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The fungal metabolism of tert-butylphenyl diphenyl phosphate (BPDP) was studied. Cunninghamella elegans
was incubated with BPDP for 7 days, and the metabolites formed were separated by thin-layer, gas-liquid, or

high-pressure liquid chromatography and identified by 'H nuclear magnetic resonance and mass spectral
techniques. C. elegans metabolized BPDP predominantly at the tert-butyl moiety to form the carboxylic acid
4-(2-carboxy-2-propyl)triphenyl phosphate. In addition, 4-hydroxy-4'-(2-carboxy-2-propyl)triphenyl phos-
phate, triphenyl phosphate, diphenyl phosphate, 4-(2-carboxy-2-propyl)diphenyl phosphate, 2-(4-
hydroxyphenyl)-2-methyl propionic acid, and phenol were detected. Similar metabolites were found in the 28
fungal cultures which were examined for their ability to metabolize BPDP. Experiments with [14C]BPDP
indicated that C. elegans metabolized 70% of the BPDP after 7 days and that the ratio of organic-soluble
metabolites to water-soluble metabolites was 8:2. The results indicate that fungi preferentially oxidize BPDP at
the alkyl side chain and at the aromatic rings to form hydroxylated derivatives. The trace levels of mono- and
diaryl metabolites and the low level of phosphotriesterase activity measured in C. elegans indicate that
phosphatase cleavage is a minor pathway ror fungal metabolism of BPDP.

Triaryl phosphate esters (TAPs) are used as fire-resistant
hydraulic fluids and lubricant additives and are present as

plasticizers in many consumer products (21). The production
of TAPs has increased steadily since 1970 as they have been
used as replacements for cresylic phosphate esters and as
substitutes for the restricted polychlorinatd biphenyls (1).
TAPs are weak acute toxicants; however, some TAPs have
been shown to induce delayed neurological effects in animal
studies (7, 13). TAPs which are not produced from o-cresol
and those which lack ortho substitutents on their aryl
moieties generally exhibit less toxicity (14, 15). As a class,
TAPs have low water solubility and are lipophilic (23); thus,
the potential exists for human exposure from the uptake and
bioaccumulation of TAPs or their metabolites into food
chains. Since TAPs have been reported in fish, river water
and sediments from several industrialized areas (20), drink-
ing water (18), and recently as contaminants in food (6),
there is some concern for the environmental disposition and
metabolism of these phosphate esters.

tert-Butylphenyl diphenyl phosphate (BPDP) was first
marketed in 1976 and is now a component of several com-
mercial formulations of phosphate esters. BPDP is used
primarily as a flame-retardant plasticizer, and yearly produc-
tion is projected to reach 1 x 107 to 2 x 107 lbs (4,535,920 to
9,071,847 kg) by 1986 (21). The acute toxicity of BPDP has
been examined via oral administration to rats and chickens
and dermal exposure to rabbits and was found to be rela-
tively nontoxic by either route of exposure (13). However,
uptake and clearance studies with rainbow trout and fathead
minnows have shown that BPDP does accumulate in fish
tissues (24). The biodegradation of BPDP has been reported
in semicontinuous activated sludge and river-die-away tests
(27), but very limited information exists regarding the met-
abolic pathway for BPDP biodegradation.
The presence in the environment of bacteria and fungi

which are able to utilize TAPs as sole carbon sources has
been previously reported (22, 25). These studies were based
on either the observance of growth in the presence of TAPs
or the detection of Pi (believed to be released from enzy-
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matic cleavage of TAPs by phosphatases). It has been
recently reported that indigenous sediment microflora are
able to completely mineralize some TAPs to CO2 (11, 27),
but metabolic pathways remain unclear because very few
intermediates have been isolated and chemically identified.
Fungi contribute significantly to environmental het-
erotrophic activity and often utilize metabolic pathways
similar to those reported for mammalian enzyme systems
(3). In this study, Cunninghamella elegans ATCC 36112, a
fungus which utilizes polycyclic aromatic hydrocarbons (3),
was used to determine the identification of metabolites and
the pathway of BPDP metabolism. In addition, we screened
28 fungal strains for their ability to metabolize BPDP.

