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The obligate predator Bdellovibrio bacteriovorus HD100 shows a large set of proteases and other hydrolases as part of its hydro-
lytic arsenal needed for its predatory life cycle. We present genetic and biochemical evidence that open reading frame (ORF)
Bd3709 of B. bacteriovorus HD100 encodes a novel medium-chain-length polyhydroxyalkanoate (mcl-PHA) depolymerase
(PhaZBd). The primary structure of PhaZBd suggests that this enzyme belongs to the �/�-hydrolase fold family and has a typical
serine hydrolase catalytic triad (serine-histidine-aspartic acid) in agreement with other PHA depolymerases and lipases. PhaZBd

has been extracellularly produced using different hypersecretor Tol-pal mutants of Escherichia coli and Pseudomonas putida as
recombinant hosts. The recombinant PhaZBd has been characterized, and its biochemical properties have been compared to
those of other PHA depolymerases. The enzyme behaves as a serine hydrolase that is inhibited by phenylmethylsulfonyl fluoride.
It is also affected by the reducing agent dithiothreitol and nonionic detergents like Tween 80. PhaZBd is an endoexohydrolase
that cleaves both large and small PHA molecules, producing mainly dimers but also monomers and trimers. The enzyme specifi-
cally degrades mcl-PHA and is inactive toward short-chain-length polyhydroxyalkanoates (scl-PHA) like polyhydroxybutyrate
(PHB). These studies shed light on the potentiality of these predators as sources of new biocatalysts, such as an mcl-PHA depoly-
merase, for the production of enantiopure hydroxyalkanoic acids and oligomers as building blocks for the synthesis of biobased
polymers.

Polyhydroxyalkanoates (PHAs) are optically active biopolyox-
oesters composed of R-3-hydroxy fatty acids, which represent

a complex class of storage polyesters. A wide variety of taxonom-
ically different groups of microorganisms (domains Bacteria and
Archaea) produce intracellular homopolymers or copolymers
containing different alkyl groups at the beta position in aerobic
and anaerobic environments (36, 37, 42). At present, PHAs are
classified into two major classes, short-chain-length PHAs (scl-
PHA) with C4 and C5 monomers and medium-chain-length
PHAs (mcl-PHA) with C6 to C14 monomers (37). PHAs are accu-
mulated as inclusions in the bacterial cytoplasm in response to
inorganic nutrient limitations and play a role as a sink for carbon
and reducing equivalents and in synchronizing global metabolism
to the availability of resources in PHA-producing microorganisms
(16). It is now evident that intracellular accumulation of PHAs
enhances the survival of several bacteria under environmental
stress conditions imposed in water or soil (6, 27, 35).

PHAs can be catabolized by many microorganisms through
extracellular or intracellular processes depending on the PHA lo-
calization (11, 12, 26). Intracellular PHA can be hydrolyzed by
intracellular depolymerases, which are permanently associated
to the PHA granule (11, 49). Their hydrolytic activity is controlled
by the carbon demand of the PHA producer cells (10, 11, 18, 19,
26). The study of the physiological role of intracellular depoly-
merases in the mcl-PHA metabolism in Pseudomonas putida was
recently addressed, demonstrating that the intracellular depoly-
merase PhaZ plays a fundamental role in the bacterial carbon me-
tabolism by maintaining the PHA turnover, where synthesis and
mobilization constitute a continuous and simultaneous cycle (10,
11, 45, 61).

Extracellular PHA can be utilized as a carbon and energy

source by PHA producer or nonproducer microorganisms. This
PHA is released to the medium by producer microorganisms after
death, and the granules spread into the environment can be hy-
drolyzed by secreted PHA depolymerases of microbial origin into
water-soluble oligomers and monomers that can be used as a car-
bon source (26). The ability to degrade extracellular scl-PHA is
more widespread among bacteria than the ability to degrade mcl-
PHA. Thus, many extracellular scl-PHA depolymerases have been
characterized in depth over the last decade, and a considerable
number of genes have been identified (1, 3, 4, 24, 26, 29, 40). The
prototype of extracellular mcl-PHA depolymerases is that of Pseu-
domonas fluorescens GK13 (here PhaZGK13) (21, 26, 52).

Based on the analysis of the PHA depolymerase database (29),
we identified a potential extracellular mcl-PHA depolymerase-
coding sequence from the complete genome of Bdellovibrio bacte-
riovorus HD100 (open reading frame [ORF] Bd3709). Bdellovibrio
and related organisms known as BALOs (Bdellovibrio and like or-
ganisms) (8, 55) are obligate bacterial predators ubiquitously
found in the environment. The predator B. bacteriovorus HD100 is
a highly motile Gram-negative deltaproteobacterium that invades
the periplasm of other Gram-negative bacteria. This predator un-
dergoes a complex life cycle in the periplasm of the prey, which
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culminates in killing of the prey cell (58). The life cycle of B. bac-
teriovorus is biphasic, alternating a nonreplicative attack phase
and a periplasmic growth phase (48). During the reproductive
phase, Bdellovibrio replicates its DNA and grows using the prey as
a source of nutrients, forming the bdelloplast (a rounded prey cell
containing the predator due to cell wall modifications). Finally,
Bdellovibrio septates into individual cells, synthesizes flagella, and
releases the new motile predators into the environment (attack
phase) to seek further preys (58). In spite of its very small size
(about 0.2 to 0.5 �m wide and 0.5 to 2.5 �m long), it carries a quite
large genome (3.8 Mb) predicted to encode 3,584 proteins (47).
The genome of B. bacteriovorus HD100 encodes a large set of pro-
teases and other hydrolases, which are used throughout its life
cycle for prey entry, degradation of prey components, and exit
from the bdelloplast (47).

In this work we demonstrate that the ORF Bd3709 certainly
encodes a novel mcl-PHA depolymerase enzyme (here named
PhaZBd). The depolymerase was exclusively produced in the ex-
tracellular medium in hypersecretor Tol-pal mutants of Esche-
richia coli and P. putida (33, 34), facilitating the PhaZBd purifica-
tion and characterization.

MATERIALS AND METHODS
Chemicals. Octanoic acid (1-14C labeled) (50 mCi/mmol) was from
American Radiolabeled Chemicals. All other products were of analytical
quality or high-performance liquid chromatography (HPLC) grade.

