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Abstract

Background: Wikipedia, the world's largest and most popular encyclopedia is an indispensable source of chemistry
information. It contains among others also entries for over 15,000 chemicals including metabolites, drugs,
agrochemicals and industrial chemicals. To provide an easy access to this wealth of information we decided to
develop a substructure and similarity search tool for chemical structures referenced in Wikipedia.

Results: We extracted chemical structures from entries in Wikipedia and implemented a web system allowing
structure and similarity searching on these data. The whole search as well as visualization system is written in
JavaScript and therefore can run locally within a web page and does not require a central server. The Wikipedia
Chemical Structure Explorer is accessible on-line at www.cheminfo.org/wikipedia and is available also as an open
source project from GitHub for local installation.

Conclusions: The web-based Wikipedia Chemical Structure Explorer provides a useful resource for research as well
as for chemical education enabling both researchers and students easy and user friendly chemistry searching and

identification of relevant information in Wikipedia. The tool can also help to improve quality of chemical entries in
Wikipedia by providing potential contributors regularly updated list of entries with problematic structures. And last
but not least this search system is a nice example of how the modern web technology can be applied in the field

of cheminformatics.
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Background

Wikipedia is the 6™ most accessed web site worldwide
[1] with currently more than 4.6 million articles in English
and many million in other languages. It is an indispensable
reference for all scientific disciplines, among others also
for chemistry [2], containing information about numerous
important molecules including metabolites, drugs, agro-
chemicals, industrial chemicals and many others. Wikipe-
dia contains currently entries for over 15,000 chemicals,
growing by about 1000 new molecules per year. These
chemical pages have been created and are constantly up-
dated by thousands of enthusiastic Wikipedia users, both
experts in the field and random passersby. Without this
huge volunteer effort the tool we are presenting here
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would not be possible. The authors want therefore to
express their gratitude to the Wikipedia community
and contribute to this global effort by developing and
making freely available the Wikipedia Chemical Structure
Explorer. Our motivation was to address lack of support
for special chemical searches in Wikipedia. The tool we
are presenting here offers an easy way to perform sub-
structure and similarity searches for molecules referenced
in Wikipedia.

Implementation

Extraction of molecules from Wikipedia

Among other chemical content Wikipedia contains
numerous entries describing specific chemicals. Such
entries are using a special chemical template [3], either
an “Infobox drug” (also called Drugbox) used for drugs
or a Chembox used for other chemicals. These chemical
templates (also called infoboxes) are pieces of Wikipedia
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markup embedded into chemistry pages that contain the
most important information about molecules, allowing
to present chemical data in a standardized way and sup-
port also computer mining of the data. The templates
have a modular design. After general information includ-
ing chemical name and structure depiction, possibly also
a 3D molecule image, SMILES code [4] and links to
other chemical databases like PubChem [5] or ChEMBL
[6] these boxes often contain also other data like physi-
cochemical and pharmacological properties, information
about chemical hazard and so on. They can be built
from multiple sections, each covering a group of infor-
mation. Depending on the compound, sections can be
added or left out, and within a section parameters can
be added or omitted. An example of Wikipedia page
with a Chembox is shown in Figure 1 and its encoding
in Wiki markup in Figure 2.

Several projects under Wikipedia umbrella are using
information stored in the chemical infoboxes. One of
them is DBpedia:Chemical Compound project [7] extract-
ing structured information from Wikipedia, converting it
into RDF format and making it freely available on the
Web. DBpedia is therefore something like the Semantic
Web mirror of Wikipedia. Another activity in this area is
the Wikidata:WikiProject Chemistry [8]. Wikidata is a free
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database of the structured data extracted from Wikipedia.
Its Chemistry subproject focuses on defining data items
for chemical entries and checking their quality and also
organizes and monitors the data implementation (also
with automatic bots).

