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Polyhydroxyalkanoates (PHAs) can be catabolized by many
microorganisms using intra- or extracellular PHA depolymer-
ases. Most of our current knowledge of these intracellular
enzyme-coding genes comes from the analysis of short chain
length PHAdepolymerases, whereasmedium chain length PHA
(mcl-PHA) intracellular depolymerization systems still re-
mained to be characterized. The phaZ gene of some Pseudomonas
putidastrainshasbeenidentifiedonlybymutagenesisandcomple-
mentation techniques as putative intracellular mcl-PHA depoly-
merase. However, none of their corresponding encoded PhaZ
enzymes have been characterized in depth. In this study the PhaZ
depolymerase from P. putida KT2442 has been purified and bio-
chemically characterized after its overexpression in Escherichia
coli. To facilitate these studies we have developed a new and very
sensitive radioactivemethod for detectingPHAhydrolysis in vitro.
We have demonstrated that PhaZ is an intracellular depolymerase
that is located in PHA granules and that hydrolyzes specifically
mcl-PHAs containing aliphatic and aromatic monomers. The
enzyme behaves as a serine hydrolase that is inhibited by phenyl-
methylsulfonyl fluoride. We have modeled the three-dimensional
structure of PhaZ complexed with a 3-hydroxyoctanoate dimer.
Using thismodel, we found that the enzyme appears to be built up
fromacore�/�hydrolase-typedomain cappedwith a lid structure
with an active site containing a catalytic triad buried near the con-
nection between domains. All these data constitute the first bio-
chemical characterization of PhaZ and allow us to propose this
enzyme as the paradigmatic representative of intracellular endo/
exo-mcl-PHA depolymerases.

Polyhydroxyalkanoates (PHAs)2 are biodegradable polyox-
oesters produced by a wide range of bacteria (see Fig. 1). These

compounds are accumulated as reserve granules (carbon and
energy storage material) in the cytoplasm when the environ-
mental conditions are not optimal for growth due to the limi-
tation of a required nutrient and an excess of a carbon source
(1–5). When growing conditions turn to carbon starvation,
accumulated PHA can be biodegraded to monomers and/or
oligomers, which are then reutilized by microorganisms as car-
bon and energy sources (6). PHAs are built from3-hydroxyfatty
acid monomers where the carboxyl group of one monomer
forms an ester bondwith the hydroxyl group of the neighboring
monomer (2). Because the hydroxyl-substituted carbon atoms
are of the R configuration conferring chirality to the biopoly-
mer (7), PHAs have been proposed as a source for the produc-
tion of chiral (R) hydroxyalkanoic acids, scaffolds for the syn-
thesis of value added products (8). The R moiety that can vary
from 1 to 11 carbon atoms is also present at this 3 position (Fig.
1), and, thus, short chain length PHAs (scl-PHAs) contain
monomers consisting of 4–5 carbon atoms, whereas medium
chain length PHAs (mcl-PHAs) are formed of monomers of
6–14 carbon atoms (2).
PHAs can be catabolized by many microorganisms through

extracellular or intracellular processes depending on the PHA
localization (6). In extracellular degradation, exogenous PHA is
utilized as a carbon and energy source. Extracellular PHA is
released by producermicroorganisms after death, and the gran-
ules spread into the environment are further hydrolyzed by
secreted enzymes intowater-soluble oligomers andmonomers.
The ability to degrade extracellular scl-PHAs is widespread
among bacteria in comparison to that of mcl-PHAs. Thus,
many extracellular scl-PHA depolymerases have been charac-
terized in depth over the last decade, and �20 genes have been
identified (6, 9–13). The prototype of extracellular mcl-PHA
depolymerases is that of Pseudomonas fluorescens GK13, and
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have been isolated and characterized (6, 14). On the other hand,
when a producer microorganism requires a carbon source,
intracellular PHA can be hydrolyzed by intracellular depoly-
merases, which seem to be anchored to the PHA granule (6, 15,
16). In contrast to extracellular depolymerases, intracellular
degradation of previously accumulated PHAs is poorly under-
stood. However, during the last years, the analysis of the
genomes of a paradigmatic polyhydroxybutyrate (PHB) pro-
ducer bacteria like Ralstonia eutropha strain H16 and other
related strains as well as the cloning and characterization of
several PHB depolymerases and oligomer hydrolases have
revealed the existence of a very complex PHBhydrolytic system
for this model microorganism (17–23). At least four types of
enzymes and some enzyme paralogs have been proposed as
putative components of this complex hydrolytic system (21).
Depending on the depolymerase isoenzymes synthesized by the
cell, the end reaction products can be oligomers, monomers,
dimers, or a mixture of oligomers, but the function of each
depolymerase isoenzyme has not yet been clearly determined
(17–23). Moreover, the expression of these isoenzymes should
be tightly regulated to guarantee the hydrolysis of the biopoly-
mer when required for its complete assimilation, but the char-
acterization of such complex regulatory system is just at the
preliminary stages (24, 25).
The only example of intracellular mcl-PHA degradation

described so far is that of themcl-PHAmobilization in different
bacterial species belonging to the genera Pseudomonas. The
pha genes involved in mcl-PHA metabolism in these strains

have been cloned and sequenced (see Fig. 2). This pha cluster is
composed of two synthase-coding genes (phaC1 and phaC2), a
putative regulatory gene (phaD), two coding phasin genes hav-
ing structural and regulatory functions (phaF and phaI) (24,
26), and the phaZ gene located between the synthase-coding
genes whose product is similar to members of the family V of
bacterial lipolytic enzymes containing a potential lipase box
(27). Interestingly, the first report describing a process of mcl-
PHA mobilization demonstrated the existence of self-hydroly-
sis of the granules in a strain of Pseudomonas oleovorans (15,
28), whereas an mcl-PHA intracellular depolymerase activity
was ascribed to the phaZ gene firstly in Pseudomonas putida
GPo1 (formerly known as P. oleovoransGPo1) (26) and later in
P. putida U only by using mutagenesis/complementation
experimental approaches (29, 30). Nevertheless, a biochemical
demonstration that phaZ encodes a depolymerase enzyme
remained to be presented.
In this work the PhaZ from P. putida KT2442 has been puri-

fied and characterized after its overexpression in a heterolo-
gous host. Therefore, we presented the first formal biochemical
evidence that PhaZ is certainly an intracellular mcl-PHA depoly-
merase, becoming the prototype of this relevant enzyme family.