Bacterial strains, plasmids, and growth conditions. The bacterial
strains, plasmids, and oligonucleotides used are listed in Table 1. E. coli
and P. putida strains were grown in LB medium, in nutrient broth (NB)
medium (51), or in M63 minimal medium (38) with 0.2% glucose as the
carbon source, with shaking (250 rpm) at 37°C and 30°C, respectively.
The appropriate selection antibiotic, kanamycin (50 �g ml�1) or genta-

micin (10 �g ml�1), was added when needed. Growth was monitored
with a Shimadzu UV-260 spectrophotometer at 600 nm. Solid media were
supplemented with 1.5% (wt/vol) agar. For poly-(hydroxyoctanoate-co-
hydroxyhexanoate) [P(HO-co-HX), also named mcl-PHA] accumula-
tion, P. putida KT2442 was cultured in 200 ml of minimal medium with
0.1 N M63 (10, 11), using 15 mM octanoic acid as a carbon source in a
500-ml flask. B. bacteriovorus HD100 was grown in two-membered cul-
tures with P. putida as prey in HEPES buffer (25 mM HEPES amended
with 2 mM CaCl2 · 2H2O and 3 mM MgCl2 · 3H2O [pH 7.8]) as previously
described (32). To obtain isolated plaques of B. bacteriovorus HD100,
serial dilutions from 10�1 to 10�7 were made in diluted nutrient broth
(DNB) liquid medium. A 0.1-ml volume of the appropriate dilution was
mixed with 0.5 ml of P. putida in HEPES buffer, and the mixture was
vortexed and plated onto DNB solid medium by using the double-overlay
method (32). Isolated plaques were observed after 48 h of incubation at
30°C (see Fig. S1A in the supplemental material).

DNA manipulations and plasmid constructions. DNA manipula-
tions and other molecular biology techniques were essentially performed
as described previously (51). Transformation of E. coli and P. putida cells
was carried out by electroporation (Gene Pulser; Bio-Rad) (15). DNA
fragments were purified by standard procedures using Gene Clean (BIO
101, Inc.). To construct pIZBd1, the 816-bp DNA fragment coding for the
putative depolymerase of B. bacteriovorus HD100 was PCR amplified by
using the oligonucleotides V01 and V02 (Table 1), and 1 to 2 mg of an agar
slide containing several preying plaques of B. bacteriovorus HD100 grow-
ing on P. putida was used as the template (see Fig. S1A in the supplemental
material). For the rest of the PCR amplifications, 0.05 �g of DNA template
was used. The amplification mixture also contained 2 U of AmpliTaq
DNA polymerase (Perkin-Elmer Applied Biosystems, Norwalk, CT), 0.5
�g of each deoxynucleotide triphosphate, and 2.5 mM MgCl2 in the buffer
recommended by the manufacturer. Conditions for amplification were
chosen according to the GC content of the corresponding oligonucleo-
tides. The PCR product was digested with endonucleases XbaI and
HindIII (Table 1) and cloned into the broad-host-range vector pIZ1016

TABLE 1 Bacterial strains, plasmids, and primers used in this study

Strain, plasmid,
or primer Relevant genotype, description, or sequence (5= to 3=) Reference or source

E. coli strains
DH10B F= mcrA �(mrr hsdRMS-mcrBC) �80dlac�M15 �(lacX74-deoR) recA1 araD139 �(ara-leu)7697 galU galK � rpsL

endA1 nupG
Invitrogen

K1041 Hfr(PO2A) garB10 fhuA22 phoA4(Am) tolQ7(Am) zbg-2225::Tn10 ompF627(T2R) fadL701(T2R) relA1 pitA10
spoT1 rrnB-2 mcrB1 creC510

CGSCb no. 7788

BL21(DE3) F� ompT hsdS gal dcm �(DE3) Novagen

P. putida strains
KT2442 P. putida mt-2 without TOL plasmid, hsdR Rfr 20
A� KT2440 tolA::�Km (insertion after codon 180) 33

Plasmids
pIZ1016 pBBR1MCS-5 derivative cloning plasmid, Gmr 39
pET29 Expression vector for producing His-tagged proteins in E. coli BL21(DE3); Kmr Novagen
pIZBd1 pIZ1016 derivative containing 816-bp XbaI/HindIII-digested phaZBd gene from B. bacteriovorus HD100 This study
pETBd1 pET29 derivative containing the NdeI/XhoI-digested phaZBd gene from B. bacteriovorus HD100 expressing

PhaZBd with a C-terminal six-His tag
This study

pIZPZ pIZ1016 derivative with 914-bp SmaI/HindIII phaZ gene from P. fluorescens GK13 9

Primersa

V01 CCCTCTAGAGAATGATATCTATTTCAACTATTTATGGT This study
V02 CCCAAGCTTAAACTAAGGAGTCCCGGATGAAAAAAC This study
V06 GGGAATTCCATATGAAAAAACTTTTAGCAGGTGTCTTTGGTGTTGTGG This study
V07 CCGCTCGAGTTTATGATTGATGAACCAGTTGGTGATC This study

a Engineered endonuclease sites on the oligonucleotides are underlined.
b CGSC, Coli Genetic Stock Center, Yale University.
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(Table 1). Similar procedures were performed to generate the expression
vector pETBd1, a pET29-derived vector expressing the C-terminal six-
His-tagged PhaZBd (Table 1). In this case, oligonucleotides V06 and V07
were used as well as NdeI and XhoI endonucleases (Table 1). All these
constructions were confirmed by sequencing using an ABI Prism 3730
DNA sequencer.

Expression of the phaZBd gene product in E. coli and P. putida
strains. A preculture of E. coli DH10B(pIZBd1) cells was incubated over-
night in LB medium plus gentamicin. The culture was diluted with LB
medium until an optical density at 600 nm (OD600) of 0.2 was reached.
When OD600 reached 0.5, the culture was induced with 0.2 mM isopropyl
1-thio-�-D-galactopyranoside (IPTG), and cells were further incubated
for 16 h. One hundred milliliters of culture was centrifuged and resus-
pended in 10 ml of 50 mM phosphate buffer (pH 8). Cells were broken by
a 4-fold passage through a French press (1,000 lb/in2) (Aminco) and cen-
trifuged at 27,000 � g. The resulting supernatant (soluble crude extract
fraction) and pellet (insoluble fraction) were stored for further analysis.
To analyze the culture supernatants, the strains were grown in M63 min-
imal medium with 0.2% glucose. After 16 h, cultures were centrifuged at
4,500 � g for 10 min. Five hundred milliliters of the culture supernatants
was filtered through 0.22-�m filters (Millipore Corp) and then lyophi-
lized, resuspended in 50 ml of 50 mM phosphate buffer (pH 8), and
dialyzed for 15 h at 4°C against the same buffer. Similar procedures were
performed for P. putida strains, inducing gene expression with 3 mM
IPTG.

