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Per- and Polyfluoroalkyl Substances (PFASs)
are Everywhere




PFASs are Environmentally Persistent and
Have Toxic Health Effects

—— High certainty

---- Lower certainty

Increased cholesterol levels
Developmental effects
affecting the unborn child

gy - Breast cancer
Delayed mammary gland development, / @& _.---""7

Reduced response to vaccines Liver damage

Lower birth weight Kidney cancer

- Inflammatory bowel disease
(ulcerative colitis)
Increased miscarriage risk -
(i.e. pregnancy loss) Testicular cancer
Low sperm count and mobility +” .
N, ** Increased time to pregnancy

“.‘ Pregnancy induced
hypertension/pre-eclampsia
(increased blood pressure)
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Fenton et al. Environ Toxicol Chem. 2021.



Molecular Toxicology of PFASs is Characterized by
Differential Gene & Protein Expression

Per- and Polyfluoroalkyl CELL NUCLEUS
Substance Toxicity and
Human Health Review:
Current State of Knowledge ==z ¥

and Strategies for Informing
Future Research

(Fenton et al., ET&C 2021)
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/ Analogous Molecular Mechanisms
in Microorganisms Might Help with
PFAS Problem

Bioactivity profiling of per- and
polyfluoroalkyl substances
(PFAS) identifies potential
toxicity pathways related to
molecular structure (Houck et
al., Toxicol 2021)

Predicting Relative Protein
Affinity of Novel Per- and
Polyfluoroalkyl Substances
(PFASs) by An Efficient
Molecular Dynamics Approach
(Cheng and Ng., ES&T 2018)




Biotransformation of PFASs by Bacteria

Fast Generation of Perfluoroalkyl Microbial cleavage of C—F bonds in Desulfonation and defluorination of
Acids from Polyfluoroalkyl Amine two C6 per- and polyfluorinated 6:2 fluorotelomer sulfonic acid (6:2
Oxides in Aerobic Soils (Chen et al., compounds via reductive FTSA) by Rhodococcus jostii RHA1
ES&TL 2020) defluorination (Yu et al., ES&T, 2020) (Yang et al., JHM, 2022)
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Fungi are Strong Biotransformers!

Fungal enzymes such as extracellular ungal hypna
oxidoreductases and peroxidases may be
involved in the biodegradation of large -

organic molecules. aive :\(q )
:: oxidase d yoxic acl
Hz202

Mn peroxidase
o Hz0p8nd Mn 2+

H202
acH,  Lignin peroxldase
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Low molecular welght products

Field et al. TIBTECH.1993 6
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https://aulaticbio.blogspot.com/2017/05/seta-de-ostra-pleorotus-ostreatus.html
https://creativecommons.org/licenses/by-nc-sa/3.0/

Fungi Degrade a Variety of Organic Toxicants
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Synthetic Dyes; Mark Mascal. C&EN (2019)

Fungi have an edge in remediation:
extracellular enzymes
non-specific degradation
extensive surface area
require cheap nutrients

Munitions; ch.ic.ac.uk

Crude Oil; Fox News 7

Harms et al. Nat. Rev. Microbiol. 2011.
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Fungal Biotransformation of 6:2 FTOH

-k AT E . 3
il Blend and

- resuspend in

E fresh medium

chrysosporium
(PC) Grow spores in liquid medium
(~5-7 days w/ blending)

Expose to 3 mg/L
_ 6:2 FTOH for 28

days

Measure 6:2 FTOH, metabolites, qPCR i g
(LC/MS/MS & high-resolution mass spec)



Fungi Biotransform 6:2 FTOH

A — Transformation of 6:2 FTOH

2120 Key takeaways
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PFASs do not Inhibit Fungal Growth
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Key takeaways
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PFASs do not Inhibit Fungal Growth
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g et al. ES&T.2014

Merino et al. Remediation. 2018
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PFAS Biotransformation: A Black Box

?

Observed fungal
tolerance to PFASs

biotransformation

\\ Fungal-mediated PFAS
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PFAS Biotransformation: Identifying the Unknowns

Fungal genes and
proteins involved?

'\ Fungal-mediated PFAS
biotransformation

Observed fungal
tolerance to PFASs

» Y
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Tweak Recipe for Improved PFAS Biotransformation
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Key P. chrysosporium Genes Differentially
Expressed in Different Media

POR 6:2FTOH 6:2 FTUCA 5:3FTCA Pffda 6:2FTOH 6:2FTUCA 5:3FTCA
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Reported Phanerochaete chrysosporium protein

profiles

Hypothetical proteins
7.1%

Transport proteins

7.1%
Cellulases

Chitinases 16.6%

2.4%

Lipases
1.4%

Peptidases and Glycoside hydrolases
proteases 19.9%
19.9%

Lignin depolymerizing Hemicellulases
proteins 15.6%
10.0%

Key takeaways

Adav et al. 2019 16



Reported Phanerochaete chrysosporium

protein profile

a Molecular function

oxidoreductase activity
lyase activity

ion binding

hydrolase activity

transferase activity ( alkyl or aryl
groups)

mRNA binding

transferase activity (glycosyl groups)

