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The extracellular medium-chain-length polyhydroxyalkanoate (MCL-PHA) depolymerase of Pseudomonas
fluorescens GK13 catalyzes the hydrolysis of poly(3-hydroxyoctanoic acid) [P(3HO)]. Based on the strong
tendency of the enzyme to interact with hydrophobic materials, a low-cost method which allows the rapid and
easy purification and immobilization of the enzyme has been developed. Thus, the extracellular P(3HO)
depolymerase present in the culture broth of cells of P. fluorescens GK13 grown on mineral medium supple-
mented with P(3HO) as the sole carbon and energy source has been tightly adsorbed onto a commercially
available polypropylene support (Accurel MP-1000) with high yield and specificity. The activity of the pure
enzyme was enhanced by the presence of detergents and organic solvents, and it was retained after treatment
with an SDS-denaturing cocktail under both reducing and nonreducing conditions. The time course of the
P(3HO) hydrolysis catalyzed by the soluble and immobilized enzyme has been assessed, and the resulting
products have been identified. After 24 h of hydrolysis, the dimeric ester of 3-HO [(R)-3-HO-HQO] was obtained
as the main product of the soluble enzyme. However, the immobilized enzyme catalyzes almost the complete

hydrolysis of P(3HO) polymer to (R)-3-HO monomers under the same conditions.

Polyhydroxyalkanoates (PHAs) are environmentally friendly
polyesters that are biosynthesized by numerous microorgan-
isms during unbalanced growth (3, 32). PHAs show material
properties similar to those of conventional plastics, having
important advantages such as biodegradability, apparent bio-
compatibility, and the ability to be manufactured from renew-
able resources (6, 38, 39). According to the number of carbon
atoms of the side chain of the monomers, PHASs are classified
as short-chain-length (SCL) PHAs (3 to 5 carbon atoms) and
medium-chain-length (MCL) PHAs (6 to 14 carbon atoms)
(16, 17, 32).

The ability to degrade extracellular PHA in the environment
and to use its degradation products as a source of carbon and
energy depends on the release of specific extracellular PHA
depolymerases (14, 15, 20). Depending on the depolymerase,
as a result of enzymatic PHA degradation, the end products
are only monomers, both monomers and dimers, or a mixture
of oligomers (16). Enantiomer pure (R)-3-hydroxyalkanoic
acid [(R)-3-HA] monomers are very attractive building blocks
of interest not only in the biomedical and pharmaceutical fields
(9, 10) but also for being used as starting materials to obtain
other new polyesters (8). Thus, the development of a cost-
effective industrial process for the production of both MCL-
PHA depolymerase enzyme and (R)-3-HA monomers is of
considerable interest.
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At present, few extracellular MCL-PHA depolymerases
have been purified and characterized (11, 21-24, 33). Tradi-
tionally, the purification of microbial depolymerases is
achieved by a conventional multistep chromatographic meth-
odology, which includes hydrophobic interaction and size
exclusion chromatographies (7, 21, 24, 37). The poly(3-hy-
droxyoctanoic acid) [P(3HO)] depolymerase from Pseu-
domonas fluorescens GK13 was the first enzyme purified (37)
and characterized at the molecular level (36).

Adsorption of lipases on polypropylene supports has been
extensively used for large-scale lipase immobilization (18, 25,
28, 29) since it is a simple and economical method. Moreover,
the immobilization of enzyme allows its reusability and in-
creases its operational stability and ease of product recovery
(1). Accurel MP-1000 is a commercially available hydrophobic,
microporous, low-density polypropylene powder that presents
a large surface area for adsorption because of its very small
particle size (4). This support has been successfully used for
adsorption of lipases and esterases with high yield directly from
the fermentation broth (2, 13).

