<EPA

United States
Environmental Protection
Agency

New Approach Methods:
Application of the
Sequence Alignment to
Predict Across Species
Susceptibility
(SeqAPASS) tool

Carlie A. LalLone, Ph.D.

Research Bioinformaticist

- Office of Research and Development
National Health and Environmental Effects Research Laboratory, Mid-continent Ecology Division

mevglglgry
I IIqqq
echpergcvp
ilseastmgl
svamglgvea
edtasyspfk
yvynfplalag
Sgspsaaass

trppgglagqg
rdhv1pidyyf

trppgqglagg
rdhv1lpidyy
idkfrrknep
hiegyvecqgpil
pagfrnlhvdd
gqovrmrhlsg

ackrknptsc
mevglglgrv

qaqqqqqqqqq
echpergcvp

A

SIS PS s s SN

¥PLPPSKTYD
qqqqdqqqets
epgaavaask
lqgqqqqeavs
lehl=pgeqgl
ggytkglege
PPRPPPPPRPRhE
swhtlftaee

# |

scrlrkcyea

flnvleaiep
qIMAaY Loy
efgwlgitpyg

srrivgltkl
yprppsktyr

Jqqqqqqets
epgaavaask

gargqnligswv
pPraqoaqqae
glpggqlpapp
egsssgrare
rgdcmyapll
slgcsgsaaa
hariklenpl
gqlygpcgday
Ypggquvsovp

'ypggmvs Cwp

gdeasgchyg
gmtlgarkllk
gvvcaghdnn
g lmvfamgwr
eflcmkalll

ldsvgpiare
gafgqnlfgsy

pragqgqqqdage
Jglpgqlpapp


https://scixchange.missouri.edu/blog-post/student%E2%80%99s-research-is-surprisingly-artsy-practical/
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&docid=-ct_HZq2B9YatM&tbnid=s79OFtnYLzYKRM:&ved=0CAUQjRw&url=http://thenextfamily.com/tag/featured/page/3/&ei=EvX0Ur2kB_a-sQSWw4GQCQ&bvm=bv.60799247,d.aWc&psig=AFQjCNEsAaom_toOzQ5xf35A3q1ECCrpzQ&ust=1391871606519634
http://recedingrules.blogspot.com/2011/07/silhouettes-xxi.html

E

United States
Environmental Protection
Agency

>

Chemical Safety Evaluation

* Core Mission at EPA: Protect human health and the environment
* Ensure that chemicals in the marketplace are reviewed for safety

* Challenging mission:
* Only a fraction of the compounds around us have been tested for safety

* Chemicals used by U.S. consumers and industry: +50,000
 Tested: ~300
* Chemicals tested across species: Even more sparse

/  Universe of Chemicals in
the Environment
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Regulatory Decision-Making and Guideline Documents

* Capitalize on the toxicity information that 1s available and, where we
can, request additional toxicity tests

rud

Clean Air Act
Clean Water Act
Resource Recovery Act
Endangered Species Act
Food Quality Protection Act
Endocrine Disruptor Screening Program
Federal Insecticide, Fungicide, and Rodenticide Act
Frank R. Lautenberg Chemical Safety for the 215 Century Act
Comprehensive Environmental Response, Compensation, and Liability Act

Guidelines for Deriving Numerical National Water Quality Criteria for the Protection of Aquatic Organisms and Their Uses

Confidence in our decisions, with limited data available, limited resources for testing, strong backing to reduce animal use
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Transformation of Toxicity Testing

Historically: * Assumed that sensitivity of species to a chemical is a function of their relatedness

Whole animal test
e Observe Toxic Outcome e Human Health Risk Assessment
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* Ecological Risk Assessment Use of Surrogates

12

Cannot Test Representative species across a diversity of organism classes
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Transformation of Toxicity Testing

Historically: Shciey, Toxicity Testing in the 21% Century:
Whgllf ammf}l te.sto . ﬁ‘ b ® Invitro and in silico methods
. serve Toxic Outcome o
- Examples t — Pathway-based approaches
* tumor development 2] ,p — Focus on disturbance of the
M
* mortality G""’"\‘ o i biological pathway
Resource intensive o — Predictive of the observable
- toxic effects

------- = Disturbance
oA
" Molecular B B Observed
Biological Pathwa
%;) . s >{ Toxic Effect ]
Enabled by evolution of the
science and technology




New Approach Methods for Regulatory Decision-Making

e An umbrella term ‘) W
* In silico and bioinformatics % ’R ﬂ
* In chemico ¢ | \—’é?’ -
e In vitro \ l‘

* High throughput screening
* Systems biology
* OmicCs

Putative
Molecular
Target

Cellular Organ Organism
Responses J‘[ Responses J‘[ Responses ] --

Need for species extrapolation
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~ New Approach Methods: Species Extrapolation

New tools and technologies have emerged As of this week

. . ~121 million Proteins
* Improved sequencing technologies ~84 thousand Species
 Large databases of sequence data

nnnnnnnn

Protein

®  Focus on the molecular machine: The Protein

— Large biomolecule assembled from amino acids encoded in genes
* 20 standard amino acid residues form a linear chain — polypeptide
* Proteins fold into 3-D structures to perform their functions

Tertiary Structure

Amino acid M Primary Structure: Chain of amino acid residues

- OOOOO0-

— Many functions (e.g., catalyze reactions, structural/mechanical functions, cell signaling, immune
response, etc.)

