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1. Introduction

In 1970, at a time when structural information of one atom
was stored on a single punched card, the crystallographers Helen
M. Berman, Edgar Meyer, and Gerson Cohen began forming
the idea of a comprehensive, public structural data repository
for protein structures. Only very few research sites had been
exchanging structural data, which was evidently linked with
enormous logistics efforts. Thousands of punched cards, each
representing data of only a single atom of a protein, were
shipped with postal services.1

In the autumn of 1971, the Protein Data Bank (PDBa) was
established as a joint effort of the Brookhaven National
Laboratory (BNL) and the Cambridge Crystallographic Data
Centre (CCDC). Starting from seven available structures, the
data growth rate was very low in its early stage, with only 13
structures available in 1974. In the following years, however,
dramatic technological inventions made protein engineering and
gene cloning possible. Computer power increased considerably,
remote access became established, and software tools for
computerized electron-density fitting became available. There-
fore, the number of entries in the PDB started to rise significantly

in the late 1980s. Not only the number of structures but also
the complexity of the determined structures increased. In 1999,
the Research Collaboratory of Structural Bioinformatics (RCSB)
was established as the consortium managing the PDB. The
institution is formed by Rutgers (The State University of New
Jersey), the San Diego Supercomputer Center (University of
California San Diego), and the National Institute of Standards
and Technology.2 By the turn of the millennium, structural
knowledge had reached a point where understanding biology
and medical targets on a molecular scale started to become
tangible. At this time, the three major data sources, the RCSB
PDB (www.pdb.org), the Macromolecular Structure Database
at the European Bioinformatics Institute3,4 (MSD-EBI, www.e-
bi.ac.uk/msd), and PDB Japan5 (PDBj, www.pdbj.org) were
joined in the worldwide PDB (wwPDB).6 The latest member
in this consortium is the BioMagResBank of the University of
WisconsinsMadison (BMRB, www.bmrb.wisc.edu).7

Today, the RCSB PDB Web site is the most important Web
portal of the wwPDB. This site itself registers about 100 000
unique visitors per month from all over the world. Data traffic
counts around 500 GB per month.1 While the PDB was used
almost exclusively by crystallographers in the beginning,
nowadays the community is much more diverse, including
scientists in biology, chemistry, cheminformatics, bioinformatics,
molecular modeling, and many more. The well-designed Web
interfaces and the variety of user-friendly and mostly free 3D
viewers enabled this information pool to also find its way to
education courses in middle and undergraduate schools. An
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example of the educational efforts is the “molecule of the
month” series where short accounts of over 100 selected
molecules, e.g., adrenergic receptors, multidrug resistance
transporters, and potassium channels from the PDB, are
presented.

In this work we review scope, limits, and latest developments
of the world’s largest public collection of protein structures,
regarding its relevance to drug development in particular. First,
we describe composition, coverage, and management of the
PDB. Second, we analyze data quality of the PDB, character-
izing issues and errors observed, and point out quality bench-
marks. Subsequently, we focus on relevant PDB Web services
like data mining tools and PDB-derived data sources. For
obvious reasons this work does not claim to provide an
exhaustive list of all PDB related facilities and databases
available (there are approximately 1000 free online databases
of interest for structural biologists available; see Galperin8 and
Carugo and Pongor9 for more information). We think that it is
beneficial to render a global view of state-of-the-art technology
and to present recent drug discovery success stories based on
PDB data. An overview of all tools discussed in this Perspective
is given in Table 1. As locations of Web services and databases
(URLs) are changing frequently, we provide up-to-date URLs
to the tools discussed in this work on http://www.uibk.ac.at/
pharmazie/phchem/camd/pdbtools.html.

2. Data Uniformity in the wwPDB

One of the biggest challenges of the wwPDB so far, and also
in the foreseeable future, is data uniformity and structure
validation. For several years, the RCSB PDB, PDBj, MSD-EBI,
and BMRB have been developing tools for data curing and
organization individually. With the formation of the wwPDB
consortium, these efforts have been pooled in order to ensure
data uniformity and also to improve data quality.6,10 The

wwPDB remediation project has been presented recently and
includes the following major aspects: (i) improvement of
chemical description and nomenclature, (ii) remediation of atom
names in polymer chains and distinct chemical definitions of
DNA and RNA nucleotides, (iii) revision of sequence and
taxonomy inconsistencies, (iv) improvement of virus representa-
tion, (v) recheck and update of primary citations, and (vi) further
development of file formats.11 RCSB is the only institution of
the wwPDB consortium with write access to the PDB archive
and controls the directory structure and contents. All partner
sites send the data processed to the RCSB PDB on a weekly
basis to be included in the archive. Recently, a new archive
accessible via ftp.wwpdb.org has been introduced.

Within the past few years, these strong efforts to increase
data uniformity have pushed the quality of PDB structural data
files and related metadata considerably. Comments as well as
chemical and experimental descriptions have been standardized,
the level of metadata detail has been assimilated, and the linking
between different data sources has been upgraded.

3. PDB Statistics and Coverage of Structural Classes

Dramatic technological advances in the field of structural
biology are causing the number of structures stored in the PDB
archive to grow rapidly. Today, the data repository has reached
the 50 000 entries mark, about 15% of the stored data originates
from NMR analyses.12 While 2983 structure depositions were
reported in 2000, 8128 PDB entries were filed in 2007. Despite
this quantitative increase of data, however, the fraction of novel
protein structures stagnated in 1995 and was stopped from
dropping not before 2003 by the establishment of structural
genomics initiatives (see below).

Overington et al.13 have analyzed the gene-family of targets
of all FDA drugs currently approved, finding that rhodopsin-
like GPCRs represent by far the most important family
targeted by small organic molecules, followed by nuclear
receptors and ion channels. Overall, 60% of all current drug
targets are located at the cell surface. As a matter of fact,
the PDB is biased toward targets that are less-challenging in
obtaining crystals, and unfortunately, membrane-bound pro-
teins (including GPCRs, ion channels, multidrug efflux
transporters, etc.), which are tremendously important as drug
targets and for rational ligand design, are particularly difficult
to crystallize.

For this reason, the PDB is struggling with a heavy bias
toward globular crystallizable proteins, limiting the field of
application and development of structure-based methods for
membrane proteins (see below). However, enormous efforts are
going on in order to overcome these difficulties, and recently
structural biology celebrated a new breakthrough with the
structural determination of an engineered human �2-adrenergic
receptor.14 The Database of Membrane Proteins of Known 3D
Structure15 provides an up-to-date collection of all related
structures available in the PDB. As of September 9, 2008, 169
unique proteins (including proteins of same type from different
species) are listed in this database.

There is also a lot of space for improvement for nuclear
receptor structures (e.g., retinoid X receptor-like, thyroid
hormone receptor-like, and estrogen receptor-like proteins),
considering their tremendous therapeutic potential. As of
September 9, 2008, 214 structures of nuclear receptor binding
domains are available in the PDB according to a SCOP
classification search.

Enzymes are the most prominent structural family in the PDB.
As of July 22, 2008, the Enzyme Structures Database16 counts

a Abbreviations: PDB, Protein Data Bank; BNL, Brookhaven National
Laboratory; CCDC, Cambridge Crystallographic Data Centre; RCSB,
Research Collaboratory of Structural Bioinformatics; MSD, Macromolecular
Structure Database; EBI, European Bioinformatics Institute; PDBj, PDB
Japan; wwPDB, worldwide PDB; BMRB, Biological Magnetic Resonance
Data Bank; EC, Enzyme Commission; PSI, protein structure initiative; GO,
gene ontology; OMIM, online Mendelian inheritance in man; NCBI,
National Center for Biotechnology Information; GPCR, G-protein-coupled
receptor; TargetDB, Target Database; PepcDB, Protein Expression Purifica-
tion and Crystallization Database; MSDpisa, MSD protein interfaces,
surfaces, and assemblies; SSM, secondary structure matching; ADIT,
AutoDep input tool; mmCIF, macromolecular crystallographic information
file; PDBML, Protein Data Bank markup language; DUD, Directory of
Useful Decoys; SCOP, structural classification of proteins; JCSG, Joint
Center for Structural Genomics; CESG, Center for Eukaryotic Structural
Genomics; SGC, Structural Genomics Consortium; HPUB, hold for
publication; rmsd, root mean square deviation; PQS, protein quaternary
structure; EDS, electron density server; RSR, real-space R-factor; VADAR,
volume, area, dihedral angle reporter; PSVS, protein structure validation
software; ED, electron density; sc-PDB, screening PDB; PLD, Protein-Ligand
Database; PASS, putative active sites with spheres; PSIbase, Protein
Structural Interactome map Database; MOAD, Mother of All Databases;
HIC-up, Heterocompound Information CentresUppsala; RECOORD, Re-
calculated Coordinates Database; PiQSi, Protein Quaternary Structure
Investigation; PSAP, Protein Structure Analysis Package; PMG, Protein
Movie Generator; EzCatDB, Enzyme Catalytic Mechanism Database; PDB-
UF, Protein Data Bank Unknown Function; CATH, class, architecture,
topology, homologous (superfamily); HSSP, homology derived secondary
structure of proteins; BRENDA, Braunschweig Enzyme Database; GOA,
gene ontology annotation; SuMo, surfing the molecules; DMAPS, database
of multiple alignments for protein structures; SURFACE, surface residues
and functions annotated, compared, and evaluated; PAST, Polypeptide Angle
Suffix Tree; PLASS, protein-ligand affinity statistical score; CSD,
Cambridge Structural Database; SABBAC, structural alphabet based protein
backbone builder from R-carbon trace; VS, virtual screening; 17�-HSD1,
17�-hydroxysteroid dehydrogenase 1; PPAR, peroxisome proliferator
activated receptor.
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24000+ enzyme PDB files: 4000 oxidoreductases, 7000+
transferases, 9500+ hydrolases, 1600+ lyases, 1000+ isomeras-
es, and 700+ ligases. However, Mestres17 reported in 2005 that
the coverage of enzyme families within the PDB archive is not
balanced at all: 34.5% of all enzyme entries in the PDB
represented the structures of only 34 enzymes (i.e., about 1%
of all enzymes characterized with an EC number; see below).

