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A method was developed to study the biodegradation and oxidative biodehalogenation of fluorinated phenols
by 19F nuclear magnetic resonance (NMR). Characterization of the 19F NMR spectra of metabolite profiles of
a series of fluorophenols, converted by purified phenol hydroxylase, catechol 1,2-dioxygenase, and/or by the
yeast-like fungus Exophiala jeanselmei, provided possibilities for identification of the 19F NMR chemical shift
values of fluorinated catechol and muconate metabolites. As an example, the 19F NMR method thus defined
was used to characterize the time-dependent metabolite profiles of various halophenols in either cell extracts
or in incubations with whole cells of E. jeanselmei. The results obtained for these two systems are similar, except
for the level of muconates observed. Altogether, the results of the present study describe a 19F NMR method
which provides an efficient tool for elucidating the metabolic pathways for conversion of fluorine-containing
phenols by microorganisms, with special emphasis on possibilities for biodehalogenation and detection of the
type of fluorocatechols and fluoromuconates involved. In addition, the method provides possibilities for
studying metabolic pathways in vivo in whole cells.

The aerobic microbial degradation of halogenated aromatics
can proceed through formation of intermediate halophenols
that can be converted to catechols suitable for ring cleavage
reactions and further conversion of the compounds to sub-
strates for normal carbon metabolism. This conversion of halo-
phenols to tricarboxylic acid cycle intermediates often requires
that at some point in the catabolic pathway, the halogen atoms
are removed from the molecule, which results in formation of
nonhalogenated metabolites. In many cases, these dehaloge-
nation steps are difficult and/or result in metabolic intermedi-
ates that need specific enzymes for their further degradation
through, in most cases, the 3-oxoadipate pathway (6–8, 20, 21,
24, 30).

Up to now, many studies of possibilities for biodehalogena-
tion have focused on the reactions catalyzed by purified en-
zymes (7, 8, 10, 20, 24, 28). However, the relative importance
of the various pathways for the in vivo conversion of a specific
halophenol remains to be investigated for each organism and
each halophenol separately. Therefore, the development of a
technique that can efficiently characterize the relative impor-
tance of the various biodehalogenation pathways for the con-
version of a specific halophenol by a specific microorganism
would be of great value.

Of all nuclear magnetic resonance (NMR)-observable iso-
topes, 19F is the one perhaps most convenient for studies of
biodegradation of environmental pollutants (3, 15, 22). This
originates from several advantages of the 19F isotope com-
pared to those of other nuclei. First, the intrinsic sensitivity of

the 19F nucleus is high and is almost comparable to that of 1H.
Obviously, sensitivity is an important factor, because xenobi-
otics and their metabolites are usually present in relatively low
concentrations. Second, for fluorine, the sensitivity is further
increased because of the absence of background signals, be-
cause biological systems do not contain NMR-visible fluori-
nated endogenous compounds. This implies that all resonances
observed can be unambiguously ascribed to the xenobiotic
compound and its biodegradation products. Third, the 19F
nucleus is known to have a broad chemical shift range of about
500 ppm. This is large compared to the chemical shift range of,
for example, 1H resonances, 15 ppm, and that of 13C, 250 ppm.
Thus, the chemical shift of a 19F nucleus is highly sensitive to
its molecular surroundings, resulting in relatively large changes
in chemical shift as a result of biochemical modification of a
xenobiotic. This reduces the chances of peak overlap.

The results of the present study demonstrate that 19F NMR
provides a tool with which to efficiently characterize the first
steps in the catabolic pathway of fluorophenols by whole cells
and/or cell extracts. Special emphasis is on the characterization
of the various fluorocatechols and fluoromuconates, since
identification of their 19F NMR resonances is required before
the 19F NMR method can be used as an analytical tool. Thus,
by using purified phenol hydroxylase and catechol 1,2-dioxyge-
nase, as well as whole cells and cell extracts from Exophiala
jeanselmei, the 19F NMR chemical shift values of fluorocat-
echols and, especially, fluoromuconates were identified. E. jean-
selmei CBS 658.76 was chosen for the biodegradation and
metabolic identification studies because this yeast-like fungus
has previously been reported to be able to degrade and grow
on an extremely large series of benzene compounds, but not on
halogenated derivatives (17). This implies that this species
provides good possibilities for identification and demonstra-
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tion of the various fluorocatechol and fluoromuconate inter-
mediates expected to accumulate in the metabolic pathways of
the various fluorophenols.

