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Cheminformatics view of 
non-targeted testing problem

Non-Targeted Screening
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What’s in the sample?

Should we be worried?

Prioritization

Too many “hit possibilities”

Too little “hit” coverage

Enriched 
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standards & 
tools
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many:1

• Deleted CAS
• Invalid CAS
• Salt forms
• Complex forms
• Hydrate forms
• Approx mappings to mixtures
• Approx mappings to ill-

defined substances
• Stereoisomers
• Unresolved tautomers

CAS2 ?

CAS5 ?

CAS3 ?

CAS1 ?

CAS4 ?NOCAS?

CAS-Structure 
“Sphere of Confusion”

Data1
Data2
Data3
Data4
Data5
Data6
Data7
Data8
Data9

CAS-substance?

Monoisotopic Mass

Formula

MS-ready structure
(no stereo, desalted)

 What was tested?

 What is the correct 
substance-structure-data 
mapping?

DSSTox_v2 Database 
& Cheminformatics Layer

DSSTox Curation
1:1:1 CAS:Name:Structure



ToxCast HTS data
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• >4000 EPA chemicals x 
>1200 assay endpoints

• >9000 Tox21 chemicals x 
>1000 assay endpoints

Estimate > 4 million   chemical-
assay data points!!!

Which chemical-assay data points 
can we trust?



ToxCast Chemical Coverage: 
Use, Exposure, Toxicity

Phase I:
Pesticides
In vivo-rich

Phase II (ph2,E1K):
In vivo-rich; donated failed drugs; 
EDSP21; high diversity, coverage 

of toxicity space

Phase III (ph3):
Toxicity reference chemicals; EDSP21; 
extend coverage of industrial chemicals

# lists /chemical15
10
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Consumer Use 
Colorant 

Fragrance 
Personal Care 

Inert 
FDA EAFUS 
FDA GRAS 

EDSP21 
IRISTR 

Antimicrobial 
Pesticide 

Pharmaceutical 
FDAMDD drugs 

EPA_IUR 
NHANES 

Chem Industrial 
HPVCSI 

COSMOS 
NTPBSI 

CPDBAS 
TOXREF 

 

Can diverse set of ToxCast chemicals provide 
useful “surrogate” of complex environmental 

sample for NTA screening trial?
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What’s known? 

What are our analytical methods capable of detecting?

What’s in our samples?

What happens to cmpds when we create mixtures?

What Dashboard capabilities are available?



ENTACT Mixture Trial
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1269 unique ToxCast chemicals used to 
construct 10 mixtures

Chemicals in Mix 1-8 (amenable):
• “Grade A” analytical QC results (LC/GC only)
• single DSSTox structure 
• contain no metals
• chosen to avoid identification issues
• broad range of logP values 

Chemicals in Mix 9,10 (challenging):
• contain isomeric & isobaric cmpds
• contain cmpds graded as <80% purity
• contain a few organometallics



Bias in ToxCast Library Build
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ph1_v2, E1K reference chemicals

EPA ACToR
EPA DSSTox

EPA Program Offices
OECD, EU

Stakeholder Nominations

~19K~7K~4400

EPA’s Tox21/ToxCast Phase II Chemical Nominations (>100 lists)

Candidates for 
procurement

Able to procure

EPA Tox21

ph1v2
ph2 
E1K Donated chemicals (incl. 135 failed drugs)

37261860
NUMBER OF CHEMICALS

Complex mixtures, polymers
Ill-defined substances
No structure available
Insoluble (est. LogP)
Volatile (est. Vapor Pressure)
Too reactive, explosive
Inorganics, radioactive, etc.