Wikipedia maintains list of all entries containing either
Chembox or Drugbox template [9] what makes identifi-
cation of the pages describing molecules relatively easy.
These lists can be accessed through the MediaWiki API
in a JSON format. To extract chemical structures from
infoboxes we developed a JavaScript program executed
on the Node.js [10] platform to process those lists and
then download the pages in their “raw” (Wiki markup)
format. The content of chemical infoboxes from 15,474
downloaded pages was then extracted and parsed to ob-
tain the SMILES codes. We found that many molecular
entries (about 2200) do not contain any SMILES at all,
for example pages for mixtures, complex substances (like
Nitrocellulose), antibodies, polymers and so on. Also many
entries of “normal” molecules do not contain SMILES
because it was simply not entered by the authors creating
and editing the article. In cases that a page contained more
than one SMILES, they were all parsed. If these SMILES
codes represent exactly the same structure, only the first
one is kept. When the structures are different (usually due

Kaempferol

From Wikipedia, the free encyclopedia

cancer treatment.

Contents [hide]
1 Natural Occurances
1.1In Plants and Food
1.2 In Traditional Medicines
2 Biosynthesis
3 Pharmacokinetics
4 Clinical Relevance
4.1 Anti-Cancer Effects
4.1.1 Breast Cancer
4.1.2 Ovarian Cancer
4.1.3 Leukemia
4.1.4 Bladder, Prostate and Colorectal Cancer
4.1.5 Gastric Cancer
4.1.6 Pancreatic Cancer
4.1.7 Lung Cancer
4.2 Diabetes
4.3 Cardiovascular Disorders
4.4 Anti-Bacterial Activity
4.5 Anti-Viral Activity
4.6 Antioxidant Effects
5 Notes
6 External links

Natural Occurances [edi

Figure 1 A Wikipedia page with example of a Chembox template.

Kaempferol is a natural flavonol, a type of flavonoid, found in a variety of plants and plant-derived
foods. Kaempferol is a yellow crystalline solid with a melting point of 276-278°C. Itis slightly
soluble in water and highly soluble in hot ethanol, ethers, and DMSO. Kaempferol acts as an
antioxidant by reducing oxidative stress. Many studies suggest that consuming kaempferol may
reduce the risk of various cancers and kaempferol is currently under consideration as a possible

Kaempferol

IUPAC name [hide]

2-(4-hvdi henvi)-4H-chi

3,5,7-Trihyd

4-one

Other names [hide]

K: R P
E igenin; P

Ri i Rh lutin: Popul

Trifolitin; Kempferol; Swartziol; 3,5,7-trihydroxy-

2-(4-hydroxyphenyl)-4H-1-b 4
Identifiers

CAS number 520-18-37

PubChem 5280863

ChemSpider 4444395 %

KEGG C05903 ¥

ChEMBL CHEMBL150 ¥

Jmol-3D images Image 1&

SMILES [show]

Properties

Molecular formula C15H100s

Molar mass 286.23 g/mol

Density 1.688 g/mL

Melting point 276-278 °C

Except where noted otherwise, data are given
for materials in their standard state (at 25 °C
(77 °F), 100 kPa)
X (verify) (what is: v/X?)
Infobox references
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{chembox

verifiedfields = changed
watchedfields = changed
verifiedrevid = 406555414
Name = Kaempferol
ImageFile = Kaempferol.svg
ImageSize = 250px
ImageName = Kaempferol
IUPACName =

-4''H''-1-benzopyran-4-one

sectionl = {{Chembox Identifiers
cAsNo_Ref = {{cascite|correct|CAS}}
CASNo = 520-18-3

ChemspiderID = 4444395
cheMBL_Ref = {{ebicite|changed|EBI}}
CcheEMBL = 150

PubChem = 5280863
KEGG_Ref = {{keggcite|changed|kegg}}
KEGG = C€05903

section2 = {{chembox Properties

MolarMass = 286.23 g/mol
ExactMass = 286.047738 u
MeltingPt = 276-278&nbsp;A°C
Density = 1.688 g/mL

}
}}
Figure 2 An example of a Chembox in Wiki markup format.

3,5,7-Trihydroxy-2-(4-hydroxyphenyl1)-4''H''-chromen-4-one
otherNames = Kaempherol; Robigenin; Pelargidenolon; Rhamnolutein; Rhamnolutin;
Populnetin; Trifolitin; Kempferol; swartziol; 3,5,7-trihydroxy-2-(4-hydroxypheny1)

chemspiderIip_Ref = {{chemspidercite|changed|chemspider}}

SMILES = cl=cc(=cc=c1lc2=c(c(=0)C3=C(c=Cc(Cc=C302)0)0)0)0

Formula = C<sub>15</sub>H<sub>10</sub>0<sub>6</sub>

to inclusion of stereochemical information), an entry
is created for each SMILES.