Large molecular complexes (i.e., complexes exceeding 500
kDa) represent a small, yet rapidly growing portion of the PDB
(approaching 10% of all PDB entries). The largest groups
include viruses, ribosome and ribosomal complexes, large
enzyme complexes, chaperonins, and structural protein as-
semblies.12

The most prominent structure families in the PDB archive
are structures of potential pharmaceutical relevance. However,
novel insights on biochemistry and pathology can quickly turn
a so far irrelevant protein into a hot target for drug therapy.
Structure-based virtual screening methods in particular suffer
from the lack of structural knowledge. Structural biologists
became well aware of this problem and started the Protein
Structure Initiative (PSI) in 1999. Since this time, structural
genomics projects help to lower the redundancy level of the
PDB archive by focusing on the determination of novel
structural entities.1,18 PSI aims at lowering costs and time needed
for protein structure elucidation, increasing throughput, and
improving structural diversity. The high efficiency of these
research facilities will allow the Protein Structure Initiative to
become the most important source for novel structural knowl-
edge on proteins in future. TargetDB (and its extension, the
Protein Expression Purification and Crystallization Database,
PepcDB),19 hosted by the RCSB PDB, provides information
on the current status of solutions of structures in production of
a multitude of structural genomics projects. As of September
9, 2008, TargetDB reports the deposition of 6098 PDB structures
by worldwide structural genomics projects (half of them
originating from PSI centers). Latest information on structural
genomics projects is provided at the RCSB PDB information
portal for structural genomics20 and the PSI Web site.21

One issue of these protein structure initiatives is that
frequently not very well understood proteins are solved and
deposited in the PDB without exact annotation. For example,
one can find the “crystal structure of an unknown protein from
Galdieria sulfuraria” (PDB entry 2nyi) or the “protein of
unknown function (DUF946) from Bacillus stearothermophilus”
(PDB entry 2oeq), and many more. The novelty of folds can
be automatically predicted using the ProTarget22 Web service
by providing an amino acid sequence query: Reference structures
pooled from the Swiss-Prot23 and the PDB databases are
automatically assessed in terms of similarity to the query.

While the current coverage of targets in the PDB may be
adequate for classic molecular modeling techniques of a
particular target of interest, the lacking global image of all
structures of biological relevance is problematic for the develop-
ment and validation of structure-based methods that attempt to
assess such activity spectra. Several structure-based approaches
and algorithms for multitarget screening have been proposed
in recent years; however, so far the performance of these
methods has been examined only on structurally well-character-
ized targets and target families most of the time. Examples
include protein-ligand docking approaches24-31 and pharma-
cophore-based parallel screening.32-34

4. Services Provided by the wwPDB Partner Sites

The individual Web sites of the wwPDB partners offer
different online platforms for basic and advanced searching and
data browsing. Besides a plurality of search functions and
browsing features, the RCSB PDB offers interconnection to
external data pools (e.g., Gene Ontology (GO), Enzyme
Commission (EC), Online Mendelian Inheritance in Man
(OMIM), National Center for Biotechnology Information (NCBI)
repositories, etc.) as well as a user-friendly overview and
summary page for all PDB entries and yearly snapshots of the
archive. Furthermore, the RCSB PDB supports inspection of
PDB structures using several different 3D viewers. PDBj
services include the alignment of structural homologues,35

visualization tools (e.g., visualization of the protein surface),
and subsets derived from PDB data. The BMRB provides the
NMR restraints grid, which contains the original NMR data
collected for over 2500 protein and nucleic acid structures with
corresponding PDB entries.

The MSD-EBI offers several search tools: MSDlite is an easy
to use Web interface and supports basic queries such as author
name, ligand name, and keywords but also to search for cross-
references, e.g., EC numbers, NCBI taxonomy, and Swiss-Prot
IDs. Moreover, FASTA36 similarity searches can be processed.
MSDpro is a Java-based query editor for complex searches on
a range of subjects. The user defines questions with a drag and
drop system; the search results can be directly exported in text
and XML file formats. MSDsite37 represents an advanced search
and statistical analysis tool for small 3D motifs. Results can be
provided as charts, tables, sequence multiple alignment and 3D
multiple alignment of fragments, motifs, and protein chains.
MSDtemplate supports the investigation of local residue interac-
tions in the PDB archive. Again, all results can be inspected as
a 3D multiple alignment. MSDpisa38,39 (protein interfaces,
surfaces, and assemblies) is an interactive service for the
investigation of macromolecular (protein-protein, DNA/RNA,
and protein-ligand) interfaces. The software supports similarity-
based searches and allows the prediction of the most probable
multimeric state of the protein. MSDchem is a mining tool
focusing on small organic molecules that are stored in complex
with proteins in the PDB archive. Search options include
different molecular identifiers and SMILES input. MSDfold or
secondary structure matching (SSM) is an interactive service
for processing 3D similarity analyses. It supports pairwise as
well as multiple comparison, 3D alignment of protein structures,
and the download and visualization of the best-superimposed
structures.40 MSDanalysis provides validation and analysis tools
for PDB data. Thereby, structures can be analyzed directly from
the PDB archive as well as via upload of PDB files. Results
are depicted as interactive histograms. The user picks residues
of interest and examines the corresponding 3D structure with
the AstexViewer.41 MSDmine42 is a data-mining tool for
advanced users to generate complex PDB queries.

5. Structure Deposition and File Formats

PDB deposition tools are probably the most important pillars
of the PDB data repository system. These tools are developed
to fulfill two highly important aspects of data acquisition: (i)
offering a user-friendly and well-defined upload interface and
(ii) data processing and checking. The deposition portals underlie
a continuous development process. Therefore, focus is on the
design of powerful algorithms for error detection and data
curation. Structural information can be deposited on all platforms
of the wwPDB partners. RCSB PDB and PDBj use the AutoDep
Input Tool (ADIT2,43), MSD-EBI AutoDep, and BMRB uses
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Table 1. PDB Data Repositories, Second-Party Resources, Web Services, and Software Tools Discussed in This Worka

wwPDB Portals and Partner Sites

RCSB PDB RCSB PDB portal
PDBj PDBj portal
BMRB BMRB portal
MSD-EBI MSD-EBI portal
TargetDB target search for structural genomics
PepcDB current status of solutions of structures in production

Cross-Linked Datasources

Gene Ontology controlled vocabulary to describe gene and gene product attributes in
any organism

ENZYME repository of information on the nomenclature of enzymes
OMIM compendium of human genes and genetic phenotypes
SCOP hierarchical classification of proteins
UNIPROT comprehensive protein sequence repository

Protein Visualization Tools

AstexViewer protein structure viewer
Chimera protein visualization, investigation of electron density maps
Coot investigation of electron density maps, model building
LIGPLOT 2D diagrams of protein-ligand interactions
RASMOL protein structure viewer

Tools for PDB Data Validation and Manipulation

PQS analyze and predict quaternary protein structures
WHAT_CHECK tool for protein structure checks
PDBREPORT repository of WHAT_CHECK reports
PROCHECK tool for protein structure checks
PROCHECK-NMR tool for protein structure checks
MolProbity tool for protein structure checks
NQ Flipper erroneous Asn and Gln rotamer detection
PSVS protein structure validation software suite

Modeling Suites Featuring Ligand Structure Interpretation and Correction Algorithms

MOE comprehensive modeling package
SYBYL comprehensive modeling package
LigandScout modeling suite for pharmacophore modeling and virtual screening

Tools for Visualizing and Manipulating Electron Density Maps

SFCHECK tool for structure factor file checks
EDS Electron Density Server, repository of electron density maps and

collection of structure validation tools
Chimera protein visualization, investigation of electron density maps
Coot investigation of electron density maps, model building
AFITT real-space fitting of ligands in protein-ligand complexes

Protein Interface, Binding Site, and Cavity Analyses

PASS identification of protein cavities
SURFNET identification of protein cavities
Q-SiteFinder identification of protein cavities
InSite identification of protein-protein interaction sites
Protemot prediction of protein binding sites with automatically extracted

geometrical templates
SitesBase comparative investigation of protein-ligand binding sites
PDBSITE protein binding site analysis
PSIbase repository of PDB-derived protein interface information
PROTCOM data pool of protein interface structures
Molsurfer analysis and visualization of protein interfaces
iPFAM visualization and browsing of protein interfaces
DMAPS database of multiple alignments for protein structures

Binding Data Collections

Binding DB affinity data collection
PDBbind affinity data collection
AffinDB affinity data collection
KiBank affinity data collection
Binding MOAD affinity data collection

