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ABSTRACT: Perfluoroalkyl and polyfluoroalkyl substances (PFAS) make up a acyl-CoA

f anthropogenic chemicals with a myriad of applications. However, some synthetase (ACS)
group of anthropog vz pp )
PFAS have been shown to negatively impact human health and the environment,  F 2 + CoA == k 2 CoA
leading to increased regulation, with some countries making efforts to phase out Fg =~~~ O 0 FFP ™ S
their use. PFAS fate in the environment is driven by physical, chemical, and 1:4 FTCA 1:4 FTCA-CoA
biological processes, with microbial communities in matrices such as soil and F 0
sewage sludge being known to generate a range of low-molecular-weight PFAS s Ao * CoA = ¢ s~ Mg CoA
metabolites. Proposed metabolic intermediates for both mixed and pure microbial F F
cultures include fluorinated carboxylates that may be activated by CoA prior to f5- 23 FTUA 2:3 FTUA-CoA
oxidation and defluorination, although thus far, no PFAS-CoA adducts have been ’f 9 + COA = F R ? CoA
reported. Herein, we expressed and purified acyl-CoA synthetase (ACS) from the F’EF (g o R - F FEE S
soil bacterium Gordonia sp. strain NB4-1Y and performed an analysis of substrate 23 FTCA 2:3 FTCA-CoA

scope and enzyme kinetics using fluorinated and nonfluorinated carboxylates. We

determined that ACS was able to catalyze the formation of CoA adducts of 3,3,3-trifluoropropionic acid, $,5,5-trifluoropentanoic
acid, 4,5,5-trifluoropent-4-enoic acid, and 4,4,5,5,5-pentafluoropentanoic acid. Kinetic analysis revealed a 90—98% decrease in k.,
between nonfluorinated carboxylates and their fluorinated analogues. This provides evidence to validate proposed enzymatic
pathways for microbial PFAS metabolism that proceed via an activation step involving the formation of CoA adducts.

B INTRODUCTION
Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are a

Gordonia were found in abundance in the soil,"? suggesting
that this organism might be able to metabolize the PFAS there.
Indeed, while not from this site, the aerobic soil bacterium,

group of xenobiotics that are of concern due to their toxicity to
humans and animals.' > PFAS are widespread, persistent
pollutants due to their resistance to degradation and
participation in long-range environmental transport.“_7 PFAS
have made headlines as the level of these chemicals found in
drinking water around the world has been determined to be
higher than projected.” Between 0.4 and 1 million people in
the United States are served drinking water contaminated with
PFAS in excess of the Environmental Protection Agency’s
drinking water health advisory of 70 ng/L.” Some studies have
suggested that this level is too high, and the safe limit should
be as low as 1 ng/L, which would impact 50—80% of the US
population."’

One major use of PFAS has been in aqueous film-forming
foams (AFFFs), used primarily to combat hydrocarbon fuel
fires at airports and on ships.'' Some AFFFs contain high
levels of 6:2 fluorotelomer sulfonamidoalkyl betaine (6:2
FTAB) and 6:2 fluorotelomer sulfonate (6:2 FTSA),
compounds that have been detected in soil and groundwater
at firefighting training centers.'”
firefighting training center in western Canada where AFFF
was routinely used, it was found that bacteria from the genus

At a decommissioned
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Gordonia sp. strain NB4-1Y, was observed to utilize 6:2 FTAB
and 6:2 FTSA as sources of sulfur for growth, generating 16
observable metabolites over a 7-day incubation.'*'> Metabo-
lites included a series of saturated (FTCA) and unsaturated
(FTUA) fluorotelomer carboxylate intermediates. Intermedi-
ates such as 5:3 FTCA, perfluorobutanoic acid, perfluor-
opentanoic acid, perfluorohexanoic acid, and perfluorohepta-
noic acid have also been observed in other pure bacterial
cultures, enrichment cultures, at contaminated sites, and in
sewage treatment plants.lé_18

Nonfluorinated acyl-carboxylates can be metabolized by
both eukaryotic and prokaryotic organisms via a f-oxidation
pathway. This pathway is made up of an activation step where
an acyl-CoA adduct is formed followed by four main steps.'’
First, acyl-CoA undergoes dehydrogenation catalyzed by acyl-
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CoA-dehydrogenase to yield trans-A*-enoyl-CoA. Then, there
is hydration of the double bond via enoyl-CoA hydratase to
form L-f-hydroxyacyl CoA. The third step is oxidation
catalyzed by 3-hydroxyacyl-CoA dehydrogenase resulting in
P-ketoacyl CoA. Finally, there is thiolysis by f-ketothiolase to
produce an acyl-CoA shortened by two carbon atoms and
acetyl-CoA. It has been proposed that fluorinated acyl-
carboxylates such as 8:2 FTCA, 6:2 FTCA, and 8:2 FTUA
may be metabolized via this process in microbial
cultures.”>?%*! However, there is some debate over whether
these PFAS can be metabolized via this f-oxidation pathway
due to an absence of hydrogens on the pS-carbon.”””’ In
addition, to date, identification of PFAS-CoA adducts in
microbial cultures has yet to have been reported, and the
formation of acyl-CoA adducts is required prior to any f-
oxidation pathway.”*

A study by Che et al. (2021) found that microbial
communities in activated sludge could metabolize short
chain PFAS such as 3,3,3-trifluoropropionic acid (1:2
FTCA), 4,5,5-trifluoropent-4-enoic acid (2:3 FTUA), and
5,5,5-trifluoropentanoic acid (1:4 FTCA) and proposed the
formation of a CoA adduct as the first step in metabolism.”
While transcriptomic analysis with these substrates has not
been performed on Gordonia sp. strain NB4-1Y, it is plausible
that the bacterium may contain metabolic pathways similar to
those found in the activated sludge studied by Che et al.
(2021).

