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Chemicals make up the world around us – necessary for our modern society



Toxicity Testing to 
Understand Chemical Safety

• US EPA Examples:

• 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 21st 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 



easy maintenance and good breeding capabilities

short lifespans and rapid life cycles

ability to control diet and surroundings

cheap and readily available

requires least space and time-consuming care



Species 
Extrapolation

What is it?
• Using existing knowledge about one species to estimate, 

predict, project, or infer the effect, impact, or trajectory of 
another species

• For chemical safety typically dealing with toxicity
Why is it important: 
• Limited or no toxicological data for the animal or plant 

species of interest – reliance on surrogate (model organisms)
• Impractical to generate new data for all species

• Testing resources are limited
• International interest to reduce animal use
• Ever-increasing demand to evaluate more chemicals in 

a timely and sometimes expedited manner



Sensitivity to Chemical Perturbation

Simplify Complexity
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Where could we begin in understanding species 
similarities and differences?

Sequence and structural data: New tools and technologies have emerged
• Improved sequencing technologies
• Large databases of sequence data

Look for existing, expanding data that does not require the destruction of live organisms

NCBI:1,170,638,058 Proteins representing 2,416,649 Organisms



Natural 
Ligands/Chemicals

Functional domain
(e.g. Ligand binding domain)

Critical amino acids

Chemical-Protein Interaction:



Bioinformatics
• Combines mathematics, information science, and biology to 

answer biological questions

• Developing methodology and analysis tools to explore large 
volumes of biological data

• Query, extract, store, organize, systematize, annotate, 
visualize, mine, and interpret complex data

• Usually pertains to DNA and amino acid sequences

Let the computers do the work



Sequence Alignment to 
Predict Across Species 
Susceptibility
(SeqAPASS)

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

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


What information is required for a SeqAPASS query?

Knowledge of a sensitive or targeted species

Knowledge of the model organism used in an in vitro assay

Knowledge of the species for which the Key Event was developed

Chemical-Protein 
Interaction

Protein-Protein 
Interaction

1. Protein
2. Species

~=Chemical Molecular Target
in Target Species

Compare to Millions of Proteins 

From Thousands of Species



Gather Lines of Evidence Toward Protein Conservation

≈ 12

Structure AlignmentsLevel 4 (expert users only)SeqAPASS v7.0 
(Coming 2023)

≈Apis Non-Apis



Animation by: Miguel Moravec (EPA CSS) & Andrew Patterson

SeqAPASS 







Human Protein Target



Line of Evidence:
Primary amino acid sequence 

Conserved

Human Protein Target

Yes

Percent similarity



Human Protein Target

Line of Evidence:
Primary amino acid sequence 

Conserved

Yes



Human Protein Target

Line of Evidence:
Primary amino acid sequence 

Conserved

No



Common Ancestor

Proteins in different species that evolved from a common ancestor

Yes

Yes

Yes

Yes

Typically maintain similar function



Common Ancestor

No

No





Human Protein Target

Line of Evidence:
Primary amino acid sequence 

Conserved

Hundreds to Thousands of Species



Human Functional Domain(s)

Line of Evidence:
Domain

Conserved

YesYes



Human Functional Domain(s)

Line of Evidence:
Domain

Conserved

YesYes



Human Functional Domain(s)

Line of Evidence:
Domain

Conserved

NoNo



Human Functional Domain(s)

Line of Evidence:
Domain

Not Conserved

NoNo



Human Critical Amino Acids

Line of Evidence: Conserved



YesYesYes

Gather Lines of Evidence for Conservation of Protein Target: 
Susceptibility Prediction: Yes or No



SeqAPASS Predicts Likelihood of Similar 
Susceptibility based on Sequence 
Conservation:

yes
yes
yes
yes
yes
yes
yes
no
yes
no

yes

Line(s) of evidence indicate
• The protein is conserved
• The protein is NOT conserved 



SeqAPASS DOES NOT predict the degree of 
sensitivity/susceptibility:

Factors that make a species sensitive
• Exposure
• Dose 
• ADME
• Target receptor availability
• Life stage
• Life history
• etc.
• etc.



