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The fungus Cunninghamella elegans oxidized anthracene and phenanthrene to form predominately trans-
dihydrodiols. The metabolites were isolated by reversed-phase high-pressure liquid chromatography for
structural and conformational analyses. Comparison of the circular dichroism spectrum of the fungal trans-
1,2-dihydroxy-1,2-dihydroanthracene to that formed by rat liver microsomes indicated that the major
enantiomer of the trans-1,2-dihydroxy-1,2-dihydroanthracene formed by C. elegans had an S,S absolute
stereochemistry, which is opposite to the predominately 1R,2R dihydrodiol formed by rat liver microsomes.
C. elegans oxidized phenanthrene primarily in the 1,2-positions to form trans-1,2-dihydroxy-1,2-dihydro-
phenanthrene. In addition, a minor amount of trans-3,4-dihydroxy-3,4-dihydrophenanthrene was detected.
Metabolism at the K-region (9,10-positions) of phenanthrene was not detected. Comparison of the circular
dichroism spectra of the phenanthrene trans-1,2- and trans-3,4-dihydrodiols formed by C. elegans to those
formed by mammalian enzymes indicated that each of the dihydrodiols formed by C. elegans had an S,S
absolute configuration. The resuits indicate that there are differences in both the regio- and stereoselective
metabolism of anthracene and phenanthrene between the fungus C. elegans and rat liver microsomes.

A considerable amount of information exists on the micro-
bial metabolism of anthracene and phenanthrene. These
compounds are widely distributed throughout the environ-
ment as a result of pyrolytic processes and as minor contami-
nants in wastewater effluents from coal gasification and
liquification processes (2). Anthracene and phenanthrene
and their metabolites are not acutely toxic, carcinogenic, or
mutagenic; however, these compounds have been used as
model substrates in studies on the environmental degrada-
tion of polycyclic aromatic hydrocarbons, since both struc-
tures are found in carcinogenic polycyclic aromatic hydro-
carbons, such as benzo[a]pyrene, benz[a]anthracene and 3-
methylcholanthrene.

Pure cultures of bacteria and microbial populations isolat-
ed from freshwater and marine environments have the ability
to metabolize anthracene and phenanthrene (13, 15-17, 21,
22, 24). Beijerinckia sp. strain B-836 and Pseudomonas
putida 119 mutant strains, deficient in dihydrodiol dehydrog-
enase activity, oxidized anthracene in the 1,2-positions to
form (+)-cis-1R,2S5-dihydroxy-1,2-dihydroanthracene (1,
16). Similar studies with phenanthrene as the substrate
indicated that Beijerinckia sp. strain B-836 and P. putida 119
formed predominately optically pure (+)-cis-3S,4R-dihy-
droxy-3,4-dihydrophenanthrene and a trace amount of (+)-
cis-1R,2S-dihydroxy-1,2-dihydrophenanthrene (3, 16, 18).
The anthracene and phenanthrene cis-dihydrodiols are me-
tabolized by cis-dihydrodiol dehydrogenases to dihydroxy-
lated derivatives (20), which can be further oxidized to ring
cleavage products (14).

Fungi metabolize aromatic hydrocarbons and other xeno-
biotics in a manner similar to mammalian enzyme systems
(5, 25). It has been suggested that the transformation of
xenobiotics by eucaryotic microorganisms has potential val-
ue in augmenting and facilitating mammalian drug metabo-
lism studies (23). Although there have been numerous stud-
ies on the bacterial oxidation of anthracene and
phenanthrene, very little is known about the metabolism of
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these compounds in fungi. A recent study indicated that
Cunninghamella elegans oxidized anthracene predominately
to trans-1,2-dihydroxy-1,2-dihydroanthracene and 1-anthryl
sulfate (6). To our knowledge, there has not been a published
report on the fungal oxidation of phenanthrene. In this
study, we report on the initial oxidation of phenanthrene by
C. elegans and the optical properties and the absolute
configurations of the dihydrodiols formed from the fungal
oxidation of anthracene and phenanthrene. In addition, we
compare the differences in both the regio- and stereoselec-
tive metabolism of anthracene and phenanthrene between
rat liver microsomes and the fungus C. elegans.