MATERIALS AND METHODS

Chemicals. Phenol was purchased from Merck (Darmstadt, Germany).
2-Fluoro-, 3-fluoro-, and 4-fluorophenol were obtained from Janssen Chimica
(Beerse, Belgium). 2,4-Difluoro-, 2,5-difluoro-, 3,4-difluoro-, and 2,4,5-trifluoro-
phenol and 2,3,4,5-tetrafluorophenol were purchased from Aldrich (Steinheim,
Germany). 2,3-Difluoro-, 2,6-difluoro-, 3,5-difluoro-, 2,3,4-trifluoro-, 2,3,5-tri-
fluoro-, 2,3,6-trifluoro-, and 3,4,5-trifluorophenol were obtained from Fluoro-
chem (Derbyshire, United Kingdom). Pentafluorophenol and catechol were ob-
tained from Sigma (St. Louis, Mo.). Fluorocatechols were prepared as previously
described (19) from the corresponding fluorophenols with purified phenol hy-
droxylase from Trichosporon cutaneum. Fluoromuconates were prepared by in-
cubating the fluorocatechols thus formed with catechol 1,2-dioxygenase from
Pseudomonas arvilla C-1.

Incubations with purified enzymes. Phenol hydroxylase was isolated from the
yeast T. cutaneum as described previously (19). Catechol 1,2-dioxygenase from
P. arvilla C-1 was purified essentially according to the method of Nakai et al. (18).

Incubations with purified phenol hydroxylase, in the absence or presence of
catechol 1,2-dioxygenase, for 19F NMR measurements were carried out at 30°C
in closed reaction vessels to prevent evaporation of the phenolic substrate.
Incubation media contained (final concentrations) 0.1 M potassium phosphate
(pH 7.6); 0.7 mM halophenol, added as 1% (vol/vol) of a 70 mM stock in di-
methyl sulfoxide; 10 mM FAD; 1 mM ascorbic acid; and 1 mM NADPH. The
incubations were started by the addition of the purified phenol hydroxylase and,
in case of biosynthesis of the fluoromuconates, the purified catechol 1,2-dioxy-
genase. Different amounts of the enzyme preparations and incubation times were
used for the different substrates, depending on the reactivity of the substrate.

Organism and growth conditions for biodegradation studies. Strain CBS
658.76 of the yeast-like fungus E. jeanselmei was used and cultured as previously
described (17). In short, the cells were grown at 30°C on an orbital shaker in a
synthetic medium containing (per liter): KH2PO4, 9 g; K2HPO4, 1 g; MgSO4 z
7H2O, 0.5 g; NH4Cl, 2 g; CaCl2, 0.1 g; FeCl3 z 6H2O, 2 mg; H3BO3, 0.5 mg;
CuSO4 z 5H2O, 0.1 mg; MnCl2, 0.4 mg; KI, 0.1 mg; NaMoO4, 0.2 mg; ZnSO4, 0.4
mg; myo-inositol, 0.01 g; 4-aminobenzoic acid, 0.3 mg; d-biotin, 0.02 mg; Ca-
pantothenate, 2 mg; nicotinic acid, 5 mg; pyridoxine, 1 mg; riboflavin, 0.1 mg;
thiamine, 0.2 mg; the pH was adjusted to 5.5. For growth on phenol, the substrate
was added four times at 1 to 2 mM (final concentration), over a period of 2 days.

The yeast strain was maintained at 4°C on agar slants of the same medium,
containing glucose (2 g/liter) as the carbon source.

Degradation of fluorophenols by whole cells. The fluorophenol test com-
pounds were added to a final concentration of 0.7 mM (each) to 80 ml of a
phenol-grown culture after phenol had been exhausted (as checked by high-
performance liquid chromatography (HPLC). To monitor the conversion of
these substrates, samples were taken at different time intervals. Before freezing
the samples into liquid nitrogen, 10 mM ascorbic acid was added to prevent
possible autoxidation of catechol metabolites. Samples were stored at 220°C
until analyzed. Before 19F NMR analysis, samples were unfrozen and centrifuged
(5 min, 13,000 3 g, 0°C) to remove cell debris.

