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ABSTRACT 21 

 22 

The obligated predator Bdellovibrio bacteriovorus HD100 shows a large set of 23 

proteases and other hydrolases as part of its hydrolytic arsenal needed for its predatory 24 

life cycle. We present genetic and biochemical evidences that the ORF Bd3709 of B. 25 

bacteriovorus HD100 encodes a novel medium chain length-polyhydroxyalkanoate 26 

(mcl-PHA) depolymerase (PhaZBd). The primary structure of PhaZBd suggests that this 27 

enzyme belongs to the α/β-hydrolase fold family and has a typical serine-hydrolase 28 

catalytic triad (serine-histidine-aspartic acid) in agreement with other PHA 29 

depolymerases and lipases. PhaZBd has been extracellularly produced using different 30 

hyper-secretor Tol-pal mutants of Escherichia coli and Pseudomonas putida as 31 

recombinant hosts. The recombinant PhaZBd has been characterized and its biochemical 32 

properties compared to other PHA depolymerases. The enzyme behaves as a serine 33 

hydrolase that is inhibited by phenylmethylsulfonyl fluoride. It is also affected by the 34 

reducing agent dithiothreitol and insensitive to non-ionic detergents like Tween 80. 35 

PhaZBd is an endo-exo-hydrolase that cleaves both large and small PHA molecules 36 

producing mainly dimers, but also monomers and trimers. The enzyme specifically 37 

degrades mcl-PHA and it is inactive towards short chain length-polyhydroxyalkanoates 38 

(scl-PHA), like polyhydroxybutyrate (PHB). These studies shed light on the potentiality 39 

of these predators as source of new biocatalysts, such as a mcl-PHA depolymerase for 40 

the production of enantiopure hydroxyalkanoic acids and oligomers, as building blocks 41 

for the synthesis of biobased polymers.  42 

 43 

INTRODUCTION 44 

 45 
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PHAs are optically active biopolyoxoesters composed of R-3-hydroxy fatty acids 46 

which represent a complex class of storage polyesters. A wide variety of taxonomically 47 

different groups of microorganisms (Bacteria and Archaea domains) produce 48 

intracellular homopolymers or copolymers containing different alkyl groups at the beta 49 

position in aerobic and anaerobic environments (36, 37, 42). At present, PHAs are 50 

classified into two major classes, short chain length PHAs (scl-PHA) with C4-C5 51 

monomers and medium chain length PHAs (mcl-PHA) with C6-C14 monomers (37). 52 

PHAs are accumulated as inclusions in the bacterial cytoplasm in response to inorganic 53 

nutrient limitations and play a role as a sink for carbon and reducing equivalents and in 54 

synchronizing global metabolism to availability of resources in PHA-producing 55 

microorganisms (16). It is nowadays evident that, intracellular accumulation of PHAs 56 

enhances the survival of several bacteria under environmental stress conditions imposed 57 

in water or soil (6, 27, 35).  58 

PHAs can be catabolised by many microorganisms through extracellular or 59 

intracellular processes depending on the PHA localization (11, 12, 26). Intracellular 60 

PHA can be hydrolyzed by intracellular depolymerases, which are permanently 61 

associated to the PHA granule (11, 49). Their hydrolytic activity is controlled by the 62 

carbon demand of the PHA producer cells (10, 11, 18, 19, 26). The study of the 63 

physiological role of intracellular depolymerases in the mcl-PHA metabolism was 64 

recently addressed in Pseudomonas putida demonstrating that the intracellular 65 

depolymerase PhaZ plays a fundamental function in the bacterial carbon metabolism by 66 

maintaining the PHA turnover, where synthesis and mobilization is a continuous and 67 

simultaneous cycle (10, 11, 45, 61).  68 

Extracellular PHA can be utilized as carbon and energy source by PHA producer or 69 

non-producer microorganisms. This PHA is released to the medium by producer 70 
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microorganisms after death, and the granules spread into the environment can be 71 

hydrolyzed by secreted PHA depolymerases from microbial origin into water soluble 72 

oligomers and monomers that can be used as carbon source (26). The ability to degrade 73 

extracellular scl-PHA is widespread among bacteria in comparison to that of mcl-PHA. 74 