MATERIALS AND METHODS

Chemicals. Anthracene and phenanthrene were obtained
from Aldrich Chemical Co., Milwaukee, Wis. Solvents for
high-pressure liquid chromatography (HPLC) were pur-
chased from Burdick and Jackson Laboratories, Muskegon,
Mich. All other chemicals were of reagent grade or of the
highest purity available.

Microorganisms and culture conditions. Stock cultures of
C. elegans ATCC 36112 were maintained on Sabouraud
dextrose agar (Difco Laboratories, Detroit, Mich.) slants
and stored at 4°C. The spores or mycelia (or both) from
several slants were used to inoculate 10 125-ml Erlenmeyer
flasks containing 30 ml of Sabouraud dextrose broth. The
flasks were incubated for 48 h at 25°C on a rotary shaker at
150 rpm. After 48 h of incubation, the mycelia were removed
by aseptic filtration and transferred to 10 sterile 125-ml
Erlenmeyer flasks containing 30 ml of Sabouraud dextrose
broth. Three milligrams of either anthracene or phenan-
threne was dissolved in 0.3 ml of dimethylformamide and
added to each flask. Sterile control experiments were pre-
pared by autoclaving the culture at 121°C for 40 min before
adding either substrate. The flasks were incubated in the
dark at 25°C for 24 h as described above.

Isolation and detection of anthracene and phenanthrene
metabolites formed by C. elegans. After 24 h, the flask
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FIG. 1. HPLC elution profile of metabolites formed from anthra-
cene by C. elegans.

contents from either anthracene or phenanthrene incuba-
tions were pooled and filtered to separate the broth from the
mycelia. The broth and the mycelia were each extracted with
6 volumes of ethyl acetate. The extracts were combined and
dried over anhydrous sodium sulfate, and the solvent was
evaporated under reduced pressure at 40°C in the dark. Each
residue was dissolved in methanol and analyzed by HPLC.
Reversed-phase HPLC was performed with a Beckman
system consisting of two model 100A pumps and a model
155-10 variable-wavelength absorbance detector adjusted at
254 nm. A 5-pm Cg ultrasphere ODS column (4.6 by 25 mm;
Altex Scientific, Berkeley, Calif.) was used to separate
anthracene and the anthracene metabolites. The separation
was achieved with a programmed 60-min linear gradient of
methanol-water (1:1 to 19:1, vol/vol) at a solvent flow rate of
1.0 mI/min. Phenanthrene metabolites were separated with a
S-um Ultrasphere Cyano column (4.6 mm by 25 cm; Altex)
with methanol-water (1:1, vol/vol) as the solvent at a flow
rate of 1.0 ml/min.

Incubation of anthracene or phenanthrene with rat liver
microsomes. Liver microsomes from 3-methylcholanthrene-
pretreated immature male Sprague-Dawley rats (80 to 100 g
of body weight) were prepared as previously described (12).
Metabolites of anthracene or phenanthrene were obtained by
incubation of anthracene or phenanthrene (8 wmol in 4 ml of
methanol) at 37°C for 60 min in a 100-ml reaction mixture
containing S mmol of Tris-hydrochloride (pH 7.5), 0.3 mmol
of MgCl,, 10 U of glucose 6-phosphate, and 100 mg of
protein equivalent of liver microsomes from 3-methylcholan-
threne-pretreated rats. Each reaction mixture was quenched
with acetone (100 ml) and extracted with ethyl acetate (200
ml), and the organic solvent phase was dried with anhydrous
MgSO, and evaporated under reduced pressure. Each resi-
due was dissolved in methanol for HPLC separation of
metabolites.