Electrophoretic techniques and determination of N-terminal amino
acid sequence. SDS-polyacrylamide gel electrophoresis was performed
routinely as described before (31). The protein bands were stained with
Coomassie brilliant blue G-250, and quantification was carried out by
densitometric scanning and calibrating with broad-range molecular mass
markers from Bio-Rad. The protein content of unstained crude extracts
was calculated as previously described (5). The protein fractions contain-
ing PhaZBd were separated in native 7.5% (wt/vol) polyacrylamide gels
(without SDS and 2-mercaptoethanol) and subjected to PHA depoly-
merase activity assay (see below). To determine the N-terminal sequence,
the protein bands were transferred to a polyvinylidene difluoride (PVDF)
membrane (Bio-Rad) after the SDS-PAGE (57) using the Transblot SD
cell (Bio-Rad, Hercules, CA) at 25 V for 3 h. The membrane filter was
stained with 0.1% amido black and destained with 5% acetic acid. The
protein band on the filter was excised and subjected to N-terminal amino
acid sequence analysis by automatic Edman degradation using a gas phase
protein sequencer (Procise Protein Sequencing System) connected to on-
line model 610A (Applied Biosystems, Foster, CA).

Preparation of periplasmic fraction. E. coli DH10B(pIZBd1) cells
were fractionated into periplasmic and spheroplastic protein fractions. To
this aim, 25 ml of E. coli DH10B (pIZBd1) cells expressing PhaZBd depoly-
merase as described above was centrifuged and resuspended in 2.4 ml of
lysis solution (100 mM Tris-HCl [pH 8], 0.5 mM EDTA, and 20% sucrose
[wt/vol]) plus 0.1 mg/ml lysozyme (Sigma). After 20 min of incubation at
4°C, the solution was heated at 37°C for 10 min and the formation of
spheroplasts was confirmed by phase-contrast microscopy. Spheroplasts
were stabilized by adding 20 mM MgCl2 and centrifuged at 8,000 � g for
20 min to obtain the periplasmic fraction (supernatant) and the sphero-
plastic fraction (sediment). In order to compare activities, the spheroplas-
tic fraction was resuspended in the same volume of buffer (2.4 ml).

Similar procedures were performed for cellular fractionation of P.
putida (pIZBd1) cells, with minor modifications: 1 mg/ml lysozyme and
heating for 2 h at 37°C after the incubation at 4°C.

ICDH assay. Isocitrate dehydrogenase (ICDH), an enzyme involved
in the tricarboxylic acid pathway, is localized in the cytoplasm exclusively.
Therefore, the amount of ICDH found in the E. coli DH10B(pIZBd1)
cellular fractions (see above) is a measure of the degree of cell lysis. ICDH
activity was measured according to a procedure described previously (54)
with minor modifications. Briefly, 600 �l of assay mixtures containing 50
mM phosphate buffer (pH 8), 5 mM MgCl2, 2 mM NADP, 1 mM isoci-

trate (pH 7.0), and 100 �g of the cellular fractions was incubated at 30°C,
and the absorbance at 340 nm was recorded. The enzyme activity was
calculated from the rate of absorbance decrease at 340 nm and the extinc-
tion coefficient of NADH, 6,220 M�1 cm�1.

Purification of His-tagged PhaZBd protein. A preculture of E. coli
BL21(DE3)(pETBd1) cells was incubated in LB medium plus kanamycin
with shaking (250 rpm) at 30°C. When OD600 reached 1, the culture was
diluted to an optical density of 0.05 and incubated at 30°C. When OD600

reached 0.4, the culture was incubated at lower temperature and agitation
(16°C and 150 rpm) until OD600 reached 0.6 to 0.7. At this point, 0.1 mM
IPTG was added, and the cultures were further incubated at 16°C and 150
rpm for 16 h. Fifty milliliters of culture was centrifuged at 4,500 � g and
resuspended in 3 ml of 50 mM sodium phosphate (pH 8.0). Cells were
broken by sonication treatment and centrifuged at 15,000 � g. Enzyme
purification was performed with the Ni-nitrilotriacetic acid (Ni-NTA)
silica spin kit (Qiagen) according to the protocol described by the manu-
facturer. Briefly, the soluble crude extract fraction supplemented with 10
mM imidazole was loaded onto the Ni-NTA agarose column provided in
the kit, equilibrated with 50 mM sodium phosphate buffer (pH 8.0) and
10 mM imidazole, and centrifuged at 400 � g. After loading, the column
was washed with 5 ml of the same buffer, and protein was eluted with 50
mM sodium phosphate (pH 8.0) and 500 mM imidazole. All the purifi-
cation steps were carried out at 4°C.

Purification of PhaZBd produced by P. putida A�(pIZBd1). P.
putida A� (pIZBd1) cells were grown, and cell-free supernatant broth was
filtered, lyophilized, and dialyzed as described above. Subsequently, so-
dium chloride was added to the concentrated supernatant at a final con-
centration of 0.5 M. Then, the solution was centrifuged at 10,000 � g for
10 min and loaded onto an Octyl FF/fast flow Sepharose column (GE
Healthcare, Sweden) equilibrated with 50 mM sodium phosphate buffer
(pH 8.0) and 0.5 M NaCl using a BioLogic LP chromatographic system
(Bio-Rad). The column was extensively washed with 5 ml of the same
buffer and finally eluted with a linear decreasing gradient of 0.5 to 0 M
NaCl. Protein was monitored at 280 nm, and PHA depolymerase activity
of the purification fractions was detected as described below.

PHA depolymerase assays. A quick and simple qualitative procedure
for estimating the mcl-PHA depolymerase activity was performed by spot
test on indicator plates. A homogeneous latex suspension was obtained as
previously described (52, 53). PHA agar plates were prepared by adding
1.5% (wt/vol) agar to the PHA latex suspension (6 mg/ml) in 50 mM
phosphate buffer (pH 8) and pouring this onto prewarmed (37°C) glass
slides or petri plates. After solidification, an enzyme solution was dropped
onto 5-mm-diameter holes made in the PHA agar plates, and the plates
were incubated at 37°C for 8 h. The diameters of the resulting clearing
zones correlated with the depolymerase activity. In the same way, PHB
agar plates were prepared with a homogeneous sonicated PHB suspension
(1 mg/ml) in 50 mM phosphate buffer (pH 8) and 1.5% (wt/vol) agar.
PhaZBd activity toward PHB was compared to that of the depolymerase
from Streptomyces exfoliatus purified as previously described (22).

