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Introduction

Stephen Bryant and Evan Bolton were selected to receive the 2016 Herman Skolnik Award for their work
on developing, maintaining, and expanding the \WetlsedNational Center for Biotechnology

Information (NCBIPubChendatabase, and related software capabilities and anadytaols, to

enhance the scientific discovery proceNESBIs part of the United States National Library of Medicine
(NLM), a branch of the National Institutes of HealtH).Asummary of i S @S I sycRieven@mts/ Q
has beerpublishedin the Chemical Information Bulletifheywere invited to present an award

symposium at the Fall 2016 ACS National Meeting in Philadelphia, PAnvitesitivelve speakers:

L to R: Valery Tkachenko, Roger Sayle, Leah McEwen, Steve Hell®igiolf Ihlenfeldt (partially obscured), Yulia Borodina,
Peter Linstrom, Steve Bryant, Marc Nicklaus (at front), Evan Bolton (at back), Steve BoyeFZdbangsfitz, Christoph Steinbeck.
Not pictured: Michel Dumontiefinset)


mailto:wendy@warr.com
https://pubchem.ncbi.nlm.nih.gov/
http://bulletin.acscinf.org/node/821

Developing databases and standards in chemistry

Steve Heller was the firspeakerwith an amusingcenesettingtalk. He admitted that
hissecretidSG Ay 3 (G2 ¢KSIKPB KS dx@a] 2y 2f6dzQb|léad alfS RA
work; he was at the right place at the right time with the right people; he worked with
supportive people; and he planned for wh@wid take over the work next. If the
problem were just technology, someone would have solved it already. The real
problem is always cultural and political, not techni&tkve had the good luck to be at

; NIHto collaborate with Hank FalesdBill Milne; atthe Environmental Protection
Agency EPAWlth Morris Yagudawhen EPA started using mass spectrometry to identify pollutants; at
the National Institute of Standards and TechnoldgiS() with Steve Steirwhen CAStopped providing
Registry Numbers to the NIST Mass 8petetry database; and to beetiring just when Ted Becker and
Alan McNaught thoughthat the International Union of Pure and Applied ChemisidPAQ needed to
move into the 21 century of chemical structure representation.

The NIH/EPA/NIST mass spectrometry datalfasgginated atMIT (with KlausBiemann), and was run

Fd bLI Ay GKS mdpTtna dzaAy3d I Y2RAFTAOFIGAZ2Y 2F whAOKI
andeventually toNISTin the 1980s. NIST was the right home for the database: NIST now collects a few

million dollars a year in maspetrometry database royalties. The NIH/EPA Chemical Information

System (Cl%vas a collection of chemical structures with links to various databases supporting

environmental and scientific needs. It also had a number of analysis and prediction programs. All the
databases had CAS Registry Numbessheir link. The CIS wextk for a number for yearbut never

had thefull supportof the govenment or of ACS. It died in the mitB80s; it was a bit ahead of its time.

{ G S @e&t@d@mple of luck dates back to November 1999 when he and Steve Stein seeded the idea of
a chemicaldentifier. The right people in this case were the IUPAC International Chemical Identifier
(InChlteam: Steve himself, Alan McNaught, I§detnev, Steve Stein, and Dmitrii Tchekhovskoi. MChl
was developed as a freely available, qmoprietary identifier for chemical substances that can be used

in printed and electronic data sources, thus enabling easier linking of data compiatiwhs

unambiguous identification of chemical substanck$s a machingeadable string of symbols which
enables a computer to represent a compound in a completely unequivocal marmeinChl algorithm
Y2NXI AT S& OKSYAOFf & NHzEG deNE 3K LF3y R yAR/ Qif Kd2R Skal al K SaRa (7
INChIKeylnChlis easy to generate, expressive, unambiguous and unique and it does not require a
centralized operation. It enables structures to be searched by Internet search engines using the
InChiKey.

INChl is nba replacement for any existing internal structure representatjdng an addition to them.

Its value is ifindingandlinkinginformation. The proof of its success is in its widespread adogtidlh.

the major structure drawing programs have incorporated the Ire@jdrithm in their productsThere

are millions ofinChs in large chemical databas@&¥egardless of controversies and differing opinions,

InChl has been more widely adopted than SMICE#&ently, the InChl algorithm can handle neutral and
ionic organianolecules, radicals, and some inorganic, organometallic, and coordination compounds.
Steps to expand it to handle more complex chemical structures are underway, under the auspices of the
InChITrust


http://www.hellers.com/steve/pub-talks/ACS-PHL-8-16.pdf
http://www.inchi-trust.org/

Finally, Stee had the luck to join theubChenAdvisory Board, and worked with the right people, Steve
Bryant and Evan Bolton. The database now contains nearly 92 naibinpounds223 million

substances, and 1.2 ridln bioassays, and related data and publications. More than 100,000 searches
are carried out every day, by 1.6 million unique users in a mdrita.success of PubChem, like that of
INCh| is measured by itwidespreaduse.

Two decades of open chemical dat a at the Developmental Therapeutics Program ( DTP) at
the National Cancer Institute ( NCI)

' The talk byDaniel Zaharevitaf NClalso covered freely available chemical and
T biological dataA history of DTP/NGias posted on th&Veb onthe 50" anniversary
‘ of the Cancer Chemotherapy National Service Center (CONSIE)was set up in
1955.Until 199Q transplantable mouse tumomsere used andjram quantitieof
test substances werpeeded After that, human tumor cell lines in culturghe
iNCieoé O S 1) viere Liskd/aSdonlgnilligram quantitiesof test substances were
needed

The philosophy behind the National Chemotherapy Prodraas one of hundreds of independent
investigators who were not required to collaboratadeed, over the last ten years, 42,301 compounds
have been submitted from 1,477 different groups. Consequerdta dnd decision makirfgave been
compartmentaized and data systems developmetiasreflected this compartmentalizationThere was
little pressure to apply any standardization.

From the 1970s until 2000 the Drug Information System was pdheaE|SStructure and Nomenclature

Search System (SANSS)ice 2000 there has beeeb interface for compound submissiatceptng

structures inonly molfile format Before 1994 there was no policy for making chemical structures

publicly accessible.dfa releasavas avoidedf possiblebecause of the costs drdifficulties involved,

and because there was no perceived advantage. In 1994, 127,000 structures for which there was a CAS
Registry Number were made available via FTP, 8#SS connection tables had been converted to

molfiles, and CORINA had been usedenerate 3D coordinates. Since 2000, molfiles have been

extracted from a neweinternal systemand structures arealeasal about once a year oa Web page

InJune 201@here were284,176open NCktructures but therearerh y @8 @SNBR A2y a 2F ab/ L
around, including multiple depositions RubChem

DTP compound submissions are now perforroatine. The submitter mst regster as a useand the
submission must include structureghich are subjected toonsistency checksvith the Chemistry
Development KitCDHK, and sereochemistry consistency checlaith InChl) A material transfeand
screening agreement isgsied electronicallyand, nowadays, the confidentiality period is limited to
three years. Submitters are given accessdmeening results and COMPARENaly$s. Researchers can
request samplesr plated setdrom a collection of about 100,0Gmpounds if they submit a material
transfer agreement electronicallgnd pay for shippig.

