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Biodegradation of the environmentally hazardous fluoroaromatics has mainly been
associated with oxygenase-dependent defluorination reactions. Only very recently a
novel mode of oxygen-independent defluorination was identified for the complete
degradation of para-substituted fluoroaromatics in the denitrifying Thauera aromatica:
a promiscuous class | benzoyl-coenzyme A (BzCoA) reductase (BCR) catalyzed the
ATP-dependent defluorination of 4-F-BzCoA to BzCoA. Here, we studied the unknown
enzymatic defluorination during the complete degradation of 2-F-benzoate to CO» and
HF. We demonstrate that after activation of 2-F-benzoate by a promiscuous AMP-
forming benzoate-CoA ligase, the 2-F-BzCoA formed is subsequently dearomatized
by BCR to a mixture of 2-F- and 6-F-cyclohexa-1,5-diene-1-carboxyl-CoA (2-F-/6-F-
1,5-dienoyl-CoA). This finding indicates that BCR is not involved in C-F-bond cleavage
during growth with 2-F-benzoate. Instead, we identified defluorination of the two isomers
by enoyl-CoA hydratases/hydrolases involved in down-stream reactions of the BzCoA
degradation pathway. (i) The 1,5-dienoyl-CoA hydratase hydrated the F-1,5-dienoyl-
CoA isomers to a mixture of the stable 2-F-6-OH-1-enoyl-CoA and the unstable
a-fluorohydrin 6-F-6-OH-1-enoyl-CoA; the latter spontaneously decomposed to HF
and 6-oxo-cyclohex-1-enoyl-CoA (6-oxo-1-enoyl-CoA), a common intermediate of the
BzCoA degradation pathway. (i) 6-Oxo-1-enoyl-CoA hydrolase/hydratase catalyzed the
defluorination of 2-F-6-OH-1-enoyl-CoA to 2-oxo-6-OH-1-enoyl-CoA and HF again
via water addition to an F-enoyl-CoA functionality. Based on these in vitro results,
we demonstrate a previously overseen capability of 2-F-benzoate degradation for
many but not all tested facultatively and obligately anaerobic bacteria that degrade
aromatic compounds via the BzCoA degradation pathway. In conclusion, the newly
identified enzymatic defluorination by enoyl-CoA hydratases via a-fluorohydrin formation
represents an abundant, physiologically relevant principle of enzymatic defluorination.

Keywords: enzymatic defluorination, fluoroaromatics, enoyl-CoA hydratase, benzoyl-CoA reductase, anaerobic
aromatic catabolism
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INTRODUCTION

In the last decades fluorinated organic compounds have become
relevant environmental contaminants formed by industrial,
agricultural and pharmaceutical processes. Among them, stable
and recalcitrant fluoroaromatics are of concern (Key et al,
1997; Park et al., 2001; Smart, 2001; Weinstein and Davison,
2005; Murphy et al., 2008, 2009; Purser et al., 2008; Zhang
et al., 2012). Despite originally perceived as biologically inert,
fluoroaromatics are meanwhile known to serve as growth
substrate for aerobic and anaerobic bacteria that play an
important role in the elimination of fluoroaromatics from the
environment. Fluorobenzoates (F-benzoates) are the best studied
fluoroaromatic model compounds for microbial degradation
(Murphy et al., 2009; Murphy, 2010; Kiel and Engesser, 2015;
Tiedt et al., 2016).

Some aerobically growing microorganisms of the genera
Agrobacterium, Pseudomonas, Alcaligenes, Aureobacterium,
Thauera and others use the 2-, 3- and 4-F-benzoate
isomers as growth substrates (Kiel and Engesser, 2015). In
the case of 2-F-benzoate degradation, promiscuous ring-
hydroxylating dioxygenases form fluorinated dihydrodiol
intermediates, which, depending on the isomer formed,
are prone to spontaneous elimination of the fluorine
substituent. In contrast, defluorination of 3-/4-F-benzoate
may be accomplished on the level of 4-fluoromuconolactone.
Mechanistic considerations for spontaneous or enzyme
catalyzed fluorine release at this stage are on debate
(Natarajan et al., 2005; Murphy, 2010; Kiel and Engesser,
2015).

Though there are several reports on the complete
degradation of 2-F-, 4-F- and 3-Cl benzoate by denitrifying
bacteria, much less is known about the enzymology of the
dehalogenation reactions involved in the complete degradation
of fluoroaromatics in the absence of oxygen. The typical
process of oxygen-independent dehalogenation in bacteria
is organohalide respiration, where organohalides generally
serve as terminal electron acceptors in respiratory chains
but usually not as source of carbon and electrons. Here,
the carbon-halide bond is cleaved by corrinoid containing
reductive dehalogenases (Holliger and Schumacher, 1994;
Hug et al., 2013; Jugder et al, 2016). In spite of the general
importance of organohalide respiration for the anaerobic
degradation of organochlorides and -bromides, the reaction
involved has never been observed with fluorinated compounds
probably owing the strength of the C-F-bond (Cooper et al.,
2015).

Only recently, first insights in the enzymatic processes
involved in C-halide bond cleavage during complete degradation
of haloaromatic compounds without oxygen have been obtained.
The degradation of 3-Cl-benzoate is initiated by activation to
its CoA thioester by a specific ligase. The 3-chlorobenzoyl-
CoA (3-Cl-BzCoA) formed is then dearomatized by ATP-
dependent BzCoA reductase (BCR) to 3-Cl-cyclohexa-1,5-diene-
1-carboxyl-CoA (3-Cl-1,5-dienoyl-CoA), that spontaneously
eliminates HCl driven by aromatization to BzCoA (Egland
et al,, 2001; Kuntze et al.,, 2011). In contrast, 3-F-BzCoA is

reduced to a much more stable 3-F-1,5-dienoyl-CoA dead-
end product, which is considered the reason why growth
with 3-F-benzoate has never been observed with an anaerobic
organism.

