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How Can We Form a Greater Understanding of
this Broad Chemical Category?

| |

Perfluoroalkyl Substances Polyfluoroalkyl Substances
| |

Perfluoroalkyl acids (PFAAsS) Fluorotelomer-based substances Fluoropolymers

Perfluoroalkans Perflucropolyethers (PFPE)

Perflucroalkyl carboxylic acids/ sulfonamido substances

Parflucroalkyl carboxylates (FFCAS)

Side-chain fluorinated polymears

Perfluoroalkane sulfonic acidss Polyliucroalkyl ether carboxylic acids

Perfluoroalkane sulfonates (FFSAS)

Perflucroalkane sulfonamides (FASAs)




Why Categories?

* “Use Categories” could show how these effect
the environment etc (surfactants)

* Specific groupings of structures seem to
exhibit specific adverse effects C6-C8 chains
for instance in literature

* The presence of certain functional groups
sulfonyls and phosphates as well also effect
adverse outcomes

* We can build categories for the breadth of
byproducts, breakdown products,
alternatives, and scaffold structures
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Previous Attempts at Categorization

Integrated Environmental Assessment and Management — Volume 7, Number 4—pp. 513-541
@ 2011 SETAC 513

Perfluoroalkyl and Polyfluoroalkyl Substances in the
Environment: Terminology, Classification, and Origins
Robert C Buck,  James Franklin, *1 Urs Berger, § Jason M Conder, || lan T Cousins, § Pim de Voogt, #

Environmental (.

Science
Processes & Impacts

CHEMISTRY

| M) check for updates Exploring open cheminformatics approaches for

; * I categorizing per- and polyfluoroalkyl substances

% ;:3' Impacts, 2019, 21, 1835 (PFASs)T

:: ;é Bo Sha U+ Emma L_Schymanski {0 +** Christoph Ruttkies < lan T Cousins

:: E Vol. 127, No. 1 | Brief Communication

£ A Chemical Category-Based Prioritization Approach for Selecting 75

L Per- and Polyfluoroalkyl Substances (PFAS) for Tiered Toxicity and

= ¢ Toxicokinetic Testing
Grace Patlewicz =, Ann M. Richard, Antony J. Williams, Christopher M. Grulke, Reeder Sams, Jason Lambert, Pamela D. Noyes, Michael ). DeVito,
Ronald M. Hines, Mark Strynar, Annette Guiseppi-Elie, and Russell 5. Thomas




What Do We Need From Categories?

e Structure-Based

» Useful categories that reflect:
* Adverse outcomes
 Environmental outcomes
* Byproducts
e Others

* Reproducible
* Easy to use

 Enables Automation &
Cheminformatics application



Molecular Fingerprints

Toxprints
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Toxprints

e 729 fragments
PFAS substructures
e Good functional groups

e Some scaffolds

bond:CX_halide_alkyl-F_perflucro_butyl 147

bond:Cx_halide_alkyl-F_perflucro_ethyl 142

bond:CX_halide_alkyl-F_perflucro_hexyl 145

bond:Cx_halide_alkyl-F_perflucro_octyl 150
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WHAT PFAS
CONCEPTS ARE
MISSING?

* FLUORINATED RINGS

* BRANCHING

 MULTIPLE R GROUPS

* POLYFLUORINATION NOT
CAPTURED WELL

e ALTERNATIVE
HALOGENATION

 MANY FUNCTIONAL
GROUPS

* SPECIFIC CHAIN
LENGTHS

Table 5 Selected cases outside the current scope of splitPFAS.

CAS RN Example structure Explanation

Branched or cyclic perfluoroalkyl chains

This structure contains a branched perfluoroallyl chain with two
terminal ¢ oups. To capture these, the default “pacs™ SMARTS
may need adjusting in future studies. It is likely that results for
scenarios (iii) o (v) would be similar to those already observed