Conversion of fluorophenols by cell extracts. Cells of the phenol-adapted
culture (1 liter) were harvested by centrifugation (10,000 3 g, 15 min); washed
twice in 50 mM potassium phosphate (pH 7.6), containing 2.0 mM FAD, 1 mM
dithiothreitol, and 0.1 mM EDTA; and resuspended in a final total volume of 50
ml of the same buffer, to which 1.0 mM phenylmethylsulfonyl fluoride was added.
The cells were disrupted through a precooled French press, and the extract was
clarified by centrifugation (10,000 3 g, 15 min). Microscopic analysis showed that
over 90% of the cells were destroyed. During this cell extract preparation step,
the relative concentration factor compared to that of the cell cultures was 20 (i.e.,
the amount of enzyme expected per ml was 20 times higher in the cell extract
than in the cell cultures). Incubations with cell extracts were carried out as
described above for the incubations with purified enzymes. Instead of the en-
zymes, cell extract (50 ml of cell extract in 1 ml of incubation mixture) was added.
Samples were taken at 15-min intervals, frozen in liquid nitrogen, and stored at
220°C until analyzed. During the experiment, 1 mM ascorbic acid was added to
the incubation mixture every few hours to prevent autoxidation of the catechols
formed.

19F NMR measurements. 19F NMR measurements were performed with a
Bruker DPX 400 NMR, and some measurements were performed with a Bruker
AMX 300 spectrometer as previously described (29). The temperature of the
measurements was 7°C. A dedicated 10-mm-diameter 19F NMR probe head was
used with both NMR instruments. The spectral width used for the 19F NMR
measurements was between 20,000 and 50,000 Hz, depending on the sample
measured. The number of data points used for data acquisition was 65,536. Pulse
angles of 30° were used. Between 2,000 and 60,000 scans were recorded, depend-
ing on the concentrations of the fluorine-containing compounds and the signal-
to-noise ratio required. The sample volume was 1.72 ml, containing 1.4 ml of
sample; 200 ml of 0.8 M potassium phosphate (pH 7.6); 100 ml of 2H2O, used as
a deuterium lock; and 20 ml of 8.4 mM 4-fluorobenzoate, added as an internal

standard. Concentrations of the various metabolites were calculated by compar-
ison of the integrals of the 19F NMR resonances of the metabolites to the integral
of the 4-fluorobenzoate resonance. Chemical shifts are reported relative to
CFCl3. The resonance of the internal standard, 4-fluorobenzoate, was set at
2114.2 ppm with respect to CFCl3. The Lorentzian line shape of the resonances
was converted to a Gaussian-type line shape in order to improve resolution for
careful determination of the coupling constants. In the cases in which the cou-
pling constants could be determined directly from the data sets, the resolution
was at least 0.2 Hz. In cases in which AA9XX9 spectra were obtained, the splitting
patterns were carefully analyzed by using a formal calculation as described by
Günther (9).

1H decoupling was achieved with a Waltz16 decoupling sequence. 19F NMR
chemical shift values of the various fluorine-containing compounds were identi-
fied on the basis of added authentic reference compounds for fluoride anions and
all fluorophenols. The resonances of the different fluorocatechol metabolites
were identified previously (19), and those of the fluoromuconates were identified
as described in Results.

HPLC analysis. HPLC analysis was conducted with a LiChrosorb RP18 col-
umn (100 by 3 mm). Elution was carried out at a flow rate of 1.0 ml/min, starting
with 100% water for 1 min, and then a linear gradient of 0 to 80% of methanol
in 14 min was applied, followed by 1 min of 80% methanol. Detection was
performed at 280 or 295 nm with a Waters 996 photo diode array detector.
Metabolite peaks were identified on the basis of added authentic reference
compounds.