Dehalogenation of a fluoroaromatic in the absence of
oxygen was very recently reported for the denitrifying
Thauera aromatica growing with 4-F-benzoate and nitrate
(Tiedt et al, 2016). Similar to 3-Cl-benzoate, 4-F-benzoate
is readily activated to the corresponding CoA thioester by
promiscuous AMP-forming benzoate-CoA ligase (BCL).
Then, promiscuous class I BCR catalyzes the electron donor-
and ATP-dependent reduction of 4-F-BzCoA to BzCoA and
HF. However, in contrast to 3-Cl-BzCoA dechlorination, a
reduction/elimination mechanism is not feasible for 4-F-BzCoA
defluorination. Instead, a reaction similar to nucleophilic
aromatic substitution (SyAr) at an anionic intermediary state
was suggested, that is stable enough to permit C-F-bond cleavage
(Figure 1).

The BzCoA formed after reductive 3-Cl- or 4-F-BzCoA
dehalogenation is further metabolized by enzymes of the
BzCoA degradation pathway. In denitrifying bacteria ATP-
dependent class I BCRs dearomatize BzCoA to 1,5-dienoyl-CoA
(Figure 1), followed by a 1,4-hydration to 6-hydroxycyclohex-1-
ene-1-carboxyl-CoA (6-OH-1-enoyl-CoA) by 1,5-dienoyl-CoA
hydratase (DCH) (Boll and Fuchs, 1995; Laempe et al., 1998;
Thiele et al.,, 2008a). After oxidation of the latter to 6-oxo-
1-enoyl-CoA by the NAD*-dependent alcohol dehydrogenase
(HAD) (Laempe et al, 1999), the bifunctional 6-oxo-1-enoyl-
CoA hydrolase (OAH) hydrates and hydrolyses the cyclic
0x0-1-enoyl-CoA ring system to aliphatic 3-OH-pimeloyl-CoA
(Laempe et al., 1999; Boll et al., 2000). Notably, both DCH
and OAH represent unusual members of the highly divers
crotonase-like superfamily and are only distantly related to
other members of this family (Peters et al., 2007; Kuntze et al,,
2008).

Growth with 2-F-benzoate has been described for some
denitrifying Thauera and Azoarcus species (Schennen et al,
1985; Anders et al, 1995; Song et al, 2000; Mechichi
et al, 2002). BCL readily activates 2-F-benzoate to 2-F-
BzCoA at a rate similar to that of benzoate suggesting
that 2-F-benzoate metabolism is initiated by CoA thioester
formation (Schennen et al., 1985; Altenschmidt et al., 1991;
Peters et al., 2004; Wischgoll et al., 2005). Moreover, BCR
was reported to reduce 2-F-BzCoA even with a higher
rate than BzCoA (Mobitz and Boll, 2002); however, the
product was never identified, probably due to its instability.
Notably, defluorination of 2-F-BzCoA by BCR via a SyAr-like
mechanism would require a sterically flexible proton donor at C2
(Figure 1).

In this work, we studied the unknown intermediates and
enzymes involved in anaerobic 2-F-benzoate degradation using
extracts of cells from T. aromatica grown with 2-F-benzoate
and purified enzymes of the BzCoA degradation pathway. We
identified a previously unknown mode of C-F-bond cleavage
catalyzed by promiscuous enoyl-CoA hydratases/hydrolases of
the common BzCoA degradation pathway that allows for growth
with 2-F-benzoate.

Frontiers in Microbiology | www.frontiersin.org

December 2017 | Volume 8 | Article 2579


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Tiedt et al.

Defluorinating Hydratases/Hydrolases

A B Cc
e N e N
(o] SCoA (o] SCoA 0. SCoA
2 ATP 2 ADP
©) F ©) 2e2H" 2P ®
A »
H H BCR H
o mH
H F
H,O0
I Gt
2 ATP
2e H* (o) SCoA
BCR
2 ADP © OH
2P
H
1 NAD*
ENADH/H+
0. SCoA
%o
@2
(0] SCoA
H H o
H
H °H |-| HO I o —frs—s Ox-SCoA
\ | Y, (o} @
\ \. J
(2) e
N
HF
FIGURE 1 | Scenarios for the catabolism of 2- and 4-F-BzCoA via the BzCoA degradation pathway. Putative conversion of (A) 2-F-BzCoA to F-1,5-dienoyl-CoA and
(B) experimentally verified defluorination 4-F-BzCoA to BzCoA by class | BCR. Both compounds are suggested to be ATP-dependently reduced to a common
anionic transition state, which is either protonated at C3/C5 to a 2- or 6-F-1,5-dienoyl-CoA (A) (only the 2-F-isomer is shown) or defluorinated to BzCoA (B) at the
para-position. Direct defluorination of 2-F-BzCoA by BCR is unlikely as it would require protonation at C2 instead of C4. (C) BzCoA degradation pathway involving
ATP-dependent BCR, DCH, HAD, and OAH. At the beginning of this study it was unknown how 2-F-BzCoA is channeled into the BzCoA degradation pathway.

