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Chemical Safety for Sustainability

Problem Statement

Although chemicals are essential to modern life, we lack innovative,
systematic, effective, and efficient approaches and tools to inform
decisions that reduce negative environmental and societal impacts of
chemicals while increasing economic value.




Toxicity Testing in the 21st Century

TOCITY TESTING IN THE 215T CENTURY
A WISHIN AND & STRATEGY

@ “Transform toxicity testing from a system

based on whole-animal testing to one
founded primarily on in vitro [or in silico]
methods that evaluate changes in biologic
processes using cells, cell lines, or cellular
components, preferably of human origin”

“The vision emphasizes the development of
suites of predictive, high-throughput
docals D

“The mix of tests in the vision include tests
that assess critical mechanistic endpoints
involved in the induction of overt toxic
effects rather than the effects themselves.”
(p. 121)
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Increase the efficiency and speed of chemical evaluations
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Identify putative molecular initiating events: chemical - biomolecule
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Adverse outcome pathway:

Links molecular initiating event to adverse outcome relevant to risk
assessment

*Hazard prediction from inherency or toxicity-pathway data



Application of 215t C Paradigm to Ecotoxicology —
challenge of species extrapolation

. Granulosa Cells Hepatocyte Ovary | Eemale Population
Chemical e e educed VTG Impaired Decreased Declining

Taxonomic applicability domain
* Inherency tools
» Molecular screening data
» AOPs (to some extent)
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Chemicals with well detined MIEs

® Pharmaceuticals and Pesticide

- Designed to act on specific molecular targets to
provide therapeutic benefits or exterminate pests

- Molecular targets
- Genomic information and translated protein sequence information

® How do we translate this knowledge to
potential effects on ecological species?

® Molecular Target Similarity— Species
Extrapolation

I Molecular Cellular

Event

Tissue Organ Organ System Individual Population Ecosystem

Molecular Initiatin,




Molecular Target Stmilarity: Species
Extrapolation

@ Ability to i1dentify organism classes with
differing sensitivity based on molecular target

homol OQY (Kostich and Lazorchak, Science of the Total Environment. 2008, 389, 329-339)

||II II %mp

@ Distribution of orthologs

(Gunnarsson et al. Environ Sci Technol. 2008;
42(15):5807-13)

Conserved Human Drug Targets (%}
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@ Which proteins are conserved and to what
degree?



Example Supporting Sequence-based
[ntrinsic Susceptibility Predictions

® Estrogen Receptor (OW/ORD Emerging
Contaminants Workgroup, 2008)

Animal Chronic value
Kingdom Genus Common name (ng/L)

Danio Zebrafish <1l.1
Pimephales Fathead minnow : 1.5
Oryzias Medaka - = 3.2
Oncorhynchus Rainbow trout <16

Vertebrates, aquatic

Potamopyrgus Snail 50
Gammarus Freshwater shrimp >7,600
Invertebrates, Daphnia Water flea ; 45,000
aquatic Tisbe Copepod b >100,000
Chironomus Midge " 320,000
Brachionus Rotifer 800,000

@ Moving from qualitative understanding of molecular target

conservation to quantitative measures
New tools and technologies have emerged
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Predict relative intrinsic susceptibility

@ Relative In that it Is dependent on which
species Is selected as the target (query species)

@ Intrinsic susceptibility can be defined as the
vulnerability (or lack thereof) of an organism
to chemical insult due to its inherent biological
composition

Receptor/enzyme (protein) avallable for the chemical to
act upon -

11



Strategic Approach for Assessing Protein Similarity

+H:3: M itz
& H Arning aci _.7'_5'13*-;.'—:‘%}-—- Peptide bond |
Primary Amino [y =y

PRIMARY STRUCTURE Qo

Conse rved Query seq, h : . zinc binding site =
Functional !
Domains

Specific hits

Individual Amino
Acid Residue Queries
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Computational Assessment ot Protein
Similarity: Quantitative Metrics

@ Assume that presence of molecular target in
non-target species Is one critical route via
which a chemical could cause adverse effects

@ Target species vs. Non-target species (NCBI)

Align amino acid sequences and conserved domains
Assume greater similarity = greater likelihood
- Interact with molecular target in non-target species

13



Linking Data
Sources

-
YA (_r (__\

Nt Ny \
— t 3 \ J o Toxin, Toxin-Target Database

@ Pesticide Properties DataBase, T3DB, Veterinary Substances
DataBase, & DrugBank : identifies molecular targets for
pesticide/pharmaceutical

® Link to NCBI GenBank: Protein accession

- BLAST®
Home Recent Results  Saved Strategies Help

@ Molecular Target Similarity Tool
Automated BLASTp and Conserved domain database

Query target species protein accession against all organism classes for vertebrates,
invertebrates, and plants