The PHA depolymerase activity of the enzyme was determined by
measuring the turbidity decrease of the PHA suspension. The turbidime-
tric assay method was performed as described elsewhere (24). The reac-
tion mixture of 500 �l contained 0.6 mg/ml PHA latex, 0.002 mg/ml
lysozyme (to avoid unspecific binding of the PhaZBd to the polymer sub-
strate), 0.2 M Tris-HCl (pH 8), and 0.5 M NaCl. After preincubation at
37°C for 10 min, the reaction was started by the addition of 240 �l of
solution containing 50 to 100 �g of total protein, and the turbidity de-
crease at OD650 was monitored with a Beckman DU250 spectrophotom-
eter during 60 min. The turbidity decrease was linear during the assay
period, and controls without the enzyme were carried out in parallel. All
the activity assays were performed in triplicate, and the maximum error
was below 5%.

To prepare the substrate for the radioactive assay, P. putida strain
KT2442 was cultured as described above for mcl-PHA production, in the
presence of 10 �Ci of [14C]octanoic acid, as previously described (11).

mcl-PHA Depolymerase in Bdellovibrio bacteriovorus
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The labeled polymer, here named PHA*, was purified and used to prepare
a polymer-water suspension (PHA* latex), which was used as the sub-
strate to assay the depolymerase activity of the PhaZBd enzyme. The assay
mixture of 250 �l contained 0.6 mg/ml lysozyme-preincubated PHA*
latex (7,000 cpm), 0.2 M Tris-HCl (pH 8.0), 0.5 M NaCl, and 155 �l
solution containing 50 to 100 �g of protein. The mixture was incubated at
37°C for 3 h, and the reaction was stopped by adding 10 �l of formalde-
hyde. The samples were filtrated (PVDF membrane; Millipore), and the
radioactivity present in 200-�l aliquots of the eluted fractions was deter-
mined in a scintillation counter. This assay was used to biochemically char-
acterize PhaZBd as well as thermal stability. For the latter determination,
PhaZBd solutions were incubated from 25 to 70°C for 5 h. To investigate the
effects of various chemical reagents on the mcl-PHA hydrolyzing activity of
PhaZBd, the chemical reagent was initially preincubated for 20 min at room
temperature with the reaction mixture containing PhaZBd. Then, the enzy-
matic reaction was started by adding 10 �l of the lysozyme-preincubated
PHA* latex suspension containing 150 �g of PHA*.

Enzymatic hydrolysis of PHA polymer and identification of the
PhaZBd reaction products. To identify the PhaZBd hydrolysis products,
two reaction mixtures were subjected to enzymatic hydrolysis in parallel
with 150 �g of mcl-PHA for different reaction times (60 min and 24 h).
The mixtures were developed in the presence of 15 �g of semipurified
PhaZBd as a standard turbidimetric assay. The degradation products were
identified by analyzing the supernatant of the reaction mixture by HPLC-
mass spectrometry (HPLC-MS). The HPLC-MS experiments were car-
ried out on a Finnigan Surveyor (Thermo Electron) pump coupled with a
Finnigan LXQ TM (Thermo Electron) ion trap mass spectrometer. The
separation was performed at 40°C on a 2.1- by 150-mm (3.5-�m particle
size) XTerra MS C18 column (Waters) at a flow rate of 100 �l/min and an
injection volume of 25 �l. The mobile phase was 0.1% ammonium hy-
droxide in water (A) and 0.1% ammonium hydroxide in methanol (B).
The following elution program was used: at the start, 95% A and 5% B;
after 3 min, the percentage of B was linearly increased to 95% in 7 min,
kept constant for 20 min, ramped to the original composition in 5 min,
and then equilibrated for 10 min. The detection was monitored by MS-
electrospray ionization (MS-ESI) spectrometry at a source voltage of 4.5
kV and at a capillary heat of 200°C. All spectra were recorded in full-scan
mode (m/z 	 50 to 1,500).

RESULTS
Identification and functional characterization of a putative ex-
tracellular mcl-PHA depolymerase in the predator bacterium B.
bacteriovorus HD100. A B. bacteriovorus HD100 gene coding for a
putative extracellular PHA depolymerase was identified by in-
spection of the PHA depolymerase engineering database (29). The
sequence is classified within the class of extracellular mcl-PHA
depolymerases (www.ded.uni-stuttgart.de) (29). The encoded
polypeptide of 271 amino acids (molecular mass, 29.8 kDa) re-
vealed significant amino acid sequence similarity (60.8%) to the
extracellular mcl-PHA depolymerase from P. fluorescens GK13
(see Fig. S1B in the supplemental material) (53). Analysis of the N
terminus of the amino acid sequence of B. bacteriovorus depoly-
merase using the algorithm of the signal P 3.0 server predicted the
presence of a cleavage site for peptidase I located between posi-
tions 20 and 21 of the preprotein (see Fig. S1B in the supplemental
material), suggesting the secretion of the protein across the cyto-
plasmic membrane. The proposed signal peptide consists of 20
amino acids with a positively charged N region, a hydrophobic H
region, and a C region with the predicted cleavage site, matching
the criteria given for Gram-negative bacteria type II secretion sys-
tem (41, 43). The most confirmatory feature of the PhaZBd pri-
mary structure was the occurrence of the lipase consensus se-
quence (G-I-S-S-G) (see Fig. S1B in the supplemental material)

(2). Moreover, the high content of aromatic (11%) and uncharged
aliphatic (40%) amino acids in the mature protein predicted a
highly hydrophobic polypeptide. All these characteristics suggest
that the ORF Bd3709 codes for an extracellular mcl-PHA depoly-
merase.

To verify this hypothesis, a recombinant E. coli strain produc-
ing the PhaZBd depolymerase was constructed. The phaZBd gene
was directly amplified from isolated plaques of B. bacteriovorus
HD100 growing on P. putida KT2442 as prey (see Fig. S1A in the
supplemental material) (see Materials and Methods for details). E.
coli DH10B(pIZBd1) grown in LB medium produced a soluble
protein of 30 kDa (see Fig. S2A in the supplemental material),
which correlates with the predicted molecular mass of the mature
protein deduced from its amino acid sequence (27.8 kDa). Subse-
quently, mcl-PHA depolymerase activity was analyzed in the sol-
uble crude extract by spot test in PHA agar plates (Fig. 1A). In a
comparison with the control strain E. coli DH10B(pIZ1016) car-
rying the empty vector, only the crude extract of E. coli DH10B
(pIZBd1) was able to hydrolyze mcl-PHA latex as shown by the
formation of a clearing zone around the spot well. Moreover,
PhaZBd specifically hydrolyzes mcl-PHA because no activity was
detected in the drop test analysis on denatured-PHB agar plates
(data not shown).