Ligand Collections Based on PDB Structures

SuperLigands ligand structure repository
PDB-Ligand ligand structure repository
Ligand Depot ligand structure repository
HIC-up ligand structure repository

PDB-Derived Subsets and Recalculated Data Repositores

sc-PDB PDB subset of structures prepared for virtual screening
LigBase ligand-binding proteins aligned to structural templates
PLD protein-ligand database

7024 Journal of Medicinal Chemistry, 2008, Vol. 51, No. 22 PerspectiVe



ADIT-NMR, respectively. All uploaded data are checked for
geometric accuracy, chemistry of both proteins and ligands,
nomenclature, and the likely biological assembly.1 A short
overview on the importance of well-defined structure deposition
procedures and structure validation tools is provided by Josten
and Vriend.44

The PDB data file format has been developed in 1976, based
on 80 column punched cards. PDB files contain a header section
including details on the PDB ID number, target, resolution,
authors, citation, sequences of molecules in the crystal, second-
ary structure information. This section is followed by the atom
site records, which contain information on the atom coordinates,
atom names and numbers, and several more identifiers. PDB
files can be easily edited with any text editor (e.g., EMACS45);
there is also a large number of Python/Perl scripts and programs
available for data manipulation.46 PDB Goodies provides a Web-
based manipulation interface for PDB files.47

The PDB file format has been updated continuously in order
to fulfill the needs of novel applications. However, with the
dramatic increase in size and complexity of resolved protein
structures the PDB file format is approaching its limits in terms
of storage capacity and data handling.1,12 In 1997, Bourne et
al.48 introduced a new file format in order to overcome these
limitations. The so-called macromolecular crystallographic
information file (mmCIF) is an advanced data file format that
considers all aspects of structural characteristics and metadata.49

In 2005, Westbrook et al.50 introduced the PDBML (PDB
markup language) format, an XML format derivative. Both the
mmCIF and PDBML file formats are advantageous in particular
for data mining campaigns. For more information on deposition
tools, methods (including validation), and policies see the recent

publication by Dutta et al.51 Issues relating to NMR depositions
are discussed by Markley et al.7

6. Data Quality

6.1. Data Annotation, PDB Subsets, and Bias Induced
by Data Sets. The interconnection of the PDB with second party
databases raises the importance and data mining possibilities
considerably, as it allows for elucidating PDB subsets consider-
ing different aspects. An example of a PDB subset is a collection
of high-resolution protein structures of targets that are respon-
sible for drug side effects of human and closely related species.
The Columba52 server is one of several services that allow users
to quickly build up PDB subsets considering various parameters.
Columba consists of PDB data connected to 12 second-party
databases.

In today’s literature introducing novel computational methods
for drug discovery, besides the methodical part, in general direct
comparisons with related methods are presented. Issues arise if
the performance of a novel method in combination with an up-
to-date test set (e.g., PDB subsets) is directly compared to well-
established methods that have been developed and evaluated
using seasoned data sets. Conclusions about a better performance
of novel methods in such studies should be considered with
care, as a good rating of the presented novel method does not
necessarily indicate better global performance. The Journal of
Computer-Aided Molecular design has published a special issue
on the evaluation of computational methods recently.53

The DUD database is a collection of known active compounds
and decoys for targets included in the PDB for the evaluation
of docking programs.54 Currently the DUD is considered the

Table 1. Continued

PDB-REPRDB representative protein chains from PDB
RECOORD database of 500+ recalculated NMR structures
Database of Membrane Proteins of Known 3D Structure collection of PDB data on membrane proteins
PiQSi database for comparing the quarternary structure of protein complexes
iMolTalk Web toolkit for analyzing and searching PDB complexes
PSAP protein structure analysis package
PDBsum at-a-glance overviews on PDB structures, cross-linking to second-party

databases
EZCatDB database of enzyme catalytic mechanisms

Data Mining and Analysis Tools

PDB-UF prediction of enzymatic functions of not-annotated PDB entries
pKNOT analyses tools and structural data on knotted proteins
PDBSprotEC links PDB chains with Swiss-Prot codes and EC numbers
SuMo analysis and comparison of protein binding sites
Relibase+ analysis and data mining interface for protein structures
pdbFun collection of PDB data mining tools
SURFACE surface-based structural comparison and similarity assessment of protein

structures
PAST fast protein structure search
3dLogo identification of conserved residues in a set of structurally superimposed

proteins
FeatureMap3D align query sequences to PDB structures
PISCES PDB sequence culling
MMsINC ligand structure and substructure search
DBAli database of structure alignments
MaxSprout generating protein backbone and side chain coordinates from a C(alpha)

trace
SABBAC reconstruction of protein backbones and amino acid side chains based on

a C(alpha) trace

Miscellaneous Tools

Columba online service for the selection of PDB subsets
PDB Goodies Web-based manipulation of PDB files
PMG online movie generator for PDB structures
ZINC free database of commercially available compounds for virtual screening
DUD directory of useful decoys and known active compounds

a An up-to-date link list to all resources is available from http://www.uibk.ac.at/pharmazie/phchem/camd/pdbtools.html.
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de facto industry standard for the evaluation of docking
algorithms. As a matter of fact, this data set is biased on the
availability of known active compounds and PDB data on the
targets. As docking algorithms and knowledge-based scoring
functions in particular are commonly derived and tuned using
structure-based data of prominent targets, the validation and
drawing of conclusions on the global performance of these
methods based on closely related test sets are critical.

Rother et al.55 have investigated the extent to which protein
structures are annotated in 15 secondary databases. They found
a high overlap between PDB entries that have been deposited
before 1997. However, during the past decade the level of
annotation decreased for several secondary databases, especially
for recently released structures. This annotation gap could easily
lead to heavily biased results of data mining campaigns, as
insufficiently annotated PDB entries may be disregarded. It is
likely that this bias suppresses peptides, non-proteins, nonstand-
ard structures, and also recently published structures.

Such shortcomings in annotation can be overcome by manual
intervention for a small selection of targets and structures;
however, problems arise for multitarget data mining approaches,
which attempt to characterize the activity profile of compounds
against a plethora of targets. While a classical virtual screening
approach reports a simple rank-ordered list of putative active
compounds, in the case of multitarget screening, multidimen-
sional data matrices are obtained. For a sensible and meaningful
elaboration of data, relationships and dependencies between hits,
models, and targets need to be considered: for example,
structural relationships represented by SCOP classification,
Swiss-Prot, and UniProt IDs and functional relationships
considered by GO and EC classification, pathway affiliations,
relationship of diseases, and pharmacological target types (such
as ADME or toxicity related targets). PDB entries lacking certain
annotation data may therefore be missed or rejected during such
multitarget screening campaigns, leading to a significant bias.
Moreover, the validation of multitarget screening methods is
likely to be affected by such annotation issues, since the
selection of structures considered for profiling (based on the
availability of metadata) determines the outcome.

6.2. Structural Data Quality and Accuracy. State-of-the-
art technology for structure determination and refinement allows
structural biologists to analyze structures that have not been
accessible until recently. Several structural genomics projects
have been introduced in order to enrich structural biology data.
However, the data quality of recently published structures is
not necessarily superior in terms of structure quality compared
to older data. Brown et al.56 performed an in-depth analysis of
PDB structures and compared the most prominent structural
proteomics projects to each other. The Joint Center for Structural
Genomics (JCSG), the Center for Eukaryotic Structural Ge-
nomics (CESG), and the Structural Genomics Consortium (SGC)
were determined to produce the highest quality among all
projects. Not a long time ago, the publication of a protein
structure was a major event for the scientific community and
considerable efforts were taken to check the structure during
peer review. Nowadays, “mass production” of protein structures
inevitably drops awareness and thereby also structure validation.
Now, publishing of protein structures in the PDB is commonly
obligatory for peer-review journals. Statistics on the number of
publications per journal are available at the PDBsum Web site
(see below).

The PDB itself is taking and will take also in future
considerable efforts to increase data accuracy and transparency.1

Since 2006 there are no theoretical models accepted anymore,10

and as of February 2008, structure factor amplitudes/intensities
for crystal structures and restraints for NMR structures are
required for structure deposition in the PDB. The hold for
publication (HPUB) policy includes that the citation for a
structure deposited is to be published within 1 year after
deposition.

There is high interest in the scientific community about the
advantages and disadvantages of structural data derived from
X-ray crystallography and NMR. Generally speaking, X-ray data
seem to be preferred as a starting point for molecular modeling.
The benefit of both methods, however, originates from their
complementarity, supplementing gaps of the partner method.
NMR structures are usually published and deposited at the PDB
as an ensemble of models with different conformations (in
general about two dozen but sometimes significantly more). To
solve the problem of the availability of several protein confor-
mations as a starting material, a single, representative, average
conformation (energy-minimized) is chosen as a starting point
for molecular modeling studies. While the resolving power and
accuracy of NMR are considered inferior to those of X-ray
(though there is rapid technological progress in NMR technolo-
gies to increase precision and there are no well-established
measures for NMR structures available that allow for defining
and comparing accuracy), solubility effects can be explored
using NMR. X-ray allows for structural determination of very
high molecular mass proteins; NMR is favored for peptides and
protein segments. On the other hand, NMR allows for motion
analyses of domains and investigations on chemical kinetics and
is not dependent on the availability of the crystallized protein.