14



Output from Sequence Analysis

Most similar
35,550 Inserta Aedes gepypnti ACBINI41 whage gated para-hike sodiom dharnm to target S peCI eS JLILIEI d
115 Tsecta Cilew pipiens palens BAITTR1E.1 para-sodbm charael 4
35303 Trisecta Cuiex puinguefascimn s BATFTI1T.1 Dara-sodbm charmel 4
3
4
3
Aedes gepypnti ACBINWI41 whage gpated para-Tike sodim charmel 4464 ‘ 5
o sapioes HP 066287 2 sodim charewe] protem type 2 athandt alpha isoform 1 1639 3
EyEr JELTa LI RO A 2 WL PRI XTI Lrtad2dd ) 3
30028 Becta Dwosoplila viils EDMG5215.1 parabytic 3
Aedes aeqpel ACBITOI41 voltage-zated para-like sodivm channel 446 L] A
Trasaphila srecra EDWV46R62.1 (519319 143 a 769
rava wisi Em— RPN LA AL AL L VAL WL L AL L SR —aax - ra
324 Bsecta Feriplanetm axericann ACH44801.1 woltaze-gated sodim charmwe] Har 1 atpha aibandt 3218 a 721 4
16324 hsecta Doy s plexipp s EHIT4501.1 o ltage-gated sodim dereel alpha aitexit 3212 a0 Tan 4
15,129 Becta iy epnathon saloky EFH26T23.1 Sodim charire] protein pam 3212 a Tan 4
31591 Ermchiopoda Doy kia puley EFF21393.1 Foypothetical protein CAPPTIDEAFT 50150 2652 a0 S04 3
20 Iifalacostraca Chneey dorealis LBL10GG0 2 Tolnze-gated sodim el 2523 0 56 5 3
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25335 Iifammalia Chilithix facchus HP_Omv4edm ] PREDICTED: sodim charmel protei tape 2 sabamit alpha isofomm 2 1640 0 367 2
25661 Nfammalia Ao mulata FP_001100011.1  PREDICTED: sodimn cherwe]l protein type 2 adbanit alpha-1de ic 1439 a 367 2
i
506063 hfammalia Fomo sapiss HP 066287 2 sodimn charrel protein tpe 2 adamit alpha isofomm 1 1439 a 367 2
40930 hfammalia Sus semafn HP_00E1334921  PREDICTEL: . . . 5T 2
1 Least similar to target species 15
30500 hfammalia Foxn tro pladytes HFP_001154761 PREDICTEL: _ o _ . 57 2




Setting the Susceptibility Cut-off

® Ortholog identification
Ortholog = A sequence diverged after a speciation event

@ Reciprocal best hit BLAST

Protein

S [ (TRaTo
Best Match ( §" “ ?
e e A
X 7/ ot M
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Orthologs Identified

@ Set susceptibility cut-off

Protein with lowest percent similarity that was
Identified as an ortholog

Insecta Aedes aegypti Target Species ACB37022 voltage-gated para-like sodium channel

Harpegnathos

Insecta
saltator

Ortholog EFN86793 Sodium channel protein para
skeletal muscle sodium channel alpha subunit,

Arachnida Ixodes scapularis XP_002407119 .
- putative

Insecta Solenopsisinvicta  Ortholog EFZ17857 hypothetical protein SINV_07049

Ascidiacea Ciona intestinalis - XP_002123673 f: :n:lapr ht;) sodium channel, voltage-gated, type

Aplysia

Gastropoda ; .
P californica

NP_001191637 sodium channel alpha-subunit SCAP1

Heterodontus

Chondrichthyes .
francisci

ADV73289 voltage-dependent sodium channel 2

-



Analysis Overview

Chemical with Known MOA

BI—ASTp: Percent Similarity
(Highest to Lowest)

E-value

Sequence

Drugbank Alignments

VSDB

Molecular Target

Number of
Conserved
Domainsin
Common

NCBI Accession
(Based on Target Species)

Conserved

Domain
Search

Is
E-value
<0.01?

Reciprocal
Candidate Best Hit
Lt BLAST

Ortholog
Candidates
Identified

Homolog

Is there>1
conserved
domain?

