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Past & present research at EPA:
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Computational chemistry & mechanism-based
structure modeling

Focused application
Narrowly defined questions




Structure-Activity Relationship (SAR) postulate:

similar molecules have similar activities
(except when they don’t!)

- Office of Research and Development 4
National Center for Computational Toxicology
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Methyl group leads to loss of carcinogenic activity

- Office of Research and Development
National Center for Computational Toxicology
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SAR Generalization

Statistical association

OOO Mechanistic hypothesis

active

H3C
‘ Class — PAHSs
OOO activating feature —— bay region

Inactive modulating feature ——, steric hindrance

- Office of Research and Development
National Center for Computational Toxicology
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- Office of Research and Development
National Center for Computational Toxicology
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Chemical Biological
Interaction Endpoint

Similar chemicals
Relative properties
Common mechanism of action

- Office of Research and Development
National Center for Computational Toxicology



"’EPA Typical (Q)SAR Paradigm
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- Office of Research and Development
National Center for Computational Toxicology



SAR Application

Maximize
Pharmacological
Activity

Drug
Design

e Single therapeutic target
e Drug-like chemicals
e Some toxicity anticipated

Toxicity
Prediction/
Screening

Environmental
Minimize Protection
Toxicity

e Multiple unknown targets
e Diverse structures
e Human and eco endpoints




SEPA Toxicity Prediction Problem

United States
Environmental Protection
Agency

- Office of Research and Deve
National Center for Computatic
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smeraroesion——— (3lODAl VS, Local SAR models
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- Office of Research and Development
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Classical QSAR

"We are to admit no more causes of natural things than such as

are both true and sufficient to explain their appearances.”

- |Isaac Newton
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Quantitative Structure-Toxicity Relationships for a Series of
Alcohols in a Mammalian Viral Host Cell Reactivation Assay

Benane SG, Richard AM, Blackman CF, Lytle CD (1993) InVitroToxicol 6(4):267-277.

HCR-inhibiting
Alcohol Formula Concentration | LogP(o/w)
[mM]
methanol CH30H 230.00 -0.77
ethanol CH3CH20H 100.00 -0.31
1-propanol CH3CH2CH20H 19.00 0.25
1-butanol CH3(CH2)30H 8.00 0.8
1-pentanol CH3(CH2)40H 2.20 1.56
1-hexanol CH3(CH2)50H 0.44 2.03
1-heptanol CH3(CH2)60H 0.19 2.41
1-octanol CH3(CH2)70H 0.08 2.97
2-propanol CH3CH(OH)CHS3 44.00 0.05
2-butanol CH3CH2CH(OH)CHS3 12.00 0.61
2-methyl-1-propanol CH3CH(CH3)CH20H 9.60 0.76

Congeneric
series of
chemicals

Reasonable to
assume common
mechanism of
action

LogP(o/w) major
determinant in
many QSARS

Does inhibition of DNA repair for a series of alcohols exhibit typical “narcosis” activity, or
a structure-activity cutoff (C7) as reported for permeability of bacterial membranes?



\e’EPA Quantitative Structure-Toxicity Relationships for a Series of
environmental Protection - AlCOhols in @ Mammalian Viral Host Cell Reactivation Assay

Agency
Benane SG, Richard AM, Blackman CF, Lytle CD (1993) InVitroToxicol 6(4):267-277.
Mammalian Viral Host Cell Reactivation Assay
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' Does inhibition of DNA repair for a series of alcohols exhibit typical “narcosis” activity, or
a structure-activity cutoff (C7) as reported for permeability of bacterial membranes?



\“"IEPA Quantitative Structure-Toxicity Relationships for a Series of
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environmental Protection /AICON OIS In @ Mammalian Viral Host Cell Reactivation Assay

Agency
Benane SG, Richard AM, Blackman CF, Lytle CD (1993) InVitroToxicol 6(4):267-277.
Mammalian Viral Host Cell Reactivation Assay
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B Do branched alcohols (similar to valproic acid) exceed “baseline” activity
due to, e.g., active transport? — Test series of branched alcohols.



If only we could combine apples & oranges...