Andrec et al.57 recently published a large-scale study on
differences between structures determined by X-ray and
NMR. Therefore, they selected a set of 148 structure pairs
of which structural models derived from both X-ray and NMR
experimental data are available and statistically analyzed the
differences between these pairs of models using the Find-
Core58 method for structural superposition. The authors found
that the root-mean-square deviation (rmsd) between the
crystal structure and the average NMR structure exceeds the
rmsd within the NMR ensemble. Moreover, in 73 of all 148
structure pairs the core heavy atoms were diagnosed to be
located at significantly different positions. The authors point
out several possible reasons for this problematic observation.
Steric interactions, salt bridges, hydrogen bonds, and other
interactions formed in the crystalline state can occasionally
alternate protein structures observed by X-ray crystal-
lography. In this way it seems possible that the crystalline
environment might stabilize a certain protein conformation
that is unfavorable in solution. Flexible protein residues may
be buried or relatively rigid due to crystal packing, which
can only be checked if crystal symmetry parameters are
available. Another way to explain the structural differences
would be problematic statistical measures of similarity and
different, continuously further developed refinement methods
of both approaches. Several studies reflect the high interest
on determining the reasons for structural differences between
X-ray and NMR data,59-65 and there is a strong need for
further investigation of these structural discrepancies and their
offspring(s).

The nature of errors found in PDB records is quite manifold;
it reaches from administrative errors like wrong residue or chain
names and wrong atom nomenclature to complex but less
common structural errors like wrong protein topology. Wrong
bond lengths, wrong bond angle values, out-of-plane issues (e.g.,
in aromatic ring systems), and chirality mismatches are among
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the errors that are easily detectable and curable. Steric clashes
(bumps) are quite frequently observed in PDB structures, but
these can also be detected easily. There is also a variety of tools
available for highlighting and curing wrong atom types and
omitted atoms or side chains.

Major issues in the PDB are entries with incomplete informa-
tion about the quaternary structure of the target. Despite the
problem that the biological quaternary structure may be
unknown, PDB structure showing a protein monomer may in
reality be a dimer, trimer, tetramer, or multimer. The reason
for missing information on the quaternary structure may be the
nonexistence of the biological quaternary structure in the crystal.
As X-ray structures represent only information on the asym-
metric unit of the crystal, however, the complete quaternary
structure may not be published even if this structure exists in
the crystal. Symmetry records, such as CRYST1, MTRIX, and
SCALE66 characterize crystallographic properties and are
particularly important for drug design, as crystal packing may
influence symmetry-derived structures. Computational chemists
should be well aware of structural artifacts of symmetry-derived
structures that influence, for example, the conformation of the
protein binding site. There are algorithms available for the
calculation of symmetry records, as they may be unavailable.
Web facilities like the PQS67 (protein quaternary structure)
server perform analyses of PDB structures and attempt to predict
the most probable quaternary structure of proteins.

Torsion angle evaluation compares the torsion angles of each
residue to “normal” values and identifies issues on a statistical

basis. Special attention is thereby taken on the protein backbone
torsion angles, which can be assessed using Ramachandran plots
(�/ψ plots).68 This protein verification approach is one of the
earliest applied to protein structures, based on the observation
that the degree of freedom of rotatable bonds of the protein
backbone is rather small, as the side chains consume most of
the possible torsions. Two major areas of favored �/ψ values
are found in Ramachandran plots: one for R helix like torsion
angles and one for �-strand like torsion angles. Besides, rather
few residues show individual, outlying �/ψ values (e.g., residues
in loop regions). Therefore, protein Ramachandran plots should
detect only a few torsion values that are separated from the
favorable areas (Figure 1d). An accumulation of such outliers
is a strong indication for structural issues.

Nine types of amino acid side chains have a planar moiety:
Asp, Glu, Phe, His, Asn, Gln, Arg, Trp, and Tyr.69 Planarity
issues are not uncommon in PDB in particular not for certain
ring systems on the ligand side. However, they are easy to detect
and cure.

The protein sequence of the PDB data may deviate from the
respective sequence provided by the universal protein resource
(UniProt):70 Residues that cannot be defined correctly by the
electron density (ED) map are sometimes renamed to Ala during
model generation. Therefore, it is highly recommended to
directly compare the sequence reported by UniProt with the PDB
data. This can be quickly checked on the RCSB PDB site (Figure
2a). Sequence register errors occur if residues are placed into
the ED of the consecutive residue. These issues can be found

Figure 1. Analysis of PDB entry 1ke7, CDK2 in complex with an oxindole-based inhibitor: (a) LigandScout visualization of the protein structure
with the binding site and the ligand; (b) 3D and 2D depiction of the protein-ligand interactions in LigandScout, with hydrogen bond donors (green
vectors), hydrogen bond acceptors (red vectors), and hydrophobic areas (yellow spheres); (c) electron density maps visualized in Coot, with the 2Fo

- Fc map (magenta), the positive density of the Fo - Fc map (i.e., parts of the electron density not represented in the model, in green color), and
the negative density (i.e., parts of the model that are not backed up by electron density, in red color); (d) Ramachandran plot of 1ke7 generated with
MolProbity, with 98% of all �/ψ values located in favorable areas; Pro254 is the only amino acid reported as outlier.
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particularly at loops of low-resolution models. Detection is
feasible but only if the experimental data are available.71

The majority of water molecules can be correctly detected
by ED analyses (see section below). However, the placement
of waters can be considered as being subjective to certain
extend.72 Adding waters extensively to protein structures lowers
the R-factor and may therefore bias this quality benchmark.
Moreover, the discrimination between water molecules and ions
like Na+ is nontrivial. Therefore, ions are frequently exchanged
by water molecules. For protein-ligand docking it is common
to delete all water molecules before docking except for waters
that are known to be tightly bound to the protein and that are
important for mediating the ligand binding.

Hydrogens are only visible in ultrahigh-resolution X-ray
structures. However, they are of exceptional importance for the
formation of hydrogen bonds and thus also for the proper
characterization of protein-ligand complexes. High-resolution
structures show only a very few unsaturated hydrogen bonds,
while the degree of unsaturated hydrogen bonds is much higher
in models of low resolution. Moreover, correct hydrogen
placement is essential for the appropriate structure allocation
of Gln, Asn, and His. WHAT_CHECK73 supports checking the
hydrogen bond network health (see below). Adjusting and
optimizing the hydrogen bond network of macromolecular
structures are computationally demanding, yet highly recom-
mended before starting any modeling activity.74

Ligands frequently suffer from lacking attention of crystal-
lographers on small organic molecules, as quality benchmarks
are usually for the global structure and the global model is
minimized according to these values, which is a severe problem
for modelers interested in the analysis of protein-ligand
interactions. The lacking focus on the ligand structure is also
reflected by the insufficient atom type definitions in PDB file
format: PDB data do not contain any information on the
hybridization states and connectivity of ligand atoms but only
about atom coordinates. Therefore, several software tools have
been developed in order to overcome this data lack. MOE75

and SYBYL76 are examples of two well-established modeling
suites featuring ligand structure interpretation and correction

algorithms. LigandScout77,78 is modeling suite for both ligand-
and structure-based pharmacophore modeling and virtual screen-
ing that supports extracting relevant information on the respec-
tive binding mode, pharmacophore modeling, and virtual
screening. Existing ligand interpretation algorithms were adopted
and new strategies were developed to deduce ligand topology
adequately in LigandScout. A step-by-step interpretation is
performed on the PDB ligand entries: planar ring detection,
assignment of functional group patterns, hybridization state
determination, and Kekulé pattern assignment (Figure 1a,b).

Over the years, severe failures have become uncommon in
the PDB (yet there are still some problematic issues44), and also
the occurrence of geometry-related errors has been decreasing
since the early 1990s. Despite this, Badger and Hendle79 found
that about 3% of all amino acids of structures deposited in the
PDB are modeled incorrectly. Asn, Gln, and His side chain flips
were reported as the most frequent errors. Another study
reported an estimated percentage of severe structure issues in
protein chains of up to 1%.80 However, both values need to be
interpreted in context of the authors’ definitions of structural
errors of course, since computational approaches differ consid-
erably in their sensibility for structural insufficiencies.

6.3. Electron Density Maps and Their Utility in Molecu-
lar Modeling. Inspection of ED maps is the best way for
both experts and novice users to get to the bottom of X-ray
crystallographic models, to learn about their quality and
characteristics, and to understand and critically evaluate
literature. The models published in the PDB are heavily
influenced by modeling procedures and the individual experi-
ence, expertise, knowledge, and possible mistakes of a
crystallographer. ED maps represent crystallographic experi-
ments without this expert bias that is encountered in atomic
models and therefore retain information that cannot be
included in a model. In this way, ED maps are crucial for
the comprehension, retracing, and validation of models. Even
more, ED maps are highly useful for selecting a high quality
structure out of a set of PDB structures as a starting point
for molecular modeling (Figure 3).