As lipases, MCL-PHA depolymerases are hydrophobic pro-
teins with a tendency to adsorb to hydrophobic supports. In
this study we report a novel method for the purification of the
P(3HO) depolymerase from P. fluorescens GK13 by adsorption
to a polypropylene support as well as some relevant properties
of the enzyme. Moreover, this protocol allows the immobiliza-
tion of the enzyme directly from the culture broth. The immo-
bilized enzyme degrades completely the P(3HO) polymer and
releases 3-hydroxyoctanoic acid [(R)-3-HO]. This is the first
report describing the immobilization of an extracellular MCL-
PHA depolymerase and its potential use in the production of
(R)-3-HO chiral monomers.
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MATERIALS AND METHODS

Chemicals. P(3HO) was supplied by Biopolis (Valencia, Spain) and CPI (New-
castle, United Kingdom). The polypropylene support Accurel MP-1000 was
purchased from Membrana GmbH (Obenburg, Germany). Chromatography me-
dia and equipment were obtained from GE Healthcare (Uppsala, Sweden).
Molecular weight standards, p-nitrophenyl (PNP)-alkanoates, and most chemi-
cals were obtained from Sigma-Aldrich (St. Louis, MO). All other chemicals
were purchased from Merck (Darmstadt, Germany).

Microorganism and growth conditions. Pseudomonas fluorescens GK13 (DSM
7139) cells were grown at 30°C in Erlenmeyer flasks containing 100 ml of mineral
medium M9 (35) supplemented with a film (0.15 g) of P(3HO) as the sole carbon
and energy source.

Preparation of PHA suspensions. Latex suspensions of P(3HO), composed of
11% 3-hydroxyhexanoate (3-HX) and 89% 3-hydroxyoctanoate (3-HO), were
prepared according to the method of Schirmer and Jendrossek (36). Briefly, 4
volumes of cold water was poured into 1 volume of polymer solution in acetone
with stirring, and the solvent was then evaporated.

Production of P(3HO) depolymerase. A 2-liter Biostat A fermentor (B. Braun
Biotech, Melsungen, Germany) containing 1.5 liters of mineral medium M9 (35)
supplemented with a film of P(3HO) (0.15%, wt/vol) was inoculated with seed
cultures of P. fluorescens GK13 until the optical density at 600 nm (ODgq) was
0.2. The film was obtained by dissolving the polymer in chloroform in a beaker.
Then, the solvent was evaporated under vacuum in a fume cupboard and the
resulting film was stripped off from the bottom, cut in small pieces, and added to
the culture medium in the fermentor before autoclaving. The temperature and
pH controls were automatically adjusted at 30°C and 8.0, respectively, and O,
saturation was maintained over 40% (vol/vol). The agitation speed was con-
trolled in the range 100 to 200 rpm. To evaluate the production of the enzyme,
4.5 ml of culture broth was concentrated 90-fold by precipitation with 10%
(wt/vol) trichloroacetic acid (TCA) at different times and analyzed by SDS-
PAGE. Simultaneously, the activity of the culture broth was semiquantitatively
evaluated using a drop test on P(3HO) agarose plates (36).

Purification of P(3HO) depolymerase. The enzyme was purified from the
broth of cultures of P. fluorescens GK13 grown for 72 h under the conditions
described above. Cells were harvested by centrifugation (10 min, 8,000 X g, 4°C)
in a Kubota 7820 centrifuge with an RA-6 rotor (Kubota, Tokyo, Japan). The
supernatant was saved and adjusted to 200 mM phosphate with 1 M phosphate
buffer, pH 8.0. Then, 1.5 g of Accurel MP-1000, prewetted with ethanol, was
added. The preparation was stirred gently for 15 h at 4°C, and the liquid phase
was discarded. The polypropylene support was washed thoroughly with 200 mM
phosphate buffer (pH 8.0) and finally packed in a chromatography column (20
cm X 2.6 cm). The adsorbed protein was eluted using a linear gradient of
2-propanol (from 0 to 80% [vol/vol]) in 5 mM phosphate buffer (pH 8.0). Further
purification was achieved when the active fractions were concentrated (about
110-fold) by ultrafiltration (YM30 membranes; Millipore, Billerica, MA) and
resolved in a Sephacryl S-200 (30 cm X 1.5 cm) column equilibrated and eluted
(at a 1-ml/min flow rate) with 50 mM glycine-NaOH buffer (pH 9.0) supple-
mented with 0.15 M KCl. Fractions of 0.5 ml were collected using an Akta fast
protein liquid chromatograph (FPLC; GE Healthcare, Uppsala, Sweden). The
purification progress was assessed by SDS-PAGE analysis of fractions and by
assaying the P(3HO) depolymerase activity in P(3HO) agarose plates.