EXPERIMENTAL PROCEDURES

Materials—n-Phenylalkanoic acids and n-alkanoic acids
were supplied by Lancaster Synthesis or by Sigma.
[1-14C]Octanoic acid (50 mCi/mmol) was from Americans
Radiolabeled Chemicals. All other products were of analytical
quality or high-performance liquid chromatography grade.
Bacterial Strains, Media, and Growth Conditions—The bac-

terial strains used in this study are listed in Table 1. P. putida
KT2442 is a derivative strain of the parental strain KT2440
whose complete genome nucleotide sequence of the genome is
accessible in the data bank.Unless otherwise stated,Escherichia
coli and P. putida strains were grown in Luria-Bertani (LB)
medium (34) at 37 °C and 30 °C, respectively. The appropriate

FIGURE 1. Chemical structure of PHAs. PHAs are generally composed of
(R)-�-hydroxy fatty acids, where the pendant group (R) varies from methyl
(C1) to undecyl (C11). The best-known PHAs are PHB (R � methyl), P(HB-co-
HV) (R � methyl or ethyl), and P(HO-co-Hx) (R � pentyl or propyl).

TABLE 1
Bacterial strains, plasmids, and primers

Relevant genotype or phenotype or sequence Reference
Strains
P. putida
GPo1 OCT, PHA, ATCC 29347 31
KT2442 hsdMR 32
U CECT 4848 33
U (PhaZ�) �phaZ::pK18mob 29
E. coli
DH5� Host for E. coli plasmids 34
M15 Host for pQE plasmids Qiagen
S17-1(�-pir) Host for pBBR1MCS5-derived plasmids 35

Plasmids
pUC18 Apr, cloning plasmid 34
pBBR1MCS5 Gmr, broad range cloning plasmid 36
pQE32 Apr, T5 promoter, lac operator Qiagen
pREP4 Kmr, LacI Qiagen
pPAZ1 pUC18 derivative containing phaZ gene from P. putida KT2442 This study
pPAZ2 pBBR1MCS5 derivative containing phaZ gene from P. putida KT2442 This study
pPAZ3 pQE32 derivative containing phaZ gene from P. putida KT2442 This study

Primersa
PHAZ1 AAGAATTCTCTAGAGGGTATTAATAATGCCGCAACCCTATATTTTCAG
PHAZ2 CAGATATCAAGCTTGGCCGCAGCTGTTTCA
PHAZ3 CCCCAAGCTTAACCAAGAGTCACGTGCATGCC
PHAZ4 CGCGGATCCTCAGGCCGCAGCTGTTTCA
PHAZQE CGGGATCCCGCAACCCTATATTTTCAGGAC

aEngineered endonuclease sites on the oligonucleotides used for the cloning are shown underlined.
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selection antibiotics, gentamicin (10 �g/ml), chloramphenicol
(34�g/ml), kanamycin (50�g/ml), or ampicillin (100�g/ml)were
added when needed. For poly(hydroxyoctanoate-co-hydroxyhex-
anoate) (P(HO-co-HX)) andpoly(hydroxynonanoate-co-hydroxy-
heptanoate) (P(HN-co-HP)) productions, P. putida GPo1 strain
was grown in 0.1 N M63, which is a nitrogen-limited minimal
medium (13.6 g of KH2PO4/liter, 0.2 g (NH4)2SO4/liter, 0.5 mg
FeSO4�7 H2O/liter, adjusted to pH 7.0 with KOH), plus 15 mM
octanoic acid (P(HO-co-HX) production) or 10 mM nonanoic
acid (P(HN-co-HP) production), for 24 h as previously
described (37). To study the induction of PhaZ enzyme produc-
tion in growing cells, M63 medium (38) containing 20 g of
(NH4)2SO4/liter was used.
For polyhydroxyphenylalkanoates (PHPhAs) production,

the strain P. putida U was cultured in a chemically defined
medium as described before (33, 39) containing different con-
centrations of n-phenylalkanoic acids as the sole carbon
sources (29, 39). Growth was monitored with a Shimadzu
UV-260 spectrophotometer at 600 nm.
DNA Manipulations and Plasmid Constructions—DNA

manipulations and other molecular biology techniques were
essentially performed as described previously (34). Transfor-
mation of E. coli cells was carried out by using the RbClmethod
or by electroporation (GenePulser, Bio-Rad) (40). Plasmid
transference to the target Pseudomonas strains was done by the
filter-mating technique (35). DNA fragments were purified by
standard procedures using Gene Clean (Bio 101, Inc., Vista,
CA). Plasmids and oligonucleotides used in this study are listed
in Table 1. To construct pPAZ1, the 904-bp DNA fragment
coding for the PhaZ depolymerase was PCR-amplified by using
the oligonucleotides PHAZ1 and PHAZ2 using the total DNA
of the strain P. putida KT2442 as template. For PCR amplifica-
tions, we used 2 units of AmpliTaq DNA polymerase
(PerkinElmer Life Sciences), 1 �g of DNA template, 1 �g of
each deoxynucleoside triphosphate, and 2.5 mM MgCl2 in the
buffer recommended by the manufacturer. Conditions for
amplification were chosen according to the G � C content of
the corresponding oligonucleotides. The PCR product was
digested with the engineered endonucleases (Table 1) and
cloned in pUC18 or in the corresponding expression vector.
Similar procedures were applied to generate the plasmids
pPAZ2 and pPAZ3 (Table 1). In the case of pPAZ2, the oligo-
nucleotides appliedwere PHAZ3 andPHAZ4, and the resulting
PCR product was of 891 bp. For pPAZ3 construction, the prim-
ers PHAZQEandPHAZ2were used, and the PCRamplification
product was of 884 bp. Nucleotide sequences were determined
directlywith the same oligonucleotides used for cloning. Stand-
ard protocols of the manufacturer for TaqDNA polymerase-
initiated cycle sequencing reactions with fluorescently labeled
dideoxynucleotide terminators (Applied Biosystems Inc.) were
used. All these constructions were confirmed by sequencing
using an ABI Prism 3730 DNA Sequencer.
Purification of PhaZ Depolymerase—A preculture of E. coli

M15 (pREP4, pPAZ3) cells was incubated overnight in LB
medium plus ampicillin and kanamycin. Culture was diluted
until an optical density at 600 nm (A600) of 0.1. When A600
reached 0.5 the culture was induced with 0.1 mM isopropyl
1-thio-�-D-galactopyranoside, and cells were further incubated

for 4 h. 500 ml of culture was resuspended in 40 ml of lysis
buffer (50 mM sodium phosphate, pH 8.0, 5 mM Tris-HCl, 20
mM imidazole, 300 mM NaCl). Cells were broken by a 4-fold
passage through a French press (1,000 p.s.i.) and centrifuged at
27,000 � g. The supernatant was loaded onto 2 ml of Ni-NTA-
agarose column (Qiagen) equilibrated with the washing buffer
(50 mM sodium phosphate, pH 8.0, 5 mM Tris-HCl, 300 mM
NaCl, 75 mM imidazole) at 0.5 ml/min. After loading, the col-
umn was washed with ten volumes of the same washing buffer
and then eluted with the elution buffer (50 mM sodium phos-
phate, pH 8.0, 5 mM Tris-HCl, 300 mM NaCl, 500 mM imidaz-
ole) at 0.25ml/min.All the purification stepswere carried out at
4 °C.
Electrophoretic and Immunological Techniques—SDS-PAGE

was performed routinely as described before (34).Western blot
analysis was performed with the ECLWestern Blotting Detec-
tion Kit (Amersham Biosciences) according to the protocol
described by the manufacturer. Rabbit polyclonal antiserum
against PhaZ was generated by using SDS-PAGE-separated
PhaZdepolymerasematerial as the antigen. Protein band quan-
tifications were carried out by using a PhosphorImager (Molec-
ular Dynamics).
Characterization of the Biopolyesters PHAs and PHPhAs—