MATERIALS AND METHODS

Growth of Bacterial Cells and
Preparation of Cell Extracts

Denitrifying strains were grown according to recent descriptions
(Tiedt et al, 2016) with 2.5-fold molar excess of nitrate
relative to substrate concentrations. Sulfate reducing strains
were cultivated anaerobically at 30°C in a bicarbonate-buffered
(30 mM) mineral salt medium containing the following
components: 21.1 mM NaySO4, 7.3 mM KH;PO4, 5.6 mM
NH4Cl, 120 mM NaCl, 59 mM MgCl,, 6.7 mM KCl,
1 mM CaCly, 225 mM Na,S, 23 pM NaySeOy4, 2 puM
resazurin as well as each 1 mL L™! of vitamin solution VL-
7 (Pfennig, 1978) and of trace element solution SL9 (Tschech
and Pfennig, 1984). Benzoate and 2-F-benzoate (1-2.7 mM)
were used as the sole sources of carbon. Growth was
monitored by measuring the optical density of cell suspensions
in l-cm cuvettes at 578 nm. Concentrations of growth

substrates were determined as described recently (Tiedt et al.,
2016).

Cell Suspension Assays

Exponentially growing cells were harvested anaerobically by
centrifugation (4,300 x g, 4°C, 15 min) and washed twice
under equal conditions in mineral salt medium containing
12 mM NaNOsj but no carbon source. Cell suspensions were
subsequently adjusted to an optical density of 9.0 (578 nm).
Consumption reactions were started at 30°C by adding individual
carbon substrates to a final concentration of 0.8 mM (final
ODsyg = 8.3) and stopped at individual time points by addition
of equal volume amounts of 20% (vol/vol) formic acid. Samples
were centrifuged at 18,000 x g (4°C, 10 min) prior to HPLC
analysis of the supernatants by reversed-phase high-pressure
liquid chromatography (HPLC) using a Waters 2690 separation
module. A Eurospher 100-5 C18 column (250 by 4 mm) (Knauer)
serving as solid phase was equilibrated with 40 mM formic
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acid containing 9% methanol at a flow rate of 1 mL min~!.

After sample load, separation was achieved by a rising gradient
of methanol to 45% within 2 min and further to 81% within
6 min. Individual substrate concentrations were determined by
referencing to calibration standards.

Synthesis and Analysis of CoA

Thioesters

BzCoA was synthesized from benzoic acid anhydride and CoA
(Schachter and Taggart, 1953) and halogenated analogs from the
corresponding acids via their succinimide esters as described
(Thiele et al., 2008b). The CoA ester metabolites 1,5-dienoyl-
CoA and 6-oxo-1-enoyl-CoA were enzymatically produced
from BzCoA using enriched enzymes of the anaerobic BzCoA
degradation pathway as described earlier (Thiele et al., 2008b).

Reaction mixtures for enzymatic CoA thioester synthesis were
treated with 2/3 of methanol (v/v, final content) and subsequent
centrifugation for protein precipitation. Methanol was removed
by flash evaporation at 40°C and the residual solution was freeze-
dried. CoA thioesters were purified by preparative reversed-phase
HPLC following previously described procedures (Thiele et al.,
2008b). Desalting of purified compounds was achieved by solid
phase extraction as described earlier (Erb et al., 2007).

Analysis of CoA thioesters was performed by reversed-phase
ultraperformance liquid chromatography (UPLC®) on a Waters
Acquity H-class system combined with a Eurospher I 100-2 C18
column (2.0 mm x 100 mm) (Knauer) at 30°C. For separation,
acetonitrile content in a 10 mM potassium phosphate buffer (pH
6.8) was gradually increased at a flow rate of 0.23 mL min~! from
2 to 12% within 2.4 min followed by 1.7 min up to 30%. This
final concentration was kept constant for 1.1 min. Products were
identified by comparing retention times and ultraviolet/visible
(UV/vis) absorption spectra with standards and/or by subsequent
mass spectrometric (MS) analysis. MS analysis was carried out by
using a Waters Acquity I-class UPLC with a Waters C18 HSS T3
column (2.1 mm x 100 mm, 1.8 pm particle size) coupled to a
Waters Synapt G2-Si HDMS ESI/Q-TOF system. For separation,
a 7 min linear gradient from 2 to 30% acetonitrile in 10 mM
ammonium acetate (pH 6.8) at a flow rate of 0.3 mL min~!
was applied. The mass spectrometer was operated in MS positive
mode with a capillary voltage of 3 kV, 150°C source temperature,
450°C desolvation temperature, 1000 L h~! N, desolvation gas
flow and 100 L h=! N cone gas flow.

Determination of Enzyme Activities

For determination of enzyme activities, a discontinuous HPLC-
/UPLC-based assay was applied as described earlier (Boll et al.,
2000). Identification and analysis of CoA thioester intermediates
was routinely performed by C18 reversed phase UPLC and
LC/MS as described above.

Analysis of Structural Isomers by NMR

Spectroscopy

Reaction products of 2- and 3-F-BzCoA with BCR were prepared
for NMR spectroscopy as described above. The compounds
were dissolved in 0.5 mL deuterated water. 'H NMR and !*C

NMR spectra were recorded at 500 and 126 MHz, respectively,
with Avance-HD 500 spectrometers operating at 27°C. 'H-
Detected experiments including two-dimensional COSY, NOESY,
HSQC, and HMBC were measured with an inverse 'H/!*C probe
head; direct '*C measurements were performed with a QNP
BCAP/2Si/'F/'H cryoprobe. All experiments were done in
full automation using standard parameter sets of the TOPSPIN
software package (Bruker). '*C NMR spectra were recorded in
proton-decoupled mode. Data processing was typically done with
the MestreNova software.