99324-96-6 Oth
cxamples: 287TEE-68-3

Polyfluorsalkyl (not perfluorcalkyl) chain

The default “pacs” SMARTS in splitPFAS currently sear

or C-F bonds, thus any structures with a non-C or F atom in the

tluoroalkyl chain will not fulfil the pattern, like here where the

| patte is H-[C F..)-X-R, where here X = C[=0). Other members

| i followed e.g }-X-R pattern. These can be captured by
I F

/ | B 5" option
|
—

-
[
/

76211

A

The functional group R is F only

These substances likewise failed the SMARTS pattern encoded into

. - \ § splitPFAS, which currently excludes compounds with a generic
= o o . - o '] 34 a
— formula CF,,..,-X-F. This could be addressed by adjusting the
“pacs” option as well in future studies
b
L]

Multiple R groups

H.N \< y J_L These examples were outside the scope defined for this article,
355-66-8 ‘n.,n,/ e \)< f

- examples of the form R, -X-|C }-X-R, are split correctly, but result
FAS chain results, which we did not consider further here

in two I

Multiple X Groups

,J J.\ \\/ ! For compounds in the form of (C,Fy,, [X-R-X[C,yF 2y ), the main
73980-71-9 . ) = — issue is how to define C-X-R. There are built-in options to try various
= | - P
/\ /;(\ splitPFAS options in future studies




Time to Build Something New
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A B C D
Condition | Primary Level Secondary Level Tertiary Level
TxP_PFAS acrylate
bond:C{=0)0_carboxylicEster_alkenyl

AND  bond:C{=0)0_carboxylicEster_acyclic

AMD  chain:alkenelinear_mono-ene_ethylene generic

AMD  bond:C=0_carbonyl generic

TxP PFAS alcohol
AMD  bond:COH_alcohol_aliphatic_generic
AND bond:COH alcohol generic il
TxP PFAS alcohol primary
AND bond:COH_alcohol_pri-alkyl
TxP_PFAS alcohol primary FT diol
AND bond:COH_alcohol_sec-alkyl
TxP_PFAS alcohol primary FTn1
AMND bond:C{~Z}~C~Q_a-haloalcohol
TxP_PFAS alcohol primary FTn2
AMND chain:alkanelinear_propyl C3
AMND chain:alkanelinear_ethyl C2(H gt 1)
TxP_PFAS alcohol polyF
AMND bond:C{~Z}~C~Q_a-haloalcohol
MNOT bond:COH_alcohol_pri-alkyl
TxP_PFAS alcohol sulfonylamide
AND bond:5(=0)N_sulfonylamide
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<classes id="ttc"»=

® 1885 <subgraph id="TXP-980-0000-0000-0000-0000" >
NEW_TXP_PFAS.mil 4 toxprint_ V2.0 r711.xml x PFAS_TXP_v1xml
o

<?xml version='1.0" encoding="utf-8'?>

<csrml xmlns="http://www.molecular-networks.com/schema/csrml™ id="TxP PFAS Categories" csrmlversion="2">
<title>
, ToxPrint PFAS/PFOA Categories Version 1.0
Chemical Subgraphs and (/title>
Reactions Markup Language <description>

(CSRML) $Id: PFAS Categories.xml Lougee $

$Author: Lougee $

</description>
XML based language

<classes id="TxP_PFAS_Categories">=

Supports connectivity and

<subgraph id="TxP_PFAS acrylate">

topology but also properties e

of atoms, bonds, electronic (EitleyTXp, PEAS acrylatec/titles
Systems <comment>TXP_PFAS acrylate</comment>

<molecule id="m188">
<matchIf feature="substructuremMatch"/>

0
Reacti TXP_PFAS_acrylate AT

<atom element="Cc" x="1.7411" y="©.9999" id="a1"/>
Freew <atom element="0" x="2.6203" y="1.4998" id="a2"/>
<atom element="0" x="1.7411" y="@.8" id="a3"/>
<atom element="C" x="3.4823" y="0.9999" id="aa"/>
<atom element="C" x="0.8792" y="1.4998" id="a5"/>
<atom element="C" x="©.0" y="0.9999" id="a6"/>
</atoms>
<bonds>
<bond order="single" id="b1">»
<atom id="a1"/>
<atom id="a2"/>
</bond>
<bond order="double” id="

pmdn 2 AW _ AW [,




INTERESTING
THINGS ABOUT

CSRML.:

