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The sc-PDB is a collection of 6 415 three-dimensional structures of binding sites found in the Protein Data
Bank (PDB). Binding sites were extracted from all high-resolution crystal structures in which a complex
between a protein cavity and a small-molecular-weight ligand could be identified. Importantly, ligands are
considered from a pharmacological and not a structural point of view. Therefore, solvents, detergents, and
most metal ions are not stored in the sc-PDB. Ligands are classified into four main categories: nucleotides
(< 4-mer), peptides< 9-mer), cofactors, and organic compounds. The corresponding binding site is formed
by all protein residues (including amino acids, cofactors, and important metal ions) with at least one atom
within 6.5 A of any ligand atom. The database was carefully annotated by browsing several protein databases
(PDB, UniProt, and GO) and storing, for every sc-PDB entry, the following features: protein name, function,
source, domain and mutations, ligand name, and structure. The repository of ligands has also been archived
by diversity analysis of molecular scaffolds, and several chemoinformatics descriptors were computed to
better understand the chemical space covered by stored ligands. The sc-PDB may be used for several
purposes: (i) screening a collection of binding sites for predicting the most likely target(s) of any ligand,
(ii) analyzing the molecular similarity between different cavities, and (iii) deriving rules that describe the
relationship between ligand pharmacophoric points and active-site properties. The database is periodically
updated and accessible on the web at http://bioinfo-pharma.u-strasbg.fr/scPDB/.

INTRODUCTION compound known to activate/inhibit the corresponding target

The biological function of a macromolecule is the con- and a molecule (e.g., solvent, detergent, and metal ion)
sequence of molecular interactions with other biologically devoid of pharmacological effect on that target.
relevant molecules. The characterization of the three- Recently, Carlson’s group linked experimental binding
dimensional (3-D) structure of ligand-binding sites is, data to 3-D structures from the PDB in the Binding MOAD
therefore, very informative for better understanding func- databasé? The selection procedure combined with the
tional and physical aspects of proteins and is frequently usedbibliographic search ensured the choice of the appropriate
for the design and the optimization of protein ligadds. ligand within biologically relevant complexes. This database
Numerous specialized databases exploit the structural datd€esource covers 5331 ligang@rotein complexes and binding
of the Protein Data Bank (PDBYo provide information data for 1375 of them. This outstanding collection of data
about complexes between macromolecules and bound ligandsgreatly benefits the characterization of molecular recognition
As an example, Ligbase is a database of ligand binding sitesas Well as the development of scoring functions and structure-
aligned to structural templatédnformation about the 3-D  based drug discovery techniques.
environment of ligane protein binding sites (e.g., intermo- ~ To address the issue of ligand selectivity, we recently
lecular) could be retrieved using PDBsttRelibase or the described an inverse in silico screening method in which a
MSDsite part of the Macromolecular Structure Datalfase. single ligand is serially docked to a collection of protein
All three databases are supplied with query tools and a webX-ray structures! This approach requires a well-defined
interface and provide information about ligands, especially collection of suitable binding sites including exact 3-D
atom and bond types. Chemical features of ligands boundcoordinates that are not available in any of the above-
to macromolecules deposited in the PDB can also be mentioned databases. We have, therefore, created such a
retrieved from other electronic libraries of chemicals (HIC- SPecialized database by parsing PDB files. This database was
up/ PDB-sumé Ligand Depd?). In the process of drug called sc-PDB for screening-PDB. Initial deye!op_ments of
discovery, these databases are very helpful for structure-basede databasé revealed several defects and limitations. For
rational design by exploiting protein-bound conformations instance, the keyword-based searches for the database
of known ligands, depicting their environment and the local création missed complexes or failed in the valid ligand
flexibility of well-identified protein binding sites. However, ~ Selection. The rigorous update of the sc-PDB involves
described ligands are considered from a structural point of NUmerous improvements which are presented in the current

view. This means that no difference is implied between a Manuscript. First, we have written a new algorithm to ensure
an efficient, robust, and accurate detection of valid ligands.
42;‘é’ona)rzg_ir_réé:g—rgg%cinf;TgeE's_rg?;ll_d 35i2??c§3§2%ppmﬁ?r::bg “ Like in the Binding MOAD database, ligands are considered

T Present address: ldp’Pharma, Bament CEI, 66 Bd Niels Bohr,  110M & pharmacological and not from a structural point of

