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Compared to yeast esterase, fungal cutinase degraded butyl benzyl phthalate (BBP) far more efficiently; i.e.,
almost 60% of the BBP disappeared within 7.5 h. Also, the final chemical composition significantly depended
on the enzyme used. Toxicity monitoring using bioluminescent bacteria showed that butyl methyl phthalate, a
major product of degradation by esterase, was an oxidative toxic hazard.

Phthalates are plasticizers used in the manufacture of poly-
vinyl chloride and often in paints, lacquers, and cosmetics (18,
26, 31). Phthalates found in sediment, water, and air (13) have
also been detected in foods, as they can migrate out of food
packaging materials (29, 36). n-Butyl benzyl phthalate (BBP) is
a phthalic ester in papers and paperboards used as packaging
materials for aqueous, fatty, and dry foods (19, 37). BBP ex-
erted estrogenic activities in several in vitro tests (2, 18, 20, 43).
During the past 10 years, there have been a series of reports on
the developmental toxicity of BBP in rats (1, 11, 12, 39), and
the teratogenic effects have also been observed in mice and
chicks (4, 32).

Cutinase, a hydrolytic enzyme that degrades cutin (a poly-
ester consisting of hydroxy and epoxy fatty acids, usually with
n-C16 and n-C18 of higher plants), can, unlike other lipases,
show enzymatic activity without interfacial activation. Some
microorganisms such as Fusarium oxysporum f. sp. pisi live on
cutin as their sole carbon source producing extracellular cuti-
nases, and several bacterial cutinases (Pseudomonas putida,
Pseudomonas mendocina, and Corynebacterium spp.) have
been isolated and characterized (8, 21, 23, 25, 30, 34, 35).
These enzymes have been largely exploited for esterification
and transesterification in chemical synthesis (16) and have also
been applied in the composition of laundry or dishwashing
detergent (14, 28, 38). Other potential uses for cutinase include
its application in the oleochemistry industry (6) and in the
degradation of plastic (22).

In the present study, we investigated the efficacies of fungal
cutinase and yeast esterase in the degradation of BBP. During
the enzymatic degradation of BBP, time-course compositional
changes of several BBP-derived compounds were monitored.
The cellular toxicity of degradation products was also mea-
sured by using various bioluminescent bacteria.

Enzymatic degradation of BBP by cutinase and esterase.
Purified cutinase from F. oxysporum f. sp. pisi (kindly provided
by C. M. J. Sagt, Utrecht University, Utrecht, The Nether-
lands) and commercial Candida cylindracea esterase (Boehr-
inger Mannheim GmbH, Mannheim, Germany) were dissolved

in Tris-HCl buffer (10 mM, pH 8.0), and the enzyme concen-
tration was adjusted to 10 or 100 mg liter�1. The enzymatic
degradation of BBP (98% purity; Aldrich, Milwaukee, Wisc.)
was begun by adding 50 �l of the concentrated BBP solution
(500 g liter�1 in pure methanol [99.9%; Merck, Darmstadt,
Germany]) to 50 ml of the enzyme solution described above in
a 250-ml flask and was continued for 3 days in the dark in a
shaking incubator (30°C, 200 rpm).

Analyses of BBP-derived degradation products. Each time-
course sample (500 �l) was mixed with 500 �l of n-hexane
(�99% purity; Sigma) for 3 h. After phase separation had been
completed, we confirmed that the nonpolar compounds, in-
cluding BBP and its derivatives, were successfully extracted
into the hexane phase with almost 100% efficiency. To recover
residual compounds in the aqueous phase (0.1% methanol),
the separated aqueous phase was lyophilized after filtering
with a YM-3 membrane (Amicon, Cambridge, Mass.) to re-
move enzymes, followed by the addition of 500 �l of methanol.
All chemicals in n-hexane or methanol were analyzed using gas
chromatography-mass spectrometry (GC/MS) by injecting a
4-�l sample into an HP6890 series gas chromatograph-mass
selective detector with helium as the carrier gas at 1 ml min�1.
The temperature at the injection port was 280°C, and the oven
temperature was programmed to increase from 80°C (for 4
min) to 310°C (for 5 min) at 7°C min�1. Data collection and
processing were performed with HP MSD ChemStation soft-
ware containing the Wiley chemical library.