Immobilization of P(3HO) depolymerase. The enzyme was immobilized di-
rectly from the culture broth by adsorption onto a polypropylene matrix using the
same conditions as those described above for the purification. The time course of
adsorption of the enzyme to the support was assessed by measuring the remain-
ing soluble activity in the liquid phase by using P(3HO) agarose plates. To
calculate the depolymerase theoretical loading, the enzyme adsorbed in 0.5 g of
polypropylene was eluted with 80% (vol/vol) 2-propanol in 5 mM phosphate
buffer, pH 8.0, and the protein concentration was determined.

SDS-PAGE analysis of the immobilized preparation. Samples of the adsorbed
enzyme (50 mg of wet support) were boiled for 5 min in 110 pl of sample buffer
in the presence of 2% (wt/vol) SDS and 5% (vol/vol) 2-mercaptoethanol and
centrifuged (13,000 Xg, 15 min, 4°C), and the supernatants were analyzed by
SDS-PAGE. This treatment released any protein molecule physically bound to
the support.

Enzyme assays. Routinely, the P(3HO) depolymerase activity was assayed in a
drop test on P(3HO) agarose plates (36) with minor modifications. Five millili-
ters of a 1% (wt/vol) emulsion of P(3HO) was mixed with 5 ml of 1% (wt/vol)
agarose in 0.2 M Tris-HCl buffer, pH 8.5, and poured on a glass plate. Samples
(20 wl) were loaded in (5-mm-diameter) holes made in the gel and incubated at
30°C for 24 h. The P(3HO) depolymerase activity was determined by measuring
the diameter of the resulting clear zone. The esterase activity was assayed using
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a number of p-nitrophenyl (PNP)-alkanoates as substrate. The reaction mixture
contained 25 mU of the enzyme preparation in 700 wl of 200 mM bicarbonate-
NaOH buffer (pH 9.5). To start the reaction, 21 pl of a 10 mM solution of the
respective PNP-alkanoate in 95% (vol/vol) ethanol was added. Controls without
the enzyme were carried out in parallel to ascertain the possible nonenzymatic
hydrolysis of substrate. One unit of esterase activity was the amount of enzyme
that released 1 pmol of p-nitrophenol per min under standard conditions. An
extinction coefficient () for PNP at pH 9.5 of 16.635 mM ! - cm ™! was assumed.

Alternatively, P(3HO) depolymerase activity was determined by measuring for
5 min at 650 nm and 30°C the turbidity decrease of P(3HO) suspensions. The
standard assay mixture consisted of 500 pg of P(3HO) in 200 mM Tris-HCI (pH
8.0) in a total volume of 1 ml. After incubation at 30°C for 10 min, the reaction
was started by the addition of the purified enzyme. When the immobilized
enzyme was assayed, the polypropylene-adsorbed protein was added to the
reaction mixture and incubated for 15 min in a gyratory shaker (at 100 rpm) at
room temperature. One unit of enzyme activity was the amount of enzyme which
catalyzes the decrease of 1 absorbance unit per min at 650 nm.

Enzymatic hydrolysis of P(3HO) polymer and identification of products. The
in vitro hydrolysis of P(3HO) latex catalyzed by P. fluorescens GK13 depoly-
merase was assessed at 30°C and with 180-rpm stirring for various time intervals
(30 min, 2 h, 4 h, and 24 h). The reaction mixtures contained 8 mg of polymer
latex in 20 mM phosphate buffer, pH 8.0. The reaction was started by adding 160
wg of the purified enzyme, either in soluble form or immobilized on Accurel. The
enzymatic reaction was stopped by heating samples for 5 min at 100°C, and then
the reaction mixture was centrifuged for 60 min at 14,000 X g, 4°C. The hydro-
lysis products in supernatants were identified after derivatization (12) with bro-
mophenacyl bromide (BPB). Then, samples (10 pl) of the derivatization mixture
were loaded onto a reverse-phase C,g high-performance liquid chromatography
(HPLC) column (Tracer Lichrosorb RP18; 10 wm, 250 mm X 4 mm) in a Waters
Corporation chromatograph (Milford, MA). Analytes were eluted at a 1-ml/min
flow rate as reported elsewhere (12). The detection of the BPB derivatives was
monitored at 254 nm by a photodiode array (PDA) detector, the excess of
unreacted BPB being eluted at 24.8 min.

