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The oxidation of fluorene, a polycyclic hydrocarbon which is not a substrate for fungal lignin peroxidase, was
studied in liquid cultures of Phanerochaete chrysosporium and in vitro with P. chrysosporium extracellular
enzymes. Intact fungal cultures metabolized fluorene to 9-hydroxyfluorene via 9-fluorenone. Some conversion
to more-polar products was also observed. Oxidation of fluorene to 9-fluorenone was also obtained in vitro in
a system that contained manganese(IIl), unsaturated fatty acid, and either crude P. chrysosporium peroxidases
or purified recombinant manganese peroxidase. The oxidation of fluorene in vitro was inhibited by the
free-radical scavenger butylated hydroxytoluene but not by the lignin peroxidase inhibitor NaVO;. Manga-
nese(IITI)-malonic acid complexes could not oxidize fluorene. These results indicate that fluorene oxidation in
vitro was a consequence of lipid peroxidation mediated by P. chrysosporium manganese peroxidase. The rates
of fluorene and diphenylmethane disappearance in vitro were significantly faster than those of true polycyclic
aromatic hydrocarbons or fluoranthenes, whose rates of disappearance were ionization potential dependent.
This result indicates that the initial oxidation of fluorene proceeds by mechanisms other than electron

abstraction and that benzylic hydrogen abstraction is probably the route for oxidation.

White rot basidiomycetes such as Phanerochaete chrysospo-
rium have long been known to possess a highly nonspecific
battery of extracellular enzymes that allows them to degrade
the plant polymer lignin. This same enzymatic system is be-
lieved to underlie the ability of these fungi to degrade many
organopollutants. In the past decade, extensive work has ac-
cumulated to implicate two P. chrysosporium peroxidases, lig-
nin peroxidase (LiP) (31, 38), and manganese peroxidase
(MnP) (14, 28), in pollutant degradation.

LiP directly oxidizes polycyclic aromatic hydrocarbons
(PAHs) with ionization potentials (IPs) of =7.55 eV, including
perylene, benzo[a]pyrene, anthracene, pyrene, and benz[a]an-
thracene (17). Recent work with a LiP-tetrahydrofuran system
argued that the cutoff value was slightly higher (approximately
8.0 eV) in the case of certain alkylaromatic and heteroaromatic
polycyclic compounds, identifying carbazole, acenaphthene,
fluoranthene, and dibenzothiophene as LiP substrates (42).
Purified LiP also oxidizes dibenzo[p]dioxin (17) and 2,7-dichlo-
rodibenzo[p]dioxin (41), as well as numerous chlorinated and
polychlorinated phenols (18, 40), methoxybenzenes (19), and
chloro- and nitromethoxybenzenes (39-41).

Similarly, purified MnP of P. chrysosporium has been ob-
served to oxidize many phenolic organopollutants (39-41). On
the basis of the ability of manganic acetate to cause the one-
electron oxidations of benzo- and dibenzopyrenes (9, 10) and
of certain Mn(IIT)-H,SO, systems to oxidize many PAHs (30),
it has been suggested that compounds of this nature may also
be substrates for MnP via the action of Mn>* (12).

Some compounds which are degraded by P. chrysosporium,
however, are apparently not substrates for LiP or the MnP-
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Mn?** system. The insecticide DDT [1,1,1,-trichoro-2,2-bis(4-
chlorophenyl)ethane] is extensively degraded by whole fungal
cultures (6), yet the involvement of extracellular peroxidases in
initial oxidative steps could not be shown (21). Polycyclic aro-
matic compounds with ionization potentials of greater than
7.55 eV, which are not substrates for LiP (e.g., phenanthrene),
are nonetheless known to be degraded by the intact fungus (5,
16). Recent research in which an MnP-based lipid peroxidation
system degraded phenanthrene may help to reconcile some of
these observations (27). Further, the products observed with
this cell-free system were the same as those obtained with
whole fungal cultures (16).

Fluorene, a polycyclic hydrocarbon with a benzylic methyl-
ene functional group, is not a LiP substrate (42). It is, none-
theless, oxidized by P. chrysosporium in liquid culture (this
study) and in soil (13) and is depleted from soil slurries in
bioreactors (37). Here we sought to determine whether trans-
formation of fluorene occurs during the lipid peroxidation re-
actions mediated by P. chrysosporium peroxidases. Our results
provide further evidence of the function of the MnP-based
lipid peroxidation system in liquid culture and indicate that it
may participate in xenobiotic degradation in contaminated
soils inoculated with P. chrysosporium.