In prokaryotes, the biosynthesis of CoA adducts of short-
chain fatty acids is catalyzed (Figure 1) by acyl-CoA

acyl-CoA synthetase (ACS)

o) O
R, + Coa+ AP —— R Con + AwP+ PP,

Carboxylate Acyl-CoA

Figure 1. Scheme showing the reaction catalyzed by acyl-CoA
synthetase.

synthetases (also referred to as acyl-CoA ligase).”® Acyl-CoA
synthetase, alongside nonribosomal peptide synthetase adeny-
lation domains, and luciferases (ANL) make up a superfamily
of adenylating enzymes.”” Proteins in the ANL superfamily
have some structural similarity, with 10 conserved binding
motifs (A1—A10), but differ in their catalytic mechanism.”
Acyl-CoA synthetase proceeds via a two-step ping-pong
mechanism.” The first step involves adenosine triphosphate
(ATP) binding, resulting in the formation of an acyl-adenylate
enzyme bound intermediate, while the second step releases
acyl-CoA and adenosine monophosphate (AMP). In eukary-
otic organisms there are commonly multiple acyl-CoA
synthetases that are specific to the activation of either short-
chain (EC 6.2.1.1), medium-chain (EC 6.2.1.2), or long-chain
fatty acids (EC 6.2.1.3).° Prokaryotic organisms, such as
Escherichia coli, have fewer variations of acyl-CoA synthetase;
conse%lélently, those enzymes tend to have a broader substrate
scope.

Genomic and proteomic characterization of Gordonia sp.
strain NB4-1Y by Van Hamme et al. (2013) identified over 40
genes encoding proteins that have subsequently been
annotated as acyl-CoA synthetase or acyl-CoA ligases."*
Investigation into the transcriptomic response of Gordonia
sp. strain NB4-1Y using 6:2 FTAB and 6:2 FTSA as sulfur
sources found that the gene EMP12578.2, annotated as an

acyl-CoA synthetase, had slightly higher expression in the
presence of PFAS compared to magnesium sulfate controls.”*

In this paper, we expressed and isolated acyl-CoA synthetase
(designated ACS, UniProt: M7A1M8) encoded by
EMP12578.2 and investigated the substrate scope and enzyme
kinetics in the presence of various fluorinated and non-
fluorinated carboxylates. We found that the NB4-1Y ACS can
catalyze the formation of CoA adducts of short-chain
fluorinated carboxylates, where the a-carbon is not fluorinated.
This is the first time that these fluorinated CoA adducts have
been identified and suggests that the metabolism of fluorinated
carboxylates by Gordonia sp. strain NB4-1Y may proceed via
the route proposed by Che et al.”’

B MATERIALS AND METHODS

Materials. 1:4 FTCA, 2:3 FTUA, 4,4,5,5,5-pentafluoro-
pentanoic acid (2:3 FTCA), 3:3 FTCA, 5:3 FTCA. and 6:2
FTCA were purchased from SynQuest Laboratories (Alachua,
FL, United States) with a purity of 95% or higher. E. coli
BL21(DE3) was purchased from New England Biolabs
(Ipswich, MA, United States). Protein purification supplies
and columns were purchased from Cytiva (Marlborough, MA,
United States). Bicinchoninic acid (BCA) protein assay was
purchased from G-Biosciences (St Louis, MO, USA). All other
chemicals were purchased from Sigma-Aldrich (Oakville, ON,
Canada).

Production and Purification of ACS. A codon optimized
synthetic gene encoding ACS, EMP 12578.2 from NB4-1Y,
cloned into a pET28b(+) plasmid, was purchased from
Genscript (Piscataway, NJ, United States). This fused an N-
terminal His® tag to the recombinant protein. The gene-
containing plasmid (designated pETACS) was transformed
into E. coli BL21(DE3) for expression. Cells harboring
pETACS were plated onto LB agar supplemented with
kanamycin (50 pg/mL) and incubated at 37 °C for 16 h. A
starter culture was prepared by inoculating 200 mL of LB
medium, supplemented with kanamycin (S0 pg/mL), and
incubating for 16 h at 37 °C. Aliquots (25 mL) of the starter
culture were added to 4 X 500 mL of terrific broth (TB)
containing kanamycin (100 pg/mL) in 2 L flasks. Cultures
were incubated at 30 °C with 200 rpm orbital shaking until the
optical density at 600 nm was between 0.6 and 0.8. At this
stage, isopropyl f-D-1-thiogalactopyranoside (IPTG) was
added to a final concentration of 0.3 mM prior to incubating
for 16 h at 25 °C at 200 rpm. Cells from 2 L of culture were
harvested by centrifugation (6000 X g, 15 min, 4 °C) and cell
pellets were stored at —80 °C.

Frozen cell pellets (~20 g) were resuspended on ice in 100
mL of 50 mM potassium phosphate (pH 7.5) containing
phenylmethylsulfonyl fluoride (0.1 mM). Cell suspensions
were sonicated for 15 min (1S s pulses at 1 min intervals) and
then centrifuged at 40 000 X g for 50 min at 4 °C. Imidazole
(20 mM) was added to the pooled supernatant, which was
then applied to a 5 mL Ni-nitrilotriacetic acid column
(NiNTA) equilibrated with S0 mM potassium phosphate,
pH 7.5, and 0.02 M imidazole. The column was washed with 5
column volumes of equilibration buffer and S column volumes
of SO mM potassium phosphate (pH 7.5) with 40 mM
imidazole. ACS was eluted with S0 mM potassium phosphate
(pH 7.5) containing 0.3 M imidazole. ACS elution was
detected by observing the absorbance at 280 nm. Fractions
containing ACS were pooled and then dialyzed against 50 mM
potassium phosphate and 0.0S M NaCl (pH 7.5). The
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dialysate was then applied to a 50 mL Capto Q column
equilibrated with 50 mM potassium phosphate with 0.05 M
NaCl (pH 7.5). The protein was eluted with a linear gradient
from 0.05 to 0.6 M NaCl. Fractions containing ACS were
pooled and concentrated using a Centricon with a 10 kDa MW
cutoff filter. SDS-polyacrylamide gel electrophoresis analysis
confirmed protein identity with a MW of 60.8 kDa and protein
concentration was determined via a BCA protein assay. The
protein was frozen as a 20% glycerol stock and stored at —80
°C.

