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We developed PeptiSite, a comprehensive and reliable database of biologically and structurally character-
ized peptide-binding sites, in which each site is represented by an ensemble of its complexes with pro-
tein, peptide and small molecule partners. The unique features of the database include: (1) the ensemble
site representation that provides a fourth dimension to the otherwise three dimensional data, (2) com-

l<eyV\{0dei prehensive characterization of the binding site architecture that may consist of a multimeric protein
Eet’tf‘sj‘teb_ ding si assembly with cofactors and metal ions and (3) analysis of consensus interaction motifs within the
eptide binding site ensembles and identification of conserved determinants of these interactions. Currently the database
Pocketome . . . . .. . .. . .

Induced-fit contains 585 proteins with 650 peptide-binding sites. http://peptisite.ucsd.edu/ link allows searching
SiteFinder for the sites of interest and interactive visualization of the ensembles using the ActivelCM web-browser

plugin. This structural database for protein-peptide interactions enables understanding of structural
principles of these interactions and may assist the development of an efficient peptide docking

benchmark.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Molecular recognition is the central element of biological com-
munication. The endogenous ligand binding sites on receptors are
often targeted by therapeutics [1-5]. Interactions between globu-
lar proteins and short peptides constitute 15-40% of all protein
interactions and are vital for various cellular processes [6,7]. Pep-
tides and peptidemimetics are increasingly attracting attention
as therapeutics [7-9]. Currently around 60 peptide drugs are sold
worldwide.

Incomplete understanding of the receptor-ligand non-covalent
interaction is one of the major limitations for lead discovery [10].
Computational modeling is used to complement the experimental
studies for explaining the structural features of the protein-ligand
interactions [11-13]. Such computational studies greatly depend
on the crystallographic static structure of the protein-peptide
complexes [14-16]. However, proteins often undergo significant
conformational changes, known as induced fit, to accommodate li-
gands of various shapes, sizes and chemical properties in the same
binding site [ 17-23]. Such conformational changes may range from
small-scale side-chain rearrangement to large-scale loop move-
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ment or domain shifts [20,24-28]. Hence, it is difficult to develop
an unambiguous structural model of the binding pockets that can
be used in computational docking studies [21,29-34]. The effect
of induced fit becomes more crucial for binding sites interacting
with peptides due to higher number of conformational degrees of
freedom of the ligands.

Many efforts have been undertaken to account for the structural
flexibility in predicting the active conformation of the binding sites
[20,24,35-53], including building of databases of experimental
structures of the protein complexes with small molecule and pep-
tide ligands [7,54-60]. Comparison of multiple crystal structures of
a given protein bound to various ligands can reveal the conforma-
tional space that needs to be considered to obtain a correct defini-
tion of the binding pocket. Our laboratory recently developed an
database of small-molecule binding pockets, known as Pocketome
[60]. Here we extended the Pocketome to build a database, called
PeptiSite, with a comprehensive collection of crystal structures of
various receptors interacting with peptide ligands that are re-
ported in the Protein Data Bank (PDB) as of May 2013 [61]. A 3D
structure of a single complex gives only a limited static view of this
functionality; however, an ensemble of the multiple snapshots of
each individual site adds the fourth dimension to the data [62],
which not only allows separation of spurious or permanent com-
plexes from the relevant transient interactions, but also provides
insights into the effect of conformational variability on protein-
peptide interactions.
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Unlike PeptiSite, other databases such as DOMINO [63], MPID
[64], PCIDB [54], MOAD [55], IBIS [56,65], or ReliBase [57] mainly
collect, enrich, and make inferences from individual PDB structures
of protein complexes with small chemicals or peptides. The ap-
proach employed in PeptiSite shares some similarity with those
of PCDB [58], PepX [7], PepSite [6] or IEDB-3D [59], however, Pep-
tiSite specifically focuses on the detailed analysis of the peptide
binding sites. Besides identifying the constituents of the recep-
tor-peptide binding sites, the subsequent processing of the Pepti-
Site ensembles creates accurate interaction maps between the
binding site and the peptide ligand residues, quantifies cross-com-
patibility between pockets and ligands from different structures.

The PeptiSite can assist the detection of the conserved determi-
nants of molecular interactions, understanding the effects of SNPs
and single-point mutations, explanation of induced fit phenomena,
and development of flexible docking algorithms. It may also be
used for structure-based prediction of novel activities of existing
molecules or for activity and binding mode prediction of the new
compounds [66-68]. With its unique interface providing versatile
interactive molecular visualization, the PeptiSite is a valuable re-
source in understanding molecular interactions between protein
and peptides.