¢ Evaluate protein similarity between species

- — Moving away from empirical testing and qualitative understanding of molecular target

(protein) conservation to quantitative measures
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TOXICOLOGICAL SCIENCES, 153(2), 2016, 228-245

Soc1ety of da: 10.1093/toxsci/kfw119
TOX_ICOIOgy Advance Access Publication Date: June 30, 2016

: ' Research article
ik www.toxsci.oxfordjournals.org searcham

Sequence Alignment to Predict Across Species

Susceptibility (SeqAPASS): A Web-Based Tool for
Addressing the Challenges of Cross-Species
Extrapolation of Chemical Toxicity

Carlie A. LaLone,"" Daniel L. Villeneuve,* David Lyons," Henry W. Helgen,*
Serina L. Robinson,? Joseph A. Swintek,1 Travis W. Saari,* and
Gerald T. Ankley*

https://seqapass.epa.gov/segapass/


https://seqapass.epa.gov/seqapass/

Understanding Protein Conservation

Sequence Alienment to Predict Across Species Susceptibility

* Computational Assessment of Protein Similarity: Quantitative Metrics
* A comparison of species at the molecular level

1. Must know the molecular target (e.g., pharmaceuticals, pesticides)
2. Must 1dentify target species or have knowledge of sensitive species

Compare to Millions of Proteins

~ %‘ﬁi % j@iﬁ :@ From Thousands of Species

Chemical Molecular Target #s°
in Target Species ’

Greater similarity = Greater likelihood that chemical can act on the protein
s Line of Evidence: Predict Potential Chemical Susceptibility Across Species




Predict Relative Intrinsic Susceptibility

* 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) available for the chemical to act upon

* Relative:
* Molecular target conservation is but a component of multiple determinants of species susceptibility
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Available Databases and Tools

* National Center for Biotechnology Information
* Established 1n 1988: a division of National Library of Medicine at NIH

RefSeq: NCBI Reference Sequence Database
A comprehensive, integrated, non-redundant, well-annotated set of reference sequences including genomic,
transcript, and protein.
Existing Af M 0o b as n Taxonomy
Curated The Taxonomy Database is a curated classification and nomenclature for all of the organisms in the public sequence
5. This currently represents about 10% of the described sp s of life on the planet.
Databases
wmaea @~ =@ =~
e e— e ] e x x xx  — — ] —
e e i =il s = The Conserved Domain Database is a resource for the annotation of functional units in proteins. Its collection of
domain models includes a set curated by NCBI, which utilizes 3D structure to provide insights into sequence/structure
- D e N ffunction relationships.
————p il = e — + . — (e —

The Basic Local Alignment Search Tool (BLAST) finds regions of local
similarity between sequences. The program compares nucleotide or protein
sequences to sequence databases and calculates the statistical significance
of matches. BLAST can be used to infer functional and evolutionary
relationships between sequences as well as help identify members of gene
families.

Existing
Sequence
Alignment

Tools o
- CO BALT Constraint-based Multiple Alignment Tool
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Strategic Automated Approach for Assessing Protein Similarity

Level 1

Primary Amino oy gmine cid O, pepite bond o

Acid Sequence »aguo;f’ ‘*%/
Alighments 2

Low Level of Complexity

PRIMARY STRUCTURE

Ortholog
Candidate §
Identification

Level 2

Conserved
Functional

imer int

+
HSN

; | o .
g Amino acid Q “%; Peptide bond |
[ =3 =

PRIMARY STRUCTURE

Individual
Amino Acid
Residue Queries

Tertiary Protein
Structure | =k
Considerations

High level of Complexity

Developed with both researchers and risk assessors in mind
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Focus on Structure: Level 3 Susceptibility Predictions

TOXICOLOGICAL SCIENCES, 2018, 1-15

SO‘ | 1 %Ociet)i' of S Ci do: 10,1093/ toxsci/kfy 186 Acetylcholinesterase
oxicolo ; Dryad Digital Repesitory DOL https://doi.org/10.5061/dryad.2tg69
OXEORD ; : gy 20 %{uﬂt Advance Access Publication Date: July 27, 2018
www.toxsci.oxfordjournals.org c Research Artide

In Silico Site-Directed Mutagenesis Informs
Species-Specific Predictions of Chemical Susceptibility
Derived From the Sequence Alignment to Predict
Across Species Susceptibility (SeqAPASS) Tool

Jon A. Doering,*T Sehan Lee, 5 Kurt Kristiansen, 1 Linn Evenseth,
Mace G. Barron,* Ingebrigt Sylte, and Carlie A. LaLone**

Level 3 Template Protein Information

dusl aming acid resi aligned with sequence. Use the main button to go badk to the SeqAPASS Reports list.

SeqgAPASS ID: 712 Query Accession: NP _000116.2 Ortholeg Count: 205 Protein and Taxonomy Data: 10/25/2017
Lewel 3 Run Name: fish BLAST Version: 2.6.0

Template Species: Home sapiens Cobalt Data: 07/02/2010

Template Protein: [NF_000116.2] estrogen receptor iscform 1 Cobalt Version: 2.1.0

GQuery Residues: Mo Residues Selected Software Version: 3.0

Select Aminc Acid Residues

1 ~

2T

amM Enter Amino Acid Residue Positions
5T

5L

&H - Cony to Residue List

7T -







SeqAPASS Applications: Case Studies

Extrapolate adverse outcome pathway knowledge across species
* Organophosphates and Carbamates
* Conazole fungicides
 Invertebrate endocrine disruptors

Extrapolate high throughput screening data

* Chemicals that target human estrogen receptor alpha, androgen receptor, steroidogenic enzymes, thyroid
axis proteins, and all ToxCast Assay targets

Predict relative intrinsic susceptibility
* Pesticides: Neonicotinoids, permethrin, methoxyfenozide, and tebufenozide

* Pharmaceuticals: ethinyl estradiol, 17B-trenbolone, spironolactone f’ — = ’ J
" 4

Predict chemical bioaccumulation across species
« PFAS

Generate research hypotheses Strobilurin fungicides

—
s

Prioritization strategies Pharmaceuticals \ -
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Application of SeqAPASS
to evaluate HTS assays
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wEPA Hierarchal Framework for Evaluating Pathway Conservation

Environmental Protection Fewer Resources Less Certainty

Agency

Structural Conservation (MIE, KE)
= Empirical data

= Insilico approaches (e.g., for proteins)
Primary amino acid

Functional domain

Individual residues involved in binding
and/or protein conformation

Functional Conservation (MIE, KE)

= [nvitro assays
*»  Enzyme inhibition/activation assays

I
[
[
I
I
[}
* Competitive binding assays '
I
I
[
I
I
I

Comparative Analyses (MIE, KE, A0)