Product Analysis via Tandem Liquid Chromatogra-
phy—Mass Spectrometry. To evaluate the substrate scope
of ACS, a series of reactions were executed containing
fluorinated and nonfluorinated carboxylates (Table 1).
Reaction mixtures were in S0 mM potassium phosphate (pH
7.5) buffer containing 0.6 uM ACS, 4.5 mM ATP, 24 mM
MgCl,, 0.5 mM dithiothreitol (DTT), 0.5 mM CoA, and 50
mM carboxylate substrate. Reactions were incubated in an
orbital shaker at 80 rpm for 24 h at 37 °C. After 24 h, ACS was
filtered out using a 3 kDa cutoff centrifuge filter, and the filtrate
was collected and placed into 2 mL glass injection vials
containing a 50 uL glass insert for immediate liquid
chromatography—mass spectrometry (LC—MS) analysis.
Two controls were set up for each carboxylate substrate
containing the same reaction mixture without either (1) ATP
or (2) ACS. Standards containing SO mM acetyl-CoA,
propanoyl-CoA, hexanoyl-CoA or octanoyl-CoA were pre-
pared in 50 mM potassium phosphate (pH 7.5) buffer. It was
not possible to obtain standards for pentanoyl-CoA or any of
the fluorinated CoA adducts as they were not commercially
available.

Samples were analyzed on an Agilent 1200 series LC-HRMS
system equipped with a C18 column coupled to an Agilent
6530 Accurate-Mass ESI quadrupole time-of-flight mass (Q-
TOF) spectrometer following a method outlined by Keshet et
al. (2022).*" The mobile phases consisted of the following: (A)
100 mM ammonium acetate in water with 0.1% formic acid
and (B) acetonitrile with 0.1% formic acid. The C18 column
was maintained at 40 °C and the injection volume was 6.0 uL.
At a flow rate of 0.3 mL/min, the LC gradient was as follows: 0
min, 1% B; 1.5 min, 1% B; 4.5 min, 15% B; 12.5 min, 25% B;
20 min, 95% B; 22 min, 95% B, followed by an additional 3
min postrun time to enable column equilibration to the initial
solvent conditions. Positive electrospray (ESI) source param-
eters of the Q-TOF were set as follows: drying gas
temperature, 250 °C; drying gas flow, 12 L/min; nebulizer
pressure, 35 psi; sheath gas temperature, 350 °C; and sheath
gas flow, 11 L/min. Extracted ion chromatograms (EICs) were
obtained based upon theoretical m/z values +0.1 with a mass
error cutoff at +10 ppm. Results were compared to control
samples to eliminate background readings. Tandem mass
spectrometry (MS/MS) with collision-induced dissociation
(CID) spectra were obtained with a collision energy of 30 eV.
Fragmentation spectra were compared to spectra predicated by
CEM-ID 4.0 web server.*”

Steady-State Kinetic Assays. AMP formation by ACS in
the presence of ATP, CoA, and fluorinated and nonfluorinated
carboxylates was monitored by a continuous coupled
spectrophotometric assay utilized by Gallego-Jara et al.
(2019).”® This assay links AMP production to NADH
oxidation monitored by ultraviolet—visible spectroscopy.
Assay mixtures (1 mL total volume) were incubated at 25
°C in 50 mM potassium phosphate buffer (pH 7.5) containing

Table 1. Recorded m/z of CoA Adducts from LC—MS
Spectra Detected Following 24 h of Incubation at 37 °C of
Fluorinated and Nonfluorinated Carboxylates with CoA and
ATP in the Presence of ACS”

carboxylate

structure

theoretical
m/z of CoA

retention
time

experimental
m/z of CoA

adduct adduct (min)
0
acetate 810.1330 810.1304 6.514
A
o
acetyl CoA standard” CoA 810.1330 810.1403 5.984
-
o
fluoroacetate 828.1236 ND
F\)l\o*
o
difluoroacetate Fﬁ)\of 846.1142 ND
F
o
trifluoroaceate F o 864.1047 ND
FE
o
ropionic acid 824.1487 824.1494 6.053
prop N
propionyl-CoA i 824.1487 824.1451 6310
standard? \)kS/C"A . . i
£ F O
1:2 FTCA 878.1204 878.1165 7.037
N
a . fFoO
pentafluoropropionic M ~ 914.1016 ND
acid F o
FF
o
entanoic acid 852.1800 852.1823 10.589
p \/\/lkof
e F o
1:4 FTCA 906.1517 906.1555 9.646
S
F o
2:3 FTUA Fwo’ 904.1360 904.1355 8210
F
e F o
23 FTCA A~ 042.1328 9420309 13224
FF
o
hexanoic acid w _ 866.1956 866.1982 11.401
o
hexanoyl-CoA i 866.1956 866.1974 11.508
standard” A/\)J\S»COA o : -
F_F o
3:3 FTCA FWO* 992.1296 ND
Fe FF
fluoroh ) FFR FO
perfluorohexanoic Fwd 1064.0920 ND
acid E F F
F FF
o
octanoic Acid A/\/\)J\ _ 894.2270 ND
o
octanoyl-CoA i 8942270 8942278 16.506
standard? MS/CUA b b -
FFEF 0]
5:3 FTCA F o 1092.1233 ND
FE FFFF
EFRFRF O
6:2 FTCA FWG 1128.1045 ND
F e FrFEF
" R FFRFREF O
perflucrooctanoie FWG 1164.0856 ND
acid F

F FFFFFF

“This table also includes detected m/z of commercially available
standards. ND = not detected. bCommercially available standards.