Enrichment factor

b Biological process

generation of precursor metabolites
and cnergy

carbohydrate metabolic process
cellular amino acid metabolic process
small molecule metabolic process
catabolic process

cofactor metabolic process

sulfur compound metabolic process

Key takeaways

Enrichment factor

C
extracellular region
peroxisome
mitochondrion
cytosol
cilium
cytoplasm

cell wall

Cellular component

1 2 3 4 &) 6
Enrichment factor

Chen et al. 2019 17



6:2 FTOH biotransformation pathway in

P. chrysosporium
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Key takeaways
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6:2 FTOH biotransformation pathway in
P. chrysosporium

P. chrysosporium produces
less perfluorocarboxylates!

MORE 5:3 acid production!
32.2-43.1%

19
Tseng et al. ES&T. 2014



6:2 FTOH biotransformation pathway in
P. chrysosporium

* N Key takeaways

° ° Highest production of
5:3 acid (32 mol %)

30

mol % of initial 6:2
FTOH added on DO

15

P. chrysosporium
continues to 5:3 acid!

Bacteria Envi Samples

©6:2 FTUCA
©6:2FTCA
® 5:3 acid 20

Merino et al. Remediation. 2018



Proteomics Analysis after Fungal Exposure

to 6:2 FTS

Solid Media

Split into
experimental
flasks

—

Expose to
PFAS

DI Water

Agar Plugs

Sample preparation for Proteomics experiments

Six fungal isolates being characterized for PFAS biotransformation

Label Combine Fractionate, Data Analysis &

Sample 1 —} —> i [ U —} Clean-up, Quantitation
27N

/) TMTpro-126 Perform o

Treat Denat
S - realI ;n; o, — LC-MS/MS Discoverer Software
ample2 CZ=z====] Samples educe, T -
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\

Proteins Tryptic
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Sampe [§ Voo

v
V
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TMTpro-135N

Proteomics pipeline (ThermoFisher Scientific )

Live Fungi

Killed Fungi

(Biosorption | (REER ) Proteomics

Control) &

Raw Media

(Media Sorption | %

Control)

90

6:2 Fluorotelomer sulfonate

(6:2 FTS)
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Approximately 50% Extra- and Intracellular Fungal
Enzymes are Overexpressed upon Exposure to 6:2 FTS

Underexpressed
extracelullar
proteins
0.16%
Overexpressed
intracellular
Overexpressed proteins
extracellular 47.43%
proteins
52.34%
Underexpressed
HOverexpressed intracellular proteins intracellular
BUnderexpressed intracellular proteins proteins 22

0.07%



Percentage of Key Fungal Enzymes Overexpressed
in the presence of 6:2 FTS

[Transferases N, 5.47 % ]

Peptidases I 3.32%

Catalases 10.03%

Chitinases 10.07%

Hydrolases I 3.88%
Lyases M 0.28%

Lipases I 0.17%

[P450 enzymes [ 0.69% ]

Overexpressed Proteins

Extracellular Peroxidases I 0.28%
Extracellular Oxidoreductases GG 1.63%

0.00% 1.00% 2.00% 3.00% 4.00% 5.00% 6.00%
% Proteins Overexpressed
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Key Fungal Enzymes Associated with
Organic Pollutant Transformation

17‘ Organic pollutants |

‘ Extracellular oxidation |<— Intracellular initial attack

Laccase and peroxidase
reactions and hydroxyl
radical attack

resulting in, e.g.

« ether cleavage

« quinoid products

« hydroxylation Further catabolism Conjugate formation

= aromatic-ring fission

«CO,

« oxidative-coupling
products

¥ 1 \ Y

Formation of T ‘ Co,
bound residues
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Harms et al. Nat. Rev. Microbiol. 2011.
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Key Fungal Enzymes are Associated with
6:2 FTOH Degradation under Different Nutrient Conditions
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Merino et al. J Hazard Mater. 2023



Key Takeaways

Fungal proteomic profile is influenced by biogeochemical conditions as well as PFAS
exposure.

Approximately 50% of extra- and intracellular fungal proteins are overexpressed within 1
week of exposure to 6:2 FTS.

Key fungal enzyme groups potentially involved in PFAS biotransformation pathways
include (EC1) oxidoreductases, (EC2) transferases, (EC4) lyases, (EC3) hydrolases and
peptidases.

Both constitutive and inducible enzymes likely catalyze various steps of PFAS
biotransformation mediated by fungi.

Identification of specific nutrients required for enzyme induction will inform
biostimulation strategies to enhance fungal-mediated PFAS biotransformation for in situ
and ex situ treatment.
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