RESULTS

Conversion of 2-fluorophenol by whole cells and cell extracts
as determined by 19F NMR. Figure 1 presents, as an example,
the 19F NMR spectra of the 1-h incubations of whole cells (Fig.
1A) and of cell extracts (Fig. 1B) of E. jeanselmei incubated
with 2-fluorophenol. Formation of three metabolites with
19F NMR chemical shift values of 2140.4, 2111.8, and 2123.0
ppm were observed to an extent that accounts for the decrease
in the amount of 2-fluorophenol. The resonance at 2123.0
ppm originates from fluoride anions, indicating that biodeha-
logenation has occurred. The HPLC chromatogram of the 1-h
incubation of cell extracts with 2-fluorophenol (not shown)
indicates formation of nonfluorinated catechol, pointing at oxi-
dative dehalogenation of 2-fluorophenol by a phenol hydroxy-
lase. The amount of nonfluorinated catechol formed equals the
amount of fluoride anion formed (corrected for the amount of
fluoride anion already present in blank incubations). Thus, all
fluoride anions formed can be accounted for by the amount of
nonhalogenated catechol formed from 2-fluorophenol by phe-
nol hydroxylase, showing that no significant other pathways for
biodehalogenation occur. This implies that oxidative dehalo-
genation by phenol hydroxylase appears to be the main path-
way for biodehalogenation of 2-fluorophenol in E. jeanselmei.
The resonances of the other two main metabolites in the 19F
NMR spectra in Fig. 1A and B represent 3-fluorocatechol and
2-fluoromuconate, the latter resulting from ring cleavage of the
3-fluorocatechol by a catechol 1,2-dioxygenase. These chemical
shift values were identified on the basis of experiments in
which fluorophenols were incubated with purified phenol hy-
droxylase and/or purified catechol 1,2-dioxygenase (Fig. 1C
and D). Figure 1C and D show that incubation of 2-fluorophe-
nol with purified phenol hydroxylase (Fig. 1C) or purified phe-
nol hydroxylase and catechol 1,2-dioxygenase (Fig. 1D) gives
rise to formation of the metabolites with chemical shift values
of 2140.4 and 2111.8 ppm, respectively. These results indicate
that the metabolite at 2140.4 ppm is 3-fluorocatechol and that
the metabolite at 2111.8 ppm is 2-fluoromuconate.

Altogether, the results in Fig. 1 indicate that biodegradation
of 2-fluorophenol by E. jeanselmei is blocked at the level of
catechol 1,2-dioxygenase and muconate cycloisomerase, lead-
ing to accumulation of 3-fluorocatechol and 2-fluoromuconate
as the ultimate reaction products.

Assignment of the chemical shift values of fluoromuconates
by 1H-(de)coupled 19F NMR. Additional experiments of the
present paper describe the identification of the 19F NMR sig-
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nals of an extended series of fluorine-containing catechol and
muconate derivatives.

Experiments in which purified phenol hydroxylase and/or
purified catechol 1,2-dioxygenase was incubated with 2-fluoro-,
3-fluoro-, 4-fluoro-, 2,3-difluoro-, 2,4-difluoro-, 2,5-difluoro-, 2,6-
difluoro-, 3,4-difluoro, 3,5-difluoro-, 2,3,4-trifluoro-, 2,3,5-tri-
fluoro-, 2,3,6-trifluoro-, 2,4,5-trifluoro-, 3,4,5-trifluoro-, 2,3,5,6-
tetrafluoro-, and pentafluorophenol gave rise to 19F NMR
spectra containing the resonances of the various fluorocatechol