PHAs and PHPhAs were isolated following the procedure
reported before (41) fromcells grown in the describedmedia (see
above). The PHPhA and PHA compositions were analyzed by
NMR and gas chromatography as indicated previously (39, 42).
PHA Depolymerase Radioactive Assay—To prepare the sub-

strate for the radioactive assay P. putida GPo1 strain was cul-
tured in 200 ml of defined medium as described for P(HO-co-
HX) production (see above), in the presence of 10 �Ci of
[14C]octanoic acid. After 24 h of incubation, cells were har-
vested and resuspended in 3 ml of TE buffer (10 mM Tris�HCl,
pH 7.5, 1 mM EDTA) plus 1 mg/ml lysozyme (Sigma) and equal
volume of glass beads (150–212 �m, Sigma). The mixture was
kept at 37 °C for 60 min and disrupted by shaking in a vortex
mixer. The pellet fraction was isolated by centrifugation at
16,000� g for 25min and suspended on 2ml of saline solution.
To eliminate nucleic acids, 2 mg of DNase (2,000 units/mg,
Sigma) and 0.1 mg of RNase (100 units/mg, Sigma) were added
and incubated 1 h at 37 °C. Finally, the mixture was incubated
overnight at 60 °C in the presence of 1 mg of proteinase K (30
units/mg, Sigma). The solution was centrifuged at 16,000 � g
for 25 min, and the pellet fraction was dissolved in 10 ml of
chloroform. To extract water-soluble cell components, 2 ml of
water was added and the organic and aqueous phases were
mixed by vortexing and then separated by centrifugation at
5,000 � g. The organic phase was transferred into a new tube.
The procedure was repeated by adding 10 ml of chloroform to
the aqueous phase. The chloroform solutionwas precipitated in
ice-cold methanol (10-fold excess) under vigorous stirring.
After decanting the methanol/chloroform solvent mixture, the
resulting polymer was air-dried overnight and stored at room
temperature. The yield was 80 mg of [14C]P(HO-co-HX) (18
nCi/mg). This labeled polymer, hereafter named PHA*, was
used to prepare a polymer/water emulsion (PHA* latex) as pre-
viously described (14), which was applied as substrate to assay
the depolymerase activity of the PhaZ enzyme. To avoid unspe-
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cific binding of the PhaZ to the polymer substrate, 25 �l of
PHA* latex (6 �g/�l) was preincubated in the presence of 0.02
mg/ml lysozyme for 10 min at room temperature. The assay
mixture of 250 �l contained 0.6 mg/ml lysozyme-preincubated
PHA* latex, 0.2 M Tris-HCl, pH 8.0, 0.3 M NaCl, and 5 �l of
crude extract (10 �g/�l) or purified enzyme (0.1 �g/�l). The
mixture was incubated at 37 °C for 30min, and the reactionwas
stopped by adding 10 �l of formaldehyde. The samples were
centrifuged at 16,000� g for 25min at 4 °C, and the radioactiv-
ity in 200-�l portions of the supernatant was determined in a
scintillation counter. One unit of depolymerase activity by this
method (units*) was defined as the amount of enzyme that
catalyzes the hydrolysis (solubilization) of 1 �g of PHA* in 1
min. This assay was used to determine optimum pH and
temperature as well as to study the thermal stability of PhaZ.
For this latter determination, purified PhaZ was incubated
from 20 to 65 °C at time intervals from 5 to 60 min.
PHADepolymerase Turbidimetric Assay—Native granules of

P(HO-co-HX) (P(HO-co-HX)n) were prepared from crude
extracts of P. putida GPo1 strain cultured in 200 ml of defined
medium as described for (P(HO-co-HX)) production (see
above) by glycerol density gradient centrifugation (37). Artifi-
cial cholate-coated granules ((P(HO-co-HX)s) were prepared
by emulsifying 300 �l of a PHA or PHPhAs solution in chloro-
form (12.5% (w/v)) in 3 ml of 50 mM sodium cholate by ultra-
sonication and subsequent evaporation of the solvent following
the method described previously (43). These artificial granules
were further purified by glycerol density gradient centrifuga-
tion. Artificial granules of (P(HO-co-HX) were also prepared in
the absence of cholate (P(HO-co-HX)w) as described previ-
ously (14). A turbidimetric assay method was performed as
described elsewhere (11). A reaction mixture of 500 �l con-
tained 1.8 �g of PhaZ, 250 �g of substrates, 0.2 M Tris-HCl, pH
8.0, 0.3 M NaCl. One unit of depolymerase activity by turbidi-
metric assay (unitsA) is defined as the amount of enzyme that
catalyzes the decrease of one A650 unit per min. Alternatively,
one unit of depolymerase activity (unitsPHA) is defined as the
amount of enzyme that catalyzes the hydrolysis (solubilization)
of 1 �g of PHA in 1 min.
Lipolytic and Esterase Activity Assays—Rhodamine B-1,2,3-

tri-(9Z-octadecenoyl)-sn-glycerol and 1,2,3-tributyryl-sn-glyc-
erol plates were used to test PhaZ lipolytic activity as described
elsewhere (44). The activity assays against other triacylglycerols
were carried out by both rhodamine B plates and turbidimetric
methods. Esterase activity against p-nitrophenylhydroxyal-
kanoates with a chain length of the fatty acid moiety of 2–16
carbon atoms was performed according to the procedure
described previously (11).
Identification of the Products Released from PHA after Enzy-

matic Hydrolysis—For the identification of the PhaZ hydrolysis
products, four reaction mixtures were subjected to enzymatic
hydrolysis in parallel with 250�g of P(HO-co-HX)w at different
reaction times (1, 12, 30, and 360min). The first three mixtures
were developed in the presence of 1.8 �g of PhaZ as a standard
turbidimetric assay. Because the enzyme loses most of the
activity after incubation at 37 °C for 30 min, the last reaction
mixture was supplemented every 60 min with an aliquot of 1.8
�g of functional PhaZ, to ensure the complete hydrolysis of the