* HIERARCHY

* MULTIPLE DISTINCT
SUB-STRUCTURES

* INTERESTING ATOM AND

BOND TYPES
Ex: Ring & Chain Atom

* CUSTOMIZABLE ATOM AND
BOND TYPES

* SPECIFIC CHAIN LENGTHS

RANGES OF CHAIN LENGTHS

DTXCID701033479

3

14

PFAS_TXP vlxml ~ [+

Chemotype Sets
A T«P_PFAS_Categories

TxP_PFAS_COOR
THP_PFAS_acrylate
TxP_PFAS_acylhalide
TxP_PFAS _alcohol
T«P_PFAS_alcohol_polyF
b TxP_PFAS_alcohel_primary
TxP_PFAS_alcohel_primary_FT_d...
TxP_PFAS_alcohel_primary_FTn1
TxP_PFAS_alcohol_primary_FTn2
TxP_PFAS_alcohol_sulfonylamide
TxP_PFAS_aldehydeanhydride
TxP_PFAS_alkylXprimary
TxP_PFAS_alkylXtertianyxCO
TxP_PFAS_amine
TxP_PFAS_amine_ether
TxP_PFAS_amine_primary
TxP_PFAS_carboxamide
TxP_PFAS_ether
TxP_PFAS_ethylene xCO
TXP_PFAS_ketone
TxP_PFAS_oxidehydroxy
TxP_PFAS_perFhexyl
TxP_PFAS_perFoctyl
TxP_PFAS silane
TxP_PFAS_sulfonyl
b TxP_PFAS sulfonamide
TxP_PFAS sulfonamide_alcohol
b TxP_PFAS sulfonate
TxP_PFAS sulfonate_ FTn2
TxP_PFAS_sulfonylhalide




How These Were Built:
Structure Aggregation

* Searching Through literature to find interesting byproducts and
structures

* Structures related to Adverse Outcomes
* Buck et al expert categories

* OECD category structures

* Missing OECD categories

* Once these were built I could filter out functional groups and structural
groups and see what may still be missing

* Finally, generalized groups were added to capture broader categories



HOW Were These BUilt: File Edit Wiew Selection Find Packages Help

THP_PRAS w1.6.cml

Programming Process

* Syntax similar to XML

pras ist2sdt |+ The specified XML file is not a valid CSRML file: & 0@ x
. Loaded into an IDE PICDAEE ChlUszers\Administrator,OneDrive\Profile\ Desktop\ TXP_PFAS v1.6xml | | I
* Looked for similar structure to what I was ) : :
R Ok Hide Details... |
interested in '
Q Examined code | | Error at file "C:
o =1 || WUeershAdministrator,OneDrive’\ProfilelDesktop\ TXP_PFAS_v1.6ml", line I
* Repurposed it - 31976, column 41 | =
s Message: no character data is allowed by content model
 Tested it in the Chemotyper —— ? Y
+ Resolved loading errors i O [P, : e
DTXCID701033479 14| DTXCIDS0113437 15 Iﬁ,ﬁ:ﬁiﬁif,;j::; .
. TwP_PFAS_Q9_ing ? : H
£ o \ o TB.lc‘ydu Rings
; , X LG T s
*  Once structures loaded correctly, checked y ;Ep,pmsj‘f_m :
T B i E e
against dataset of PFAS to see that they L : : 8 wopracnie :
7 TXP_PFAS phosphate
. . TXP_PFAS suffonyl
correctly captured intended chemical concept, .
p=———]—% N / C
and chemotype looked correct I ‘i‘
* Eventually, understood CSRML well enough to ! v B i

K&« €[12/147| > » » 3
construct new concepts e

K & « <[59/68> » w3

* Lastly, encoded the hierarchy



Some Things I Like

Welcome

Browse

Welcome

Browse

7

Welcome

Browse

PFAS_test2.sdf ~ |+

& 0@ e x

DTXCID2027583 7| DTXCIDZ039041 9 || DTXCID4035251 12
o]
P )
o
F F F F "
| | | | T
F I F—t1+—F
| 1 1 | —t—
P B ® E
F—t+—F
F—f—F
F—f—H s=k=2
F F
6 ] B
DTXCID20330876 19 || DTXCID20897070 0 || DTXCID9027578 22
F F
%\ 1 /
F
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F—tf—F
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F—t—F R—i—F —l
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Y\?
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i 10 2
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TXP_PFAS v1.6aml ~ |+

Chemotype Sets

-
& 0@

“ (W] Perfluoro Chain Length Exclusive

v (=]

OO0O0O00000000rROOO

-
m

OO0O0O0O00O000rOOd

TxP_PFAS_C4_excl

rfluore Chain Length Exclusive Un...