F-69603 Villeurbanne Gfex, France. view. Ligands consist only of small nucleotides 4-mer),
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Protein Data Bank
31 308 entries
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+ with >50% of the surface exposed to solvent
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protein molecule active site Ligand(s)
includes cofactor if additional all protein residues within 6.5 A of peptide, nucleic acid, cofactor or other
ligand in the list any atom of bound ligand(s) compound; 1 or 2 molecules in close vicinity

Figure 1. Flowchart of the sc-PDB database setup.

short peptides< 9-mer), cofactors, and organic compounds. METHODS

The content of the sc-PDB was also extended to ligand ) . ) )

features, therefore, enabling the use of ligand-based virtual SCripts used in setting up and upgrading the sc-PDB were
screening strategies to predict which protein(s) could be written in Perl 5.6.1. All data are storedlln a relational
theoretically targeted by a given ligand. Hence, chemical database (MySQL 4.1) and can be queried through JSP
similarity’2 of the cognate PDB ligands to the query ligand (Javaserver pages).

would identify the corresponding proteins as putative targets Database SetupA total of 21 207 high-resolution<2.5

of the query ligand. We also carried out an extensive A) crystal structures of the PDB (June 2005) were browsed
annotation as well as a clustering of both proteins and for binding sites into which small-molecular-weight ligands
ligands. Last, files and annotations are freely accessible onmay fit. Protein cavity selection was based on the detection
a web resource. The present paper describes the creatiomf an appropriate ligand (Figure 1). A molecule becomes a
content, and query of the latest update of the sc-PDB. ligand when it fulfills the following conditions: (i) it is a
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Figure 2. Flowchart of the sc-PDB database annotation.

small-molecular-weight molecule being either a nucleotide, peptide is not a part of the protein. Large nucleotides (

a peptide, an endogenous ligand (e.g., metabolite) or drug3-mer) were discarded from the molecule list. Other com-

but not a water molecule, a metal ion, or an “unwanted pounds have to pass a series of topological filters in order
molecule” (e.g., solvent, detergent, or protein prosthetic to remain in the list. Accepted molecules should contain at
group); (i) it is not covalently bound to surrounding proteins; least one carbon atom, should have a molecular weight
or (iii) it has a limited solvent-exposed surface. The binding (heavy atom only) ranging from 70 to 800 Daltons, should

site is defined by all the protein residues with at least one not be covalently bound to any protein atom, should expose
atom within 6.5 A of any ligand atom. Protein residues less than 50% of their surface to the solvent, and should
consist of amino acids, as well as cofactors, prosthetic groups,show no overlaying molecules in the PDB entry. Compounds

and important ions involved in catalysis or fold stabilization.
Practically, both “ATOM” and “HETATM" records of the

whose “HET” record indicates water or any “unwanted”
molecule are also rejected. Last, if multiple copies of a given

coordinate section were scanned to build all molecules compound are present in a single PDB file, only the first

described in the PDB file. Consecutive residues were
connected provided that one of the following interatomic
distances was found: -5 < 2.06 A, S-X < 1.92 A, or
X—X < 1.70 A, where S is a sulfur atom and X is any heavy
atom. The type of each molecule is then assigned in
agreement with the name of its constituting residues: A
“protein” includes more than eight natural amino acids.
“Prosthetic groups” (heme, porphyrin, chlorophyll, bacte-
riopheophytin, and ubiquinone) as well as “ions” (Fe, Zn,
Ca, Mn, Co, Gd, and Mg) and “cofactors” were identified
using three different knowledge-based lists of PDB HET
groups. “Prosthetic group” and “ion” molecules were ap-
pended to the protein molecule. A “peptide” contains less
than eight residues including at least one amino acid.
“Nucleotide” comprises standard nucleic acids (C, G, A, T,
U, and N). The “compound” type was defined by default
for the molecules that do not belong to the “protein”,
“peptide”, “cofactor”, or “nucleotide” classes. The molecule

one is kept in the molecule list.

The final list of molecules is evaluated to predict a
potential binding site(s). If the list is composed of two or
more molecules and includes at least one protein, separate
coordinate files are generated from the PDB entry for the
protein, active site, and ligand. The ligand can be a
nucleotide, a peptide, a cofactor, or a compound. The cofactor
becomes a ligand if the list is only composed of two
molecules, namely, protein and cofactor; otherwise, it is
included in the protein molecule. Upon the detection of
multiple bound molecules (excepted for cofactors), related
protein binding sites are merged if the center of mass of the
corresponding molecules are withi5 A (e.g., reaction
products); otherwise, the complete entry is discarded form
the database. For the sake of clarity, all molecules bound to
active sites, namely, nucleotides, peptides, and organic
molecules, will be called ligands from here on.