Thus, many extracellular scl-PHA depolymerases have been characterized in depth over 75 

the last decade and a considerably high number of genes have been identified (1, 3, 4, 76 

24, 26, 29, 40). The prototype of extracellular mcl-PHA depolymerases is that of 77 

Pseudomonas fluorescens GK13 (hereafter PhaZGK13) (21, 26, 52).  78 

Based on the analysis of the PHA depolymerase database (29) we identified a 79 

potential extracellular mcl-PHA depolymerase coding sequence from the complete 80 

genome of Bdellovibrio bacteriovorus HD100 (ORF Bd3709). Bdellovibrio and related 81 

organisms known as BALOs (Bdellovibrio-and-like organisms) (8, 55) are obligated 82 

bacterial predators ubiquitously found in the environment. The predator B. 83 

bacteriovorus HD100 is a highly motile Gram-negative delta-proteobacterium that 84 

invades the periplasm of other Gram-negative bacteria. This predator undergoes a 85 

complex life cycle in the periplasm of the prey that culminates in killing of the prey cell 86 

(58). The life cycle of B. bacteriovorus is biphasic, alternating a non-replicative attack 87 

phase and a periplasmic growth phase (48). During the reproductive phase, Bdellovibrio 88 

replicates its DNA and grows using the prey as a source of nutrients, forming the 89 

bdelloplast (rounded prey cell containing the predator due to cell-wall modifications). 90 

Finally, Bdellovibrio septates into individual cells, synthesizes flagella and releases the 91 

new motile predators into the environment (attack phase) to seek further preys (26).  In 92 

spite of its very small size (about 0.2-0.5 μm wide and 0.5-2.5 μm long), it carries a 93 

quite large genome (3.8 Mb) predicted to encode 3584 proteins (47). The genome of B. 94 

bacteriovorus HD100 encodes a large set of proteases and other hydrolases, which are 95 
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used throughout its life cycle for prey entry, degradation of prey components and exit 96 

from the bdelloplast (47). 97 

In this work we demonstrate that the ORF Bd3709 certainly encodes a novel mcl-98 

PHA depolymerase enzyme (hereafter PhaZBd). The depolymerase was exclusively 99 

produced in the extracellular medium in hyper-secretor Tol-pal mutants of E. coli and P. 100 

putida (33, 34), facilitating the PhaZBd purification and characterization.  101 

 102 

MATERIALS AND METHODS 103 

 104 

Chemicals. Octanoic acid (1-14C) (50 mCi/mmol), was from Americans 105 

Radiolabeled Chemicals. All other products were of analytical quality or high-106 

performance liquid chromatography grade. 107 

Bacterial strains, plasmids and growth conditions. The bacterial strains, plasmids, 108 

and oligonucleotides used are listed in Table 1. E. coli and P. putida strains were grown 109 

in LB medium, in nutrient broth (NB) medium (51) or in M63 minimal medium (38), 110 

with 0.2% glucose as the carbon source with shaking (250 rpm) at 37ºC and 30ºC, 111 

respectively. The appropriate selection antibiotics, kanamycin (50 μg ml-1) or 112 

gentamycin (10 μg ml-1) were added when needed. Growth was monitored with a 113 

Shimadzu UV-260 spectrophotometer at 600 nm (OD600). Solid media were 114 

supplemented with 1.5% (w/v) agar. For poly-(Hydroxyoctanoate-co- 115 

Hydroxyhexanoate) (P(HO-co-HX), also named mcl-PHA) accumulation, P. putida 116 

KT2442 was cultured in 200 ml of minimal medium 0.1 N M63 (10, 11) using 15 mM 117 

octanoic acid as carbon source in a 500 ml flask. B. bacteriovorus HD100 was grown in 118 

two-membered cultures with P. putida as prey in HEPES buffer [(25 mM HEPES 119 

amended with 2 mM CaCl2 · 2H2O and 3 mM MgCl2 · 3H2O, pH 7.8)] as previously 120 



6 
 

described (32). To obtain isolated plaques of B. bacteriovorus HD100, serial dilutions 121 

from 10-1 to 10-7 were made in diluted nutrient broth (DNB) liquid medium. 0.1 ml of 122 

the appropriate dilution was mixed with 0.5 ml of P. putida in HEPES buffer, vortexed 123 

and plated on DNB solid medium by using the double overlay method (32). Isolated 124 

plaques were observed after 48 h of incubation at 30º C (Fig. 1A). 125 

DNA manipulations and plasmid constructions. DNA manipulations and other 126 

molecular biology techniques were essentially performed as described previously (51). 127 