"Simply stated, it is sagacious to eschew obfuscation."
- Norman R. Augustine
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QSARs of mutagens & carcinogens: Case study illustrating
problems in the construction of models for noncongeneric

Agenc .
o chemicals Benigni R, Richard AM (1996) Mutation Res 371:29-46.
ND, NO, /ﬁ‘“! i,
. . an A~ $ o e
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SCE, MLA, CHO o LI | LIy g OO
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f ND
0.01-0.10 1-10 10-100 1000-10000

Mean LED Range (uM)

Question: Can a QSAR predict gross mean potency across multiple genotoxicity
measures and diverse chemical space?
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Diverse chemicals

Mean LED of
GeneTox
endpoints: SAL
TA100, TA98,
SCE, MLA, CHO

chemicals

Mean
LED

QSARs of mutagens & carcinogens: Case study illustrating
problems in the construction of models for noncongeneric

Benigni R, Richard AM (1996) Mutation Res 371:29-46.

log (1/D) = 9.534+ AE— 2.192.(3)
n=26, r2 = 0.926
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Question: Can a QSAR predict mean potency across multiple
genotoxicity assays and chemical classes?

0.6

® PAHSs
@ Aromatic amines

@ Nitroaromatics
e Nitroaliphatics
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QSARs of mutagens & carcinogens: Case study illustrating

environmental Protection [PFO0DI€@MS 1N the construction of models for noncongeneric
Benigni R, Richard AM (1996) Mutation Res 371:29-46.

Agency

chemicals

Diverse chemicals

Mean LED of
GeneTox
endpoints: SAL
TA100, TA98,
SCE, MLA, CHO

Good statistics of
initial QSAR
primarily due to
nitroaromatics in
SAL TA100

Activity | NO, | PAH | NH, | n=26 | n=60
sa0 | 993 1043 | 021 089 | 0.49
0.93
SA3 ) 0.30 093 | 0.62
GT5 | 0.89 0.85 | 0.0
0.77
sSIC ok 0.16 | 0.56 | 0.11
Mean LED | 0.95 | 0.38 | 0.49 | 0.93

Question: Can a QSAR predict mean potency across multiple
genotoxicity assays and chemical classes?




“Asking the right questions takes as much

skill as giving the right answers.”
- Robert Half

QUIET
WAIT! NAIL.
HAMMER
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Environmental Protection - B10ACtIVAtion of S-(1,1-Difluoro-2,2-dihaloethyl)-L-cysteine

Agency

Conjugates: Thiirane vs Thionoacyl Fluoride Pathway
Shim JY, Richard AM (1997) Chem Res Toxicol 10: 103-110.

BE{ B>:<F BI>:<F mutagenic
o F B F c F

non-mutagenic

S-(1,1-difluoroalkanyl) haloalkane
haloalkene cysteine conjugate thiolate
" X F
X F N, X F
o=/ A4l |Hcc—scCys| . H>—s
X Np Enzymatic | X' F p-lyase X F
k Hydrolysis
GS”
Ghlutathione
Conjugation
X, X'=F,Cl,Br Mutagenic 2,2-dihalo-
Intemediates DFET

Given known glutathione activation mechanism, can different reactive
intermediates account for the greater mutagenicity of brominated forms?



\elEPA Theoretical Evaluation of Two Plausible Routes for
Eé‘l’%‘?é‘ﬁéi‘ffa. rotection - BlOACtivation of S-(1,1-Difluoro-2,2-dihaloethyl)-L-cysteine
o Conjugates: Thiirane vs Thionoacyl Fluoride Pathway

Shim JY, Richard AM (1997) Chem Res Toxicol 10: 103-110.

thionoacyl halide
y
Path A _ .
> ><>—”*F - -+ - -—» dihaloacetic
F H -
‘}"F F S acid
A
}“H/ﬁi - i_:}
S
Path B y>w< - -+ === glyoxylate
2,2-dihalo-DFET Hos F
(X, X’=F,Cl,Br) thiirane

Given known glutathione activation mechanism, can different reactive
intermediates account for the greater mutagenicity of brominated forms?