At the end we were able to extract some 13,000
SMILES codes for the Wikipedia entries. Over 600 of
these codes could not be processed by the SMILES
parser. A clear majority of the problems (over 350 cases)
was caused by not respecting the SMILES syntax rules
for unsubstituted pyrrole-type nitrogen. This nitrogen
was encoded as n and not as [nH] as required by the
SMILES grammar (so for example benzimidazole was in-
correctly encoded as n2clccccelnce2). Since the incorrect
SMILES encoding of many heteroaromatic molecules is
apparently an issue in Wikipedia we recommend enter-
ing SMILES to Chemboxes or Drugboxes in its nonaro-
matic form with alternating single and double bonds.
Other SMILES errors were caused by missing ring clo-
sures, unclosed parentheses, hydrogens and non-organic
atoms outside square brackets and so on.

In the process of extraction the authors (LP and MZ)
corrected over 100 such errors directly in Wikipedia. Still
remaining SMILES codes that cannot be parsed may
be viewed after clicking the “Browse errors” link on the
Wikipedia Explorer main page. This list of problematic
SMILES's is generated regularly on a daily basis. A click on
the SMILES code opens directly the respective Wikipedia
page. We hope that this mechanism will make correc-
tion of SMILES errors for the Wikipedia cheminformatics
community much easier.

As mentioned previously, the chemical infoboxes con-
tain in addition to SMILES also links to other chemical
databases, most notably to PubChem [5]. When the
Wikipedia entry contained both the SMILES code and
the link to PubChem it was possible to check whether

both structures are the same. In over 600 cases we could
see that these structures differ. In most cases this was
caused by difference in tautomeric form but in many
cases the two molecules differed also in position of func-
tional groups, or atom types, caused probably by errors
when drawing the structures. In some cases the two
structures differ completely (probably inclusion of an
incorrect PubChem CompoundID). In such ambiguous
cases we used structures from Wikipedia but disagree-
ment with the PubChem may be indication of problems
that should be checked in the future.

After final processing the database of SMILES codes of
Wikipedia molecules contained 13,072 entries. To
document diversity of this molecule collection the 250
most frequent scaffolds present in this set are shown in
Figure 3 in form of a Molecule Cloud diagram [11]. The
size of the scaffold image is proportional to the number of
molecules containing this scaffold, ranging from the largest
benzene (there are 1116 entries for benzene derivatives in
Wikipedia) down to the smallest images representing 5
Wikipedia entries. The 250 scaffolds displayed in the
Figure 3 represent together 4294 Wikipedia molecules.
Although detailed analysis of Wikipedia chemical con-
tent is out of scope of this communication, it is interest-
ing to compare at least briefly the Wikipedia scaffolds
with those present in the common synthetic molecules
and bioactive molecules (Figures four and five in ref. [11]).
In Wikipedia one can see clear preference for more
complex structures, like structures of natural products,
steroids or cores of common drugs. This is, of course,
nothing surprising, because the Wikipedia chemical en-
tries are created subjectively based on the usefulness and
application area of the respective molecules.
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diversity of entries.

Figure 3 The 250 most common scaffolds of molecules from Wikipedia presented as a Molecule Cloud diagram [11] documenting

The list of entries with canonical SMILES also allows
an easy check of structure duplication. We could identify
about 30 cases where different Wikipedia pages describe
the same molecules (molecules with the same SMILES).
This is caused by different spelling (Dichlorophen vs
Dichlorophene) but mostly by use of synonyms (for
example Amphetamine vs Adderall, Pozanicline vs A-
84,543, or Tretinoin vs Retinoic_acid). Some of these
mismatches are caused by not including the stereo-
chemical information in SMILES (three sugars with
different stereochemistry, namely Pinitol, Quebrachitol
and Ononitol are described by the same nonstereo
SMILES), and some clearly by error (for example 2-
Nitropropane and 1-Nitropropane entries both have
the same SMILES).

The data extraction procedure is currently set-up to
run automatically every day, so the Wikipedia Explorer
contains always the actual information. The “About”
page provides information about the latest update and
the number of structures extracted. The extracted data

(SMILES codes and names of the respective Wikipedia
pages) may be obtained by clicking the “Download
SMILES” link in the Explorer top menu or downloaded
from www.cheminfo.org/wikipedia/smiles.txt.