Transformation of E. coli and P. putida cells was carried out by electroporation (Gene 128 

Pulser, Bio-Rad) (15). DNA fragments were purified by standard procedures using 129 

Gene Clean (BIO 101, Inc.). To construct pIZBd1, the 816-bp DNA fragment coding 130 

for the putative depolymerase of B. bacteriovorus HD100 was PCR-amplified by using 131 

the oligonucleotides V01 and V02 (Table 1), and 1-2 mg of an agar slide containing 132 

several preying plaques of B. bacteriovorus HD100 growing on P. putida as template 133 

(Fig. S1A). For the rest of PCR amplifications, 0.05 μg of DNA template was used. The 134 

amplification mixture also contained 2 U of AmpliTaq DNA polymerase (Perkin-Elmer 135 

Applied Biosystems, Norwalk, CT), 0.5 μg of each deoxynucleotide triphosphate, and 136 

2.5 mM of MgCl2 in the buffer recommended by the manufacturer. Conditions for 137 

amplification were chosen according to the GC content of the corresponding 138 

oligonucleotides. The PCR product was digested with endonucleases XbaI and HindIII 139 

(Table 1) and cloned into the broad-host-range vector pIZ1016 (Table 1). Similar 140 

procedures were performed to generate the expression vector pETBd1, a pET29 derived 141 

vector expressing the C-terminal six-His-tagged PhaZBd (Table 1). In this case, 142 

oligonucleotides V06 and V07 were used as well as NdeI and XhoI endonucleases 143 

(Table 1). All these constructions were confirmed by sequencing using an ABI Prism 144 

3730 DNA Sequencer.  145 
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Expression of the phaZBd gene product in E. coli and P. putida strains. A 146 

preculture of E. coli DH10B (pIZBd1) cells was incubated overnight in LB medium 147 

plus gentamycin. Culture was diluted with LB medium until an optical density OD600 of 148 

0.2. When OD600 reached 0.5 the culture was induced with 0.2 mM isopropyl 1-thio-β-149 

D-galactopyranoside (IPTG), and cells were further incubated for 16 h. 100 ml of 150 

culture were centrifuged and resuspended in 10 ml of 50 mM phosphate buffer, pH 8. 151 

Cells were broken by a 4-fold passage through a French press (1,000 p.s.i.) (Aminco) 152 

and centrifuged at 27,000 × g. The resulting supernatant (soluble crude extract fraction) 153 

and pellet (insoluble fraction) were stored for further analysis. To analyse the culture 154 

supernatants, the strains were grown in M63 minimal medium with 0.2% glucose. After 155 

16 h, cultures were centrifuged at 4,500 × g for 10 min. 500 ml of the culture 156 

supernatants were filtered through 0.22 µm filters (Millipore Corp), then lyophilised, 157 

resuspended in 50 ml of 50 mM phosphate buffer, pH 8, and dialyzed for 15 h at 4ºC 158 

against the same buffer. Similar procedures were performed for P. putida strains, 159 

inducing gene expression with 3 mM IPTG. 160 

Electrophoretic techniques  and determination of N-terminal amino acid 161 

sequence. SDS-polyacrylamide gel electrophoresis/SDS-PAGE was performed 162 

routinely as described before (31). The protein bands were stained with Coomassie 163 

brilliant blue G-250 and quantification was carried out by densitometric scanning and 164 

calibrating with broad range molecular mass markers from BioRad (USA). Protein 165 

content of unstained crude extracts was calculated as previously described (5). The 166 

protein fractions containing PhaZBd were separated in native 7.5% (w/v) polyacrylamide 167 

gels (without SDS and 2-mercaptoethanol) and subjected to PHA depolymerase activity 168 

assay (see below). To determine the N-terminal sequence, the protein bands were 169 

transferred to a polyvinylidene difluoride membrane (BioRad) after the SDS-PAGE 170 
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(57) using the Transblot SD cell (Bio-Rad, Hercules, CA, USA) at 25 V for 3 h. The 171 

membrane filter was stained with 0.1% amido-black and destained with 5% acetic acid. 172 

