APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Jan. 1998, p. 62-67
0099-2240/98/$04.00+0
Copyright © 1998, American Society for Microbiology

Vol. 64, No. 1

Purification and Properties of a Polyester Polyurethane-
Degrading Enzyme from Comamonas acidovorans TB-35

YUKIE AKUTSU, TOSHIAKI NAKAJIMA-KAMBE,* NOBUHIKO NOMURA,
AND TADAATSU NAKAHARA

Institute of Applied Biochemistry, University of Tsukuba, Tsukuba, Ibaraki 305, Japan

Received 15 July 1997/Accepted 2 October 1997

A polyester polyurethane (PUR)-degrading enzyme, PUR esterase, derived from Comamonas acidovorans
TB-35, a bacterium that utilizes polyester PUR as the sole carbon source, was purified until it showed a single
band in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). This enzyme was bound to
the cell surface and was extracted by addition of 0.2% N,N-bis(3-p-gluconamidopropyl)deoxycholamide (deoxy-
BIGCHAP). The results of gel filtration and SDS-PAGE showed that the PUR esterase was a monomer with
a molecular mass of about 62,000 Da. This enzyme, which is a kind of esterase, degraded solid polyester PUR,
with diethylene glycol and adipic acid released as the degradation products. The optimum pH for this enzyme
was 6.5, and the optimum temperature was 45°C. PUR degradation by the PUR esterase was strongly inhibited
by the addition of 0.04% deoxy-BIGCHAP. On the other hand, deoxy-BIGCHAP did not inhibit the activity
when p-nitrophenyl acetate, a water-soluble compound, was used as a substrate. These observations indicated
that this enzyme degrades PUR in a two-step reaction: hydrophobic adsorption to the PUR surface and

hydrolysis of the ester bond of PUR.

Polyurethane (PUR), which is a kind of plastic, is widely
used as base material in various industries. PUR is synthesized
by condensation of polyol and polyisocyanate (Fig. 1). There
are two types of PUR, named according to the polyol used in
the synthesis: PUR which uses polyester as polyol in synthesis
is called polyester PUR, and the one which uses polyether is
called polyether PUR. PUR is a material which is resistant to
microbial attack, but generally, the ester-type PUR is more
easily degraded than the ether-type PUR (15). Several kinds of
fungi and bacteria that can degrade ester-type PUR have been
reported (2, 3, 11, 22). In all cases, the degradation was con-
sidered to be initiated by hydrolysis of the ester bond by some
hydrolytic enzyme(s), such as esterase.

In solid-polyester biodegradation, degradation of poly(3-hy-
droxyalkanoate) (PHA) by PHA depolymerase is well-known
(7, 8, 13, 16, 18, 21, 24, 25). This enzyme, which is one of the
esterases, has a hydrophobic surface-binding domain and a
catalytic domain and accomplishes the degradation of PHA
film via two steps (9, 10, 17). The first step is adsorption of the
enzyme on the surface of the film via the surface-binding do-
main, and the second step is hydrolysis of the ester bond.
Unfortunately, the mechanisms of enzymatic degradation of
polyester-based plastics, such as polyester PUR, are still un-
clear.

Pathirana and Seal (23) reported the activities of several
enzymes, namely, esterase, protease, and urease, in culture
broth during ester-type PUR degradation by fungi. Crabbe et
al. (2) also obtained fractions containing esterase activity from
the broth of a fungus culture which could degrade colloidal
PUR. In the case of bacteria, Kay et al. (12) detected extra-
cellular esterase activity in the medium during PUR degrada-
tion by a Corynebacterium sp. However, the relationship be-
tween the esterase activity and PUR degradation was unclear.
There have been no reports about purification and detailed
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characterization of degrading enzymes from solid-PUR-de-
grading microorganisms.

Previously (19), a bacterium, strain TB-35, which could uti-
lize solid polyester PUR as the sole carbon and nitrogen
source, was isolated and identified as Comamonas acidovorans.
We also found that an esterase plays a major role in PUR
degradation by this strain (20). This strain constitutively se-
creted two kinds of extracellular esterase: one is secreted into
the culture broth, and the other is bound to the cell surface.
Only the cell-bound esterase could degrade the PUR. In this
study, we purified the cell-bound esterase, which is a PUR
degradation enzyme, and examined some of its characteristics.