MATERIALS AND METHODS

Microorganisms and biotransformation conditions. The
investigations were carried out with C. elegans ATCC 36112
(3) and 28 other strains (see Table 3). Fungal cultures were
maintained at 4°C on Sabouraud dextrose agar slants (Difco
Laboratories, Detroit, Mich.) and were inoculated into sterile
125-ml Erlenmeyer flasks containing 30 ml of Sabouraud
dextrose broth. The cultures were incubated for 2 to 5 days
at 22°C on a rotary shaker at 150 rpm. Mycelia of the
filamentous fungi were aseptically filtered and suspended in
0.1 M phosphate buffer (pH 7.2), whereas cells of the yeast
cultures were aseptically transferred to sterile 40-ml
centrifuge tubes, centrifuged at 10,000 x g for 10 min,
suspended in 30 ml of buffer, and aseptically transferred to
sterile 125-ml Erlenmeyer flasks. All fungal cultures were

resuspended twice in phosphate buffer over a 24-h interval
and then exposed to BPDP. Fungal cultures were incubated
with 2 mg of unlabeled BPDP or with 0.23 ,uCi of ['4C]BPDP
dissolved in 30 ,u of dimethylformamide. The cultures were

incubated for 5 or 7 days as described above. Cell lysis from
BPDP was not observed with any of the fungi tested. Control
flasks consisting of either BPDP and sterile Sabouraud
dextrose broth or fungal cells with no test substrate were
included in the study. To isolate sufficient quantities ofBPDP
metabolites for structure elucidation, we conducted batch
experiments in which 20 125-ml Erlenmeyer flasks containing
30 ml of Sabouraud dextrose broth, 2 mg of BPDP, and C.
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elegans were incubated as described above for 7 days and
were extracted and analyzed for BPDP metabolites as
described below.
The ability of C. elegans to utilize BPDP as a sole source

of energy and carbon was tested by inoculation of 125-ml
Erlenmeyer flasks containing 30 ml of a modified Pope and
Skerman mineral salts medium (16) and 0.02% BPDP. Flasks
were incubated for 4 weeks as described above, and culture
growth was visually compared with that of inoculated flasks
containing mineral salts and mineral salts plus 0.02% glu-
cose.

Extraction and analysis of metabolites. Cells were removed
by either filtration or centrifugation (10,000 x g for 10 min),
and cells and culture filtrate were each extracted with 6 equal
volumes of ethyl acetate. Filtrates were then titrated to pH
4.0 with a known volume of 0.1 N HCI and reextracted with
3 equal volumes of ethyl acetate to enhance the recovery of
acidic metabolites. The combined organic extracts were
dried over anhydrous sodium sulfate and then evaporated in
vacuo at 40°C. Nonextractable 14C-labeled residue in the
aqueous phase was quantitated by adding a 1-ml portion to a
scintillation vial containing 12 ml of Scintisol (Isolab, Inc.,
Akron, Ohio), and the radioactivity was determined in a
Beckman model LS100 liquid scintillation counter (Beckman
Instruments, Inc., Berkeley, Calif.). Nonextractable cellular
14C-labeled residue was quantitated by filtering and drying
extracted cells overnight at 60°C and by combustion in a
Packard B306 Tri-Carb Sample Oxidizer (Packard Instru-
ment Co., Inc., Downers Grove, Ill.). The radioactivity of
combusted samples was measured as described above.
The occurrence of volatile 14C-labeled metabolites and

14Co2 resulting from biodegradation of BPDP by C. elegans
was determined with an enclosed, flowthrough test appara-
tus (12). Cultures were exposed to [14C]BPDP or 2 mg of
unlabeled BPDP for 7 days in a flask which was continuously
purged with compressed air. The gaseous effluent from each
culture was directed through Teflon tubing into glass Michel-
Miller chromatographic precolumns (inside diameter, 2 cm)
containing 7 cm of polyurethane foam and 0.5 g of 20/35-
mesh Tenax (Alltech Associates, Inc., Deerfield, Ill.). The
efficiency of polyurethane foam and Tenax for trapping
volatile organics has been previously described (19, 28). The
gaseous effluent was then bubbled through a test tube (250
by 25-mm inside diameter) containing 40 ml of mono-
ethanolamine-ethylene glycol (3:7 vol/vol) to trap evolved
4'co2.
The polyurethane foam from each volatile-organic-

trapping column was sliced into 1-cm sections, and radioac-
tivity was measured in scintillation vials containing 12 ml of
Scintisol as described above. Radioactive residues in the
Tenax were determined by combustion as previously de-
scribed for cellular 14C-labeled residues, and 14CO2-trapping
columns were analyzed by placing 1-ml samples of the
trapping solution into scintillation vials containing 7.5 ml of
Beckman Fluoralloy dissolved in toluene and 7.5 ml of
methanol. The presence of volatile metabolites from C.
elegans cultures exposed to unlabeled BPDP was deter-
mined by back-flushing polyurethane foam with 3 ml of ethyl
ether and by chemical analysis by capillary column gas
chromatography and mass spectrometry (GC-MS).