Physical and chemical analyses. The UV-visible absorption
spectra of the metabolites were determined in methanol on a
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FIG. 2. CD spectra of trans-1,2-dihydroxy-1,2-dihydroanthra-
cene formed from the metabolism of anthracene by C. elegans (—)
and by liver microsomes from 3-methylcholanthrene-treated rats
(==---- ). The molecular ellipticity [8] was calculated on the basis of an
€max Of 38,600 (16).

Beckman model 25 recording spectrometer. Mass spectra
were obtained with a Finnigan model 4023 mass spectrome-
ter operated at 70 eV of ionizing voltage with a solid probe.
Direct probe mass spectrometry was performed on samples
which were dissolved in 5 wl of methanol and dried in glass
sample cups. Spectra were recorded as the probe tempera-
ture was increased ballistically from 30 to 300°C, monitoring
the ion source temperature at 270°C. Circular dichroism
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FIG. 3. HPLC elution profile of metabolites formed from phen-
anthrene by C. elegans.
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FIG. 4. Mass spectrum of compound III (trans-1,2-dihydroxy-1,2-dihydrophenanthrene) formed from phenanthrene by C. elegans.

(CD) spectra were determined with a quartz cell of 1-cm path
length -at room temperature on a Jasco S00A spectropolari-
meter equipped with a Jasco DP-500 data processor.

The 'H nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker WM 500 spectrometer. The data were
acquired under the following conditions: data size, 32,000;
sweep width, 7,042 Hz; filter width, 17,800 Hz; temperature,
305°K; flip angle, 68°. The spectra were recorded in acetone-
d¢. The chemical shifts are reported in parts per million (3)
downfield from the internal standard tetramethylsilane. As-
signments were made via homonuclear decoupling experi-
ments and shielding effects.

RESULTS AND DISCUSSION

C. elegans was incubated with anthracene for 24 h. The
HPLC elution profile of the ethyl acetate-soluble anthracene
metabolites formed by C. elegans is shown in Fig. 1. C.
elegans oxidized anthracene predominantly to trans-1,2-
dihydroxy-1,2-dihydroanthracene (16.5 min) and 1l-anthryl
sulfate (19.0 min). These results are similar to those de-
scribed previously (6). The anthracene dihydrodiol was
assigned as a trans isomer based on its identical rate of
dehydration to the trans isomer formed from the mammalian
metabolism of anthracene as compared to the cis isomer
(16). To further confirm that the 1,2-dihydroxy-1,2-dihy-
droanthracene formed from anthracene by C. elegans had a
trans configuration, the 500 'H MHz NMR spectrum of the
fungal metabolite was recorded in this study. The following
are the NMR spectral parameters obtained from first-order
measurements for the fungal anthracene 1,2-dihydrodiol:

(90% acetone-d¢)-d 4.44 (d, 1H,), 4.82 (d, 1, H,), 6.02 (d, 1,
H3), 6.60 (d, 1, Hy), 7.43 to 7.48 (m, 2, He¢, Hy), 7.58 (s, 1,
H,p), 7.81t0 7.87 (m, 2, Hs, Hg), 8.03 (s, 1, Hy); J; 5, 10.3 Hz;
Jo3, 2.2 Hz; Jo 4, 2.6 Hz; J3 4, 9.9 Hz. The large coupling
constant of 10.3 Hz between the carbinol protons is similar
to that observed for the trans-1,2-dihydroxy-1,2-dihy-
droanthracene (J;,, 10.5 Hz) formed from anthracene by
mammalian enzymes (16) and indicates that the fungal
anthracene dihydrodiol is a trans isomer with both hydroxyl
groups preferentially at the equatorial positions (26). The cis
isomer formed by bacterial enzymes (16) has a relatively
small coupling constant value (J; ;, 4.6 Hz). The CD spec-
trum of trans-1,2-dihydroxy-1,2-dihydroanthracene formed
from the metabolism of anthracene by C. elegans is shown in
Fig. 2. Comparison of the CD data from the trans-1,2-
dihydroxy-1,2-dihydroanthracene formed by C. elegans to
that formed by liver microsomes from 3-methylcholan-
threne-treated rats (Fig. 2) indicated that the fungal anthra-
cene dihydrodiol is close to a mirror image to the corre-
sponding anthracene 1R,2R-dihydrodiol formed by rat liver
microsomes. The observed positive CD Cotton effect indi-
cated that the fungal dihydrodiol was enriched in the 15,25
enantiomer. However, it should be noted that a trans-1,2-
dihydroxy-1,2-dihydroanthracene enriched in 15,25 enantio-
mer ([6],97, +40,700) has been isolated from the urine of
rabbits (1).