polymer. The degradation products were analyzed by analyzing
the supernatant of the reaction mixture by mass spectrometry.
The LC-MS experiments were carried out on a Finnigan Sur-
veyor (Thermo Electron) pump coupled with a Finnigan LCQ
Deca (Thermo Electron) ion trap mass spectrometer. The sep-
arationwas performed at room temperature on a 100� 2.1mm
(3-�m particle size) Hypersil HyPurity C18 column (Thermo
Electron) at a flow rate of 100�l/min and an injection volumeof
5 �l. The mobile phase was 0.1% ammonium hydroxide in
water (A) and 0.1% ammonium hydroxide inmethanol (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, then kept constant for 20 min, ramped to the original
composition in 1 min, and then equilibrated for 10 min. The
detection was monitored by 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 � 50–1500).
Homology Modeling of PhaZ—The three-dimensional struc-

ture of PhaZwasmodeled using Swiss PDBViewer 3.7 (45). The
template used was the hydrolase CumD from P. fluorescens
IP01 complexed with isobutyrate (46) (PDB code 1IUP). Raw
structures obtained from fitting were subjected to steepest
descent energy minimization. A dimer of 3-hydroxyoctanoic
acid (HO) was generated using the ChemOffice 8.0 utilities
(CambridgeSoft) and was manually docked onto the PhaZ
model usingRASTOP2.0.2. (available atwww.geneinfinity.org/
rastop/). The figures were rendered with RASMOL 2.7.1 (47).

RESULTS

In Vivo Functionality of PhaZ from P. putida KT2442 by
Using P. putida U (PhaZ�) as Host—P. putida KT2442 is a
model strain in environmental biotechnology characterized by
a wide metabolic and physiologic versatility (32, 48) that is able
to producemcl-PHA from a broad carbon substrate range (49).
The pha gene cluster of this strain is similar to that of other
mcl-PHAs producers (45–99% identity) (Fig. 2). Remarkably,
the phaZ gene showed a 96% identity with the homologous
gene of P. putida GPo1 and U strains (26, 29, 30). To confirm
the functionality of the phaZ gene of P. putida KT2442, we
tested its capacity to complement themutant strain P. putidaU
(PhaZ�) by constructing the plasmid pPAZ2, a phaZ shuttle
expression vector derived from pBBR1MCS5, able to replicate
in Pseudomonas strains. After 24 h of fermentation in the pres-
ence of octanoic acid the P. putidaU (PhaZ�) (pPAZ2) recom-
binant cells produced only 12.5% of PHA (w/w of dry cell
weight), which is just half of the amount of PHA produced by
the parental strain P. putida U (PhaZ�) transformed with the
control plasmid pBBR1MCS5 (27%w/w of dry cell weight) (Fig.
3). This result demonstrated that the cloned phaZ gene of P.
putidaKT2442 produces a functional PhaZ that is able to com-
plement the PhaZ� deficiency reducing the PHA content of the
mutant cells. Nevertheless, although the reduction of PHAcon-
tent confirmed that phaZ gene of P. putida KT2442 was truly
functional, this was still an indirect evidence of its putative
depolymerase role and a direct biochemical demonstration
that this gene certainly encodes such enzyme remained to be
investigated.
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Cloning and Overexpression of the phaZ Gene from P. putida
KT2442 in E. coli—The first approach to biochemically charac-
terize the phaZ gene product was to construct a recombinant
E. coli strain producing the PhaZ protein. Fig. 4A (lane 2) shows
that E. coli DH5� (pPAZ1) overproduced a protein of 33 kDa,
which is in agreement with the molecular mass of PhaZ
deduced from its amino acid sequence (31.4 kDa). Although
most of the overproduced PhaZ protein was deposited with the
insoluble fraction of the crude extract (Fig. 4A, lanes 3–6) a
Western blot analysis demonstrated that a very low but detect-

able amount of soluble PhaZprotein
was present in the supernatant of
the crude extract after ultracentrif-
ugation (Fig. 4B).
We analyzed the activity of the

PhaZ-soluble enzymeusingp-nitro-
phenyl esters and P(HO-co-HX) in
its different forms (native granules
or latex preparations) as putative
substrates. Assays were tested by
gas chromatography-MS analysis of
the supernatant (50), turbidimetric
method (11), or gravimetric analysis
(28). Unfortunately, we did not
detect any activity of PhaZ by these
analyses.
Assuming that these methods

could not be sensitive enough to
detect the PhaZ activity in crude
extracts, we set up a novel andmore
sensitive assay to detect the PHA
hydrolysis in a quantitative way. To
this aim,we generated a [14C]P(HO-
co-HX) latex (PHA* latex) from P.
putida GPo1 strain by incorporat-
ing 14C-labeled monomers into the
polyester. Cells were cultured under
PHA production growth conditions
in the presence of 14C-labeled
octanoic acid as carbon source.
Remarkably, we were able to detect
the solubilization of 35 �g of PHA*
latex after its incubation at 37 °C

overnight with the soluble crude extract of E. coli DH5�
(pPAZ1). As expected, the control sample from E. coli DH5�
(pUC18) did not release to the supernatant radioactive-soluble
products. These results demonstrated that PhaZ produced in
E. coli was responsible for the polymer solubilization and,
moreover, the new developed method paved the way to detect
the activity of the PhaZ depolymerase in a very high sensitive
assay extremely useful to deal with its purification.
Purification of PhaZ Depolymerase and Characterization of

Its Biochemical Properties—To purify the protein PhaZ by
affinity chromatography, we constructed the His-tagged PhaZ
overproducer strain E. coli M15 (pREP4, pPAZ3). Although
most of the fused PhaZ protein sedimented as insoluble inclu-
sion bodies (Fig. 5A), we were able to detect PHA hydrolysis in
the soluble supernatant of crude extracts, suggesting that at
least a significant fraction of the protein was produced in a
soluble form (Fig. 5B). Thus, the soluble PhaZ enzyme could be
purified by metal-chelate chromatography (Fig. 5A) showing a
specific activity of 14,100 units*/mg of protein. PhaZ showed
the optimal activity at pH 8.8 and 43 °C. However, the enzyme
was very unstable above 37 °C, becoming inactive after 30 min
of incubation at this temperature. Depolymerase activity
decreases to 25 and 50% at pH 7.0 and 10.5, respectively. For
optimal activity, it was extremely important to maintain a high
ionic strength (300mMNaCl) in the reactionmixture (Table 2).

FIGURE 2. Comparative representation of the pha gene cluster and flanking regions from different
strains. The genes phaC1 and phaC2 encode two synthases and are separated by the phaZ gene that encodes
an intracellular depolymerase. phaD gene encodes a putative transcriptional regulator. phaF and phaI genes
code for phasins and are transcribed in opposite direction. Arrows indicate the different genes, their relative
sizes, and the transcriptional direction. Numbers inside the genes represent the percentage of protein identity
with respect to that of P. putida KT2440 strain. When complete genomes are sequenced, coordinates are shown
under the name of the strain. GenBankTM accession numbers are indicated on the right.