MATERIALS AND METHODS

Chemicals. [9-'“C]fluorene (11.3 mCi mmol !, >98% radiochemical purity),
unlabeled fluorene, benzo[a]pyrene, n-dodecyl-B-p-maltoside, and sodium meta-
vanadate were obtained from Sigma (St. Louis, Mo.), as was oleic acid (approx-
imately 99% pure), which was stored under argon at —20°C. [9-14C]9-fluorenone
(11.3 mCi mmol ™!, radiochemical purity, >99%) was prepared from ['“C]fluorene
by the ceric ammonium sulfate method of Periasamy and Bhatt (29) and purified by
the high-performance liquid chromatography (HPLC)system described below. The
purity of the product thus isolated was confirmed by gas chromatography (GC)-
electron impact mass spectrometry. Unlabeled 9-fluorenone, 9-hydroxyfluorene,
anthracene, fluoranthene, benzo[b]fluoranthene, benzo[e]pyrene, chrysene,
phenanthrene, and diphenylmethane were purchased from Aldrich (Milwaukee,
Wis.). Benz[a]anthracene was from Supelco (Bellefonte, Pa.). Benzo[c]phenan-
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FIG. 1. HPLC profiles of the product formed during lipid peroxidation-
mediated ['*CJfluorene oxidation (A) and the organic-soluble products of P.
chrysosporium liquid cultures, supplemented with ['*C]fluorene, after 3 weeks of
incubation (B). Arrows denote retention times of standards of 9-hydroxyflu-
orene, 9-fluorenone, and fluorene.

threne and dibenz[a,c]anthracene were generously donated by J. A. Miller
(McArdle Cancer Research Laboratory, University of Wisconsin-Madison). Si-
lanizing reagent (Aqua-Sil) was from Pierce (Rockford, Ill.). All of the solvents
used were of HPLC grade.

Fungus. P. chrysosporium Burds. BKM-F-1767 (ATCC 24725) was obtained
from the Center for Forest Mycology Research, Forest Products Laboratory,
Madison, Wis. Master cultures were subcultured onto yeast extract-malt extract-
peptone-glucose agar slants (22) and maintained at 4°C until use.

Enzyme preparation. Cultures of P. chrysosporium for peroxidase production
contained 750 ml of BIII medium (20), with 10 mM trans-aconitic acid substi-
tuted for dimethylsuccinic acid. Following a 6-day incubation (with agitation at
200 rpm and daily flushing with O,), the resultant fungal pellets were removed by
filtration. The culture filtrate was then concentrated 100-fold. High-molecular-
weight polysaccharide was precipitated by freezing-thawing and removed by
centrifugation. Following extensive dialysis against 5 mM sodium acetate (pH
6.0), the crude peroxidase preparation was further concentrated (final volume,
~20 ml) and sterilized by filtration through low-protein binding filters (Acrodisc
13; Gelman Sciences; Ann Arbor, Mich.). The enzyme activities in this final
preparation were 2 X 10* nmol min~! ml~! for LiP by veratryl alcohol oxidation
(38) and 3 X 10* nmol min~! ml~! for MnP on the basis of the vanillyl acetone
assay (28).

Recombinant P. chrysosporium MnP isozyme H4, purified from Aspergillus
oryzae cultures (36), was used in some experiments. This preparation had an
activity of 2 X 10° nmol min~! ml~L.

Reaction conditions. Lipid peroxidation-based reactions were based on those
of Moen and Hammel (27), with some modifications. Reactions contained 20
mM sodium malonate buffer (pH 4.5), 200 uM Mn?* (as MnSO,), 0.5% n-do-
decyl-B-p-maltoside, and 300 uM oleic acid (dispersed in n-dodecyl-B-p-malto-
side prior to addition). Reactions (total volume, 1.0 ml) were conducted in
silanized, sterilized 7-ml borosilicate scintillation vials at room temperature as
previously described (4, 27). Fluorene (20 pM final concentration, 1.0 X 10° dpm
of *C) was added in acetonitrile (10 pl). Butylated hydroxytoluene, when used,
was emulsified in n-dodecyl-B-p-maltoside prior to addition. Crude enzyme (see
above) was added daily in 5-ul aliquots. Enzyme reactions to be analyzed by
HPLC were terminated by addition of 1 ml of acetonitrile and filtered prior to
injection.