and fluoromuconate metabolites derived from the different
fluorophenol derivatives. The 19F NMR chemical shift values
of the fluorophenols, except for 2,4,5-trifluorophenol, were
previously reported (19). In the present study, the 19F NMR
chemical shift values of 2,4,5-trifluorophenol were identified at
2147.1 (F-2), 2153.5 (F-4), and 2143.7 ppm (F-5), since the
compound was now commercially available. The parts-per-
million values observed for the fluorocatechols were identical
to those previously described and identified (19). The parts-
per-million values of the fluoromuconates prepared in the
present study with purified phenol hydroxylase and catechol
1,2-dioxygenase are listed in Table 1. Table 1 also presents the
results of 1H-coupled 19F NMR measurements, which were
performed to unequivocally identify the various 19F NMR
chemical shift values of the fluoromuconates. The F-H and F-F
coupling patterns derived from the 1H-coupled 19F NMR mea-
surements identify the position of the fluorine substituents in
the different muconates. Although at first glance the coupling
constants for the various muconates might seem inconsistent at
some points, comparison to J(F-H) and J(F-F) values reported
in the literature for similar compounds (11, 35) support the
present assignments. This comparison to the literature data
(11, 27, 35) also illustrates that the configuration and confor-
mation of the muconate strongly affect the size of the coupling
constants observed. Thus, especially the relatively large 3J(F-F)
coupling constant observed in 2,3,5-trifluoromuconate seems
to deviate from the much smaller 3J(F-F) coupling constant in
2,3-difluoromuconate and 2,3,4-trifluoromuconate. Based on
the very large difference in such 3J(F-F) coupling constants for
other cis and trans RFCACFR9 isomers (35), one might sug-
gest that, especially in the 2,3,5-trifluoromuconate, cis-trans
isomerization had occurred. Alternatively the relatively large
3J(F-F) in 2,3,5-trifluoromuconate may point to a very unusual
geometry of the cis isomer (11). However, this phenomenon
was not further investigated in the present study.

Conversion of fluorophenol derivatives in cell extracts and
incubations with whole cells as determined by 19F NMR. To-
gether, the data presented in the literature and Table 1 provide
a basis with which to study the conversion of fluorinated phe-
nolic derivatives by 19F NMR in cell extracts as well as their
conversion in vivo in whole-cell cultures. Results obtained
to illustrate this are presented in Fig. 2. Although Fig. 2 only
presents the metabolic profiles of three of the seven fluoro-
phenols studied, the metabolic profiles presented are repre-
sentative examples also for the other fluorophenols. Thus, the
time-dependent changes in the metabolic profiles of 2-fluoro-
phenol are similar to those presented for 2,4-difluorophenol
(Fig. 2B and E), those of 3-fluorophenol and 3,4-difluorophe-
nol are similar to those presented for 4-fluorophenol (Fig. 2A
and D), and those of 3,4,5-trifluorophenol resemble the pat-
terns presented for 2,3,4-trifluorophenol (Fig. 2C and F). From
the degradation patterns obtained with cell extracts (see Fig.
2A to C for representative examples), it can be derived that the
rate of conversion of fluorophenols is linear in time for at least
1 h and ceases after 2 h of incubation, which appeared to be
due to NADPH limitation. As a result, catechol formation by
the NADPH-dependent phenol hydroxylase stops, whereas
conversion of the catechols to the muconates, catalyzed by the
NADPH-independent catechol 1,2-dioxygenase, is still ob-
served for at least 6 h. In addition to biodegradation by cell
extracts, degradation patterns of the fluorophenols by whole
cells of E. jeanselmei were determined. Some representative
metabolite profiles obtained are shown in Fig. 2 D to F. In
these studies, no lack of cofactor is observed, and the phenol
degradation continues beyond the hour. Comparison of the
metabolic profiles obtained with cell extracts and whole-cell

FIG. 1. 19F NMR spectra of culture medium after 1 h of incubation of whole
cells of E. jeanselmei with 2-fluorophenol at 30°C (A), cell extracts from E. je-
anselmei incubated for 1 h with 2-fluorophenol at 30°C (B), incubation of purified
phenol hydroxylase with 2-fluorophenol (C), and incubation of purified phenol
hydroxylase plus purified catechol 1,2-dioxygenase with 2-fluorophenol (D). 19F
NMR chemical shift values were identified as described previously (19) and on
the basis of results from the present study (see text and Table 1). The resonance
marked “is” is from the internal standard, 4-fluorobenzoate.
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cultures shows that the metabolic profiles in both systems are
similar, except for the level of muconates that can be detected.
Clearly cells do not efficiently excrete the muconate interme-
diates into the culture medium, resulting in relatively lower
levels of muconates in culture media than those observed in
incubations with cell extracts.

From the data in Fig. 2, it can also be derived that for E. je-

anselmei, degradation of the fluorophenols becomes increasing-
ly difficult with an increasing number of fluorine substituents.