There is p science without communication, including communication with a more general audience, as
well as with those immediately involved. Despite thaariers to widespread communication, it is
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important to dosomething Note also that god communication of data is hard warknd dtention to
detall is critical

The earliest plarfidor PubChenrecognized the need for significant resources to store and disseminate
data.NLM was a natural choice for this functj@md Steve B/ant was brought in edy in the
implementation process€Evan Bolton came in when the nuts and bolts implementation stakéuen
PubChem went live, about a third of the structures and all of the biological datafrom DTPIn less
than 20 yearshe world of open chemical sictures has gone frorabout 100,000compounds in a

single file to millions of structures being freely available in a searchable database

In future, more applicationswill be built basedon PubChemdata &/ KSYA Ol f | g1 NBySaa¢
integrated into the publication process, especiafigerreview. In future,data consistency will be

improved, andve will ke more ableto know the context for structures and datand to find out which

similar structures are known and vdh assays have been run on theResearchers will uspredictive

tools more as a measure of surprise thesa substitute for measurements.

Using InChl to manage data
To explain the usefulness WICh| Peter Linstronof NIST started by defining a
LINE 6t SY II&aveFdath db8upaiibdtanae and my colleague has data about
a substance. Are these substances the same so that we can combine the data about
them? Are we talking aboutweRSFA Y SR Y2t SOdzf I NJ-aLISOAS&aKé
dASTFAYSRéE OlYy YSIyYy RATTSNBefdrawd Srdcird dan 2 RA T 1
(‘ precisely identify a moleculdut there are issues with formats and drawing

\ e - conventionsDrawing a structure from a name by itself doed improve
identificationbecauseadditional information i®ften required to improve specifity. Moreover,
d2YSGAYSEAa 6S RRSEFAY SRIEDY 21 JisiSdlgineral frdihbnbithdziidtd
be solved for a significant portion of historical data

InChlican help because itlentifies a molecule based on its structure, andlibws us to aslkwhether

062 REFAY SRE &G NUzO G dzvisBhihad aNdyered HeSignallogfriatched td rélatel
compoundssuch asstereoisomers, geometric isomets,y” Kotapologues cotpounds that differ only
in isotopic compositiop In addition, with a little string manipulation we can ask even more questions.

AnInChlis hierarchically layered.here are several InChl layer types, each representing a different class
of structural information. These include: formula, connectivitygmetric and stereo isomerization,

isotopic composition, charge, and protonation state lay&@yers are separated by a forward slash.
Consider the two isomers of carvone, ti€hs of which differ only in the steoehemical layer
(emboldened in the folling). One isomer smells of spearmint and has

INChI=1S/C10H140/€X2)95-4-8(3)10(11)69/h4,9H,1,56H2,23H3/t9-/ m0/s1.
The other smells of caraway and has

INChI=1S/C10H140/%2)9:5-4-8(3)10(11)89/h4,9H,1,56H2,23H3/t9-/ m1/s1



60¢KS am{¢ G GKS o0SIAAYYAYBMCM®T SIOK aidNAy3a AYyRAOLF
TheNIST Chemistry WebBopkovides an example of the useloChl It combines data from many

sources It is over 19 years olahd there are many problems with identifiers from older datasets.

Historically CASRegistryNumbers and other accession numbevere used in matching species, but

there were many problems (even the check sums in CAS Registry Numbers were wrong in one case out

of ten). Newer data often come with structuresdInChican be used. Moreoverrawing structures

can force additional analysisevertheless there are stltgacy data with incomplete identifie(s.g.,

for stereoisomers and isoanalogyedn example isi KS A LJISOASa {-$HO0SYSRSIa HAS N
chromatographic retention values in the literature were analyzed, and found to correspond to five

different chemical species (with similar mass spectra)

PubChenis a great resource. Apart frorhe featureshat we all know and loviethere are ¢sser knowm
features that help disambiguate specid$e sbstance databaseseparate from theompound
databaserecords the mapping of names to structurdsy the various people who submittatle data.
Partial InChlKey seareliowscompoundswith the samecompositon and connectivitybut different
informationin further InChllayers, to be retrieved.

Voltaire said that perfect is the enemy of godde camot fix all chemical structure erronsithout

abardoning valuable historical data, andwer dataalso arenot immune to identification problems,

but we can make progress where resources perifiitere are toolsuch as InChl and PubChem tbaih

help, but not solve the entire problendZero Defects ¢ | aduskrigl quality management approach

championed in the 1960s and 1970 which was criticized as an exhortation to do something that may not

be possibleTotal Quality Managementhe appoach championed by W. Edwards Deming, is based on
continuous improvement of systems, driven by measurement. It has been dramatically successful and

KIFa adzOOSSRSR 6KSNBE a%SNR 5S¥S0O0a¢ FlLAtSR® ¢KS N
modern, eliable compact cars did not happen overnigitmilarly, ar chemical structure tools are

getting better but we still have a long way to go.

Open chemlstry resources provided by the NCI computer -aided drug design (CADD) group

NCI has a 6@ear history of cheminformatics, starting with the drug development

program authorized by Congress in 1955, said Marc Nicklaus, the leaderNEthe
CADgroup.Bymdpc o> G AU 06 SOl Mt tradk Sot jusd indikdbal & @ 3G SY
OKSYAOIfT O2YLRdzyRaz odzi RAAGAYONH &l YLX Sa
REGE YFEyF3aSYSyid LINFhsivésY di@@ ahtedede bithe f & ¢ @
concept of separat®ubChenSubstance and Compound databases. The open NCI
structure database was made publicly available in 1994 (see the t@iaigl

Zaharevitz, summarized above). The NCI Database Browser was, in 1988f thebfic Web GUI for a

large, smdimolecule database, with advanced capabilities such as full substructure search. It arose from

a collaboration between NCI and WAlietrich lhlenfeldt at the University of Erlangsliirnberg. The

Enhaned NCI Database Browdsas 250,250 structure records and ab@@ million data points: mostly
Prediction of Activity Spectra for SubstancPASS] predictions. Sophisticated search and output

options are available.
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TheCACTVS Web Seradfers many services, tools and downloadable datasets centered on small

molecules Apart from the database browser, Marc singled out @eemical Structure Lookup Service

0/ {[{Z LMNRYZ dr&p@a Stdctu Becognition Applicatit®SRA), and th&hemical

Identifier Resolve(CIR). Developed by Igor Filippovin 2006, [ { A& | aLK2yS 06221 F2)
aUNHZOGdzNBaér tAY1TAYy3a 7n YAfEtA2Yy AYRSESR &0 NHzOG dzNB
OSRA, developed by Igor Filippov in 2007, converts graphical representations of chemical structures in
journal artides, patents, or other text, into SMILE3R, dveloped by Markus Sitzmann in 2009,

converts one structure identifier or representation into another. Its workflow involves lookups in the

/155 3INRdzLIQa OKSYAOF t adi NUzOG dzNBlL mlibristrustliréirécords/ { 5. 0 ®
for 85 million unique structures, in 140 databases, including PubChem, and the Sigma Aldrich iResearch
Library.