The kinetics of fluorene oxidation were monitored by using reactions identical
to those described above. Samples were taken as indicated (see Fig. 2) and
analyzed by HPLC. The disappearance kinetics of 11 other compounds (benzo-
[a]pyrene, anthracene, benz[a]anthracene, dibenz[a,c]anthracene, benzofe]pyrene,
benzo[c|phenanthrene, benzo[b]fluoranthene, fluoranthene, chrysene, phenan-
threne, and diphenylmethane) were assessed by adding them (20 uM) individually to
reaction mixtures as previously described (4). These reactions were sampled
periodically, and percent disappearance of each PAH was determined by HPLC.
Previous experiments (4) indicated that loss of PAHs from no-enzyme controls
of this type was minimal (=10% of the input PAH in 7 days).
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Mn(III)-malonate complex preparation and reaction. Mn(III) acetate (20
wM) was dissolved in 200 mM sodium malonate (pH 4.5) immediately prior to
use. Reaction mixtures for assessment of fluorene oxidation (1.0 ml) contained
20 pM ["*C]fluorene (1.0 X 10° dpm), 0.5% n-dodecyl-B-p-maltoside, 20 mM
sodium malonate (pH 4.5), and 400 .M Mn(III)-malonate complex.

Liquid culture studies. P. chrysosporium was inoculated as a spore suspension
into 20 ml of trans-aconitic acid-buffered BIII medium in 125-ml Erlenmeyer
flasks fitted with gas exchange ports. Cultures were maintained without agitation
at 39°C. Metabolite profiles for ['*C]fluorene and ['*C]9-fluorenone were gen-
erated by adding the compound (30 pM final concentration; 2.0 X 10° dpm) in
50 pl of N,N-dimethylformamide after 3 days of mycelial growth. Following 3
weeks of incubation (with O, flushing every 3 to 5 days), cultures were individ-
ually homogenized and extracted three times with 20-ml volumes of ethyl acetate.
The resultant extracts were dehydrated with anhydrous Na,SO,, evaporated to
dryness under N, and redissolved in acetonitrile for HPLC analysis as described
below.

HPLC and GC-mass spectrometry. All HPLC analyses were performed with a
Vydac 201TP54 (25 by 0.46 cm) C,4 reverse-phase column (Nest Group, South-
boro, Mass.). The HPLC gradient consisted of water-acetonitrile (each with 1%
glacial acetic acid) as follows: 0 to 2 min, 80:20; 2 to 23 min, ramp to 0:100. The
flow rate was 1 ml min~'. For quantitation of *C, column eluent was passed
through a Flo-One radiochromatography detector (Packard Instrument Co.,
Downers Grove, Ill.) operated in the time-resolved liquid scintillation counting
mode with 5 ml of Flo-Scint V (Packard) min~" as the scintillation cocktail.

GC-mass spectrometry analyses were done on a Hewlett-Packard 5890 Series
IT gas chromatograph (injector temperature, 220°C; detector temperature,
300°C) with a DB-5 fused silica capillary column (30 m by 0.321 mm; J & W
Scientific, Folsom, Calif.) connected to a Hewlett-Packard 5972 Series mass-
selective detector. The GC temperature gradient was as follows: 0 to 1 min, 60°C;
1 to }0 min, ramp to 150°C (10° min~'); 10 to 30 min, ramp to 180°C (1.5°
min~ ).

Statistical analysis. Rates of disappearance of each compound were calcu-
lated from linear regressions of datum points taken during the linear phase of in
vitro reactions (see Table 1). Nonlinear regression analyses of the relationship
between disappearance rate and IP, including calculation of 95% confidence
bands for the regression, were performed as described by Bates and Watts (3).