Heterologous Gene Expression in
Escherichia coli

Primers for the amplification of the genes dch and oah were
derived from GenBank sequence no. AJ224959.2. The dch gene
was expressed with a C-terminal, oah with a N-terminal 6x-
His tag. PCR parameters for gene amplifications were: 30 sec
at 98°C, 30 s at 52°C, and 45 s at 72°C, repeated 10 times
before increasing the annealing temperature to 56°C for another
25 cycles; Q5 DNA polymerase (New England Biolabs) was
used. The amplicons were ligated with the target vector pOT1,
a hybrid of the plasmids pBBRIMCS-2 (Kovach et al., 1995)
and pTrc99a (Amann et al, 1988). A fragment comprising
laclq and the multiple cloning site of pTrc99a was amplified
by PCR and subsequently ligated with a pBBR1 fragment from
which the MCS had been removed by Agel/Nsil. For primer
sequences used see Supplementary Table 1. Gene expressions
were carried out in E. coli MC4100 cells (Peters et al., 2003) by
induction with 1.0 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) at ODs75 of 0.4 to 0.6, after aerobic growth in LB medium
containing 75 pg mL™! kanamycin. After growth overnight
at 20°C, the cells were harvested by centrifugation and stored
at —20°C until use. Purification of recombinant proteins was
carried out in a buffer containing 20 mM TEA/NaOH at pH
7.4, 300 mM NaCl, 20 mM imidazole, 10% glycerol (v/v) and
1 mM DTE. Cell suspensions were passed twice through a French
pressure cell at 120 MPa. The cell lysate was centrifuged at
150,000 x g for 1 h (4°C) before applying the supernatant to
a Ni Sepharose™ High Performance HisTrap™ HP column
(GE Healthcare) according to manufacturer’s instructions. After
washing with 60 mM imidazole, proteins were eluted by a 120 and
250 mM step gradient. Imidazole was removed afterward using
PD MiniTrap G-25 desalting columns (GE Healthcare) according
to manufacturer’s instructions. Proteins were stored at —20°C
until use.

RESULTS

Growth of T. aromatica with

2-F-Benzoate and Benzoate

Thauera aromatica was chosen as model organism to study the
processes involved in 2-F-benzoate metabolism and to compare
them with those of benzoate metabolism in the same organism.
Cells were cultivated in a mineral salt medium with 2.7 mM
2-F-benzoate or benzoate as carbon and electron source and
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9.5 mM nitrate as electron acceptor (Figure 2A). The doubling
time averaging 6.4 £ 0.1 h was two to three times higher than
with benzoate. When cells reached stationary growth phase, the
substrate was completely consumed. With a calculated optical
density of 1.0 per 0.22 g L™! of cells (dry weight) the yield was
48 g (dry weight) per mol 2-F-benzoate consumed.

Whole-Cell Suspension Assays

Cells were tested for the induction of enzymes specifically
required for 2-F-benzoate degradation that are not produced
during benzoate degradation. For this purpose, consumption
of both substrates by dense suspensions (ODsyg ~ 8.3) of
cells grown with benzoate or 2-F-benzoate was determined.
Either type of cells instantly consumed 2-F-benzoate at the
rate of 36 & 4 pmol min~! g~! (dry weight) (Figures 2B,C).
Consumption of benzoate by cells grown with 2-F-benzoate only
slightly decreased to around 70% compared to benzoate-grown
cells. In summary, these observations suggested that the enzyme
inventory in cells grown with benzoate is adapted to consume
2-F-benzoate readily.

2-F-BzCoA Conversion by Cell-Free

Extracts

Soluble extracts (150,000 x g supernatant) of 2-F-benzoate-
or benzoate-grown cells both consumed 2-F-BzCoA at a
similar rate (80 £ 11 mU mg~!, mean value of triplicate
determinations =+ standard  deviation) as observed by
ultra-performance liquid chromatography (UPLC) analysis
(Figure 3A). Similar as during in vitro conversion of BzCoA,
2-F-BzCoA conversion strictly depended on Ti(Ill)-citrate as
an artificial electron donor and MgATP. As major products

3-OH-pimeloyl-CoA and acetyl-CoA were identified, that are
known as rather late intermediates of the BzCoA degradation
pathway (Figures 1, 3A). Remarkably, neither fluorinated
products nor non-fluorinated intermediates of the upper BzCoA
degradation pathway such as 1,5-dienoyl-CoA or its hydrated
equivalent 6-OH-1-enoyl-CoA were observed. The latter usually
accumulate during BzCoA conversion in vitro under the same
conditions, when NAD™, the electron acceptor of the 3-OH-
acyl-CoA dehydrogenase (HAD), was not added to the assay
(Figures 1, 3B). In conclusion, the conversion of 2-F-BzCoA to
3-OH-pimeloyl-CoA is considered to proceed independently of
NAD*/HAD.

2-F-BzCoA Conversion by Enriched BCR

BzCoA reductase, enriched from cells of T. aromatica grown
anaerobically with benzoate as described (Boll and Fuchs, 1995),
converted 2-F-BzCoA (compound 1) at a rate of 130 mU mg_1
to compound 2 and after prolonged incubation to compound
10 (Figure 4A). The characteristic UV/vis spectrum of the
product strongly resembled that of 1,5-dienoyl-CoA (5) (for
UV/vis spectra of CoA esters see Supplementary Figure 1). Mass
spectrometric analysis (Q-TOF-MS) identified compound 2 as
fluorinated 1,5-dienoyl-CoA (F-1,5-dienoyl-CoA) with an m/z
of 892.1564 (theoretical m/z of the [M+H]" ion = 892.1555;
for mass spectra of CoA thioesters see Supplementary Figure 3).
Depending on the regioselectivity of the BCR-catalyzed reaction
two possible isomers of F-1,5-dienoyl-CoA may be formed
(2-F-1,5-dienoyl-CoA and 6-F-1,5-dienoyl-CoA; compounds 2
and 2* in Figure 7), that cannot be separated by UPLC. To
analyze which of the isomers was formed, 'H NMR analysis
attempts were carried out. However, during the isolation