TxP_PFAS_C4_nocap_excl

W

TwP_PFAS_C4_excl
F—(—*
F—C—F
F-T—F
F—?—F
17 b

TxP_PFA5_C4_npcap_excl
Fmim2
F—C—F
F—T—F

F—?—F

K & € €272 > 3 3 )

Filter Structures by ID |t}-’pE 1D Filter Pattern

Filter Chemotypes by ID |t;.-'pE |0 Filter Pattern

Filter Chemotypes

Mo Filter

Filter Structures

Centaining Any Selected Chemotype (OR)

Structures Loaded: 147 Total Coverage: 147 Selected: 0 Matched: 26 1D: NAME

Chemotypes Loaded: 143 Total Coverage: 86 Selected: 2 (110 hidden) |D: Auto




How to use these now?

PFAS test2sdf ~ |+ & @7 @@ X |[TXPPFASVIExmI v |+ g JOa@ x

™ ]

DTXCID9039369 43 | [ DTXCID3040067 49 50| | DTXCID6034390 51 Chemotype Sets TxP_PFAS_generic_CF2_ 2 || TxP_PFAS_generic CF ¢ 3
H b PFAS Toxprint Categories CF hain
H A TxP_PFAS_generic_CF2_CF
v [ T«P_PFAS_generic_CF_chain |
- TuP_PFAS_generic_C2F4
Perflucro Chain Length Exclusive
Perfluoro Chain Length Exclusive U...  [136 144
F hd T«P_PFAS_generic_CF_ring
F 1 F Bicyclo Rings T«P_PFAS_generic_CF_n 4 || TxP_PFAS_C1_excl 5
: Carbon Rings na F
54 || DTXCIDO0126880 55 Flugrinated Carbon Rings F |
General Rings I F—C—=
TxP_PFAS_polyF_generic
i Branching
Chain Double 7 32
E:::: _?ri“;lzs and Above T«P_PFAS_C2_excl 6| [Txp_PFAS_C3_excl 7
Functionalization Categories I
Carbon Bonds
5 Flugrotelomer-type
TxP_PFAS_alkene
TxP_PFAS_alkene_ether
. TXP_PFAS_alkyne 9 20
F——F MNitrogen-Based Functionalization TuP_PFAS_C4 excl s |[Txp_PFaS C5 excl g
Oxygen-Based Functiconalization i P—fof
E=—F Phosphate-Based Functionalization F_T_ S -
A Silicon-Based Functionalization F_T_F Tl
o o Sulfur-Based Functionalization F—C—F f
H+H R e F_T_F F§F
H T«P_PFAS_other_halogens 17 E 4 F_E_F
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Filter Structures by 1D |t';-'pE ID Filter Pattern Fitter Chemotypes by ID |t';.-'pe ID Filter Pattern

Filter Chemotypes Mo Fitter i Filter Structures Mo Filter -

Structures Loaded: 147 Total Coverage: 147 Selected: 0 1D: NAME Chemotypes Loaded: 143 Total Coverage: 86 Selected: 143 ID: Auto




How to use these now?

Register | Login

W Eventually here: https://toxprint.org/#ToxPrintChemotypes

ik

Backlogs TDKPrIﬂt Chemﬂt}’pBS
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The ChemaTyper organizes the current version ToxPrint chemotypes into three functional areas:

1. Generic Structural Fragments
epage 2 Structural Rules and Alerts
3. Category Classifiers

Generic Structural Fragments

Generic structural fragments are organized by atom, bond, chain, ring types as well as chemical groups including amino acids, carbohydrates, ligands, and nuclecbases based on 729 essential

chemotypes of the current ToxPrint_v2.0_r1520.xml (whatever the file name). These chemotypes can be generated as chemical fingerprints, either in binary (0/1) or counts data. They can be
used to calculate similarity measures or structural feature descriptors for building models. (Yang 2015)

Structural Rules and Alerts

These can be developed using ToxPrint chemotypes as building blocks. The chemotypes defined in the ToxPrint set can be further refined or coded with properties (atom, bond, molecular, or
physicochemical) to constrain the matches in order to enhance the signal-to-noise rafio of ToxPrint chemotypes when profiling the biological observations. To this end, we are developing
ChemoType Editor to empower the users with the ability to fluently manipulate the CSRML query definitions graphically in a molecular editor. Please contact MN-AM if you are interested.