RESULTS

In vitro product identification. The product of the in vitro
fluorene oxidation reaction had an HPLC retention time iden-
tical to that of a 9-fluorenone standard (Fig. 1). The in vitro
product, when isolated by HPLC, also had a GC retention time
(15.3 min) identical to that of the authentic 9-fluorenone, and
the mass spectrometry spectra of the two compounds were the
same: m/z 180 (M +; relative intensity, 100), 152 (-CO; relative
intensity, 44), 151 (relative intensity, 23), and 150 (relative
intensity, 15). Positive identification of the in vitro product as
9-fluorenone can therefore be made.

Requirements of the in vitro system/Mn(III) oxidation of
fluorene. Table 1 shows the yield of 9-fluorenone in enzyme-
mediated lipid peroxidation reactions. Full 7-day reactions
contained most (88% = 4%) of the input radioactivity, all as
9-fluorenone. Maximal conversion of fluorene to 9-fluorenone
required unsaturated fatty acid, Mn?>*, and crude enzyme (Ta-
ble 1). A small amount of 9-fluorenone was produced in the

TABLE 1. Formation of 9-fluorenone in vitro after 7 days under
various reaction conditions”

Concn of 9-fluorenone

Reaction condition formed (M)

Complete with crude enzyme.........ccceeeceeeeevccererevcrennenes 17.6 (0.8)
Without oleate 0.8 (0.3)
Without MnSO, . 1.6(0.4)
Without enzyme ... . 02(0.2)

With 200 uM BHT® . 02(02)
With 100 pM NaVO, 15.5(1.4)
Complete with TMDPC..........ccccoiiiiiiiic 20.3 (1.4)

“ The data shown are means of multiple experiments (n = 3) with standard
deviations in parentheses. The initial fluorene concentration was 20 puM.

® BHT, butylated hydroxytoluene.

¢ rMnP, recombinant P. chrysosporium MnP isozyme H4.
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FIG. 2. Time course of ['*C]fluorene disappearance ((J) and accumulation of
[9-'4C]fluorene (m) during lipid peroxidation reactions. Note the transient ac-
cumulation of small amounts of 9-hydroxyfluorene (A). The final product distri-
bution (100% 9-fluorenone) remained constant throughout the 7-day duration of
the experiment (data not shown). The initial concentration of fluorene was 20
M.

absence of oleate or Mn?". The free-radical scavenger buty-
lated hydroxytoluene (200 uM) blocked the formation of 9-flu-
orenone, whereas the selective LiP inhibitor sodium meta-
vanadate (100 wM) (1) did not. Purified recombinant MnP was
as efficient at fluorene oxidation as was the crude peroxidase
preparation.

HPLC analysis of Mn(III)-malonate reactions with fluorene
showed no transformation of fluorene by chelated Mn>". All of
the “C recovered after incubation for either 2 or 24 h was
present as unchanged fluorene (data not shown).

In vitro kinetics and intermediates. Analysis of reactions
containing ['*C]fluorene showed a lag time of 12 to 15 h,
followed by rapid, almost quantitative conversion of fluorene
to 9-fluorenone between 16 and 24 h (Fig. 2). The reaction was
linear during this time (r = 0.99), and the rate of fluorene
oxidation was 3.1 = 0.2 nmol h™!. Small amounts of 9-hydroxy-
fluorene (=10% of the input *C; therefore, <2 pM) were
transiently observed. No evidence of further oxidation of 9-flu-
orenone was detected in the in vitro system.

The kinetics of fluorene oxidation in vitro were compared to
the disappearance kinetics of eight PAHs (benzo[a]pyrene,
anthracene, benz[a]anthracene, dibenz[a,c]anthracene, benzo-
[e]pyrene, benzo[c]phenanthrene, chrysene, and phenan-
threne), two fluoranthenes (fluoranthene and benzo[b]fluoran-
thene), and diphenylmethane. Diphenylmethane resembles
fluorene in that it also contains a benzylic hydrogen. Data for
these compounds are shown in Table 2. Following a lag phase,
linear disappearance kinetics were observed for all com-
pounds; r values ranged from 0.82 (phenanthrene) to 0.99
(benz[a]anthracene) and averaged 0.95. Previous studies (4)
demonstrated that essentially all input PAH was recovered
from no-enzyme control reactions after 7 days, with no trans-
formation observed.