Thin-layer chromatography (TLC) and high-pressure liq-
uid chromatography (HPLC) were used for the separation of
metabolites. All TLC analyses were performed with 500-pum
Silica Gel GF plates (Analtech, Newark, Del.), and separa-
tion was achieved with a hexane-acetone-acetic acid
(80:20:1, vol/vol/vol) solvent system. XAR-2 X-ray film

(Eastman Kodak Co., Rochester, N.Y.) was exposed to
TLC plates of ["'C]BPDP extracts for 2 weeks and devel-
oped to produce autoradiograms. Metabolites and unde-
graded BPDP were scraped from TLC plates, eluted with
acetone, and further purified by HPLC. All HPLC analyses
were performed with a Beckman system with two model
100A pumps and a Tracor model 970A variable-wavelength
absorbance detector adjusted to 254 nm. A 5-pum C18
Ultrasphere ODS column (4.6 mm by 25 cm; Altex Scien-
tific, Berkeley, Calif.) was used, and separation was
achieved with an acidic (1% acetic acid) acetonitrile-water
linear gradient (25 to 100% vol/vol; 30 min) at a flow rate of
1 ml/min. In experiments with [14C]BPDP, 0.5-ml fractions
were collected in scintillation vials; 10 ml of Scintisol was
added to each vial, and radioactivity was determined as
described above.
A GC-MS system (model 4023; Finnigan Instruments,

Sunnyvale, Calif.), equipped with a quadrupole mass filter
and a DB5 capillary column (0.25-mm inside diameter by 30
m; J and W Scientific, Rancho Cordova, Calif.) was used to
analyze metabolites of BPDP after methylation with
diazomethane (26). Analyses were performed in the electron
impact mode with an electron energy of 70 eV. Samples were
injected into the GC at 60°C, held isothermally for 2 min, and
programmed to 210°C at 20°C/min. The program was then
reduced to 5°C/min to 250°C and held isothermally at 250°C
for 15 min. Direct-probe MS was performed on extracted
and purified samples which were dissolved in 3 ,ul of meth-
anol and dried under argon in glass sample cups. Spectra
were recorded as the probe temperature was increased
ballistically from 35 to 200°C while the ion-source tempera-
ture was maintained at 270°C.
The 'H nuclear magnetic resonance (NMR) spectra were

recorded on a Bruker WM500 spectrometer in acetone-d6
and methylene chloride-d2. 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, 680. The chemical shifts are reported in parts per
million (ppm) (5) downfield from the internal standard
tetramethylsilane. Assignments were made via homonuclear
decoupling experiments and by consideration of substituent
effects.

Phosphatase activities. Cultures of C. elegans were as-
sayed for phosphatase activities by a method modified from
that of Eivazi and Tabatabai (8) which involves the measure-
ment of p-nitrophenol released after incubation at 37°C for 1
h. Cultures were filtered and suspended in 0.05 M Tris
buffer, and 4-ml portions were assayed in sterile, capped,
50-ml centrifuge tubes containing 0.25 ml of toluene and 1 ml
of Tris buffer. The buffer contained 1, 3, or 5 mM p-
nitrophenyl phosphate disodium for phosphomonoesterase
assays or bis-p-nitrophenyl phosphate for phosphodiesterase
assays. Since tris-p-nitrophenyl phosphate is insoluble in
water, 23 mg (10 mM) was weighed and directly added for
phosphotriesterase assays. Cultures were chilled on ice after
incubation, and p-nitrophenol was extracted with 0.5 ml of
0.5 M CaC12 and 4 ml of 0.1 M Tris buffer (pH 12). The
cultures were centrifuged at 10,000 x g for 10 min. The
p-nitrophenol in the supernatants was measured colori-
metrically at 400 nm, and concentrations were calculated
from a standard curve prepared with p-nitrophenol stan-
dards. Controls were extracted as described above, and
values were subtracted as background from all samples.
Excess supernatant was removed from each tube, and cel-
lular pellets were weighed after drying overnight at 60°C.
Phosphatase activities are reported as micrograms of p-

APPL. ENVIRON. MICROBIOL.



FUNGAL METABOLISM OF tert-BPDP 267

I

/'BPDP

10 15 a0 25 30 35
Tlm. (Min)

2

30
I

,,,

- 2.

a

a.
2o

w 1.0

05

0
imatvama

Feo
, I.:;

ff.

a 10 1S 20 25 30 35

Tim (Mm)

1.25

S

a

.IX,

S

0

a
'0.54 g

3

0.0

mnjEct %Mums#"'''''

FIG. 1. UV and radioactivity elution profiles from analyses of the organic-extractable residues from C. elegans cultures which were
extracted immediately (A) or after 5 days (B) of exposure to BPDP and ['4C]BPDP. Inset of panel B shows an autoradiogram from preparative
TLC analysis of an extract from C. elegans after 5 days of exposure to ['4C]BPDP.

nitrophenol released * hours-' * grams of cellular dry
weight-'. The Michaelis-Menten enzyme constant (Kin) and
the maximum enzyme reaction velocity (Vmax) were calcu-
lated from the classical Lineweaver-Burk plot (10) for
phosphomonoesterase and phosphodiesterase enzymes.

