A Biodegradation9: 475-486, 1998.
".‘ © 1998Kluwer Academic Publishers. Printed in the Netherlands. 475

19F NMR study on the biodegradation of fluorophenols by various
Rhodococcuspecies

Vladimir S. Bondat-23, Marelle G. Boersmg Eugene L. Golovlet; Jacques Vervoort Willem
J.H. Van Berkel, Zoya I. Finkelsteif, Inna P. Solyanikova Ludmila A. GolovlevZ & Ivonne

M.C.M. Rietjend-*

1 Department of Biomolecular Sciences, Laboratory of Biochemistry, Agricultural University, Dreijenlaan 3, 6703
HA Wageningen, The Netherlandsinstitute of Biochemistry and Physiology of Microorganisms, Russian Acad-
emy of Sciences, Pushchino, Russidnstitute of Biophysics, Russian Academy of Sciences, Siberian Branch,
660036 Krasnoyarsk, Russiaguthor for correspondence)

Received 2 March 1998; accepted 15 July 1998

Key words:biodegradation, fluorophenof$F NMR, oxidative defluorinatioriRhodococcuspecies

Abstract

Of all NMR observable isotop€$F is the one perhaps most convenient for studies on biodegradation of environ-
mental pollutants. The reasons underlying this potenti&®NMR are discussed and illustrated on the basis of a
study on the biodegradation of fluorophenols by fBliodococcustrains. The results indicate marked differences
between the biodegradation pathways of fluorophenols among the v&fmdococcuspecies. This holds not

only for the level and nature of the fluorinated biodegradation pathway intermediates that accumulate, but also
for the regioselectivity of the initial hydroxylation step. Several of Rigodococcuspecies contain a phenol
hydroxylase that catalyses the oxidative defluorination of ortho-fluorinated di- and trifluorophenols. Furthermore,
itis illustrated how thé°F NMR technique can be used as a tool in the process of identification of an accumulated
unknown metabolite, in this case most likely 5-fluoromaleylacetate. Altogethet?fhiMR technique proved

valid to obtain detailed information on the microbial biodegradation pathways of fluorinated organics, but also to
provide information on the specificity of enzymes generally considered unstable and, for this reason, not much
studied so far.

Abbreviation:NMR — Nuclear Magnetic Resonance

Introduction The objective of the present study is to illustrate the

use of’%F NMR as a technique to study the microbial
The number of fluorine containing xenobiotics and degradation of fluorinated environmental pollutants.
environmental contaminants has strongly increased  Of all NMR observable isotopé$F is the one per-
during the past decades (Key et al. 1997). A number haps most convenient for studies on biodegradation
of fluorine containing drugs are currently in clini- of environmental pollutants (Malet-Martino & Mar-
cal use, a large number of fluorinated compounds tino 1989; Rietjens et al. 1993). This originates from
are intermediates or end products in the synthesis several advantages of tA& isotope as compared to
of industrial and agrochemicals, and many fluorine other nuclei. First, the intrinsic sensitivity of tHéF
containing biodegradation products result from the nucleus is high and almost comparable to that of the
chemical and/or microbial degradation of these fluo- 'H nucleus. Sensitivity is an important issue, because
rinated chemicals (Banks & Lowe 1994; Banks 1995; xenobiotics and their metabolites are usually present
Walker 1990; Banks & Tatlow 1994; Edwards 1994).
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in relatively low concentrations. Second, for fluorine the corresponding fluorophenols using purified phe-
the sensitivity is further increased due to the absence nol hydroxylase fromTrichosporon cutaneurfiPeelen

of background signals, because biological systems doet al. 1995). Fluoromuconates were prepared and
not contain’®F NMR visible fluorinated endogenous identified as described previously (Boersma et al.,
compounds. This implies that all resonances observed1998) by incubating the fluorocatechols with catechol
can be unambiguously ascribed to the xenobiotic com- 1,2-dioxygenase frorRseudomonas arville-1.

pound and its biodegradation products. Third, tffe

nucleus is known to have a broad chemical shift range |splation and growth of strains

of about 500 ppm. This is large compared to the chem-

ical shift range of for exampléH (15 ppm) and that  The conversions of a series of ortho-fluorinated di- and
of 13C (250 ppm). The chemical shift of&F nucleus trifluorophenols by four different strains Rhodococ-

is highly sensitive to its molecular surroundings re- cuswere investigated. These strains were originally
sulting in widespread changes in chemical shifts upon jsolated while searching for bacteria able to degrade
biotransformation of fluorinated organic compounds, crude oil, but showed also capable of growing on
thereby reducing the chances of peak overlap. phenols.