\elEPA Theoretical Evaluation of Two Plausible Routes for
Eé‘l’%‘?é‘ﬁéi‘ffa. rotection BlO@Ctivation of S-(1,1-Difluoro-2,2-dihaloethyl)-L-cysteine
o Conjugates: Thiirane vs Thionoacyl Fluoride Pathway

Shim JY, Richard AM (1997) Chem Res Toxicol 10: 103-110.

thionoacyl fluoride pathway

transition state

Given known glutathione activation mechanism, can different reactive
intermediates account for the greater mutagenicity of brominated forms?



\e’EPA Theoretical Evaluation of Two Plausible Routes for
Environmental Protection - Bi0@cCtivation of S-(1,1-Difluoro-2,2-dihaloethyl)-L-cysteine

Agency

Conjugates: Thiirane vs Thionoacyl Fluoride Pathway
Shim JY, Richard AM (1997) Chem Res Toxicol 10: 103-110.

thiirane pathway

Calculation to perform
“virtual experiment”

Follow-up experiments
provided further evidence of
thiirane pathway

thionoacyl fluoride pathway

Energy (kcal/mol)

CI,Cl) energetically

>
(Brgnx favored

\ paths

MP2/6-311+G**//HF/6-311G**

Given known glutathione activation mechanism, can different reactive
intermediates account for the greater mutagenicity of brominated forms?



It all boils down to probabilities

“Important principles may and must be flexible.”
- Abraham Lincoln
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Agency

agonist: makes enzyme work
antagonist: prevents enzyme working

Tamura H, Yoshikawa H, Gaido KW, Ross SM, Del.isle RK,
Welsh WJ, Richard AM (2003) EHP 111:1-8.

Competitive AR
antagonists

Fenitrothion &

Hydroxyflutamide Chemical name? No. R, R, X Kg(x 108 M)
Fenitrothion 1 CH, NO, S 2.18?
10O Bl TSk 2 CHy NO, 0 ND¢
agonists in the Methylparathion 3 CHa N, S 35.9
absence of DHT K CHa NO, 0 ND
5 C,Hs NO, S 165
Ethylparathion 6 CoHs NO, S ND
7 C,Hs CH, S ND
) ) 8 CoH H S ND
FenltrO.thlon and 9 CEH: (0-CH,~0) g ND
Flutamide have , 10 n-CsHy NO; S ND
o . Flutamide 1.07¢
similar antagonist . :
g Hydroxyflutamide? Known antagonists 0.22
potency Linuron® 75.8

What distinguishes the AR antagonists-only from the

| antagonists/agonists within a series of organophosphates?



3EPA Interaction of Organophosphate Pesticides and

envionmental Protecion - Related Compounds with the Androgen Receptor

Agency
Tamura H, Yoshikawa H, Gaido KW, Ross SM, DelL.isle RK,
Welsh WJ, Richard AM (2003) EHP 111:1-8.

Dihydrotestosterone Hydroxyflutamide (OP)
(DHT)
OH OH
T § CHj
CH3 CHg
O,N ©
° 10.4 A CF3 27 A

» Compute max distance between polar groups for OPs

2 D I][II:> 3 D: » Compute AE to reach stretched conformation

» Compute H-bonding interaction energies & distances

Translate question to
computational problem

What distinguishes the AR antagonists-only from the
] antagonists/agonists within a series of organophosphates?



wEPA Interaction of Organophosphate Pesticides and
United States R
Emvironmenta| Protoction Related Compounds with the Androgen Receptor
Tamura H, Yoshikawa H, Gaido KW, Ross SM, Del.isle RK,

Welsh WJ, Richard AM (2003) EHP 111:1-8.

Hydrophobic
H-bond donor y P H-bond donor

region region ~ region
JHN-C-NH-AFG752  tevveemreres™™ ot e Thr|877
|

.
.
.
.
.
.
nnnn
.
RS

54— Fenitrothione: 9.5 A
' |

'« DHT:10.4 A

Is it feasible (i.e., low energy cost) for the OP to achieve
the H-bonding configuration of DHT?