The peaks detected at 254 nm were identified by HPLC-mass spectrometry
(HPLC-MS). Mass spectra were obtained on a Micromass (Milford, MA) Quat-
tro micro-triple-quadrupole mass spectrometer coupled at the exit of the diode
array detector and equipped with a Z-spray electrospray ionization (ESI) source.
A 200-wl/min flow rate from the detector eluent was directed to the ESI interface
using a flow splitter. Nitrogen was used as desolvation gas, at 300°C and a flow
rate of 450 liters/h, and no cone gas was used. A potential of 3.2 kV was used on
the capillary for positive-ion mode. The source block temperature was held at
120°C. MS spectra, within the m/z range 50 to 1,000 atomic mass units, were
produced in the positive mode at different cone voltages (10, 20, 30, and 40 V).

Other analytical methods. SDS-PAGE was performed as described by Lae-
mmli (27). Two-dimensional electrophoresis was performed by isoelectric focus-
ing using immobilized pH gradient (IPG) strips (pH 3 to 10) (first dimension)
and SDS-polyacrylamide gel electrophoresis (second dimension). Protein con-
centration was determined by the method of Peterson (31) using bovine serum
albumin as the standard.

RESULTS

Production of P(3HO) depolymerase. The time course of
extracellular production of the P. fluorescens GK13 depoly-
merase was evaluated in a 2-liter fermentor containing 1.5
liters of mineral medium M9 (35) supplemented with P(3HO)
(0.15% [wt/vol]). High enzyme activity was detected only at the
end of the exponential phase of growth or after its cessation
(Fig. 1). Moreover, the depolymerase activity could be de-
tected only when cells were grown in mineral media containing
P(3HO), not when they were grown in media supplemented
with either octanoate, lactate, or pyruvate as the sole carbon
source (data not shown). These results confirm that the syn-
thesis of PHA depolymerases in bacteria is generally repressed
if suitable soluble carbon sources, such as glucose or organic
acids, are present (16).

Purification of P(3HO) depolymerase. The extracellular
P(3HO) depolymerase present in the culture broth was ad-
sorbed directly to the microporous polypropylene Accurel MP-
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FIG. 1. Time course appearance of P(3HO) depolymerase in the
culture broth of P. fluorescens GK13 cells growing in a fermentor
containing mineral medium supplemented with P(3HO) as the sole
carbon and energy source. (A) Growth curve of cells in basal medium
containing 0.15% (wt/vol) P(3HO). (B) Enzyme activity (after 12 h)
measured in P(3HO) agarose plates using 20 wl of culture broth.
(C) SDS-PAGE analysis of samples concentrated (90-fold) by precip-
itation with TCA in a homogeneous 12% (wt/vol) acrylamide gel re-
vealed with Coomassie brilliant blue R-250. Broth samples (5 ml) were
withdrawn at the times (arrows) indicated in panel A. Plates 1 to 5 in
panel B and lanes 1 to 5 in panel C correspond to numbers 1 to 5 in
panel A. Arrow in panel C shows the position of the enzyme.