3.0 mM phosphoenolpyruvate (PEP), 10 units myokinase, S
units pyruvate kinase, 7.5 units lactate dehydrogenase (LDH),
S mM MgCl,, 2.5 mM ATP, 1.5 mM CoA, 0.1 mM NADH,
and 1 mM DTT. Reactions were initiated by the addition of 6
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nM ACS and variable concentrations of a carboxylate (10 uM
to 300 mM). Specific activity was determined by observing the
oxidation of NADH at 340 nm using the extinction coefficient
of NADH (6.22 mM™" cm™). All reactions were performed in
triplicate. Initial velocity data were fit to the Michaelis—
Menten equation using RStudio to determine rate constant
(kee), Michaelis constant (K,,), and catalytic efficiency (k./
K,).

Sequence Alignment and Homology Modeling. The
amino acid sequence of ACS was aligned with other members
of the acyl-CoA synthetase family using Clustal Omega.”® This
includes the short-chain (<3 carbons) acyl-CoA synthetases
(EC 6.2.1.1) from E. coli (UniProt: P27550), Bacillus subtilis
(UnitProt: P39062), and Burkholderia thailandensis (UnitProt:
Q2T3N9), a medium-chain (3—12 carbons) acyl-CoA
synthetase (EC 6.2.1.2) from Pseudomonas oleovorans (Uni-
tProt: Q00594), and the long-chain (>12 carbons) acyl-CoA
synthetases (EC 6.2.1.3) from E. coli (UnitProt: P69451) and
Mycobacterium tuberculosis (UnitProt: 053580).*7*" The
conserved ANL superfamily binding motifs (A1—A10) were
identified when present. A predicted-homology model was
constructed locally using AlphaFold v2.2.4 in the monomer
mode with databases installed in July 2022 and db_preset set
to full dbs.*’

B RESULTS

Substrate Scope of NB4-1Y ACS EMP12578.2. The
ability of an NB4-1Y ACS (EMP12578.2) to catalyze the
formation of CoA adducts of fluorinated and nonfluorinated
carboxylates was assessed by LC—MS/MS analysis (Tables 2
and 3 and Figures SI and S2).

With acetate (Table 1 and Figures SIA and S2Al), a
compound with a retention time of 6.514 min and an m/z of
810.1304 was detected; this likely represents the formation of
acetyl-CoA (theoretical m/z 810.1330) and is consistent with
the spectra for the authentic acetyl-CoA standard (m/z

Table 2. Recorded m/z of Major Fragments of CoA Adducts
Detected Via LC—MS/MS Following 24 h Incubation at 37
°C of Fluorinated and Nonfluorinated Carboxylates with
CoA and ATP in the Presence of ACS”

carboxylate

acetate

acetyl CoA
standard”

propionic acid
propionyl-CoA
standard”

1:2 FTCA
pentanoic acid
1:4 FTCA
2:3 FTUA
2:3 FTCA
hexanoic acid

hexanoyl-CoA
standard”’

octanoyl-CoA
standard”’

predicted fragment m/z of

CoA adducts™

303.1373, 428.0367
303.1373, 428.0367

317.1529, 428.0367
317.1529, 428.0367

371.1247, 428.0367
345.1843, 428.0367
399.1560, 428.0367
397.1403, 428.0367
435.1372, 428.0367
359.1999, 428.0367
359.1999, 428.0367

387.2312, 428.0367

experimental fragment m/z

of CoA adducts

303.125S, 428.0196
303.1453, 428.0471

317.318S, 428.0550
317.1556, 428.0358

371.1375, 428.0497
345.1973, 428.0528
399.1574, 428.0388
397.1361, 428.0328
ND

359.1963, 428.0320
359.1924, 428.0273

387.2516, 428.0590

“This table also includes detected fragmentation m/z of commercially
available standards and predicted fragment size determined by CFM-
ID 4.0 web server. ND = not detected via MS/MS analysis.
bCommerciaHy available standards.

Table 3. Steady-State Kinetic Parameters for the Conversion
to ATP to AMP in the Presence of ACS (6 nM), CoA, and
Fluorinated and Nonfluorinated Carboxylate Substrates®

Keat/ Kin (5_1
carboxylate e/ (s71) K, (mM) mM ')
acetate 131+ S 783 + 74 1.67 + 0.22
fluoroacetate ND
difluoroacetate ND
trifluoroaceate ND
propionic acid 74 + 02 1.7 £ 0.2 44 £ 0.5
1:2 FTCA 0.5+ 0.1 NC
pentafluoropropionic ND
acid
pentanoic acid 18.6 + 0.4 0.109 + 0.011 170 + 20
1:4 FTCA 1.99 + 0.05 12.5 £ 0.7 0.16 + 0.01
2:3 FTUA 0.19 + 0.0 NC
2:3 FTCA 0.09 + 0.01 NC
hexanoic acid 0.06 + 0.01 NC
3:3 FTCA ND
perfluorohexanoic acid ND
octanoic Acid ND
5:3 FTCA ND
6:2 FTCA ND
perfluorooctanoic acid ND

“Reactions were performed in S0 mM potassium phosphate (pH 7.5)
at 25 °C. ND = no reaction detected. NC = K, could not be
accurately determined.