3EPA Interaction of Organophosphate Pesticides and
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envionmental Protecion - Related Compounds with the Androgen Receptor

Agency
Tamura H, Yoshikawa H, Gaido KW, Ross SM, DelL.isle RK,
Welsh WJ, Richard AM (2003) EHP 111:1-8.

Chemical Structure Energy Distance(A) H-bond (kcalimol)
AgonistfAntagonist {kcalimol) X-c-32 % y z
DHT CHs __ CH, i
5 5 g.gg 10.48 3,70 3,14
. . X . 10.00
Agonists can achieve (1814) (1.824)
DHT binding distance Fenitrothion :,
and effective H-bonds > o—pCOCH 200 Sk 333 017 217
S 0yCH3 | (5 09) (1.838) (1.884) (2.834)
HLC
[Flutamide ?
o O}{\ < ?H3 0.00 750
: { } L . . 291 2,97
Fi ZHs
Hydroxyflutamide
SEAN [ 0.00 8.94 296 -320 -2.95
N NTCTGTOH 172 %520” (1.83A) (1.81A) (1.83A)
e CH5 -
Linuron o¥ Ha
a N /- 0.00 9.16 206 -325 -2.85
* Hoo N 165 sl 3 648) (1.82A) (2.68A
G 02CH3 (7 .00 (2.64A) (1.824) (2.684)

Is it feasible (i.e., low energy cost) for the OP to achieve
the H-bonding configuration of DHT?



3EPA Interaction of Organophosphate Pesticides and

envionmental Protecion - Related Compounds with the Androgen Receptor

Agency
Tamura H, Yoshikawa H, Gaido KW, Ross SM, DelL.isle RK,
Welsh WJ, Richard AM (2003) EHP 111:1-8.

Antagonist

Flutamide

Low dose o
High probability event

- Office of Research and Development
National Center for Computational Toxicology



3EPA Interaction of Organophosphate Pesticides and
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envionmental Protecion - Related Compounds with the Androgen Receptor

Agency
Tamura H, Yoshikawa H, Gaido KW, Ross SM, Del.isle RK,
Welsh WJ, Richard AM (2003) EHP 111:1-8.

High dose a
Low probability event

Relatively
unsophisticated
calculations can lend
insight into target
interaction

Weak
agonist Fenitrothione

- Office of Research and Development
National Center for Computational Toxicology



SEPA

United States

wmerr | essons learned ...

o Important for modelers to collaborate with “domain”
experts (e.g., toxicologists)

o Computational chemistry & QSAR approaches can
be effective partners to experiment

o SAR works best with similar chemicals and clear
mechanisms

o Importance of asking the right questions, and using
the appropriate level of theory for the problem

Toxicity prediction Is not easy!

- Office of Research and Development
National Center for Computational Toxicology
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Computational Toxicology

Data challenges &
cheminformatics approaches
to predicting toxicity
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Global vs. Local SAR models

Agency
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The bigger challenge -
predict potentlal tOXICItyOf any chemlcal
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What are the chemicals of concern?
Where are the data to develop models??
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Toxicity Data Informatics: Supporting a New Paradigm for Toxicity Prediction,
Richard, A., Yang, C., Judson, R. Tox. Mech. Meth., 18:103-118, 2008.

Chemical Structures

. Cancer Repro & =
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EPA's DSSTox Public Website — Launched 2004

U.S. Environmental Protection Agency
Distributed Structure-Searchable Toxicity (DSSTox) Public

About DSSTox
Work in Progress
Frequent Questions
Structure Data Files

Central Field Definition
Table

Apps, Tools & More
DSSTox Community
Site Map

Glossary of Terms

Help

Database Network
Recernt &dditions | Cortact Us | Print Yersion — Search: I m

EPA Home = Research & Development = Computational Toxicology Research = Distributed Structure-Searchable Toxicity (DESTox) Public

Database Metwork

DSSTox
Distributed Structure-Searchahble Toxicity (DSSTox)
Database Network is a project of EPA's Camputational
Toxicology Program, helping to build a public data foundation for
improved structure-activity and predictive toxicology capabilities. The
DSS5Toxn website provides a public forurn for publishing downloadable,
standardized chemical structure files associated with toxicity data.
tores