Chemicals. Unlabeled BPDP was isolated from Fyrquel
GT (lot no. 4833-1; Stauffer Chemical Co., Westport, Conn.)
by open-column silica gel chromatography. Approximately 1
g of Fyrquel GT was loaded on a glass column (inside
diameter, 2 cm) packed with 36 cm of silica gel (32 to 63 ,uM;
Universal Scientific, Inc., Atlanta, Ga.) in hexane. The
column was sequentially eluted with 50 ml of hexane, 400 ml
of 1% acetone in hexane, and 400 ml of 2% acetone in
hexane. The progress of the separation was monitored by
TLC (Silica Gel IB2-F; J. T. Baker Chemical Co., Phil-
lipsburg, N.J.) with 5% acetone in hexane. The BPDP eluted
in the 630 to 780-ml fraction, and purity exceeded 99% as
determined by GC-MS.

Radiolabeled BPDP was purchased from California
Bionuclear Corporation, Sun Valley, Calif., and was uni-
formly ring labeled on the butylphenyl moiety. The specific
activity was 4.1 mCi/mmol, and analysis by TLC indicated
that purity exceeded 99%. The radiolabeled diphenyl phos-
phate was uniformly ring labeled and had a specific activity
of 5.1 u.Ci/mg. It was purified by reverse-phase TLC, and
purity exceeding 99% was verified by GC after methylation.
Both isotopes were generous gifts from the Columbia Na-
tional Fisheries Research Laboratory, Columbia, Mo.

RESULTS
Preliminary experiments. When C. elegans cells were

inoculated into flasks containing mineral salts medium and
BPDP, no significant growth was observed after 30 days.
These results indicate that C. elegans cannot utilize BPDP as
a sole energy and carbon source. However, when C. elegans
cultures were grown for 48 h in Sabouraud dextrose broth
and then suspended in buffer containing BPDP, approxi-
mately 70% of the BPDP was converted into metabolites

after 7 days of exposure. Metabolism of BPDP was almost
50% greater from C. elegans cells suspended in buffer than
from those exposed to BPDP in Sabouraud dextrose broth.

Ethyl acetate extracts from C. elegans cultures exposed to
both unlabeled BPDP and ['4C]BPDP were analyzed by
HPLC after 0 and 5 days of exposure. Figure 1A shows the
HPLC elution profile from a C. elegans culture which was
extracted immediately after the addition of BPDP. The
recovery of BPDP is apparent from the UV trace at 254 nm
and the presence of radioactivity in the collected fractions at
an elution time of 33 min which is identical to the elution
time for authentic BPDP. Figure 1B shows the disappear-
ance of BPDP after 5 days and the presence of radioactive-
metabolite peaks with HPLC elution times of 3 (void vol-
ume), 10.5, 15.5, and 20 min. The relative intensity of the
peak observed at 20 min with both the UV and the radioac-
tive trace demonstrates its relative abundance in comparison
to the other metabolite peaks. The UV peak in Fig. 1B with
an elution time of 35 min was apparent as a smaller peak in
Fig. 1A; it was nonradioactive and presumed to be biogenic
in origin.

Isolation and identification of BPDP metabolites. Batch
cultures of C. elegans were exposed to BPDP for 7 days to
obtain sufficient metabolites for structure elucidation. Pre-
parative TLC was used to enrich the metabolites which
eluted at Rf values of 0.0, 0.06, 0.21, and 0.22. The TLC
elution order correlated directly with their sequential elution
pattern from HPLC analysis (Fig. 1B, inset). The material
which eluted from Rf 0.21 gave one chromatographic peak
with an HPLC retention time of 20 min. Mass spectral
analysis of this predominant metabolite (Fig. 2A) gave a

molecular ion (M+) at mlz 412 and a fragment ion at m/z 367
(M+-45, COOH loss). Mass spectral analysis of a methyl-
ated derivative of this compound (Fig. 2B) gave a 14-unit
increase (M+) at m/z 426 and a fragment ion at mlz 367
(M+-59, COOCH3 loss). The mass spectral fragmentation
patterns indicated that this compound was a carboxylic acid
derivative of BPDP. The 'H NMR spectroscopic analysis of
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FIG. 2. Mass spectra of an unmethylated (A) and a methylated (B) portion of 4-(2-carboxy-2-propyl)triphenyl phosphate, the predominant
metabolite of BPDP produced by C. elegans, which had an HPLC elution time of 20 min.
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mical shifts: (CD2CI2) value of 0.06 (Fig. 1B, inset) and an HPLC retention time of
14, aromatic H), and 15.5 min gave an M+ at m/z 428 and fragment ions at m/z 383