It might be thought that the many large databases now available for CADD are enough, but perhaps we
need a new aproach. Perhaps we should not design a new molecule, and then ask how it can be made.
Instead, we could look into wat can be made reliably and cheaplpdahen search only among those
molecules for new, potentially bioactive compounds, using the usuBDC&pproaches.

¢t KSNBF2NBESZ al NOQa GSIFY KFI&a 6S3dzy 6dzif RAyd GKS {ey
set of highly predictive and richly annotated rules (transforms) from Lhasa Limited and Lhasa LLC, a set

of reliably available and inegpsive starting materials from MilliporeSigma, and theminformatics
engineCACTVfBom Xemistry GmbH.

A parser has been implemented in CACTVS for the CHMTRN/PATRAN retrosynthetic transforms (of
which thereare more than 2,300), and it has been adapted for the forasndthetic SAVI approach.
Fourteen transforms have been implemented and used in production runs so far. Among the 3.3 million
building blocks in sets from Sigmddrich, and other catalogs, 3#B4 compounds were identified as

highly available, and in their majority annotated with pricing and availability data.

PAAY 3 MM & LINE R dzO Gste@i@actions Nisaimpld idédf &f aboyf 612,08 compounds
was generated in summer 2015, and madeilable fodownload It is aanotated with (but not yet
filtered by) 54 compound, reaction, and typical drug design properties. As of August238lijllion
products have been generaleit is estimated that there might 280 million when the runs are
completed. Overlap with PubChem is minimal: more than 99% afdh®oundsappear to be novel.

Elevemew transforms are being added, and in future, products will be steered toward integesti

novel rings and scaffolds. The product files will be offered for download. stelti reactions will be

investigated in future, and a Web GUI with extensive search capabilities will be developed. Topics of the
ongoing work are how the predicted synthetioutes will work in actual syntheses, what filter rate will

0S YySSRSR F2NJ GNMHzZ & GAyGSNBadAy3ae O2YLRdzyRaAZ | YR
made as easy as possible.
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Evolution of open chemical information

Valery Tkachenkof RSC continued the theme @ben data in chemistryEverything

changed in 1992 with the arrival of the World Wide Web. L&ehChenthanged

the world of chemical information. ChemSpidestaucture-centric hub for Web

searching now contains7 millioncompoundschemicaldrom over500 different

sources and deposition of data is ongoing. It differs froobEhem in that curation

and annotation are mwdsourced ChemSpider has analytical data, text and

literature references, and data on compounds aedctionsb SEG a2 @S {2 F G 6 N
text mining safware has been used to analyzeactions from the RSC archive of journal articles, output

CML, andreak down each procedure summary into steps.

We are moving into the world of the Internet of Things and phones mitkular, replaceable parts

Gartner hasdentified theTop 10 Strategic Technology Tremals2016. Our world is hygyconnected,

and@ yy SOt A2y a NBI dzaA NRolodihooky R RRE P EKRALi2! 6NRGST |y
issues arose. Evan Bolton has referred toghaiferation of errors in public and private ddiases as
GNRPO2OKSYAAUNRED al ydzZr f OdzNY GA2y 2F Kdz2S RFGFol as$s
atdaidSyvya a @@istry alidetiprn a@diStandardization Platfd@$VPcan bedeveloped.

CVSRillows users to upload chemical structure files which are then validated, and optionally

standardizedin preparation for publication or submission to a chemical databagsut 200 rules have

been encoded, and expressed as XML, to check for errors in, for example, the depiction of
A0SNB2OKSYAaAliNRED ¢KS O2YYdzyAaide OFy | YSYR (KS&S NIz
and other identifiers also needs checking.

Knowledge from the past is used to derive wisddineOpen PHACTdiscovery platform has been
developed to reduce barriers to drug discovery in businesses and academia. It contains multiple data
sources, integratd and linked together so that users can easily see the relationships between
compounds, targets, pathways, diseases and tissues. The platform has been used to answer complex
guestions in drug discovery. It was built in collaboration with a large consorfiorgantations

involved in drug discovery, and is foundedSmanticWeb and linked data principleRSC developed

the chemical data handling software for OpenPHACTS.

A high percentage of raw data is lost in the science data publishing workflanzon 202Gs a very

large EU research and innovation program. It already mandates open access to all scientific publications;
from 2017 researchdata are open by default, with possibilities to opt out. In the era of Uber,
transportation is now a commodity. Will scientific data become a commodity by 2020? How will
publishers cope? Authorities have moved from centralized to decentralized to diswibas we have

moved into the hyperconnected world. We are on a verge of a new technical revolutiois B&@ded

and is ready to ride high on the wave of data science developments.
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Open chemical information at the European Bioinformatics Institute

Christoph Steinbecf EMBEEBIIooked back to his early years as a natural
products chemistandrecountedwhat hashappened sincethe old days of access
to Beilstein and CAS in 199%here were n open source software libraries for
cheminformaticgn those days, but there were computassisted structure
elucidation (CASE) systefi$® Christoph sold hi€ASEoftwareto Bruker and it

got buried. He learned that successful science requires data and software to be
free andopen.

Soin 2000he and his cavorkers began work oanopen sourcdibrary for bioinformatics,
cheminformatics, and computational chemistry written in Jath@ Chemistry Development KIEDK)*

18 Sixteen years later, it swell-established, mature code base (564,171 lines of code), maintained by a
large development team; 16,521 commitave been made by 115 contributors

/ KNR & i 2 LK Qa reRliybédadwhan$e rdogeld t9JEMBIB) although hispen database

NMRShiftDB"*® was written earlier. Itontains 50,00@ompoundsand their spectral K NJ& & (i 2 LIK Q &
currentresearchinterest is documenting the gtabolomes of all species on the planet. To coin Donald

wdzYa TSt RQa LIKNI &aS2ft23ex alyz2¢6y l1yz2¢6yaé Oy 0SS T2dz
dzaAAy 3 baw{ KAF(i5. 3 0dzi a& dzy | TWendagymealaifologies arg dotknowiNS R NJ

EMBLEEBIhas many important databasgShemicalEntities of Biologicallnterest (ChEBland ChEMBL

being just two of themChEBIs a freely available dictionary of meaular entities focused on small

chemical compounds. The molecular entities are either products of nature or synthetic products used to
intervene in the processes of living organisms. ChEBI incorporates an ontological classification, whereby
the relationdips between molecular entities or classes of entities and their parents or children are
specified. ChEMBL israopen data resource of binding, furmtial and ADMET bioactivity data for a large
number of druglike compounds.The types of data reported iiubChenand ChEMBL are distinct and
complementary. To maximize the utility of the two datasets EMBLhas worked with theubChem

group to develop a data exchange mechanism.