FIGURE 3. Phase-contrast microscopy of P. putida U PhaZ� strain comple-
mented with plasmid pPAZ2. Left, P. putida U (PhaZ�) transformed with
pBBR1MCS5. Right, P. putida U (PhaZ�) bearing pPAZ2 that produces the
PhaZ depolymerase. Bars represent 3 �m.
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A similar effect was observed using KCl instead of NaCl, sug-
gesting that the effect was not cation-dependent. Particularly,
although MgCl2 did not affect enzyme activity, CaCl2 caused a
significant inhibition (88%). Serine esterase inhibitors, such as
phenylmethylsulfonyl fluoride or dodecyl sulfonyl chloride,
inhibited the depolymerase activity up to 70% suggesting that
the enzyme behaves as a typical serine hydrolase (Table 2).
However, reducing agents such as dithiothreitol or 2-mercap-
toethanol only reduced 20% the enzymatic activity, suggesting
that cysteines are not involved in enzyme activity. Ionic and
nonionic detergents, except sodium cholate, clearly inhibited
PhaZ activity, even at very low concentrations (Table 2).
Substrate Specificity Range of the PhaZ Depolymerase—Al-

though turbidimetric assays did not provide enough sensitivity

to detect PhaZ activity in crude extracts, once PhaZ was puri-
fied we reconsidered this method to comparatively and quanti-
tatively measure the enzyme activity on other substrates,
because radioactive PHA precursors are not always commer-
cially available. Thus, we compared the activity of PhaZ onnon-
radioactive P(HO-co-HX)w prepared as PHA* latex but using
nonradioactive octanoic acid (see “Experimental Procedures”).
Considering an apparent extinction coefficient for P(HO-co-
HX)w of 1.44 �l �g�1cm�1, we calculated the specific activity
of PhaZ as 12,860 unitsPHA/mg of protein by using the turbidi-
metric assay. This value is in perfect agreement to the specific
activity determined by the radioactive assay (14,100 units*/mg
of protein) confirming the reliability of both procedures to
detect PhaZ mediated hydrolysis. Nevertheless, it is important
to notice that the radioactive method is 10-fold more sensitive
than the turbidimetric assay in terms of detection limits for
PhaZ activity (see below).
The PhaZ activity was also determined turbidimetrically by

using artificial granules of P(HO-co-HX)s prepared in the pres-
ence of sodium cholate as surfactant and compared with that of
the natural substrate, the native granules of P(HO-co-HX)n (i.e.
granules containing associated proteins (GAPs)) (Table 3).
Interestingly, PhaZ hydrolyzes both heteropolymers with sim-
ilar activity independently of the presence of GAPs.

FIGURE 4. Production of PhaZ in E. coli. A, hyperproduction of PhaZ in E. coli.
SDS-PAGE analysis: lane 1, E. coli DH5� (pUC18) entire cells; lane 2, DH5�
(pPAZ1) entire cells; lane 3, E. coli DH5� (pUC18) supernatant fraction; lane 4,
E. coli DH5� (pPAZ1) supernatant fraction; lane 5, E. coli DH5� (pUC18) pellet
fraction; lane 6, E. coli DH5� (pPAZ1) pellet fraction. Arrow shows the position
of the PhaZ enzyme. B, Western blot analysis with rabbit antiserum against
the PhaZ protein. E. coli DH5� (pPAZ1) pellet fraction (lane P) and supernatant
fraction (lane S). Anti-PhaZ serum was used at 1:5000 dilution. Molecular
masses of the standard markers (in kilodaltons) are indicated on the right.

FIGURE 5. Purification of an active PhaZ protein. A, SDS-PAGE analysis of
E. coli M15 (pREP4, pPAZ3) strain. Lane 1, E. coli M15 (pREP4, pPAZ3) superna-
tant fraction; lane 2, E. coli M15 (pREP4, pPAZ3) pellet fraction; lane 3,
unbound fraction to nickel-nitrilotriacetic acid-agarose column; lane 4, puri-
fied protein. Molecular masses of the standard markers (in kilodaltons) are
indicated on the left. B, PHA hydrolysis of the soluble fraction of E. coli M15
(pREP4, pPAZ3) (continuous line) and of E. coli M15 (pREP4, pQE32) (discontin-
uous line).
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Because the activity of PhaZ depolymerase was not affected
by the addition of sodium cholate, this detergent was utilized to
prepare artificial granules of different PHAs to be used as sub-
strates in the turbidimetric assay. Table 3 shows that turbidi-
metric clearance was detectable when other mcl-PHAs like the
heteropolymer P(HN-co-HP) containing 55% of 3-hydroxy-
nonanoic acid and 45% of 3-hydroxyheptanoic acid, and mcl-
PHAs containing aromatic monomer such as phenyl-hydroxy-
alkanoates of 6 (PHPhH), 7 (PHPhh), and 8 (PHPhO) carbon
atoms in the aliphatic chain were used as substrates (Table 3).
Remarkably, PHB was hardly solubilized demonstrating that
PhaZ is specific for mcl-PHAs. Other typical substrates for
lipases or esterases such as triacylglycerols or p-nitrophenylal-
kanoate were not significantly hydrolyzed by PhaZ. All these
results taken together suggest that PhaZ is a PHAdepolymerase
that specifically hydrolyzes mcl-PHAs containing aliphatic and
aromatic monomers.
Products of the Enzymatic PHAHydrolysis—The time course

of depolymerase reaction was followed by LC-MS using a C18
column, which allowed us to quantify the amount of released
monomer and dimer esters of HO (see “Experimental Proce-
dures”). Fig. 6A shows the LC-MS analysis of commercial HO
used as control. This analysis revealed the existence of two
chromatographic peaks, a large peak with a retention time of
�10min (peak 1) and a small peak with a retention time of�15
min (peak 2). The ESI(�) analysis of peak 1 (Fig. 6I) provided
two main single charged negative ions that perfectly matched
the molecular masses of the deprotonated HO monomer (m/z