Binding Site Annotation. The sc-PDB was carefully

list is then cleaned up. In the case that it contains both a annotated according to information found in the PDB, the
peptide and protein, “SEQRES” records and chain namesUniversal Protein resource (UniPrét)and the Gene Ontol-

of the PDB entry were considered in order to verify that the

ogy (GO) database (Figure #)When not detectable from
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Table 1. Descriptors Used to Annotate Proteins and Ligands of the sc-PDB

protein ligand
name molecular weight
UniProt entry number of H-bond donors and acceptors
simplified generic name AlogP
source organism polar surface area
functional mutations (yes/no) number of rotatable bonds and cycles
functional class number of Lipinski rules violations
Enzyme Commission number buried surface area (percentages)
Gene Ontology based cluster 3-D coordinates of the mass center

ion, cofactor, and prosthetic group

10003, (827)
(328)
(163)
gImidn
2 100 ags)
5
o 50
Q.
“ 40
@ 30
=
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number of occurrences
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71 3. hydrolase
N 4. lyase
[_15. isomerase
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2. (28%)

Figure 3. Functional classification of 6 415 sc-PDB protein entries. (A) Database redundancy. Each bar represents the number of proteins
that have the same amount of copies in the database. Breaks are applied tmtheaxes. A logarithmic scaling after the break in the

y axis allows a compact display of extreme values (indicated between brackets). (B) Distribution of the enzymatic proteins according to the
E. C. number in sc-PDB (left, 5479 entries) and in the PDB (right, 14 507 entries). Number of entries as well as related percentage is given
for each class.

the “DBREF” record of the PDB entry, the cross-reference to easily identify different proteins with identical function,
to the UniProt database was searched by looking at the mose.g., insulin receptor precursor becomes insulin receptor).
similar sequences (identity above 97% over more than 90% Annotations served to derive a functional hierarchical
of the target sequence length and expectation below2® e  classification. First, enzyme proteins were segregated ac-
and retrieved from the Swiss-Prot databdasesing the cording to E. C. rule&? Briefly, the E. C. number distin-
FASTA program implemented in the Wisconsin Package, guishes four levels of classes on the basis of the reaction
version 10.25 FASTA queries used a BLOSUM50 mattix ~ catalyzed, the chemical group involved in the catalysis, and
with gap and extension penalties set #d4 and —2, the nature of the substrate. Similarly, nonenzyme protein
respectively. The input sequence was that of the protein classification implies two levels that correspond to the
chain(s) involved in the binding site. A unique UniProt different biological processes (e.g., replication/transcription/
identifier was unambiguously assigned to each protein chaintraduction and signal transduction) and molecular function
of the binding site. Data from PDB and UniProt entries were and is based on the detection of keywords as defined by Gene
merged to provide annotation for every sc-PDB entry. If the Ontology annotation&' All entries classified in the “im-
protein name, enzyme commission (E. C.) number, whenevermunity” (e.g, immunoglobulins), “oxygen transport” (e.g.,
present, and source organism indicated in the UniProt file globins), and “toxin” classes were removed from the sc-PDB
did not match those found in the PDB file, the sc-PDB entry because of their low druggability.

annotation was performed manually. The description of the Ligand Annotation. Atomic coordinates of sc-PDB
protein(s) that composes the binding site includes the UniProtligands were converted into readable 2-D23@and 3-D
entry name, protein name found in the sequence file MOL2? file formats depending on the number of “HET”
description, the source organism (species, reign), functionalcards describing them. For single “HET” card-defining
mutations, and a simplified generic name (designed in orderligands, 1-D SMILES string8were retrieved from MSDSite
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Table 2. Most Frequently Encountered Proteins in sc-PDB (1o

number of ?3% @78
different number E
name E.C. UniProt namesof repeats @ics L/—“m
trypsin 3.4.21.4 8 165 B o
HIV-1 Pol protease 3.4.23.16 11 138 2 5]
dihydrofolate reductase 1513 9 86 5 50]
thrombin 3.4.21.5 2 80 5 401
glutathioneS-transferase 2.5.1.18 30 66 -g 304
streptavidin na 1 61 3 20]
thymidylate synthase 2.1.1.45 3 59 104
flavodoxin n& 7 58 E PP : : : .
carbonic anhydrase I 42.1.1 1 55 0 20 40 60 80 100 120 140 160
nitric-oxide synthase 1.14.13.39 6 54
cell division protein kinase 2 2.7.1.37 2 52 nimbesofigccrences
guanyl-specific ribonuclease T1 3.1.27.3 1 50 B Peptides, pseudopeptides (13%)