FIGURE 2 | (A) Growth of Thauera aromatica K172 with 2-F-benzoate (O) and benzoate (x), and the consumption of both of these substrates by suspensions of
cells grown with (B) benzoate or (C) 2-F-benzoate. Both substrates were consumed by either type of cells as indicated by decline of their concentrations.
Corresponding data points were connected for comprehensible visualization. The y-axes show concentrations of benzoate/2-F-benzoate added to the cell

suspensions. Means of two biological replicates are shown.
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FIGURE 3 | Ultraperformance liquid chromatography (UPLC) diagrams demonstrating the time-dependent in vitro conversion of (A) 2-F-BzCoA and (B) BzCoA by
cell-free extracts of T. aromatica. UPLC analyses of samples are shown, that were taken at representative time points as indicated by the numbers (min) at the
y-axis. The peak numbers refer to those assigned to structures in Figure 1: 2-F-BzCoA (1), BzCoA (4), 1,5-dienoyl-CoA (5), 6-OH-1-enoyl-CoA (6),
3-OH-pimeloyl-CoA (8), acetyl-CoA (9). Formation of 6-oxo-1-enoyl-CoA was not observed.

and NMR measurements the F-1,5-dienoyl-CoA compound(s)
readily decomposed to unknown products excluding a NMR
based structure analysis. In order to obtain initial insights into
the regioselectivity of BCR with fluorinated BzCoA analogs, 3-F-
BzCoA was converted by BCR in the presence of Ti(IIl) citrate
and MgATP as the products were expected to be more stable
than those of the corresponding 2-F-BzCoA reduction products.
'"H NMR analyses of the products revealed the formation of
both 3-F-1,5-dienoyl-CoA and 5-F-1,5-dienoyl-CoA suggesting
a low regioselectivity of BCR for fluorinated BzCoA analogs
(Supplementary Figure 2 and Supplementary Table 2). However,
a quantitative determination of the 3-F-/5-F-ratio could not be
reliably determined due to their decay during prolonged NMR
analysis.

Compound 10 was formed only after prolonged
incubation, and it was identified by mass spectrometry as a
fluorinated cyclohex-1-enoyl-CoA (F-1-enoyl-CoA; measured
m/z = 894.1722; theoretical m/z of the [M+H]" ion = 894.1711;
Supplementary Figure 3). Its formation can be explained by the
artificial reduction of F-1,5-dienoyl-CoA by BCR in the absence
of the subsequent enzymes of the BzCoA degradation pathway,
which has also been reported during BzCoA/1,5-dienoyl-CoA
conversion (Boll et al., 2000). In summary, BCR readily converted
2-F-BzCoA most likely to a 2-F-/6-F-1,5-dienoyl-CoA isomer
mixture, whereas no defluorination to BzCoA was observed.
This finding suggests that BCR is not involved in C-F-bond
cleavage of 2-F-BzCoA as observed for 4-F-BzCoA conversion to
BzCoA + HF (Tiedt et al., 2016).

2-F-BzCoA Conversion by Enriched BCR
and DCH

The results obtained so far suggest that enzymatic defluorination
is accomplished by enzymes involved in the conversion of
the 2-/6-F-1,5-dienoyl-CoA isomers to 3-OH-pimeloyl-CoA. As
cell suspension experiments provided no evidence for a de
novo synthesis of enzymes, the candidate enzymes involved in
C-F-bond cleavage were DCH, HAD, or OAH (Figure 1). Taken
into account that 2-F-BzCoA conversion to 3-OH-pimeloyl-
CoA readily occurred in the absence of NAD', the 3-OH-
acyl-CoA dehydrogenase HAD was unlikely to play a role in
the defluorination reaction. To test whether the remaining

DCH and/or OAH were involved in enzymatic defluorination
of 2-/6-F-1,5-dienoyl-CoA intermediates, both enzymes were
heterologously produced in E. coli with a 6x His-tag followed by
high enrichment by Ni-affinity chromatography (Supplementary
Figures 4, 5).

Purified recombinant DCH hydrated 1,5-dienoyl-CoA at a
rate of 107 + 12 U mg~! (Supplementary Figure 6A) consistent
with formerly reported activity values (110 U mg~! for the
reverse reaction) (Laempe et al, 1998). When 2-F-BzCoA
was reacted with BCR and DCH, formation of a fluorinated
hydroxy-1-enoyl-CoA (F-OH-1-enoyl-CoA, compound 11) was
observed (Figure 4B), as indicated by mass spectrometric
analysis (measured m/z = 910.1666; theoretical m/z of the
[M+H]" ion = 910.1660; Supplementary Figure 3). As a further
product 6-oxo-1-enoyl-CoA was identified by co-elution with
a standard and by mass spectrometric analysis (compound 7,
measured m/z = 890.1597; theoretical m/z of the [M+H]™
ion = 890.1598; ~35% peak area compared to F-OH-1-enoyl-
CoA). The formation of both, a fluorinated and a non-fluorinated
product from 2-F-BzCoA in the presence of BCR and DCH
suggests that both F-1,5-dienoyl-CoA isomers formed by BCR
were hydrated by DCH, and that hydration of one isomer was
accompanied by C-F-bond cleavage. Whereas the 2-F-6-OH-1-
enoyl-CoA formed should be considerably stable, the 6-F-6-OH-
1-enoyl-CoA represents a highly reactive a-fluorohydrin. Such
compounds are prone to spontaneous decomposition to ketones
by direct expulsion of fluoride by the adjacent hydroxyl oxygen
(Teipel et al., 1968; Seppelt, 1977; Marletta et al., 1982). Hence,
the observed formation of 6-oxo-1-enoyl-CoA can be explained
by the decay of an unstable 6-F-6-OH-1-enoyl-CoA intermediate.
Hence, stable compound 11 is assigned to the 2-F-6-OH-1-enoyl-
CoA (Figures 4B, 7). The ratio of the two products formed by
DCH (compounds 7 and 11) should reflect those of the 2-F-
and 6-F-1,5-dienoyl-CoA isomers produced by BCR which is
approximately 1:2.