vas 4-(2-carboxy-2- (M+-45, COOH loss) and mlz 366 (M+-62, COOH, OH
alysis also indicated a loss). The mass spectral fragmentation pattern indicated that
tiple development of a this compound was a phenolic derivative of BPDP
ng 4-(2-carboxy-2- carboxylic acid. Mass spectral analysis of a methylated
J another compound sample of this compound (Fig. 4B) gave an M+ at mlz 456,
ae of 0.22. This com- which indicated that both the carboxylic and hydroxyl
n the HPLC column, moieties were derivatized. The position of the hydroxyl
ration (Fig. 1B). Mass group on the aromatic ring was determined by 'H NMR
;. 3) gave an M+ at m/z analysis. The following are the NMR spectral parameters
pattern and chromato- obtained from first-order measurements: (acetone-d6) 8 1.56
of authentic triphenyl (s, 6, CH3), 6.85 (d, 2, H3O), 7.12 (d, 2, H21), 7.25 (d, 2, H2),

7.29 (d, 2, H2"), 7.43 (dd, 2, H3") 7.47 (d, 2, H3), 7.54 (t, 1,
Id (Fig. 4A) with an Rf H4"), and 10.43 (bs, 1, COOH) ppm; J21,3' = 8.6 Hz; J2,3 =

9.0 Hz; J2F,3t = 8.2 Hz; J3",4" = 8.6 Hz.
The assigned chemical shifts and coupling constants were

indicative of three different benzene ring systems. The
furthermost upfield doublet at 6.85 ppm was consistent with
a two-proton doublet adjacent to a hydroxyl group. The
doublet at 6.85 ppm and 7.2 ppm is consistent with a

326 para-disubstituted ring. The pair of doublets at 7.25 and 7.47
ppm are also consistent with a para-disubstituted aromatic
ring system. The NMR data confirmed that this compound
was 4-hydroxy-4'-(2-carboxy-2-propyl)triphenyl phosphate.
The minor compound with an HPLC retention time of 10 min
(Fig. 1B) was analyzed by MS. Direct-probe MS analysis
suggested that it was a trihydroxylated BPDP metabolite.
Insufficient material was available for further chemical char-
acterization.

Polar metabolites which remained at the origin during
preparative TLC (Fig. 1B, inset) were methylated with
diazomethane (26) and analyzed by GC-MS. The GC elution

249 profile for these metabolites is presented in Fig. 5, and the
mass spectral fragmentation patterns and molecular charac-
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FIG. 4. Mass spectrum of an unmethylated (A) and a methylated (B) portion of 4-hydroxy-4'-(2-carboxy-2-propyl)triphenyl phosphate
produced from BPDP by C. elegans which had an HPLC elution time of 15.5 min.
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TABLE 1. GC-MS properties of minor metabolites formed by C. elegans after 7 days of exposure to BPDP

Peak no. GC retention relative to Molecular Mass spectrum m/z (% of base peak)time (mmn) reatvPtDolw formulaBPDP
_a 3.19 0.150 108 C7H80 109 (8) 108 (100) 93 (13) 78 (63) 65 (69)
_a 3.51 0.164 94 C6H60 95 (6) 94 (100) 66 (22) 65 (21) 55 (10)
I 8.16 0.382 208 C12H1603 209 (2.1) 208 (18.3) 150 (11.1) 149 (100) 121 (12.4)
II 8.36 0.397 194 C11H1403 195 (1.2) 194 (100) 136 (9.1) 135 (100) 119 (5.9) 107 (23.7)
III 11.03 0.510 264 CU3H1304P 265 (9.5) 264 (100) 263 (71.8) 170 (45.9) 169 (34.1) 166 (13.8)

165 (20.2) 143 (11.6)
IV 17.30 0.807 364 C18H2106P 365 (1.1) 364 (6.1) 306 (16.9) 305 (100)
V 21.40 1.000 382 C22H2304P 383 (4.1) 382 (25.2) 368 (17.5) 367 (100)
a -, Data collected from another GC-MS analysis.

mentation pattern of this compound was identical to that of
authentic phenol. The two metabolites with GC retention
times of 8.16 and 8.36 min (Fig. 5, compounds I and II) had
M's at m/z 194 and 208, respectively. These metabolites
were mono- and dimethylated derivatives of 2-(4-hydroxy-
phenyl)-2-methyl propionic acid arising from tert-butyl-side-
chain oxidation and phosphatase cleavage of BPDP to re-
lease the substituted phenol and diphenyl phosphate. This
proposed pattern of phosphatase cleavage is further sup-
ported by the occurrence of a metabolite (Table 1, com-
pound III) with a GC retention time of 11.03 min which was
identical to that of methylated authentic diphenyl phosphate.
Mass spectral analysis of this metabolite revealed an M+ at
m/z 264 and a fragment ion at m/z 170 (M+-94), which

indicates the methylated derivative of diphenylphosphate
and the fragmentation loss of one phenyl group.
The metabolite (compound IV) with a GC retention time of