810.1403) (Figure S1I). The MS/MS spectra (Table 2 and
Figure S2A2) displayed peaks at 303.1255 and 428.0196
consistent with both the standard (m/z 303.1453 and
428.0471) (Figure S2I2) and predicted fragmentation of
acetyl-CoA (m/z 303.1373 and 428.0367).

In the reaction mixtures containing propanoic acid,
pentanoic acid, and hexanoic acid, products were noted eluting
at 6.053 min (m/z 824.1494), 10.589 (m/z 852.1823), and
11.401 (m/z 866.1982), respectively. These likely represent
the production of propanoyl-CoA (theoretical m/z 824.1487),
pentanoyl-CoA (theoretical m/z 852.1800), and hexanoyl-CoA
(theoretical m/z 866.1956) (Table 1 and Figures S1B, S2B1,
S1D, S2D1, S1H, and S2H1). The MS/MS spectra for the
parent ion from each of these reaction mixtures included two
major peaks (Table 2): propanoic acid product ions (m/z
317.3185 and 428.0550) (Figure S2B2), pentanoic acid
product ions (m/z 345.1973 and 428.0528) (Figure S2D2),
and hexanoic acid product ions (m/z 359.1963 and 428.0328)
(Figure S2H2). Both the MS and MS/MS spectra were
consistent with the authentic standards of propionyl-CoA (m/z
317.1556 and 428.0358) (Figure S2J2) and hexanoyl-CoA (m/
z 359.1924 and 428.0273) (Figure S2K2) and with the
fragments predicted using the CFM-ID 4.0 web server for
propionyl-CoA (m/z 317.1529 and 428.0367) and hexanoyl-
CoA (m/z 359.1999 and 428.0367). No authentic standard of
pentanoyl-CoA was available for comparison; however, the
fragments observed in the MS/MS were consistent with the
predicted sizes (m/z 345.1843 and 428.0367). No reaction was
detected with octanoic acid, as the filtered reaction mixture did
not generate products consistent with the formation of
octanoyl-CoA.

Under the chromatographic conditions used, and filtering
chromatograms to within m/z + 0.5, no CoA products were
detected when ACS was reacted with fluoroacetate, difluor-
oacetate, or trifluoroacetate. For these and other fluorinated
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Figure 2. Michaelis—Menten plots showing the conversion of ATP to AMP by ACS (6 nM) with different carboxylate substrates. The initial
velocity data were fit to the Michaelis—Menten equation, and kinetic parameters are presented in Table 3. The reactions were performed in 50 mM

potassium phosphate (pH 7.5) at 25 °C.

compounds tested here, authentic standards of the correspond-
ing CoA adducts were not available for analysis. Although
these compounds have high solubility and cannot effectively be
retained on a C18 column, their CoA adducts should be
sufficiently retained. The very high initial concentration used in
the reactions should also allow detection by the LC-HRMS
system.

With 1:2 FTCA, a product was observed with an elution
time of 7.037 min with m/z 878.1168, indicating the formation
of 1:2 FTCA-CoA (theoretical m/z 878.1204) (Table 1 and
Figures S1C and S2C1). Two major fragments were observed
in the MS/MS spectra (m/z 371.1375 and 428.0497) (Figure
S2C2) consistent with the predicted peaks for 1:2 FTCA-CoA
(m/z 371.1247 and 428.0367). Reaction mixtures containing
the fully fluorinated perfluoropropanoic acid did not generate
any products that would suggest that a reaction had occurred.

Reaction mixtures containing 1:4 FTCA, 2:3 FTUA, and 2:3
FTCA generated compounds that eluted after 9.646 min (m/z
906.1555), 8.210 min (m/z 904.1355), and 13.224 min (m/z
942.1309), respectively (Table 1 and Figures S1E, S2E1, S1F,
S2F1, S1G, and S2G1). These likely represent the formation of
1:4 FTCA-CoA (theoretical m/z 906.1517), 2:3 FTUA-CoA
(theoretical m/z 904.1360), and 2:3 FTCA-CoA (theoretical
m/z 942.1328). Two major fragments were observed in the
MS/MS spectra (Table 2) for reactions with 1:4 FTCA (m/z
399.1574 and 428.0388) (Figure S2E2) and 2:3 FTUA (m/z
397.1361 and 428.0328) (Figure S2F2). These are consistent
with the predicted values for 1:4 FTCA-CoA (m/z 399.1560
and 428.0367) and 2:3 FTUA-CoA (m/z 397.1403 and

428.0367). The concentration of the product from the reaction
with 2:3 FTCA was too low to obtain a viable MS/MS
spectrum.

The fluorinated hexanoic acid analogues: partially fluori-
nated 3:3 FTCA and fully fluorinated perfluorohexanoic acid,
did not generate any eluates that would be consistent with the
formation of CoA adducts. Similarly, fluorinated octanoic acid
analogues: partially fluorinated 5:3 FTCA and 6:2 FTCA, and
fully fluorinated perfluorooctanoic acid, also did not generate
any eluates that would be consistent with the formation of
CoA adducts.