2. Methods
2.1. Construction of the database

Each PeptiSite database entry contains an ensemble of the co-
crystallized and superimposed structures of a peptide-binding site,
along with the associated information. The definitions of various
terms such as pocket and site used in our database are consistent
with the Pocketome encyclopedia. A pocket describes the sets of
atoms that are in contact with the ligand in a single co-crystallized
structure, and a site represents the set of residues that have been
experimentally observed to participate in ligand binding in at least

PDB sequence > 30 AA '_‘1'_

one of the complexes in an ensemble. The detailed description of
these terms can be found in [60]. Each member of an ensemb]e re-
tains its individual characteristics such as the set of pocket atoms
and the bound ligand.

One binding site may either reside only on a single protein
chain or on a multimeric assembly interface. Currently, the maxi-
mum allowed number of hetero-multimeric partners comprising
the binding site in PeptiSite database is two; however, there is
no limit on the number of chains for homo-multimeric interface
sites. PeptiSite entries do not use PDB BioMT records. One binding
site in PeptiSite may or may not correspond to the protein biolog-
ical unit [60].

A typical binding site may also include cofactor molecules (NAD,
ATP etc.) and coordinated metal ions. A cofactor is defined as a mol-
ecule that non-competitively binds to the binding pocket simulta-
neously with the ligand molecule and essential for the biological
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Table 1

Basic statistics of PeptiSite database.
Features Median Mean Min:max
Number of structures 6 13 1:146
Number of PDB 4 10 1:80
Number of PDB/site with ligand 2 3 1:75
Number of receptor residues 423 609 45:7073
Number of peptide residues 11 15 3:50
Number of binding pocket residues 20 22 2:119
% Of hydrophobic residues in binding pocket 46 45 0:89
% Of polar residues in binding pocket 25 27 0:85
% Of acidic residues in binding pocket 11 12 0:60
% Of basic residues in binding pocket 15 16 0:75
ASASA (A?) 1103 1247  309:4170
RMSDg; (A) 0.57 1.2 0.032:16
RMSDsidechain (A) 13 1.8 0.032:17

activation of the receptor. Similarly metal ions consistently present
in multiple crystal structures of a binding site are also assumed to
be essential for the activation of the receptor. Each PeptiSite entry
contains a ligand ensemble that may include other entities that
bind competitively with these peptides, such as drug-like small
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molecules or nucleic acids. In some cases two or more ligands
may concurrently occupy the space that contains a single ligand
molecule in other pockets within the same ensemble.

The online version of the database includes only the non-redun-
dant set of pocket compositions (i.e. distinct ligands in combina-
tions with distinct point mutants only). However, complete sets
of the related structures of any PeptiSite entry are available on
request.

2.2. PeptiSite data flow and filtering criteria

The PeptiSite database is built based on the siteFinder algorithm
which is explained in detail in the Pocketome (http://www.pocke-
tome.org) [60]. In brief, siteFinder automatically collects, clusters,
analyzes and validates the binding pocket structures based on con-
sistency of their composition and spatial configuration between
the multiple members of the structural ensemble. The siteFinder
also clusters the highly homologous ( > 94% sequence identity) pro-
teins originating from different organisms into one entry to mini-
mize unnecessary fragmentation and enhance the representative
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Fig. 3. (A) Distribution of the hydrophobic (G, A, V, L, I, F, W, C, M, P); (B) polar uncharged (S, T, Y, N, Q); (C) acidic (D and E) and (D) basic (H, R, K) residues on the receptor
(green), receptor surface (red), binding site (blue) and peptide ligand (black). (E) Distribution of the organisms in PeptiSite.
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structures of the corresponding ensembles. Fig. 1 depicts the sche-
ma of the PeptiSite.

Each peptide-binding site in PeptiSite satisfies the following
criteria:

(i) Receptor must belong to SwissProt.
(ii) Protein is co-crystallized with at least one peptide ligand.