» Ashby-Tennant Genotoxic Carcinogen Aleris
+ DNAbinders

« Protein binders Lougee.Ryan@epa.gov

General Liver Alerts


https://toxprint.org/#ToxPrintChemotypes

OECD PFAS PROFILE

TxP_PFAS C13 nocap_excl
TxP_PFAS C12 nocap_excl
TxP_PFAS C11 nocap_excl
TxP_PFAS C10_nocap_excl
TxP_PFAS C9 nocap_excl
TxP_PFAS C8 nocap_excl
TxP_PFAS C7 nocap_excl
TxP_PFAS C6 nocap_excl
TxP_PFAS_C5 nocap_excl
TxP_PFAS C4 nocap_excl
TxP_PFAS C3 nocap_excl
TxP_PFAS C2 nocap_excl
TxP_PFAS C1 nocap_excl
TxP_PFAS_C15 plus
TxP_PFAS C14 excl
TxP_PFAS C13 excl
TxP_PFAS C12 excl
TxP_PFAS C11 excl
TxP_PFAS_C10_excl
TxP_PFAS_C9 excl
TxP_PFAS_C8 excl
TxP_PFAS_C7 excl
TxP_PFAS_C6_excl
TxP_PFAS_C5 excl
TxP_PFAS_C4 excl
TxP_PFAS_C3 excl
TxP_PFAS_C2 excl

o

200

300

400

TxP_PFAS_alternative_halogen_|
TxP_PFAS_alternative_halogen_ Br
TxP_PFAS_alternative halogen Cl

TxP_PFAS_alternative_halogens
TxP_PFAS inorganic_ F_P
TxP_PFAS inorganic F S

TxP_PFAS inorganic_F

0 200 400

600

800

1000

TxP_PFAS_C11 ring_fluorinated
TxP_PFAS_C10 ring_fluorinated
TxP_PFAS_C9 ring_fluorinated
TxP_PFAS_C8 ring_fluorinated
TxP_PFAS_C7_ring_fluorinated
TxP_PFAS_C6_ring_fluorinated
TxP_PFAS_C5 ring_fluorinated
TxP_PFAS_C4 ring_fluorinated

500

60

TxP_PFAS_C11 ring
TxP_PFAS_C10 ring
TxP_PFAS (9 ring
TxP_PFAS C8 ring
TxP_PFAS _C7 ring
TxP_PFAS _C6 ring
TxP_PFAS _C5 ring
TxP_PFAS C4 ring

o

80

100

120

140

TXP_PFAS_alkyne
TxP_PFAS alkene_ether
TxP_PFAS alkene
TxP_PFAS_sulfonic_acid
TxP_PFAS sulfide
TxP_PFAS_disulfide
TxP_PFAS_sulfonylhalide
TxP_PFAS_sulfonate
TxP_PFAS_sulfonamide
TxP_PFAS_sulfonylamide
TXP_PFAS_sulfonyl_v2
TxP_PFAS_sulfonyl
TXP_PFAS_urethane
TxP_PFAS_urea
TxP_PFAS_nitroso
TxP_PFAS_azo
TxP_PFAS_imino
TxP_PFAS nitrile
TxP_PFAS_nitro
TxP_PFAS_amine_quaternary
TxP_PFAS amine_tertiary
TxP_PFAS_amine_secondary
TxP_PFAS_amine_primary
TxP_PFAS_amine
TxP_PFAS_dial
TxP_PFAS_alcohol
TxP_PFAS_oxidehydroxy
TxP_PFAS_acylhalide
TxP_PFAS_aldehyde
TXP_PFAS_ketone
TXP_PFAS_acrylate
TxP_PFAS_ester
TxP_PFAS_carboxylic_acid
TXP_PFAS_epoxide
TxP_PFAS_ether
TxP_PFAS carboxamide
TxP_PFAS_carbonyl_thio
TxP_PFAS_carboxamidine

o

100
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