In the framework of a project devoted to the The strainRhodococcus opacukG was isolated
biodegradation of halophenols by gram-positive bac- py selective enrichment from the soil of oil fields in
teria, the objective of the present study was to use the the \Volga river valley near Samara. Chemostat cultiva-
19F NMR technique to investigate the biodegradation tion with liquid paraffins as carbon source was used
pathways of fluorophenols in severRhodococcus  for isolation of the strain. The cells were grown at
strains. Special emphasis was on the first step in the 28 °C on an orbital shaker (250 rpm) in a synthetic
catabolic pathways, namely the conversion of fluo- medium containing per liter: NENOs, 1g; KoHPOy,
rophenols to fluorocatechols. GenerallyRhodococ- 1g; KHoPOy, 19; MgSQ7H20, 0.2 g; CaCGl, 0.02g;
cusspecies these studies are limited by the instability FeCp, 2 drops of a saturated solution; pH 7.2. Phenol,
and/or poor activity of the phenol hydroxylase(s) in- used as the sole carbon and energy source, was added
volved (Straube 1987; Janke et al. 1988). However, the several times at 1.0 mM (final concentration) over a
19F NMR technique provides the unique opportunity period of 24 h. The strain was maintained &@on
to study the activity of the phenol hydroxylasesivo. agar slants of the same medium containing phenol (0.2

Thus, the conversions of a series of ortho fluori- g/1). Rhodococcus corallinu$35 was isolated from
nated di- and trifluorophenols by four different strains - soil contaminated with diesel oil from an abandoned
of Rhodococcuwere investigated. These strains were mjlitary base. The straiRhodococcus straiB9 was
originally isolated in the framework of a project isolated from sand soil of pine forest in the Volga
searching for bacteria able to degrade crude oil, but river valley near Nignyi Novgorod. For isolation of
showed also capable of growing on phenols. All flu- poth strains a continuous enrichment culture technique
orophenol derivatives studied contain a fluorinated was applied using n-alkanes as a sole source of car-
C2 position and a non-fluorinated C6 position. This pon. The strains were grown at 28 on a synthetic
provides the possibility to detect unambiguously the medium containing per liter: NiNOs, 1g; KoHPOy,
regioselectivity of the initial hydroxylation step catal- 1g; KH,PQy, 1g; MgSQ*7H,0, 0.2 g; CaGl, 0.02 g;
ysed by the phenol hydroxylase. FeCk, 2 drops of a saturated solution; pH 7.2. Phenol,

used as the substrate, was added several times up to
3.2 mM (total concentration) over a period of 24 h.

Materials and methods The strain was maintained at € on agar slants of the
same medium containing phenol (0.2 g/l).
Chemicals Rhodococcus erythropollCP was isolated as de-

scribed previously (Gorlatov et al. 1989). The strain
Phenol was purchased from Merck (Darmstadt, Ger- was grown at 28C on a synthetic medium contain-
many). 2,4-Difluoro- and 2,5-difluorophenol were ing per liter: NHUNOg3, 1g; KoHPOy, 1g; KHaP Oy,
purchased from Aldrich (Steinheim, Germany). 2,3- 1g; MgSQx7H20, 0.2 g; Cadl, 0.02 g; Fed, 2
Difluoro-, 2,3,4-trifluoro-, 2,3,5-trifluoro- and 2,4,5- drops of a saturated solution; pH 7.2. For growth, 4-
trifluorophenol were obtained from Fluorochem (Der- chlorophenol, proven to be the best substrate=for
byshire, UK). Fluorocatechols were prepared from erythropolis1CP, was used as the sole carbon and en-
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ergy source. The substrate was added several times ugvith phenol as final concentration of phenol hydroxy-
to 3.2 mM (total concentration) over a period of 24 h. lase and 7.2 103 U/ml with catechol as final con-
The strain was maintained af€ on agar slants of the  centration of catechol 1,2-dioxygenase). The sample

same medium containing 4-chlorophenol (0.2 g/l). thus obtained was analysed 4 NMR, showing sig-
nificant formation of 2,3-difluoromuconate, and then
Incubations with whole cells used for another incubation with purified chloromu-

conate cycloisomerase. Upon addition of a catalytic
Cells were harvested by centrifugation (6500 g) and amount of chloromuconate cycloisomerase (%6
washed three times in medium without phenol. To test 10~3 U/ml with 2-chloromuconate as final concen-
biodegradation of the fluorophenol derivatives, cells tration) the conversion of 2,3-difluoromuconate was
were resuspended in medium without phenol contain- followed in time by recording®F NMR spectra while
ing per liter: peptone, 10 g; yeast extract, 5 g; NaCl, incubating the sample in the NMR spectrometer at
8 g; pH 7.4. The optical density at 600 nm of this 30°C.
cell suspension was 1.8-2.1. To 80 ml of this cul-
ture the fluorophenol to be tested was added to a *°F NMR measurements
final concentration of 0.7 mM and the cultures were
incubated at 28C on an orbital shaker. Although - NMR measurements were performed on a Bruker
the detection limit of thé%F NMR measurements is AMX 300 and a Bruker DPX 400 NMR spectrometer
1 um, the substrate was added in much higher con- @S described previously (Vervoort et al. 1990: Boersma
centration in order to provide optimal possibilities for €t al- 1998). The temperature was'€ unless indi-
detection of intermediates. To prevent autoxidation of Cated otherwise. A dedicated 10 mffF NMR probe-
the fluorocatechols formed, 2 mM ascorbic acid (final N€ad was used at both instruments. The spectral width
concentration) was added at the start of the incuba- fo the =F NMR measurements was between 20,000
tion followed by 1 mM every next hour. To monitor ~@nd 50,000 Hz depending on the sample of interest.
the rate and characteristics of the conversion of the The number of datapoints used for data acquisition
fluorophenols, samples were taken at one hour time WaS 65536. Pulse angles of3@ere used. Between
intervals for 6 hours. Before freezing the samples into 2:000 and 60,000 scans were recorded, depending
liquid nitrogen, another 10 mM of ascorbic acid was ©N the concentrations of the fluorine-containing com-
added. Samples were stored-0°C until analysed. pounds and the signal to noise ratio required. The