17.30 min had an M+ at mlz 364 which indicates dimethyl-
ated 4-(2-carboxy-2-propyl)diphenyl phosphate arising from
tert-butyl-side-chain oxidation of BPDP and removal of one
unsubstituted phenyl moiety by phosphatase cleavage.
Methylation of this metabolite occurred on both the butyric
acid side chain and the hydroxyl group adjoining the central
phosphate moiety. The fragmentation at mlz 305 (M+-59) is
due to the loss of the methylated carboxylic acid. BPDP
(compound V) had a GC retention time of 21.40 min and is
included in Table 1 for relative comparison of GC
retentionand fragmentation pattern among the metabolites.
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FIG. 6. Structures of identified metabolites from fungal metabolism of BPDP. Molecular weights and fragmentation patterns of the
numbered metabolites are presented in Table 1.
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The structures of the identified metabolites resulting from
the metabolism of BPDP by C. elegans are shown in Fig. 6.

In a separate experiment, C. elegans was incubated with
[14C]BPDP in a flowthrough test apparatus (12) to determine
if 14CO2 or volatile 14C-labeled metabolites or both were
formed. Neither were detected. In addition, no abiotic
degradation or hydrolysis of BPDP was observed in the
control flasks employed in this study.
Time course of the metabolism of BPDP by C. elegans.

Figure 7 illustrates the time course of BPDP biotransforma-
tion. Immediately after exposure, 62% of the radioactivity
was recovered by extraction with ethyl acetate and identified
by HPLC analysis as unmetabolized BPDP. However, over

20% of the ['4C]BPDP was already present as nonextractable
cellular "4C-labeled residue. This portion increased to 64%
after 1 day and then decreased linearly throughout the
experiment with a concomitant increase in organic extract-
able 14C-labeled metabolites.
The ratio of organic-soluble metabolites to water-soluble

metabolites throughout the experiment was approximately
8:2 (Fig. 7A). However, when the medium was titrated to pH
4.0 and extracted with 3 equal volumes of ethyl acetate, only
about 3% remained as water-soluble metabolites. The en-
hanced extraction of organic-soluble metabolites at acidic
pH supports the occurrence of the acidic metabolites re-

ported earlier. Although ring hydroxylation is known to be
an intermediate for various conjugation pathways (4), over-
night incubation of the water-soluble metabolites with P-
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FIG. 7. Kinetic presentation of BPDP metabolism by C. elegans
during 7 days of exposure (A) Cellular nonextractable residue (0)
and organic extractable residue (U). (B) Production of 4-(2-carboxy-
2-propyl)triphenyl phosphate and triphenyl phosphate (0) (9:1 ratio
at day 7), 4-hydroxy-4'-(2-carboxy-2-propyl)triphenyl phosphate
(U), possible triol of BPDP (A), and combined residue of polar
mono- and diaryl metabolites of BPDP (0).

TABLE 2. Km and Vn,ax for phosphatases of C. elegans

Enzyme pHa Km (mM) Vn,ax x l03b

Phosphomonoesterases
Acid phosphatase 6.0 3.11 5.99
Alkaline phosphatase 10.0 1.82 4.78

Phosphodiesterase 8.0 0.36 1.18
a Enzymes were assayed at the optimum pH reported (2).
b Velocity is expressed as micrograms of p-nitrophenol released
hours-' grams of cellular dry weight-l

glucuronidase, aryl sulfatase, a-glucosidase, and ,B-
glucosidase by a previously reported method (4) resulted in
no increase in organic-soluble metabolites; hence, no conju-
gation of BPDP by C. elegans was detected.
The compositions of organic extracts were analyzed by

HPLC at each time interval, and the rate of production of
each metabolite is presented in Fig. 7B. All of the above-
discussed metabolites were detected after 12 h of exposure
of C. elegans to [14C]BPDP, and their levels increased
throughout the experiment. 4-(2-Carboxy-2-propyl)triphenyl
phosphate accounted for about 12% of the total radioactivity
after only 1 day and increased to about 40% by day 7. The
slowed production of this metabolite after day 5 probably
resulted from depletion of BPDP substrate as indicated by
decreased cellular 14C-labeled residues (Fig. 7A) as well as
further metabolism of the metabolite to other products.
Nonretained polar metabolites accounted for 4% of the total
radioactivity after 7 days.

