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Per- and polyfluoroalkyl substances (PFAS) are of concern
due to widespread production, environmental persistence,
and adverse ecological and health impacts (Lau et al., 2007)

Expert-based PFAS categories and standardized naming
terminologies are difficult for non-experts to apply and ill-
suited to describing the broad diversity of PFAS structures
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Build structure-based chemical features to fingerprint and categorize PFAS that:

capture aspects of PFAS chemistry potentially impacting reactivity, bioactivity, fate &
transport

are chemically intuitive and easy to use to profile/categorize new and existing PFAS chemicals
are reproducible and amenable to automation and cheminformatics application
are publicly available, visualizable, and accessible to chemists and non-chemists
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‘Approach: Building & Validating the PFAS ToxPrint Feature Set
Advantages of ToxPrints (coded in open CSRML)

Publicly available molecular

fingerprinting methods: * 729 structural features spanning diverse chemical space
MACCS e | [7 [Torprinss | * Chemically informative and intuitive names
- I Al o ﬁ % * Good coverage of functional groups, includes some PFAS substructures
)N\szy ’- CI/\)ku/ \r | * Canvisualize and export from publicly available Chemotyper
T jf - BUT, ToxPrints are missing many important PFAS concepts
Chemt: 1000001011011 10011001000111001001 10010101 110111001000000
Create CSRML-based TxP_PFAS set

File Edit Wiew

”CSRML: Chemical Subgraph & v PFAS Terminology paper - expert categories (Buck et al., 2011; Cousins et al., 2020)

Selection Find Packages Help

Reaction Mark-up Language v’ Collected structures related to toxicity & adverse outcomes
XML-based, cai create Hierarchical listing of v Searched literature for interesting byproducts and structures
featureszin public :Chemotyper v Incorporated OECD PFAS Global list categories & structures (Wang, 2018) as well
Can represent generic query features without as missing categories (Sha et al., 2019)
enur@.efé:t__i:pn':' unlike SMARTS) v" Incorporated/modified functional groups from public ToxPrint CSRML file (Yang et
Can s.pec‘_i_f.:y chain feagths, range of chain...... al., 2015)
lengths, & multiple fragment conditions in a v Created new PFAS CSRML features, validated in Chemotyper with structures from
single fea'gur § PFASSTRUCT and PFASOECD lists (https://comptox.epa.gov/dashboard/chemical lists)
Can be extendéd to include atom and bond v’ Added PFAS-defining features (i.e., bounded PFAS space of PFASSTRUCT) and

properties ceneric featiire< to cantiire broader catecorv concent<



New CSRML-based features to categorize and fingerprint PFAS structure lists o EPA
. . . A Y 4
for cheminformatics analysis and read-across