It is estimated that there are about 8.7 million eukaryotic species on earth, of which 1.2 million have

been identified and classified. Three or four thousand complete species genomes have been sequenced.

2 KIG Fo2dzi O2YLX SGSR YSGlroz2t2YSaK {GSAyoSO1Qa GSt
intensively on model organism metabolon@g.hey have proposed a grand challenge to identify and

map all metabolites onto metabolic pathways, to develop quantitative metabolic models for model

organisms, and to relate organism metabolic pathways withincthetext of evolutionary

metabolomics.

Species metabolomes are now being assembled through data sharing in metaboMetisoLight&"
%is an EMBIEBI database for metabolomics experiments and derived information. It isspesges,
andcrosstechnique, and covers metabolite structures and their reference spectra as well as their
biological roles, locations and concentrations, and experimental data from metabolic experiments.
I KNRA&al2LKQa (i 8ddutasétlindhe tek lpisidiiti@8Riensific Data
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History and the future of tools and software components for working with public chemistry
data

Wolf-Dietrich IhlenfeldQ @ACTVSoftware suite las been an integral component

of the PubChensoftware sincehe beginning It handles sucture searcing, 2D

structure layout and image renderingibmission checkingoroperty computation
hashcodesand a ketcher applicationCACTVH not wsed only in PubChem. The
CACTVE&riptingtoolkit (solutions in Python or Tcl) iee for academiaand can

be used in database cartridges and in KNIME nodes. It can give access to more than
50 Internet chemistry data sources

One of the reasons CACTVBMWNJ & LI NI A Odz  NY & 6Stf 6AGK t
forward-looking design, including teRUG Entrez Eitilities and RESTnterfaces

which make it possible to access structured data by software without resorting to HTML page scraping.
Additionally, CACTVS has some inherent advantages in perfpth@se tasks: much of the PubChem
engine is based on CACTVS, and CACTVS understands the native PubChem ASN.1 data formats for
structures and assays, so it can process the original data content of PubChem, without format
conversion losses. It is also pddsito send native toolkit structure encodings directly to the PubChem
guery engine, which opens up query functionality which cannot be expressed by any standard structure
guery exchange formats, such as SMARTS or Query molfiles (which are, of courmgeduppthe

guery interface). An example of such advanced query functionality which will be made accessible on the
PubChem side in the near future is querying for ring attributes which are not atom attrjlsuiels as

the overall ring atom formula, subsient counts and classes, and similarly also for ring systems, and
even userdefined atom groups.

PubChenuses CACTVS hashcoding as a primary keytgem@e mapping of hashcode to the PubChem
compound identifier, called a CID); for mapping between ClCPaidChem sbstanceidentifier (SID),
for related compound links, and for a similarity boost schefite hashcodes are currently-6it
pseuderandom numbers, but soon will be 1. Computationis based on configuratiodependent
atom seedsandneighborcoupled, atoracentric xorfeedback shift registersThe hashcodes aradt to
compute faster than SMILES and much faster than InChl. They are of constant length, and are
independent of ring seromaticity systemand formal charge localization. Databgserformance is
outstanding: identity is looked up on a fully indexed database flalthChem variantsf the codes
include with orwithout stereochemistryand wth or without isotope labelson the submitted structure,
standardized structure, or canomidautomer, but there are mny more possible seed variamtst used
in PubChem

Hashcodes link structures to closely related compounds which agree at least in fragment connectivity
Wolf-Dietrich is exploring more advanced options, hashing structureiogisttips relevant tanedicinal
chemistry, for exampleirking structures with similar ring systems and substituent fragments at sites of
interest, and wing various fragment and generalized hashds cal$ this PogoChem and@oof-of-
conceptis available. Users simply click on a structure and query results appear instantaneously.
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In one option, ring system variants are produced by generalizing ring system atoms. There is one
hashcodeper ring system. Ring system size, and heteroatom count are stored for the similarity score. In
another option ring systems or bridges are resized by excising unsubstituted atoms between
substitution or fusion points, individually or in combination. Timee there are 110 hashcodes per ring
system.lt is also possible tout bonds,andcomputea hash forthe fragments These aretsred with
bondinformationand basic fragent statistics This leads to abolg0 topologyfiltered hashcodes per
compound.Soring 5 billion recordsat 56 bytes per records no problem

Wolf-Dietrich concluded bgayngthat PubChem is a great resourae the hands of a capable teartis
still evohing at a fast pace, antidgontinues to inspire new idead how to accessrad analyze its
contents.

PubChem a resource for cognitive computing

Stephen Boyer dahe IBM Almaden Research Center has collaborated with
OntoChem, the University of Alberta, NIH, EMHEL, and others on a chemical
ontology approach t@addressingirug discoveryTheir work with chemical
ontologies identifies a family of molecular attributes that define a molecule and
explores how those attributes might be used for identifying functional attributes
based on molecules with similar structure activiyn example of their use of
molecular attributes can be seen below, illustrated by assignments within the
target molecule (Azulfidine) of benzoic acid, carboxylic acid, carlsonypound
phenol, azobenzene, abmmpound sulfone, sulfonamide, pyridineghzene, and

hydroxyl groups:

BerEsiE atid Carboxylic acid

Azobenzene
S
Hydroxy grodp &/W ''''''''''''
<—— Sulfonamide
Az

Molecular atiributes (labels)

Isa Benzoic acid

Isa Carboxylic acid

Isa Carbonyl cpd P rld in

Isa Phenol y

Isa Axobenzene Is used for the treatment of Crohn's disease
Isa Azo compound Is used for the treatment of rheumatoid arthritis
Isa Sulfone Is used for the treatment of ulcerative colitis
Isa Sulfonamide

Isa Pyridine

Isa Benzene

Isa Hygdroxy,

In this example of Azulfidine, assignments alsomade forfunctional attributeg ¥ 2 NJ &I YLX S &
dzZa SR FT2NE GKS UGNBIGYSyl thrifis andBekaiiv@colitiRA a4 S aSX NXSdzy



Theprocess begins by convertimgcompoundhameto SMILESFom the SMILES, moleculkatributes

(also known as moleculaescriptors ochemicaf | 6 St 80 &dzOK | & GK&RNEeE&¢ 2 NJ
generated.{ 1 S@S Qa { Sabdutld daiiliohSMILES Rrings from ChEMBL to difterent

auto-classification systems to make a ChEMBL ontology database with two corgeuterated

chemical ontologiesClassyFire (written by David Wishart of the University of Alberta and Ph.D. student
Yannick Djoumbou Feunang) and OntoChem (Lutz Y)ebe

Stevethen used this database in a mulifep process. Heugried it for a gene or target of interest

0a-, %EOT ONBFGSR I aSd 2F OFYyRARFGS O2YLRdzyRa oAl
to create a training set of compounds (e.gith\EG, <30); scored and ranked the molecular attributes;

and then used those results to query the ChEMBL database minus the candidate set and the training set.