In vivo metabolite profiles. An HPLC profile of organic-
soluble radioactivity recovered from a typical 3-week culture
containing [**C]fluorene is shown in Fig. 1B. As expected (13),
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one peak coeluted with 9-fluorenone. The major peak, how-
ever, was slightly more polar, with a retention time equal to
that of a standard of 9-hydroxyfluorene. Addition of [9-'*C]-
fluorenone to cultures resulted in a profile similar to that seen
with labeled fluorene (Table 3). Again, most of the recovered
radioactivity coeluted with 9-hydroxyfluorene. Thus, it can be
concluded that at least some of the hydroxyfluorene peak seen
in whole cultures is produced by reduction of 9-fluorenone and
that the polar metabolites generated in vivo are the result of
further transformation of one or both of these intermediates.

DISCUSSION

The same in vitro system which has been used to oxidize
phenanthrene and other high-IP PAHs (4, 27) with crude P.
chrysosporium peroxidases was found to oxidize fluorene effi-
ciently, yielding the ketone 9-fluorenone. Maximal formation
of 9-fluorenone in this system required an unsaturated fatty
acid, Mn>", and crude enzyme and was almost totally blocked
by inclusion of the general free-radical scavenger butylated
hydroxytoluene (Table 1). However, although manganese is
required for optimal fluorene conversion, Mn>* chelates, the
product of normal MnP turnover, cannot oxidize fluorene,
which has an IP of 7.78 to 8.52 eV (11, 34, 35, 42). This is not
unexpected; Mn(III) chelates do not oxidize phenanthrene (IP,
8.03 to 8.19 eV [8]) (27), and Cavalieri and Rogan (7) have
shown a cutoff value of ca. 7.75 eV for one-electron PAH
ionization by Mn>* in manganic acetate systems. Fluorene
oxidation in vitro is therefore connected in some way to the
MnP-dependent lipid peroxidation known to occur in this sys-
tem. It is clear that LiP is not an essential component of the
system because crude enzyme could be replaced by recombi-
nant MnP. Moreover, fluorene oxidation to 9-fluorenone by
crude enzyme was not inhibited by 100 uM NaVO;. This con-
centration is sufficient to inhibit veratryl alcohol oxidation by P.
chrysosporium LiP almost totally but still allows approximately
50% of MnP activity (as measured by vanillyl acetone oxida-
tion) under the range of enzyme levels used in this experiment
(data not shown). It should also be noted that the IP of flu-
orene is well outside the LiP substrate range defined by Ham-
mel et al. (17) and Vazquez-Dubhalt et al. (42).

TABLE 2. Kinetic data for disappearance of eight PAHs, two
fluoranthenes, and fluorene and diphenylmethane from in vitro lipid
peroxidation reactions®

. Rate of Lag Linear phase of
Compound disappearance time .
(nmol h~) (h) reaction (h)
PAHs
Anthracene 0.93 (0.07) 10 10-30
Benzo[a]pyrene 0.96 (0.08) 20 20-36
Benz[a]anthracene 1.08 (0.05) 20 20-36
Dibenz[a,c]anthracene 0.60 (0.05) 20 2048
Benzo[e]pyrene 0.31 (0.02) 20 20-48
Chrysene 0.07 (0.01) 20 20-48
Benzo[c]phenanthrene 0.21 (0.04) 20 20-48
Phenanthrene 0.06 (0.02) 20 20-48
Fluoranthenes
Benzo[b]fluoranthene 0.19 (0.02) 20 20-48
Fluoranthene 0.14 (0.02) 20 20-48
Fluorene 3.10 (0.20) 12-15 16-22
Diphenylmethane 0.30 (0.02) 20 20-48

“ Calculated rates of disappearance during the linear portion of the reaction
are given as mean values (n = 3) with 95% confidence intervals in parentheses.
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TABLE 3. Distribution of products from P. chrysosporium liquid
cultures supplemented with [**C]fluorene or [9-'*C]fluorenone”

% of product®

Compound

Fluorene 9-Fluorenone 9-Hydroxyfluorene More-polar

compounds
Fluorene 4(2) 13 (2) 64 (5) 17 (5)
9-Fluorenone 12 (3) 70 (3) 14 (1)

@ Initial concentration, 30 pM.
> The data are mean percentages of three replicate cultures with standard
deviations in parentheses.