2-F-BzCoA Conversion by Enriched BCR,
DCH and OAH

In a previous study, the heterologous expression of oah from
T. aromatica in E. coli failed (Laempe et al., 1999). Using a
modified protocol, we succeeded in heterologous production
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3-OH-pimeloyl-CoA (8), F-1-enoyl-CoA (10) and F-OH-1-enoyl-CoA (11).

FIGURE 4 | Ultraperformance liquid chromatography diagrams demonstrating the time-dependent conversion of 2-F-BzCoA (1) by (A) BCR, (B) BCR+DCH,
(C) BCR+DCH+OAH and (D) BCR+OAH. UPLC analyses of samples are shown, that were taken at representative time points as indicated by the numbers (min) at
the y-axis. The peak numbers refer to those assigned to structures in Figures 1, 7: 2-F-BzCoA (1), F-1,5-dienoyl-CoA (2 and/or 2*), 6-oxo-1-enoyl-CoA (7),

of OAH with a specific activity of 62.3 4+ 8 mU mg~!
(Supplementary Figure 5). Though this activity was significantly
lower than the activity reported for the enriched wild-type
enzyme (Laempe et al., 1999), recombinant OAH was used for
in vitro defluorination studies.

When 2-F-BzCoA was converted in the presence of BCR,
DCH and OAH, again formation of 2-F-6-OH-1-enoyl-CoA
was observed. In addition, 3-OH-pimeloyl-CoA (compound 8;
measured m/z = 926.1819; theoretical m/z of the [M+H]™
ion =926.1809) instead of 6-oxo-1-enoyl-CoA (compound 7) was
identified, which can be interpreted as hydration and hydrolytic
ring cleavage of the 6-oxo-1-enoyl-CoA intermediate by OAH
(Figures 1C, 4C). When DCH was omitted from the assay,
surprisingly OAH alone produced a similar 2-F-6-OH-1-enoyl-
CoA/3-OH-pimely-CoA mixture (Figure 4D). The overall 3-
OH-pimeloyl-CoA and 2-F-6-OH-1-enoyl-CoA formation rate
in this assay was 19.2 mU mg~!, which was approximately
threefold lower than the activity measured for the hydrolysis of
6-oxo-1-enoyl-CoA by OAH.

These results indicate that OAH was competent to hydrate
both fluorinated 1,5-dienoyl-CoA isomers and exhibited a similar
reactivity as DCH. This finding was unexpected as hydration
of 1,5-dienoyl-CoA analogs to 6-OH-1-enoyl-CoA products
represents a rather unusual 1,4-addition of water, which was
considered a unique activity of DCH (Peters et al., 2007).
Remarkably, OAH only hydrated the fluorinated dienoyl-CoA
isomers formed from 2-F-BzCoA by BCR, whereas conversion of
non-fluorinated 1,5-dienoyl-CoA was negligible (Supplementary
Figure 6). In conclusion, DCH and OAH can both initiate
C-F bond cleavage by hydration of the 2-F-1,5-dienoyl-CoA
isomer to an unstable a-fluorohydrin (Figure 7). The product
of spontaneous decomposition of the latter yields 6-oxo-1-enoyl-
CoA that is readily hydrolyzed to 3-OH-pimeloyl-CoA by OAH
but not by DCH.

2-F-6-OH-1-Enoyl-CoA Conversion by

DCH and OAH

The results obtained so far clearly suggested that DCH and
OAH both initiate defluorination of the 2-F-1,5-dienoyl-CoA
intermediate by 1,4-hydration. However, it was unclear which
of the two enzymes was involved in defluorination of the
stable 2-F-6-OH-1-enoyl-CoA. For this reason, the latter was
enzymatically synthesized from 2-F-BzCoA using BCR/DCH
and isolated by HPLC at the mg scale; it was stable for hours
at room temperature. Upon reaction with DCH, 2-F-6-OH-1-
enoyl-CoA was dehydrated to 6-F-1,5-dienoyl-CoA (79 Umg™1!),
representing the reverse reaction of DCH with an equilibrium
far on the side of the 2-F-6-OH-1-enoyl-CoA (Figure 5A).
However, no conversion to 6-oxo-1-enoyl-CoA was observed,
confirming that only the 2-F- but not the 6-F-1,5-dienoyl-CoA
can be defluorinated by DCH. Addition of OAH resulted in the
immediate formation of 3-OH-pimeloyl-CoA (5.0 mU mg~!)
(Figure 5B) indicating that OAH initiated C-F-bond cleavage of
2-F-6-OH-1-enoyl-CoA. The most likely scenario is that OAH
catalyzed a 1,2-addition of water resulting in the formation
of the unstable a-fluorohydrin 2-F-2,6-di-OH-cyclohexanoyl-
CoA that should readily decompose to HF and 2-oxo-6-OH-
cyclohexanoyl-CoA (compound 12). The latter is the likely water-
adduct intermediate during the conversion of 6-oxo-1-enoyl-
CoA to 3-OH-pimeloyl-CoA by OAH. In conclusion, OAH alone
is capable of defluorinating both F-1,5-dienoyl-CoA isomers
formed by BCR (Figure 7).