The protein band on the filter was excised and subjected to N-terminal amino acid 173 

sequence analysis by automatic Edman degradation using a gas-phase protein sequencer 174 

(Procise™ Protein Sequencing System) connected to an on-line model 610A (Applied 175 

Biosystems, Foster, CA, USA). 176 

Preparation of periplasmic fraction. E. coli DH10B (pIZBd1) cells were 177 

fractionated into periplasmic and spheroplastic protein fractions. To this aim, 25 ml of 178 

E. coli DH10B (pIZBd1) cells expressing PhaZBd depolymerase as described above, 179 

were centrifuged and resuspended in 2.4 ml of lysis solution [100 mM Tris-HCl, pH8; 180 

0.5 mM EDTA and 20% sucrose (w/v)] plus 0.1 mg/ml lysozyme (Sigma). After 20 min 181 

of incubation at 4ºC, the solution was heated at 37ºC for 10 min and the spheroplasts 182 

formation was confirmed by phase contrast microscopy. Spheroplasts were stabilized by 183 

adding 20 mM MgCl2 and centrifuged at 8,000 × g for 20 min to obtain the periplasmic 184 

fraction (supernatant) and the spheroplastic fraction (sediment). In order to compare 185 

activities, the spheroplastic fraction was re-suspended in the same volume of buffer (2.4 186 

ml). 187 

Similar procedures were performed for cellular fractionation of P. putida (pIZBd1) 188 

cells, with minor modifications: 1 mg/ml lysozyme and heating for 2 h at 37ºC after the 189 

incubation at 4ºC.  190 

ICDH assay. Isocitrate dehydrogenase (ICDH), an enzyme involved in the 191 

tricarboxylic acid pathway, is exclusively localized in the cytoplasm. Therefore, the 192 

amount of ICDH found in the E. coli DH10B (pIZBd1) cellular fractions (see above) is 193 

a measure of the degree of cell lysis. ICDH activity was measured according to the 194 

procedure described previously (54) with minor modifications. Briefly, 600 µl of assay 195 



9 
 

mixtures containing 50 mM phosphate buffer (pH 8), 5 mM MgCl2, 2 mM NADP, 1 196 

mM isocitrate (pH 7.0) and 100 µg of the cellular fractions were incubated at 30°C and 197 

the absorbance at 340 nm was recorded. The enzyme activity was calculated from the 198 

rate of absorbance decrease at 340 nm and the extinction coefficient of NADH, 6,220 199 

M-1 cm-1. 200 

Purification of His-tagged PhaZBd protein. A preculture of E. coli BL21 DE3 201 

(pETBd1) cells was incubated in LB medium plus kanamycin with shaking (250 rpm) at 202 

30ºC. When OD600 reached 1, culture was diluted until an optical density of 0.05 and 203 

incubated at 30ºC. When OD600 reached 0.4 the culture was incubated at lower 204 

temperatures and agitation (16ºC and 150 rpm) until OD600 reached 0.6-0.7. At this 205 

point, 0.1 mM IPTG was added and the cultures were further incubated at 16ºC and 150 206 

rpm for 16 h. 50 ml of culture were centrifuged at 4500 × g and resuspended in 3 ml of 207 

50 mM sodium phosphate, pH 8.0. Cells were broken by sonication treatment and 208 

centrifuged at 15,000 × g. Enzyme purification was performed with the Ni-NTA Silica 209 

spin kit (Qiagen) according to the protocol described by the manufacturer. Briefly, the 210 

soluble crude extract fraction supplemented with 10 mM imidazole was loaded onto the 211 