MATERIALS AND METHODS

Materials. The polyester PUR used in this study was synthesized by reacting
poly(diethylene glycol adipate) with 2,4-tolylene diisocyanate under anhydrous
conditions as described previously (19). The poly(diethylene glycol adipate) was
supplied by Suzuki Motor Co. (Hamamatsu, Japan). Various detergents used in
enzyme extraction were purchased from Dojindo Co., Tokyo, Japan. Poly(3-
hydroxybutyric acid) and poly(3-hydroxybutyric acid-co-3-hydroxyvaleric acid)
were bought from Aldrich Chemical Co. Poly(lactic acid)s were purchased from
Wako Pure Chemical Co., Tokyo, Japan.

Bacterial strains and cultivation. C. acidovorans TB-35, which had been iso-
lated as a degrader of solid polyester PUR, was used throughout this study. The
composition of the basal medium for polyester PUR degradation was described
previously (19). One loopful of cells was used to inoculate three 500-ml Erlen-
meyer flasks, each containing 100 ml of basal medium and 1.0 g of PUR cubes (5
by 5 by 5 mm) as the sole carbon source. These flasks were shaken on a rotary
shaker for 6 days at 30°C. Then the culture broths were transferred to a 5-liter
jar fermentor (model MD-50; B. E. Marubishi Co., Tokyo, Japan) containing 3
liters of the basal medium and 30 g of PUR cubes. Cultivation was performed
under the following conditions: aeration, 1.5 liters/min; temperature, 30°C; and
agitation, 500 rpm. Cells were harvested after 7 days’ cultivation and were stored
at —80°C until use.

Extraction of cell-bound PUR esterase. Cells (1.5 g [wet weight]) were sus-
pended in 15 ml of 20 mM potassium phosphate buffer (pH 7.0). The suspension
was distributed into small test tubes at 1 ml each, and then 1 ml each of detergent
solutions (0.2% final concentration) was added. The tubes were shaken vigor-
ously for 2 h, after which they were centrifuged and the supernatants were
collected. An enzyme activity assay was performed with p-nitrophenyl acetate as
the substrate. The total cell-bound esterase activity was measured by adding the
untreated cell suspension to the cuvette.

Purification of PUR degradation enzyme. All the purification procedures were
performed at room temperature since the enzyme activity was stable at room
temperature for at least 24 h. A 500-ml volume of 20 mM potassium phosphate
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FIG. 1. Structure of PUR.

buffer (pH 7.0) which contained 0.2% N,N-bis(3-p-gluconamidopropyl)deoxychol-
amide (deoxy-BIGCHAP) was added to the frozen bacterial cells (55 g [wet weight]),
and the cell-bound PUR esterase was extracted by vigorous stirring for 30 min. The
treated cell suspension was centrifuged, and the supernatant was used as crude
extract. Solid (NH,),SO, was added to the crude extract with gentle stirring until the
solution reached 45% saturation. The solution was stirred for a further 30 min. The
solution was centrifuged at 7,000 X g for 10 min, and the precipitate was washed
once with 100 ml of 20 mM potassium phosphate buffer (pH 7.0) which was satu-
rated with (NH,),SO, to 45%. After centrifugation, the washed precipitate was
dissolved in 400 ml of 20 mM potassium phosphate buffer (pH 7.0). A 100-ml volume
of Phenyl- TOYOPEARL 650M was added to the (NH,),SO, fractionated enzyme
solution, and then the mixture was gently stirred to allow absorption of the PUR
esterase. The Phenyl-TOYOPEARL 650M to which the PUR esterase was absorbed
was washed with 20 mM potassium phosphate buffer (pH 7.0) four times (300 ml
cach). After that, the PUR esterase was eluted with 300 ml of the same buffer
containing 0.25% deoxy-BIGCHAP by stirring for 45 min. Phenyl-TOYOPEARL
650M was removed by filtration, and solid (NH,),SO,4 was added to the enzyme
solution until it reached 50% saturation. The solution was centrifuged at 7,000 X g,
and the precipitate was resuspended in 6 ml of 20 mM potassium phosphate buffer
(pH 7.0) containing 0.2% deoxy-BIGCHAP and then was desalted by Sephadex
G-25 (Pharmacia, Uppsala, Sweden) column chromatography. A Q-Sepharose FF
(Pharmacia) column (1.0 by 10 cm) was equilibrated with 20 mM potassium phos-
phate buffer (pH 7.0) containing 0.2% deoxy-BIGCHAP. The desalted solution
prepared in the previous step was then loaded onto the column at a flow rate of 3
ml/min. Fractions which were not bound to the column were collected and concen-
trated, and deoxy-BIGCHAP was removed by ammonium sulfate precipitation
(50% saturation). The purified enzyme was stored at —80°C until use.