Steady-State Kinetics of AMP Production. To
determine whether there was selectivity toward certain
substrates due to chain length or level of fluorination, the
steady-state kinetic parameters of ACS associated with AMP
production in the presence of various fluorinated and
nonfluorinated carboxylate substrates were determined using
a coupled kinetic assay. This enabled determination of the rate
of conversion of ATP into AMP by observation of NADH
oxidation at 340 nm. Where possible, initial rates were fit to
the Michaelis—Menten equation to determine kinetic param-
eters, otherwise k., was estimated by the velocity at saturating
substrate concentrations (Figure 2 and Table 3). Unsurpris-
ingly, the 10 carboxylates tested (fluoroacetate, difluoroacetate,
trifluoroacetate, pentafluoropropionic acid, 3:3 FTCA, per-
fluorohexanoic acid, octanoic acid, 5:3. FTCA, 6:2 FTCA, and
perfluoroocatanoic acid) that did not show any observable
production of CoA adducts via LC—MS, also did not have any
detectable kinetic activity.
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A3 motif
——
Gordonia sp. NB4-1Y 202 DDENTVITINYTSGTTGKPKGVMYTHRGAYLNSFGE 237
Escherichia coli (EC:6.2.1.3) 203 LVPEDLAFLQYTGGTTGVAKGAMLTHRNMLANLEQV 238
Escherichia coli (EC:6.2.1.1) 253 MNAEDPLFILYTSGSTGKPKGVLHTTGGYLVYAALT 288
Mycobacterium tuberculosis 163 ERSADAIYLLYTGGTTGFPKGVMWRHEDIYRVLFGG 198
Bacillus subtilis 203 MDKKDGFLLHYTSGSTGTPKGVLHVHEAM-IQQYQT 237
Burkholderia thailandensis 259 VGAEHPLFILYTSGSTGKPKGVQHSTAGYLLWVAQT 294
Pseudomonas oleovorans 174 VDENEASSLCYTSGTTGNPKGVLYSHRSTVLHSMTT 209
A4 motif
I
Gordonia sp. NB4-1Y 249 YLWTLPMFHC---NGWC-===— TPWAVTHASATHVC 276
Escherichia coli (EC:6.2.1.3) 254 -VTALPLYHIFALTINC----- LLFIEL-GGQNLLI 282
Escherichia coli (EC:6.2.1.1) 300 --—--- IYWCTADVGWVTGHSYLLYGPLACGATTLM 329
Mycobacterium tuberculosis 225 RYPIPPMIHG---ATQS—=——~ ATWMALFSGQTTVL 252
Bacillus subtilis 249 ——-m—- IYWCTADPGWVTGTVYGIFAPWLNGATNVI 278
Burkholderia thailandensis 306 —====- VFWCTADIGWVTGHSYITYGPLAVGATQVV 355
Pseudomonas oleovorans 223 ILPVVPMFHVNA---WG-==-~ TPYSAAMVGAKLVL 250
A5 motif
—
Gordonia sp. NB4-1Y 345 VHVYGLTEVYGPYTICEYQDAWDDLDPAERAAKLSR 380
Escherichia coli (EC:6.2.1.3) 354 LEGYGLTECAPLVSVNPYDIDYHSG----==—==—=—-— 378
Escherichia coli (EC:6.2.1.1) 410 VDTWWQTET-GGFMITPLPG-—-——=———— ATELKA 434
Mycobacterium tuberculosis 325 ===--VITDSIGS-==-- SETGFGGTS---VVAAGQA 332
Bacillus subtilis 353 HDTWWMTET-GSQLICNYPC-====——e——- MDIKP 376
Burkholderia thailandensis 420 VDTWWQTET-GGHMITPLPG-========m ATPTVP 444
Pseudomonas oleovorans 323 IHAWGMTELSPFGTANTPLAHHVDLSPDEKLSLRKS 358
A7 motif A8 motif
—
Gordonia sp. NB4-1Y 439 GWFHTGDLGVM-HPDGYIQLRDRAKDIIISGGENIS 473
Escherichia coli (EC:6.2.1.3) 432 GWLHTGDIAVM-DEEGFLRIVDRKKDMILVSGFNVY 466
Escherichia coli (EC:6.2.1.1) 494 NMYFSGDGARR-DEDGYYWITGRVDDVLNVSGHRLG 528
Mycobacterium tuberculosis 409 RYAIPGDYAQV-EEDGTVTMLGRGSVSINSGGEKVY 443
Bacillus subtilis 434 GWYVSGDSAYM-DEEGYFWFQGRVDDSINSGGEKVY 468
Burkholderia thailandensis 506 RLYLAGDGTVRDKETGYFTIMGRIDDVLNVSGHRLG 541
Pseudomonas oleovorans 441 GWFSTGDVATI-DSDGFMTICDRAKDIIKSGGEWIS 455
Al0 motif
Gordonia sp. NB4-1Y 533 KVPRDIVFADDLPRTSTGKVLKFELRKDAAEGSA-- 566
Escherichia coli (EC:6.2.1.3) 525 KVPKLVEFRDELPKSNVGKILRRELRDEARGKVDNK 560
Escherichia coli (EC:6.2.1.1) 591 ATPDVLHWTDSLPKTRSGKIMRRILRKIAAGDTSNL 626
Mycobacterium tuberculosis 503 KVPRSLWFVDEVKRSPAGKPD-YRWAKEQTEARPAD 537
Bacillus subtilis 531 AAPREIEFKDKLPKTRSGKIMRRVLKAWELN--LPA 564
Burkholderia thailandensis 607 AKPKDIRFGDNLPKTRSGKIMRRLLRSLAKGEAIT- 641
Pseudomonas oleovorans 505 QIPDAAIFVEELPRNGTGKILKNRLREKYGDILLRS 540

Figure 3. Sequence alignment of ACS with acyl-CoA synthetases from other prokaryotes aligned with Clustal Omega.*® Short-chain acyl-CoA
synthetases (EC 6.2.1.1) from E. coli (UniProt: P27550), B. subtilis (UnitProt: P39062) and B. thailandensis (UnitProt: Q2T3N9), a medium-chain
acyl-CoA synthetase (EC 6.2.1.2) from P. oleovorans (UnitProt: Q00594), and the long-chain acyl-CoA synthetases (EC 6.2.1.3) from E. coli
(UnitProt: P69451) and M. tuberculosis (UnitProt: 053580).%*7°