Growth of Selected Bacterial Strains

with 2-F-Benzoate

The results obtained suggest that class I BCR generates the
2-F- and 6-F-1,5-dienoyl-CoA isomers, which both can be
defluorinated by the action of OAH (and DCH in case of
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2-F-6-OH-monoenoyl-CoA (11).

FIGURE 5 | Ultraperformance liquid chromatography diagrams demonstrating the time-dependent conversion of 2-F-6-OH-1-enoyl-CoA. The diagrams show the
time-dependent conversion by (A) DCH or (B) DCH+OAH. UPLC analyses of samples are shown, that were taken at representative time points as indicated by the
numbers (min) at the y-axis. The peak numbers refer to those assigned to structures in Figures 1, 7: 6-F-1,5-dienoyl-CoA (2*), 3-OH-pimeloyl-CoA (8),

the 2-F-1,5-dienoyl-CoA). OAH is highly conserved in all
bacteria capable of anaerobically degrading benzoate and other
monocyclic aromatic compounds via the BzCoA degradation
pathway (Kuntze et al, 2008). Assuming that the ATP-
independent class II BCR, present in strictly anaerobic bacteria,
generates the same 2-F-/6-F-1,5-dienoyl-CoA products as the
class I enzyme, 2-F-benzoate should serve as growth substrate
for all facultatively and strictly anaerobic bacteria that degrade
monocyclic aromatic compounds via the BzCoA degradation
pathway.

To prove this hypothesis, we tested several anaerobic
benzoate-degrading strains for the additional capability of
growing with 2-F-benzoate as only source of carbon and
energy in the presence of appropriate electron acceptors
(Table 1). All denitrifying bacteria tested of the genera
Thauera, Azoarcus, and ‘Aromatoleum’ grew with 2-F-benzoate
at doubling times approximately two to three times higher
than with benzoate. Moreover, we observed previously unknown
growth of aromatic compound degrading, sulfate reducing
bacteria including Gram-positives (Desulfotomaculum gibsoniae)
and 8-Proteobacteria (Desulfobacterium anilini, Desulfococcus
multivorans). Here, the growth rates were only slightly lower
than with benzoate, presumably because sulfate reduction rather

TABLE 1 | Anaerobic growth of selected bacterial strains with 2-F-benzoate.

Doubling time (h)

2-F-benzoate Benzoate
Thauera aromatica K172 6.4 2.2
Thauera chlorobenzoica 3CB-1* 14 5.0
Azoarcus sp. CIB 16 5.4
Azoarcus evansii KB740* 14 4.3
Aromatoleum aromaticum EbN1 6.3 3.8
Desulfobacterium anilini 130 56
Desulfococcus multivorans 9.0 8.1
Desulfotomaculum gibsoniae 144 112
Desulfosarcina cetonica - 27
Geobacter metallireducens GS-15 - 6.2

*Strains were reported for anaerobic growth with 2-F-benzoate before (Schennen
et al., 1985; Anders et al., 1995).

FIGURE 6 | Ultraperformance liquid chromatography diagrams demonstrating
the time-dependent conversion of 2-Cl-BzCoA by BCR+DCH and OAH.
UPLC analyses of samples are shown, that were taken at representative time
points as indicated by the numbers (min) at the y-axis. Peaks of CoA ester
compounds are numbered as follows: 2-CI-BzCoA (13), CI-1,5-dienoyl-CoA
(14).

than BzCoA degradation was rate-limiting in the overall energy
metabolism. However, there were also exceptions: even after
several trials, no growth was observed for the iron-reducing strain
Geobacter metallireducens GS-15 and the sulfate reducing strain
Desulfosarcina cetonica.

2-ClI-BzCoA Conversion by Enriched
BCR, DCH and OAH

None of the strains capable of degrading 2-F-benzoate was
capable of growing with 2-Cl-benzoate. We therefore tested
whether dehalogenation in ortho-position is feasible when
chlorine substitutes for fluorine. In accordance with earlier
reports (Maobitz and Boll, 2002), BCR ATP- and Ti(III) citrate-
dependently converted 2-Cl-BzCoA to chlorinated 1,5-dienoyl-
CoA (measured m/z = 906,1106; theoretical m/z of the [M+H]™
ion = 906,1103). However, in contrast to the F-1,5-dienoyl-CoA
isomers, the chlorinated analog was neither converted by DCH
nor by OAH (Figure 6). This finding explains why no growth
with 2-Cl-benzoate was observed.