ana: not applicable, in the case that the protein is not an enzyme.
Nucleic acids (12%)

and then converted into 2-D SD and 3-D MOL2 files using Sugars (10%)
Corina 3.0% Multiple “HET” card-defining ligands were Lipids (0.51%)

converted directly from PDB to 3-D MOL2 format using
PRODRG?* A visual check was performed for the complete o . .
set of ligands to ensure correct atom and bond types.F'gure 4. Structural classification of 2721 unique sc-PDB ligand

. . e entries. (A) database redundancy. Each bar represents the number
Chemical descriptors and classification by chemotype (Table of ligands that have the same amount of copies in the database.

1) according to predefined SMARTS strir%@sn(ere then  An axis break associated with a change in scaling (from linear to
performed using Pipeline Pilot 4?5.The chemical space logarithmic) was applied to thg dimension to a allow compact

covered by the sc-PDB ligands was assessed by a classificadisplay of extreme values (indicated between brackets). (B)
tion into graph-based maximum common substructures usinngstnbutlon of the ligands into structural clusters. The peptides and

. pseudopeptides class contains natural and nonnatural amino acids.
the ClassPharmer 3.4 progréfmThe clustering procedure  Ncleic acids incorporate common purine and pyrimidine bases.

used the “medium” setting for homogeneity and redundancy Nucleic acids are either bases, nucleosides, nucleotides, nucleotide
parameters and allowed fuzzy ring closure. The annotation phosphate like compounds, ribonucleic/deoxyribonucleic acids, or
of sc-PDB entries also includes ligand name and structural gi,'g‘tae(dNnAqgge%mez r”sk§otr?seis(t:%ffalf;?1;Inliiil(c)etg;zn;ic?5 iﬁggiggsdg‘suﬂgﬁ

. P | .ou ,
prope_rtle_s, as well as structural _features characterizing theas oligopyranos%des. Fatty acids, tricerids, glyc)érophospholipids,
protein-ligand complex. Accessible surface areas for the eherglycerophospholipids, sphingolipids, cerides, steroids, and
ligand (free and bound forms) as well as for the selected terpens compose the lipid class. All other ligands are included in
active site (free and bound forms) were computed with the the organic class.
SAVOLS3 routine implemented in the SYBYL 7.0 packade.
The percentage of the ligand surface buried upon binding
was stored in the final SQL database.

Organics (64%)

PDB entries. Then, by fixing a resolution threshold to 2.5
A, we again reduced the number of entries. Practically,
21 207 PDB files were parsed to retain only relevant ligand
RESULTS protein complexes. Selection was based on ligand properties,
and a unique druggable cavity was assigned to each complex.
The sc-PDB contains 6415 binding sites for small- Actually, a druggable cavity was found in about one-third
molecular-weight ligands. We only considered X-ray struc- of the selected PDB entries. This proportion is consistent
tures, which roughly represent 85% of the starting 31 308 with that found in the Binding MOAD databa&&About

Table 3. Most Frequently Encountered Ligands in sc-PDB

number of repeats

name HET code sc-PDB PBB type®
flavin-adenine dinucleotide FAD, FAE 152 454 NA/COF
nicotinamide-adenine dinucleotide NAD, NAH 152 422 NA/COF
adenosine 'sdiphosphate ADP 135 405 NA/COF
flavin mononucleotide FMN 122 243 NA/COF
adenosine Btriphosphate ATP 97 240 NA/COF
guanosine 5diphosphate GDP 86 195 NA/COF
nicotinamide-adenine dinucleotide phosphate NAP 73 230 NA/COF
phosphoaminophosphonic acid-adenylate ester ANP 69 118 NA
S-adenosyl-L-homocysteine SAH 59 110 NA
phosphoaminophosphonic acid-guanylate ester GNP 53 84 NA
benzamidine BEN, BDN, BAM a7 58 organic
gluthation GTT, GSH 47 71 organic
glucose GLC 45 108 sugar