= Invivo studies

*  Evaluation of “normal” processes/pathways
*  Indicators of MIE or KE

*+  Apical responses to chemicals, including AO

\
\
\
\
‘ *  Transcriptional activation assays
\
\
\
\
\

More Resources Greater Certainty

Assemble WoE for Pathway
Conservation

for Defined
Risk Assessment Application

Ankley et al., 2016. EVALUATION OF THE SCIENTIFIC UNDERPINNINGS FOR IDENTIFYING ESTROGENIC
CHEMICALS IN NONMAMMALIAN TAXA USING MAMMALIAN TEST SYSTEMS. ET&C
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Active endocrine disruptor screening and testing program (EDSP)

* Legislated mandate to US EPA: evaluate ~10,000 chemicals for possible endocrine
activity

* Need to prioritize chemicals for resource-intensive Tier 1 screening and Tier 2
testing (EDSP21)
e U.S. EPA ToxCast

* Screen chemicals — Identify chemicals most likely to be endocrine disruptors
(Estrogen receptor, Androgen receptor, Steroidogenesis, Thyroid)

Key Question for Consideration:

Does this mammalian-based prioritization approach reasonably reflect potential impacts on
other vertebrates?

* Estrogen receptor-a J
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~ Homo sapiens Estrogen Receptor alpha

S eq AP A S S Structural Conservation (MIE, KE)

Empirical data

= Insilico approaches (e.g., for proteins)
Re SultS *  Primary amino acid

Functional domain
Individual residues involved in binding
and/or protein conformation

Level 1: Primary Amino Acid Sequence
Level 2: Ligand Binding Domain Level 3: Individual Amino Acid Residues

i Species Name Class Protein Name D351  E353 K362 V364 R394  H524
100 aol{[] A Human # Homo sapiens Mammalia estrogen receptor isoform 1 D E K A\ R H
H I Pan paniscus Mammalia estrogen receptor alpha D E K v R H
g0 ([T Papio anubis Mammalia estrogen receptor D E K v R H
99 Trachypithecus obscurus Mammalia estrogen receptor alpha D E K v R H
1 Chlorocebus aethiops Mammalia estrogen receptor alpha D E K v R H
i EI sl [ Gyps africanus Aves estrogen receptor alpha D E K 4 R H
§ faa g H- 8- iR - Torgos tracheliotus Aves estrogen receptor alpha D E K v R H
% 501 b Gallus gallus Aves estrogen receptor alpha D E K v R H
70 M g = Coturnix japonica Aves estrogen receptor alpha D E K v R H
| hd 5 49 Zonotrichia albicollis Aves estrogen receptor 1 D E K v R H
% = Taeniopygia guttata Aves estrogen receptor D E K v R H
é‘ 601 B - Crocodylus niloticus Crocodylidae estrogen receptor alpha D E K v R H
g = Alligator mississippiensis Crocodylidae estrogen receptor a D E K v R H
= 50| Caiman crocodilus Crocodylidae estrogen receptor D E K v R H
B h Elaphe quadrivirgata Lepidosauria estrogen receptor alpha D E K v R H
b Protobothrops flavoviridis Lepidosauria estrogen receptor alpha D E K v R H
5 40 Aspidoscelis uniparens Lepidosauria estrogen receptor D E K v R H
&~ Eublepharis macularius Lepidosauria estrogen receptor alpha D E K v R H
o i s i e e b Gekko swinhonis Lepidosauria estrogen receptor alpha D E K v R H
31 ) Pseudemys nelsoni Testudines estrogen receptor alpha D E K v R H
Chrysemys picta Testudines estrogen receptor D E K v R H
20 Lepidochelys olivacea Testudines estrogen receptor alpha D E K v R H
B 0l Andrias japonicus Amphibia estrogen receptor alpha D E K v R H
. Xenopus laevis Amphibia estrogen receptor 1 D E K v R H
1 ‘[ T T Xenopus (Silurana) tropicalis Amphibia estrogen receptor alpha D E K v R H
Amietophrynus rangeri Amphibia estrogen receptor alpha D E K v R H
Glandirana rugosa Amphibia estrogen receptor 1 D E K v R H
PRI & Pimephales promelas Actinopterygii  estrogen receptor alpha D E K v R H
: éé‘gg B Salmo salar Actinopterygii estrogen receptor D E K N4 R H
S 22, Z Oryzias latipes Actinopterygii estrogen receptor D E K L R H
- ? & Oncorhynchus mykiss Actinopterygii estrogen receptor D E K v R H
g g 5.3 é & £ Danio rerio , Af:tlnqpterygu estrogen receptor 1 D E K v R H
5 B £ = o Protopterus annectens D¥pn0} estrogen receptor alpha D E K v R H
2 = Protopterus dolloi Dipnoi estrogen receptor alpha D E K v R H
(SR
Taxon

Conservation across vertebrates consistent with published literature

Ankley et al., 2016. EVALUATION OF THE SCIENTIFIC UNDERPINNINGS FOR IDENTIFYING ESTROGENIC CHEMICALS IN NONMAMMALIAN TAXA USING
MAMMALIAN TEST SYSTEMS. ET&C



Active endocrine disruptor screening and testing program (EDSP)

* Legislated mandate to US EPA: evaluate ~10,000 chemicals for possible endocrine
activity

* Need to prioritize chemicals for resource-intensive Tier 1 screening and Tier 2
testing (EDSP21)

* U.S. EPA ToxCast

* Screen chemicals — Identify chemicals most likely to be endocrine disruptors
(Estrogen receptor, Androgen receptor, Steroidogenesis, Thyroid)

Key Question for Consideration:

Does this mammalian-based prioritization approach reasonably reflect potential impacts on
other vertebrates?