Phosphatase activity of C. elegans. The Michaelis constant
and maximum velocity for the phosphomono- and
phosphodiesterase activities of C. elegans are presented in
Table 2. Acidic phosphomonoesterase activity was only
slightly higher than alkaline phosphomonoesterase activity,
but both were five to seven times greater than the activity of
phosphodiesterase. Since tris-p-nitrophenol phosphate is
insoluble in water, phosphotriesterase activity was assayed
at only one concentration (10 mM), and because of low
activity, the incubation time was extended to 2 h to permit
detectable and reproducible activity. Phosphotriesterase ac-
tivity resulted in 49.2 ,ug of p-nitrophenol released
hours-1 grams of cell dry weight-', which was about 20-

and 100-fold less than the activities of phosphodiesterase and
phosphomonoesterase, respectively, assayed at a 5 mM
substrate concentration. Pi has been reported to competi-
tively inhibit phosphodiesterase activity (2). In the present
study, the addition of 100 mM KH2PO4 and subsequent
readjustment of the pH had no effect on acidic or alkaline
phosphomonoesterase activity or phosphotriesterase activ-
ity but decreased phosphodiesterase activity by 15 to 18%.
Metabolism of BPDP by various fungal strains. A diverse

group of filamentous fungi and yeasts were screened for their
ability to metabolize BPDP. All of the fungi surveyed
metabolized BPDP to some extent (data summarized in
Table 3). Experiments with [14C]BPDP indicated that the
extent of BPDP metabolism ranged from 0.2 to 18.6% after 5
days of exposure.
The filamentous fungi oxidized BPDP to small amounts of

polar mono- and diaryl metabolites (M-1), a possible triol of
BPDP (M-2), 4-hydroxyy-4'-(2-carboxy-2-propyl)triphenyl
phosphate and 4-(2-carboxy-2-propyl)triphenyl phosphate
and TPP (M-5 and M-6) (Table 3). In addition, the unkown
metabolite 4 (Table 3) was detected from Aspergillus
glaucus, Nigrospora sp., and Penicillium brevi-compactum.
Since only 2.2, 0.6, and 0.7% of BPDP was metabolized by
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TABLE 3. Fungal survey of ['4C]BPDP metabolism and relative concentrations of metabolites after 5 days of exposure

% Total metabolite radioactivity" Total Total
Organism metabolite metabolism

M_lb M-2 M-3 M-4 M-5 + M-6 radioactivity of BPDP
(cpm) (%)

Aspergillusflavus (ATCC 9170) 18.6 43.7 17.9 19.8 1,488 0.3
Aspergillusfiavus (ATCC 15546) 3.6 19.3 13.4 63.7 4,714 0.9
Aspergillusfiavus (ATCC 15548) 3.9 23.9 20.9 51.3 5,222 1.0
Aspergillusflavus (ATCC 24109) 58.6 20.6 20.8 3,036 0.6
Aspergillus glaucous 15.4 81.8 2.7 10,828 2.2
Aspergillus niger (ATCC 6275) 5.0 19.8 75.2 6,073 1.2
Aspergillus niger (ATCC 10548) 14.0 86.0 1,011 0.2
Aspergillus toxicarius 45.8 25.5 28.7 5,151 1.0
Cunninghamella elegans (ATCC 9245) 1.4 2,5 8.5 87.6 53,296 10.7
Mucor sp. 2.7 2.9 94.4 93,124 18.6
Nigrospora sp. 6.2 58.6 16.1 19.1 2,865 0.6
Penicillium brevicompactum (ATCC 10418) 5.2 5.6 39.9 34.7 14.6 3,391 0.7
Penicillium chrysogenum 4.8 6.9 38.7 49.6 87,716 17.5
Penicillium claviforme (MR 376) 20.5 79.5 2,156 0.4
Penicilliumfuniculosum (ATCC 11797) 18.8 81.2 7,307 1.5
Penicillium notatum 6.0 37.1 56.9 8,253 1.7
Penicillium piscarium 23.1 22.3 54.6 4,667 0.9
Syncephalastrum racemosum 7.6 29.6 21.6 41.2 37,768 7.6
Candida guilliermondii (78-006) 4.5 95.5 2,877 0.6
Candida lipolytica (37-1) 38.9 61.1 5,150 1.0
Candida lipolytica (78-003) 21.9 78.1 2,603 0.5
Candida lipolytica (78-004) 16.0 84.0 3,241 0.7
Candida maltosa (R-42) 18.3 81.7 1,229 0.3
Debaryomyces hansenii (CBS 767) 20.0 80.0 3,491 0.7
Debaryomyces sp. 13.6 86.4 2,865 0.6
Debaryomyces sp. strain NC 19.7 80.3 1,492 0.3
Saccharomyces cerevisiae 2.9 97.1 2,068 0.4
Saccharomyces cerevisiae sp. 14.6 85.4 1,809 0.4