m + . b Fl.lrlztiol:ﬂ (:Bategmies T«P_PFAS_C1_alkane_chain_excl 71 || TxP_PFAS_C2 alkane_chain_excl 72 || T«P_PFAS _C3 alkane chain_excl 73 || TxP_PFAS_C4 alkane_chain plu 74
= Results: TxP_PFAS CSRML file | - : | T S
Treorirafas es u S O X - I e Fluorotelemer-type '\Cl'__ /é\’” “'T T
o . : TuP_PFAS_alkene | " £ h < o
PFAS Toxprint Categories TxP_PFAS ic_CF2_CF 1||TxP_PFas ic C2Fa 2 || TxP_PFaS ic_CF_chai 3 TxP_PFAS_alkene_ether -C I | '
L Structural Categories XF_| _gEneric_| . XF_| _JENErNC_ XF_ _QEenenc_l.r_cnal - ! — = l - / O FT t . b d' :
TP_PFAS_generic_CF2_CF F " Fu F n MetT’l‘P—PFAS—E'kY”E = uorote Omer( )' ype bonding
v Chains c C F =l
TeP_PFAS_generic_C2F4 (|: (|: (|: ¥ Nitroaen-Rased
TwP_PFAS_genenc_CF_chain P P o
o po-PrRSgenencCEchan T PO 138 Total TxP PFAS Features:
g Clusive - . . —
TP _PFAS C1_excl 7 PFAS domain-defining features _
TuP_PFAS_C2_excl T«P_PFAS_C4 {_xd 7||p_PFas_cCtoc8_exd || Tp_PFAS_C6_excl 10 > All PFASSTRUCT & PFASOECD structures contain = 1 TXP_P FAS
TwP_PFAS_C3_excl 1 F-i-; F_i_F
L
TxP_PFAS_C4 excl E=C=F - ) i .
_PFAS C4. | |
o prAS o s L L » All TXP_PFAS are represented in both inventories
—r— FeCe=f F=Cm=f
ToP_PFAS_C6toC8_excl T . s T«P_PFAS_nitro
TxP_PFAS_C9_plus F—(—F TxP_PFAS_nitroso
TP_PFAS_C12_plus 10 i Capped (perfluoro) & TiP_PFAS_urea : —
Perflucro Chain Length Exclusive Uncapp g P_PFAS_ i TxP_PFAS_amine_ 25 || T«P_PFAS _azo 26 || TeP_PFAS_carbox 27 || TxP_PFAS_nitrile 21
. B B TPRRS CB g wP_ _urethane i i
b ¥ wersced  yneapped perfluoro chains | |, o bt ey amidie
Q TxP_PFAS_aromatic_ring_generic_C2F2 F{—F e I Q ~ Carbonyl N €. _N. Os M &
TeP_PFAS O -t o= ! TNTTC £
= v C);rLonRi_ngge: e a e T*P_PFAS_acylhalide R
- FE TxP_PFAS_aldehyde . .
O TxP_PFAS_C4_plus_rings _f_ O - — 5 _
B0 v GenersiRings ;_E_E o0 TwP_PFAS_anhydride 0 NItrOgen bGSECI fU”CtIOﬂG/ grOU,DS
Q TeP_PFAS_04_plus_rings i Q TuP_PFAS_carbowylic_acid | Tup_PFAS nitro 92 || TuP_PFAS nitroso 93 | | TeP_PFAS_anhydr 92 || TxP_PFAS_carbox 29
4+ + BigcloRings TP _PFAS_C6_pocap_excl 23 -l(_—'ts TxP_PFAS_ketone ide ¢ ylic_acid
© TwP_PFAS_bicyclo_06--Q5_ring “i“ U T«P_PFAS_acrylate N,D N=N 0. .0 D“QC
O TxP_PFAS_bicyclo_Q6--06_ring o TxP_PFAS_alcohol_aliphatic 1l ke (|3 7
—_ TxP_PFAS_bicyclo_Q6-Q5_ring I = TuP_PFAS_ester o 0., o
E TxP_PFAS_bicyclo_Q6-06_ring L TxP_PFAS_ether 0 N / . . /
S TeP_PFAS_bicyclo_QBQ5_ring g v Phosphate-Based L Carbony -basedfunctlona groups _
+— TxP_PFAS _bicyclo Q808 ring = T«P_PFAS_organophaosphine | TsP_PFAS _acryla 101 || TxP_PFAS_alcoh 104 || T«P_PFAS_ester 107 || TxP_PFAS_ether 1082
Q v Polyfluore 4= TxP_PFAS_phosphate te ol_primary
. TwP_PFAS_C1_excl_doubl 40 AT Trlire =
S TxP_PFAS_polyF_generic . N g T«P_PFAS_phosphinic_acid #cO~c C CucOc c. ¢
b TxP_PFAS_polyF_cap_CF2H L TxP_PFAS_phosphonate i [|} i ~0”
N T«P_PFAS_polyF_cap_CFH2 - ) Silicon-Based 9] o
TxP_PFAS_polyF_chain_CCHFC L v o
- Sulfur-Based Phosphate-based functional groups
T«P_PFAS_polyF_chain_CF2CHFCF2 6 3
TiP_PFAS_EEI;F_Eh:::_CFCHZCF G £ J £
v Bonching TxP_PFAS_carbonyl thio | TxP_PFAS_dieth 109 || TxP_PFAS_phos 113 || TxP_PFAS_sulfini 122 || TxP_PFAS_sulfo 123
B et | YTy — TaP_PFAS_disulfide T o€ T =eEl ez
Chain Double TxP_PFAS_polyF_chain_C 54 || T«P_PFAS_polyF_chain_C 33 1 o 0 0 N
TxP_PFAS_C1_excl_double FJ_CHFCFJ_T CHFC TXP_PFAS_SLI-WDH}d /C D,,_H,O =g wg
TeP_PFAS_C1_plus_double L f F__C TxP_PFAS_thioester ¢ s 5 3
TxP_PFAS_C2_plus_double ¥ H,c’ H/<|3 TuP_PFAS_thioketone 0 .
TxP_PFAS_perF isopropyl | ¢ TiP_PFAS_inorganic_F 2 Sulfur-based functional groups
Chain Quads and Above E E E “ TxP_PFAS_other_halogens - ar ar ar .
Chain Triple " " ; 4 . TxP_PFAS_alkylxtertiary
PnlvE featiirec (narticallyy fliinrinaoted) e