With the nonfluorinated carboxylates, acetate was found to
have the highest k., (131 + 5 s™"). There was a 7-fold decrease
in activity with pentanoic acid (18.6 + 0.4 s™') and a further
decrease in activity for propanoic acid (7.4 + 0.2 s™'). The
lowest recorded k., for the nonfluorinated carboxylates was
found to be for hexanoic acid (0.06 + 0.01 s™'). Interestingly,
the catalytic efficiency (k./K,) was found to be highest for
the reaction with pentanoic acid (170 + 20 s™' mM™!), and
this parameter was found to decrease as the chain length
decreased toward propanoic acid (4.4 + 0.5 s™' mM™') and
acetate (1.67 + 0.22 s™' mM™"). The activity for hexanoic acid
was too low to enable an accurate determination of K.

For the fluorinated compounds, the activity was too low to
allow for accurate determination of K. The highest k,
recorded was with 1:4 FTCA (1.99 + 0.05 s™') and, as with
the nonfluorinated compounds, the five-carbon carboxylates

resulted in higher activity than the three-carbon 1:2 FTCA (0.5
+ 0.1 sfl). Finally, it was found that with increasing
fluorination, there was a decrease in activity to 2:3 FTUA
(0.19 + 0.05 s7') and 2:3 FTCA (0.09 + 0.01 s™'). The
catalytic efficiency for 1:4 FTCA (0.16 + 0.01 s~' mM™") was
much lower than its nonfluorinated analogues.

In Silico Sequence Alignment and Homology Model-
ing to Determine Substrate Specificity. To gain further
insights into the catalytic mechanism of ACS, sequence
alignments with acyl-CoA synthetases from other organisms
were performed with Clustal Omega. This analysis shows that
the NB4-1Y ACS contains several conserved binding motifs
from the SNL superfamily (Figure 3).>*73° The A3, A7, A8,
and Al0 motifs show consensus with the other acyl-CoA
synthases, while the A4 motif has no alignment with the short-
chain acyl-CoA synthases (EC 6.2.1.1) but has moderate
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Figure 4. Homology model of the NB4-1Y ACS designed using AlphaFold2 showing: (A) Location of His-257 in the A4 motif and Glu-470 which
is part of the A8 motif, and (B) part of the carboxylate binding loop, the presence of Ala-461.%7*"**>

consensus with the medium- (EC 6.2.1.2) and long-chain acyl-
CoA synthases (EC 6.2.1.3). Within this motif is residue His-
257, which is present only in medium- and long-chain acyl-
CoA synthases. Finally, the AS motif shows moderate
consensus with only the long-chain acyl-CoA synthetase
from E. coli and the medium-chain acyl-CoA synthetase from
P. oleovorans. Sequence alignment shows that the A4 motif
contains His-257 and that the A8 motif contains Glu-470
(Figure 4A).

Sequence alignments show the presence of the aromatic His-
257 in the NB4-1Y ACS; this residue forms part of the A4
motif and is generally conserved among long-chain and
medium-chain acyl-CoA synthetases, while in short-chain
acyl-CoA synthetases, this is often replaced by tryptophan.””
This histidine residue forms a hydrogen bond with a glutamic
acid residue in the A8 motif (Glu-470 in ACS), leading to
rotation of the A8 motif into the active site (Figure 4A). This
rotation allows the pantetheine group of CoA access to the
bound carboxylate. In long-chain acyl-CoA synthetase from E.
coli, there is a lysine residue prior to the A8 motif (Lys-454)
that is hypothesized to be involved in controlling bindin%
selectivity based upon the carboxylate chain length.
However, in medium-chain acyl-CoA synthetases, such as
Pseudomonas oleovorans fatty acyl-CoA synthetase, this is
replaced with alanine.”” Sequence alignment and predictive
homology modeling show that Ala-461 is present in this
position in the amino acid sequence of ACS (Figure 4B).

B DISCUSSION

Research into the removal of PFAS from the environment has
become an important area of investigation due to increasing
concerns about the health risks they pose to both humans and
global ecosystems.”>** Studies with both pure microbial
cultures and mixed microbial communities have revealed that
bacteria and fungi are able to metabolize various PFAS,
including 6:2 FTSA, 6:2 FTAB, and 6:2 fluorotelomer alcohol
(FTOH), often leading to the production of fluorinated
carboxylate intermediates such as 6:2 FTCA, 5:3 FTCA, and
perfluoropentanoic acid.'® However, the enzymatic pathways
that facilitate the degradation of these have not been
elucidated, although several metabolic routes have been
proposed.>*> Short-chain PFAS are often produced as
byproducts in the degradation of long-chain PFAS and the
long-term effects of their presence in the environment have not
been thoroughly investigated.” In addition, long-chain PFAS
are difficult to handle in aqueous reaction mixtures due to low
water solubilities, presenting challenges for in vitro enzymatic

analyses. However, short-chain PFAS dissolve in water more
readily, and by investigating their properties, it may be possible
to make predictions concerning the behavior of long-chain
PFAS.