He thus identified 100 compounds with potential activity, exclusive of &mgliclate or trainng sets.

Steve reported two experiments. The first concerned MDM2 (mouse double minute 2 homologue), a
protein that in humans is encoded by the MDM2 gene. The key target of MDMZ2 is the p53 tumor
suppressor. Steve carried out a sample analysis, using thetamical ontologies, to predict
compounds that may have MDM2 activity, scored with astjuared test. In ChEMBL, 20,558 molecules
have activity for MDM2, but only 27 of these have, KC30 nM. He compared the top 100 compounds
identified by ClassyFirgith the top 100 compounds identified by OntoChem, generated with the
parameters of the top 10 labels, assay minimum = 30, and corpus count cut off = 300,000. He found 57
predicted compounds in common between the two ontologies. Not having a laboratowasenable

to test any of theseompounds but he did find structure activity data in numerous patents that had 26
compounds with reported assay data for MDM2, and some of them matcbegoundsn his set of 57
potential actives.

{GSSQa &aS02yR SEFYLX S O2yOSNYySR {D[¢H O6a2RAdzYk 3f
glucose levels and have potential use in the treatment of type Il diabetes. Thirty compounds with assay

data for SGLT2 were derived from the ChEMBL dagglag only 12 had EgE< 10 nM. Using these 12

molecules as a training set, the team identified several new molecules as possibly having SGLT2 activity.

A search of patents and the scientific literature confirmed that several of the identified compoadds h

reported significant activity as SGLT2 inhibitors.

Steve closed with some final thoughts on innovati8teven JohnsdnO2 A Yy SR (G KS G SN¥Y d& Kdzy
STFFSOG¢ G2 RSAONROGS K2¢ Yy Ayy20F0GA2Y Ay 2yS TFASE
RAFFSNEBY (O R2YFAY |t G23S0KSND LRa@ER@IIcBisanbaronsNRA a S F N.
from the theoretical biologisStuart Kauffman)you get railroads when it is railroading time, and not

before, even if some prescient inventor sketches them out far in advance, and they open up all kinds of

new possibities.



SPL and openFDA resources of open substance data

Yulia Borodinas in the Office of Health Informatics at the U.S. Food and Drug
Administration (FD#OHI). Her talk concerned 6 dzf | ¢ 2Mayie R G |
readable data are extracted from text or legadatabases, harmonized, and

coded in a machine readable format. To provide data interoperability you need a
data standard, and then you harmonize the data according to the standard, and
ensure that the standard is publicly available (and, ideally, freedjlable).
Unfortunately, you may have to wab years until the community adopts the
standard. To support data reuse you can provide direct downloads and APls, and
let the user decide howo select and analyze the data.

Structured Product Labelin@PL) is a document markup standard approveddsith Level SeveitlL7)

and adopted by FD&s a mechanism for exchanging product and facility information. It covers health
informatics, cheminformatics, and bioinformatid¢shas manyapplications Yulia concentrated on
substancesSPL is a universal (not datpecific) exchange standard, withusable data types, coded

data elements, and datapecific validation procedures. Drug manufacturers and distributors submit SPL

to FDA and FDA makes a product SPL file with substance, pharm class, billing unit, and product concept
index files. Bta are ouput to the FDA Online Label Repositery § KS bl GA 2yl f [ A0 NI NB
DailyMedwebsite, and the public data warehousmenFDA

Substances in products can be small molecules, proteins, nucleic acids, polymers, organisms, parts of
organisms, or mixturePefinitions of norconfidential substances from tHeDA Substance Registration
Systemare available in SPL format, with unique ingredient identifiers (UNII). The data for over 50,000
chemical substances, and over 5,000 biological carescompliant with thddentification of Medicinal
Products (SOIDMP11238 standard, and are available from DailyMed and openHbA.IDMP
adFyRINR RSTAYSa arétabé definéd by segpehdeY and IhePSRBLSstanbiard defines

a K2 @.g., UM, molfile, InChl, and InChlKey for smadllecules).Yulia showed theantent of some

SPL Substance Index Files for various types of substance. SPL data have been integRaib& inem

The concept obpenFDA is to index highalue, high priority, and scalable public dstts (e.g., medical

device reports, drug adverse events, and food recall enforcement reparid)to format and document

the data in developerand consumeffriendly standards, and makhose data available via a public

access portal that enables developers to tleem in applicationgquickly and easily. openFDA allows

direct downloads and APIs. Substance and Pharm Class SPL index files can be downloaded, and some
substance SPL fieldssmciated with a product label are availablelavaScript Object NotatiodSON

format via APlopenFDA allows users to carry out statistical applications around adverse events, such as
the likelihood ratio testbased method for signal detection in dralgssesinteractive opersource
applications available onttps://open.fda.gov/analyticstlemonstrate how openFDA APIs can be used

for epidemiological research, combined with powerful statistical tools byilihe openFDA community.



http://www.fda.gov/ForIndustry/DataStandards/StructuredProductLabeling/ucm2005542.htm
http://www.hl7.org/
http://labels.fda.gov/
http://dailymed.nlm.nih.gov/dailymed/about.cfm
https://open.fda.gov/
http://www.fda.gov/ForIndustry/DataStandards/SubstanceRegistrationSystem-UniqueIngredientIdentifierUNII/default.htm
http://www.fda.gov/ForIndustry/DataStandards/SubstanceRegistrationSystem-UniqueIngredientIdentifierUNII/default.htm
https://pubchem.ncbi.nlm.nih.gov/
https://open.fda.gov/analytics/

Building a network of interoperable and independently produced linked and open
biomedical data

Michel Dumontief Stanford Universityand his ceworkers developtools

and methoddo represent, store, publish, integrate, query, and reuse
biomedical data, software, @ahontologies, with an emphasis on reproducible
discovery which necessitatesatfa sciencetools andnethods and ommunity
standards Data need to b&C ! L*téatds, findable, accessible,
interoperable, and reusable.