1000 resin with high yield and specificity. Due to the strong
adsorption of the enzyme to hydrophobic materials, about 80%
of the P(3HO) depolymerase activity was immobilized onto the
polypropylene matrix while only 35% of the total protein
present in the culture broth was retained (Fig. 2A). The
strongly hydrophobically bound proteins were desorbed and
analyzed by SDS-PAGE. Thus, samples of the supernatant
obtained after boiling 50 mg (wet weight) of Accurel bearing
the adsorbed enzyme in the presence of SDS and 2-mercapto-
ethanol showed negligible amounts of immobilized contami-
nating proteins which were undetectable in polyacrylamide
gels revealed with Coomassie blue R-250 (Fig. 2B). The neg-
ligible presence of contaminants in the desorbed physically
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FIG. 2. SDS-PAGE analysis of samples of P. fluorescens GK13
P(3HO) depolymerase at different stages of purification. (A) Lane M,
molecular mass standards; lane la, sample of original culture broth
(0.75 g protein); lane 2a, proteins remaining in solution after expo-
sition for 15 h at 4°C of culture broth with Accurel MP-1000. (B) Lane
M, molecular mass standards; lane 1b, purified soluble enzyme (2.7 pg
of protein) after its desorption from Accurel MP-1000 with 2-propa-
nol; lane 2b, desorbed proteins of a sample of 50 mg of support with
immobilized enzyme boiled in the presence of 2% (wt/vol) SDS and
5% (vol/vol) 2-mercaptoethanol. Homogeneous (12% [wt/vol]) acryl-
amide gels revealed with either silver staining (A) or Coomassie bril-
liant blue R-250 (B) were used. Arrows show the position of the
enzyme.
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TABLE 1. Purification of the extracellular P(3HO) depolymerase
from P. fluorescens GK13 from 1 liter of culture broth of cells
grown in mineral medium supplemented with P(3HO) as
the sole carbon source”

P . . Sp act P .
Purification Protein  Activity Purification  Yield
Vol (ml U
step A g ) e ol (%)
Culture broth 840 413 756.0 18.3 1.0 100.0
Polypropylene 35 63 4437  70.1 3.8 58.7

eluate

¢ Activity was determined by the standard assay using P(3HO) latex as a
substrate.

bound proteins indicated that the adsorption of the enzyme to
the polypropylene support is highly specific.

To recover the enzyme, the adsorbed P(3HO) depolymerase
activity was eluted with 80% (vol/vol) 2-propanol (Fig. 2B, lane
1b). Typical results of the enzyme purification protocol are
shown in Table 1. This method enables recovery of the major-
ity of the enzyme present in the broth and other proteins, to a
lesser extent, which could be detected only in polyacrylamide
gels revealed by silver staining. As indicated above, these mi-
nor proteins, which do not seem to interfere with the depoly-
merase activity, could be completely removed by size exclusion
chromatography.

Characterization of extracellular P(3HO) depolymerase. (i)
Molecular mass and pl. As shown in Fig. 2B, SDS-PAGE
analysis of preparations of the purified enzyme revealed a
double band with a mass of ~26 kDa. After analysis of the
protein by two-dimensional PAGE, two spots with pls of 6.45
and 6.95 were detected (data not shown). These plI values are
significantly more alkaline than those reported for other MCL-
PHA depolymerases so far (19).

(ii) Effects of pH and temperature on enzymatic activity.
The P(3HO) depolymerase showed its maximum activity at pH
9.5 and retained at least 60% of this activity over a pH range
from pH 8.0 to 11.0. The enzyme exhibited the highest activity
at 40°C in 200 mM bicarbonate-NaOH buffer, pH 9.5, and
showed relatively high stability at temperatures below 45°C.
The purified enzyme retained at least 75% of its original ac-
tivity after 5 months of storage at —20 and —80°C.

(iii) Substrate specificity. P(3HO) depolymerase can hydro-
lyze various PNP-alkanoates of different chain lengths which
are substrates for esterase and lipase activities. The enzyme
activity for shorter-chain-length PNP-alkanoates was signifi-
cantly lower. Among the PNP-alkanoates tested, PNP-tetrade-
canoate was hydrolyzed most efficiently by the enzyme (Table
2). The apparent K,,, and V,,,,, values for p-nitrophenyl octa-
noate (PNPO) and for P(3HO) were 190 pM and 19.4 U/mg
protein and 34 pg/ml and 76 U/mg protein, respectively.