Che et al. (2021) proposed pathways for the degradation of
the short-chain fluorinated carboxylates, 1:2 FTCA, 2:3 FTUA,
and 1:4 FTCA, that begin with the formation of CoA adducts
prior to diverging in downstream metabolic steps.”® Specifi-
cally, they suggest that for the CoA adduct of 1:2 FTCA, there
is a series of HF elimination reactions and subsequent
hydrolysis to produce malonyl-CoA, which is then taken up
by central metabolic pathways. 2:3 FTUA is proposed to
undergo f-oxidation, hydration, HF-elimination, and hydrol-
ysis to form monofluoromalonyl-CoA. Finally, following the
addition of CoA, the reaction pathway of 1:4 FTCA is
proposed to proceed via # -oxidation to form the CoA adduct
of 1:2 FTCA. In their study, they identified intermediates
associated with these pathways, including malonyl-CoA in the
breakdown of 1:2 FTCA, 3-hydroxyl acid in the breakdown of
2:3 FTUA and 1:2 FTCA in the breakdown of 1:4 FTCA. It
has also been proposed that long-chain PFAS, such as 8:2
FTUA, 6:2 FTUA and 6:2 FTCA, may also be metabolized via
a f-oxidation pathway, which would also require the formation
of a CoA adduct.”” Bottos et al. (2020) discovered that a CoA
transferase subunit A gene (RS05305) was expressed in
Gordonia sp. strain NB4-1Y cultures grown in the presence of
6:2 FTAB, and an N-acetyltransferase gene (RS07500) was
expressed in cultures grown in the presence of 6:2 FTAB and
6:2 FTSA.** This provides further indication that there may be
CoA adducts formed by the bacterium during the breakdown
of these compounds. However, until now, no CoA adducts
have been detected for either long-chain or short-chain PFAS.

In this paper, we were able to confirm that reaction mixtures
containing ATP, CoA, and either 1:2 FTCA, 1:4 FTCA, 2:3
FTUA, or 2:3 FTCA produced compounds with m/z
consistent with the formation of 1:2 FTCA-CoA, 1:4 FTCA-
CoA, 2:3 FTUA-CoA, and 2:3 FTCA-CoA, respectively. As
such, the addition of CoA may indeed serve as the activation
step of these short-chain fluorinated carboxylates for
dezgsradation pathways such as the ones proposed by Che et
al.

It was noted here that whenever the a-carbon of the
carboxylate was partially or fully fluorinated, as in the case of
fluoroacetate, difluoroacetate, trifluoroacetate, perfluoropro-
pionic acid, perfluorohexanoic acid, and perfluorooctanoic
acid, there was no reaction observed by either product
detection or kinetic analysis. This may be due to fluorine
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atoms on the a-carbon impeding the binding of the carboxylate
to the active site or otherwise interfering with enzyme—
substrate interactions. Due to the strength of the C—F bond,
fluorinated substrate analogues can act as enzyme inhibitors,
and that may be occurring when the a-carbon is
fluorinated.**” This is consistent with the findings by Che
et al, where C—H bonds on the a-carbon were required for
defluorination and short-chain gerﬂuorinated acids were
resistant to microbial degradation.”

Kinetic analysis of reactions catalyzed by the NB4-1Y ACS
with nonfluorinated carboxylates showed that the highest
catalytic efficiency was with pentanoic acid, and there was no
observable reaction with octanoic acid. This suggests some
specificity toward the substrate with the five-carbon chain.
Analysis of the amino acid sequence of ACS revealed the
conservation of multiple motifs (Figure 3), some of which may
explain this specificity. The A3, A7, and Al0 motifs are
involved in the coordination of ATP binding, the AS and A8
motifs are involved in the binding of the acyl-adenylate
intermediate, and the A8 motif is involved in CoA binding.z‘s’48
The A4 motif tends to only be conserved among long-chain
acyl-CoA synthetases and is involved in binding the
carboxylate substrate.”® The presence of His-257 and Glu-
470 (Figure 4A) in NB4-1Y ACS is consistent with medium-
and long-chain acyl-CoA synthases, while the presence of Ala-
461 (Figure 4B) in place of a lysine suggests that ACS should
act as a medium-chain acyl-CoA synthetase. This agrees with
the kinetic data presented here, providing an explanation for
the selectivity toward shorter-chain carboxylates over acetate
or long-chain carboxylates.

Kinetic analysis of the reaction catalyzed by ACS with
fluorinated carboxylates showed that there was a significant
decrease in activity compared with the nonfluorinated
analogues. There was a 90% decrease in k., with 1:4 FTCA

cat

compared to pentanoic acid and a 95% decrease in k,, with 1:2
FTCA compared to propionic acid. In addition, as the
pentanoic acid analogues became increasingly fluorinated,
there was a significant decrease in the kinetic activity. This was
expected, as we anticipated that the additional fluorine atoms
would impede carboxylate binding and is consistent with the
microbial sludge samples analyzed by Che et al. where there
was 100% removal of 1:4 FTCA but only 30% removal of 2:3
FTUA.” There were no CoA adducts detected in the reaction
with 3:3 FTCA; however, since a significant decrease in activity
was observed with hexanoic acid; it is unsurprising that activity
against the fluorinated analogue was undetectable under the
conditions used.

This work indicates that Gordonia sp. strain NB4-1Y does
contain enzymes capable of catalyzing a CoA activation step in
the breakdown of short-chain fluorinated carboxylates and
provides sug})orting evidence for the pathway proposed by
Che et al.”™” We can hypothesize from this that other
microorganisms capable of PFAS degradation may also contain
enzymes that catalyze this activation step. This opens the
possibility that there may be acyl-CoA synthetases specific to
long-chain carboxylates that are involved in similar activation
steps in the breakdown of long-chain fluorinated carboxylates.
The next objective will be to identify enzymes that can catalyze
the subsequent steps in the proposed mechanistic pathway: f-
oxidation, hydrolysis, and defluorination. In addition, another
investigative route will be to identify whether there are acyl-
CoA synthetases capable of catalyzing reactions with long-
chain fluorinated carboxylates.
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