Strengths of SeqAPASS

• Publicly available to all
• Lines of evidence for conservation for 100s-1000s of 

species rapidly
• Takes advantage of well-established tools and databases 
• Streamlined, consistent, transparent, and published methods

• Case examples to demonstrate applications
• Guides users to appropriate input
• Evolves as bioinformatics approaches become more user 

friendly
• Smart automation or semi-automation



Application of SeqAPASSApplication of SeqAPASS



Applications of Bioinformatics: Case Studies
• Extrapolate adverse outcome pathway knowledge across species 

• Define the taxonomic relevance: Apis vs Non-Apis bees

• Extrapolate high throughput screening data 
• Chemicals that target human estrogen receptor alpha, androgen receptor, steroidogenic enzymes, 

thyroid axis proteins
• All ToxCast Assay targets

• Predict relative intrinsic susceptibility
• Pesticides
• Endangered Species Act
• Derivation of Aquatic Life Criteria

• Predict chemical bioaccumulation across species 
• Chemicals of concern: PFAS

• Generate research hypotheses Strobilurin fungicides

• Prioritization strategies Pharmaceuticals
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Environmental contaminants (e.g., PCBs, PBDEs, PFAS) can competitively bind to 
the thyroid hormone distribution protein transthyretin (TTR) in mammals and disrupt 
normal thyroid processes

Mammals 135 Y 129 6
Birds 79 Y 79 0
Fish 53 Y 49 4

Reptiles 23 Y 23 0
Amphibians 4 Y 3 1

Number 
N

Majority Similar 
Susceptibility?

Number 
Y

Taxonomic 
Group

Number of 
Species

• Most species are predicted similarly 
susceptible, except for 11 aquatic species

 Can we connect these predictions to empirical data?

 Is this interaction expected to occur in other species? 

1. Choose chemicals of interest known to act on TTR at the chosen residues
2. Query ECOTOX for Aquatic data by CAS number
3. Filter ECOTOX data to species groups of interest
4. Calculate average effect concentrations 
5. Statistically compare the mean effect concentrations of different taxonomic groups 

Strategy: Mine the ECOTOXicology Knowledgebase

Strategy: SeqAPASS Analysis

Coupling SeqAPASS with the ECOTOXicology Knowledgebase



Coupling SeqAPASS with the ECOTOXicology Knowledgebase
Data suggest potential differences in sensitivity between taxonomic groups, potentially due to biological pathway 
differences (including TTR).

• For all species assessed in SeqAPASS, a small number had corresponding ECOTOX data for the chemicals of interest 
• For species lacking apical data, SeqAPASS predictions of susceptibility add additional lines of evidence that related species

may behave similarly to those for which data are available

 Implications for Cross-Species Extrapolation





Coupling SeqAPASS with Systematic Literature Review
• Many high-throughput screening assays (e.g., ToxCast) rely on mammalian cell lines 

for determining bioactivity (e.g., androgen receptor agonism)
• However, the extent to which these results can be extrapolated across species and 

taxonomic groups remains unclear

Are HTS results reflective of those expected to occur in other species? 
Strategy: SeqAPASS Analysis

• SeqAPASS predicts vertebrate 
species are similarly susceptible 

• However, to build weight-of-evidence for cross-species 
conservation, empirical data is needed

Strategy: 
Systematic 
Literature Review 



Coupling SeqAPASS with Systematic Literature Review

 Implications for Cross-Species Extrapolation

• Conducted a large-scale systematic literature review of AR-
mediated in vitro and in vivo toxicity data

• Compiled and compared data across species

• Across all species, only 61 species had empirical support 
for conservation while SeqAPASS expanded the analysis to 
almost a ten-fold increase in species coverage





Combining in vitro and in silico New Approach Methods to investigate 
type 3 iodothyronine deiodinase chemical inhibition across species

Critical 
amino 
acids

SeqAPASS Evaluation

0.0001 0.001 0.01 0.1 1 10 100 1000

0

20

40

60

80

100

120

Xanthohumol

Concentration (μM)

%
 o

f C
on

tro
l A

ct
iv

ity

A240R
C168G
T169S
C239S

WT

Y257F
Y257A

In vitro assays

In silico molecular  
docking





Expanding taxonomic domain of applicability (tDOA) of 
AOPs

Protein in MIE or KE for 
species used to develop the 

AOP

Nicotinic 
acetylcholine 

receptor activation

Colony 
death/failure

How broadly can we 
extrapolate this AOP across 

bee species?