Recent Additions: 08 June 2006

“*Revised Standard Cwnemical Fields for all DSSToux files:

@ Revised DESTox Standard Chemical Fields

* Chemical & Substance |D fields to index all unigque DSSTox
structures and substances

* Updated [UPAC names and [nChl codes (v 1.0)

@ Major Chernical Information Quality Review of all DSSTox structure
data files

“**New DSSTox Structl.wllfe Data Files:

[
# Pew Structure Data Files Index and 30 File Types

@ |RISS|: EPA Integrated Risk Information System Stucture-Index
Locator File

« NTPBSI Mational Toxicology Program Bioassay Stucture-Index
Locator File

* HPWCSL EPA High Production olume Challenge Program
Stucture-Index File

* NTPHTS: Mational Toxicology Program High-Throughput Screening
Structure-Index File

+ DSSTouMaster: DSSTox Master Structure-Index Flle

“*Expanded Carcinogenic Potency Database - All Species
(CPDBAS):

#+ Added chemical records and revised data entries,

@ Activity Category fields, URL links to cherically indexed data
pages on CPDE Source website -- see CPDBAS

Chemical
Structures

OO +

DSSTox SDF Files
Standardized
Documented
Structure-Searchable
Application-independent

Toxicity Data

~

@ D55Tox Graphic Flowchart

@ DSSTox Project Goals

@ DS5Tox Publications

Database Files: wore

CPOBAS w3b 1481 10ADr2006 *updafed
DEPCAN w3b 203 10Apr2006 uodafed
EPAFHM w3b B17 10Apr2008 ““wodafed
FOAMDD w2b 1217 10Apr2006 “uadafed
NCTRER w3b 232 10Apr2008 wadafed

StructureIndex Locator Files: pore

IRISS| w1z 544 10ADr200E ™ Mew
NTFES] w13 2415 10Apr2006 “New

Structure-Index Files: pore

HEWCS| wiz 3548 A0Apr200E *“Heu
HTPHTS wiz 1402 A0Apr200E *“heu

DESToxhaster v1a 2204 10Ap@00E *Hew

Quick & Easy File Downloads:
@ FTP Download Instructian

Focus on environmental
chemicals & EPA lists

Toxicity datasets for building
SAR models

High quality, manually curated
data-structure associations
Downloadable structure files

Distributed structure-searchable toxicity (DSSTox)
database network: A proposal. Richard, A.M., Williams,
C.R. Mut. Res., 499:27-52, 2002.

Improving structure-linked access to publicly available
chemical toxicity information. Richard, A.M., Williams,
C.R., Cariello, N. Curr. Opinion Drug Devel Discov.,
5:136-143, 2002.

DSSTox Website launch: Improving public access to
databases for building structure-toxicity prediction
models. Richard, A.M. Preclinica, 2:103-108, 2004.




A prediction model is only as good as
the data that goes into it ...

THEN THAT
VSt THE paTA IS
SIBS

ALSD
DATA- WRONG.

USE THE
CRS DATA~- THAT
BASE TO DATA IS

SIZE THE
MARKET. h,mGNG'

CAN YOU
AVERAGE SURE. I CAN
THEM? MULTIPLY

v ol w3008 Seoll Adama. nc /Dl by UFS
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Data quantity,
Data quality!




100000 -
10000
100011
100+

101

1_

- Office of Research and Development
National Center for Computational Toxicology

Too Many Chemicals

The Big Problem .....

Too High a Cost

90,000
A
7~
11,000
AN
/

| IRIS

ETRI

B Pesticide Actives
OCCL 1&2

@ Pesticide Inerts
O HPV

O MPV Current

@ MPYV Historical

@ TSCA Inventory

Data Collection

...and not enough data.