_ ] : - ! R
New CSRML-based features to categorize and fingerprint PFAS structure list \"IEPA

for cheminformatics analysis and read-across

[ TXP_PFAS v1.11.4xml | + . .
Chemotype Sets ‘ Results: TXP—PFAS CSRML file \ Features defining the PFASSTRUCT space:

v F:,FA;I,TLT:E::TE:::QQS::: TXP_PFAS_generic_CF2_CF 1||TxP_PFAS_generic c2F4 2 || TxP_PFAS_generic_CF chai 3 must be present for chemical to be defined as PFAS
TP _PFAS_generic_CF2_CF F‘“c" * F‘“c”F "
Cha'll'r;;_PFAS_generic_CEN | | i 1 I” I g h g I th | C6 h . | th
TuP_PFAS_generic CF_chain - o excl” ....exclusive chain length (e.g., only chain length)
T erscied |l PFAS domain-defining features “plus” ....includes all higher chain lengths (e.g., C9 and above)
TeP_PFAS_C2_excl [t _pras_ca pxcl 7|[e_PFas cetoce exct  o][Te_PFAS C6 excl 10 “cap” ....terminal grou
TxP_PFAS_C3_excl il —tr P Y g P
ToP_PFAS_C4_excl I F:% F:% / “nocap”...open ended terminal group
syt e - e “polyF” ...incomplete fluorination (i.e., some C-H bonds)
TeP_PFAS_C9_plus Pt T i =
TeP_PFAS_C12_plus 10 i CGppEd (perfluoro) &
Perflucro Chain Length Exclusive Uncapp = =
v Rings s ed  yncapped perfluoro-chains “ 7’
ngP_PFAS_aromatic_ring_generic_C?_FE pp qip f ,]f PFASSTR UCT (81 50) Sample Ca tegory TO tals

TxP_PFAS_generic_CF_ring
w (Carbon Rings
TxP_PFAS_C4_plus_rings
* General Rings
TxP_PFAS_O4_plus_rings
* Bicyclo Rings
TxP_PFAS_bicyclo_Q6--Q5 ring

e 1886 perfluoro = C6 substances
» 974 >C8 perfluoro
» 474 fluorotelomer-type

Ty YTy
T

TxP_PFAS_C 6_{1 ocap_excl 23
==t
TxP_PFAS_bicyclo_06--06_ring ‘“;“‘
TP_PFAS_bicyclo_06-Q5 ring =
TxP_PFAS_bicyclo_06-06_ring ::T:

TxP_PFAS_bicyclo_0805_ring s
TxP_PFAS_bicyclo_Q6C6_ring 7
v Polyfluoro

T«P_PFAS_polyF_generic

» 95 sulfonyl-containing (acid, ester, sulfonamide)

e 421 uncapped perfluoro > C6 substances

TxP_PFAS C1 I_doubl 40 || TxP_PFAS (2 doubl 42
: . < _’e:ﬁc_ ou Ex A e _ﬂJus_ ou

Structural Categories

TeP_PFAS_polyF_cap_CF2H i - . y .