Before%F NMR analysis, samples were thawed and detection limit of an overnight run (60,000 scans) is
centrifuged (5 min 13,000 g at<C). 1 uM. The sample volume was 1.71 ml, containing

1.4 ml incubation mixture, 20! 0.8 M potassium
phosphate pH 7.6, 100l of 2H,0, used as deuterium
lock and 10ul of 8.4 mM 4-fluorobenzoate added
as an internal standard. Concentrations of the various
metabolites were calculated by comparison of the inte-
grals of the!®F NMR resonances of the metabolites to
the integral of the 4-fluorobenzoate resonance. Chem-
ical shifts are reported relative to CRCIF NMR
chemical shift values of the various fluorine containing

tially as reported elsewhere (Solyanikova et al. 1995). compounds were idgntifieq using authentic reference
Incubation of 2,3-difluorophenol with phenol hydrox- compounds for fluoride anions and all fluorophenols.

ylase and catechol 1,2-dioxygenase was performed at1he resonances of the_dlfferent quoropatec_h_oI and
30°C in closed reaction vessels to prevent evaporation fluoromuconate metabolites have been identified and

of the phenolic substrate. Incubations contained (final "ePorted frewously (Peelen et al. 1995; Boersma et
concentrations) 0.1 M potassium phosphate pH 7.6, al. 1998_). H decoupling was achieved with a Waltz16
0.7 mM of 2,3-difluorophenol, added as 1% (v/v) of a decoupling sequence.

70 mM stock solution in dimethylsulphoxide, 1M

FAD, 1 mM ascorbic acid and 1 mM NADPH. The

incubations were started by the addition of catalytic

amounts of the purified enzymes (53103 U/ml

Incubations with purified enzymes

Phenol hydroxylase fromrichosporon cutaneunvas
purified essentially as described by Sejlitz and Neujahr
(1987). Catechol 1,2-dioxygenase frétseudomonas
arvilla C-1 was purified as described by Nakai et
al. (1988). Chloromuconate cycloisomerase from
Rhodococcus erythropolisCP was purified essen-

biod533.tex; 13/01/1999; 14:06; p.3



478

P
OH F OH oH
a F a OH F
-
F oH
OH
1S F oH
J HO. F
' | )
OH
b r
b H =T
F OH
F =
F F
OH F
OH oH
1 F OH
rr oH HO, F
s HO, F F
Is ) F -
— T - F Icoo J— F
F Y !
| "
i L‘ LL*
. I J -

T T T T T T T T T
-110 -130 -150 -170 PPM -190

) 19 ) . -0 30 -s0 470 PAM 190
Figure 1. Representatlvé F NMR spectra showing metabolite pro-

files of a) 2,3-difluorophenol and b) 2,3,4-trifluorophenol, Ri. Figure 2. Representativé®F NMR spectra showing metabolite pro-
opacuslG. Spectra presented were those obtained at t = 2 h. Reso- files of a) 2,3-difluorophenol and b) 2,3,4-trifluorophenol, Riy.
nances were identified as previously described (Peelen et al. 1995; corallinus 135. Spectra presented were those obtained at t = 2 h.
Boersma et al. 1998). The resonance marked IS is from the internal Resonances were identified as described in the legend of Figure 1.
standard 4-fluorobenzoate. The resonances marked with an asteriks

indicate unidentified metabolite signals.

of the differentRhodococcuspecies with the various

Results fluorophenols.
All Rhodococcuspecies appeared able to convert

the fluorophenols, although at a different rate. Based
Fluorophenol biodegradation and fluoride anion on the results presented (Table 1), the overall extent of
formation as determined ByF NMR fluorophenol conversion decreased for the four species