Figure 2. (a) Sequence details for 1ke7 showing the resolved parts of the protein in direct comparison to the UniProt sequence. The diagram offers
a quick overview of the agreement of the structural data with the UniProt protein sequence as well as of the secondary structure elements of the
protein. (b) PDBsum top page showing an overview of characteristics of 1ke7. The site is especially useful as a starting point for investigations,
as there are several Web services directly connected via the quick links panel on the right.
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Densities can only be calculated if structure factors and the
model are available. The portion of structures published in the
PDB including structure factor information has been increased
steadily, and since February 2008 the submission of structure
factors is a mandatory requirement for PDB deposition, as
already mentioned above. However, this does not solve the
problem of missing structure factors for earlier submitted PDB
structures. And even though the deposition of structure factors
is now required, some issues remain, as the standards used upon
publication are not well defined and there are different file
formats for storing structure factors available.81 The PDB aims
at the standardization of structure factor files and hosts SF-Tool,
a program for the validation and conversion of structure factor
files for deposition. The tool is based on SFCHECK82 and
SFCONVERT.

The EDS81 (electron density server) of the University of
Uppsala calculates the ED maps from the coordinate and
structure factor files deposited at the PDB. The EDS archive is
updated on a regular basis. ED maps can be visualized directly
at the EDS site with the AstexViewer, and the Uppsala viewer;
ED maps can be downloaded directly from the server. Moreover,
the facility also offers several statistical measures for PDB data,
such as Ramachandran plots. Real-space R values (see section
6.4) plots as a function of residue numbers can be explored
interactively in combination with the AstexViewer.

Chimera83 is a sophisticated tool for the visualization of
proteins and large-scale molecular assemblies. Besides modules
for multiple protein alignment functions, investigation of ligand
docking poses and molecular volumes, and tools for the
generation of movies from conformational changes and molec-
ular dynamics trajectories, the software allows for visualizing
ED maps in context of the model. Coot84 (Figure 1c) is one of
the most prominent tools for X-ray crystallographic model
building and ED maps visualization. ED maps can be directly
downloaded from the EDS using the Coot graphical user
interface. AFITT85 is a software tool for real-space fitting of
ligands in protein-ligand complexes. The program allows for
placing the ligand in an optimized position into the ED while
considering conformational strain energy. The GUI enables users
to interactively match the ligand to the density and to refine
results, and the command line interface offers integration to
automated workflows.

6.4. Benchmarks for X-ray Crystallographic and NMR
Data. While there are several well-defined benchmarks for the
definition of data precision available for X-ray crystallography,
standardized precision values for NMR structures are still under
development because of a lack of widely accepted algorithms
and protocols.58 Moreover, NMR data preparation procedures
offer more options for differing interpretation.

The goodness of models derived from X-ray crystallographic
and NMR data is limited to the resolution: The higher the
resolution, the more structural characteristics can be deduced.
Electron densities of less than 5 Å resolution provide sufficient
information on the overall shape properties of a protein; at a
resolution of 3 Å, side chains are detectable. Structures with
2.5 Å resolution show defined conformations of amino acid side
chains; the characteristic ED gap in aromatic ring systems can
be observed at about 1.5 Å. Highest resolutions currently
reported are located around 0.6 Å.

One of the most important benchmarks for X-ray crystal-
lographic data quality is the R-factor, which is defined as the
relative deviation of the calculated structure factors from those
experimentally observed. In general, a lower R-factor stands
for a better model. The expressiveness of this measure suffers
from possible overfitting, which cannot be detected by the
R-factor. Rfree

86 is a measure for the deviations of the calculated
model, as it applies to a smaller testing data set that has not
been used for the generation of the structural model. The
difference between Rfree and R-factor is useful for the detection
of overfitting of the 3D structure; the smaller the difference is
between both measures, the better. However, both values are
global measures and do not provide information on residue or
atom level.

The real-space R-factor (RSR)87 represents a local benchmark
for the fit of data at residue level (i.e., for one amino acid
residue, nucleotide, or small molecule at a time); it compares
the calculated density of a residue with the experimentally
obtained density data. Lower RSR values indicate better fit. The
RSR can also be represented as a correlation coefficient, where
values approaching 1 imply better fit. Both quality measures
can be directly investigated on the EDS Web site (Figures 3
and 4).

Figure 3. Comparison of two PDB structures of inhibitors cocrystallized with CDK2: 1ke5 (left) and 1ke7 (right); 2Fo - Fc map (blue color);
positive density of the Fo - Fc map (green color); negative density of the Fo - Fc map (red color). The ED plot demonstrates the well-defined
location of the inhibitor in 1ke5, as all parts of the inhibitor model do fit very well into the electron density. In the case of 1ke7 some uncertainties
can be detected, as both terminal areas of the ligand do have negative density, indicating parts of the molecule that could not be observed in the
experimental data. These deviations can be identified by calculation of the RSR value, which is lower for the ligand in 1ke5 (0.099) than for the
ligand in 1ke7 (0.345). In this perspective both electron density maps and RSR values are of particular importance for molecular modeling studies,
as these data allow estimation of the quality of a model at the residue level.
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The B-factors reflect the mobility or flexibility of various parts
of the protein: The higher the B-factors are, the greater is the
uncertainty about the actual atom position. As a guideline,
disorders are likely if the B-factors are 60 or larger; B-factors
larger than 40 indicate possible structural uncertainties. For more
details on these benchmarks the reader is referred to two
excellent book chapters.71,74

6.5. Software Tools and Web Resources for Structure
Checking and Data Curation. WHAT_CHECK73 is one of
the most prominent PDB data validation programs. The program
checks for administrative problems such as atom naming issues
and ambiguous residue numbering and generates Ramachandran
plots. Moreover, WHAT_CHECK investigates protein structures
for missing or unexpected atoms and coordinate problems.
B-factor plots allow for investigating the certainty of atom
positions. Geometric checks include bond lengths and angles,
chirality mismatches, planarity problems, torsion angle issues,
steric bumps, and structural issues based on crystal packing
effects. It is important to state that the structural issues reported
here are not necessarily errors. The issues detected by
WHAT_CHECK are based on statistical means, and some of
the anomalies may be caused by genuine influences. Users
should check putative errors carefully. The WHAT_CHECK
reports of PDB structures can be directly accessed from the
PDBREPORT database.73 PROCHECK88 enjoys great popular-
ity in the scientific community. The program supports an
intuitive and user-adaptable visualization of the results (e.g.,
Ramachandran plots, histograms, and frequency distributions).
PROCHECK-NMR89 is the NMR counterpart of PROCHECK,
providing valuable checking tools for NMR structures. Mol-
Probity90 checks X-ray and NMR data of PDB entries and
uploaded user data. The Web service supports the addition of
hydrogens to PDB data featuring H-bond network optimization
and Asn, Gln, or His flipping. Structure validation tools include
bump detection, Ramachandran plots, rotamer and geometry
evaluations, etc. Results can be analyzed with interactive
diagrams and interactive 3D views. Also MSDanalysis offers
several tools for structure checking, as already mentioned above.
Recently, NQ Flipper91 has been published by Eichenberger and
Sippl. This Web facility automatically detects erroneous Asn
and Gln rotamers based on mean force potentials. Users can
directly upload PDB files for online data curing. Further

examples include VADAR92 (volume, area, dihedral angle
reporter), and Verify3D.93,94

The JCSG Structure Validation Central21 offers a structure
validation system that integrates seven structure checking tools,
including PROCHECK, SFCHECK, and WHAT_CHECK. In
a similar way, Bhattacharya95 et al. have incorporated several
protein structure evaluation tools, including PROCHECK and
MolProbity into an integrated benchmarking environment to the
Protein Structure Validation Software (PSVS) suite. The
program collection aims at the automated and standardized
validation of protein structures determined by structural ge-
nomics consortia.

Chimera, Coot, and AFITT, all free for academics, have been
introduced in section 6.3 already.

6.6. General Guidelines for Molecular Modeling Using
PDB Structural Data. By the consideration of a few guidelines,
most typical issues arising from the usage of PDB structural
information for molecular modeling can be avoided. The
investigation of the primary literature of a PDB structure is of
fundamental importance in order to be able to correctly interpret
structural data. Besides a detailed description on the methods
used for structure determination, literature provides crucial
information about the characteristics of the target structure,
comments on the quality of the ED representation, the fit of
residues into the ED, residue flexibility, crystal packing effects,
and related issues. The validity of the ligand structure needs to
be confirmed manually, as correct bond orders and hybridization
states of the ligand are not stored in PDB files. From our own
experience we find that in approximately 80% of all cases the
correct ligand structure can be derived from the atom coordinates
stored in the PDB files in an automated way; however, in about
one-fifth of all ligand structures issues (e.g., wrong bond types)
need to be cleared manually. Examination of published errata
and studies citing the primary literature should be included into
a standard modeling workflow to ensure that the structure
available is state-of-the-art and that no problems with the PDB
structures have been encountered so far. Details on the sequence
and portion of protein residues that have been structurally
determined are decisive for the suitability of structural data for
modeling. Targets with a particular site of interest (usually
interfaces) may have been structurally resolved only in the
proximity of this area (e.g., the active domain); thereby spacious

Figure 4. Representation of the RSR values of 1ke7 on a residue basis (residue number on x-axis, RSR value on y-axis) for all resolved amino
acids. High RSR values indicate low fit of the model and the electron density map. RSR values are of particular importance for computational
studies, as they allow for analysis of the goodness of models and for identification of possible insufficiencies efficiently. Looking at proximate RSR
values of a certain residue of interest allows the deduction of conclusions about the reliability of the model in areas of particular interest. Also, the
quality of the fit of a bound ligand can be characterized by a RSR value and therefore provides an estimation of the suitability of a ligand conformation
and location for structure-based molecular modeling.
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conformational changes that may be induced by distant protein
segments missing in the structural model are often neglected.
Mutations may have been applied in order to enable crystal-
lization or to stabilize or force the protein into a certain
conformation of interest. Again, this influence also needs to be
considered carefully, including also the impact of distant
mutations on the local protein conformation.