Set%
Similarity
Cut-off

Molecular Target Similarity
Predicted Intrinsic Susceptibility

18



Case Examples: Illustration ot Concept

Ethinylestradiol 17B-trenbolone Permethrin

LalLone et al. Molecular Target Sequence Similarity as a Basis for Species Extrapolation to Assess
the Ecological Risk of Chemicals with Known Modes of Action. 2013. Submitted.
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Pk Pemmethirin-lnsectclds

@ Molecular Target: Voltage-gated sodium channel

Molecular .
Initiating Cellular Organ Organism Population
= Response Response Response Response

Altered
Neuronal =
Firing Rates

Exposure/
Target = IVGS.C
Tissue Dose Alterations

CHANNEL LEVEL

) ﬂ*ﬂﬂ AR

Closed Inactivated Closed Closed

Resting Inactivated Resting

VGSC Slide material: Ke Dong, Michigan State University

@ Acute neurotoxicity: Muscle spasm, paralysis, death

- Target Species: Lice, ticks, fleas, mites, scabies g,
mOSC]UItOeS (U.S. EPA, Registration Eligibility Decision, RED) L X I/O\/Q\O ‘
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Sequences

Voltage-gated para-like sodium channel \ 4
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+

Apis mellifera \ A

21



Sils

" w‘"‘&‘s

NS

Target Species: Aedes aegypti
Molecular Target: Voltage-gated
para-like

sodium channel
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to be
susceptible

Inzecta
Arachnida

Branchiopoda
Malacostraca

Manunala

Aves

Lepidosauria

—
&
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Amphibia

Actmopterygi -

Gastropoda

Chondrichthyes

Chromadorea
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Comparing Relative Intrinsic
Species Susceptibility Predictions
to Empirical Toxicity Data

23



Mining the ECOTOX database

-

Summarizes Toxicity Data for Individual Chemicals

Aquatic

« ECH0I 650
» Mortality / Survivability

s )N Advanced l
¥ Database

Database | )
°, Query : Query
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Ampbhibia
Xenopus (Silurana) tropicalis
Conserved Domains: 2

Bivalvia
Mya arenaria Actinopterygii

onserved Domains: 1 Danio rerio
Conserved Domains: 2

Branchiopoda
Daphniapulex
.Conserved Domains: 3 Insecta

O Aedes aegypti
Malacostraca Conserved Domains: 4

Cancer borealis
O Conserved Domains: 3
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Taking a Closer Look

Delving into sequence comparisons

Y DASDCSFLSEDISMSLSDGDVVGEFDMEWPPLYNRGKLG KVAILIQOLCWVSESKCYL
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Logic behind development

Knowledge of
individual residues
relevant for

sensitivity prediction

* Aryl Hydrocarbon Receptor
* \oltage-gated Sodium Channel

Similarity between

conserved domains
¢ Ligand Binding Domain
* DNA Binding Domain

D &
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Conserved Domains: The Next Level

Original Query

Target Species: Aedes aegypti

Molecular Target: Voltage-gated para-like sodium channel
NCBI Accession: ACB37024.1

Bit Score: 4464

Total Conserved Domains: 4

Organism Class: Insecta

: Non- : Calculated
Organism Protein Common
Target % :
Class A Name S Domains
Species similarity
Insecta Apis mellifera  paralytic 13 =

Conserved
domain IDs

pfam11933
pfam08016
pfam00520

Domain type

Unknown function

Polycystin cation channel

lon transport protein

Sequence
coverage of
conserved
domains

1-222, same
217-423, same
1-194, same

= af
KNOWLEDGE™
~ Y

-

Conserved
Domain %
Similarity

61
92
93

28



Slide from Tim Shafer
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Targeted sequence comparisons

<. COBALT My NCEI
- . .
Home  Recent Results Help [Sian In] [Registe

ACE37024

ACYST000

ACE37024

LCWST000

[¥] arEs7024

[ acvaroon

NMLTM T LDHY KT T A Y LY LN I FIC IS 3 E C LMK T FALEYHY FIEFWH L FD YWV ILA ILGLVLAD LIEEYFVAPT
NMLTMTLDHYQOTOTFIDWLD Y LHMIFIVI TE CLMEIFALEYHY FEEFWHLFD WV ILSILGLYL E‘-IiIEI'TI' FrarT

LLEVYREY ARV RV LR LVE AR GIRTLLFAL A L PALFNICLLLF LV F I FAT Fa FFMHVEYE A GLDD VYN FETF 0 S

LLEVWEY ARV GRVLELVE AN GIRTLLFAL AL PALFNICLLLFLVMFIFAT Fl:iﬂ FFI!IH'"‘I'i LAELDDWVTNFETEG]S

MILLFQMETEAGWD YLD GIINEDECL PPDNDRGY PG C AT IGITY LLAY LV IAFLIVINNY TAVILEN TS QATEDV
MILLFQMATAAGWD YLD GIINEED COQEPNNE I GY PGS 3 TIGTAY LL 3 Y LVIAFLIVINNY TAVILENT A QATEDY

1390
1855

Automate the process of querying a/multiple specific residue position/s
- Use knowledge for species susceptibility predictions
- Hypotheses generation

30



Knowledge of molecular target conservation
complements the AOP construct

/
J,/ Molecular\\
Target
/" Conservation \

/ - i, rﬂ"“‘-n‘ - T
5 ;o
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Established AOP

Chemicals

17p-trenbolone

Spironolactone

Other
Androgen
Receptor
Modulators

Molecular

initiating event

AR binding

Key events or predictive
relationships spanning
levels of biological
organization

Adverse outcome
relevant to
risk assessment

AR-dependent Tubercle and
somatic cell fatpad formation in
proliferation females

Negative feedback, Reduced
hypothalamic steroidogenesis, Reduced fecundity
neurons vitellogenesis

32



—_—

Hirsutism

| NDC 0603-5763-21

| SPIRONOLACTONE.
- TABLETS, USP

I 25 mg
|

Rx only
100 TABLETS

Gynecomastia

h\

Mormal male breast ral e \ngtT
\mammayg\ ricks

© 2003 Medicine Met, Ine.