Moreover, the metabolic profiles also indicate that for phe-
nols with a fluorine substituent ortho with respect to the hy-
droxyl moiety, and/or phenols providing possibilities for for-
mation of an ortho fluorocatechol, the biodegradation results
in accumulation of the respective catechol and muconate. Only

TABLE 1. Chemical shift values of fluorinated muconate metabolites formed from fluorophenols by purified phenol hydroxylase
and purified catechol 1,2-dioxygenasea

Muconate Chemical
structure

Fluorophenol(s) muconate
formed from

Chemical shift
(ppm)b

Coupling
assignment

Coupling
constant

(Hz)

2-Fluoromuconate 2- and 3-Fluorophenol and 2,3- and 2,6-
difluorophenol

2111.8 (F-2) 3J (2-F, 3-H) 20.7

3-Fluoromuconate 3- and 4-Fluorophenol and 2,4- and 2,5-
difluorophenol

2108.2 (F-3) 3J (3-F, 2-H) 21.7
3J (3-F, 4-H) 32.9

2,3-Difluoromuconate 2,3- and 3,4-Difluorophenol and 2,3,6-tri-
fluorophenol

2134.5 (F-3) 3J (3-F, 2-F) 2.7
3J (3-F, 4-H) 31.6

2142.3 (F-2) 3J (2-F, 3-F) 2.7

2,4-Difluoromuconate 2,4- and 3,5-Difluorophenol and 2,3,5-tri-
fluorophenol

2102.5 (F-4) 3J (4-F, 3-H) 25.2
3J (4-F, 5-H) 21.4

2107.4 (F-2) 3J (2-F, 3-H) 21.0

2,5-Difluoromuconate 2,5-Difluorophenol and 2,3,6-trifluorophenol 2111.1 (F-2/5) 3J (2/5-F, 3/4-H) 11.5
4J (2/5-F, 4/3-H) 6.8

3,4-Difluoromuconatec 3,4-Difluorophenol and 2,4,5-trifluorophenol 2121.1 (F-3/4) 3J (3/4-F, 2/5-H) 15
3J (3-F, 4-F) 8
4J (3/4-F, 5/2-H) 3

2,3,4-Trifluoromuconate 2,3,4- and 3,4,5-Trifluorophenol 2106.2 (F-4) 3J (4-F, 3-F) 39.0
3J (4-F, 5-H) 16.0
4J (4-F, 2-F) 7.6

2131.4 (F-3) 3J (3-F, 2-F) 7.3
3J (3-F, 4-F) 39.0

2137.0 (F-2) 3J (2-F, 3-F) 7.3
4J (2-F, 4-F) 7.6

2,3,5-Trifluoromuconate 2,3,5- and 2,4,5-Trifluorophenol and 2,3,5,6-
tetrafluorophenol

2106.9 (F-3) 3J (3-F, 2-F) 30.6
3J (3-F, 4-H) 20.7

2127.5 (F-5) 3J (5-F, 4-H) 23.7
2141.9 (F-2) 3J (2-F, 3-F) 30.6

Tetrafluoromuconated Pentafluorophenol 2130.2 (F-3/4) 3J (3-F, 2-F) Small
3J (3-F, 4-F) Small
4J (3-F, 5-F) Small
3J (4-F, 5-F) Small
4J (4-F, 2-F) Small

2134.5 (F-2/5) 5J (2-F, 5-F) Small

a Values were determined in 0.1 M potassium phosphate (pH 7.6) at 7°C.
b Chemical shift relative to CFCl3.
c The 19F NMR (1H decoupled) NMR spectrum is of the AA9XX9 type. The splitting pattern has been analyzed by using a formal description as described by Günther

(9). The coupling constants have, as a result, been determined to be less accurate.
d The 19F NMR spectra of this compound with and without 1H decoupling are identical. A formal calculation of the observed splitting pattern reveals that the F-F

coupling constants all must be very small.
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for 3-fluoro-, 4-fluoro-, and 3,4-difluorophenol, in which the
main catechol metabolite does not contain a fluorine ortho with
respect to the hydroxyl groups of the catechol, is swift biode-
halogenation observed. This results in fluoride anion forma-
tion and the absence of significant accumulation of the cate-
chol and muconate intermediates. The fact that, in spite of this
efficient biodehalogenation, no significant growth of E. jean-
selmei is detected on 3-fluoro-, 4-fluoro-, and 3,4-difluorophe-
nol points at cometabolism.