38%

Unable to procure 
or cost prohibitive 

37%

DMSO insoluble
Volatile15%



Solutions

Bottles

Supplier/Lot/Batch

Reported (actual) purity

DMSO Soluble (or not)

Supplier-provided info (or 
lack thereof)

Volatility 
(missing sample)

Valid Structures
Accurate substance annotation

CAS – Name - Structure

DSSTox Substance-
Structure DB

Chemical & Data Quality Issues

ToxCast & Tox21 
Sample Inventory DB

Solutions

Compound
Libraries

Bottles

Supplier/Lot/Batch

COA - method/purity

DMSO solubility

Supplier-provided info

Volatility

Stability, age of sample

Supplier lot/batch variability



Tox21 Analytical QC
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Publish QC summary results in 
association with assay data

LC-MS

GC-MS

Confirm parent ion peak 
and >90% purity

Fail, inconclusive or analytical 
method inappropriate

Retest at 4 mo. time point under 
assay conditions for stability

A copy of each parent Tox21 384 well plate is 
subjected to analytical QC for assessing purity, 

identity, concentration, stability

Work performed under 
NIH Contract with 

OpAns, Durham, NC



What can analytical QC data 
tell us?
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• volatility
• reactivity
• limited solubility in DMSO
• adheres to plastic

Sample-specific Compound - specific
• purity
• age of sample
• supplier variability
• plating errors

Identity
• Wrong mass
• Different 

chemical 
than 
expected

Purity
• Positive 

mass ID
• Contaminan

ts detected

Identity
• Wrong mass
• Different 

chemical 
than 
expected

Purity
• Positive 

mass ID
• Contaminan

ts detected

Concentration
• Positive mass 

ID
• Less than 

expected 
(<30%)

Stability
• T0 Pass 

T4 Fail
• Depends on 

age of 
sample

Mixture/Isomers
• Positive mass 

ID
• Contaminants 

detected

• Is activity due to cmpd or contaminant?

• Is lack of activity due to cmpd not present or present at low concentration?

Im
pact on H

TS
 results



Tox21 and ToxCast Chemical Library 
Analytical QC Results (8/2015)

Results as of 8/2015

Inconclusives
34%

Problems
14%Degrade

2%

Pass 
(50%)

Tox21_QC_Sum-GSID (8593 total) 
• 50% pass purity/ID/concentration checks
• A third(34%) of library pose analytical QC 

challenges (LCMS and GCMS only)
• 2% degrade after 4 months under testing 

conditions
• 14% problems - purity (<75%), ID and/or 

low concentration (<30% of expected [C])

 Which chemicals have QC issues? (e.g., SVOCs?)

 Which chemicals were not analyzed? (e.g., mixtures, inorganics, etc.)

 How are HTS activity profiles linked to QC?



15

https://tripod.nih.gov/tox21/

12495 Tox21 IDs

Tox21 Analytical QC Data

https://tripod.nih.gov/tox21/


Chemistry Dashboard

Tox21 analytical data



Chemistry Dashboard
https://tripod.nih.gov/tox21/samples/80-05-7

Tox21 sample ID (stock soln)

 Single chemical results look-up

 pdf summary results – no electronic data stored

 QC results not databased, searchable, analyzable



NTP

NCATS

Available Analytical QC Data
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3112 samples
 2857 unique CAS
 1589 (56%) graded

Tox21 NCATS (OpAns) 
LCMS, GCMS, NMR analyses

ToxCast (Evotec) 
HTP LCMS analysis

EPA
(3641)

12776 samples
 8598 unique CAS

 6681 (78%) graded

1724/3641 EPA_Tox21 chems graded (47%)



LCMS run in 
4 detection 
modes for 
3125 
samples
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gsid 20006 20014
preferred_name Acetaminophen Dehydroacetic acid
casrn 103-90-2 520-45-6
Container TX TX002867 TX002771
FileName SAMPLE 0112919541_A47D5 0112923400_A47C5
Date 15-Apr-15 15-Apr-15
Exact MF C8H9NO2 C8H8O4
Exact MW 151.06333 168.04226
Real MW(salted Average) 151.1626 168.1467
Salted MF C8H9NO2 C8H8O4
Smiles CC(=O)Nc1ccc(O)cc1 CC(=O)C1C(=O)OC(C)=CC1=O