* Estrogen receptor-o e [l\
% L&

» Steroidogenic CYPs v Fk) )

* Thyroid axis

f

* And R t
— ndrogen Receptor
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Tier 1: Evaluation of Structural Conservation of the MIE

Structural Conservation (MIE, KE)
= Empirical data
= In silico approaches (e.g., for proteins)

*  Primary amino acid
. *  Functional domain
Tier 1 +  Individual residues involved in binding

and/or protein conformation

Functional Conservation (MIE, KE)
= [n vitro assays

=  Enzyme inhibition/activation assays
Tier 2 *  Competitive binding assays
1 =  Transcriptional activation assays

|
Comparative Analyses (MIE, KE, AQ

= In vivo studies

* Evaluation of “normal” processes/pathways Sequence Alignment to Predict Across Species Susceptibility
. + Indicators of MIE or KE . . L. .
' Apical responses to chemicls, including AO SeqAPASS: Computational Assessment of Protein Similarity:
Quantitative Metrics
' 1. Must know the molecular target (ToxCast Assay Target)
Asscshile WOE for Pathway 2. Musj[ ?dentlfy .target species or have knowledge of
Conservation sensitive SpECICS
for Defined :
Risk Assessment Application (TOXC&St Assay MOdel Organlsm)
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Structural Conservation (MIE, KE)

Empirical data
In silico approaches (e.g., for proteins)

Individual residues involved in binding
and/or protein conformation

Agency Tier . ;‘unm(ﬁn:nno?m;;ﬂ
HTS Assays — SeqAPASS Level 1 &2 ==
SeqAPASS .
Assay Name Assay Target Model organism Ql?ery Domain evalu.ated
Accession (NCBI Accession)
ATG_TRANS Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
NVS_NR_hAR Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
OT_AR_ARELUC_AG_1440 Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
OT_AR_ARSRC1 0480 Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
Conserved OT_AR_ARSRC1_0960 Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
acrOSS - TOX21_AR BLA Agonist Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
TOX21_AR_BLA_Antagonist Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
b TOX21_AR_LUC_MDAKB2_Agonist Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
Verte rates TOX21_AR_LUC_MDAKB2_Antagonist Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
NVS_NR_cAR Androgen receptor, AR Chimpanzee (Pan troglodytes) 097775 Ligand binding domain (cd07073)
mm NVS_NR_rAR Androgen receptor, AR Norway rat (Rattus norvegicus) P15207 Ligand binding domain (cd07073)
m{ Cholesterol side-chain cleavage enzyme; CYP11A1 Human (Homo sapiens) P05108 NA
HT-H295R Steroid 17a-hydroxylase/17,20 Lyase; CYP17A1 Human (Homo sapiens) P05093 NA
HT-H295R 3B-hydroxysteroid dehydrogenase; HSD3B2 Human (Homo sapiens) P26439 NA
HT-H295R Aromatase; CYP19A1 Human (Homo sapiens) P11511 NA
NVS_ADME hCYPI19A1 Aromatase; CYPI9A1 Human (Homo sapiens) P11511 NA
TOX21_Aromatase_Inhibition Aromatase; CYP19A1 Human (Homo sapiens) P11511 NA
HT-H295R 17B-hydroxysteroid dehydrogenase typel; 17BHSD1 Human (Homo sapiens) P14061 NA
HT-H295R 17B-hydroxysteroid dehydrogenase type3; 17BHSD3 Human (Homo sapiens) P37058 NA
HT-H295R Steroid 21-hydroxylase; CYP21A2 Human (Homo sapiens) AFK10138 NA
HT-H295R Steroid 11-beta-hydroxylase; CYP11B1 Human (Homo sapiens) AAA35741 NA
AT1G_1HRal_TRANS Thyroid hormone receptor alpha; THRA Human (Homo sapiens) PIO§27 Ligand binding domain (cd06935)
NVS_NR_hTRa_Antagonist Thyroid hormone receptor alpha; THRA Human (Homo sapiens) P10827 Ligand binding domain (cd06935)
TOX21_TR_LUC_GH3_Agonist Thyroid hormone receptor alpha; THRA Human (Homo sapiens) P10827 Ligand binding domain (cd06935)
ATG_THRb_TRANS2 Thyroid hormone receptor beta; THRB Human (Homo sapiens) P10828 Ligand binding domain (cd06935)
NCCT_TPO_AUR Thyroid peroxidase, TPO Norway rat (Rattus norvegicus) P14650 Thyroid _peroxidase (cd09825)
NCCT_TPO_GUA Thyroid peroxidase, TPO Pig (Sus scrofa) P09933 Thyroid _peroxidase (cd09825)
hNIS-HEK293T-EPA Sodium/iodide cotransporter, NIS Human (Homo sapiens) Q92911 NA
HTS assay in development Type I iodothyronine deiodinase, D1 Human (Homo sapiens) P49895 NA
HTS assay in development Type II iodothyronine deiodinase, D2 Human (Homo sapiens) Q92813 NA
HTS assay in development Type III iodothyronine deiodinase, D3 Human (Homo sapiens) P55073 NA
HTS assay in development Thyroid stimulating hormone receptor, TSHR Human (Homo sapiens) P16473 N-terminal domain (cd15964)
HTS assay in development Iodotyrosine deiodinase, [YD Human (Homo sapiens) Q6PHWO Todotyrosine dehalogenase domain (cd02144)
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Steroidogenesis — H295R

Human H295R cell line to quantify steroid hormone production: Profiles of steroidogenic disruption

Cholesterol

CYP11A1

e

CYP17A1 CYP17A1

! [ cpizaL |

% Dehydroepiandrosterone

» 17c-hydroxypregnenolone
HSD3B2 l

» 170-hydroxyprogesterone

Pregnenolone

HSD3B2

CYP17A1 v CYP19A1

HSD3B2
4 CYP17A1

» Lstrone

» Androstenedione

Progesterone
»

17pHSD3 17pHSD1
4 4 CYP19A1
11-deoxycorticosterone CYP21A2 20p-HSD Testosterone » 17B-estradiol