2 From PDBsum queries using HET groupdigand types are defined in the legend of Figure 4. NA and COF are abbreviations for nucleic
acids and cofactors, respectively.
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Figure 5. Physicochemical descriptors of the 2721 unique ligands of the sc-PDB. (A) Molecular weight (MW) in Daltons; (B) number of

rotatable bonds (NROT); (C) number of H-bond acceptors (HBA); (D) number of H-bond donors (HBD); (E) calculated AlogP; (F) polar
surface area (PSA) in%

500 X-ray complexes were not retained in the sc-PDB hormone insulin). Four binding cavities are located at the
because the selected ligand was covalently bound to theinterface of a binary complex (e.g., the complex between
protein. Of course, more binding sites could be selected by bovine cis-trans isomerase and serine/threonine protein
increasing the resolution threshold (1665 additional sites phosphatase 2B, 1tco PDB entry). Upon annotation, 2193
would have been selected by increasing the upper resolutiondifferent protein sequences were identified using UniProt
threshold to 3.0 A), but the quality of the overall data would entry names. However, since a single protein sequence file
be poorer. may encode several proteins (e.g., viral polyprotein) or
Binding sites mostly consist of single peptidic chains, several protein domairsand conversely, several protein
except for 483 entries. Dimeric and trimeric sites were sequence files may describe variants of a single protain
reported for 473 and 10 entries, respectively. Multimeric generic name was given to each sc-PDB entry, according to
binding sites either involve identical chains (typical examples data collected in the PDB, UniProt, and GO databases. The
of homo-dimeric proteins are HIV-1 protease or human 1706 assigned generic names were used to evaluate the
NADPH-quinone oxidoreductase) or two distinct chains of redundancy of the sc-PDB (Figure 3A). One unique entry
a hetero-multimeric protein (e.g., the human hexameric was found for less than the half of the proteins, whereas
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A 60— more than 50 entries are available for 10 proteins (Table 2).
It is noteworthy that Pol proteins of the human immuno-
50 | deficiency virus (HIV) solely constitute 2.5% of the sc-PDB,
although the proportion of viral proteins in the database is
40 limited to 5.3%. About 40% of the organisms represented
in the sc-PDB are prokaryotes. A total of 53% belong to
304 eukaryotes and include 68% of mammals (human being the
predominant species). The remaining 2.8% represent arche-
20 - bacteria. The function-based classification of sc-PDB entries
distinguishes 85.4% of enzymes and 14.6% of nonenzymatic
10 proteins. By way of comparison, enzymes are present in less
than 50% of the entries of the PDB March 2005 release.
: ! Therefore, our selected PDB subset is enriched in enzymes,
0 1 2 3 4 which are the principal molecular targets of most drugs. The
\inlati distribution of enzymatic entries of the sc-PDB into E. C.
ROS-Violations classes is similar to that observed in the PDB (Figure 3B).
B PR In both cases, the hydrolase family is the most populated,
51sp=0.17 yet a small reduction of the hydrolase proportion in the sc-
PDB is beneficial to the oxidoreductase class. The statistics
on the overall distribution of enzymes indicate that 823 E.C.
numbers are covered by the database.

The sc-PDB contains 2721 unique ligands within the 6415
complexes. In 224 binding sites were found two different
ligands. The most frequent ligands are principally cofactors
(Table 3). Together, FAD, NAD, ADP, and FMN represent
about 8% of the total entries. Although few ligands are highly
repeated, most of them are only observed once in the
5 database (Figure 4A). A classification of all ligands by

00 02 04 06 08 10 chemotype is proposed (Figure 4B). A large majority of the
: o ligands (64%) are small-molecular-weight organic com-

Tanimoto Coefficient pounds. The remaining molecules are equally distributed into

Figure 6. Chemoinformatic analysis of sc-PDB ligands. (A)  peptide, nucleic acid, and sugar classes (please note that our

yﬁggﬁ{, c(’;g’l']f_’ls"’i‘rt]'ﬁlgfig/f ;Tgt)'_"p'nSk' s rule of five; (B) molecular classification is based on generic SMARTS strings, thereby
allowing a fuzzy classification). The physicochemical de-

few proteins (about 6.8%) are highly redundant with more scriptors of the unique ligands shown in Figure 5 suggest
then 10 occurrences and cover 45% of the database. Actuallythat most ligands of the sc-PDB meet a “druglike” defini-