C. elegans was grown in the presence of phenanthrene for
24 h. The ethyl acetate extractable metabolites were ana-
lyzed by HPLC (Fig. 3). Compound III was the major
metabolite formed and had an HPLC retention time of 7.2
min. The UV spectral properties of compound III (A\n.x at
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FIG. 5. CD spectra of trans-1,2-dihydroxy-1,2-dihydrophenanth-
rene formed from the metabolism of phenanthrene by C. elegans
(—) and by liver microsomes from 3-methylicholanthrene-treated
rats (------ ). The molecular ellipticity [0] was calculated on the basis
of an €qax237 of 40,264 (16). :

236, 315, and 332 nm) are similar to those reported for trans-
1,2-dihydroxy-1,2-dihydrophenanthrene (16). Mass spectral
analysis of compound III (Fig. 4) gave a molecular ion (M™)
at m/z 212 and fragment ions at m/z 194 (M*-H,0) and m/z
166 (M*-H,0-CHO). The UV and mass spectral data indi-
cated that compound III is 1,2-dihydroxy-1,2-dihydrophen-
anthrene. To determine the configuration and conformation
of the dihydrodiol, 500 MHz "H NMR spectroscopic analysis
was conducted for compound III. The assigned chemical
shifts and coupling constants are as follows: (acetone-dg) &
4.50(d, 1, H,),4.88(d, 1,H,),6.21(d, 1, H3), 7.25 (d, 1, Hy),
7.48 (dd, 1, H;), 7.54 (dd, 1, Hg), 7.82 to 7.86 (AB, 2, H,
Hyo), 7.88 (d, 1, Hg), 8.20 (d, 1, Hs) ppm; J; 5, 11.6 Hz; J, 3,
2.2 Hz; J, 4, 2.6 Hz; J3 4, 10.3 Hz; Js6, 8.6 Hz; J6 7, 6.9 Hz;
J10,11, 10.3 Hz. The large coupling constant (J; 2, 11.6 Hz) for
the 1,2-dihydroxy-1,2-dihydrophenanthrene formed by C.
elegans is similar to that reported for trans-1,2-dihydroxy-
1,2-dihydrophenanthrene (J; ,, 11.75 Hz) formed from phen-
anthrene by mammalian enzymes (16) and indicates that the
fungal phenanthrene 1,2-dihydrodiol is a trans isomer with a
diequatorial conformation.