CYP11B2

CYP21A2

CYP11B1

A J v

| 11p-OH-testosterone |

Corticosterone 11-deoxycortisol | 17a,20p-dihydroxy-4-pregnen-3-one

CYP11B2 CYP11B1 l 11p-HSD

A J A 4

Aldosterone Cortisol | 11-Kketotestosterone |

1

If chemicals are identified through the H295R assay that disrupt steroidogenesis, could those
results be extrapolated to other vertebrates?
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Query Protein CYP11A1 | CYP17A1] | HSD3B2 | CYP19A1 17BHSD1 17pHSD3 CYP21A2 CYP11B1
bSquPASS Cut-off 32.92 30.95 16.16 46.79 38.91 38.40 33.59 37.60
Mammalia Yes Yes Yes Yes Yes Yes Yes Yes
(115 of 127) (113 0f153) W W (117 0f 118) (1110f121) (110 0f116) (112 0f 113) (96 of 142) (108 of 127)
Actinopteri Yes Yes Yes Yes Yes Yes Yes Yes
p (58 of 74) (63 0f 118) (59 of 59) (137 of 147) (19 of 49) (42 of 49) (20 of 118) (38 of 76)
Amphibia Yes Yes Yes Yes Yes Yes Yes Yes
p (8of8) (50f6) (4 0f4) (8of 10) (30f3) (3of4) (3 0f6) (6 of 8)
Aves Yes Yes Yes Yes Yes Yes Yes No
2 (45 of 65) (610f71) (73 0f 73) (65 0f'67) (16 of 66) (45 of 66) (4of 71) (0 of 70)
= . Yes Yes Yes Yes No Yes Yes No
£ Chondrichthyes (40f3) (3 of %) (4 0f9) (40f3) (00/2) (202) (10f4) 0f3)
& . Yes Yes Yes Yes Yes Yes Yes
ke Coelacanthiformes (1of 1) (1of1) (1of 1) ; (1of 1) (1of 1) (Lof 1) (I of 1)
Crocodvlia Yes Yes Yes Yes Yes Yes No Yes
Y (2of4) (40of4) (40f4) (40f4) (30f3) (40f4) (0of4) (10of3)
. - Yes Yes Yes Yes No Yes Yes Yes
Lepidosauria (40f8) (7 of8) (7 of 7) (6 of 6) (0 of 7) (7 0f 7) (4of8) (50f8)
.. Yes No
Myxiniformes (orl) - - - il ) - 0 of 1)
. Yes Yes Yes Yes Yes Yes No Yes
Testudines (3 of 3) (4 of 6) (3 0f 3) (7 of 7) (2 of 3) (3 of 3) 00of 6 (1 of 4)
No Yes Yes No No No No No
Anthozoa (0 of 5) 3 of 5) 3 of 4) (0 of 5) (0 of 5) (0 of 5) (0 of 5) (0of 5)
-1 No No Yes No No No No No
Arachnidia (00f15) 0of 11) 8 0f9) 0 of 15) 0 of2) (0 of 14) (0 of 10) (00of 15)
3 Bivalvia No No Yes No No No No No
s 0 of 8) 00of7) 4 of4) (0 0f 10) 0of 1) (0 of4) 0of7) 0 of'5)
5 . No No Yes No No No No
-5} -
£ Branchiopoda (00f2) (00f2) (10f2) (00f2) (00f2) (00f2) (00f2)
2 . . No Yes Yes No No No No
= Branchiostomidae 00f2) 2of2) 2of2) 00f2) - 00f2) 00f2) 00of2)
No No Yes No No No No No
Gastropoda (00f3) (00f3) 2of3) (00f6) (0of ) (00f3) (00f3) 00f8)
Insecta No No Yes No No No No No
(0 of 176) (0 of 137) (8 of 56) (00f172) (0 of 4) (00f117) (0 of 135) (0 0f 189)
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® ® Structural Conservation (MIE, KE)
= Empirical data
= Insilico approaches (e.g., for proteins)
. +  Primary amino acid
| Tier +  Functional domain
1 « Individual residues involved in binding
+  and/or protein conformation

Cholesterol
CYP11A1
‘L CYP17A1 CYP17A1

Pregnenolone » 17c¢-hydroxypregnenolone % Dehydroepiandrosterone

HSD3B2 HSD3B2 HSD3B2
v CYP17A1 CYP17A1 CYP19A1

» 17a-hydroxyprogesterone » Androstenedione » Estrone

17pHSD3 17pHSD1 |
CYP19A1

20p-HSD Testosterone » 17p-estradiol
CYP11B2

‘ 11p-OH-testosterone |

Progesterone
1

CYP21A2 1

11-deoxycorticosterone CYP21A2
CYP11B1 l

Corticosterone 11-deoxycortisol | 17a, 20p-dihydroxy-4-pregnen-3-one

CYP11B2 CYP11B1 11p HSD
¥
Cortisol | 11-Kketotestosterone |

Steroidogenic enzymes conserved across vertebrates — Line of evidence to extrapolate H295R results

v

Mammalia Testudines Crocodylia Aves Amphibia Lepidosauria Actinopteri Chondricthyes Coelacanthiformes
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HTS Assays - SeqAPASS

- *  Primary amino acid
Tier *  Functional domain
1 * Individual residues involved in binding

Structural Conservation (MIE, KE)

= Empirical data

= Insilico approaches (e.g., for proteins)

and/or protein conformation

SeqAPASS .
Assay Name Assay Target Model organism Query Domain evalu?ted
Accession (NCBI Accession)

ATG_TRANS Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
NVS_NR_hAR Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
OT_AR_ARELUC_AG_1440 Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
OT_AR_ARSRC1 0480 Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
OT_AR_ARSRC1_0960 Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
TOX21_AR BLA Agonist Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
TOX21_AR_BLA_Antagonist Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
TOX21_AR_LUC_MDAKB2_Agonist Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
TOX21_AR_LUC_MDAKB2_Antagonist Androgen receptor, AR Human (Homo sapiens) P10275 Ligand binding domain (cd07073)
NVS_NR_cAR Androgen receptor, AR Chimpanzee (Pan troglodytes) 097775 Ligand binding domain (cd07073)
NVS_NR_rAR Androgen receptor, AR Norway rat (Rattus norvegicus) P15207 Ligand binding domain (cd07073)
THTH205RT T T T T T TTTTTTTTT Cholesterol side-chain cleavage enzyme; CYPITAT Human (Homo sapiens) . P05i08 NA T TTTTTTTTTTTTTTTT
HT-H295R Steroid 17a-hydroxylase/17,20 Lyase; CYP17A1 Human (Homo sapiens) P05093 NA