in the ordeRh. corallinusl35> Rh. opacud G > Rh.
Figures 1-4 present some representatf¥fe NMR erythropolis1CP> Rh. strain 89
spectra showing the metabolite patterns of the ortho-  Furthermore, there is no consistent order in the
fluorinated di- and trifluorophenols by different preference of th&hococcuspecies for the different
Rhodococcustrains. First of all, these spectra illus- fluorophenols. FoRh. opacuslG, the order in the
trate that the!®F NMR analysis provides a way to rate of conversion of the fluorophenols is 2,5-difluoro-
characterise and quantify metabolite profiles. The po- > 2,3,4-trifluoro-> 2,4-difluoro-> 2,3-difluoro->
sitions of the peaks indicate which metabolites are 2,3,5-trifluoro- = 2,4,5-trifluorophenol (Table 1Rh.
present, the peak areas reflect the amount of thecorallinus 135 converts all fluorophenols extremely
various metabolites, and the number of fluorine sig- efficient, resulting in full elimination of 5 out of 6
nals belonging to one metabolite indicate the number fluorophenols upon 2t6 h of incubation {°F NMR
of different type of fluorine substituents present in spectra not shown). From tH&8F NMR spectra ob-
the molecule. From these and additional spectra thetained at 2 h (Table 1) the following order for the
metabolite profiles of the fluorophenols in time by the rate of degradation of the various fluorophenols by
differentRhodococcuspecies could be quantified. Ta- Rh. corallinus135 can be derived: 2,5-difluorc-
ble 1 presents the percentage of fluorinated substrate?,3,4-trifluoro- > 2,4,5-trifluoro- > 2,3-difluoro- >
left, the percentage of fluorine recovered as fluoride 2,4-difluoro-> 2,3,5-trifluorophenol. In addition, the
anions, and the percentage of fluorinated metabolic data presented in Table 1 indicate that Rir. strain
intermediates observed, all at t = 2 h of incubation 89the fluorophenols are degraded with rates decreas-
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Figure 3. Representative!F NMR spectra showing metabolite

profiles of a) 2,3-difluorophenol and b) 2,3,4-trifluorophenol, by
Rh. strain 89 Spectra presented were those obtained at t = 6 h.
Resonances were identified as described in the legend of Figure 1.

ing in the order 2,3-difluoro- = 2,4-difluoro> 2,5-
difluoro- > 2,3,4-trifluoro-> 2,3,5-trifluoro- = 2,4,5-
trifluorophenol. ForRh. erythropolisICP the rates
decrease in the order 2,5-difluors-2,3,5-trifluoro-
2 4-difluoro> 2,3-difluoro-> 2,4,5-trifluoro-> 2,3,4-
trifluorophenol. Thus, generally there is a tendency
to convert the difluorophenols with rates higher or
about equal to the rates for conversion of the triflu-
orophenols. This is in line with the expected effect
of fluorine substituents, decreasing the nucleophilic
reactivity of ther-electrons in the fluorophenol, a
characteristic that is of importance for their rate of
conversion by phenol hydroxylase frofrichosporon
cutaneun{Peelen et al. 1995).

Fluorophenol biodegradation patterns as determined
by 1°F NMR

Table 1 and Figures 1-4 also illustrate that the
19F NMR spectra provide insight in the fluorinated

biodegradation pathway intermediates formed upon
the conversion of the different fluorophenols. Dur-

ing the first hours of the incubations and as long
as a residual amount of the parent fluorophenol is
present, the relative amount of fluorinated intermedi-
ates is constant. Only when all fluorophenol is con-
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Figure 4. RepresentativégF NMR spectra showing metabolite pro-
files of a) 2,3-difluorophenol and b) 2,3,4-trifluorophenol, Riy.
erythropolis1CP. Spectra presented were those obtained at t = 4h.
Resonances were identified as described in the legend of Figure 1.

verted, the amount of accumulated intermediates starts
to decrease, accompanied by, as expected, a further
increase in fluoride anions.

Thus, the difference between the amount of fluo-
rophenol degraded and the amount of fluoride anions
formed (Table 1) results from the accumulation of
fluorinated intermediates in the biodegradation path-
ways. From the'®F NMR spectra presented in Fig-
ures 1-4 it can be derived that the fluorinated biodegra-
dation metabolites which accumulate are mainly flu-
orocatechols and fluoromuconates. These metabolites
result from ortho-hydroxylation of the fluorophenols
by a phenol hydroxylase, followed by intradiol ring
cleavage of the fluorocatechols to fluoromuconates by
a catechol 1,2-dioxygenase. Other fluorinated inter-
mediate metabolites generally do not accumulate to a
significant extent, except from the conversion of fluo-
rophenols byRh. erythropolisLCP (Figure 4). Table 2
presents the relative contribution of the different fluo-
rinated catechols, muconates and unidentified metabo-
lites, to the total amount of fluorine containing inter-
mediates observed. From these data the ratio between
the two possible fluorocatechol metabolites, resulting
from hydroxylation of the fluorophenols at respec-
tively their fluorinated C2 and their non-fluorinated C6
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Table 1.Relative fluorophenol loss, fluoride anion release and accumulation of fluorinated
intermediates in incubations Bhodococcuspecies with different ortho-fluorinated di- and triflu-
orophenols. The incubation time was t = 2 h. The standard deviation was less than 10%. In abiotic
controls no reaction took place

fluorinated Rhodococcus  Rhodococcus Rhodococcus  Rhodococcus
substrate opacuslG corallinus135  strain 89 erythropolisLCP
% % % %

2,3-difluorophenol

Phenol left 55 26 74 74
F~ release 26 38 9 16
F in intermediates 19 36 17 10
2,4-difluorophenol

Phenol left 49 46 75 66
F~ release 42 53 11 32
F in intermediates 9 1 14 2
2,5-difluorophenol

Phenol left 30 0 82 61
F~ release 57 20 3 35
F in intermediates 13 10 15 4
2,3,4-trifluorophenol

Phenol left 43 12 90 80
F~ release 31 35 3 13
F in intermediates 26 53 7 7
2,3,5-trifluorophenol

