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Abstract

3D-structures of proteins and potential ligands are the cornerstones of rational drug de-
sign. The first brick to build upon is selecting a protein target and finding out whether
biologically active compounds are known. Both tasks require more information than the
structures themselves provide. For this purpose we have built a web resource bridging pro-
tein and ligand databases. It consists of three parts: i) A data warehouse on annotation of
protein structures that integrates many well-known databases such as Swiss-Prot, SCOP,
ENZYME and others. ii) A conformational library of structures of approved drugs. iii) A
conformational library of ligands from the PDB, linking the realms of proteins and small
molecules.
The data collection contains structures of 30,000 proteins, 5,000 different ligands from
70,000 ligand-protein complexes, and 2,500 known drugs. Sets of protein structures can
be refined by criteria like protein fold, family, metabolic pathway, resolution and textual
annotation. The structures of organic compounds (drugs and ligands) can be searched
considering chemical formula, trivial and trade names as well as medical classification
codes for drugs (ATC). Retrieving structures by 2D-similarity has been implemented for
all small molecules using Tanimoto coefficients. For the drug structures, 110,000 structural
conformers have been calculated to account for structural flexibility. Two substances can
be compared online by 3D-superimposition, where the pair of conformers that fits best is
detected. Together, these web-accessible resources can be used to identify promising drug
candidates. They have been used in-house to find alternatives to substances with a known
binding activity but adverse side effects.
Availability: http://bioinformatics.charite.de

1 Introduction

In drug design, one faces the problem to predict reasonably which molecules from a pool of
millions of possible compounds will interact with a target of medical or biological interest. One
approach is to utilize 3D-models of target proteins and ligands. In order to build reasonable and
useful models, as much information as possible has to be incorporated into the modelling pro-
cess. Target proteins are found in overwhelming numbers in sequence and structure databases.
For small organic compounds, a multitude of databases containing formulae and structures
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exists in equally impressive numbers. However, the data are often scattered over multiple re-
sources and often available in a non-uniform manner. To clarify the matter, five different types
of databases are sketched here:

The first group contains resources of structures of low molecular weight compounds that are
potential ligands. These can be experimentally determined 3D-structures of low molecular
weight structures, like the more than 250,000 molecules found in the CSD [1], or computed
structures of chemical compounds. The Asinex and NCI [16] databases hold such computed
structures. The Chembridge database [6] contains one of the highest numbers of compounds
(700,000).

The second group provides structures of proteins, and here the Protein Data Bank (PDB) [5] is
the only player in the field. Information in the PDB has often been enriched by so-called ’sec-
ondary databases’ that belong to the third group. These databases provide fold classifications
[2], enzymatic functions [3], links to sequence data [4], non-redundant subsets [39], and the list
could continue for some paragraphs.

The fourth group focuses on databases delivering structures and additional annotation about
ligand molecules from the PDB. The chemical and spatial information within ligand structures
can be used to refine protein models, specifically to optimise side-chain conformations around
binding-sites. HIC-Up [19] comprises chemical and structural information for small molecules
found in the PDB. Ligand Depot [11] and Relibase [15] provide a graphical interface search
among the ligands by two-dimensional similarity and chemical substructure as well as for se-
quence similarity search among the corresponding proteins. LigBase [35] is a database of
ligand binding sites aligned with related protein structures and sequences.

In the fifth and last group, several of the services described above have been combined. Some
of them digest PDB entries and attach a wealth of information to them, such as PDBSum
[20], the Macromolecular Structure Database (MSD) [38], and the IMB Jena Image Library of
Biological Macromolecules [32]. The Jena Image Library can also be searched by geometrical
properties of the ligand binding sites.

None of the databases listed here directly focuses on drug design. There exists a number of
commercial databases that cover a broad range of bioactive compounds, developmental drugs
or patented compounds (WDI: 58,000; CMC: 7,500; MDDR: 106,000). Computed structures
of drugs are also commercially available, but no publicly available source providing conformers
exists.

To overcome this lack, we have created structure-based databases that cover three different as-
pects important in the drug design process. As stated above, protein targets are often a starting
point for this. First, the Columba database [37] (www.columba-db.de) provides easy access to
annotation on protein structures. For modelling and simulation purposes, chemical and spa-
tial information about protein ligands is vitally important. Second, SuperLigands [27] (bioin-
formatics.charite.de/superligands) - a collection of small molecule structures contained in the
PDB - addressing this fact by facilitating comparison of the molecules regarding their two- and
three-dimensional similarity. Finally, structures of well-characterized and approved drugs have
been compiled in the SuperDrug database [13] (bioinformatics.charite.de/superdrug). In this
paper, we describe the content and query options of these databases, and how they interact.
We outline by what methods this data can be used efficiently in order to find promising drug
candidates.
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2 Methods

2.1 Protein structure annotation

As the number of protein structures deposited in the PDB is growing rapidly, it becomes more
and more important to have efficient ways to find structures of interest. Columba is a data
warehouse of information on protein structures that physically integrates information about
structural and sequence-based classification schemes, functional annotation, secondary struc-
tural elements, and participation in metabolic pathways [37].