Recent work with high-IP PAHs (4) found a strong corre-
lation between IP and disappearance from both lipid peroxi-
dation reactions and intact fungal cultures, arguing for a one-
electron oxidative mechanism for these compounds. These
conclusions were based on analyses of in vitro reactions and
whole cultures sampled at single time points. The in vitro
kinetic data presented here clearly show a relationship be-
tween IP and the rates of disappearance of individual PAHs,
thus strongly supporting the centrality of one-electron oxida-
tive processes in this system.

As can be seen in Fig. 3, however, the rates of disappearance
of fluorene (3.1 = 0.2 nmol h™') and diphenylmethane (0.30 =
0.05 nmol h™') were found to be anomalously high compared
with those of either true PAHs or fluoranthenes, which were
clearly correlated with substrate ionization potential (Fig. 3).
Peroxyl and/or alkoxyl radicals, generated from lipid hydroper-
oxides by any of several agents (Mn?>*, Mn>*, and MnP heme
iron), could react with xenobiotic substrates via several mech-
anisms: hydrogen abstraction, electron abstraction, and/or di-
rect addition of the radical to an olefinic bond (26, 33). Oxi-
dation of fluorene would most likely be dominated by electron
or hydrogen abstraction pathways, as the rate for the gas phase
reaction of fluorene with -‘OH, primarily an addition reaction
(2), is one of the lowest among PAHs (26). However, because
the rate of fluorene transformation in vitro is far greater than
that predicted by ionization potential (Fig. 3), we consider
electron abstraction an unlikely route for fluorene oxidation.
By contrast, H atom abstraction from fluorene is known to be
caused by a variety of oxyradicals, including superoxide (23)
and ¢-butyl perbenzoate-derived peroxyl radicals (32), in a rel-
atively facile reaction. The ratio of the rate of fluorene disap-
pearance to that of diphenylmethane disappearance observed
in our system was approximately 10. This result agrees reason-
ably well with those obtained by Russell (32), who observed an
approximately 2.5-fold higher rate of peroxyl radical-mediated
oxidation of fluorene than of diphenylmethane. In summary,
abstraction of fluorene’s benzylic hydrogen, probably by an
oxyradical species, appears to be the most likely pathway for
formation of a 9-hydroxyfluorene intermediate, which is sub-
sequently rapidly oxidized to 9-fluorenone.

The only product of fluorene metabolism by P. chrysospo-
rium identified to date is the ketone 9-fluorenone, which has
previously been isolated from soil cultures (13) and has now
been isolated from liquid culture. In the present study, 9-hy-
droxyfluorene accumulated in liquid cultures to a greater ex-
tent than did 9-fluorenone. In vitro experiments produced the
ketone with transient accumulation of 9-hydroxyfluorene. The
9-hydroxyfluorene observed in cultures containing fluorene
may be produced either as a transient intermediate during
fluorene oxidation or via the later reduction of 9-fluorenone.

Previous evidence of the relevance of the in vitro lipid per-
oxidation system to fungal bioremediation processes has been
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FIG. 3. Rates of disappearance from lipid peroxidation reactions of PAHs,
fluoranthenes, and benzylic hydrogen-containing polyaromatic compounds as a
function of ionization potential. Best-fit nonlinear regression (solid line) and
95% confidence limits (dashed lines) are presented. Tonization potentials for
PAHs are the electron absorption values cited by Cavalieri et al. (8); those for
fluoranthenes were calculated on the basis of the report of Simonsick and Hites
(34) as previously described (4). The full range of IP values reported in the
literature is shown for fluorene and diphenylmethane (O----Q). Compounds: A,
benzo[a]pyrene; B, anthracene; C, benz[a]anthracene; D, dibenz[a,c]anthracene;
E, benzo[e]pyrene; F, chrysene; G, benzo[c]phenanthrene; H, phenanthrene; I,
benzo[b]fluoranthene; J, fluoranthene; K, fluorene; L, diphenylmethane.

confined to the commonality of its products and those ob-
served in whole liquid cultures of P. chrysosporium (16, 27).
Now it is evident that this process may account for at least
some xenobiotic transformation by ligninolytic fungi in soil.
The hyphae of Phanerochaete and similar species are rich in
unsaturated lipids (15, 24, 25), and soils frequently contain
high levels of manganese and lipid material; thus, lipid peroxi-
dation-mediated co-oxidation of xenobiotics by white rot fungi
in soil can be easily envisioned.
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