(iv) Effects of a number of chemicals on the enzyme activity.
Of the tested compounds (Table 3), only phenylmethylsulfonyl
fluoride (PMSF) and EDTA significantly decreased the
P(3HO) depolymerase activity assayed with P(3HO) as sub-
strate. Interestingly, the activity was enhanced in the presence
of both nonionic and ionic detergents such as 0.1% (wt/vol)
Tween 80, 0.005% (wt/vol) Triton X-100, and 0.005% (wt/vol)
SDS, as well as in the presence of 5% (vol/vol) 2-propanol.
Furthermore, the enzyme retained its activity even after being
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TABLE 2. Relative activity of pure preparations of P(3HO)
depolymerase of P. fluorescens GK13 with several
chromogenic substrates assayed at a final
concentration of 0.3 mM in all cases”

Relative activity

Substrate (%)

PINP-ACELALE ...veovereeeeeieieiieieeee ettt esae e esens
PNP-butyrate .
PNP-valerate .
PNP-octanoate 82.7

PNP-AeCaN0Ate .....cceevervenieririeieieieieieesiete e seeaenens 88.7
PNP-dodecanoate 95.2
PNP-tetradecanoate 100.0
PNP-hexadecanoate 51.6
PNP-0ctadecanOate.........cceevvvueeeeenierieeneieieeneeeeesieseeeseeseenenns 24.7

“ One hundred percent activity corresponded to 11.3 U/mg protein.

treated for 15 min at room temperature with the denaturing
cocktail and in subsequent analysis by SDS-PAGE under both
reducing and nonreducing conditions (Fig. 3). The inactivation
of the depolymerase activity by PMSF confirms that the en-
zyme behaves as a typical serine hydrolase. Moreover, a de-
pendence on reduced thiol groups or essential disulfide bonds
is unlikely (37). However, when PNPO was used as a substrate,
the enzyme activity was not significantly affected by any of the
chemicals shown in Table 3, except by detergents, which ap-
pear to markedly diminish the activity.

Characterization and thermal stability of immobilized
P(3HO) depolymerase. As a result of the adsorption of depoly-

TABLE 3. Effects of various chemicals on P(3HO)
depolymerase activity”

Chemical and final concn Relative activity

(%)

NONE (CONLIOL) ettt seneaes 100.0
DTT (10 mM) . 74,
Sodium azide (10 MM)....covvieirierriieeercereeeeeeeeneneaes 95.7
N-Ethylmaleimide (10 mM) 85.4
Todoacetamide (10 MM) ...c.ocveeviinieiririecrcereeeeeeeeeneaes 89.7
Carbodiimide (10 mM) ...... . 87.7
Acetic anhydride (10 mM). . 920
PMSF (10 mM).... . 57
EDTA (10 MM) ..o enaes 289
Triton X-100 (% [wt/vol])

0.005 132

0.0T oo 108

0.03 0.9
Tween 80 (0.1% [wt/vol]) 192
SDS (% [wt/vol])

0.005 .. s 128

0.1 0.9

2-Propanol (% [vol/vol])
1

“ The reaction mixture (1 ml), containing 30 pl (122 mU) of the pure enzyme
preparation in 200 mM Tris-HCI buffer (pH 8.0), was initially preincubated for
10 min at 30°C with the tested effector, and then the enzymatic reaction was
started by adding 50 ul of a 10-mg/ml P(3HO) latex emulsion. One hundred
percent activity corresponded to 60 U/mg protein.
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FIG. 3. Assay of P. fluorescens GK13 P(3HO) depolymerase activ-
ity in polyacrylamide gels containing 0.1% (wt/vol) SDS. A sample (1.5
wng) of the pure enzyme was incubated with the denaturing cocktail
containing 2.5% (vol/vol) 2-mercaptoethanol (A and B) or without
2-mercaptoethanol (C and D) and then analyzed by SDS-PAGE (A
and D). Finally, the activity of the depolymerase was assayed by lay-
ering the polyacrylamide gel onto an agarose plate with P(3HO) latex
(B and C).