The Semantic Web is the new global web of knowledge: it has standards for

publishingsharing and querying facts, expert knowledge and services, and a scalable approach for the

discovery of independently formulated and distributed knowledgaeked Data offers solid foundation
for FAIR data:mities are identified using globally unigidentifiers (URIs)entity descriptions are
represented with astandardizedanguaggresource description frameworRDF) data can be retrieved
using a universal protocol (HTTRNd entities can be linked together to increasgeroperability.

Bio2RDHs an open source project to unify the representation and interlinking of biological data using

RDF: it transforms silos of life science data into a globally distributed network of linked data for
biological knowledge dimvery. It shows how datasets are connected together. Queries can be
federated across private and public Protocol and RDF Query Language (SPARQL) datatzsddike
representationis amenable to finding mismatches and discovering new fiEbolak® is an example
using linked data and software.

In current, unpublished research on network analysis and discoaekyOK St Qa G SI'Y A a
they can implement an open version of PREBI@ing linked dataHyQue3** for hypothesis
validation, is alatform for knowledge discovery that uses data retrieval coupled with automated
reasoning to validate scientific hypotheses. ltlttésl on semantic technologies to provide access to
linked data, ontologies, and Semantic Web services, uses positive and negative findings, captures
provenance, and weighs evidence according to contekias been sed to findaging genen
nematodesand to assesgardiotoxicityof tyrosine kinase inhibitors

The network of linked data goes beyond biology. Midhigplayeda network from about 200,7and the
linking open data cloud diagraas ofAugust2014 to show how rapid has been the expansion over
domains:

SEI Y.


http://www.slideshare.net/micheldumontier/building-a-network-of-interoperable-and-independently-produced-linked-and-open-biomedical-data
http://www.slideshare.net/micheldumontier/building-a-network-of-interoperable-and-independently-produced-linked-and-open-biomedical-data
http://bio2rdf.org/
http://iswc2015.semanticweb.org/sites/iswc2015.semanticweb.org/files/93670383.pdf
http://iswc2015.semanticweb.org/sites/iswc2015.semanticweb.org/files/93670383.pdf
http://lod-cloud.net/
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Linked Datasets as of August 2014 @ ®

EMBLEBI have been producing RDF for two yeRubhChemRDFas released more than two years ago,
andNLM has released a beta versionMdédical Subject Headings (MeSH) RDF linked Batdack of
coordination makes Linked Open Data chaotic and unwidldgre is no shortage of vocabularies,
ontologies and communithased standardsTheNational Center for Biomedical OntologyCBO)
manages a repository of all publicly available biomedical ontologies and terminologies. The NCBO
BioPortal resource makes these ontologies and terminologies avaieb&eWeb browser and Web



https://pubchem.ncbi.nlm.nih.gov/rdf/
https://pubchem.ncbi.nlm.nih.gov/rdf/
http://www.bioontology.org/

Services. The NCBO Annotator service takes as input nédogalage text and returns as output

ontology terms to which the text refer§heCenter for Extended Data Annotation and RetaidCEDAR)
project relies on the BioPortal ontology repository and the NCBO Annotator. CEDAR is making data
submission smarter and faster, so biomedical researchers and analysts create and use better metadata.
Through better interfaces, terminology, metais practices, and analytics, CEDAR optimizes the

metadata pathway from provider to end user.

PubChenengaged the community to reuse and extend existing vocabularies. Semanticscience Ontology
(SIO) is meffective upper level ontology, with ovér500 classes, and 207 object propertiébemical
Information Ontology (CHEMINE)s a collaborative ontology that distinguishes algorithmic, or

procedural information from declarative, or factual information, and renders of particular importance

the annotation of provenance to calculated data.

Large scale publishing on théeb across biomedical datatypes is possible. Hubs such as NGBVIBad
EBI now integrate data, but there is need for global coordination on all data types. Standard
vocabularies must to be open, freely accessible, and demonstrably rédkmtiwide datamtegration
formats such as RDF can improve linking of data, and some toolkits theasies ® deploywill provide
standardscompliant linked data The development and use of standards by PubClzam others
brings us closer to an interoperability ideblUt much more workis needed to support computational
discovery in a reproducible manner.

Chemical structure representation in PubChem

A unique and invaluable feature tife architectureof PubChenis the distinction
between the deposited structures (substances) and the normalized structures
(compounds), and the retention of botfhisfeature allowed PubChem tavoid
the early mistakes of CASidRoger Saylef NextMove SoftwarePubilChem
Substance contairsbout 209.6million structures PubChem Compound contains
about91.7million structures.ThePubChem standardization serviains to
determine whentwo chemicaktructuresare the same

Consider, dr examplejmplicit and explicit hydrogensttianol PubChem CID 792
has been deposited 1569 times with six different explicit atom cquantd thus, six different SID&II

havethe same SMILES and InQflitrobenzene (PubChem CID 7416) has been deposited as 164 distinct
substance depositions, with fivel¥s, two with maécular formula C6H5NO2, and the others with extra
hydrogens: §HNGO,", GHsNG,, and GH;NO,. To complicate matters8I0VIA017 changed the
interpretation of CTfilegthe default valences of some neutral main group elements have changpsl); t
affects 342689 SIDs and 213,097 CIPgbChem is inconsistent on protonatiomtlgenerally

protonation state is preserved

A major challenge in chemical databases is aromaticity; two compounds that differ in Kekulé forms are
thesame moleculd. AA3IYATFTAOFI Yl y2@3St Ayy20FiA2y Ay OKSYAYT
I aOFy2yAOrfté YST dz SThisanalled PubGhénNidravadEhe karlphistal@Oadzt S @
Daylight Chemical Information SysterBsfferent chemistry toolkits (andhemists) differ in opinion on


http://metadatacenter.org/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
http://www.slideshare.net/NextMoveSoftware/chemical-structure-representation-in-pubchem
https://pubchem.ncbi.nlm.nih.gov/standardize/standardize.cgi

GKAOK NARAYy3 aeaidisSvya INB FNRBYFGAO YR gKAOK IINB y2i
providing noraromatic SMILES.yY T2 Nlidzy' I 6 St &3 9@l yQa FfI2NAGKY | NRY
not just those associatewith the smallest set of smallest rings, a computationally demanding
requirement.PubChem desnot restrict aromaticity todn+2 Hickel aromaticitthusconjugated ring

systemssuch as pentalene are deemed aromatic.