Thus, the present 19F NMR method provides information
on, not only catechol and muconate metabolites formed and
the metabolic pathway involved, but also the extent of dehalo-
genation (i.e., the amount of fluoride anion formation). Clearly
this is an advantage of the 19F NMR method over HPLC anal-
ysis, in which formation of the halide anion is not registered
simultaneously. Furthermore, this method provides a possibil-
ity for studying metabolic pathways with intact cells in vivo.

DISCUSSION
Most studies of the microbial degradation of halogenated

phenolic compounds have been performed with bacteria. Up
to now, only two yeast strains, T. cutaneum and Candida tropi-

calis, have been shown to metabolize monosubstituted phenols
by the initial steps of the 3-oxoadipate pathway, analogous to
bacterial degradation of monochlorophenols (8, 12, 14). The
present study, however, focuses on the biodegradation of flu-
orophenols as measured by 19F NMR, and it is important to
stress that the routes for fluorophenol degradation may vary
considerably from those responsible for chlorophenol degra-
dation by the same organism (2, 6, 8, 16, 23–25). Figure 3
summarizes the various metabolic routes described in the lit-
erature for biodehalogenation of halophenols, with special em-
phasis on the routes identified so far for fluorophenols, as well
as the routes proven to be relevant for conversion of fluoro-
phenols by E. jeanselmei in the present study.

E. jeanselmei revealed a broad substrate specificity and was
capable of transforming phenols, containing up to four fluorine
substituents, to their corresponding catechols. However, when
one or both of the carbon atoms positioned ortho with re-
spect to the hydroxyl moieties of the catechol formed were
fluorinated, the further biodegradation of the catechol and
muconates was inhibited. Thus, catechol 1,2-dioxygenase of
E. jeanselmei exhibited rather high activities only towards
4-fluoro- and 4,5-difluorocatechols, but low-level activities to-

FIG. 2. Time-dependent changes in the metabolic profile of incubations with 4-fluorophenol (A and D), 2,4-difluorophenol (B and E), and 2,3,4-trifluorophenol
(C and F), where panels A to C show the profiles of incubations with cell extracts and panels D to F show the profiles of incubations with whole cells of E. jeanselmei.
Metabolites were identified and quantified by 19F NMR. 4FOH, 4-fluorophenol; 4Fcat, 4-fluorocatechol; 3Fmuc, 3-fluoromuconate; F2, fluorine.
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wards 3-fluoro-, 3,4-difluoro-, 3,5-difluoro-, and 3,4,5-trifluoro-
catechols. This impairment of ring cleavage by the presence of
a halogen substituent ortho with respect to the hydroxyl moi-
eties of a ring cleavage metabolite is similar to the inhibition of
protocatechuate dioxygenase by ortho-halogenated protocat-
echuates (33) and of catechol 2,3-dioxygenase by ortho-halo-
genated catechols (1). The phenomenon was reported to orig-

inate from formation of an abortive complex between the
3-halocatechol and the dioxygenase (34).

The 19F NMR data of the present study also provide infor-
mation on the various possibilities and pathways chosen by the
yeast-like fungus to take care of the biodehalogenation of
fluorophenols. When the fluorine was in the ortho position with
respect to the hydroxyl moiety of the phenolic substrate (i.e.,