Phenol left 63 59 94 66
F~ release 23 38 4 34
F in intermediates 14 3 2 0
2,4,5-trifluorophenol

Phenol left 65 19 94 79
F~ release 28 79 5 21
F in intermediates 7 2 1 0

position, can be derived, as well as the ratio between metabolites observed, the major part appear to be flu-
the two corresponding muconate metabolites. The orocatechols (Figure 1, Table 2). This points at a rate
hydroxylation at the fluorinated C2 position of the sub- limiting role for the catechol 1,2-dioxygenase Rh.
strates represents a so called oxidative or oxygenolytic opacuslG in the biodegradation of the fluorophenoals.
dehalogenation in which the insertion of an oxygen The ratio of C2: C6 hydroxylation of the various flu-
atom derived from molecular oxygen is accompanied orophenols suggests that the phenol hydroxylase of
by defluorination. Rh. opacud G favours formation of the defluorinated
The results obtained and quantified in Table 2 catechol metabolite, i.e. prefers to catalyse oxidative
indicate marked differences between the biodegrada-dehalogenation at the fluorinated C2 of the fluorophe-
tion pathways of the fluorophenols by the different nol instead of hydroxylation at the non-fluorinated C6
Rhodococcusspecies. This holds not only for the position.
extent of accumulation of fluorinated biodegradation For Rh. corallinus135 there is no consistency in
pathway intermediates, but also for the nature of these the nature and level of the intermediates that tend
intermediates. to accumulate. For 2,3-difluorophenol, catechols as
ForRh. opacud G, incubations with fluorophenols  well as muconates accumulate, for 2,3,4-trifluoro- and
result in accumulation of especially the correspond- 2,3,5-trifluorophenol mainly fluorocatechols accumu-
ing fluorocatechols. Of all fluorinated intermediate late, for 2,5-difluorophenol accumulation of especially
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Table 2. Relative composition of the metabolite profiles of the vari®®dococcuspecies incu-

bated with ortho-fluorinated di- and trifluorophenols as detecteEGEyNMR. The total amount of
fluorinated products other than the parent phenol and fluoride anions was taken as 100%. Values
presented are the mean of the data obtained att =1, 2, 4 and 6 h (n = 4), except for the conversion
of 2,3-difluoro-, 2,5-difluoro- and 2,3,4-trifluorophenol B). corallinus135, and of 2,3-difluoro-,
2,4-difluoro-, 2,5-difluoro- and 2,3,4-trifluorophenol Byopacud G, for which the mean of t=1 and

2 his presented (n = 2) because the amount of phenol was fully degraded at 4 and 6 h. For incubations
where the amount of intermediates wa2% of the total amount of fluorinated metabolites (Table 1),

the metabolite profile is not specified

Fluorinated Rhodococcus  Rhodococcus Rhodococcus  Rhodococcus
substrate opacusG corallinus135 strain89 erythropolis1CP
metabolite % % % %
2,3-difluorophenol

3-fluorocatechol 812 50+ 3 5+3 11+ 3
3,4-difluorocatechol 161 23+5 87+6 0
2-fluoromuconate *1 2442 0 58+ 4
2,3-difluoromuconate 0 1 5+3 0
unknown 2+1 241 342 314 2*
2,4-difluorophenol

4-fluorocatechol 4% 30 - 5+ 3 -
3,5-difluorocatechol 168 — 94+ 3 —
3-fluoromuconate 0 - 0 -
2,4-difluoromuconate 0 - 1 -
Unknown 37+ 37 - 0 -
2,5-difluorophenol

4-fluorocatechol 64-9 9+9 0 1+1
3,6-difluorocatechol 0 1212 47+ 5 2+1
3-fluoromuconate 0 0 0 0
2,5-difluoromuconate 0 T4 17 53+5 17+ 6
Unknown 36+ 9* 5+5 0 80+ 7*
2,3,4-trifluorophenol

3,4-difluorocatechol 811 79+ 1 0 7+ 4
3,4,5-trifluorocatechol 191 21+ 2 100+ 0 3+2
2,3-difluoromuconate 0 1 0 0
2,3,4-trifluoromuconate 0 0 0 308
Unknown 0 0 0 54 2*
2,3,5-trifluorophenol

3,5-difluorocatechol 9& 1 78+ 5 - -
3,4,6-trifluorocatechol 0 22 - —
2,4-difluoromuconate 0 1 - —
2,3,5-trifluoromuconate 0 55 - -
Unknown 2+1 14+ 9 - —
2,4,5-trifluorophenol

4,5-difluorocatechol 952 - - -
3,4,6-trifluorocatechol 0 - - —
3,4-difluoromuconate 0 - - —
2,3,5-trifluoromuconate 0 - - -
Unknown 5+ 2 - - -

* For 2,3-difluorophenol and 2,3,4-trifluorophenol these were a major metabolte389 ppm and
a minor one at-196.6 ppm (see Figure 4), for 2,4-difluorophenol and 2,5-difluorophenol these were
a major metabolite at90.3 ppm, and minor metabolites with resonances¥30.3 and-113.2 ppm
(for 2,4-difluorophenol) and-126.1 and-113.2 ppm (for 2,5-difluorophenoi)9(F NMR spectra not

shown).
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the fluoromuconates is observed, whereas for 2,4-

difluoro- and 2,4,5-trifluorophenol no significant ac-
cumulation of fluorinated intermediates is observed
(Figure 2, Table 1 and 2). This variation in the na-

corallinus 135 is related to the enzyme catalysing the
conversion of the fluoromuconates.