Tautomers are normalized. Thagpherylazo}1l-naphthalenol (CAS RN 3662-3), a case of classic
tautomerism,has only ore CID (5355205put there are twolnChs, one for each tautomer.
Unfortunately not all tautomers are handled so well: four tautomers of this molecule are recorded:

HO

2T

PubChem follows InChi breaking bonds to metaldt currently handles 109 of the 118 elements in the
periodic table PubChem registration confirms that any specified isotope has been observed
experimentally Hence’CH4 is rejected, bdCH4(which has an exceptionally short hdife) is allowed
Another quirk is that PubChem doest normalize mononuclidic isotopes. Hernitgoromethane has

CID 11638while fluoromethane with**F hasCID 58338844 ubChem rejectshlorine dioxide and
carbide anionsbut it accepts disulfur dioxide (O=S=S=0) whistalsle for only a few seconds.

It is one of the innovations of PubChem that it explicitly stores relationships (such as having similar 3D
shape) in the database. GiverC#D, you can find all similar CIDs based on Tanimoto similarity, for
example, but you can also find all the tautomeric forms provided by depositors by following the links
from CID to SID. Likewise, there are internal links (backwards and forwards) behieres and their
components, and between isotopes of a compound, and between enantiomers of a compound.

PubChem allows depositors to specify advanced representations of molecular structures such as
inorganics and organometallics via SD t&gsadruple, dative, complex and ionic bonds can be specified
with the nonstandard bond option; hydrogen, resonance, bold and Fischer bonds, and close contacts
can be specified with the bond annotations option. Relatively few depositors make use of fiteseso

Roger concluded by saying that PubChem represents the currentaitdite-art in chemical structure
representation>>* Under the surface, unseen to most useag manytechnical and scientific

innovations that have enabled PubChem to scale to contain nearly 100 million compounds. From simple
design decisions such as the substance versus compound distinction, to breakthroughs such as canonical
Kekulé SMILEs, the architee of Pulthem contains a treasure trove of cheminformatics innovations,
covering normalization, tautomers, mixtures, 2D fingerprints and similarity, substructure search,
biopolymers, text miningand much more.



IRAMP and PubChem: of the people, for the people

// Leah McEwepf Cornell Universitgave aalk on synergies between chemical

i \ safety and information literacy skillsy 2015, theACS Committee on Professional
‘ Training(CPT) released an updated versiotJoflergraduate Professional
Education in Chemistry: ACS Guidelines amduBtion Procedures for Bache®r
Degree Programs'hese guidelines include a description of six skill sets that
undergraduate chemistry majors should develop, two of them being chemical
literature and information management skills, and laboratory sagiils.

] Laboratory safety skills can be viewed as a $jpaise caséof information

Ilteracy sk|IIs°’6 The CPT safety guidelines describe a RAMP Hadeirganize safety information in a
consistent way that is transferable, scalable and sustainable as laboratory work eRAMBis an
acronym for the initial letters of the four core principles of safety: Recognizindhazards Assessingisks of
hazardsMinimizinghazards, andreparingor emergenciesThe iRAMP project was begun in 2014 by
the ACS Divisions of Chemical Information (CIF), and Chemical Health and SafetiP{&HASS. aA ¢ 2 F
iIRAMP signifies the iterative nature of the chemical safety decision cycle:

Safety Data Sheets

Global Harmonization System

Hazard

Recognition !
Incident Reporting A

Risk | Chemical Inventories

Laboratory Ventilation i ASSESSment™ .1 Hazard Analyses
Monitoring Programs - i

Laboratory Chemical

Chemical Safety Levels
Safety Sheets

Prac , Controls Standard Operating
Laboratory Hygiene ° Procedures
Training

Theresearchaboratory environment is complex, involving chemicals, biological agents, and radioactive
materials, with five levels of Occupational Safety and Health Administration (OSHA) controls. The
information environment is also very compleQuestions that safet professbnals need to ask have

been listed by the AGSommittee on Chemic&8afety Safety Advisory PandData supporting chemical

risk assessmeratre detailed in aNational Research Council (NRC) Woikut there are many challenges

for the information community.Many chemicals lack critical data. The diversity of substance forms that
impact chemical reactivity is broad. Data are scattered across many sources. Repontitagddaare
variable and most data are not machineadable.

The research practices described by fmerican Library AssociatipAssociation of Collegand
ResearchLibrariesFramework for Information Literacy for Higher Educatieftect a process of iterative



http://dchas.org/wp-content/uploads/2016/08/iRAMP-PubChem.pdf
https://www.acs.org/content/dam/acsorg/about/governance/committees/training/2015-acs-guidelines-for-bachelors-degree-programs.pdf
https://www.acs.org/content/dam/acsorg/about/governance/committees/training/2015-acs-guidelines-for-bachelors-degree-programs.pdf
https://www.acs.org/content/dam/acsorg/about/governance/committees/training/2015-acs-guidelines-for-bachelors-degree-programs.pdf
https://www.acs.org/content/acs/en/about/governance/committees/chemicalsafety.html
http://www.ala.org/acrl/sites/ala.org.acrl/files/content/issues/infolit/Framework_ILHE.pdf

critical inquiry that can be used to address these questions aboutftmical information available to
be used in riskssessmentand the most effectiveprocess for identifying, compiling, analyzing, and
applying this®

A PubCheniaboratoryChemicalSafety Summalty (LCSSpr a compoundis based on the format
described by the National Research CoufitiCS$rovidesa convenient consolidated view of an open
Internet search on chemical hazard information, with ramthoritative sourcediltered out and

available documentation on the conteaf each data pointlt became clear that PubChemuto help
chemistsdfill out an NRC safety forrithe University of California has produced a pilot mobile bigp,
Chemicalsa cloudbased chemical inventory management tomhichallows tracking of containers
using a barcoding system. Chemical and safety information, such as hazard codes and first aid, are
automatically populated from PubChem and other sources.

There are, however, some key gaps that iRAMP must addres® iflckgde resolvable identifiers for

mixtures; associatinthe Global Harmonization Syste®@H$6 A (0 K & dzZLJLI2 NI Ay 3 REFEGF o
CA@Sé¢ F2NJ KIT I NRaashatdzrmBourdBavarg BeBn ciagified) ] m@ping

chemical concepts tprocess conditions; mapping procedures to chemical, equipment, and process

hazards; and empirical data from incidents.

Aw!at FAYa (2 o0dAftR | aFtSEAO6t& &0GNHzOGdZNBR SO2aea
mapped to the essential commonalitie§the use cases and content, connected by good information

YI y I 3SYSy i *®rubchériehablEsaetist of data in applied cetsiebased oropendata,
openmission,openprocessandopencollaboration for the publicgood Together, iIRAMP and PubChem

can build an ecosystem, of the people, by the people, for the people.

Open chemical information: where now and how?

Evan Bolton g&e the award address on behalf of both awardees. Many people

GKAY]1l GKIFIG OKSYAYT2NNIGAOA A& || a2t 3SR L
adjective: open learning, open access, open data, open government, open
a2d2NOSZ YR &2 2y o dh wisdwhenBubChenwWadzrOK f Sa &
conceived. There is still little openness when it comes to scientific data. There is

still a lot to be done in the open space. For example, openness is not widespread

in drug discovery. We have to empower researchers with ready access to

information so that they do not repeat work that has already been done.