FIG. 3. Pathways for the biodegradation and oxidative biodehalogenation of phenol and its halogenated analogs. Numbers in parentheses refer to literature
references. The enzymes involved are indicated as follows: PH, phenol hydroxylase; C12O, catechol 1,2-dioxygenase; (C)MCl, (chloro)muconate cycloisomerase; DLH,
dienelactone hydrolase; ELH, enol-lactone hydrolase; MAR, maleylacetate reductase. Pathways identified so far for fluorophenols, either in the literature or in the
present study for E. jeanselmei, are indicated in boldface.
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2-fluoro-, 2,4-difluoro-, and 2,3,4-trifluorophenol), the phenol
hydroxylase of E. jeanselmei catalyzed C-2 hydroxylation ac-
companied by dehalogenation and fluoride anion formation in
addition to hydroxylation at the nonfluorinated C-6 position. A
similar reactivity was reported previously for conversion of
C-2-fluorinated phenols by phenol hydroxylase of T. cutaneum
(19). In case of hydroxylation at C-6, biodegradation ceases at
the level of the 3-fluorocatechol and/or 2-fluoromuconate. In
contrast, when oxidative dehalogenation occurred, further me-
tabolism of the catechols could result in release of additional
fluoride anions as long as the fluorine substituents were not at
a position ortho with respect to the hydroxyl moieties of the
catechol formed.

The conversion of fluorophenols that gave rise to preferen-
tial formation of catechols without ortho fluorine substituents
(i.e., 3-fluoro-, 4-fluoro-, and 3,4-difluorophenol) showed only
transient formation of fluorinated catechols and muconates.
Instead of bioaccumulation of the fluorocatechols and fluoro-
muconates, swift accumulation of stoichiometric amounts of
fluoride anions was detected, apparently due to fluoride anion
elimination in reactions following ring cleavage by the catechol
1,2-dioxygenase. Such dehalogenation reactions could be ei-
ther one of the steps c, d, e, f, or g, (Fig. 3) proven previously
to occur in most cases, especially for the chloromuconate an-
alogs. For 3,4-difluorophenol, such a dehalogenation of the
corresponding difluoromuconate implies the formation of a
fluorinated muconolactone and/or fluoromaleylacetate. How-
ever, neither fluoromuconolactone nor fluoromaleylacetate
was detected in the incubation media, apparently due to elim-
ination of the fluorine substituent from 3-fluoromaleylacetate.
Although maleylacetate reductase is known to catalyze the
dehalogenation of 2-fluoromaleylacetate (13), the exact path-
way for dehalogenation of 3-fluoromaleylacetate remains to be
elucidated.

Clearly the only fluorophenol for which efficient dehaloge-
nation was observed in the present study, was 4-fluorophenol.
However, in spite of the fact that 80 to 100% of the 4-fluoro-
phenol lost could be accounted for by fluoride anions, indicat-
ing efficient biodehalogenation, no growth of E. jeanselmei on
4-fluorophenol was observed. This indicates that the biodeg-
radation pathway of 4-fluorophenol is also blocked at some
level. When 4-fluorophenol is degraded, the fluorine most
probably is eliminated in the reaction steps leading to forma-
tion of a cis and/or trans dienelactone (2, 16, 23, 24) (step c or
e, Fig. 3). Subsequent conversion to 3-oxoadipate requires
enzymes like dienelactone hydrolase and maleylacetate reduc-
tase that are apparently absent in E. jeanselmei.

Altogether, the results presented in this paper clearly illus-
trate that 19F NMR analysis can provide valuable information
about the microbial degradation and biodehalogenation of flu-
orinated aromatic compounds. This corroborates the findings
in a previous, rather preliminary, 19F NMR study of the deg-
radation of 2,5-difluoro- and 3,5-difluorobenzoate by Pseudo-
monas putida JT103 (4). The present work provides a large
series of 19F NMR chemical shift data on fluorophenols, fluo-
rocatechols, and fluoromuconates and new data on the degra-
dation and (co)metabolism of fluorophenols by the yeast-like
fungus E. jeanselmei. Furthermore, the results clearly show that
19F NMR analysis is effective (i) in identification of fluorinated
intermediates and/or dead-end products of biodegradation
pathways; (ii) in providing not only qualitative but also quan-
titative information, with a sensitivity up to a 1 mM concentra-
tion of the fluorinated compounds; (iii) in following the path-
way and extent of biodehalogenation, giving, in contrast to
HPLC, information about the amount of the eliminated halo-
gen anion; (iv) in determination of the rate-limiting steps in

microbial pathways of fluoroaromatic conversion; and (v) in
providing possibilities for in vivo measurements in whole cells,
which may be especially of interest for organisms with labile
biodegradation enzymes.
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