The allowed length of the peptide ligand in PeptiSite ranges
from 3 to 50 amino acid residues. The choice of this criterion is
based on the distribution of the number of residues of peptide
drugs (Fig. 2) available in DrugBank [69,70]. Fig. 2 showed that
more than 95% of the peptide drugs satisfy this condition. The
siteFinder is launched with two input files. The first file in-
cludes the swissProt ID of the receptor along with their pep-
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tide-binding domain boundaries, permanent protein partners
and associated PDB IDs. The second file includes a list of one
prototypical peptide ligand, called seed ligands, for each receptor
along with the PDB ID of the corresponding receptor-peptide
complex and chain ID of the peptide ligand inside the PDB en-
try. The selection of the seed ligand is performed based on the
following criteria:

(i) 3 < Peptide length < 50.
(ii) Bound within the domain boundaries.
(iii) Contains only natural amino acids.
(iv) At least one of the two conditions is met upon ligand binding
to the receptor:

(a) Loss of ligand solvent accessible surface area
(fracBuried) > 25%.
pocket site pairwise comparison
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Fig. 4. Summary of a single PeptiSite page content exemplified by the entry for human coagulation factor IX receptor. The binding site is composed of a single polypeptide
chain (FA9_HUMAN). The list of binding site residues, full PDB list with links are shown at the top of the page. (A) Pocket contact map; (B) site contact map; (C) pairwise
pocket-ligand and (D) pairwise pocket-pocket steric compatibility; (E) and (F) represent the backbone and full-atom RMSD of the binding site residues, respectively. (G) A
snapshot of the ActivelCM ensemble visualization window.
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(b) Loss of receptor solvent accessible surface area

(ASASA) > 300 A2,

The following equations are used to calculate fracBuried and
ASASA:

fracBuried = (SASAunbound — SASAbound)/SASAunbound (1 )

ASASA = SASAreceptor + SASAsgand — SASAcomplex 2)

where SASAnbound iS the SASA of the unbound ligand, SASApoung iS
the SASA of the bound ligand, SASArecepior iS the SASA of the un-
bound receptor protein, SASAjigana is the SASA of the unbound li-
gand and SASAcomplex i the SASA of the receptor-ligand complex.

2.3. PeptiSite statistics

The current release of the PeptiSite database (November 2013)
contains 650 entries, of which 380 (58%) correspond to human pro-
teins. There are 158 entries containing small molecule ligand along
with the peptide ligands. There are 585 different receptor proteins
originating from 107 different organisms in the current release. Ta-
ble 1 shows the basic statistics about the database. The current re-
lease of PeptiSite contains 7033 unique PDB entries. The number of
pocket structures for a full PeptiSite entry varies from 1 to 146
(median 6), and the number liganded structures for a full PeptiSite
entry ranges from 1 to 75 (median 2). RMS deviations (RMSD) of
the backbone and the side chains of the binding pocket residues
range from 0.0032 A to 16 A (median 0.57 A) and from 0.032 A to
17 A (median 1.3 A), respectively. The length of the peptide ligand
ranges from 3 to 50 with a median value of 11 residues, while the
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length of the receptor proteins included in PeptiSite ranges from 45
to 7073 residues with a median of 423 residues. The loss of solvent
accessible surface of the peptide ligand upon binding (ASASA)
ranges from 309 A2 to 4170 A2 with a median of 1103 A2, Panels
A-D of Fig. 3 represent the distribution of the hydrophobic (G, A,
V,L I, F, W, C, M, P), polar uncharged (S, T, Y, N, Q), acidic (D, E)
and basic (H, R, K) residues forming the entire receptor (green),
surface residues of the receptor (red), binding pocket (blue) and
peptide ligand (black), respectively. Fig. 3E represents a pie chart
of the distribution of the organisms present in the database.

3. PeptiSite Access
3.1. Search options

The online version of the PeptiSite is available at http://pepti-
site.ucsd.edu/. In the current release this resource allows search
by:

e Receptor swissProt ID.

e Peptide ligand swissProt ID.

e Protein name, family or domain.
e PDB ID.

The search results are always returned in the form of a hit list
represented by the site identifier, protein name and family, the list
of all associated PDB entries. Clicking on the site identifier takes
the user to the individual entry page with peptide-protein contact
analysis, pocket pair-wise comparison, and interactive visualiza-
tion of the site ensemble (Fig. 4).
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Fig. 5. The contact map obtained from the pocket tab of (A) DYL2_HUMAN_1_89 and (B) GRAP2_MOUSE_264_322 showing conserved receptor-peptide interaction pattern;
similar maps of (C) FUS3_YEAST_1_353 and (D) THRB_BOVIN_367_518 indicating diverse interaction patterns between the receptor binding site and different peptide ligands.
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3.2. Peptide-pocket contact analysis