PubChem is an open archive; the data are free, accessible, and downloadable.
Information is uploaded by depositors, it is normalized and displayed, and it can

then be downloaded by other researclserAlgorithms carry out the normalization, but sometimes they

go wrong and can introduce ambiguity; later processing of this ambiguous data can result in data
O2NNHzZLIGA2Y 2NJ SNNRBNXY» C2NJ SEIF YL Sz OKSyYA@nt FAtS ¥
converting from SDF to SMILES, where the coordinates are lost and stereo must be perceived by
FfI32NAGKYad S5AFFSNBYG az2F¥dglNB LI O11F3Sa YlLeé ay2Ny
ways. This variation produces tens of different represgates of nitro groups and azides in PubChem.



https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/lcss/
https://itunes.apple.com/us/app/uc-chemicals-pilot/id1067020786?mt=8
https://itunes.apple.com/us/app/uc-chemicals-pilot/id1067020786?mt=8
https://pubchem.ncbi.nlm.nih.gov/

Atom environments have to be standardized. Data cleprapproaches include structure
standardization; consistency filtering (naratucture matching, and use of authoritative sources, and
hand curated black, gy, and white lists); chemical concepts (groupings of chemical names, setting a
preferred concept for a given structure, and a preferred structure for a given concept); and cross
validation via text mining (to gather evidence to support the reported aatiodi of a chemical to other
entities). A chemical structure may be represented in many different ways (tautomer arfdrealt

drawing variations are common, for example), and the chemical meaning of a substance may change
with context (e.qg., the solid fon may involve a hydrate, which affects molecular weight when weighing
2dzi F adzmadlyoOoS 2 YIFI1S | az2fdziA2y0d ¢KS OQAXKYy 3
PubChem Compound; the first record is that for benzene, but the second is for codl(tacrude form

of benzene). There are matg-many relationships between chemical concepts and chemical
structures.

PubChem is successful because it is inclusive, free, robust, innovative, and helpful. If a chemical exists,
you often find it. Evan sgiled out a few features of PubChem for particular mention. Substances are
converted to compounds, but the original information is kept. There is clear provenance, so users can
trace from whom the data came. Information is downloadable, and there are exgpsogrammatic
interfaces. PubChem is constantly improved, can handle a lot of abuse, and is sustainable. The PubChem
synonym classification was available firsRDF It indicates the chemical nantgpe, allows grouping of

names, and can involve guess work. More authoritatimme sources have been added. Most non

classified names are unhelpful (perhaps because of chemical name corruption, or chemical name
fragments).

As more data are added, the $ahility of PubChem is difficult to maintain. It is not uncommon to reach

the limit of technology. For example, PubChem could no longer use SQL databases fquedesdue

to performance bottlenecks. After examination of noSQL technologieStké_ucenebetter

F LILINE | OKSa 6SNB RSGSNXYAYSRo 'y SEFYLXS 2F GKA& Aa
the Sphinx search engine to perform the query, but then fetches data from an SQL databaseguitrig

language with clear logic in concise format, communicating wiiB@Mbject. It features a powerful

search ability, a URAccessible Common Gateway Interface (CGl), and easy application integration.

PubChem fees many challenges. One is growth: 50% of the resources of the paojecteded just to
keep scaling the system. Government mandates (like the current HINIP&dict) necessitate regular
migrations. Data cleaap, and error proliferation prevention ggiire constant vigilance: the team uses
existing technology where possible, but solutions do not always exist. They must be developed for
PubChem to remain scalable.

Chemical structure databases have come a long way since the origins of computerizi®mta960s,

and the rise of databases such as CAS REGISTRY and Beilstein in the 1970s. The 2010s are the era of
large, open chemical databases of aggregated content, with RESTful programmatic access. These large
open collections of tens of millions of chaal structures need methods to lock down the data without
curation, otherwise nofcuration combined with open exchange of data leads to error proliferation.

Digital standards are needed to improve chemical data exchange and chemical dataieathods


https://pubchem.ncbi.nlm.nih.gov/rdf/
http://lucene.apache.org/solr/
http://www.json.org/

to prevent error proliferation. Close attention to provenance, and a set of clear definitions for chemical
concepts are also needed.

ACS CINF haddata summitat the spring 2016 meeting in San Diego. Tendayf symposia were held

over five days, with over 70 speakers, including experts from different related domains. The summit
KSfLISR (2 ARSYGATE AYTF2NNIFGAOA &Ll Rfseddd Dayali a ¢ F2 NJ
Allianceand IUPAC had a follewp workshop in July at EPA, where a number of projects were discussed.
One on chemical structure standardization education and outreach aims to help chemists and other

stt {1 SK2f RSNA (2 dzyRSNAGIYR (KS A&dadsSa 2F OKSYAO!I f
graphical representation guidelines, seeks to help chemists to understand the issues of chemical

structure standardization, often apparent in chemical d¢ipin. Other recommendations concern open
chemical structure file formats, and best practices in normalizing chemical structures. There are plans to
develop a smalécale ontology of chemical terms, based on terms in the IUPAC Orange Book as a case
study.A project on the IUPAC Gold Book data structure is related to a current effort to extract the

content and term identifiers, and convert them into a more accessible and madigestible format

for increased usability. Finally, a scoping project on usesciis semantic chemical terminology

applications will focus on researching the current chemical data transfer and communication landscape

for potential applications of semantic terminology.

We are entering a new era: in the 2020s we will have large, sktely machineurated, open

collections, with clear provenance, and standard approaches to file formats and normalization, where

errors do not proliferate, and links are cregalidated. Open knowledge bases will emerge that contain

all open scientific kowledge that is computable (i.e., inferences can be drawn using natural language
guestions). By the 2030s machihased inference will drive the majority of scientific questions, and
STFAOASYyOe 2F NBaSHNDOK gAff ItNiekoowSdgd2 y Sy G Al ff& o8&

In all, accurate computer interpretation of scientific information content is paramount. It needs to be at
or above the level of the human scientist for this vision of the future to occur. It will be the great
achievement of our generatioto make this leap forward. Improved chemical information standards

and uniform approaches will be critical for it to occur.

Conclusion
After the award address, &helke Bienstock, chair of the ACS Division of Chemical Information, formally
presented the ldrman Skolnik Awarth Evan and Steve


http://acscinf.org/content/cinf-2016-data-summit-251st-acs-meeting-san-diego
https://rd-alliance.org/
https://rd-alliance.org/

L to R: Rachelle Bienstock, Evan Bolton, Steve Bi
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