For Rh. strain 89 in all cases where significant
metabolite accumulation was observed, except for

ture and level of the accumulated metabolites does not 2,5-difluorophenol, preferential accumulation of the

result from different rates of conversion of the par-
ent fluorophenol. This follows for example from the
observation that 2,3,4-trifluorophenolis converted rel-
atively rapidly, leaving no parent fluorophenol upon 4
h of incubation {°F NMR data not shown), whereas
even at t = 6 h the fluorinated catechols still make up
73% of all intermediates observetfif NMR data not

fluorocatechols is observed, pointing at a rate limiting
role in the biodegradation pathway for the catechol
1,2-dioxygenase. The regioselectivity of the phenol
hydroxylase fronRh. strain 89s such that it catalyses
preferential hydroxylation at C6 instead of catalysing
oxidative defluorination at C2 (Figure 3, Table 2).

The metabolite profiles observed f@h. erythro-

shown). Furthermore, the nature of the accumulated polis 1CP, differ from those of the oth&hodococcus

metabolites is not influenced primarily by the type
of fluorocatechol formed, since from 2,4-difluoro-
and 2,3,5-trifluorophenol both 3,5-difluorocatechol is
formed, whereas only for 2,3,5-trifluorophenol pref-
erential accumulation of this 3,5-difluorocatechol is

species, especially because accumulation of as yet not
identified fluorinated intermediates is observed to a
relatively high extent (Figure 4, Table 2). Incubations
with 2,3-difluorophenol and 2,3,4-trifluorophenol give
rise to a major unidentified metabolite with a reso-

observed. Most likely the phenomenon is dependent nance peak at-189.9 ppm (Figure 4). In incubations

on the as yet not characterised effect of the fluorine
substituent pattern on both the activity of phenol hy-
droxylase as well as on the activity of the catechol
1,2-dioxygenase fronRh. corallinus135. ForRh.

corallinus 135 also the preference of its phenol hy-
droxylase for C2 as compared to C6 hydroxylation
varies with the fluorine substituent pattern of the flu-

with 2,4-difluorophenol and 2,5-difluorophenol accu-
mulation of a major unidentified metabolite with its
resonance at-90.3 ppm is observed (Table 29F
NMR spectra not shown). Furthermore, in the incu-
bations withRh. erythropolis1CP, fluoromuconates
accumulate to a higher extent than the corresponding
fluorocatechols. All together the metabolite profiles

orophenol, although in most cases, as for the phenol obtained forRh. erythropolislCP indicate that the

hydroxylase fromRh. opacuslG, oxidative dehalo-

genation at C2 is favoured over hydroxylation at C6
(Table 2). There is some tendency that when oxida-
tive defluorination in the first step is favoured over
hydroxylation at C6, such as in the case of 2,3,4-
trifluoro-, 2,3,5-trifluorophenol and, to a lesser extent,
2,3-difluorophenol, accumulation of the catechols is
observed. When hydroxylation at C6 of the fluorophe-
nol is preferred, such as for 2,5-difluorophenol, accu-

rate limiting step in the fluorophenol degradation oc-
curs after the steps catalysed by phenol hydroxylase,
and catechol 1,2-dioxygenase. The regioselectivity of
the reaction catalysed by phenol hydroxylase fieim
erythropolis1CP is dependent on the substituent pat-
tern in the fluorophenol. In analogy with the phenol
hydroxylase fromRh. corallinus135 and that oRh.
opacuslG, the enzyme frorRh. erythropolisLCP is
able to catalyse oxidative defluorination, for example

mulation of the muconates and not of the catechols is of 2,3-difluorophenol (Table 2).
observed. Together these data suggest that the relative

activities of phenol hydroxylase and catechol 1,2-
dioxygenase oRh. corallinusl35 are affected by the
nature of the fluorine substituent pattern in their sub-
strates. The data also suggest thaittstu activity of

Use of!%F NMR in elucidation of the nature of
unidentified metabolites

The 1°F NMR spectra of especiallRh. erythropo-

phenol hydroxylase and catechol 1,2-dioxygenase of |is 1CP incubated with either 2,3-difluorophenol or

Rh. corallinusl35 are in the same order of magnitude,
resulting in the possibility for an influence of the fluo-

2,3,4-trifluorophenol showed accumulation of an as
yet unidentified major intermediate metabolite with

rine substituent pattern on the nature of the metabolitesits resonance at-189.9 ppm (Figure 4). Close in-
thataccumulate. Fromthe fact that fluorocatechols and spection of the!® NMR spectra of incubations of

fluoromuconates are the only intermediates that accu-

mulate, it is concluded that the rate limiting step in the
biodegradation pathway of the fluorophenols Rly.

the otherRhodococcuspecies of the present study
reveals the presence of a very small amount of this
metabolite also in incubations &h. corallinus135
(Figure 2) andRh. strain 89(Figure 3) with 2,3-
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Figure 5. Time-dependen%gF NMR spectra of the incubation of

2,3-difluoromuconate with chloromuconate cycloisomerase from
Rh. erythropolislCP. Spectra were obtained at a) t = 0, b) t = 30
min, c) t = 1.5h and d) t = 6 h. Metabolites were assigned on the
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Figure 6. Schematic presentation of the possible conversion of
2,3-difluoromuconate by chloromuconate cycloisomerase, based
on the conversion of 2-chloromuconate and 3-chloromuconate by
muconate cycloisomerase and chloromuconate cycloisomerase.