Toxicity monitoring of degradation products by using biolu-
minescent bacteria. Escherichia coli strain GC2
(lac::luxCDABE) has the luxCDABE gene from Xenorhabdus
luminescens under the control of the lac promoter. Several
other bioluminescent E. coli strains were used for evaluating
possible modes of toxicity: DPD2794 (recA::luxCDABE), which
can be used to detect genotoxicity (42); TV1016
(grpE::luxCDABE), which is sensitive to protein damage (41);
DPD2511 (katG::luxCDABE), which is sensitive to oxidative
damage (3); and DPD2540 (fabA::luxCDABE), which is sensi-
tive to membrane damage (7). Each strain was first cultured in
100 ml of Luria-Bertani medium (37°C and 250 rpm). When
the optical density at 600 nm reached 0.8, 0.2-ml portions of
the culture broth were mixed with various test samples (25 �l),
i.e., Tris-HCl buffer (10 mM, pH 8.0) containing neither en-
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zyme nor BBP, Tris-HCl buffer containing enzyme only (cuti-
nase [10 mg liter�1] or esterase [100 mg liter�1]), Tris-HCl
buffer containing only BBP (500 mg liter�1), or the final sam-
ples after enzymatic degradation of BBP for 3 days. The re-
combinant culture and test sample mixtures were prepared in
triplicate in a highly sensitive 96-well microplate luminometer
(Microlite; Dynex Technologies, Chantilly, Va.) at 30°C, and
the emitted bioluminescence (BL) was measured at a regular
time interval, 6 h. The relative BL, i.e., the maximum BL
measured with the final degradation products divided by the
maximum BL measured with only buffer solution containing
neither BBP nor enzyme, was used as a parameter indicating
the toxicity of each test sample.

Enzymatic degradation of BBP: fungal cutinase versus yeast
esterase. With the fungal cutinase (10 mg liter�1) from F.
oxysporum f. sp. pisi, almost 60% of the initial BBP was de-
composed within 7.5 h, while with the yeast esterase (from C.
cylindracea), more than 90% of the initial BBP remained non-
degraded even after 3 days of treatment (Fig. 1a). When es-
terase that was tenfold more concentrated (100 mg liter�1) was
applied, the BBP concentration decreased significantly after 3
days (Fig. 1a). The cutinase or esterase activity in various
time-course samples was estimated by measuring the initial
maximum activity with PNB (p-nitrophenyl butyrate) as the
substrate. During the 72-h process in 0.1% methanol solution,
cutinase (10 mg liter�1) and esterase (100 mg liter�1) main-
tained more than 85% and 80% of the initial hydrolytic activ-
ities, respectively (Fig. 1b). As shown in Fig. 1b, the stability of
the cutinase activity was apparently greater than that of ester-
ase throughout the 3 days of degradation.

The initial BBP breakdown (for 15 min), shown in the semi-
logarithmic plot in Fig. 2a, is presumed to follow a first-order
kinetics, i.e., dN/dt � �KN, where N and K represent the
residual BBP amount and the degradation constant, respec-
tively. The estimation of the degradation constants, KC10 (for
cutinase, 10 mg liter�1) and KE100 (for esterase, 100 mg li-
ter�1), demonstrated that the initial BBP degradation by cu-
tinase seemed to proceed more than 4 times faster than that by
esterase (Fig. 2a). This significant difference in the initial deg-
radation rates seems to have no correlation with the enzyme
stability, because both enzymes showed almost 100% stability
for the initial 15 min (Fig. 2b). It is noteworthy that more than
30% of the initial BBP was degraded by cutinase only after 15
min (Fig. 2a).

Formation of BBP-derived chemicals in enzymatic decom-
position process. During biodegradation, GC/MS analysis de-
tected five different chemicals: butyl methyl phthalate (BMP),
dimethyl phthalate (DMP), benzene methanol (BM), 1,3-iso-
benzofurandione (IBF), and an unidentified chemical (X) (Fig.
3 and 4). As shown in Fig. 3 and 4, the formation of the
decomposition products significantly depended on the enzyme
used. In both enzymatic processes, IBF was rapidly formed as
a major product for the initial 7.5 h but then progressively
decreased. While the amount of IBF continued to decrease
after 7.5 h, the amount of BMP continued to increase in the
esterase process and became the most abundant chemical after
3 days (Fig. 4). In the cutinase process (Fig. 3), the degradation
compounds other than IBF were produced at very low concen-
trations.

The important characteristics of the enzymatic degradation

of BBP are schematically summarized in Fig. 5. Approximately
75% of the total degraded amount of BBP was degraded dur-
ing the initial 7.5 h and was simultaneously converted to IBF
via ester hydrolysis of BBP, followed by spontaneous oxo
bridge formation. After 7.5 h, the conversion of IBF to other
compounds was clearly differentiated depending on the en-
zyme used. Apparently, BM was an ester hydrolysis product of
BBP. The production of BMP and DMP likely occurred via the
transesterification reaction of esterase or cutinase in 0.1%
methanol. This is not surprising because cutinase and esterase
have been widely used as biocatalysts catalyzing esterification
and transesterification in organic solvents (5, 6, 34). The
methyl and butyl esters in BMP and DMP seem to originate