HT-H295R 3B-hydroxysteroid dehydrogenase; HSD3B2 Human (Homo sapiens) P26439 NA

HT-H295R Aromatase; CYP19A1 Human (Homo sapiens) P11511 NA

NVS_ADME hCYPI19A1 Aromatase; CYPI9A1 Human (Homo sapiens) P11511 NA
TOX21_Aromatase_Inhibition Aromatase; CYP19A1 Human (Homo sapiens) P11511 NA

HT-H295R 17B-hydroxysteroid dehydrogenase typel; 17BHSD1 Human (Homo sapiens) P14061 NA

HT-H295R 17B-hydroxysteroid dehydrogenase type3; 17BHSD3 Human (Homo sapiens) P37058 NA

HT-H295R Steroid 21-hydroxylase; CYP21A2 Human (Homo sapiens) AFK10138 NA

HT-H295R Steroid 11-beta-hydroxylase; CYP11B1 Human (Homo sapiens) AAA35741 NA

ATG_THRal_TRANS Thyroid hormone receptor alpha; THRA Human (Homo sapiens) P10827 Ligand binding domain (cd06935)
NVS_NR_hTRa_Antagonist Thyroid hormone receptor alpha; THRA Human (Homo sapiens) P10827 Ligand binding domain (cd06935)
TOX21_TR_LUC_GH3_Agonist Thyroid hormone receptor alpha; THRA Human (Homo sapiens) P10827 Ligand binding domain (cd06935)
ATG_THRb_TRANS2 Thyroid hormone receptor beta; THRB Human (Homo sapiens) P10828 Ligand binding domain (cd06935)
NCCT_TPO_AUR Thyroid peroxidase, TPO Norway rat (Rattus norvegicus) P14650 Thyroid _peroxidase (cd09825)
NCCT_TPO_GUA Thyroid peroxidase, TPO Pig (Sus scrofa) P09933 Thyroid _peroxidase (cd09825)
hNIS-HEK293T-EPA Sodium/iodide cotransporter, NIS Human (Homo sapiens) Q92911 NA

HTS assay in development Type I iodothyronine deiodinase, D1 Human (Homo sapiens) P49895 NA

HTS assay in development Type II iodothyronine deiodinase, D2 Human (Homo sapiens) Q92813 NA

HTS assay in development Type III iodothyronine deiodinase, D3 Human (Homo sapiens) P55073 NA

HTS assay in development Thyroid stimulating hormone receptor, TSHR Human (Homo sapiens) P16473 N-terminal domain (cd15964)

- HTS assay in development Iodotyrosine deiodinase, [YD Human (Homo sapiens) Q6PHWO Todotyrosine dehalogenase domain (cd02144)




Deiodinase 1

Deiodinase 2




<EPA

United States
Environmental Protection
Agency

Thyroid Axis — SquPASS Level 1&2

@
@
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<
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‘Invertebrates

Query Protein

SeqAPASS Level
®SeqAPASS Cutoff

Mammalia
Actinopteri
Amphibia

Aves

(113 of 121)

Yes
(68 of 121)
Yes
(12 of 24)

Yes
(68 of 80)

(115 of 162)

Yes
(71 of 127)
Yes
(13 of 29)

Yes
(68 of 75)

(115 of 167)

Yes
(71 0f 120)
Yes
(15 0f23)

Yes
(69 of 80)

(113 of 152)

Yes
(78 of 117)
Yes
(28 of 28)

Yes
(75 of 80)

(94 of 117)
Yes
(17 of 53)
Yes
(3ef3)
Yes
(58 of 68)

(84 of 141)
Yes
(19 of 63)
Yes
(3of3)
Yes
(58 of 68)

(100 of 110)
Yes
(48 of 63)
Yes
(3of3)
Yes
(21 of 67)

(126 of 127)
Yes
(62 of 70)
Yes
(4 0f 10)
Yes
(70 of 70)

(127 of 127)
Yes
(69 of 70)
Yes
(7 of 10)
Yes
(70 of 70)

(114 of 157)

Yes

(52 of 1409)

Yes
(20f16)
Yes

(67 of 108)

Yes

(1 0f 2169)

Yes
(3of16)
Yes

(68 of 137)

Yes
(45 of 45)
Yes
(3of3)
Yes
(66 0f 137)

(1130f 181) (106 of 106) (111 of 111

Yes
(45 of 45)
Yes
(3of3)
Yes
(66 of 68)

Ceratodontimorpha

No
(0of2)

No
(0of2)

No
(00f2)

No
(0of2)

Yes
(1of1)

(1of1)

Yes
(1of1)

No
(0of1)

No
(0of4)

Chondrichthyes

Coelacanthiformes

Crocodylia

Lepidosauria

Yes
(30f6)
Yes
(1of2)
Yes
(4 of6)
Yes
(8of15)

Yes
(3of06)
Yes
(1of2)
Yes
“of3)
Yes
(8of13)

Yes
(B3of7)
Yes
(1of2)
Yes
(4of6)
Yes
(8of15)

Yes
(50f7)
Yes
(1of1)
Yes
(4 of5)
Yes
(9of11)

Yes
(20f2)
No
0of1)
Yes
(4 of4)
Yes
(6 of 6)

Yes
2of3)
No
0of1)
Yes
4of4)
Yes
(60f7)

Yes
2of4)
Yes
(1of1)
Yes
(Bof4)
Yes
(40f6)

Yes
(3of3)
Yes
(1of1)
Yes
(4of4)
Yes
(9of9)

Yes
(3of3)
Yes
(1of1)
Yes
(4 of4)
Yes
(7 af9)