Once the global suitability of a certain PDB structure is
confirmed, quality indicators need to be checked in order to
estimate the goodness of a model. Resolution, R-factor, and Rfree

are directly available via the PDB. Moreover, most modeling
programs allow the visualization of B-factors, if available in
the structural data. WHAT_CHECK or related programs quickly
provide an overview of possible structural issues. Supposedly
the most powerful approach to grasp and investigate the quality
(i.e., the accuracy of the data but even more, the certainty) of
a model is to investigate the ED with tools like Chimera or
Coot. Another way to improve confidence in a model is to
overlay closely related crystal structures and to evaluate
discrepancies observed between those models. Considering this
workflow, a well-characterized starting point for molecular
modeling can be defined. In a similar way, the reliability of
results published can be estimated by following these proce-
dures, whereby the critical analysis of the model in combination
with ED maps is most promising.

7. PDB Selections, Data Mining Tools, and Cross-Linked
Databases

A multitude of PDB subsets, data mining tools, and databases
cross-linked with the PDB have been reported during the past
few years. In this section we summarize valuable PDB-derived
libraries, Web tools for data mining, and second-party databases.
The repositories and tools are categorized in several classes,
although there is obviously a smooth transition between these
categories.

7.1. Repositories and Services Focusing Interfaces and
Interactions. 7.1.1. Protein-Ligand Interfaces. The Screen-
ing Protein Data Bank (sc-PDB)96 is a PDB subset that offers
6000+ 3D structures of druggable binding sites prepared for
virtual screening. The annotation of sc-PDB entries with
second party databases has been revised and extended.
Solvents, detergents, and most metal ions have been removed
from sc-PDB. sc-PDB is particularly valuable for inverse
docking campaigns,26 target fishing, analyzing molecular
similarities between binding pockets, and examining phar-
macophoric relations between targets. LigBase97 is a reposi-
tory of ligand-binding proteins aligned to structural templates
taken from the PDB. The Web service offers multiple
alignments and schematic LIGPLOT98 diagrams of protein-
ligand interactions. Biomolecular data such as calculated
binding energies, ligand similarities based on Tanimoto
coefficients, and protein sequence similarity percentages on
450+ complexes are provided by the PLD99 (Protein-Ligand
Database). SitesBase100,101 is a Web facility offering tools
for the investigation of protein-ligand binding site similari-
ties and comparison of the spatial location of ligands in the
binding site. The repository supports keyword searches,
browsing, atomic multiple alignment, and superposition.
Further examples of programs for the identification of protein
cavities include PASS102 (putative active sites with spheres),
SURFNET,103 and Q-SiteFinder.104 MOE features a novel
protein-ligand interaction diagram generator for intuitive
inspection of polar, hydrophobic, acidic, and basic interac-
tions. Recently, Stierand and Rarey105 introduced a novel

algorithm for 2D depiction of protein-ligand complexes.
Also, LigandScout supports a 2D protein-ligand interaction
maps (Figure 1b).

7.1.2. Domain-Domain, Protein-Protein, and Protein-
DNA/RNA Interfaces. The investigation of protein-ligand
interfaces can be extremely helpful for protein classification.
Several different kinds of approaches are available for the
classification of protein 3D structures according to secondary
structure elements and their fold. Recently, Nebel et al.106

presented an automated classification approach based on the 3D
motifs of protein binding sites. Again, there are in silico methods
available that aim at the identification of protein interfaces in
order to gain knowledge on the drugability of such protein
regions (e.g., InSite,107 Protemot108).

PDBSITE109 is a Web service offering structural and func-
tional information on various protein site categories of PDB
complexes, including protein-ligand and protein-protein in-
teraction sites. It accumulates amino acid content and physi-
cochemical properties of the protein sites and the related
vicinities. Focusing on domain-domain and protein-protein
interaction information of PDB structures, PSIbase110 (protein
structural interactome map) provides a data repository for
domain-domain and protein-protein interaction information
of PDB structures based on the PSIMAP algorithm. Interchain
and intrachain interfaces can be displayed and statistically
analyzed with InterPare.111 PROTCOM112 is a data pool offering
a set of protein-protein and domain-domain structures. This
information is useful for protein-protein docking benchmarks
and as a template collection for homology modeling. Mol-
surfer113 is a powerful Java-based Web application for analyzing
and visualizing protein interfaces and their physicochemical
properties, such as hydrophobicity and electrostatic potential.
Because of its direct coupling of 2D and 3D views, this
application allows the user to gain insight to the characteristics
of the protein site quickly. Thereby, Molsurfer is not restricted
to protein-protein interfaces but also allows for investigating
protein-DNA and protein-RNA complexes. In a similar way,
iPfam114 supports visualizing and browsing of domain-domain
interfaces and interactions.

7.2. Repositories and Services Focusing on Affinity Data.
BindingDB115 is a Web service providing about 20 000 biologi-
cally tested binding affinities of protein-ligand complexes, with
special regard to drug-relevant targets. The binding data have
been gained from literature research, and powerful search
features allow the user to filter data by target name, sequence,
ligand name, affinity data, chemical structure, etc. Similar to
Binding DB, Wang et al. have introduced the PDBbind116,117

database. This online service provides comprehensive and easily
accessible affinity data of 4300 PDB protein-ligand complexes.
AffinDB118 is another Web platform for affinity data. The
facility currently provides 700+ affinities of 450+ PDB
complexes. Recently, KiBank119 has been updated and now
contains 16000+ Ki values, 50 revised target protein structures,
and 5900 chemical structures. Binding MOAD120 (Mother of
All Databases) is a comprehensive PDB subset of high-quality
crystal structures. In its latest release, this database contains
9500+ protein-ligand complex structures with a resolution of
2.5 Å or better, biologically relevant ligands, and affinity data
extracted from literature.

7.3. Ligand Repositories. SuperLigands121 features search-
ing PDB ligands by ID, compound name, molecular formula,
and PDB code. Results can be depicted in 2D and 3D,
superimposed, and assessed in terms of drug similarity. The
PDB-Ligand122 Web service supports browsing, classifying, and
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superimposing interactions of ligands with proteins; results are
visualized using Chime.123 Ligand Depot124 is a repository of
ligands bound to proteins, providing structural and chemical
data of small organic molecules excited from PDB data. The
database can be searched for keywords and chemical (sub)struc-
tures. Further examples include a complete small molecule data
set from the PDB,125 the HIC-up126 (Heterocompound Informa-
tion CentresUppsala) Web facility, providing information on
7500+ ligands, and a large set of protein-ligand complexes
including chemical properties for the development and perfor-
mance assessment of knowledge-based docking algorithms.127

7.4. PDB-Derived Subsets and Recalculated Data. A
80000+ chains counting PDB subset of representative protein
chains is offered with the PDB-REPRDB128 Web service. The
service features list sorting and entry selection based on several
parameters such as resolution, R-factor, method, etc. The
Recalculated Coordinates Database (RECOORD)129 is a data-
base containing 500+ recalculated NMR protein structures from
the PDB. The authors report an improvement of packing
benchmarks. In addition, Ramachandran appearance moved 1
standard deviation closer to the mean of the reference database.
A subset of the PDB comprising data for transmembrane
proteins with known structures is provided by the Database of
Membrane Proteins of Known 3D Structure, as discussed in
section 3.

There is a strong request for evaluative studies that provide
insight on the performance of different virtual screening tools,
such as protein-ligand docking or pharmacophore-based screen-
ing. Generally, the power to discriminate active and inactive
molecules is taken as a benchmark for the potency of the
method. Thereby, one essential precondition for such tests is
the availability of active and inactive compounds for the targets
to be investigated. On the basis of 40 PDB protein-ligand
complexes (all of individual targets), Irwin et al. have generated
the Directory of Useful Decoys (DUD),54 the largest public
available database of decoys. The DUD is a collection of 36
decoys for each of the 2950 collected actives of 40 different
targets (95 316 in total, after duplicate removal). The compounds
represent a subset of the ZINC database130 and have similar
physicochemical properties (e.g., molecular weight, calculated
log P). In this way, the DUD provides a huge collection of
molecules that supports testing the predictive power of structure-
based virtual screening methods. For more details on this, the
reader is referred to a recent review of 3D virtual screening
protocols.131 Protein Quaternary Structure Investigation132

(PiQSi) is a community-based Web service that facilitates the
investigation and curation of protein quaternary structures.
Currently, about 15000 manually cured structures are available
and allow for direct comparison of structures to homologous
proteins.