These results indicated that the cloned phaZBd gene codes in
fact for an mcl-PHA depolymerase. PHA depolymerase assays of
cell-free culture supernatant from E. coli DH10B(pIZBd1) cells
grown in minimal medium did not show extracellular depoly-
merase activity, even if the culture supernatant was concentrated
30-fold by lyophilization (Fig. 1B, spot 1). Similar results were
obtained when the heterologous host strain P. putida KT2442
transformed with pIZBd1 (Table 1) was used to express the
phaZBd gene. As described for the E. coli host, depolymerase activ-
ity was exclusively detected in the soluble crude extract of P. putida
KT2442(pIZBd1) (Fig. 2A).

The above results demonstrated that the phaZBd gene certainly
encodes an mcl-PHA depolymerase that is located inside the cell
when expressed in E. coli DH10B and P. putida KT2442. To ascribe

FIG 1 Production of PhaZBd in E. coli and qualitative mcl-PHA depolymerase
activity determination. (A) Enzyme activity measured in mcl-PHA agar plates
of 20 �g of protein of the soluble crude extract fractions of E. coli DH10B
(pIZBd1) (spot 1), E. coli TolQ mutant K1041(pIZBd1) (spot 2), and negative
control E. coli DH10B(pIZ1016) (spot 3). (B) Enzyme activity measured in
mcl-PHA agar plates of 10 �g of protein of the culture supernatants of E. coli
DH10B(pIZBd1) (spot 1) and E. coli TolQ mutant K1041(pIZBd1) (spot 2).
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depolymerase activity to the 30-kDa band, the protein was sub-
jected to N-terminal sequencing. The N-terminal amino acid se-
quence of PhaZBd present in the soluble extracts of E. coli
DH10B(pIZBd1) and P. putida KT2442(pIZBd1) strains was de-
termined to be AKKASNC (see Fig. S2 in the supplemental mate-
rial). This result indicates that the PhaZBd precursor is processed
to the mature form, suggesting a periplasmic location of the de-
polymerase, probably through a type II secretion system. To con-
firm the mcl-PHA depolymerase activity of the phaZBd gene prod-
uct, we aimed to purify the PhaZBd depolymerase by metal affinity
chromatography. For this purpose, a C-terminal His-tagged
PhaZBd was overproduced in E. coli strain BL21(DE3)(pETBd1)
(Table 1). Although most of the fused PhaZBd protein sedimented
as insoluble inclusion bodies, we were able to detect PHA hydro-
lysis in the soluble crude extracts, suggesting that a significant
fraction of the protein was produced in a soluble form. Thus, the
soluble His-PhaZBd enzyme could be semipurified by metal che-
late chromatography. A spot test assay showed that His-PhaZBd

was unable to spread and disseminate along the PHA agar plate,
and efficient hydrolysis was obtained only when the protein ex-
tract was directly applied onto the PHA agar plate (data not
shown). This result indicates that His-PhaZBd is in an active but
aggregated form. In addition, we have determined the PHA de-
polymerase activity of semipurified His-PhaZBd by using a radio-
active assay with 14C-labeled PHA (PHA*) (see Materials and
Methods for details). Despite the high sensitivity of the assay, His-
PhaZBd activity was almost undetectable after 3 h of incubation at
37°C, and only when shaking the reaction mixture every 10 min
was PHA* hydrolysis detected. Under these conditions, His-
PhaZBd showed a specific activity of 13.7 
 0.6 �g PHA*
min�1mg�1.

Subcellular location of PhaZBd in E. coli and P. putida host
strains. The results presented in the previous section strongly sug-
gested that the processed mature form of PhaZBd was accumulated
in the periplasm of E. coli and P. putida strains, since no depoly-
merase activity was detected in the extracellular medium (Fig. 1

and 2). To confirm the cellular location of PhaZBd in E. coli
DH10B(pIZBd1), we isolated the periplasmic fraction of the cul-
tures and analyzed the depolymerase activity using isocitrate de-
hydrogenase (ICDH) as a control cytoplasmic marker. As ex-
pected, most of the ICDH activity was associated with the soluble
extract of the spheroplasts (previously broken by ultrasonic treat-
ment) showing an activity of 0.26 �mol min�1 mg�1, whereas in
the periplasmic fraction the ICDH activity was 0.04 �mol min�1

mg�1, which accounts for 15% of total ICDH activity. The depoly-
merase activity found in a spot test assay of the isolated fractions of
E. coli DH10B(pIZBd1) is shown in Fig. 3A. PHA hydrolysis was
observed when the nonsonicated spheroplast fraction was added
(68 �g of total protein content) (Fig. 3A, spot 2). This finding
suggests that in the spheroplasts, the PhaZBd depolymerase might
be located on the external face of the membrane. Besides, depoly-
merase activity was also found in the supernatant of the ultracen-
trifuged periplasmic fraction (6 �g of total protein content) (Fig.
3A, spot 4) and of the resulting sediment (0.15 �g of total protein
content) (Fig. 3A, spot 6). As expected, the isolated fractions of the
control sample [E. coli DH10B(pIZ1016)] did not hydrolyze the

FIG 2 Production of PhaZBd in P. putida and qualitative mcl-PHA depoly-
merase activity determination. (A) Enzyme activity measured in mcl-PHA
agar plates of 20 �g of protein of the soluble crude extract fraction of negative
control P. putida KT2442(pIZ1016) (spot 1), P. putida KT2442(pIZBd1) (spot
2), P. putida TolA mutant A� negative control (pIZ1016) (spot 3), and P.
putida TolA mutant A�(pIZBd1) (spot 4). (B) Enzyme activity measured in
mcl-PHA agar plates of 20 �g of protein of the culture supernatants of P.
putida KT2442(pIZBd1) (spot 1), positive control P. putida KT2442(pIZPZ)
(spot 2), and P. putida TolA mutant A�(pIZBd1) (spot 3).