Conserved
Molecular Target

Female Pattei:“li ﬁ;l:[m es

Western Mos_quitoﬁsh

Decrease Vitellogenin mRNA

1000 -

100 T
10 4 _I_ —I—

0.001 4

Mean % Relative VTG mRNA Expression

0.0001

Cc 10 100 250 500 MT

Volume 30, Issue 6, 1376-1382, 2011

Environmental Toxicology and

Observed Adw


http://onlinelibrary.wiley.com/doi/10.1002/etc.v30.6/issuetoc
http://onlinelibrary.wiley.com/doi/10.1002/etc.504/full

Molecular Target Conservation:
Species Susceptibility Prediction

% Similarity
N D (0]
o o o

N
o

Fathead Japanese Western Daphnia
minnow medaka mosquitofish

® Hypothesis:

Based on homology to the human androgen receptor

Small fish likely to be susceptible
Invertebrates unlikely to be susceptible

34



A B A 4 © 4 ® o Q| B | mE L

4 nE W 4 BN WA ¥V O WAV AA 9 | AL B E N O AR - | QN 9 |

Reduced Steroidogenesis

Androgen

Receptor _ —— 14
Activation E oM E 1z oM
2 E‘ 10
i et = 8
= =
Spironolactone Tubercle - :
= = w 4
Formation & = ,
a0 aT—

(=]

0.5 5

Medaka

FHM

2hgt -
Papillary Process [ f— i
= < .
Formation H :
- % k
é ::»m:m:»n ;; ;
i 50000000 E
=
T ' 005 0.5 005 os ;
5 /|_ Spironolactone (pg/L) Spironolactone (ug/L) pronsiactone g
Hg

FHM

Reduced deposition Reduced Fecundity
of vtg in oocyte |

- Medaka
o 900
= —8-SPL0.05 uglL
w o
COﬂtrO| t s ~4=SPLO.5 uglL. gﬁ 800
= =
Lo —SPL5 uglL b 700
5¢ 5
2 S ~3#=SPL 50 ug/L. - 500
L E=
T <
ge 25 s0
55 o=
g a FZ 40
2 2
=] 2z
E 25 W
£ 2.
50 pg/L E 100
o 0

76-5-4-3-2-10123 45678 9101112131415161718192021 2 3 4 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21
Exposure (d) Exposure(d)

35


http://upload.wikimedia.org/wikipedia/commons/3/37/Spironolactone_structure.svg

Small fish species sensitive
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Key Findings

@ Evidence that MIE conservation and
knowledge of sequence similarity across
species can be useful for defining taxonomic
domain of applicability for AOP

@ Consistency of AOP across small fish species

Predictable adverse effects

® Further examination of functional domains,
Individual residue queries, and protein
structure between species may enhance
predictive utility
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Progress

® Manuscripts:

Molecular Target Sequence Similarity as a Basis for Species
Extrapolation to Assess the Ecological Risk of Chemicals with Known

Modes of Action. Submitted

Cross species sensitivity to a novel androgen agonist of environmental
concern, spironolactone. ET&C 2013. Published online

@ Seqguence Similarity Tool:

Transferrable tool

- Automated with capabilities described throughout talk
- Primary protein sequence, conserved domains, and individual residue query
Iy

capabilities
i
av i
P

(e (..,.m"un,nm,f—h-_—_“:

D]
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Current Analyses:
Sequence Similarity Tool

® Honey bee sensitivity- focus on pesticide MIE
nAChR

@ Acetylcholine esterase

@ Avian AOP for Conazoles — CYP51

@ 27 Pharmaceutical case study

@ Estrogen receptor-sequence similarity vs. binding of
In vitro recombinant ER across species
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IFunins IDirssulonss SEgLEncs
Similarity Tool

® @St the predictive utility:

Establishing quantitative relationships between target similarity and
Initiation of responses using comparative in vitro systems

Confirmation that in silico predictions correspond with in vivo
responses

Use tool to provide cross-species insights as to ADME to support PBPK
modeling

@ Improve the tool: Develop automated
computational methods for assessing tertiary
structure across species

40
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