7.5. PDB Tools and Online Services. iMolTalk133 is an
easy-to-use Web toolkit for analyzing and searching PDB
complexes. The services include data analysis, computation,
and visualization of Ramachandran plots, distance matrices,
analysis of chain interactions within a protein structure,
secondary structure assignment, and computation of interac-
tions between a residue or a pair of residues. Furthermore,
iMolTalk features multiple sequence alignment and energy
minimization. The Protein Structure Analysis Package134

(PSAP) offers a variety of tools for the investigation of 3D
protein structures. Users can upload in-house PDB files or
directly access PDB data and receive a comprehensive
overview on the characteristics of the investigated protein
structure, including information on the protein sequence,

water bridges, intra- and interactions, Ramachandran plots,
etc. The PDBsum16,135 is a powerful Web facility that allows
for browsing, visualizing, and summing up PDB data (Figure
2b). Furthermore, PDBsum includes a wide range of structure
images,136 annotated plots of protein secondary structures,
diagrams of protein-ligand as well as protein-DNA interac-
tions, 3D viewing, surface depiction, and Ramachandran
plots. Moreover, browsing by species and ligand is supported.
The “highlights” section provides information on the oldest
(1b5c, August 10, 1972), latest, and largest (1vri, 150 720
atoms) structures. Depictions of enzyme reactions are avail-
able for enzyme structural data files, and several list files of
PDB summaries are offered for download. At this point we
recommend the Protein Movie Generator137 (PMG), a Web-
based service for the generation of protein structure pictures
and animations based on a POV-Ray render engine. Besides
simple illustration, complex animations describing molecular
dynamics and ligand animations are also supported. The PMG
service is an excellent tool for inspiring students and scientific
audience.

The Enzyme Structures Database is a repository related to
the PDBsum, which supports browsing the PDB by enzyme
classification and is accessible from the PDBsum Web site.
Enzyme Catalytic Mechanism Database (EzCatDB)138 is a data
pool similar to the Enzyme Structures Database and allows for
browsing and searching PDB files considering enzyme clas-
sification schemes. The PDB-UF (Protein Data Bank Unknown
Function)139 service features predictions of enzymatic functions
of not-annotated PDB entries based on 3D structures. The
authors report the identification of probable enzyme functions
in cases where standard BLAST tools fail to assign any function.
The pKNOT140 Web server provides analyses tools and
structural data on knotted proteins.

7.6. Cross-Linked Data Sources. As already pointed out
before, PDB data are cross-linked with several second-party
databases. These data repositories can be classified considering
four major aspects: (i) protein folds and protein families (e.g.,
SCOP, structural classification of proteins;141 CATH, an acro-
nym of the four main levels of this classification scheme, class,
architecture, topology, homologous superfamily;142 and HSSP,
homology derived secondary structure of proteins),143 (ii) protein
sequences (e.g., UniProt), (iii) enzyme function and pathways
(e.g., BRENDA, Braunschweig Enzyme Database),144 and (iv)
functional annotations (e.g., GO, gene ontology145) and taxo-
nomic classifications (e.g., NCBI146). PDBSprotEC147 represents
the linking interface between PDB structures and the EC
numbers via Swiss-Prot. When a PDB ID or EC number is
entered, the Web tool returns the according partner value. A
similar cross-linking interface between PDB residues and
residues of the UniProtKB/Swiss-Prot and UniProtKB/trEMBL
is described by Martin.148

7.7. Data Mining Applications. SuMo (initially an acronym
for surfing the molecules)149 allows for screening the PDB for
similar protein structures and substructures. The service is
valuable for finding binding sites similar to a certain protein
structure and also for finding protein structures fitting to a certain
binding site. Results can be browsed in list view and detail on
every hit is provided on a dedicated page. SuMo can be used
for estimating and investigating drug side effects and target
similarities. The Database of Multiple Alignments for Protein
Structures (DMAPS)150 offers direct access on precomputed
multiple structure alignments of protein structures. The PDB
chain ID is required as input; results can be visualized or
downloaded in several different formats, including FASTA and
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superimposed coordinates in PDB file format. Relibase+ is a
popular data mining tool for the investigation of protein-ligand
complexes.151,152 The software suite supports searches based
on keywords, SMILES, SMARTS, 2D substructures, 3D
protein-ligand as well as 3D protein-protein interaction
queries. The comprehensive statistical analyses and filtering tools
make Relibase+ a powerful software suite for the large-scale
inspection of protein-ligand complexes. pdbFun153 is a data
mining tool for mass selection and fast comparison of annotated
PDB residues. Residues can be selected on the basis of the whole
PDB structure, protein domains, chains, 2D structure features,
residue types, etc. Precalculated selections based on maximum
chain dissimilarity are available. Furthermore, pdbFun supports
selecting residues, considering surface exposition, clefts, and
binding sites. SURFACE154 (surface residues and functions
annotated, compared and evaluated) is a data pool offering
surface-based structural comparison and similarity assessment
of protein structures and substructures. Results are presented
as lists and can be visualized using Chime or RASMOL.155 The
Polypeptide Angle Suffix Tree (PAST) search engine156 is a
powerful and fast Web facility for protein structure search that
is based on protein substructures such as functional motifs.
Results are depicted in list style and are directly cross-linked
to the PDB. Output parameters include the amino acid positions
of the hitting structures and several similarity measures. Three-
dimensional locally conserved residues in an ensemble of protein
structures can be identified using 3dLOGO.157 Conserved amino
acids are identified after superimposition of all input structures.
In the next step, a consensus sequence is calculated that can be
used as input for sequence database searches. FeatureMap3D158

supports aligning query sequences to PDB structures. Hits are
visualized by colorizing mapped sequences on the protein
structure. PISCES159 is a PDB sequence culling service that
allows users to generate subsets of PDB sequences according
to quality (R-factor, resolution) and maximum mutual sequence
identity. PISCES can search the whole PDB or user-defined
subsets. Precompiled lists of PDB subsets are available for
defined R-factor, resolution, and similarity cutoffs. MMsINC160

(an acronym for the molecular modeling section of the
University of Padova) is a free Web facility providing more
than four million chemical entities, integrating the PubChem
and PDB databases. The Web interface allows for searching
for substructures and structurally similar compounds and is
especially useful for the elucidation of interesting PDB com-
plexes based on the ligand structure.160 DBAli161 tools represents
a broad suite of software tools for the examination of PDB data.
The services include DBAlit, a program for the comparison of
protein structures with PDB data, AnnoLite and AnnoLyze for
protein chain annotation, ModClus for chain clustering, Mod-
Dom for domain assignment, and SALIGN for multiple chain
alignment.

8. Techniques and Applications Relying on PDB-Derived
Data

Today, structural protein data provided by the PDB have
become of indispensable value for various applications in
structural biology, bioinformatics, cheminformatics, and mo-
lecular modeling. PDB data mining allows for fast and efficient
statistical analysis of protein-ligand interactions. Recently,
Cotesta and Stahl162 presented an investigation on the environ-
ment of amide groups (NH and CdO groups) in 3200+
protein-ligand complexes. They found that the vast majority
of these amide functions at protein-ligand interfaces are buried
deeply within the binding site and are crucial for the formation

of a hydrogen bond network. These results are especially
valuable for the refinement and design of scoring functions.
Examples of scoring functions derived from protein-ligand
complexes include DrugScore163 and the protein-ligand affinity
statistical score (PLASS).164

The PDB is also a valuable data pool for bioactive conforma-
tions of ligands. Brameld et al.165 have published an analysis
of conformational preferences of small, organic druglike
molecules based on Cambridge Structural Database (CSD)166

and PDB data. They report preferred conformations for acyclic
moieties and sulfonamides, as these are of particular importance
for drug design.

Most 3D virtual screening techniques rely on the accurate
representation of the bioactive conformation. However, the
bioactive conformation is not necessarily located at the global
energetic minimum, as it is considerably influenced by the
protein environment and the resulting protein-ligand interac-
tions. Therefore, the bioactive conformation is predicted in
silico by covering the low energy conformational space
smoothly with only a few calculated conformers. Today, high-
throughput screening technologies usually use precalculated
3D databases for fast querying. These databases consist of
conformational ensembles for each molecule. Conformational
model generators are used for the calculation of such
conformational models. In order to investigate the perfor-
mance of the conformational model generators CATA-
LYST167 and OMEGA,123 we have used large samples of
PDB ligands in their experimentally determined conforma-
tion, extracted these from the protein environment, and
calculated the conformational models. The best fitting
calculated conformer was compared to the bioactive confor-
mation and measured in terms of rmsd. Our results show that
in the vast majority of cases conformational model generators
are able to represent the bioactive conformation in a quality
that is suitable for virtual screening. In only a minority of
cases chemical features drift too far from the reference and
insufficient solutions are calculated.168,169 Follow-up inves-
tigations on the impact of conformational model quality on
pharmacophore-based and shape-based screening confirmed
that the quality of conformational models generated with
CATALYST, CAESAR,170 or OMEGA is downright suitable
for virtual screening.171

Also on the macromolecular side, PDB data are investigated
for the optimization of force field parameters for proteins. Sakae
and Okamoto172 report the refinement of parameters of the
AMBER parm94 force field using PDB structures. Wu et al.173

demonstrate the refinement of NMR-determined protein struc-
tures based on knowledge-based potentials derived from PDB
structures.

The PDB data repository features protein classification based
on structural relations. Prasad et al.174 reported a method for
assessing protein similarities using signature patterns of in-
tramolecular interaction networks. Five different classes of
protein structures have been investigated, and the whole PDB
data pool was searched for similarities. DALI175 supports
comparing protein contacts based on distance matrices. A Monte
Carlo based algorithm is used for the optimization of the
similarity scoring function. Other similarity analysis methods
include geometric hashing176 and incremental combinatorial
extension.177

Janin et al.178 investigated the characteristics of protein-protein
interfaces in a large scale study. They report that about 45 atoms
of each side forming a molecular contact surface of about 900
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Å2areneededinorder toformbiologicallyrelevantprotein-protein
or protein-DNA interactions.