The CD spectrum of trans-1,2-dihydroxy-1,2-dihydro-
phenanthrene formed by C. elegans was compared with that
of the phenanthrene 1,2-dihydrodiol formed by liver micro-
somes from 3-methylcholanthrene-treated rats. Figure 5
indicates that the CD spectrum of the fungal dihydrodiol is
enriched in the 15,25 enantiomer and is a mirror image to the
phenanthrene 1R,2R-dihydrodiol formed by rat liver micro-
somes. A phenanthrene trans-1,2-dihydrodiol formed from
phenanthrene metabolism by liver microsomes from 3-meth-
ylcholanthrene-treated rats was reported to have an optical
purity of 93% with an R,R/S,S enantiomer ratio of 96.5:3.5
(16).
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Compound II (Fig. 3; retention time, 6.4 min) gave a UV
absorption (\max 242, 249, and 258 nm) and mass spectrum
(M™ at m/z 212, m/z 194, and m/z 166) that were similar to
those of trans-3,4-dihydroxy-3,4-dihydrophenanthrene (16).
Since insufficient material was available for NMR analyses,
the trans stereochemistry of compound II was based on the
rate of acid-catalyzed dehydration compared with rates
previously reported for cis- and trans-3,4-dihydroxy-3,4-
dihydrophenanthrene (16). The rate of dehydration of com-
pound II was similar to that reported for trans-3,4-dihy-
droxy-3,4-dihydrophenanthrene. In addition, all other
known dihydrodiols produced by C. elegans have been
shown to have a trans configuration (5). The CD spectrum of
trans-3,4-dihydroxy-3,4-dihydrophenanthrene is shown in
Fig. 6. The absolute configuration of the fungal phenan-
threne 3,4-dihydrodiol is proposed to be 35,4S. Since trans-
3,4-dihydroxy-3,4-dihydrophenanthrene is a very minor me-
tabolite in the mammalian metabolism of phenanthrene (4,
11, 19), a direct comparison of the CD spectra could not be
made. However, a phenanthrene trans-3,4-dihydrodiol
formed from the metabolism of phenanthrene by liver micro-
somes from 3-methylcholanthrene-treated rats was reported
to have an optical purity of 97% enriched in the R,R
enantiomer (19). Compound I (Fig. 3; retention time, 5.7
min) is a natural product formed by C. elegans and was
found in control samples. Interestingly, there was no metab-
olism at the 9,10 positions (K-region) of phenanthrene as
evidenced by the failure to detect trans-9,10-dihydroxy-9,10-
dihydrophenanthrene (retention time, 6.7 min). trans-9,10-
Dihydroxy-9,10-dihydrophenanthrene is a major metabolite
in the mammalian metabolism of phenanthrene (4, 11, 19).

The results in this study indicate that C. elegans initially
metabolizes anthracene and phenanthrene to form predomi-
nantly dihydrodiols with a trans configuration. Comparison
of the CD spectra of trans-1,2-dihydroxy-1,2-dihydroanthra-
cene and phenanthrene trans-1,2- and trans-3,4-dihydrodiols
formed by C. elegans with those of the corresponding
dihydrodiols of known absolute stereochemistry formed by
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FIG. 6. CD spectrum of compound II (trans-3,4-dihydroxy-3,4-
dihydrophenanthrene) formed from phenanthrene by C. elegans.

The molecular ellipticity [0] was calculated on the basis of an €y,,x of
48,000 (16).
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FIG. 7. Proposed pathways for the metabolism of phenanthrene by C. elegans.

rat liver microsomes indicated that the major enantiomeric
dihydrodiol metabolites formed by C. elegans have §,S
absolute stereochemistries. Since the anthracene trans-1,2-
dihydrodiol and phenanthrene trans-1,2 and trans-3,4-dihy-
drodiols formed from anthracene and phenanthrene by rat
liver microsomes have the R,R absolute configurations (3,
19), the results indicate that the stereoselective preference of
cytochrome P-450 and epoxide hydrolase in C. elegans in the
formation of trans-dihydrodiols is different from that in the
rat liver microsomal system. Similar results were recently
reported for the fungal oxidation of naphthalene (7). C.
elegans oxidized naphthalene predominately to trans-15,25-
dihydroxy-1,2-dihydronaphthalene, which had Cotton ef-
fects that were a mirror image to the naphthalene 1R,2R-
dihydrodiol formed by rat liver microsomes.

C. elegans oxidized phenanthrene at the 1,2 and 3,4
positions to form phenanthrene trans-1,2- and trans-3,4-
dihydrodiols (Fig. 7). There was no enzymatic attack at the
9,10 positions (K-region) of phenanthrene, which is a major
site of metabolism in the mammalian oxidation of phenan-
threne (4, 11, 19). This result suggests differences in the
regioselectivity in the metabolism of phenanthrene by the
cytochrome P-450 monooxygenase and epoxide hydrolase of
C. elegans and rat liver microsomes. The lack of enzymatic
attack at the K-region of phenanthrene has been found to be
a general feature in polycyclic aromatic hydrocarbon metab-
olism by C. elegans (8-10).
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