159) and of the dimer adduct of HO monomer (m/z 319),
whereas the analysis of peak 2 (Fig. 6J) showed two main single
charged negative ions corresponding to the molecular masses
of the deprotonated HO diester (m/z 301) and of the dimer
adduct of HO diester (m/z 603). Interestingly, this result indi-
cates that commercial preparations of HO are slight contami-
nated with HO dimer providing us an unexpected additional
control for our analysis. Fig. 6 (B–F) shows the depolymerase
degradation products (monomers and dimers) of P(HO-co-
HX) granules analyzed by LC-MS at different times (0–6 h) of
enzymatic hydrolysis. The chromatogram depicted in Fig. 6D
(12 min of hydrolysis) clearly illustrates that at short reaction
times the amount of dimers released by the depolymerase was
higher than that of monomers. It is worth noting that the peak
at 15min shows the expected ESI(�) mass spectrum of the HO
diester (Fig. 6H), whereas the minor peak at 14 min (peak 3)
corresponds to the Hx-HO dimer (data not shown). However,
when the reaction was completed after 6 h of hydrolysis (Fig.
6F), the dimer disappeared being only able to detect the mon-
omer, which presents the typical ESI(�) mass spectrum of HO
(Fig. 6G). Remarkably, these results indicate that PhaZ depoly-
merase behaves as endo- and exo-hydrolases being able to
hydrolyze both large and small polyester molecules to accom-
plish the total degradation of mcl-PHA.
Subcellular Localization of the PhaZ in P. putida KT2442—To

analyze the cellular localization of PhaZ in P. putida KT2442, we
studied byWestern blot analyses the presence of the enzyme in
the soluble and granule fractions of this strain cultured under

TABLE 2
Dependence of purified PhaZ depolymerase from ions and inhibitor
studies
Values are the average of three independent experiments.

Addition Concentration Activity
mM %

None 18
NaCl 25 17

50 32
100 56
150 92
300 100

KCl 25 26
50 20

100 47
150 60
300 80

MgCl2a 1 100
CaCl2a 1 12
Dithiothreitola,b 1 78
Mercaptoethanola,b 1 80
Phenylmethylsulfonyl fluoridea,b,c 10 31
SDSa 0.002 88

0.02 0
Triton X-100a 0.002 100

0.02 50
Tween-20a 0.002 42

0.02 0
Tween-80a 0.002 48

0.02 0
Sodium cholatea 0.002 76

0.02 79
0.2 79
2 77

aThe assays were carried out in the presence of 300 mM NaCl.
bEnzyme was preincubated 10 min at room temperature in the presence of the
inhibitor. After 10min the depolymerase and the inhibitorwere added to the assay
system; the final concentration of the inhibitor and protein was 10 times lower
than that of the preincubation solution.

cDissolved in isopropanol; value has been corrected for inhibition by the solvent.

TABLE 3
Substrate specificity of purified PhaZ depolymerase
Values are the average of three independent experiments. Monomer percentages in
the composition of the polymers are indicated in parentheses.

Substrate Relative activity
Triacylglycerolsa
1,2,3-Tributyryl-sn-glycerol �b

1,2,3-Trioctanoyl-sn-glycerol NDc

1,2,3-Tridecanoyl-sn-glycerol ND
1,2,3-Tridodecanoyl-sn-glycerol ND
1,2,3-Tri-(9Z-octadecenoyl)-sn-glycerol ND

p-Nitrophenylalkanoatesd
p-Nitrophenyl propionate ND
p-Nitrophenyl butyrate ND
p-Nitrophenyl valerate ND
p-Nitrophenyl caprylate ND

Native granulese
P(HO-co-HX)n (HO: 87%; HX: 13%) 100

Artificial granulesf
dH2O
P(HO-co-HX)w (HO: 87%; HX: 13%) 91

Sodium cholate
P(HO-co-HX)s (HO: 87%; HX: 13%) 94
PHPhH (100%) 10
PHPhh (100%) 46
PHPhO (100%) 36
P(HN-co-HP) (HN: 55%; HP: 45%) 47
PHB(100%) 4

aTriacylglycerol lipolytic activity was assayed in rhodamine plates and by clearing
halo test.

bA very low but detectable activity was observed when the assay was developed
overnight.

cND, not detected.
dEsterase activity against p-nitrophenylalkanoates was assayed by colorimetry.
eOne unit (unitA650) of turbidimetric specific activity is defined as the decrease of
one A650 unit per min.

fArtificial granules were prepared in the absence (dH2O) or in the presence of
sodium cholate.

PHA Depolymerase from P. putida

FEBRUARY 16, 2007 • VOLUME 282 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4957

 at C
SIC

 - C
entro de Investigaciones B

iológicas on February 9, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


FIGURE 6. Identification of the P(HO-co-HX) hydrolysis products catalyzed by PhaZ. A–F, LC-MS analysis of reaction products. A, commercial HO; B, reaction at time
zero; C, reaction at 1 min; D, reaction at 12 min; E, reaction at 30 min; F, reaction at 6 h. G–J, ESI-MS analysis of peaks depicted in chromatograms A–F. G, peak 1 of reaction
at 6 h; H, peak 2 of reaction at 12 min; I, peak 1 of commercial HO; J, peak 2 of commercial HO.
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mcl-PHAproduction conditions (Fig. 7). These analyses clearly
demonstrated that PhaZ forms part of the GAPs.Moreover, we
observed that PhaZ is produced in parallel with polyester syn-

thesis. Taking into account that themobilization ofmcl-PHA in
Pseudomonads is promoted under non-nitrogen limitation (26,
50) we tested the influence of PhaZ production in this event.
Thus, the de novo synthesis of PhaZ was checked in these cells
by transferring them to a non-nitrogen-limited defined
medium (Fig. 7, lanes 3 and 4). Interestingly, PhaZ protein con-
tent of the granules obtained under non-nitrogen limitation
was 4-fold higher than that of the granules isolated from mcl-
PHA-producing cells. Furthermore, it should be noticed that
also in this case the PhaZ enzyme was exclusively detected in
the granule fractions (Fig. 7, lanes 1 and 3). These results agree
with those described for a depolymerase activity of P. oleo-
vorans, which is also associated to mcl-PHA granules (51).
Surprisingly, some hybridizing bands reactive to the anti-

PhaZ antibodies were detected in the supernatant fractions
(Fig. 7, lanes 2 and 4), beingmore intense in the fraction isolated
from non-nitrogen-limited cells (Fig. 7, lane 4). Because these
bands do not correlate with the molecular mass of PhaZ or
putative degradation products we could not ascribe them to
known proteins so far.
Modeling of PhaZ Depolymerase Three-dimensional

Structure—Taking into account that the primary structure of
PhaZ displays a significant similar-
ity with proteins whose three-di-
mensional structure has been
solved, we built a structural model
of PhaZ to gain insight into the
molecular basis of its enzymatic
properties. The highest similarity
was found with the meta-cleavage
product hydrolase from P. fluore-
scens IP01 (CumD protein) (46), the
C–C bond hydrolase MhpC from
E. coli (52), and the aryl esterase PFE
from P. fluorescens (53). All of these
display similar architectures, with a
conserved core domain of the �/�-
hydrolase type and a helical “lid”
domain packed onto the surface of
the former. To construct the three-
dimensional model of PhaZ we
chose the CumD enzyme as tem-
plate (20% amino acid identity and
36% similarity), because its struc-
ture complexed with a cleavage
product was available, and it might
help in modeling the structure of
PhaZ complexed with its own
substrate.
Fig. 8 (A and B) shows the two-

domain structure assumed for
PhaZ. The core domain is formed by
a central 8-stranded �-sheet with
�-helices packed on both sides. Res-
idues 133–192 would be structured
as five �-helices connected by loops
and constituting the closing lid
domain. Many hydrolases and