PDB data are inevitable for developing and validating
algorithms for the identification of putative ligand binding sites.
An et al.179 report a method for the efficient detection of
“druggable” protein sites based on the grid potential map of
the van der Waals interaction of the receptor. Moreover, PDB
structures can be used as templates for the calculation of 3D
models of protein-ligand complexes. Hare et al.180 describe
an automated approach for predicting the 3D structure of such
complexes and report that their method is able to predict
retrospectively the binding of 70% of small-molecule protein
kinase inhibitors published in the Journal of Medicinal Chem-
istry since 1993 with an rmsd from the X-ray structure smaller
than 2 Å.

In cases where a protein structure is unavailable, homology
modeling based on related structures is a prominent approach
for the generation of a theoretical structure. Thereby, the putative
protein structure is deduced from template structures181 of
experimentally determined proteins. An example for the suc-
cessful application of homology modeling techniques is the
identification of human histamine H3 receptor inhibitors using
homology modeling in combination with pharmacophore mod-
eling and docking.182 One of the most-established Web services
for homology modeling is the Swiss-Model server.183 The server
offers an integrated homology modeling platform providing
regularly updated databases, tools, and programs. Users can
create their own workspace and are informed about the current
status of their Web jobs via e-mail. Structural genomics projects
are of particular benefit for homology modeling, as these
initiatives focus on structural diversity and therefore provide
collections of novel protein structure templates to be used for
homology-based modeling.

MaxSprout184 and SABBAC185 (structural alphabet based
protein backbone builder from R-carbon trace) allow for
reconstructing the backbone of proteins and amino acid side
chains based on R-carbon trace.

Despite the popular assumption that proteins similar in terms
of their 2D sequence are also similar in their 3D structure,
Kosloff and Kolodny186 prove that sequence similarity is not
necessarily related to 3D structure homology. The authors point
out that this fact can lead to structural and functional information
loss upon diversity-based PDB culling. Moreover, they highlight
possible issues arising from template selection for homology
modeling if based on 2D sequence similarity.

The increase of available protein structural data, in particular
from the PDB, has accelerated the development of structure-
based methods considerably. Today, protein-ligand docking is
considered the most important approach for structure-based
virtual screening. There is a plentitude of very different
approaches available that aim at distinct fields of application,
and there is an even higher number of scoring functions
available. However, so far there is no universal tool available
that offers reliable scoring for all pharmaceutically relevant
targets. Warren et al.187 provide a comprehensive survey,
investigating the performance of 10 docking programs and 37
scoring functions. They found that docking programs are in
general able to generate ligand poses that are similar to the
experimentally determined ligand pose bound to the protein.
The authors report no statistically significant correlation between
docking scores and ligand affinity. Nevertheless, docking is a
powerful approach to rationalize drug action.188-191 For more

detail we refer to the review by Coupez et al.,192 which provides
an overview on currently available docking techniques and their
reliability.

When structure-based pharmacophore models are used as
screening filters instead of 3D coordinates of protein atoms,
affinity estimation is based on the geometric fit of structures to
the model. In this case, the values calculated are often far from
reality; however, they are useful for filtering possible hits from
nonbinding molecules. LigandScout generates pharmacophore
models based on a given 3D structure of a PDB protein-ligand
complex. The fully automated creation of pharmacophore is
based on a set of rules that automatically detects and classifies
protein-ligand interactions into hydrogen bonds, charge transfer
interactions, and lipophilic regions (Figure 1a,b). The entire set
of interactions forms a pharmacophore model, which can be
used for VS in LigandScout but also external screening
platforms such as CATALYST,171 MOE, and PHASE.193

Publications of structure-based pharmacophore screening
include the successful identification of novel 17�-HSD1 inhibi-
tors by Schuster et al.194 Steindl et al.195 used structure-based
pharmacophore modeling together with statistical analysis of
molecular descriptors to identify new inhibitors of the human
rhinovirus coat protein. Another work group discovered new
human 5-lipoxygenase inhibitors active at concentrations in the
nanomolar range by a combined ligand- and target-based
approach.196 A comparison of results from pharmacophore
modeling and docking led to structural insights into the mode
of action of such compounds. Rella et al.197 were able to find
novel chemical scaffolds for the development of selective
angiotensin-converting enzyme 2 using structure-based phar-
macophore modeling. Spitzer et al.198 used pharmacophore
models to describe interactions of ligands binding to the minor
groove of the DNA. The study focused on the implementation
of sequence-specific properties encoded by the minor groove.
The pharmacophore models were created by using DNA
structure information exclusively, as provided by the PDB.

In order to lower the risk of failure of promising clinical
candidates, pharmaceutical industry puts considerable effort in
the early detection of so-called antitarget interactions. Pharma-
cological profiling of compounds in an early stage of drug
discovery would lower experimental costs and the risk of failure
significantly. While fast in vitro assays in this early stage of
drug discovery have been established, recent advances in
technology (in particular, in terms of screening speed but also
in data visualization and data handling) and the availability of
comprehensive collections of QSAR data are currently boosting
the development and application of so-called parallel screening
approaches for activity profiling.33,34,199 Moreover, parallel
screening techniques are also of great value for revealing
unknown binding modes by target fishing as well as for scanning
approved drugs and off-patent medications for so far unknown
(inter)actions. Such compounds could be approved for new
indications with considerably lower financial and experimental
costs and offer in particular academia an interesting alternative.

The fully automated concept of pharmacophore-based parallel
screening was realized in the latest version of Discovery
Studio.13 The program allows screening of one or more single-
or multiconformer compounds or even whole databases against
a series of pharmacophore models using CATALYST compo-
nents. The results can be displayed as a heat map, where a color-
coded matrix presents all compounds. Along with the parallel
screening technology, the Inte:Ligand pharmacophore database77

is available, which currently contains 1846 structure-based
pharmacophore models covering 195 unique pharmacological
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targets. All models have been developed with LigandScout and
are based on PDB data, which is another evidence for the PDB’s
global significance. For each model, metadata are available
describing the PDB entry and the ligand it was derived from, a
selectivity index (hits from a random, druglike database), the
pharmacological target, and the mechanism of action.

Steindl et al.200 published the results of a parallel screening
campaign of 100 antiviral compounds against 50 models
belonging to five different targets. A correct activity profile was
retrieved in 89% of the cases. In a second experiment,33 they
determined the selectivity of HIV protease inhibitor models
against other protease inhibitors and inactive compounds. The
results showed a clear trend toward most extensive retrieval of
known actives followed by general protease inhibitors and
lowest recovery of inactive compounds. Markt et al.171 per-
formed a validation study of the target fishing approach using
357 compounds with known activity on the peroxisome pro-
liferator activated receptor (PPAR). They screened all com-
pounds against all models from the Inte:Ligand pharmacophore
database. The PPAR target was ranked first more often than
any other of the 181 targets.

9. Future Directions of the PDB

After more than 3 decades of constant development and
maturation, the PDB has been established undoubtedly as the
most important public data source for structure-based drug
design. Major challenges in the future will be the standardiza-
tion, annotation, and linking of PDB content with second-party
databases as well as the further development of file formats.
Structural biologists locate major spaces for improvement in
the characterization of disordered structures and very large
macromolecules. From the perspective of computational chem-
istry and molecular modeling we perceive a strong need for
more attention to protein interaction sites and ligands bound to
the target. Structure-based modeling methods suffer from lack
of definitions of the hybridization states of ligand atoms.
Moreover, crystallographers tend to generate globally optimized
models that may prevent highly precise data on protein areas
that are of particular interest for molecular modeling. The still
very unbalanced representation of targets in terms of PDB entries
and the little information available on certain target families
(e.g., GPCRs) do not allow global, structure-based multitarget
screening. We hope (and are confident) that further technological
advances and the strong efforts taken by structural genomics
projects will allow drastic increase of the spectrum and diversity
of known protein structures, and we want to encourage structural
biologists to increase attention on target areas of special interest
to molecular modeling. However, the determination of only one
structure per target is certainly not enough. In order to
understand the conformational flexibility of a protein (interface),
an ensemble of protein structures in complex with chemically
diverse ligands is required. Robotics for high-throughput
structural determination, as they are being developed by
structural genomics centers, will also help to increase mass
production of proteins cocrystallized with small organic mol-
ecules. Even more, high-resolution X-ray crystallography is able
to detect alternate conformations of amino acid residues and
ligands and provides insight on protein mobility at atom level.
It allows us to understand the function and biology of proteins
at the atom level. These increased efforts to characterize and
reveal the impact of protein mobility are of fundamental
importance to understanding the biology of proteins and may
allow us to predict 3D structures of proteins reliably and, even
more, to predict the function of proteins in the future.

10. Conclusions

The PDB and its partners have become of indispensable
value for rational ligand design and will gain, with growing
coverage and diversity, even more importance in future. A
plethora of PDB-related data mining and validation tools,
Web services, and subsets have been developed within the
past few years. The vast majority of these tools not only is
of interest to scientists focused on structure determination
but is of great value for medicinal chemists. We have
highlighted the current coverage and features of the PDB
and related services, their scope, and their limits and provide
an overview on available software tools and online services.
We hope that this Perspective and the guidelines provided
will encourage medicinal chemists to start and intensify the
usage of PDB-related resources to develop new ideas and to
boost the progress of drug discovery projects.
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