" Identification and quantification of BPDP metabolites were determined by HPLC and GC-MS as described in the text.
b M-1, Mono- and diaryl metabolites; M-2, a possible triol of BPDP; M-3, 4-hydroxy-4'-(2-carboxy-2-propyl)triphenyl phosphate; M-4, unknown metabolite;

M-5, 4-(2-carboxy-2-propyl)triphenyl phosphate; M-6, triphenyl phosphate.

these organisms, respectively, we were unable to obtain a
sufficient quantity of metabolite 4 for chemical identification.
However, HPLC chromatographic properties revealed that
metabolite 2 is probably an oxidized triaryl metabolite of
BPDP. Analysis of polar metabolites by GC-MS after
methylation revealed the presence of free phenol and a
mixture of partially oxidized substituted and unsubstituted
diaryl phosphate metabolites similar to those detected for C.
elegans (Table 1).
The surveyed yeasts only metabolized about 1% of the

BPDP after 5 days of exposure. The yeasts oxidized BPDP
to 4-hydroxy-4'-(2-carboxy-2-propyl)triphenyl phosphate
and 4-(2-carboxy-2-propyl)triphenyl phosphate. Although
polar diaryl metabolites were not detected by HPLC, auto-
radiography revealed some polar metabolites at the origin
after preparative TLC. We did not detect TPP by TLC
analyses or metabolites 2 or 4 by HPLC analyses of extracts
from the surveyed yeasts.

DISCUSSION
The purpose of this study was to investigate the me-

tabolism of TAPs by fungi with specific emphasis on both
initial oxidation and possible further degradation via phos-
phatase cleavage to phenols and Pi. The fungal transforma-
tion of TAPs has not been previously reported.
The structures of the identified BPDP metabolites formed

from the fungal transformation of BPDP are shown in Fig. 6.
C. elegans converted BPDP predominately to its carboxylic
acid derivative, and phenolic metabolites were minor prod-
ucts. The tert-butyl side chain of BPDP appeared to be the

most susceptible position of enzymatic attack for all the
fungal strains screened in this study. It appears that alkyl-
side-chain oxidation is the favored pathway in comparison to
aromatic-ring hydroxylation. Similar findings were previ-
ously reported for the fungal metabolism of 1- and 2-
methylnaphthalene (5) and the degradation of tricresyl phos-
phate to p-hydroxybenzoic acid in activated sludge (17).
Surprisingly, TPP was formed from BPDP by many of the
fungi. Although the ability of microorganisms to completely
degrade alkyl side chains on aromatic compounds is uncom-
mon, TPP has been reported as an intermediate from the
environmental degradation of isopropylphenyl diphenyl
phosphate (11). In that report, demethylated products of
isopropylphenyl diphenyl phosphate were detected, suggest-
ing a pathway of stepwise demethylation of the isopropyl
moiety. Demethylated intermediates of BPDP were not
detected in our investigations, and the mechanism of tert-
butyl group displacement by fungi is unclear. However,
control experiments indicated that TPP did arise from enzy-
matic degradation of BPDP.
The presence of both substituted and unsubstituted mono-

and diaryl metabolites (Fig. 6) indicated that phosphatase
cleavage of BPDP occurred. Significant phosphatase activi-
ties were observed with C. elegans in this study and have
been reported for other fungi (9). Phosphotriesterase cleav-
age of BPDP showed no stereochemical preference, since
we isolated metabolites arising from all possible reactions
of initial cleavage of BPDP. The low level of phos-
photriesterase activity relative to phosphodiesterase and
phosphomonoesterase activities suggests that the initial
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cleavage of BPDP by a phosphotriesterase occurred so
slowly that BPDP was preferentially metabolized by the
alkyl-side-chain and aromatic-ring hydroxylation pathways.

Bacteria in fresh water and sediments are capable of
degrading some TAPs to carbon dioxide, water, and Pi (11,
27). Although fungi may not directly mineralize BPDP to any
significant extent, they are ubiquitous in the environment
and may facilitate environmental metabolism of BPDP by
producing partially oxidized metabolites which are readily
utilized as substrates by indigenous bacteria. In addition,
fungal oxidation of BPDP to polar metabolites may also
result in more environmental translocation of BPDP because
of greater leaching from soil and greater bioavailability to
aquatic organisms because of increased water solubility. The
toxicity, partitioning coefficients, and bioaccumulation po-
tential of metabolites arising from the microbial oxidation of
BPDP are unknown and warrant investigation.
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