Molecular weight determination. The native size of the purified cell-bound
PUR esterase was determined by gel filtration on a Superose 12 HR 10/30
(Pharmacia) column equilibrated with 20 mM potassium phosphate buffer (pH
7.0) containing 0.2 M NaCl and 0.2% deoxy-BIGCHAP at a flow rate of 0.6
ml/min. The subunit size of cell-bound PUR esterase was determined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using standard
proteins (Amersham, Buckinghamshire, United Kingdom) as a reference. SDS-
PAGE was performed with a 12.5% polyacrylamide gel as described by Laemmli
(14), and the proteins were silver stained.

Electron microscopy. The morphological changes of PUR during the enzyme
reaction were observed by scanning electron microscopy. Samples were gold
coated by evaporation and observed with a JSM-T330 (JEOL DATUM Ltd.,
Tokyo, Japan) microscope at 5 kV.

Enzyme activity assays. The PUR degradation activity of the cell-bound PUR
esterase was determined as follows. Samples (0.5 ml each) of 100 mM potassium
phosphate buffer (pH 7.0) which contained PUR esterase (0.05 U) were trans-
ferred to small test tubes. The reaction was started by adding a PUR cube (2 by
2 by 1 mm) to each of the tubes. After 24-h incubation at 30°C, the PUR cubes
were removed, and then the amount of free diethylene glycol which was pro-
duced upon hydrolysis of the ester bond of the PUR was quantified by gas
chromatography (GC) using a model GC-8A gas chromatograph (Shimadzu Co.,
Tokyo, Japan). A glass column (2.6 mm by 1 m) was packed with Unisole 30T on
an 80/100-mesh Uniport HP (GL Sciences Co., Tokyo, Japan) and used for GC
analysis. The injection, oven, and detector temperatures were 250, 190, and
250°C, respectively. A flame ionization detector was used. PUR-degrading ac-
tivity was also determined by measuring the weight loss of the PUR cube.

Esterase activity of the water-soluble substrate (p-nitrophenyl acetate) was
determined by the method of Kay et al. (12). One unit was defined as the amount
of enzyme required to liberate 1 wmol of p-nitrophenol per min.

Substrate specificity assay. Degradation activities for various substrates were
assayed by the decrease in turbidity of their homogeneous emulsions. Emulsions
were prepared with detergent (Plysurf A; Daiichi Kogyo Seiyaku Co., Tokyo,
Japan) by using a sonic oscillator. The assay mixture (1.0 ml) contained 0.5 mg
of substrate, 0.1 M potassium phosphate buffer, and 0.1 U of PUR esterase. The
mixtures were incubated at 30°C for 60 min. The decrease of turbidity was
measured at 600 nm. The initial turbidities of the substrates were taken as 100%.
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TABLE 1. Effects of detergents on extraction of cell-bound

PUR esterase
PUR esterase
Detergent activity (U/ml)

0.0

35

35

2.1
deoxy-BIGCHAP 6.6
n-Octyl-B-D-glucoside ... 1.2
n-Heptyl-B-D-thioglucoside . 0.9
n-Octyl-B-D-thioglucoside. 0.9
n-Dodecyl-B-D-maltoside... 5.8
MEGA-§°... 0.9
MEGA-9“... 0.9
MEGA-10° 2.6
Sucrose monocaprate 0.9
Sucrose monolaurate 2.6
Sodium cholate.... 1.6
DIGItONIN ... s 33
Total cell-bound esterase activity........coceeeerreeerenercrcnnrveenens 5.7

“ CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate.