- 2-Mercaptoethanol

merase directly from the culture broth, active derivatives (27
U/mg protein) with very low levels of loading (0.21 mg/g of
support) were obtained. No change in the optimum pH value
for P(3HO) depolymerase activity was observed in the case of
the soluble and immobilized forms (data not shown). However,
adsorption of the enzyme onto Accurel MP-1000 enhanced the
thermal stability of enzyme after 15 min of incubation at dif-
ferent temperatures (Fig. 4).

Hydrolysis of P(3HO) polymer catalyzed by depolymerase in
soluble or immobilized forms. Enzymatic degradation of
P(BHO) latex catalyzed by the soluble and immobilized de-
polymerase was assessed by HPLC-PDA, and the identity of
the resulting peaks was determined by HPLC-MS (Fig. 5).
When the immobilized enzyme was used to hydrolyze the poly-
mer, both the composition and relative amounts of the result-
ing hydrolysis products were significantly dependent on the
time of hydrolysis (Fig. 6B). During the early enzymatic period
(within 30 min), monomers of 3-HO (eluting at 34.6 min),
as well as dimers of both 3-hydroxyhexanoate and 3-hy-
droxyoctanoate (3-HX-HO, eluting at 41.6 min) and 3-hy-
droxyoctanoate (3-HO-HO, eluting at 46.4 min), were de-

1001

80

60

40

Residual activity (%)

201

0
25 35 45 55 65 75

Temperature (°C)

FIG. 4. Effect of immobilization on Accurel MP-1000 on thermal
stability of pure P. fluorescens GK13 P(3HO) depolymerase. Samples
of the soluble (O) or immobilized (®) enzyme were incubated for 15
min at the indicated temperatures and then immediately cooled to 4°C.
Finally, the residual activity was determined at 30°C using P(3HO) as
substrate.
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FIG. 5. Identification by HPLC-MS of the P(3HO) hydrolysis products catalyzed by the P. fluorescens GK13 P(3HO) depolymerase. (A) HO,
hydroxyoctanoate monomer; (B) HX-HO, dimer of hydroxyhexanoate and hydroxyoctanoate; (C) HO-HO, dimer of hydroxyoctanoate. The insets
show the structure of the corresponding BPB-derivatized compounds and their corresponding molecular masses.

tected. However, after longer periods of incubation, the
concentration of the monomer (3-HO) increased, whereas
those of dimers were markedly decreased. In fact, after 24 h of
enzymatic hydrolysis 90% of 3-HO monomers was obtained
(Fig. 6B).

In contrast, when P(3HO) hydrolysis was catalyzed by the
soluble enzyme (Fig. 6A), the dimer 3-HO-HO was the main
(~60% of total) hydrolysis product detected, independently of
the reaction time used (Fig. 6A). Additionally, in the case of
the adsorbed enzyme, the activity remained unaltered until
24 h at 30°C, whereas the soluble counterpart retained only
10% of the initial activity (Fig. 6C).

In order to reuse the enzyme, the long-term stability of the

immobilized P(3HO) depolymerase was evaluated too. For this
purpose, five consecutive hydrolysis cycles of P(3HO) latex
were performed at 30°C for 24 h, with repeated washing with
20 mM phosphate buffer (pH 8.0) after each reaction cycle. In
all cases, 90% of 3-HO monomer was obtained (data not
shown).

DISCUSSION

Adsorption of P(3HO) depolymerase to hydrophobic
polypropylene Accurel MP-1000 support followed by desorp-
tion using 2-propanol seems to be an excellent strategy to
recover, concentrate, purify, and immobilize P(3HO) depoly-
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FIG. 6. Evolution with the hydrolysis time of the abundance of
P(3HO) products catalyzed by the soluble (A) and immobilized (B) P.
fluorescens GK13 P(3HO) depolymerase. The stability of the soluble

(O) or immobilized (@) enzyme was assessed during the time of hy-
drolysis (C).

merase in a single step from the culture broth of P. fluorescens
GK13 cells grown in mineral medium supplemented with
P(3HO) polymer. It has been shown that this method is fast,
cheap, and simple and provides high recovery. Indeed, follow-
ing simple adsorption and desorption, an electrophoretically
homogeneous enzyme preparation, with a 3.8-fold purification
and 58.7% yield, was routinely obtained.