The Columba database integrates twelve databases related to annotation of structures from the
PDB [5]. This is reflectted in the data model, where data from the PDB is at the center, and data
from other sources are grouped around it in a star-shaped manner. General information from the
PDB entries is accompanied by a description of all compounds or biological units of that entry,
and the polypeptide chains a particular compound consists of. Compounds having an enzyme
classification (E.C.) number are annotated with functional information from ENZYME [3], and
with the participation of that enzyme in metabolic pathways from the Kyoto Encyclopedia of
Genes and Genomes, KEGG [18]. Columba also integrates data from the Roche Biochemical
Pathway Map [26].

The protein chains are linked to the two hierarchical fold classification schemes, i.e. SCOP [2]
and CATH [28]. Furthermore, each chain is assigned to a cluster based on sequence identity
offered by the PDB itself [21]. Also, culled subsets of protein chains according to sequence
identity and experimental properties from PISCES [39] are included. For each chain, the sec-
ondary structure is computed using the DSSP program [17]. Links to Swiss-Prot entries [4]
were retrieved from the PDBSprotEC database [23]. Exploiting the links from Swiss-Prot to
other databases, PDB chains are directly connected to the NCBI Taxonomy database [40] and
functional annotation from Gene Ontology [7].

2.2 Ligands from the PDB

Currently, the PDB contains more than 30,000 protein structures most of which have one or
many low molecular weight compounds attached to protein chains. The native conformations
of these small molecules and additional information were collected from the PDB [5], Ligand
Depot [11] and MSD [38] databases. The SuperLigands database [27] delivers these PDB
ligands in the MDL Mol file format which, in contrast to the PDB format, includes information
about bond types.

To enable fast similarity-based screenings against the whole database, the following 2D- match-
ing procedure was established: From the two-dimensional structural formulae of all ligands,
960 bit binary fingerprints (MDL MACCS Keys [10]) representing the occurrence of most
chemical groups and their topology were calculated and stored in the database. Two finger-
prints can be compared using the Tanimoto coefficient [9, 24], which is defined as

T (a, b) =
Nab

Na + Nb − Nab
, (1)

where Na and Nb are the numbers of bits set in the fingerprint of structure a and b, respectively,
and Nab is the number of bits which are common to both fingerprints. This way, the whole
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database can be screened rapidly with a given ligand resulting in a list of similar ones sorted by
T (a, b).

Additionally, a procedure for three-dimensional superposition of two PDB ligands has been im-
plemented, as 3D-fragment based comparisons were shown to supplement 2D-screening results
[8, 36]. For comparing the structures of two ligands from SuperLigands, they are superimposed
with each other using the algorithm of [30]. The resulting superpositions are ranked by a score
defined by

score =
Number of superposed atoms

Number of atoms in the smaller molecule
e−RMSD, (2)

where RMSD is the Root Mean Square Deviation of the superposed atoms. This procedure
allows to match two molecules more reliably than the 2D-comparison alone: The 2D-algorithm
sorts out relatively similar molecules by chemical criteria, while the 3D-superposition can dis-
tinguish these database hits further by taking their structural properties into account. The freely
available MDL®Chime plug-in is used to display molecules and allows the user some manipu-
lations of the view and to store the displayed molecule in the MDL Mol file format.

2.3 Structures of known drugs

Well-characterized, known drugs approved by the WHO have been collected in the Super-
Drug database [13]. The Chemical Abstracts (CA) provide information on drugs including
the CAS-number, useful as cross-reference to other databases and the chemical 2D-structure.
The latter was used to generate 3D-structures using Discovery Studio from Accelrys. As most
low molecular weight compounds have many degrees of freedom in their rotatable bonds, the
low- energy conformational space of each molecule was sampled using the algorithm of [34]
as implemented in MedChem Explorer from Accelrys. This resulted in at most 105 structures
of conformers per ligand, with an average of 47 conformers. This addtional information can
be used for comparing two drug structures: each conformer of one molecule is superimposed
with each conformation of the other using the same algorithm as for PDB ligands. The pair of
conformations with the highest score is displayed.

Recently, the recommendations of the WHO Expert Committee responsible for updating the
WHO Model List of Essential Medicines were published [41]. For the first time, a list was given
that sorts all compounds on the Model List according to their 5-level Anatomical Therapeutic
Chemical (ATC) classification codes was given. The ATC classification was also included in
the database.