FIGURE 7. Identification of PhaZ as granule-associated protein. Western
blot analysis was used to determine the expression of PhaZ in P. putida
KT2442. Cultures were grown in nitrogen-limited conditions for 24 h (lanes 1
and 2), shifted to non-nitrogen-limited media, and further incubated for 3 h
(lanes 3 and 4) (see “Experimental Procedures”). Samples of the gel corre-
spond to granule (lanes 1 and 3) and concentrated supernatant fractions
(lanes 2 and 4) from 1.3 ml of culture. Anti-PhaZ serum was used at 1:5000
dilution. Standard size markers (in kilodaltons) are indicated on the right.

FIGURE 8. Model of the three-dimensional structure of PhaZ using CumD hydrolase as template. A, general
diagram; B, ribbon diagram, depicting the core domain (magenta) and the lid domain (cyan). Residues Ser102 (blue),
His248 (green), and Asp221 (orange), and a docked theoretical dimer of HO are depicted in wire frame representation;
C, van der Waals representation of the upper surface of the core domain. The lid domain has been removed for
clarity. Substrate and active site residues are colored as in B, whereas Asn35 is colored in cyan. Hydrophobic and polar
residues are shown in yellow and gray, respectively; D, disposition of the catalytic triad around the substrate.
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lipases with the �/�-hydrolase fold have been described as
making use of a “catalytic triad” of Ser-His-Asp residues to
accomplish catalysis. According to this mechanism, the
hydroxyl group of the Ser residue is deprotonated and carries
out a nucleophilic attack to the carbon atom in the ester bond,
while the His and Asp residues stabilize the deprotonated state
of the Ser side chain. As depicted in Fig. 8B, Ser102, Asp221, and
His248 are located in close proximity, in one side of the core
domain, facing the lid and near a presumed hinge between
domains. Therefore, the model supports the possibility that
these residues might conform to the active site of PhaZ.
For docking the substrate on the PhaZ model, a dimer of

HO ester was generated in silico and docked in the proximity
of the catalytic triad. The presence of a shallow surface
across the core domain followed by an elongated deep cavity
facilitates the accommodation of mcl-hydrocarbon chains of
the substrate (Fig. 8, B and C). Special care was taken to avoid
clashes with the lid domain, although it is possible that such lid
may move away by a lipase-like interfacial activation mecha-
nism. Fig. 8C depicts amore detailed view of the active site with
the substrate bound. In this figure, atoms are represented as van
der Waals spheres, and, for the sake of clarity, the lid has been
removed. The binding surface of the core domain is highly
hydrophobic, and the only polar residues surrounding the sub-
strate are the catalytic triad (Fig. 8D) andAsn35, whichmay take
part in substrate recognition as described for the analogous
Ser34 in CumD (46). Finally, it should be pointed out that the
side chain of the only cysteine residue in PhaZ (Cys119) is buried
and facing off solvent, so that the possibility of disulfide bridge
formation is reduced, a result that is in agreement with the lack
of effect of reducing reagents on the enzymatic activity of PhaZ
(Table 2).

DISCUSSION

The development of sustainable biotechnological processes
that can replace conventional chemical processes to generate
added value products is one of the main current tendencies in
white biotechnology and biocatalysis (54). In this sense, the
interest in the study of the PHAs hydrolysis lies not only in their
potential use as bioplastics or biomaterials but also in the pro-
duction of intermediates (chiral (R) hydroxyalkanoic acids
(RHAs)), based on the enzymatic hydrolysis of the bacterial
biopolymers. RHAs are scaffolds that are used as chiral starting
materials in fine chemical, pharmaceutical, and medical indus-
tries (8, 50). The metabolism of mcl-PHA in different P. putida
strains allows the production of a high number of very diverse
monomeric RHAs that can be incorporated into the polymer
(5). This diversity depends on the side chain that can be satu-
rated, unsaturated, branched methyl and benzyl esters, phenyl,
phenoxy, cyanophenoxy, nitrophenoxy, epoxy, cyano, haloge-
nated, among others. Therefore, the transformation of raw
material in PHAs or in PHAderivatives with added value can be
considered an important input in terms of eco-effective appli-
cability and environmental biotechnology.
In contrast to the efforts made for understanding the enzy-

matic hydrolysis of scl-PHAs (6), the biodegradation of mcl-
PHAs has been rarely studied (15, 16, 28, 55, 56). The role of
phaZ gene of the pha cluster of Pseudomonadswas deduced only

from its behavior on in vivo experiments; however, the activity of
the PhaZ protein has not been demonstrated in vitro due to the
technical difficulties associated with its isolation and biochemical
characterization, because it is produced in low amounts, and is an
in vivo immobilized enzymeworkingonan insoluble hydrophobic
substrate. Therefore, to experimentally approach these problems
we needed to develop highly sensitive methods to determine its
activity in vitro, which could allowus to attempt its purification. In
this sense, a very simple and sensitive method has been applied
to measure the scl-PHA depolymerase activity in vitro based in
the quantification of the monomer released on an enzymatic
coupled assay with the NAD�-dependent 3-hydroxybutyrate
dehydrogenase (19, 57). Other less sensitivemethods have been
also applied to quantify PHA hydrolysis like titration of the
released acids, gravimetry, turbidimetry, and others. The intra-
cellular mcl-PHA depolymerase activity was measured for the
first time as an autohydrolysis of mcl-PHA granules from a
strain of P. oleovorans by using a method consisting in a com-
bination of gravimetry and gas chromatographic analysis of the
solubilized products (28). The inhibition caused by the deter-
gents and the effect of other inhibitors suggested that a depo-
lymerase was associated with the polymer boundary of the
granule with a serine residue forming part of the active center
(15). This procedure also made it possible to determine the
mcl-PHA depolymerase activity in a protein mixture obtained
from the solubilization of GAPs. Because the activity was
ascribed to a fraction containing �32-kDa protein species,
which correlated with the calculated molecular mass for the
phaZ gene product, it was suggested that the autohydrolysis of
mcl-PHA granules was carried out by the product of the phaZ
gene and that this enzyme was indeed associated to the granule
(15, 51, 58). Obviously, all these hypotheses based on indirect
proofs required a further direct confirmation. Our first
attempts to detect the enzyme in E. coli extracts by using con-
ventional methods were unfruitful, and it was not until we
developed the radioactive PHA depolymerase assay that we
succeed in our approach to purify an active PhaZ mcl-PHA
depolymerase. This new procedure allowed us to detect very
low levels of PhaZ activity, i.e. as low as 80–90 units*/mg of
protein in crude extracts, being 10-fold more sensitive than
turbidimetric or gravimetric/gas chromatographic methods.
Another fundamental advantage of this radioactive assay is the
possibility of developing long term enzymatic assays, because
turbidimetric changes produced by bacterial contamination,
substrate aggregation, or other phenomena, which circumstan-
tially could affect turbidimetric measurements, do not affect
the radioactive counting of the samples.Moreover, thismethod
facilitates the determination of depolymerase activity on PHA
films, and preliminary data suggest that PhaZ is active on these
substrates (data not shown).
The comparison between the reported GAP-depolymerase

