for experimental
validation.

DISCUSSION

PocketQuery includes precomputed properties for all the
PPI structures in the PDB resulting in the immediate avail-
ability of almost all structures of interest. Not only are
multiple properties computed, such as energy estimates
and sequence conservation, but these properties are also
computed with multiple methods. Property values can be
displayed both numerically and visually color-mapped
directly onto the PPI structure. This allows for a critical
assessment of the potential contribution of an interface
residue in the formation and stabilization of the PPI
complex.

PocketQuery is a valuable tool for the interactive, user-
guided exploration of PPI interfaces, and the analysis of
clusters of residues combined with the consensus
‘druggability’ score results in the rapid focusing of atten-
tion on the key residues of the interaction. Once an
appropriate set of residues is identified, PocketQuery
provides an entry point into an interactive online drug
discovery workflow for the development of PPI inhibitors.
PocketQuery is freely available at http://pocketquery.csb
.pitt.edu
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