Annnnn

5,999 %,
5,999 %%,
2,99, %,
59,998

Millions S

—>@ Cancer
—>@ DevTox
—>@ NeuroTox
—>@ ReproTox
—>@ ImmunoTox

—@ PulmonaryTox

Too many endpoints
Too many mechanisms

Judson, et al EHP, 2008



SEPA High-Throughput Screening Assays

Emviconinae | Protection batch testing of chemicals for pharmacological/toxicological endpoints

Agency using automated liquid handling, detectors, and data acquisition

LTS MTS

10s-100s/yr

10,000s-

10s-100s/day 100,000s/da
y

Human Relevance/
Cost/Complexity

Office of Research and Development Slmp“CIty

- National Center for Computational Toxicology
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\9,EPA Chemical “probes” of biological activity

« Use existing knowledge & SAR to mine HTS data
« Use HTS data to inform & refine SAR models & approaches

« Use all of these data to improve ability to model toxicity
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ToxCast: “Big Data” Informatics Challenges
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SEPA DSSTox Update

Environmental Protection
Agency

DSSTox vl —) DSSTox v2
VL E A e » Convert DSSTox tables to MySQL

LEARN THE ISSUES | SCIENCE & TECHNOLOGY | LAWS & REGULATIONS | ABOUT EPA . .
» Develop curation interface &
You are here: EPA Home » Research & Development » CompTox » DS5Tox Ch e m i nfo rm ati CS WO rkfIOW
DSSTox

Distributed Structure-Searchable Toxicity (DS5Tox) Database Network is a > EX p an d C h em | Cal con te nt to 7 5 O K

project of EPA's National Center for Computational Toxicology, helping to build a

public data foundation for improved structure-activity and predictive toxicology .

capabilities. The D55Tox website provides a public forum for publishing > We b—Se rVI CeS & DaSh board acceSS
downloadable, structure-searchable, standardized chemical structure files

associated with chemical inventories or toxicity data sets of environmental

relevance. More

National Center for Computational Toxicology (NCCT)

SEPA DSsSTox @

Structure-Browser
v 2.0

m
=
o
i)

m

b=
i
o
o
f =
o

DS5Tox Structure-Browser information Page

» Manually curated 25K substance
records

» EPA-focus, environmental tox datasets

» Emphasis on accurate CAS-name-
structure annotations

» Public resource for high-quality
structure-data files (SDF)
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neasaes - DSSToX IS now EPA’s chemical “hub”

Agency

E Human Metabolome

NIST Web book

. InChl EPA
-~ Chemistry

/ c AsRN Dashboard

ToxCast
Dashboa_r_d

49



SEPA Toxicity Prediction Challenge

Environmental Protection
Agency

: : Data-mining
Biologically-based QSAR

& Cheminformatics

Curation, Adverse Outcomes:
. - aggregation Vers '
Reactivity & toxicity- J9red > Pathways
: . G
informed Model mechanistically ” >eAn::ays
features & local well-defined + Statistical

chemi§try toxicity endpoint ——— associations
domains e \




wEPA

s TOXIiCity Prediction Challenge
o
G
|| Toxicity prediction is still hard!
unV|ronmenta|- - Capablllty, g
exposure” Lllmlteld gata, large ~ sample QC,
land L — nowleage gaps, —— . . .
) arr]n ;Z?Spe /\ el - Noisy datal! \
= 1 mixtures ~ .~~~ uncertainty <y "' - - |
Structures ™ =
In Vivo
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wEPA Chemical Representations supporting

United States
Environmental Protection

Data Integration

Chemotypes, fingerprints,
phys-chem properties, ...

Y SMILES  Structure searching
InChl & modeling

OH OH

Structure

Chemical Name
CASRN

Supplier, Lot/Batch,
physical description



wEPA QSAR using biologically informed

United States
Environmental Protection

chemical features

Biological features

HTS Assays

Toxicity

HTS results are used to inform feature selection, linking chemical

“ ” Tall >
features, or “Chemotypes” to toxicity Slide courtesy of C. Yang



wEPA QSAR using biologically informed

United States
Environmental Protection

chemical features

Biological features

HTS Assays Toxicity

“Chemotypes”

HTS results are used to inform feature selection, linking chemical

“ ” Toll >
features, or “Chemotypes” to toxicity Slide courtesy of C. Yang
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729 features important to EPA & FDA'’s “chemical exposure” landscape and

safety assessment workflow
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<EPA Chemotypes: Build bridges to domain
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