] ~ Y * 338 perfluororings > C6

TiP_PFAS_polyF_chain_CF2CHFCF2 P F NCI/ F

TuP_PFAS_polyF_chain_CFCH2CF . 1 e 1862 branched perfluoro (Cl-CZ)
*~ Branching Bf'anChIng

% Chain Double TxP_PFAS_polyF_cap_CF 33 || TxP_PFAS_polyF_chain_C 54 || TxP_PFAS_polyF_chain_C 55

» 269 branched + perfluoro > C6 substances

TxP_PFAS_C1_excl_double H2 F2CHFCF2 II: CHFC

TxP_PFAS_C1_plus_double H H C F C

X Us_double \c/ F/ \ /F )C/ . . . . .

e L i g TxP_PFAS features alone or in combinations provide flexible means
Chain Quads and Above F/c"»,; . O _ 0noO

ain Triple " " - or constructing structure-based PFAS category definitions.
Sy PnlvE featiirec (narticallyy fliinrinaoted) f g gory f



New CSRML-based features to categorize and fingerprint PFAS structure lists

for cheminformatics analysis and read-across

‘ Application: TxP_PFAS vs. Name-based categorization \ )

TxP_PFA5_C2_alkane_chain_excl 72 || TxP_PFAS_C3_alkane_chain_excl 73 || TxP_PFAS_C4_alkane_chain_plu 74

Fluorotelomers (FTs) that
contain PFOA precursors
can be metabolized into,

TxP_PFAS_C1_alkane_chain_excl 71

| _n
c—
/
<k

H
'\C’{
|
! |
P C
F F N

25

H

H 5 F

P
—C

C

1

T

F

Fluorotelomer (FT)ﬂ—type bonding

Do fluorotelomer-type TxP_PFAS features identify
expert-assigned fluorotelomer-named compounds?

PFASSTRUC

8150
structures

122 FT
names

and degrade to, PFOA

PFOA is also formed as
byproduct in production of
FTs, and is found in goods
treated with
fluorotelomers, including —
food contact substances. [-ff B ™

TxP_PFAS_C1_alkane_chain_excl 951 10 1957 /8150 PFASSTRUCT 9% @arian
TxP_PFAS_C2 alkane_chain_excl 725 96 contain FT-type TxP “flucrotelomer
TxP_PFAS C3 alkane_chain_excl 90 5 (115 /122 match FT name) in name
TxP_PFAS C4 alkane_chain_plus 191 4

Structure contains Fluorotelomer-type TxP 1957 115

» Name-based FT category is PFAS domain-specific, requires chemical expertise,
and FT names are not consistently applied nor universally understood

» TxP_PFAS FT-type features support a clear, reproducible, easy to apply,
structure-based cateagorv representation
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|App|ication: PFAS Inventory Profiling & EPA_147 PFAS screening \

EPA 147 is set of 147 PFAS chemicals undergoing Tier 1 screening within EPA’s ToxCast program
» Subset of 34 TxP_PFAS were used to categorize EPA’s inventory for chemical selection,
read-across and assay data analysis (Patlewicz et al., 2019)
» 88 total TxP_PFAS represented in 147 set

Compare EPA 147 testing inventory to OECD
and PFASSTRUC lists scaled to size of OECD list

2500
W EPA_147 scaled to OECD (OECD overlap removed from PFASSTRUC)
2 o0 ™ OECD
3 H . .
3 W Diff PFASSTRUC scaled to OECD EPA_147 provides good representation
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Summary Future Plans

TxP_PFAS CSRML.: « Make TxP_PFAS CSRML file publicly available on the
ToxPrint website, https://toxprint.org/ and TxP_PFAS
fingerprint file for PFASSTRUCT on https://figshare.com/

» Apply TXP_PFAS to modeling and read-across of assay data
to identify features associated with bioactivity

« Establish TxP_PFAS feature correspondence with widely
used PFAS category concepts (alone or in combination with
other features)

 Add new TxP_PFAS features/properties as needed to
capture evolving understanding of PFAS category patterns in
relation to bioactivity and environmental fate & transport

» Captures chemically relevant features characterizing
known, structurally diverse PFAS inventory

« Enables consistent, reproducible, structure-based
profiling and grouping of PFAS chemicals

« Can be imported into public Chemotyper
(https://chemotyper.org ) to visualize and group
PFAS structures with features

* Will enable standardized exchange of PFAS
information based on structure
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