from P. oleovorans and PhaZ of P. putida KT2442 revealed
some physiological and biochemical similarities but also clear
differences, e.g. the activity of PhaZ described in this work was
not affected by the presence of MgCl2 and reducing agents, in
contrast with the inhibitory effect of mercaptoethanol or dithi-
othreitol, and the enhancing effect of MgCl2 on the P. oleo-
vorans enzyme (15). In fact, due to the complete loss of activity
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of the GAP-depolymerase in the presence of reducing agents,
the involvement of disulfide linkages affecting the correct fold-
ing of the enzyme has been proposed (15). It is worth noting
that we did not detect native granule autohydrolysis during our
assays with PhaZ, even when the incubation was continued for
60 min (data not shown). There is no evidence for the induc-
ibility of the depolymerase of P. oleovorans, because the PHA
granuleswere always isolated fromnon-nitrogen-limited grow-
ing cells (15), but we cannot discard that the native granules
used in our assay contained very low amounts of depolymerase
in contrast to that of P. oleovorans. At present, the mechanism
and regulation of the intracellular degradation of mcl-PHA are
poorly understood (25), but we have determined that the syn-
thesis of PhaZ in P. putida KT2442 is promoted when the cells
are growing under non-nitrogen-limited conditions. This is in
agreement with previous findings reported for P. putida CA-3,
where it has been suggested as a regulatory system for the tran-
scription of phaZ, with carbon limitation being the factor that
directs its synthesis (59).
The product intermediates generated by PhaZ activity were

determined using P(HO-co-HX) as substrate. In contrast to
P(HO) depolymeraseGK13 (14, 55), which mainly produces
dimer esters of HO, the monomer of HO was identified as the
main product of PhaZ hydrolysis. In this sense, PhaZ behaves as
the extracellular mcl-PHA depolymerase of P. alcaligenes LB19
(56). These findings allowed us to classify PhaZ as an endo/exo-
mcl-PHA depolymerase.
The ability of different strains of P. putida to hydrolyze ali-

phatic and aromatic mcl-PHAs has been described (16, 30, 60).
Furthermore, it has been shown that overexpression of phaZ in
P. putida U avoids the accumulation of PHAs as storage gran-
ules (30). An in vivo method for the production of chiral
hydroxyalkanoic acid monomers from mcl-PHA has been
recently reported by using P. putida strains (50). In addition, a
genetically engineered strain of P. putida U (�fadBA-phaZ)
(CECT 7008) was designed to efficiently transform different
n-phenylalkanoic acids into their 3-hydroxyderivatives that are
excreted to the culture broth (30). Overexpression of phaZ in
this strain avoids the accumulation of PHA or PHPhA as stor-
age granules. Therefore, the ability of P. putida strains to
degrade aliphatic and aromatic mcl-PHAs can be now ascribed
to PhaZ.
Taking advantage of the PhaZ similarity with other crystal-

lized hydrolases, we havemodeled the three-dimensional struc-
ture of PhaZ complexed with a dimer of HO (Fig. 8). Using this
model, we found that the enzyme appears to be built up from a
core, �/� hydrolase-type domain capped with a lid structure,
with an active site containing a catalytic triad (Ser102–Asp221–
His248) buried near the connection between domains. The pres-
ence of such a lid suggests a lipase-likemechanismof interfacial
activation (61), according to which, the contact with the hydro-
phobic granulewould induce themovement of the lid, exposing
the active site to the polymer. The binding site iswide enough to
accommodate several mcl-PHA substrates, in concordance
with the substrate specificity range of the enzyme (Table 3). The
prototype of extracellular mcl-PHA depolymerase is that of P.
fluorescens GK13 (14, 55). This enzyme, referred to as P(HO)
depolymeraseGK13, is also a member of the serine hydrolase

family of enzymes, and like PhaZ, it hydrolyzes mcl-PHA but
not scl-PHA or other characteristic substrates for lipases, such
as triolein (14). However, in contrast to PhaZ, it is active for
soluble esters such as p-nitrophenylacyl esters with six or more
carbon atoms in the fatty acid moiety. In this sense, the P(HO)
depolymeraseGK13 shows a higher sequence similarity with a
different family of hydrolases such as the dienelactone hydro-
lase from P. putida (63) (data not shown). In these enzymes, the
lid domain is small or does not exist at all, and the active site is
fully exposed to the solvent, i.e. the enzyme cannot undergo any
interfacial activation and is often active toward water-soluble
esters (e.g. lipase fromBacillus subtilis) (64). Probably, themain
difference between PhaZ and P(HO) depolymeraseGK13 is the
presence of the lid domain in the former. This could explain
why the substrate specificity range of the PhaZ depolymerase of
P. putida KT2442 is narrower than that of the P(HO) depoly-
meraseGK13, because the lid might act as a substrate discrimi-
nator. Mutagenesis experiments validating this hypothesis are
in progress.
Because the amino acid sequence of the first intracellular

scl-PHA depolymerase of the paradigmatic PHB producer R.
eutrophaH16 was reported (18), several isoenzymes have been
found in this microorganism, suggesting that a more complex
system could be responsible of PHB mobilization in bacteria
(17–23). In this sense, at least 14 similar proteins or PhaZ
paralogs encoded in the genome of P. putida KT2440 can be
identified by sequence comparison (data not shown), but
their corresponding functions have not been determined yet.
Interestingly, we have observed the presence of unidentified
proteins reactive to anti-PhaZ antibodies in the supernatant
fraction of crude extracts from P. putida KT2442 (Fig. 7) that
might correspond to PhaZ paralogs, but whether they could be
involved in mcl-PHA hydrolysis in this microorganism, taking
part of a more complex mcl-PHA hydrolytic system, is under
investigation.
These results provide the first formal biochemical evidence

that the phaZ gene certainly encodes an intracellular endo/exo-
mcl-PHA depolymerase that could be considered as the para-
digmatic representative of this enzyme family. The possibility
of assaying and manipulating in vitro this enzyme opens new
avenues for develop of new biotechnological processes to
industrially exploit the chirality of PHAs as a source of lead
compounds.
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