3 Results and Discussion

3.1 Database content

The database of structures consisting of three parts was set up as described in the methods sec-
tion. 31,926 protein structures from the PDB and annotation from 11 other sources were com-
piled into the Columba database. Structures of 72,951 ligands of 5,040 different low molecular
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weight compounds were identifed for the SuperLigands database. Structures of 2,396 WHO-
approved drugs have been calculated for the SuperDrug database. In Table 1, the exact numbers
of elements from each source database are shown.

To allow comparison of small molecules by superposition, their flexibility needs to be consid-
ered. For that, an average of 47 conformers per drug have been calculated resulting in a total
of 110,000 conformers for the drug molecules. The PDB is known to be highly redundant; al-
ready 10% of the database are composed by the five most frequently occuring proteins, namely
Lysozyme, Ribonuclease, Hemoglobin, Immunoglobulin and Cytochrome [33].

In contrast, each of the small molecules is unique, although many small molecules have been
deposited in the PDB one would not regard as typical ligands. These are metal ions and groups
covalently bound to proteins, like many phosphate and saccharide residues. Looking at the
ligands occuring most frequently in the PDB, one finds sulfate groups (SO4), N-acetyl- glu-
cosamine (NAG), glycerol (GOL), N-dimethyl-lysine (MLY) and heme (HEM), together mak-
ing up 30% of the PDB ligands. Also, well-known coenzymes like NADH (NAD) and FADH2

occur very often.

The PDB contains hetero groups that are drugs, that are drug-like ligands, and others. All of
them have been included in SuperLigands for two reasons: it is known that many drugs act
as antagonists by having a structure similar to a coenzyme or messenger, e.g. coffeine and
adenine. A user is thereby able to find the names of the three-letter abbreviations that often
remain obscure in PDB files. Each molecule contained in the drug database is being used as
a drug. The most frequent drug class are antibacterials for systemic use. The classes mostly
prescribed are antidepressants and antihistamines.

3.2 Comparison of PDB ligands with drugs

To assess the usability of the databases presented above, it is important how many of the ligands
are drugs or have at least similar properties. Thus, all structures from the SuperLigands and Su-
perDrug databases were screened against each other using the Tanimoto coefficient as described
in the Methods section. It is generally accepted that similar compounds having Tanimoto coef-
ficients larger than 0.85 tend to exhibit similar biological activity [25]. The cross-comparison
resulted in a total of twelve million 2D-scores. Of the 5,040 different PDB ligands, 413 could
be matched to a drug molecule with a Tanimoto coefficient of 100%. Extending the analysis to
90% similarity, already 1,475 of the PDB ligands had a drug counterpart and were considered
as drug-like. It has to be noted, that the 960-bit fingerprints are not unfailable, because their
information is degenerate. Theoretically, molecules with a different chemical configuration of
atoms can have the same fingerprint.

To characterize the drug-likeness of the PDB ligands from a more general point of view, the
Lipinski ’Rule of five’ [22] was checked for both sets of compounds. These are rough guide-
lines what properties a molecule needs in order to be likely suitable as a drug in terms of
transportability and toxicity (molecular weight< 500, logP< 5, hydrogen bond donors< 5 and
acceptors < 10). As can be seen from table 2, almost 90% of the drugs violate none or one of
these rules. But only 81% of the PDB ligands are in this region. Obviously, many of the coen-
zymes and saccharides in the PDB violate one or more of the rules. Compounds violating more
than one of the Lipinski Rules are assumed to have problems with bioavailability. However,
metal ions will not be excluded by these measures, but their proportion on the 5,040 ligands
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is small while they occur in the PDB relatively often. Analyzing the molecules in more detail,
the PDB ligands tend to have more hydrogen bond donors and acceptors, lower logP values,
and are heavier [27]. This analysis reveals that despite these differences a significant amount of
the ligands in the PDB either are drugs themselves, are structurally similar to drugs, or have at
least similar chemical properties as drugs making them suitable as potential templates for drug
design.

3.3 Web interface

Columba can be searched through a web interface available at http://www.columba-db.de. The
interface allows two types of queries: Full text search and queries specific for data sources and
attributes. In both cases, the query results in a list of PDB entries. Queries can be combined,
allowing to narrow down the desired set of entries iteratively. The resulting data sets and
reports for individual structures can be viewed on the web or downloaded as XML data. Online
molecular visualisation via the Java based JMol application is also included. By these means,
the Columba web interface greatly reduces the required time to collect information for any list
of PDB entries.

SuperLigands can be searched by chemical name, three-letter-abbreviation, formula and PDB
code. The interface displays a list of the molecules found and provides links to a detailed
description of them. Besides that, a user may search for compounds by chemical 2D-similarity
using the Tanimoto coefficient or assess the three-dimensional similarity of two compounds by
superposing them with each other.