—189.9 ppm, also observed in the incubations with
whole cells (Figure 4), is readily formed upon the
addition of chloromuconate cycloisomerase to 2,3-

basis of arguments presented in the text. The resonance marked 1S isdifluoromuconate. The fact that the metabolite shows
from the internal standard 4-fluorobenzoate. The resonances markedonly one peak in thé&°F NMR spectrum indicates that

with an asteriks indicate unidentified signals mostly already present
att=0.

difluoro- and 2,3,4-trifluorophenol. In order to further
illustrate the potential of th&°F NMR technique in
studies on biodegradation, additiod#3F NMR exper-
iments were performed to obtain information on the
nature of this major metabolite.

Figure 5a shows the’®F NMR spectrum of
2,3-difluoromuconate prepared by incubation of 2,3-
difluorophenol with purified phenol hydroxylase and
catechol 1,2-dioxygenase. Upon addition to this sam-
ple of chloromuconate cycloisomerase, purified from
Rh. erythropolisLCP, thel®F NMR spectra presented
in Figure 5b—d were obtained in time. Figure 5b—
d show that the metabolite with its resonance at

this compound contains only one (type of) fluorine
substituent.

Furthermore, the spectra in Figure 5b and 5¢ show
the formation of another metabolite upon the incu-
bation of 2,3-difluoromuconate with chloromuconate
cycloisomerase. This metabolite contains two fluorine
substituents as reflected by two peaks of identical in-
tensity at—127.2 and—195.3 ppm. This metabolite
seems to be formed initially to a larger extent than
the metabolite at-189.9 ppm, but disappears in time,
giving rise to an increase in the metabolite with its res-
onance at-189.9 ppm and significant fluoride anion
formation. Based on literature data on the conver-
sion of 2-chloro-, 3-chloro- and 3-fluoromuconate by
(chloro)muconate cycloisomerases (Harper & Blak-
ley 1971; Schmidt & Knackmuss 1980; Schreiber
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et al. 1980; Schlémann et al. 1990b; \Wollmer et when the hydrogen and fluorine atoms are bound to an
al. 1994; Volimer and Schldmann 1995; Prucha et sp3 type carbon, but between 70—-90 Hz when bound

al. 1996; Blasco et al. 1995; Kaschabek & Reineke
1995), possible pathways for the biodehalogenation

to an sp2 type carbon (Wray 1983). This implies
that the ¢y coupling constant of 50.4 Hz, combined

of a 2,3-dihalomuconate by chloromuconate cycloi- with the various options for the monofluorinated re-
somerase can be put forward. Figure 6 schematically action product formed from 2,3-difluoromuconate by

presents these possible pathways. Cyclisation of 2,3-

difluoromuconate to 2,3-difluoromuconolactone can

not lead to dehalogenation. The other possible prod-

uct resulting from cyclisation of 2,3-difluoromuconate
would be 4,5-difluoromuconolactone. Defluorination
of 4,5-difluoromuconolactone can result in forma-
tion of 5-fluorodienelactone (Figure 6). This reac-
tion would be analogous to the dechlorination of 3-
chloromuconate proceeding by its initial conversion to

chloromuconate cycloisomerase (Figure 6), strongly
argue in favour of identification of the metabolite with
the resonance at189.9 ppm as the keto form of
5-fluoromaleylacetate.

The metabolite in Figure 5b—d witfF NMR res-
onances at-127.2 and-195.3 ppm both showing a
Jrr 0f 16.6 Hz, could then be ascribed to either one of
the two possible difluorinated intermediates depicted
in Figure 6. This difluorinated intermediate is not ob-

4-chloromuconolactone catalysed by chloromuconate served in the incubations with whole cells (Figures

cycloisomerase, followed by chloride elimination re-
sulting in the dienelactone. The 5-fluorodienelactone
formed may be sensitive to chemical hydrolysis lead-
ing to formation of 5-fluoromaleylacetate in either
its enol or keto form (Kaschabek & Reineke 1995)
(Figure 6). Alternatively, hydrolysis of the 4,5-
difluoromuconolactone may occur prior to fluoride
elimination in a pathway also leading to formation of
5-fluoromaleylacetate (Figure 6). This pathway would
be analogous to the one reported for defluorination
of 4-fluoromuconolactone (Harper and Blakley 1971;
Schldmann et al. 1990b). Elimination of the C5-
fluorine substituent from 4,5-difluoromuconolactone,
analogous to the dechlorination of 2-chloromuconate
through 5-chloromuconolactone, is hampered by
the fluorine substituent at C4. Finally, elimina-
tion of a fluoride anion with concomitant decar-
boxylation of 4,5-difluoromuconolactone, to give 5-
fluoroprotoanemonin, can be proposed (Figure 6),
analogous to the conversion of 3-chloromuconate
through 4-chloromuconolactone to protoanemonin

1-4) and was therefore not identified further at this
stage.