FIG 3 Cellular location of PhaZBd in E. coli. (A) Enzyme activity measured in
mcl-PHA agar plates of cellular fractions: DH10B (pIZ1016) spheroplasts
(spot 1); DH10B (pIZBd1) spheroplasts (spot 2); DH10B (pIZ1016) superna-
tant of the ultracentrifuged periplasmic fraction (spot 3); DH10B (pIZBd1)
supernatant of the ultracentrifuged periplasmic fraction (spot 4); DH10B
(pIZ1016) pellet of the ultracentrifuged periplasmic fraction (spot 5); and
DH10B (pIZBd1) pellet of the ultracentrifuged periplasmic fraction (spot 6).
(B) SDS-PAGE analysis of the cellular fractions: lane 1, DH10B (pIZ1016)
spheroplasts; lane 2, DH10B (pIZBd1) spheroplasts; lane 3, DH10B (pIZ1016)
supernatant of the ultracentrifuged periplasmic fraction; lane 4, DH10B
(pIZBd1) supernatant of the ultracentrifuged periplasmic fraction. The arrow
shows the position of PhaZBd.
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polymer (Fig. 3A, spots 1, 3, and 5). These results are in agreement
with those obtained by SDS-PAGE analyses, showing the presence
of PhaZBd in both spheroplastic and ultracentrifuged periplasmic
fractions (Fig. 3B). The N-terminal amino acid sequence of the
PhaZBd present in the periplasm showed a processed protein. Sim-
ilar results were obtained for P. putida KT2442(pIZBd1) (data not
shown). These cellular location studies confirmed the PhaZBd de-
polymerase accumulation inside the cell, mainly in the periplas-
mic space in an active, soluble, and processed form.

Extracellular production of PhaZBd in E. coli and P. putida
host strains. To produce the depolymerase extracellularly, we
tested a different strategy by using hypersecretor Tol-pal mutants
of E. coli and P. putida as hosts. These mutants exhibit severe
alterations in outer membrane integrity that allow the release of
periplasmic proteins to the culture medium (33, 34). To this aim,
the pIZBd1 plasmid was introduced into a variety of Tol-pal mu-
tants of E. coli and P. putida. Remarkably, PHA depolymerase
activity was detected in the cell-free culture supernatants of min-
eral medium fermentations of these mutants. Among them, an E.
coli TolQ mutant carrying the pIZBd1 plasmid [E. coli K1041
(pIZBd1)] (Table 1) was selected as the best candidate for depoly-
merase production (Fig. 1B, spot 2). The extracellular depoly-
merase activity was consistent with the presence of a 30-kDa pro-
tein band visualized by SDS-PAGE of the cell-free culture
supernatant (see Fig. S2B in the supplemental material). The other
selected strain was a P. putida TolA mutant carrying the pIZBd1
plasmid [P. putida A�(pIZBd1)] (Table 1). Its activity was com-
pared to that of the extracellular mcl-PHA depolymerase from P.
fluorescens GK13 (PhaZGK13) using the clearing halo system. To
this aim, the cell-free culture supernatant of the recombinant P.
putida KT2442(pIZPZ) harboring the phaZGK13 depolymerase
gene (Table 1) was assayed (Fig. 2B, spot 2). These results demon-
strated that Tol-pal mutants of E. coli and P. putida favor the
release of the PhaZBd depolymerase into the extracellular medium,
suggesting that it is certainly secreted and accumulated in the
periplasm. However, it is worth mentioning that the PhaZGK13

depolymerase was secreted into the extracellular medium by the
wild-type P. putida strain, evincing differences in the mechanisms
applied by this strain to secrete both depolymerases.

As an alternative approach to avoid the problems caused by the
aggregation of the His-tagged depolymerase, we produced and
purified the native PhaZBd from the culture supernatant of P.
putida A�(pIZBd1). This strain was selected as the best producer
because it renders a higher activity in the spot test assay of the
culture supernatant than that of the recombinant E. coli K1041
(pIZBd1) (Fig. 2B and 1B, respectively). The proteins from the
cell-free supernatant of P. putida A�(pIZBd1) were separated by
hydrophobic interaction chromatography on Octyl-Sepharose.
The PhaZBd protein band could not be detected even after con-
centrating the culture supernatant, but it was bound to the col-
umn, becoming visible after its elution (see Fig. S3 in the supple-
mental material). Subsequently, N-terminal amino acid
sequencing of this band confirmed its identity as a PhaZBd depoly-
merase and also that the signal peptide was processed to render the
mature form. This partially purified extract of PhaZBd (depoly-
merase represents about 10% of total protein) (see Fig. S3 in the
supplemental material) enabled us to determine the biochemical
properties of the enzyme (see below).

Biochemical properties of PhaZBd. The specific activity of the
PhaZBd eluted from Octyl-Sepharose was calculated by turbidim-

etry as 560 
 62 �g PHA min�1 mg�1, considering an apparent
extinction coefficient (ε) for PHA of 2.1 �l �g�1 cm�1. By the
radioactive assay (see Materials and Methods), PhaZBd showed a
specific activity of 55 
 2 �g PHA* min�1 mg�1. As expected, the
control sample obtained from the recombinant P. putida A�
(pIZ1016) did not release radioactive soluble products. It is worth
mentioning that the activity determined by the radioactive
method cannot be directly compared to that of the nonradioactive
method, since in the first one the high-molecular-weight radioac-
tive products released by the enzyme are eliminated by filtration
for the final counting. Nevertheless, due to the high sensitivity and
accuracy of the radioactive method, it was used in the following
steps to determine the optimal pH and temperature of the en-
zyme. PhaZBd was active in a pH range of 5 to 11 with an optimal
activity at pH 10, but at pH 12 the enzyme retained only 3% of its
activity. PhaZBd was very active between 4 and 45°C, showing its
maximal activity at 37°C, but the activity decreased drastically to
29% when the reaction was carried out at 50°C. In addition, ther-
mal inactivation experiments showed that the enzyme was stable
from 25 to 37°C for at least 24 h of incubation, whereas it was
slightly deactivated after 5 h at 50°C, since it lost 11% of its activity.
It was completely deactivated after 5 h at 70°C. The enzyme re-
tained 100% of its activity for at least 2 months at 4°C.

In addition, when the effect of several ions and other com-
pounds was studied (Table 2), we observed that it was important
to maintain a high ionic strength (0.5 M NaCl) in the reaction
mixture for optimal activity. Particularly, 1 mM CaCl2, 1 mM

TABLE 2 Effects of various chemicals on PhaZBd depolymerase activity

Reagent (unit) Final concn Relative activity (%)

None (NaCl, 0.5 M; Tris-HCl, 0.2 M) 100
NaCl (M) 0.2 95

0 81
MgSO4 (mM) 1 97
CaCl2 (mM) 1 106
EDTA (mM) 10 110
KCl (mM) 25 100
Triton X-100 (%, vol/vol) 0.01 10

0.001 96
Tween 80 (%, vol/vol) 0.05 8

0.005 21
0.0005 81

SDS (%, vol/vol) 0.05 53
0.01 108

DOCa (%, vol/vol) 0.05 16
0.005 88

CTABb (%, vol/vol) 0.05 12
0.005 88

Cyclodextrin (mM) 1 99
0.6 108

Sodium cholate (mM) 0.02 130
0.2 118
2 43

PMSFc (mM) 1 90
10 40

EDC (mM) 10 105
DTT (mM) 1 103

10 55
a DOC, deoxycholate.
b CTAB, cetyltrimethylammonium bromide.
c Dissolved in isopropanol; value has been corrected for inhibition by the solvent.
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MgSO4, or 10 mM EDTA did not affect enzyme activity, suggest-
ing that magnesium and calcium ions are not required as cofactors
for the enzyme activity. Ionic and nonionic detergents, except
sodium cholate, inhibited PhaZBd activity even at low concentra-
tions (Table 2).