Frequency, %

0

Population, %

=y
L

HEADER HYDROLASE 16-JUL-04 1W3L
TITLE ENDOGLUCANASE CEL5A FROM BACILLUS AGARADHAERENS IN

TITLE 2 COMPLEX WITH CELLOTRI DERIVED-TETRAHYDROOXAZINE

/ /

SEQRES 1 A 303 ASP ASN ASP SER VAL VAL GLU GLU HIS GLY GLN LEU SER
SEQRES 2 A 303 ILE SER ASN GLY GLU /. - . s .o s
C e e e e e e e e e e e e e e e e e / THR GLY GLY TRP THR GLU
SEQRES 23 A 303 ALA GLU LEU SER PRO SER GLY THR PHE VAL ARG GLU LYS
SEQRES 24 A 303 ILE ARG GLU SER

HET GOL Al304 8
HET GOL Al1305 18
HET S04 Al306 5
HET BGC Al1307 11
HET BGC Al1308 11
HET OXz Al309 10
LINK Cl BGC A1307 04 BGC A1308 1555 1555
LINK Cl BGC A1308 04 0OXZ Al1309 1555 1555

Figure 7. Selected pieces of the 1w3| PDB entry. The title indicates that the ligand of the protein is “cellotri derived-tetrahydrooxazine”.
The HET section reveals six nonstandard residues: two GOL, SO4, two BGC, and OXZ. GOL and SO4 are glycogen and sulfate molecules,
respectively. The two BGC and OXZ gfep-glucoses and tetrahydrooxazine, respectively, and compose the true protein ligand. According

to HET records, all six groups are assigned to the same chain as the protein (chain A). An analysis of LINK or CONECT records is
required to properly connect the three residues of the ligand.
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in SEQRES records, were evaluated to relate individual
components of a large HET group. However, the automated
assembly of large ligands remains a tricky task, and we did
note that ligand identification based on PDB HET and
SEQRES records is only sometimes misleading (see example
in Figure 7).

In the present work, both ligand and receptor binding sites
were detected by an acute analysis of all molecules described
in the PDB file coordinate section (ATOM and HETATM
records). Ligand molecules that are composed of several
residues were built according to interatomic distances
between residues. Moreover, extensive automated curation
using HET codes and ligand computed descriptors were
performed to remove invalid ligands. Last, ligands were
filtered out according to both physicochemical features and
the protein binding mode (e.g., about 500 X-ray complexes
were not retained in the sc-PDB because the ligand was
covalently bound to the protein), and PDB entries with
incomplete ligand atom coordinates were discarded. Crystal
water molecules were not retained as part of the cavities
because their locations are highly dependent on the ligand
of interest. Indeed, recent developments of several docking
programs (e.g., Flex® and Gold") include the automatic
placement of water during the docking procedure. Serial
docking of ligands to our collection of active sites should,
thus, not be penalized that much by removing water
molecules from the input PDB files.

In sc-PDB, a binding site is derived from the bound ligand.

O Mame

I Assuming that precedented ligand occupancy is a key factor
Iy o B it for druggability, we have chosen not to systematically
P wimm ! e — compute all possible protein caviti@g3to better control the
Dtnwarege |0 Heomn D) P o selection of binding sites.

[ Mumbar of rotatabls
bands. -

O Vickned Lipinela's

File Curation. Special attention was given to accurately
s 0 describe each ligand in standard molecular formats for small-
e molecular-weight compounds. Visual checks were systemati-
s ) e o - cally performed to ascertain atomic valence, hybridization
state, and ionization state. Significant advances have been
recently reported in the field of molecular interpretation of
3-D coordinate$*3>However, the success of the automatic
Figure 8. Example of a query input to sc-PDB: ligand-related perception highly depends on the quality of the input PDB
fields (top panel); target-related fields (middle panel); choice of strycture. Indeed, no hydrogen atoms are present in the X-ray
output data (bottom panel). structure of PDB ligands. Moreover, large coordinate errors
and highly strained geometries are often observed. Therefore,
even a good converter cannot easily cope with imperfect
input coordinates. The manual check of all ligands was
indeed a cumbersome task, but it had to be done only once.
This operation will be less time-consuming for the sc-PDB
periodic update (we expect about 500 additional entries every
6 months by considering the actual growth rate of the PDB).
Since proteins and active sites of the sc-PDB have to be
DISCUSSION correctly processed by docking programs, coordinates ex-
Efficiency and Accuracy of Ligand Detection.In the tracted from the PDB entries were subjected to curation in
first sc-PDB releasé! ligand detection was based on the order to produce standardized files. Residues were (re)-
analysis of the HET groups in selected PDB entries. HET ordered according to the protein sequence. IUPAC atom
groups define all the molecules, part molecules, or nonstand-nomenclature and the atom numbering scheme were checked
ard residues whose coordinates are reported in the HETATMfor all amino acid residues. Other residues were left
records of PDB files. A total of 5625 different HET groups unchanged if covalently bound to any protein amino acid
were listed in PDBsum in February 2005. Because of the residue. Incomplete amino acid residues were automatically
limitations of the atom naming conventions used by the PDB, removed from the protein files. The sc-PDB annotation
large HET groups are broken into subgroups. The contentindicates incomplete amino acids in close vicinity of the
of the HET records (e.g., the chain identifier or the token ligand(s). In the case of alternate locations, only the
PART_OF in the text field), as well as the residue sequencescoordinate set with the highest occupation rate was kept.