Substructure and similarity searching

As mentioned in the introduction, the main motivation
that prompted us to embark on the present project was
to offer possibility of easy substructure and similarity
searches for chemical entries in Wikipedia. Majority of
classical chemical search engines currently in use rely on
a central server and therefore have numerous suscepti-
bilities, not only possible server malfunction but also in
the more extreme scenario of abandonment of the pro-
ject with resulted end of maintenance and updates. One
approach to prevent this risk is to release the server
code as an open-source but to install an open source
software from scratch usually requires relatively good IT
skills. A more recent approach is to distribute directly a
server image [12] that allows to set up quickly a new
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server using a virtual machine. In this project we
decided to use this approach and capitalize on the latest
web technologies to warrant the project sustainability
by moving all the search intelligence from the server
to the client. As a result we are able to make exact
search, substructure and similarity search using pure
HTMLS5 technology, compatible with most of the recent
browsers [13] without any access to an external web
service.

The Wikipedia Explorer code was developed based on
the open source Visualizer project available on the
GitHub [14]. The Visualizer is a modular web frame-
work written in JavaScript intended for development of
scientific applications with particular focus on chemistry.
This system allows to display and process various types
of information like maps, matrices, chemical structures,
spectra or images. It unifies many JavaScript components
that are useful for chemists like JSME molecule editor
[15], JSmol 3D structure visualizer [16], jsGraph tool for
graphics visualization [17], jsNMR for visualization of
NMR spectra [18], or various useful machine learning
functions [19]. Several applications using the Visualizer
toolkit can be found on the website www.cheminfo.org.
Creating a new application in the Visualizer is simple and
requires only two files written in the JSON format. One
file containing the data and one file describing the mod-
ules, their position and their interactions. Therefore any
future update of the Wikipedia Chemical Structure
Explorer will require only modification of one of
these files.

In our system all molecules from Wikipedia are stored
in the JSON data file as an array of objects. Each object
contains a canonical representation of the chemical
structure, an array of 16 numbers containing the 512
index bits used for the structure similarity searching and
substructure fingerprint pre-screening, the molecular
formula, the molecular weight as well as the Wikipedia
page name allowing the client to create a direct link to
the original information. This file is currently 5 MiB
large, but as httpd servers and web browser negotiate
compression algorithm, the transferred data are actually
less than 2 MiB. And since the whole project is available
as a zipped file, it can even be placed on a local server
by simply downloading and unzipping one file [20].

The actual substructure and similarity search is per-
formed by a JavaScript engine generated by translating
the original Java code developed at Actelion. This Java
code is also freely available as part of the open-source
OpenChemLib project [21] and as part of the open-
source cheminformatics visualization tool DataWarrior
[22]. As mentioned earlier, every Wikipedia molecule
entry contains a 512 bit binary fingerprint, the FragFp
descriptor, which is also used as the default descriptor in
DataWarrior. This fragment dictionary based descriptor
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encodes for every structure, which of 512 predefined
fragments are present in it. Whenever the query struc-
ture is updated by the user, its FragFp descriptor is cal-
culated on-the-fly by running 512 substructure searches
on the query structure. If the search mode is set to com-
pound similarity, then the similarity of all Wikipedia struc-
tures to the query structure is determined as Tanimoto
similarity between the two respective FragFp descriptors.
In case of substructure search mode a two-step search is
performed. In the first step all compounds are selected,
whose FragFp descriptors contain at least those bits that
constitute the query fingerprint. The rationale behind this
is that every substructure of the query must as well be a
substructure of a superstructure of the query. In a second
step all selected Wikipedia compounds are checked
by a graph-matching algorithm, whether they contain the
query structure as a subgraph. If the search mode is
equivalence then the query structure is converted into a
canonical representation and compared to the canonical
encoding of the Wikipedia structures.

The search is interactive. This means that each time
the query is modified by adding or removing atom or
bond a new search is performed and the results are im-
mediately displayed. In order to provide more intuitive
results, particularly for very small queries, simple tuning
has been implemented. For substructure search the
results are sorted by absolute mass difference between
molecular weight and the query molecular weight
while similarity search hits having the same score are
sorted by the absolute difference of molecular weight
with the query and checking that the exact match is
always on the top of the list. These simple “tricks” assure
that the query structure will always be the first hit which
is the result a user would expect.