> CHAPSO, 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxypropanesul-
fonic acid.

¢ MEGA-8, n-octanoyl-N-methylglucamide.

4 MEGA-9, n-nonanoyl-N-methylglucamide.

¢ MEGA-10, n-decanoyl-N-methylglucamide.

RESULTS

Purification of cell-bound PUR esterase. In our previous
study (20), the cell-bound esterase could be extracted with 2%
sodium cholate, but enzyme purification was very difficult with
such a high detergent concentration. Table 1 shows the effects
of various detergents on enzyme extraction from the cell sur-
face. The highest extraction activity was found with 0.2% de-
oxy-BIGCHAP. The critical micelle concentration of deoxy-
BIGCHAP is about 0.12%, and the micelle was easily broken
by dilution. In addition, deoxy-BIGCHAP simplifies ion-ex-
change chromatography, since it has no ionic charge. deoxy-
BIGCHAP was used for further study.

The purification of cell-bound PUR esterase is shown in
Table 2. All purification steps except the final step were done
in batches. The crude enzyme extracted with 0.2% deoxy-BIG-
CHAP was fractionated with 45% ammonium sulfate precipi-
tation. Under this condition, almost all the cell-bound PUR
esterase was adsorbed to Phenyl-TOYOPEARL 650M and
was eluted with 20 mM potassium phosphate buffer (pH 7.0)
containing 0.25% deoxy-BIGCHAP. Most contaminants were
removed during this step. The rest of the impurities that re-
mained in the previous step were absorbed in a Q-Sepharose
FF column, and the cell-bound PUR esterase was allowed to
pass through the column. The cell-bound PUR esterase was
purified by about eightfold, giving a 25% yield. The purified
cell-bound PUR esterase showed a single band in SDS-PAGE
(Fig. 2).

Time course of PUR degradation by the PUR esterase. Fig-
ure 3 shows the time course of PUR degradation by the PUR
esterase. The PUR (2 by 2 by 1 mm) was degraded by the
purified PUR esterase, producing diethylene glycol, a degra-
dation product which was detected by GC analysis. Adipic acid,
another PUR degradation product, was also detected, by high-
performance liquid chromatography analysis. These products
were identified by GC-mass spectrometry by a method de-
scribed previously (20). The mass spectra of these products
were identical to those of authentic compounds. The amount
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TABLE 2. Purification of PUR esterase®

Vol Total protein Total activity Sp act Recovery
Step (m) (mg) (L) (Ujmg) Fold (%)
Crude enzyme 500 1,500 3,300 2.2 1 100
(NH,),SO, precipitation 400 600 2,460 4.4 2.0 80
Phenyl-TOYOPEARL 650M 300 135 1,560 11.6 53 47
Q-Sepharose FF 156 46 840 18.3 8.3 25

“ Enzyme activity was measured by using p-nitrophenyl acetate as a substrate.

of diethylene glycol gradually increased as the weight of PUR
decreased. After 24-h incubation, 1.2 mg of PUR was degraded
and 0.5 mg of diethylene glycol was produced. The amount of
diethylene glycol was almost equal to the theoretical amounts
derived from degraded PUR. Figure 4 shows the morpholog-
ical changes of PUR observed by scanning electron micros-
copy. After 24-h incubation, the PUR developed a large num-
ber of pits at the surface.

Molecular mass determination. The molecular mass of the
PUR esterase was 62,000 Da, as determined by SDS-PAGE.
The molecular mass of the native PUR esterase was also esti-
mated to be about 62,000 Da by gel filtration. These observa-
tions indicate that the native PUR esterase exists as a mono-
mer. Determination of the molecular mass of the purified PUR
esterase by gel filtration without the addition of 0.2% deoxy-
BIGCHAP to the buffer was unsuccessful. This result was due
to binding of the PUR esterase to Superose because of its high
hydrophobicity.