Yes
(B3of3)
Yes
(1of1)
Yes
“4of4)
Yes
(8of9)

Yes
(1of9)
Yes
(Tofl)
Yes
(4 of 4)
Yes
(6 of 341)

Yes
(1of11)
Yes
(1ofl)
Yes
(4 of 4)
Yes
(7 0f422)

Yes
202
Yes
(1of1)
Yes
(3a9/3)
Yes
(6 of'6)

Yes
2of2)
Yes
(1of1)
Yes
“4of4)
Yes
(6 0f6)

Myxiniformes

“Yes
(0 of 1)

“Yes
(0of2)

No
(0of 1)

Yes
(1 of 2)

No
(0of 1)

No
(0of 1)

No
(0 of 1)

No
(0 of 1)

Petromyzontiformes

Yes

Yes

Yes

Yes

No
(0of5)

No
(0of5)

Testudines

Ascidiacea

Asteroidea

Bivalvia

Branchiostomidae

Dictyosteliida

Enteropneusta

Gastropoda

Lingulata

Polychaeta

No
(0of5)
No
(0of1)
No
(0of 10)
No
(0 af4)

No
(0of 1)
No
(0of9)
No
(0of1)

No
(0of2)

No
(0of5)
No
0of1)
No
(0 of 10)
No
(0of4)

No
(0of 1)
No
(0of9)
No
(0of1)

No
(0of 1)

Yes
(20f10)

Yes
(3 af4)

Yes
(1of1)

Yes
(20f2)

Yes
(1of1)

Yes
(1of2)

Yes
(3of10)

Yes
4 of4)

Yes
(1of1)

Yes
(8of9)

Yes
(1of1)

Yes
(1of1)

No
(00of2)
No
(0of1)
No
(0 of6)
No
(0 af3)

No
(0of 1)
No
(0of3)
No
(0of1)

No
(0of5)

No
(0of8)
No
(0of4)

No
0of 1)
No
(0of4)
No
0of1)

No
(00f10)

No Yes No Yes No No
0of1) (2of2) (0of2) 20f2) (0of1) (0of1) i
No No No No No No Yes Yes
0of1) ©of 1) (0of1) 0of1) 0of2) 0of3) (1of1) (1of1)
No Yes No Yes No No
(0of4) (4of5) (0 of5) #af3) 0of4) 0of5)
No Yes No Yes No No Yes Yes
(0af2) (20f2) (0of2) (20f2) (0of4) (0of4) (2af2) (20f2)
No No Yes
(©of6) (0of6) (1of5) i i
No No No No No No Yes
(0of 1) (0of 1) (0of1) 0of 1) 0of 1) 0of 1) i (1of1)
No No No No No No
(0of3) (0of2) (0of2) (0of2) 0of5) 0of5) i
No Yes No Yes “Yes “Yes Yes Yes
0ofl) (Iofl) 0of1) (1of1) 0of1) 0of1) (1of1) (1of1)
No No No No No No Yes Yes
Oof 1) (0of 1) (0of1) 0of 1) 0of2) 0of2) (1of1) (10/1)
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Thyroid Axis — HTS Assays developed or in development

Thyroid stimulating hormone

Thyroid
Gland
Thyroid
peroxidase

Iodine

—_

Structural Conservation (MIE, KE)
= Empirical data
= Insilico approaches (e.g., for proteins)

" Primary amino acid
Tier *  Functional domain
1 ¢ Individual residues involved in binding

e ok conormation
Tissue
Deiodinase 1
Deiodinase 2
Nucleus
Deiodinase 3
Mammalia Testudil Aves Amphibia Lepidosauria Actinopteri Chondricthyes Coelacanthiformes

2 2 ot
Ya=™ —
b Radl.d .

il eid »

S <
_—

Proteins involved in Thyroid function conserved across vertebrates — Line of evidence to extrapolate

Additional research to understand role of proteins in invertebrates
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Tier 1: Evaluation of Structural Conservation of the MIE

Structural Conservation (MIE, KE)
= Empirical data
= Insilico approaches (e.g., for proteins)

*  Primary amino acid
. *  Functional domain
Tier 1 «  Individual residues involved in binding
* and/or protein conformation

Functional Conservation (MIE, KE)
= [n vitro assays

=  Enzyme inhibition/activation assays
Tier 2 *  Competitive binding assays
=  Transcriptional activation assays

|
Comparative Analyses (MIE, KE, AQ
= [n vivo studies

+  Evaluation of “normal” processes/pathways
. + Indicators of MIE or KE
Tier 3 |- Apical responses to chemicals, including AO

¥

Assemble WoE for Pathway
Conservation
for Defined

Risk Assessment Application

for defining the taxonomic

==
I

I

Environ. Sci. Technol. Environ. Sci. Technol. |

4 | Browsethe Joumal  Aricles ASAP | Cumentlssue | Submission & Review

Ecotoxicology and Human Environmental Health
Evidence for Cross Species Extrapolation of Mammalian-Based High-
Throughput Screening Assay Results

domain of applicability for HTS results

Open Access

SeqAPASS providés an initial line of evidence

About the Journal

Carlie LaLone, Daniel L. Villeneuve, Jon A Doering, Brett R Blackwell, Thomas R Transue, Cody W Simmons,

Joe Swintek, Sigmund Degitz, Antony J Williams, and Gerald T. Ankley

Environ. Sci. Technal , Just Accepted Manuscript
DOl: 10.1021/acs.est. 804587
Publication Date (Web). October 10, 2018
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United States
ronment,

SeqAPASS for understanding toxicity and
bioaccumulation

AAAAAA

* 75 PFAS chemicals are being evaluated in ToxCast to identify molecular targets
* ¢.g. PPARa, PPARy, CYP2C9

* Accumulation in blood and liver are largely due to protein binding
* Serum albumin
* Liver fatty acid binding protein (LFABP)

 Diafferences in T, due to species and gender differences in activity of renal transporters
* Organic anion transporters (OATs)