Results and discussion

The user interface (Figure 4) consists of several modules.
The JSME editor [15] in the top-left module allows to
draw a query structure easily. Below is a selector for the
search mode (substructure, similarity or exact match)
and a text field that allows to filter the results by keeping
only molecules whose names contain the entered text.
Matching molecules are sorted by relevance and dis-
played in a table with the structure and name. Chemical
structure images are generated by JavaScript code that
was also derived from the OpenChemLib project [23].
First the SMILES code is converted into a chemical
graph, then 2-dimensional atom coordinates are gener-
ated and bonds and atom labels are drawn esthetically
optimized considering details like aromaticity and impli-
cit hydrogens. The actual molecule display, where the
molecule is rendered on a HTML5 canvas using a Java-
Script library, is done by using a structure drawing pack-
age from Actelion [21]. The original Java source code
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Browse errors Download SMILES About

Om | [t

Search mode® | Substructure v

Filter by article name

Click on a row to see the Wikipedia article

Structure Article name

Salicylic acid A
OH OH
Contents
= 1 Chemistry
= 2 Plant hormone
4-Methylsalicylic acid A -
= 3 Production
OH OH

= 4 History

= 5 Dietary sources

= 8 Other uses
O-Anisic acid S5

Figure 4 Wikipedia Chemical Structure Explorer interface.

-

Wikipedia chemical structure explorer U NOVARTIS .(Pﬂ- ’ ACTELION
Draw a structure Information
@O x| ] % Dix| ||| salicylic acid
=|=[=l=l~al0/0/8/0/0/C]F] |
= OH OH
ol
£ Oy OH
LE|
el OH M C7Hz03
Br i View in wikipedia Search similar molecules
] =
_X- Wikipedia article
| Salicylic acid
[From Wikipedia. the free encyclopedia

[Salicylic acid (from Latin salix. willow tree. from the bark of which the

used to be obtained) 1s a monohydroxybenzoic acid. a type of

iphenolic acid and a beta hydroxy acid. It has the formula C;HgOj3. This H
olorless crystalline organic acid is widely used in organic synthesis and

functions as a plant hormone. It is derived from the metabolism of salicin. In

laddition to being an important active metabolite of aspirin (acervisalicylic O

lacid). which acts in part as a prodrug to salicylic acid. it 1s probably best

[known for its use as a key ingredient in topical anti-acne products. The salts

land esters of salicylic actd are known as salicylates.

= 6 Medicinal and cosmetic uses

= 7 Mechanism of action

Salicylic acid

Names

TUPAC name
2-Hydroxybenzoic acid
Identifiers
ATCcode  |A01ADOS (http:/www.whocc.no/atc_ddd_index/?
code=A01ADO05)

has been compiled via GWT into the corresponding
JavaScript files.

More information about hits may be obtained by moving
mouse over a result line. Clicking on the hit loads the
corresponding Wikipedia page directly in the bottom-right
module. The page may be opened also in a new window.

Conclusions

We developed a web-based Wikipedia Chemical Structure
Explorer allowing easy, user friendly substructure and
similarity searching and navigation within the Wikipedia
chemical content. The tool provides a useful resource for
research as well as for chemical education. The presented
analysis can hopefully also help to improve quality of
chemical entries in Wikipedia by providing daily up-
dated list of entries with problematic or missing struc-
tural information and directing in this way potential
contributors to the area where they effort is mostly
needed. And last but not least this search system is a
nice showcase example of how the modern web tech-
nology can be applied in the field of cheminformatics.
The Wikipedia Chemical Structure Explorer is available
at www.cheminfo.org/wikipedia and the code is avail-
able also from GitHub https://github.com/cheminfo/
wikipedia for local installation. The system is released
under the open source BSD license.

Availability and requirements

e Project name: Wikipedia Chemical Structure
Explorer.

e Project home page: http://www.cheminfo.org/

wikipedia/

Operating system: Platform independent.

Programming language: JavaScript.

Other requirements: none.

License: the tool itself BSD, various support

libraries have their own licenses.

e Any restrictions to use by non-academics: none
other than those specified by the licenses.
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