Although the specific activity of the adsorbed enzyme rep-
resents only 40% of that determined for the soluble counter-
part, the stabilization of the enzyme allows the complete deg-
radation of the substrate polymer to (R)-3HO monomers. In
our case, only 0.21 mg of protein was immobilized per g of
polypropylene support. Previous studies have shown that, at
low levels of loading, the hydrophobic interactions between
lipases and polypropylene are strong enough to cause a distor-
tion of the tertiary structure of the protein with a consequent
partial inactivation of a significant fraction of the enzyme ac-
tivity (5, 30, 34).

Moreover, we have successfully reused the immobilized de-
polymerase for 5 consecutive cycles with activity. Another ad-
vantage of this immobilization protocol is that despite the high
strength of depolymerase adsorption, it could be fully desorbed
from Accurel MP-1000 with 2-propanol, allowing the possibil-
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ity of recovery and reuse of the support. Besides, as occurred
with lipases (18, 25, 28, 29), this procedure could be suitable
for easy scale-up.

The P(3HO) depolymerase from P. fluorescens GK13 was
first characterized by Schirmer et al. (37), who reported that
the enzyme was a dimer consisting of two identical polypeptide
chains whose activity was not affected significantly by dithio-
threitol (DTT) or PMSF. However, analysis by two-dimen-
sional PAGE of pure preparations of our P(3HO) depoly-
merase revealed the presence of two spots with distinct
molecular masses and pl values (6.45 and 6.95).

In general, extracellular MCL-PHA depolymerases are
markedly inhibited by detergents, such as Tween 80 or Triton
X-100 (19, 21, 23, 24), except the enzyme of Pseudomonas
luteola (33). In our case, a significant enhancement of the
activity was observed when the activity was assayed in the
presence of low concentrations of nonionic and anionic deter-
gents using P(3HO) as substrate. Similar activation of polyhy-
droxybutyrate (PHB)-depolymerizing activity was observed too
by low concentrations of Triton X-100 in several PHB depoly-
merases (26). However, these apparent activation effects were
not observed when the enzyme was assayed using its PNPO
esterase activity. As reported elsewhere (37), no inhibitory
effects were observed when our pure enzyme was assayed using
this chromogenic substrate in the presence of a number of
typical inhibitors. Nevertheless, when the activity was assayed
using P(3HO) as the substrate, it was significantly inhibited by
PMSF, as occurred in most MCL-PHA depolymerases (11,
19-21).

Interestingly, the P(3HO) depolymerase of P. fluorescens
GK13 is still active after denaturing SDS-PAGE analysis under
both reducing and nonreducing conditions (Fig. 3). This result
indicates that the two subunits of the protein are not main-
tained by a disulfide bridge and that each subunit is individu-
ally active. Apart from this, the remarkable stability of depoly-
merase in the presence of SDS enables its rapid detection in
polyacrylamide gels analyzed by SDS-PAGE.

As shown (Fig. 4 and 6C), the immobilization of P. fluo-
rescens GK13 P(3HO) depolymerase on Accurel MP-1000
resulted in a remarkable enhancement of both the short-
term and long-term stability of the enzyme, and this can
permit the complete hydrolysis of the P(3HO) polymer into
monomeric 3-HO products. Moreover, the possible effect of
a favorable substrate partition in the microenvironment of
the enzyme, due to the hydrophobic nature of both substrate
and immobilization support, as well as the fact that only the
end of the P(3HO) would be accessible to the immobilized
enzyme, thus favoring the release of monomers, should also
be considered.

In this study we report a novel method to recover, purify,
and immobilize the P(3HO) depolymerase from P. fluorescens
GK13 directly from the crude fermentation broth. This immo-
bilization procedure was found to be highly selective, providing
a stable enzyme preparation with elevated purity (near to ho-
mogeneity) in just one step. Thus, by using a simple and low-
cost immobilization procedure it is possible to obtain a new
robust immobilized biocatalyst with remarkable stability that
can be useful in producing pure chiral (R)-3-HAs.
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