The SuperDrug database can be queried by ATC codes, scientific and trivial names of drugs
and chemical formulae. Methods for calculating 2D- and 3D-similarity measures to other drug
molecules have been implemented in the same way as for PDB ligands. There are commercial
databases which also provide drug structures, but the SuperDrug database is the first exhaustive
free resource for WHO-classified drugs.

As a bridge between the SuperLigands and SuperDrug databases, the similarity of PDB lig-
ands to known drugs can be assessed in a comfortable manner. Starting with a ligand, a two-
dimensional similarity search will detect the 30 drug structures having the best Tanimoto co-
efficients. The drug structures found can be superposed in 3D, which is not easily possible in
similar databases.

3.4 Opportunities for drug design

Together, these three databases provide a unique combination of resources that support the drug
design process. In our group, several approaches are pursued based on structural 3D-similarity.
Obviously, the knowledge about known ligands can be used to find similar substances that
bind to the same target protein and, in contrast to the native ligands, act as inhibitors. The
database of known drugs is a resource containing such potential agents, but it is not restricted
to it. Moreover, known ligands can serve as a starting point for drug screening themselves. By
integrating libraries of other low molecular weight compounds such as NCI containing over
250,000 substances, molecules that have a high structural similarity to known drugs can be
examined. This opens possibilities to characterize the effect of well-known substances such
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as alkaloids in more detail. We have also established a procedure to design ligands based on
protein structures. Here, the surface of a protein is decomposed into patches ranging from 30 to
150 atoms [30]. Such patches on the protein surface have been used to design peptidic inhibitors
[14], or can be processed further by looking for organic molecules that can replace parts of a
peptide [31]. In both cases, the surface of a protein is mimicked by a smaller molecule, enabling
a smaller compound to activate or inhibit processes in the same way as the native protein does
in vivo. It is also thinkable to find target proteins for a certain ligand, like was done by Paul et
al. in [29]. There, a collection of protein active sites was extracted from the PDB and scanned
with a docking algorithm.

It has recently been demonstrated that the combination of quick 2D and more accurate 3D-
screening methods is able to find inhibitors of the COP9 signalosome associated kinases (CSN).
Seven compounds out of thirty-five candidates were verified experimentally to inhibit the CSN
kinase [12]. By the resources described above, this approach can be supplemented by taking
into account structural information of the target proteins and of drugs already known. This way,
it is also thinkable to devise new applications for old substances.

4 Conclusions

The databases presented here supplement the existing resources of information about small
molecules and protein structures. As novel features, the SuperLigands and SuperDrug databases
provide three-dimensional comparison of small molecules, moreover topology comparison of
PDB ligands with known drugs is made possible. Columba has proven to be very useful for a
number of tasks in our own structural research. Generating sets of structures, which previously
required days of manual browsing or writing of parsers, now only takes a few mouse clicks,
or an SQL query. These databases will be extended and unified further, leading to a single
structure-based database focusing on ligands and drug-like substances in the long run.

Rational drug design is a complicated process that consists of many steps. We have described,
how to obtain molecules that can be used to find interesting drug candidates e.g. by in-silico
similarity screening. Knowing that the substances in the SuperDrug database are suitable in
terms of bioavailability and toxicity, is important to compare them virtually to find drug candi-
dates that also have these crucial properties. In any case, the resulting candidate substances need
to be tested experimentally to verify that they really have the desired function and are free from
adverse effects. Selecting candidates via the described in-silico screening should help to reduce
the list of candidates to some promising molecules, and thereby reduce time and costs signifi-
cantly. The databases described in this paper are available via http://bioinformatics.charite.de.
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Table 1: Types of data integrated into the databases presented here.

Source database Number of entries included type of entry
PDB 31,926 protein structures
DSSP 65,809 secondary structures of protein chains
SCOP 70,859 fold classifications of protein chains
CATH 67,054 fold classifications of protein chains
KEGG 156 metabolic pathways
ENZYME 4,290 enzyme functions
Swiss-Prot 189,543 protein sequences
PDBSprotEC 30,205 references to Swiss-Prot
GO 19,015 biological terms
GOA 23,7751 references to GO terms
PDB 63,551 cluster entries of PDB structures
PISCES 34,3582 assignment of PDB structures to non-redundant lists
NCBI 27,8791 taxonomic tree of species
SuperLigands 72,951 protein ligands
SuperDrug 2396 approved drugs

Table 2: Percentage of PDB ligands and drugs violating certain numbers of Lipinski Rules

Number of violated Lipinski Rules PDB ligands Drugs
0 64.44% 75.65%
1 16.87% 13.96%
2 10.32% 5.69%
3 8.29% 4.69%
4 0.08% 0.00%
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