Optimal reaction conditions. The optimum pH for PUR
esterase was determined by activity assays using PUR at 30°C.
The PUR degradation activity was detected at the pH range
from 4.0 to 8.0, and the highest activity was observed at pH 6.5.
The optimum temperature for PUR esterase was 45°C. The
thermostability was also determined: PUR esterase was stable
within 30 min of incubation at 55°C but almost inactivated
(85%) at 60°C.

Substrate specificity. The purified PUR esterase degraded
poly(diethylene glycol adipate), which consists of soft segments
of the PUR, producing diethylene glycol and adipic acid as
degradation products. The PUR esterase also degrades low-
molecular-weight (5,000) poly(L-lactic acid). In contrast, this
enzyme did not degrade other polyesters such as poly(3-hy-
droxybutyric acid), poly(3-hydroxybutyric acid-co-4-hydroxy-
butyric acid), and high-molecular-weight (20,000) poly(L-lactic
acid). In the case of triglyceride, the PUR esterase could de-
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FIG. 2. SDS-PAGE of the purified cell-bound esterase. Lane 1, molecular
mass markers; lane 2, purified PUR esterase.

grade tributyrin but not triolein and olive oil, which are typical
substrates for lipase (Table 3).

Effect of detergent on enzyme activity. Various concentra-
tions of deoxy-BIGCHAP were added to the reaction mixture,
and their effects on enzyme activity were examined. PUR (wa-
ter-insoluble, solid substrate) and p-nitrophenyl acetate (wa-
ter-soluble substrate) were used as substrates. As shown in Fig.
5, when the deoxy-BIGCHAP concentration in the reaction
mixture exceeded 0.04%, PUR degradation activity decreased
drastically. In contrast, when p-nitrophenyl acetate was used as
the substrate, the effects of deoxy-BIGCHAP were not ob-
served.

Effect of enzyme concentration on PUR degrading activity.
For PHA depolymerase, which is known as a solid-substrate
degradation enzyme, a decrease in enzyme activity was re-
ported when the enzyme concentration was increased with the
surface area of solid substrate kept constant (17). The effects of
the concentration of PUR esterase were examined. Various
concentrations of PUR esterase and solid PURs with constant
surface area were mixed, and the PUR degradation activities
were measured. As shown in Fig. 6, the PUR degradation
activities increased in proportion with the increase in enzyme
concentration up to 15 pg/ml, above which the activities re-
mained constant. Reduction of PUR-degrading activity was
not observed.

DISCUSSION

The cell-bound PUR esterase of strain TB-35 was purified
easily, because all of the purification steps except for the final step
consist of batch procedures. This enzyme was able to degrade
polyester PUR, yielding adipic acid and diethylene glycol as deg-

s
o

Diethylene glycol (umol / ml)

0 " L L
0 : 10 20 30

Time (h)

FIG. 3. Time course of PUR degradation by purified PUR esterase. The
reaction conditions are described in Materials and Methods.



VoL. 64, 1998 PROPERTIES OF A PUR-DEGRADING ENZYME 65
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FIG. 4. Scanning electron micrograph of PUR. (A) Undegraded control; (B and C) PUR after degradation by 0.02 and 0.2 U of PUR esterase, respectively, for
24 h.
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TABLE 3. Substrate specificity of PUR esterase
Activity

Substrate (% degradation)

Poly(diethylene glycol adipate) ..........ccevveeereunececererecreunencee 36.4
Tributyrin 100.0
TTIOICIN e 0.0
Poly(3-hydroxybutyrate) ..........ccceeccueuriurueneee e 0.0
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) ............c.c....... 0.0
Poly(L-lactic acid)

MW, 5,000 7.7

MW, 20,000 0.0

“ MW, molecular weight.

radation products. The amounts of these degradation products
showed good agreement with the theoretical amounts calculated
from the degraded PUR. These observations strongly indicate
that the ester bonds of the PUR were hydrolyzed by the PUR
esterase and that adipic acid and diethylene glycol were released
as degradation products. On the other hand, it is unclear whether
the urethane bond is hydrolyzed by the PUR esterase, because
degradation products derived from polyisocyanate segments of
the PUR were not detected.