Purity_UV214 ESI POS MS+ 96.24 100
Compound found (1=yes 0=no) 1 0
State OK Diversity fail
Target MS+ 152.0711 169.0501
Observed MS+ 152.0573
Purity_UV214 ESI NEG MS- 96.24 100
Compound found 1 0
State OK Diversity fail
Target MS- 150.0555 167.0345
Observed MS- 150.0819
Purity_ELS ESI POS MS+ 100 52.86
Compoundfound 1 0
State OK Diversity fail
Target MS+ 152.0711 169.0501
Observed MS+ 152.0573
Purity_ELS ESI NEG MS- 100 52.86
Compound found 1 0
State OK Diversity fail
Target_MS- 150.0555 167.0345
Observed_MS- 150.0819
Fail  90 no yes
EPA_PDF_Reference File SAM002476551_100.00perc.pdf SAM002696017_0.00perc.pdf
Comments

Evotec Analytical QC Data

How do we store, process, interpret, deliver & 
make use of all these data?



Tox21 Grades: Confidence Levels
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Grades %Purity Conc QC-Detailed grade QC-Detailed grade
A >90
B 75-90
C 50-75%
Z ? Pass_NoPurityInfo

T0-T4 fail Pass_degrades
D <50% Caution_LowPurity
Ac 90
Bc 80
Cc 75
M ? Mixture Caution_Mixture
Fc ? <5% of expected Caution_VeryLowConc
F wrong ID Caution_WrongID

Fns no sample Caution_NotDetected
ND Not determined Tox21_ND Tox21_ND

Pass

5-30% of expected Caution_LowConc

Pass

Caution
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ecreasing confidence in sam
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W

 identification

What level of reporting conveys “useful” guidance & level 
of confidence in QC results along with assay results?



Processing Tox21 QC Data
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A, B, C (>50% purity)
D (low purity), M(ixture), I(somers) 

Ac, Bc, Cc, Dc, Fc
(Low Conc)

QC “grades”

LCMS…..  
GCMS..

NMR

Raw analytical 
spectra, analysis 

details

Degrades

Pass  Caution QC
Summary

Calls (Not Determined)

CAS-level 
(DTXSID)

Sample-level 
TX code, 
Tox21ID



Evotec QC Results: Reproducibility
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Sample_dups CAS_dups

QC grades agree

QC grades disagree

75% of 
Sample-level 

duplicates 
agree

54% of CAS-level 
replicates disagree

• Good sample-level QC reproducibility 
supports analytical method 
reproducibility

• What accounts for poor 
CAS-level QC reproducibility?

– Commercial source-sample 
variability

– Sample age or history variability
– More “rolling up” of multiple 

results



Evotec QC (LCMS) Results
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(1765 CAS) (1013 CAS)

Approx 45% Not detected by LCMS

ph3 - 3x as 
many “Cautions” 

(Fails)

PhII - Few 
“Cautions” 

(Fails)



Use-cases benefiting from access to 
detailed QC data
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1) ExpoCast projects attempting to detect ToxCast/Tox21 chemicals 
in consumer products or environmental samples
 knowledge of appropriate analytical method

2) Use of ToxCast data to support safety assessments of individual 
chemicals with questionable QC (e.g., 2,4,6-Triazole)

3) Evaluate ToxCast HTS models (ER, Vascular) for sensitivity to 
results for chemicals with low QC (e.g., TNP-40)

4) Non-targeted screening projects of environmental & biological 
media (NERL)
 Reference spectra & knowledge of successful method for 

detecting chemical to guide analyses
5) EPA chemical library management
 Prioritize reprocurements, solubilizations, platings
 Propose QC analysis schedule for all/portions of library



Ongoing/future work with QC Data
(w/ Tony Williams & Andrew McEachran)
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 Process & load all “raw” QC data into database to support structure-
based modeling of analytical methods:
Ionization mode, chromatography/retention time, detector used

 Goals of analysis:
 Explain “Not Determined” and “Failed” QC labels
 Would chemical ever be observed using this method?  
 Adding a flag- “Method Not Applicable”

 Guide future analytical testing by selecting optimal method
 And instrument conditions most suitable for analyzing chemical(s) of interest
 Reducing number of “Failed” QC labels and uncertainty in QC grades

 EPA Chemistry Dashboard
 Provide access to all available analytical QC results from CAS level 

summary grades to sample-level results
 Serve up predicted & actual MS spectra for >700K DSSTox chemicals 

for use in wide ranging environmental research projects

Provide guidance for use of QC data to 
improve our science moving forward!