Two of the three tabs in the text frame of a PeptiSite entry are
named pocket and site. In addition to the summary information
on the pocket/site composition, both tabs present the results of
analysis of ligand contacts with the neighboring protein residues
and other molecules in the site (Fig. 4A and B). We consider two
atoms being in contact if their centers are separated by less than
120% of the sum of their van der Waals radii. A residue is said to
be in contact with the peptide ligand if at least one non-hydrogen
atom of the ligand contacts this residue. In the pocket tab, the con-
tacts of each individual ligand with its binding pocket are de-
scribed, allowing quick identification of conserved or ligand-
specific interactions. In contrast, the site tab summarizes the ligand
ensemble information, most importantly, the contacts that other li-
gands from the ensemble could make if they were placed into each
selected pocket structure. Contacts are color-coded as backbone,
side-chain, or both. As ligands from other structures may be steri-
cally incompatible with a selected pocket, the site tab uses an addi-
tional type of contact not present in the pocket tab, a ligand-residue
steric clash. A clashing residue is colored red with the color inten-
sity corresponding to the number of ligands spatially overlapping
with that residue.

Cases of residue mutations from the reference swissProt se-
quence, as well as cases of residue covalent modifications, dele-
tions, or insertions are marked in the pocket and site matrices.
The contact maps are interactively clickable leading to changes
in the 3D graphics window on the right.

3.3. Pairwise comparison of binding pockets

Understanding binding site flexibility and induced fit effects is
one of the primary goals of the PeptiSite database. Therefore, each
PeptiSite entry is complemented by a pairwise comparison tab, with
the results of the steric compatibility of the corresponding ligand
ensembles (Fig. 4C and D). For that comparison, (i) each pocket
was described by a vector of steric clashes that it makes with the
ligand ensemble, (ii) pocket distances were calculated as normal-
ized absolute difference between the vectors, and (iii) all pockets
within the entry were clustered according to the calculated dis-
tance to form sterically cross-compatible subsets. This tab also in-
cludes the straightforward plots showing the pairwise backbone
and full-atom RMSD between the pockets (Fig. 4E and F). These
plots give an idea about the degree of the conformational variabil-
ity of the sites.

The receptor-peptide contact map on the pocket tab of each en-
try may be used to assess the flexibility of the binding pocket. For
example, the contact map of DYL2_HUMAN_1_89 (Fig. 5A) displays
that 17 out of 25 binding-site residues are in contact with most of
the peptide ligands indicating a highly conserved interaction be-
tween this binding site and its ligands. Similarly, the contact map
of GRAP2_MOUSE_264_322 (Fig. 5B) displays that 10 out of 18
binding-site residues are in contact with all of the peptide ligands.
In contrast, FUS3_YEAST_1_353 and THRB_BOVIN_367_518
(Fig. 5C and D) display that their corresponding binding sites can
yield different interaction patterns between the binding-site resi-
dues and the different peptides. The contact map of FU-
S3_YEAST_1_353 shows that peptide “c” occupies an extended
region of the binding site (PDBID 2F49), which is not accessed by
any other ligands. Similarly, THRB_BOVIN_367_518 shows that
peptide “i” (PDBID 1VIT) yields a unique interaction pattern, which
is different form the rest of the ligands. Such information about a
peptide-binding site can be combined with the corresponding
ICM binary file (available at http://peptisite.ucsd.edu) to analyze
more specific details (interacting receptor-peptide residue pairs,

binding mode etc.) that can, in turn, be used for peptide docking
studies.

3.4. ActivelCM visualization

PeptiSite employs the ActivelCM [71] (version 1.1-6 or higher)
for the interactive visualization of the binding site ensembles.
ActivelCM is a freely available plug-in for all major web-browsers
with unique capabilities not accessible in other similar tools.
ActivelCM is widely accepted and used by the computational and
structural biology communities as an advanced format for 3D data
visualization [72,73]. In the PeptiSite pages, the molecular entities
forming the binding site are consistently color-coded according to
their type (e.g. polypeptide receptor chains, co-factors, metal ions,
or the ligands) and are presented in several convenient and infor-
mative views, which are controlled by the links on the left side of
the screen, in the pocket and site tabs. Generic ActiveICM controls
enable view manipulations like rotation, zooming in and out, cen-
tering on selected parts, clipping, rocking, etc. An added advantage
of using the ActivelCM and data format is that the PeptiSite pages
are viewable on all Apple portable devices using the sister iMol-
view application.
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