Expanding tDOA of AOP Using SeqAPASS

Empirical Evidence tDOA SeqAPASS Evidence for tDOA
Honey bee (Apis mellifera) 3-4 Apis species

13-14 non-Apis species

SeqAPASS evaluations → Structural lines of 
evidence to extrapolate MIE and early KEs 

across 17 bee species
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Begin Simple and Advance as the Science 
Advances

Consider structural conservation across species and move toward predicted binding affinities



Human 
Protein Structure

Ligand Y
Ligand Y

Ligand X

Ligand Z

1st

2nd

Advances in Drug Discovery/Development
(COVID-19 has led to advances)

Structure derived 
from X-ray 

crystallography Bioinformatics Toolbox:
Molecular modeling
Molecular docking
Virtual screening

Molecular dynamic simulations



Application to Species Extrapolation

Bioinformatics Toolbox:
Molecular modeling
Molecular docking
Virtual screening

Molecular dynamic simulations



Application to Species Extrapolation

Bioinformatics Toolbox:
Molecular modeling
Molecular docking
Virtual screening

Molecular dynamic simulations

Thousands/Millions/Billions 
of 

Chemicals



Predicting Binding Affinity

How to begin:



Expanding the SeqAPASS Pipeline: I-TASSER and TM-Align

Maxwell Botz
ORISE



Dog (Canis lupus familiaris) Chicken (Gallus gallus) African clawed frog (Xenopus laevis) 

Query Species:
Human 
Androgen receptor 
Ligand Binding Domain



What’s 
Cooking?!



Identification of potential 
SARS-CoV-2 intermediate 

host species using 
SeqAPASS

Sally Mayasich
US EPA -UW-Madison Cooperative 

training Agreement post-doctoral fellow 



SeqAPASS Level 3 Critical 
amino acid comparison

RFADTC
Q

RFADTSQ RFADTCQ RFADTCQ

Human    RFADTCQ
Pangolin  RFADTCQ 
Dog          RFADTSQ
Civet        RFADTCQ 
Mink RFADTCQ

Investigation of Interferon-I antiviral response protein 
sequence variation across species to predict non-human 

host susceptibility to SARS-CoV-2



CRADA(2) Project - Predictive toxicology to evaluate cross 
species differences in chemical susceptibility

Peter Schumann, MS 
(ORISE Research Fellow)



Enhancing Species Extrapolation with Combined Approaches

Genes-to-Pathways 
Species Conservation 
Analysis (G2P-SCAN)

Sequence Alignment to 
Predict Across Species 

Susceptibility (SeqAPASS)

Genes Pathways Proteins Species
Pathway 

Conservation



Target evaluation using G2P-SCAN

Pathways Proteins Protein FamiliesOrthologs Entities and 
Reactions

Pathways and Gene Counts

Pathway1 45 genes

Pathway2 23 genes

Pathway3 114 genes

Pathway4 12 genes

Pathway5 67 genes

Etc.

UniProt IDs & Counts

Prot1 2

Prot2 3

Prot3 1

Prot4 0

Prot5 1

Etc.

InterPro IDs & Counts

IPR1 2

IPR2 2

IPR3 1

IPR4 0

IPR5 0

Etc.

Entities, Reactions & Counts 

Pathway1 7 1
Pathway2 8 2
Pathway3 3 1
Pathway4 0 0
Pathway5 2 0

Etc.

Least Divergent Orthologs

Gene1 2 species

Gene2 3 species

Gene3 1 species

Gene4 0 species

Gene5 1 species

Etc.

Mouse
Rat

Zebrafish
Fly

Roundworm
Yeast
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Can molecular docking simulations help support 
predictions of cross-species susceptibility?

PDB ID: 2AMA

Investigating with use of the 
androgen receptor

Peter Schumann, MS 
(ORISE Research Fellow)



Exploring the use of these 
metrics for supporting 

species susceptibility calls
Test binding

Test binding

Test binding

Susceptible 
species

Species 1

Species 2

Species 3

• PLIF similarity

• Ligand RMSD

• Binding pocket similarity

• Binding affinities



1. Define the taxonomic domain of applicability
2. Define the global regulatory landscape/need
3. Develop a bioinformatics toolbox
4. Communicate a shared scientific vision

Government Industry

Academia NGO

Interested in Learning more or Joining: Contact LaLone.Carlie@epa.gov or Geoff.Hodges@unilever.com

Steering Committee:
Carlie LaLone (US EPA)
Geoff Hodges (Unilever)
Nil Basu (McGill U)
Steve Edwards (RTI)
Fiona Sewell (NC3Rs)
Michelle Embry (HESI)
Patience Browne (OECD)

mailto:LaLone.Carlie@epa.gov
mailto:Geoff.Hodges@unilever.com
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