FIG. 1. (a) Time-course variation in the residual amount of BBP,
expressed in terms of relative amount (i.e., initial BBP amount �
100%), during the enzymatic degradation of BBP. F, BBP (500 mg
liter�1) in Tris-HCl buffer (10 mM, pH 8.0) without enzyme; �, BBP
(500 mg liter�1) degraded by esterase (10 mg liter�1); Œ, BBP (500 mg
liter�1) degraded by esterase (100 mg liter�1); �, BBP (500 mg li-
ter�1) degraded by cutinase (10 mg liter�1). (b) PNB hydrolysis activ-
ities of cutinase (F) and esterase (■ ), expressed in terms of relative
activity (i.e., maximum PNB hydrolysis activity by the initial sample �
100%), contained in various time-course samples taken during the
enzymatic degradation of BBP.
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from methanol and one of the hydrolysis products of BBP,
respectively. Except for the unidentified chemical (X) pro-
duced by cutinase, the BBP-derived chemicals (BMP, DMP,
BM, and IBF) are not currently classified as endocrine-disrupt-
ing chemicals associated with effects on the endocrine system
in animals and humans or in vitro (http://www.kfda.go.kr
/webzine/endocrine/endocrine/).

Toxicity estimation of BBP-derived degradation products by
using recombinant bioluminescent bacteria. Toxicity detection
using recombinant bioluminescent E. coli is not directly related
to a toxic effect in animals and/or humans, and it is now gen-
erally accepted as a potential method for environmental mon-
itoring of various industrial wastes and pollutants, including
genotoxicants and stress inducers (9, 24, 27, 33, 40).

First, general toxicity due to nonspecific cellular stresses was
analyzed by using strain GC2. Under increased cellular stress
that represses cell growth, the BL emitted by the GC2 strain is
subject to being decreased. As shown in Fig. 6a, the final
products of degradation by C. cylindracea esterase significantly
decreased the relative BL, and therefore, the presence of a
toxic component(s) seems evident. Supplementing the biolu-
minescent culture with BBP (500 ppm) did not decrease the
BL (Fig. 6a); hence, BBP did not seem to be toxic to bacterial

cells, although endocrine-disrupting chemicals like BBP have
been known to potentially interfere with human endogenous
hormones (10, 15, 17). As is evident in Fig. 6a, no harmful
effect was detected with the enzyme itself, cutinase (100 mg
liter�1), or esterase (100 mg liter�1). In the final products of
both enzymatic decomposition processes, the amounts of BM
and DMP were typically negligible, although they were com-
parable to the amounts of IBF. Consequently, BMP, a major
product of degradation by esterase, seems to be the toxic
compound causing the significant cellular stresses.

We investigated which type of cellular damage was related to

FIG. 2. (a) Semilogarithmic plot of time-course variation in the
amount of relative residual BBP during the initial 15 min after the start
of enzymatic degradation by cutinase (10 mg liter�1) (F) and esterase
(10 mg liter�1 [Œ] or 100 mg liter�1 [�]). KC10, KE10, and KE100
represent the degradation constants in the first-order degradation ki-
netics of BBP resulting from the action of 10-mg/liter cutinase and 10-
and 100-mg/liter esterase, respectively. (b) Time-course variation, for
the initial 15 min, in the PNB hydrolysis activities of cutinase (10 mg
liter�1) (F) and esterase (100 mg liter�1) (■ ).

FIG. 3. Time-course variation in the amounts of chemical com-
pounds produced during BBP degradation by cutinase, as analyzed by
GC/MS (BBP and the other chemical compounds formed in the BBP
degradation by cutinase were first extracted by n-hexane, and residual
compounds in aqueous phase were dissolved in methanol after water
was completely removed through lyophilization). �, IBF; Œ, DMP; ■ ,
BMP; �, BM; F, compound X.

FIG. 4. Time-course variation in the amount of BBP and the other
chemical compounds produced during BBP degradation by esterase, as
analyzed by GC/MS (BBP and the other chemical compounds formed
in the BBP degradation by esterase were first extracted by n-hexane,
and residual compounds in aqueous phase were dissolved in methanol
after water was completely removed through lyophilization). �, IBF;
Œ, DMP; ■ , BMP; �, BM; F, compound X.
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BMP toxicity. As shown in Fig. 6b, BBP (500 ppm) and the
products of its degradation by cutinase never caused any cel-
lular damage, which is consistent with the results shown in Fig.
6a. Figure 6b shows that BMP exerted oxidative damage as
well as protein damage on the bacteria. Cellular stress by
oxidative hazards like active oxygen species may be a great
threat to the structures and functions of proteins, nucleic acids,
lipids, and membranes, whether they are added externally or
produced intracellularly. Also, the increase of BL due to the
induction of the grpE promoter (a heat shock promoter) indi-
cated that defective protein synthesis took place in the pres-
ence of BMP.

For in situ BBP degradation with cutinase, the addition of
the purified cutinase or fungus itself to BBP-contaminated
sites does not seem to be practical. A plausible approach to the
practical application of cutinase for BBP degradation may be
to develop a microbial gene expression system for producing
recombinant cutinase. The recombinant yeast system may have
a great advantage in that extracellular production of recombi-
nant enzyme is possible, and therefore, the cell-free medium
containing a large amount of recombinant cutinase can be
applied directly to the in situ degradation of BBP without
costly purification.
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