Building a chemical “feature” 
knowledge-base

Chemicals

HTS-In vitro

ToxRef

ToxCast
Tox21

Use categories
Fate & Transport
ADME

Reactivity
Biotransformation

Phys-chem 
properties

Biological 
activities

Analytical QC 
Data



ToxPrint Chemotypes
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1) Publicly available Chemotyper application http://www.chemotyper.org & ToxPrint 
CSRML file http://www.toxprint.org for computing ToxPrint “fingerprints”, as 
implemented within EPA’s Chemistry Dashboard using Molecular Networks CORINA 
command-line code (Yang et al., 2016)

2) ToxPrints include well-defined chemical features relevant to environmental datasets &  
toxicity (e.g., structure-alerts), and are computational, visualizable, and interpretable

729 chemical features, capturing diverse chemistry: 
scaffolds, functional groups, chains, rings, bonding patterns, atom-types

 structure-based means for defining regions of local chemistry.  



ToxPrint inventory profile comparisons
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ENTACT chemical set has similar feature profile to larger ToxCast
and DSSTox datasets, but …



ToxPrint inventory profile comparisons
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ENTACT_12690
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Top 20 ToxPrints missing in ENTACT Mixtures

ENTACT_1269

TOXCAST_4032

Tox21_8454

Features in ToxCast & Tox21 missing in ENTACT either due to:
• ND (not detected) by LC/GC method
• Less than “Grade A” QC score
• Metal-containing



In Vitro HTS {CT-Assay}ToxCast.Tox21

Tox21

Chemotype-”Activity” Enrichments

ToxPrint
Chemotypes

{CT}Tox21

+

+ In vivo

Create {CT-Activity} enrichment profiles for binary “activity” datasets



Computing CT-Assay “Enrichments” 
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Set statistical thresholds & filters for significance to support 
data-mining objectives:

 Odds Ratio ≥ 3, conveys simple fractional enrichment
 Fischer’s exact p value ≤ 0.05, takes into account size of dataset
 Tpos (TP) ≥ 3, require at least 3 chemicals with CT in Positives

CTTot = total # chems in TestSet w/ CT (Pos or Neg)
TP (Tpos) = # Pos in TestSet w/ CT
FP (Fpos) = # Neg in TestSet w/ CT 
FN (Fneg) = # Pos in TestSet w/o CT
TN (Tpos) = # Neg in TestSet w/o CT

TestSet = # Pos + # Neg = # chems tested
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Finding chemical signal in HTS assay 
“noise”
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Enriched CT-count across 1032 ToxCast assays

Significant CT-enrichments detected across ToxCast assay space

“Global” QSAR models*
Avg % Median BA = 0.67 “Global” QSAR models failed for 86% of ToxCast Assays

*Random Forest models based on ToxPrint CT descriptors, validated using 
independent Test Set & Y-randomization, with Training (100A,100I) & Test 
(25A,25I) Set minimums (J. Fitzpatrick)
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assay count (CT-Active enrichment) - 479 Total CTs

assay count (CT-Inactive enrichment) - 375 Total CTs

What about the “Inactives”?

Are CT-enrichments in “negative” assay space due to:
• True biological inactivity?
• Assay artifacts?
• QC failure?