Discussion

In the present study, the biodegradation of ortho-
fluorinated di- and trifluorophenols by different strains
of Rhodococcusvas analysed by°F NMR. The re-
sults obtained illustrate tha?F NMR is an efficient
technique to gain insight in the biodegradation of fluo-
rinated environmental pollutants. Marked differences
between the variouRhodococcustrains were ob-
served especially with respect to: 1) their ability and
rates for biodegradation of the fluorophenols, 2) the
nature of the rate limiting step in the biodegradation
pathways, and, as a result, 3) the nature of the fluo-
rinated metabolites that accumulate, 4) the effect of
the fluorine substituent pattern on the biodegradation
pathway and the enzymes involved and 5) the regiose-
lectivity of the first step in the degradation pathway

(Blasco et al. 1995). This route, however, seems less catalysed by phenol hydroxylases which, in several

likely, since the second step in this reaction path-

cases, appear to favour the catalysis of oxidative deflu-

way has been reported to be catalysed by muconategrination over hydroxylation at a nonfluorinated ortho
cycloisomerase, not chloromuconate cycloisomerase position.

(Blasco et al. 1995).
Next, a proton couple#®F NMR spectrum of the
metabolite with its’>F NMR resonance at -189.9 ppm

was measured to further elucidate its possible nature.

The 'H coupled!®F NMR pattern of the resonance
showed one dy coupling of 50.4 Hz. This value

Phenol hydroxylase fromRh. opacuslG favours
oxidative defluorination of all fluorophenols tested,
whereas the regioselectivity of the phenol hydroxylase
from Rh. strain 89is such that it catalyses preferen-
tial hydroxylation at C6 instead of catalysing oxidative
defluorination at C2. The activity of the catechol 1,2-

can be compared to coupling constants reported in dioxygenase, catalysing the subsequent reaction step,

the literature, wheréJryvalues, for coupling over

appears to be an important rate limiting factor in the

one double and three single bonds, vary between 1-pjodegradation of the fluorophenols ®h. opacus

8 Hz and2Jry values are between 45 and 65 Hz

1G andRh. strain89, possibly due to the sensitivity
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of the enzyme to suicide inhibition by fluorocate- idative decarboxylation step, are similar to the ones
chol metabolites. This impairment of ring cleavage reported here for fluorocatechols, i.e. ring cleavage by
by the presence of halogen substitueottho with an intradiol dioxygenase followed by defluorination of
respect to the hydroxyl moieties of a ring cleavage the fluoromuconates thus formed in subsequent reac-
metabolite is similar to the inhibition of protocate- tion steps (Goldman et al. 1967; Harper & Blakley
chuate dioxygenase hyrtho-halogenated protocate- 1971; Clarke et al. 1975; Schreiber et al. 1980; Ivoilov
chuates (Walsh and Ballou 1983) and of catechol 2,3- et al. 1987; Engesser et al. 1990; Schlémann et al.
dioxygenase byrtho-halogenated catechols (Bartels 1990a).

et al. 1984). The phenomenon was reported to origi-  Altogether, the present paper illustrates the pos-
nate from formation of an abortive complex between sibilities and advantages of the use B NMR

the ortho-halogenated catechol and the dioxygenase in studies on the biodegradation of fluorinated com-
(Walsh et al. 1983).Rh. corallinus135 appeared pounds. Clearly, the main advantages, as compared
very efficient in fluorophenol biodegradation, being to other techniques, such as for example HPLC or
able to catalyse oxidative defluorination, and con- GC-MS, are that the'®F NMR data can be eas-
taining a catechol 1,2-dioxygenase with an unusual ily quantified, that no disturbing background signals
broad substrate specificity. Especially in incubations are present, that no metabolite extraction or separa-
of Rh. erythropolislCP, accumulation of fluorinated tion procedures are required and that the amount of
metabolites different from the fluorophenols, fluoro- fluoride anion formation, i.e. the extent of dehalogena-
catechols or fluoromuconates, was observed. Fromtion, can be quantified. The method is restricted to
additional experiments with purified chloromuconate compounds containing fluorine substituents. However,
cycloisomerase fronRRh. erythropolislCP, evidence  with the expected future increase in the number of
was provided suggesting that one of these metabolitesfluorinated chemicals in both industry and agriculture
is the keto form of 5-fluoromaleylacetate (Figure 6). (Schreiber et al. 1980; Oltmanns et al. 1989; Engesser
The experimental data presented for the conversionet al. 1990), the'®F NMR technique may develop

of the 2,3-difluoromuconate by chloromuconate cy- as an important tool in this field of environmental
cloisomerase (Figure 5) are in line with literature microbiology.

data on the conversion of 2-chloro-, 3-chloro- and 3-

fluoromuconate by chloromuconate cycloisomerases
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