tion.?® About 75% of the ligands violate only one Lipinski
rule of five ® with 60% presenting no violation at all (Figure
6A). The self-similarity plot using the Tanimoto metric and
SciTegic FCFP_4 fingerprintsindicates a moderate diver-
sity of ligands (Figure 6B) with a mean Tanimoto coefficient
of 0.69.
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Figure 9. Example of a query output to sc-PDB. Information about the ligand (left panel), the target (center panel), and downloadable
cleaned coordinates (right panel) in various file formats is directly accessible.

Water molecules, whose location is ligand-dependent, wererather than functional units (e.g., sites for catalysis, non-
rejected from the binding site description to allow unbiased competitive inhibition, or allosteric modulation). Further sc-
structure-based virtual screening. PDB developments will aim at the clustering of the different
Accuracy of Functional Annotation. Accuracy and binding cavities of a given enzyme by the evaluation of either
uniformity of annotation alleviate the comparison of data sequence or structure similarity (see further improvement of
across the sc-PDB, hence, allowing the rapid and efficient the sc-PDB) and the use of the SCOPEC database resBurce.
processing of the data resulting from an inverse docking Example of Query. Queries can be performed from
strategy. Because of the heterogeneity of PDB file contents, ligand, cofactor, or protein attributes. For example, one can
a simple keyword search is not adapted to the sc-PDB combine searches on the “ligand” (e.g., any ligand of
annotation. Moreover, functional annotation of binding sites molecular weight lower than 450, showing one violation of
cannot directly rely on information found in the PDB header, Lipinski rules) and “protein” tables (e.g., all kinase X-ray
because of missing or erroneous data. The use of the proteirstructures of resolution lower than 2.2 A) to retrieve
sequence enables the retrieval of the UniProt sequence filejnformation about the corresponding complexes in a user-
which subsequently affords links to Enzyme and Gene customizable way (Figure 8). The sc-PDB output page is
Ontology (GO) entries. A recently published GO annotation straightforward to analyze (Figure 9). Molecular properties
of PDB files was also implementéfl.The enzyme clas-  as well as downloadable 3-D coordinates (protein, active site,
sification regroups enzymes with similar chemical function- ligands, and cofactor if any) in standard molecular formats
ality. Within these classes, proteins are grouped into ho- are directly accessible. Hyperlinks to external databases
mologous protein “families” on the basis of sequence. GO (SwissProt, PDB, and PubChem) will be soon implemented
annotation provides the molecular function, biological pro- to assist the user navigating in sc-PDB-related resources.
cess, and cellular component of a gene product using Further Improvements. We are currently working on a
controlled vocabulary. Integration of the data provides protein nonredundant data set of the sc-PDB repertoire by choosing
descriptors (Table 1) as well as functional classification for a representative protein from each functional family of
enzyme and nonenzyme proteins. Assigning reliable infor- enzymes present in the database. Family homogeneity is
mation to enzymatic peptidic chains still remains difficult. assessed by sequence identity. Representatives are chosen
Actually, E. C. numbers found in both UniProt and PDB by best resolution, low B factor, absence of mutation, and
files are often assigned to whole protein chain sequencessize of the ligand. In the near future, the description of the
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binding sites will include simple physical parameters (volume (3) Stuart, A. C; llyin, V. A.; Sali, A. LigBase: a database of families of
and mouth opening of the protein cavity including cofactor g'i'giﬂigrlf;?gsgg‘gé”gSs'tggc;fgg‘l’""” protein sequences and structures.
and ions) that can serve to estgbl_lsh another classification (4) lvanisenko, V. A.; Pintus, S. S.: Grigorovich, D. A.; Kolchanov, N.
of sc-PDB protein entries. Sophisticated methods based on ~ A. PDBSite: a database of the 3D structure of protein functional sites.
the analysis of amino acid composition, sequence-dependent  Nucleic Acids Res2003 33, D183-D187.