Inactive CT-enrichments 
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assay count (CT-Active enrichment) - 479 Total CTs

assay count (CT-Inactive enrichment) - 375 Total
CTs

Top 10 enriched CT-Inactives
(skewed from actives)

Inactive CT-enrichments 

Txp CT Name
assay count 
(CT-Active 
enrichment)

assay count 
(CT-Inactive 
enrichment)

Txp-101 bond:CN_amine_pri-NH2_aromatic 3 84
Txp-145 bond:CX_halide_alkyl-Cl_ethyl 0 79
Txp-260 bond:P~S_generic 1 94
Txp-362 bond:metal_metalloid_oxy 2 96
Txp-372 bond:metal_metalloid_Si 6 99
Txp-374 bond:metal_metalloid_Si 6 116
Txp-496 chain:oxy-alkaneLinear_ethyleneOxide_EO1(O) 5 91
Txp-497 chain:oxy-alkaneLinear_ethyleneOxide_EO2 6 127
Txp-607 ring:hetero_[4]_N_beta_lactam 1 118
Txp-663 ring:hetero_[6]_N_triazine_(1_3_5-) 2 234

_organo
_oxy

Features highly enriched in 
“inactive” space across large 
number of ToxCast assays 
(rarely enriched in “active” space)

• True biological inactivity?
• Assay artifacts?
• QC failure?



Inverse Promiscuity
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Top 10 
Chemotypes 
most frequently 
seen in assay 
no-hits

Slide courtesy of Ryan Lougee



ToxPrints enriched in Tox21 
QC Fails
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Top 30 CTs enriched in Fails (vs. Scaled Pass)

Scaled Pass FailsTxp-551 (22-I,11-A aeids)

Txp-554 (50-I,1-A aeids)
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Top 30 CTs represented in 454/1130 (40%) Fails

• Metals likely fail due to method-inadequacies
• Some CTs enriched in both Inactives & QC Fails



Chemotype-”Activity” Enrichments

Create {CT-Activity} enrichment profiles for any binary “activity” dataset
 Bioassay activity (active, inactive)
 Assay type artifacts (e.g., fluorescence detection method)
 QC “Fail” (yes, no)
 Sample degrades over time (yes, no)
 LCMS method suitability (yes, no)
 GCMS method suitability (yes, no)



EPA’s Chemical Informatics Infrastructure & 
Linkages

HTS-In vitro
ToxRef

ToxCast
Tox21

Chemicals

Chemicals
DSSTox_v2

Biological
Data

Fate & Transport
ADME

Reactivity
Biotransformation

Phys-chem 
properties

Biological 
activities

Measured
Properties

Models

ACToR
Inventories CPCat, Use

Exposure

Exposure
Data

Toxicity Predictions
Structure-alerts

Analytical QC
Sample tracking

water

dust

air

upholstery

toys

clothes

carpet

NTA



EPA’s Chemical Informatics Infrastructure & 
Linkages

NTA Community Collaboration

Advanced Search MS-support tools:
 Monoisotopic mass
 Empirical formula
 Map to MS-ready structures
 Candidate substance mappings
 Data source rankings

ToxPrint
exports



DSSTox_v2

Chemical “Universe” problem

Exposure? Toxic?

Scientific literature
Toxicology studies

Environment/Industry
Commercially available

CAS - structures
CAS - no structures

Biodegradation products
Metabolome
Protein & DNA fragments
Virtual screening libraries 
Combinatorial chemistry
Polymer fragments
Polyorganic acids
Adducts, surfactants

The other 
98%

 Where should DSSTox expand chemically?
 What part of the universe should we store in 

DSSTox?
 How can the ToxCast library be shared for 

greatest gain?
 What cheminformatics “plumbing” would be 

most useful to this community? MS-ready structures
Category-enumerated structures

Structures only



Chemical “Universe” problem

1640

9411
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What do we hope to learn?

What are various analytical methods capable of detecting?
How consistent are results across labs?
How does creation of ToxCast mixture affect results?

• Generate mass spectra for ToxCast samples by various 
instrumentation/approaches

• Improve guidance for choosing appropriate analytical methods
• Provide information on impurities, sample problems
• Leverage use of ToxCast library & capabilities of CompTox
Dashboard for advancing NTA workflows



Lots of questions, few clear answers 
… YET!
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