Among the esterolytic enzymes which can degrade solid
polyesters, lipase and PHA depolymerase have been well stud-
ied. In contrast, the purified PUR esterase used in this study
did not exhibit either lipase activity or PHA depolymerase
activity (Table 3). This observation suggests that this enzyme is
a novel plastic-degrading esterase with properties different
from those of lipase or PHA depolymerase. The substrate
specificity of the PUR esterase was thought to be narrow, since
with the exception of low-molecular-weight poly(L-lactic acid),
it had no degradation activities for other polyesters.

Unlike water-soluble substrates, solid substrates are thought to
have extremely low efficacy of contact with enzyme molecules.
Enzymes which degrade solid substrates are considered to have
some functions which enable them to adsorb to the surface of
solid substrates (4, 5, 26). For example, in PHA depolymerase,
the existence of a hydrophobic PHA-binding domain has already
been determined by analyses of its amino acid sequence (1, 6).
The purified PUR esterase had a high hydrophobicity, and this
hydrophobicity was thought to be important for PUR degrada-
tion. That is, we considered the PUR esterase to have a hydro-
phobic PUR surface-binding domain and a catalytic domain and
the degradation of the PUR to be done by two steps. The first step
is hydrophobic adsorption of the enzyme to the surface of the
PUR via the surface-binding domain, and the second step is
hydrolysis of the ester bond. This speculation is strongly sup-
ported by the fact that the PUR degradation activity of this en-
zyme was extremely inhibited by the addition of detergent, such as
deoxy-BIGCHAP (Fig. 5). This detergent did not inhibit the ac-
tive site of the PUR esterase, because when p-nitrophenyl acetate,
a water-soluble compound, was used as a substrate, deoxy-BIG-
CHAP did not inhibit its esterase activity.

Recently, Mukai et al. (17) reported that the degradation
activity of the PHA depolymerase was inhibited by excess
amounts of the enzyme. They explain this finding as follows.
When the enzyme concentration was increased, the surface of
the PHA film became saturated by the surface-binding domain
of the enzyme. However, the catalytic domain could not gain
access to the film surface (Fig. 7A). This phenomenon is
thought to be attributed to the three-dimensional structure of
the enzyme, which exhibits a large distance between the sur-
face-binding domain and the catalytic domain of the enzyme
polypeptide chain.
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FIG. 5. Effect of deoxy-BIGCHAP on the activity of the PUR esterase. The
substrates used were PUR (O) and p-nitrophenyl acetate (@). The PUR degra-
dation activity was estimated as the amount of diethylene glycol derived from
PUR, and the p-nitrophenyl acetate degradation activity was estimated as the
amount of p-nitrophenol derived from p-nitrophenyl acetate. The reaction con-
ditions for each substrate are described in Materials and Methods.

On the other hand, in the case of PUR esterase, the degra-
dation activity did not decrease but rather remained constant
when an excess amount of the enzyme was present (Fig. 6).
From this observation, it was thought that the surface binding
site and catalytic site of the PUR esterase exist in three-dimen-
sionally close positions, unlike those of PHA depolymerase. In
this model, the catalytic domain can gain access to the PUR
surface even if the PUR surface has been saturated by the
enzyme molecules. However, since the number of adsorbable
enzyme molecules per surface area of the PUR is fixed (Fig.
7B), the PUR degradation activity remained constant. Further-
more, in contrast to PHA depolymerase, which is strictly ex-
tracellular, the PUR esterase is bound to the cell surface;
therefore, the PUR esterase may have a cell surface-binding
domain in addition to catalytic and PUR surface-binding do-
mains. The molecular cloning of the genes for the PUR ester-
ase is under way in our laboratory.

Diethylene glycol (umol / ml)

0 10 20 30 40 50 60

Concentration of PUR esterase (ug / ml)

FIG. 6. Effect of PUR esterase concentration on PUR degradation.
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FIG. 7. Kinetic models of the surface binding and hydrolysis of PHA by PHA
depolymerase (A) (17) and of PUR by the PUR esterase (B).
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