(motif search) or independent (residues propensities, spatial (®) Hendlich, M.; Bergner, A Gunther, J.; Klebe, G. Relibase: design
and development of a database for comprehensive analysis of protein

organization of pharmacophoric features, and local structural ligand interactionsJ. Mol. Biol. 2003 326, 607—620.
similarity), may also give evidence for unexpected protein (6) Golovin, A;; Oldfield, T. J.; Tate, J. G.; Velankar, S.; Barton, G. J.;
similarity, which can be highly relevant for drug discovery. Boutselakis, H.; Dimitropoulos, D.; Fillon, J.; Hussain, A.; lonides,
. J. M.; John, M.; Keller, P. A.; Krissinel, E.; McNeil, P.; Naim, A.;
The next sc-PDB update will take advantage of the Newman, R.; Pajon, A.; Pineda, J.; Rachedi, A.; Copeland, J.; Sitnov,
ongoing efforts of the Research Collaboratory for Structural A.; Sobhany, S.; Suarez-Uruena, A.; Swaminathan, G. J.; Tagari, M.;

iy . - - 9 Tromm, S.; Vranken, W.; Henrick, K. E-MSD: an integrated data
Bioinformatics (RCSB) to make data uniform in the PESB; resource for bioinformaticlucleic Acids Re004 32, D211-D216.

Stanqard'zatlon of nom_enCIature and usage as well as (7) Kleywegt, G. J.; Jones, T. A. Databases in protein crystallography.
additional checks to rectify sequence and E. C. errors were  Acta Crystallogr., Sect. [1998 54, 1119-1131.
conducted for all PDB files. Corrections were released in (8) Laskowski, R. A.; Chistyakov, V. V.; Thomton, J. M. PDBsum

; ; ; more: new summaries and analyses of the known 3D structures of
the mmCIF format for the PDB entries. Our scripts will be proteins and nucleic acidslucleic Acids Re005 33, D266-D268.

modified to analyze mmCIF files, ther_epy improving sp-PD_B (9) Feng, Z.; Chen, L.; Maddula, H.; Akcan, O.; Oughtred, R.; Berman,
data accuracy and consequently facilitating integration with H. M.; Westbrook, J. Ligand Depot: a data warehouse for ligands
other database resources required for annotation. The sc-  bound to macromoleculegioinformatics2004 20, 2153-2155.

; ; (10) Hu, L.; Benson, M. L.; Smith, R. D.; Lerner, M. G.; Carlson, H. A.
PDB would also benefit from the use of the new website of Binding MOAD (Mother Of All Databasesproteins2005 60, 333

the RCSB PDB, which gives access to new features such as 340

the simplified protein name or the mol file of HET groups. (11) Paul, N.; Kellenberger, E.; Bret, G.; Muller, P.; Rognan, D. Recovering
the true targets of specific ligands by virtual screening of the protein
data bankProteins2004 54, 671-680.

(12) Bender, A.; Glen, R. C. Molecular similarity: a key technique in

L . molecular informaticsOrg. Biomol. Chem2004 2 (22), 3204-18.
A Cur.ated datafbase of 6415 bm.dmg .Slt.es has been Create‘?m) Apweiler, R.; Bairoch, A.; Wu, C. H.; Barker, W. C.; Boeckmann,
by parsing PDB files and carefully identifying, for each entry, B.; Ferro, S.; Gasteiger, E.; Huang, H.; Lopez, R.; Magrane, M.:

the protein(s) to which it belongs as well as bound small Martin, M. J.; Natale, D. A;; O’'Donovan, C.; Redaschi, N.; Yeh, L.

; ; S. UniProt: the Universal Protein knowledgebadsecleic Acids Res.
molecules (ions, cofactors, and ligands). Importantly, the 2004 32, D115-D119.

ligand is considered from a pharmaco!qgical pOint_Of VIEW.  (14) Harris, M. A.; Clark, J.; Ireland, A.; Lomax, J.; Ashburner, M.; Foulger,

Therefore, we assume that most cavities stored in the sc- R.; Eilbeck, K.; Lewis, S.; Marshall, B.; Mungall, C.; Richter, J.;

i & _ Rubin, G. M.; Blake, J. A.; Bult, C.; Dolan, M.; Drabkin, H.; Eppig,
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