As stated above, we suggested the presence of a catalytic triad in
PhaZBd, in agreement with most PHA depolymerases and lipases
(26), and thus, the effect of serine esterase inhibitors, such as
phenylmethylsulfonyl fluoride (PMSF) was studied. As expected,
10 mM PMSF inhibited the PhaZBd activity up to 60%, suggesting
that the enzyme behaves as a typical serine hydrolase. Besides, the
reducing agent dithiothreitol (DTT) also inhibited the PhaZBd

enzymatic activity (50% inhibition at 10 mM DTT), pointing to
the existence of essential disulfide bonds for the enzyme activity.
Furthermore, the enzyme retained its activity after being treated
with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC).

Analysis of the products released after PHA hydrolysis cata-
lyzed by PhaZBd. Enzymatic hydrolysis of P(HO-co-HX) latex
catalyzed by PhaZBd depolymerase was assessed by HPLC, and the
identities of the resulting peaks were determined by MS (see Fig.
S4 in the supplemental material). This analysis revealed the exis-
tence of five chromatographic peaks, corresponding to the molec-
ular masses of the deprotonated HO monomer (m/z 159) (peak 1),
the deprotonated HX-HO diester (m/z 273) and the dimer adduct
of HX-HO diester (m/z 547) (peak 2), the deprotonated HO di-
ester (m/z 301) and the dimer adduct of HO diester (m/z 603)
(peak 3), the deprotonated HO-HX-HO triester (m/z, 415) and
the dimer adduct of HO-HX-HO triester (m/z 830) (peak 4), and
the deprotonated HO triester (m/z 443) and the dimer adduct of
HO triester (m/z 836) (peak 5).

The mcl-PHA hydrolysis products catalyzed by PhaZBd after 1
h of hydrolysis showed that the amounts of dimers released
(58.8% of total hydrolyzed products) were higher than those of
monomers or trimers (Fig. 4). Remarkably, these results con-
firmed that PhaZBd is a true depolymerase that behaves as an en-
doexohydrolase, which hydrolyzes both large and small polyester
molecules. Like the depolymerase of P. fluorescens GK13, dimers
were identified as the main products of PHA hydrolysis. However,
after 1 h of reaction, PhaZGK13 (Fig. 4) showed a trimer accumu-
lation greater than that of PhaZBd, which conversely generates
greater quantities of dimers and monomers. Further analyses at 24
h of reaction time confirmed that, independently of the reaction
time used, the dimer 3-HO-HO was the main product of the PHA
hydrolysis, i.e., 51.7% of total hydrolysis products detected at 1 h
(Fig. 4) and 54.1% at 24 h (data not shown).

DISCUSSION

The great hydrolytic arsenal of the predator B. bacteriovorus
HD100 plays an important role in the lysis and destruction of prey
cell structures throughout different stages of the predator’s life
cycle, specifically, for prey entry, degradation of biopolymers, and
final exit from the bdelloplast (47). The predatosome of Bdel-
lovibrio is composed of at least 150 genes encoding proteases and
peptidases, 10 genes encoding glycanases, 15 genes encoding
lipases, and 89 genes encoding other hydrolytic enzymes. This
density of hydrolytic enzyme-coding genes is the highest in bacte-
rial genomes sequenced so far, after the small genome of Buchnera
aphidicola (47). The enzymatic activities of these gene products
must be well timed and organized, and the transcriptional control
of these genes is likely to be carried out by precise mechanisms
(reviewed in reference 56). The large array of predicted hydrolytic
enzymes revealed by the B. bacteriovorus HD100 genome sequence
provides a valuable reservoir of new enzymes that could be used
for biotechnological purposes, with a great potential for environ-
mental industrial applications.

In this work, we report genetic and biochemical evidence that
B. bacteriovorus HD100 encodes a novel mcl-PHA depolymerase
as part of its predatosome. Besides the possibility of discerning its
role on predator physiology, the interest in the study of PHA hy-
drolytic enzymes lies in its putative industrial use for the produc-
tion of chiral R-hydroxyalkanoic acids (RHAs) as building blocks
for the synthesis of biobased polymers. These biobased monomers
are important chiral starting scaffolds in material, fine chemical,
pharmaceutical, and medical industries (7, 46).

Several bacterial extracellular PHA depolymerases have been
identified and characterized so far (4, 26, 28, 29). PHA depoly-
merases belong to the �/�-hydrolase fold family and have a cata-
lytic triad (serine-histidine-aspartic acid) as the active site, with
the exception of the intracellular scl-PHA depolymerase super-
family (29). The serine is part of a typical pentapeptide lipase box
(Gly-X1-Ser-X2-Gly), found in almost all known serine hydro-
lases. Additionally, a second noncatalytic histidine residue is also
conserved near the oxyanion hole (26). The organization of the
new PhaZBd depolymerase fully agrees with these general charac-
teristics (see Fig. S1 in the supplemental material).

In contrast to a large variety of well-characterized scl-PHA de-
polymerases, only a few mcl-PHA depolymerases have been de-
scribed so far. The mcl-PHA depolymerase of P. fluorescens GK13
is the only one that has been purified and studied at the molecular
level (21, 52, 53). The substrate binding domain of PhaZGK13 is

FIG 4 Comparison of the P(HO-co-HX) degradation products identified by HPLC-MS after 1 h of enzymatic hydrolysis of PhaZBd versus PhaZGK13. HO,
hydroxyoctanoate monomer; HX-HO, dimer of hydroxyhexanoate and hydroxyoctanoate; HO-HO, dimer of hydroxyoctanoate; HO-HX-HO, trimer of
hydroxyhexanoate and hydroxyoctanoate; HO-HO-HO, trimer of hydroxyoctanoate.
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located at the N-terminal half of the enzyme, but the residues
involved in the binding site have not been determined yet (26).
The extracellular mcl-PHA depolymerase from B. bacteriovorus
HD100 reported in this study displays a high sequence similarity
to that of P. fluorescens GK13 (see Fig. S1 in the supplemental
material), except for the signal peptide region. The sequences of
both signal peptides suggested the implication of the general se-
cretion pathway (GSP), also called type II secretion system. GSP is
a two-step process in which the substrates are first translocated
over the cytoplasmic membrane by the Sec apparatus (13, 17, 50).
In the periplasm, the exoproteins fold into their (near-)native
conformation and are then recognized by proteins of the GSP
machinery via the xcp genes (13), which translocates the substrates
across the outer membrane. The two-step mechanism involves a
stopover of the secreted proteins into the periplasm, where the
protein is trapped only when the secretion machine is faulty. Ac-
cording to our findings, the PhaZBd might be secreted by the pred-
ator but not released to the extracellular medium by the prey bac-
teria. This issue opens new questions regarding the natural cellular
localization of the enzyme, since the extracellular medium for the
predator is either the periplasm of the prey or the culture medium
itself, depending on the life cycle stage.