SeqAPASS evaluation of PFAS targets

* Initial line of evidence for extrapolation of ToxCast results

* 75 PFAS chemicals (NCCT)
* Identify putative molecular targets
* Use existing SeqAPASS results to understand conservation across species

* PFAS specific:

* Expand to [evel 3 individual amino acid residue comparisons for greater taxonomic resolution

Example: Jon Doering (NRC Postdoc) using SeqAPASS to inform future testing based on PPARY similarity
* Used SeqAPASS level 3 to identify genotypes to strategically select test spec1es that are most likely to span the
sensitivity distribution of PPARYy agonists - e e

Type 1 Type 2 Type 3 Type 4 Type 5

Cross-species In Vitro Screening Assays

Cross-species In Vivo Bioassays




SquPASS for Bioaccumulation Across Species

* Level 1: Primary amino acid sequence comparison

* Human OATT —renal transporter, activity important for T1/2
* Initial line of evidence: Conserved across vertebrates

Crocodylia Aves Amphibia Lepidosauria Actinopteri Chondricthyes Coelacanthiformes

e Level 1: Primary amino acid sequence comparison
* Human Serum Albumin — PFAS binding important in blood

e Initial line of evidence: Conserved across vertebrates

Mammalia Testudines Crocodylia Aves Amphibia Lepidosauria Actinopteri Chondricthyes Coelacanthiformes

Initial line of evidence: PFAS less likely to interact with invertebrate proteins
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~ Human Liver Fatty Acid Binding Protein (LFABP)

hLFABP rLFABP
o) oy St Seq APASS Level 1 ' Hbond  lagest energy Hbond | largest encrgy
ligands interaction contribution interaction contribution
ConserVatlon aCTOSS Vertebrates PEBA AE}(E}ng.; A?;j ng'EZ’SSzER - SELR{(SSEZLYS 38, #, Cite This: Environ. Scl Technol 2018, 52, 7972- 7980 pubs.acs.org/est
5 PEPA ARG 122, ARG 122, VAL  — ARG 122, TYR encE & nqu
- SER 124 83, PHE 50 55, ILE 53
Foid PFHxA ARG 122, ARG 122, SER  TYR 120 ARG 122, ILE
= SER 124 39, SER 124 53, LYS 58 T . . .
tB PEHpA ARG 12, ARG 122 SER wem e Predicting Relative Protein Affinity of Novel Per- and Polyfluoroalkyl
£ SER 124 39, ILE 52 60, MET 74 H i
z, bioa ARG 1o AR e sEt - o Substances (PFASs) by An Efficient Molecular Dynamics Approach
c SER 124 39, ILE 52 55, ILE 60 . ¢
Sl % IR T . PENA ARG 122, ARG 122, SER  — ARG 122, ILE Weixiao Cheng and Carla A. Ng
o SER 124 39, ILE 52 60, ILE 53
o e PEFBS ARG 122, ARG 122, SER ARG 122, ARG 122, SER
e . SER 39 124, LEU 9 SER 39 100, LEU 71
=S [ Y SIS PFHxS ARG 122 ARG 122, SER  — ARG 122, ASN 1 1
SR e Identification of
1 PEOS ARG 122, ARG 122, SER  TYR 120 ARG 122, ILE .. . . .
SER 124 124, ILE 52 60, ILE 53
e b oamcim AG e - a1 Individual amino acid residues
= ¢ £ ¢ £ 3 o ¢ £ 3 8 5 § % g g 2 g g SER 39 39, ASN 111 74, ILE 60
< 3 = © & o £ = 2 9 8 5 2 g GenX THR 102 ARG 122, ASN  — ARG 122, MET T4 . .
E<§sgssssEseEEszgit E L Critical for binding PFAS
° s ¥ 0o E £ £ £ v 8 = o % g oz g ADONA ARG 122, ARG 122, SER - ARG 122, MET
= a ¢ O $ © € € £ 8 E a = LA SER 124 39, SER 124 74, TYR 35
g " TEg g s © SeqAPASS Level 3
(]
t S T & = 3 2m-PFOA SER 100 ARG 122, SER  — ARG 122, TYR eq eve
6 o 5 100, ASN 111 120, ILE 60
o n F-53 ARG 122, ARG 122, PHE TYR 120 ARG 122, SER . . . .
& 123 1Lt 3 * Species specific predictions
axon F-53B ARG 122, ARG 122, SER  TYR 120 ARG 122, TYR
SER 124 124, SER 39 55, ILE 60

Differences in amino acid residues across taxa

g E_-

Primates/Ungulates/whales/dolphins

Rodents/other mammals/fish/amphibians/testudines 132 No I/L/V
Zebrafish, Aves, Lepidosauria, Chondrichthyes 72 No V/1
Crocodylia 4 No F

T
T
A
A

In silico site-directed mutagenesis and docking support predictions:

PFAS binding to zf different than other fish
- Explore the prediction experimentally
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Emphasis on prediction “Validation™

1. Build the SeqAPASS tool

2. Develop case studies to demonstrate application
* Compare predictions to available empirical data

3. Implement Training
* Gather user information
* Improve tool based on user feedback

gum—

4. “Validation” of SeqAPASS predictions in the laboratory: Research Efforts
* Cross species
Looking * In vitro
fora — * Invivo
talented * Chemical proteomics
postdoc | 5 [ silico structural evaluation
e Create an automated pipeline, Level 4? BY BY

* Homology modelling
X5
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Age£33 o ToolTip Sample ﬁ

Technical Advances: FY 19 & |

* Integrated help menus, tool tips, and user guide

>

* Guidance for 1dentification of protein targets and individual amino acid residues

Identify a Protein Target

ibilit - Aop Chemical intiatorS: guide the user to an appropriate protein target based on the chemicsl, adverse cutcome
i t information from these resc

+ Pharmaceutical protein targets: hnpSZ»".-'aOp“‘liki orq
i of
| AOP chemical inti /7 |

,- + ToxCast HTS results by chemical:

https://comptox.epa.gov/dashboard

* Risk Assessor Report and data summary tables
* Interoperability with ECOTOX Knowledgebase
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