DISCUSSION

Using numerous in vitro assays with extracts of T. aromatica
cells grown with 2-F-benzoate and with purified recombinant
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FIGURE 7 | Possible mechanism for the conversion of 2-F-BzCoA by BCR, DCH, and OAH. Both F-1,5-dienoyl-CoA isomers (compounds 2/2*) are hydrated to
different F-OH-1-enoyl-CoA isomers (compounds 11/11*) by DCH and OAH, likewise. Unstable 6-F-6-OH-1-enoyl-CoA (11*) spontaneously decomposes to
6-oxo-1-enoyl-CoA (compound 7) by HF-expulsion. This, in the presence of OAH, becomes immediately hydrated presumably to 2-oxo-6-OH-cyclohexanoyl-CoA
(compound 12) before hydrolysis to 3-OH-pimeloyl-CoA (compound 8). Stable 2-F-6-OH-1-enoyl-CoA (compound 11) can also only be further hydrated by OAH,
apparently to the unstable 2-F-2,6-di-OH-cyclohexanoyl-CoA intermediate, which spontaneously decomposes to compound 12 before ring hydrolysis by OAH.
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enzymes, we unraveled the previously unknown metabolites
and enzymes involved in anaerobic 2-F-benzoate degradation.
The individual enzymatic steps can be summarized as follows
(Figure 7): (i) activation of 2-F-benzoate to 2-F-BzCoA by
promiscuous BCL; (ii) reduction of 2-F-BzCoA to a 1:2
mixture of 2-F-/6-F-1,5-dienoyl-CoA (compounds 2/2*) by
promiscuous ATP-dependent class I BCR; (iii) 1,4-hydration
of 2-F-1,5-dienoyl-CoA isomer by either DCH or OAH
to an instable 6-F-6-OH-1-enoyl-CoA (compound 11%) that
spontaneously decomposes to HF and 6-oxo-1-enoyl-CoA,
and 1,4-hydration of the 6-F-1,5-dienoyl-CoA to stable 2-F-
6-OH-1-enoyl-CoA (compound 11); (iv) conversion of 2-F-6-
OH-1-enoyl-CoA to the unstable 2-F-2,6-di-OH-cyclohexane-
carboxyl-CoA via 1,2-hydration, catalyzed by OAH. The
latter spontaneously decomposes to 2-oxo-6-OH-cyclohexane-
carboxyl-CoA (compound 12), which is readily hydrolyzed to
3-OH-pimeloyl-CoA by OAH (Figure 7). Similar to 4-F-benzoate
degradation, catabolism of 2-F-benzoate does not require any
additional enzyme for removal of the substituent at the aromatic
ring, which is different to the degradation of 3-chloro-, hydroxy-,
or methylbenzoates (Laempe et al, 2001; Kuntze et al.,, 2011;
Lahme et al., 2012; Juarez et al., 2013).

Unlike 4-F-benzoate degradation, where class I BCR is
directly involved in reductive defluorination, the downstream
enzymes OAH and DCH are employed for C-F-bond cleavage
during 2-F-benzoate degradation. As OAH alone is capable
of catalyzing the defluorination of both F-1,5-dienoyl-CoA
isomers formed by BCR to 3-OH-pimeloyl-CoA and HE 2-
F-benzoate degradation appears to be rather independent of
DCH. Moreover, the NAD'-dependent HAD is dispensable as
F-1,5-dienoyl-CoA and 3-OH-pimeloyl-CoA already have the
same oxidation state. As all anaerobic bacteria contain similar
BCLs, BCRs, and OAHs (Kuntze et al., 2008), 2-F-benzoate
was predicted to serve as growth substrate for all anaerobic
bacteria employing the BzCoA degradation pathway. Indeed,
we newly identified growth with a number of sulfate-reducing
and nitrate-reducing bacteria with 2-F-benzoate. The observed
lower growth rate vs. benzoate in denitrifying bacteria can be
rationalized by the slow conversion of the 2-F-6-OH-1-enoyl-
CoA intermediate by OAH, making this reaction probably the
overall rate-limiting step of 2-F-benzoate degradation. With
G. metallireducens and D. cetonica also two exceptions were
identified. The inability of growth with 2-F-benzoate might be
explained by BCR and/or OAH variants that non-sufficiently
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convert the fluorinated substrate analogs. Another possibility
is that these strains are particularly sensitive to toxic fluoride
released during 2-F-benzoate degradation, e.g., due to an
insufficient fluoride export (Baker et al., 2012).

Growth with 2-Cl-benzoate and 3-F-benzoate was not
observed with any of the tested strains. Although chlorine is
even a better leaving group than fluorine, steric effects might
be responsible for the inability of OAH and DCH to convert
the corresponding CI-1,5-dienoyl-CoA analogs. In the case of
3-F-BzCoA degradation, no a-fluorohydrins can be formed by
DCH or OAH. Degradation of 3-F-BzCoA by promiscuous
enzymes of the BzCoA degradation pathway would eventually
result in the formation of toxic fluoroacetyl-CoA, which was
then metabolized to fluorocitrate (Peters et al., 1953), a potent
inhibitor of aconitase (Lauble et al., 1996) and of citrate
transport across the mitochondrial membrane (Kun et al,
1977).

The defluorination activities of the crotonase-family members
OAH and DCH have not been reported before, and both are
considered to proceed via unstable a-fluorohydrin intermediates.
The hydration of 2-F-1,5-dienoyl-CoA (compound 2) to 6-oxo-
1-enoyl-CoA (compound 7) by OAH represents a formal 1,4-
hydration. This activity is surprising because non-fluorinated 1,5-
dienoyl-CoA is not a substrate of the enzyme. As OAH catalyzes
two different water additions to a 1-enoyl-CoA (1,2-addition)
and a ketone moiety (hydrolytic ring cleavage), OAH exhibits
a catalytic flexibility that might be essential for defluorination of
both, 2-F-1,5-dienoyl-CoA and 2-F-6-OH-1-enoyl-CoA (Laempe
et al., 1999; Kuntze et al., 2008). In both fluorinated substrates,
the fluorine substituent is bonded to a sp?-hybridized carbon
that alters the electronic properties of the molecule by its +M-
and —I-effect. As a result, both mimic the electronic properties
of 6-0x0-1-enoyl-CoA/2-oxo-1-OH-cyclohexanoyl-CoA, the
natural substrate/reaction intermediate of OAH.
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