The depolymerases have been classified as intra- or extracellu-
lar enzymes, with the exception of the PHB depolymerase from
Rhodospirillum rubrum (PhaZ1Rru), which is located in the
periplasm (25, 59). The physiological function of R. rubrum PHB
depolymerase remains to be elucidated, since PHB granules are
located intracellularly. PhaZ1Rru is close to extracellular PHB de-
polymerases, according to its sequence, its putative catalytic
amino acid triad, and the presence of a functional signal peptide,
although it differs by its inability to hydrolyze denatured PHB,
very likely due to the absence of a substrate-binding domain (25,
59). As expected, the mcl-PHA depolymerase from B. bacteriovo-
rus HD100 shares no amino acid homology with the PHB depoly-
merase of R. rubrum. However, as occurs in R. rubrum, despite the
existence of a signal peptide that is processed during transport
across the cytoplasmic membrane, we failed to detect extracellular
PhaZBd depolymerase activity after its expression in heterologous
hosts (E. coli and P. putida). Moreover, we demonstrate that the
processed depolymerase is accumulated in the periplasm. Since B.
bacteriovorus HD100 is an obligate predator that develops in the
periplasm of other bacteria, a periplasm-located depolymerase
makes sense physiologically, as it supports the host PHA degrada-
tion during the predator developmental cycle.

The PhaZBd shows high similarity to other extracellular mcl-
PHA depolymerases: it is 48% identical to that of Pseudomonas
alcaligenes (AAO73963.1), 45% identical to that of Rhodococcus
equi (ABN70847.1), 46% identical to that of P. alcaligenes
(AAQ72538.1), and 42% identical to that of Pseudomonas lu-
teola (AAV51817.1). PhaZBd is the most distant member in the
phylogenic tree of the extracellular mcl-PHA depolymerase
family (http://www.ded.uni-stuttgart.de/CONTENT/trees
/tree8.html), suggesting the existence of significant phylogenic
differences between PhaZBd and the mcl-PHA depolymerases
reported so far. From an evolutionary perspective, the high sim-
ilarity of PhaZBd and PhaZGK13 suggests acquisition of the encod-
ing gene from the prey bacteria by lateral gene transfer (LGT).
However, comparative analysis of the GC content of the PhaZBd

depolymerase-coding region to the whole genome of B. bacterio-
vorus HD100, showing 52.2% versus an average of 50.64%, sug-

gests an ancient acquisition of the gene, in agreement with previ-
ously published LGT studies of the predator bacterium reporting
that no cases of recent prey-derived LGT were detected (23, 47).

The genome of B. bacteriovorus HD100 codes for a second pu-
tative depolymerase (ORF Bd2637), classified as a member of su-
perfamily 2 of extracellular scl-PHA depolymerases (type 2) ho-
mologous family 6 in the PHA depolymerase database (29).
Whether this enzyme degrades prey PHA or plays other roles in
Bdellovibrio has been previously discussed by members of the Jur-
kevitch lab (14). These authors detected the expression of a pro-
tein similar to PHB granule-associated proteins, suggesting that
the predator might degrade the PHB produced by the prey. This
finding is in fact intriguing because B. bacteriovorus was not de-
scribed as a PHA producer strain. In this sense, we could not find
any other gene related specifically with PHA metabolism, includ-
ing genes for the prototype PHA synthases of classes I to IV (44).
Furthermore, the analysis of the flanking regions of the two de-
polymerase-coding genes, ORF Bd3709 (localized at the coordi-
nates 3591244 to 3590429 of the B. bacteriovorus HD100 genome)
and ORF Bd2637 (localized at the coordinates 2555631 to 2556614
of the B. bacteriovorus HD100 genome) did not show the presence
of related PHA metabolism-coding genes.

Another striking conclusion reached from this work is the use
of Tol-pal mutants for expressing heterologous enzymes, not only
in E. coli hosts but also in the generally recognized as safe (GRAS)-
certified strain P. putida KT2440 (60). In fact, we were able to
produce the PhaZBd depolymerase as an extracellular active form
in E. coli and P. putida hypersecretor Tol-pal mutants. The extra-
cellular production of the enzyme facilitates its biochemical char-
acterization. The enzyme specifically degrades mcl-PHA, being
inactive toward scl-PHA like PHB. The 3-HO-HO dimer was
identified as the main product of enzymatic hydrolysis by
HPLC-MS analysis, although the enzyme can also produce mono-
mers. The comparison between PhaZBd and PhaZGK13 reveals sev-
eral similarities with respect to the main hydrolytic products
(HO-HO dimers) or the inability to hydrolyze scl-PHAs (21, 52,
53). Regarding the biochemical characteristics, PhaZBd and
PhaZGK13 show several similarities like the PMSF inhibitory effect,
indicating that both enzymes behave as typical serine hydrolases
(21), but also clear differences; for example, the activity of PhaZBd

is not affected by the presence of the chelating agent EDTA, but it
is affected by DTT, which indicates the existence of essential di-
sulfide bonds for enzyme activity. PhaZBd differs from PhaZGK13

by its sensitivity against nonionic detergents such as Tween 80,
which suggests a hydrophobic region in the catalytic site.

PHA hydrolytic extracellular enzymes have always been con-
sidered part of the carbon source assimilation machinery (26). We
report genetic and biochemical evidence that B. bacteriovorus
HD100 encodes a novel mcl-PHA depolymerase as part of its po-
tential predatosome. Although the physiological role of this hy-
drolytic enzyme in terms of predator fitness is still an open ques-
tion, very likely it provides fatty acids as carbon sources to the
predator bacterium, which has a full complement of metabolic
enzymes needed for the beta-oxidation pathway of fatty acids
(47).
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