Ni-NTA agarose column provided by the kit and equilibrated with 50 mM sodium 212 

phosphate buffer, pH 8.0, 10 mM imidazole and centrifuged at 400 × g. After loading, 213 

the column was washed with 5 ml of the same buffer and protein was eluted with 50 214 

mM sodium phosphate, pH 8.0, 500 mM imidazole. All the purification steps were 215 

carried out at 4 °C.  216 

Purification of PhaZBd produced by P. putida AΩ (pIZBd1). P. putida AΩ 217 

(pIZBd1) cells were grown and free-cell supernatant broth was filtered, lyophilized and 218 

dialyzed as described above. Subsequently, sodium chloride was added to the 219 

concentrated supernatant at a final concentration of 0.5 M. Then, the solution was 220 



10 
 

centrifuged at 10,000 × g for 10 min and loaded onto an Octyl FF/fast flow sepharose 221 

column (GE Healthcare, Sweden) equilibrated with 50 mM sodium phosphate buffer pH 222 

8.0, 0.5 M NaCl using a BioLogic LP chromatographic system (BioRad, USA). The 223 

column was extensively washed with 5 ml of the same buffer and finally eluted with a 224 

linear decreasing gradient of 0.5 to 0 M NaCl. Protein was monitored at 280 nm and 225 

PHA depolymerase activity of the purification fractions was detected as described 226 

below.  227 

PHA depolymerase assays. A quick and simple qualitative procedure for estimating 228 

the mcl-PHA depolymerase activity was performed by spot test on indicator plates. 229 

Homogeneous latex suspension was obtained as previously described (52, 53). PHA-230 

agar plates were prepared by adding 1.5% (w/v) agar to the PHA latex suspension (6 231 

mg/ml) in 50 mM phosphate buffer, pH 8, and poured onto prewarmed (37°C) glass 232 

slides or Petri plates. After solidification, enzyme solution was dropped onto 5-mm-233 

diameter holes made in the PHA-agar plates and incubated at 37°C for 8 h. The 234 

diameters of the resulting clearing zones correlated with the depolymerase activity. In 235 

the same way, PHB-agar plates were prepared with a homogeneous sonicated PHB 236 

suspension (1 mg/ml) in 50 mM phosphate buffer, pH 8 and 1.5% (w/v) agar. PhaZBd 237 

activity towards PHB was compared to that of the depolymerase from Streptomyces 238 

exfoliatus purified as previously described (22). 239 

The PHA depolymerase activity of the enzyme was determined by measuring the 240 

turbidity decrease of the PHA suspension. The turbidimetric assay method was 241 

performed as described elsewhere (24). The reaction mixture of 500 µl contained 0.6 242 

mg/ml PHA latex, 0.002 mg/ml lysozyme (to avoid unspecific binding of the PhaZBd to 243 

the polymer substrate), 0.2 M Tris-HCl, pH 8 and 0.5 M NaCl. After preincubating at 244 

37 °C for 10 min, the reaction was started by the addition of 240 µl of solution 245 
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containing 50-100 µg of total protein and the turbidity decrease at OD650 was monitored 246 

with a Beckman DU®250 spectrophotometer during 60 min. The turbidity decrease was 247 

linear during the assayed period and controls without the enzyme were carried out in 248 

parallel. All the activity assays were performed in triplicate and the maximum error was 249 

below 5%.  250 

To prepare the substrate for the radioactive assay, P. putida KT2442 strain was 251 

cultured as described for mcl-PHA production (see above), in the presence of 10 μCi of 252 

14C-octanoic acid, as previously described (11). The labeled polymer, hereafter named 253 

PHA*, was purified and used to prepare a polymer/water suspension (PHA* latex) 254 

which was used as substrate to assay the depolymerase activity of the PhaZBd enzyme. 255 

The assay mixture of 250 µl contained 0.6 mg/ml lysozyme-preincubated PHA* latex 256 

(7000 cpm), 0.2 M Tris-HCl, pH 8.0, 0.5 M NaCl, and 155 μl solution containing 50-257 

100 μg of protein. The mixture was incubated at 37°C for 3 h, and the reaction was 258 

stopped by adding 10 µl of formaldehyde. The samples were filtrated (PVDF 259 

membrane, Millipore) and the radioactivity present in 200-µl aliquots of the eluted 260 

fractions was determined in a scintillation counter. This assay was used to 261 

biochemically characterize PhaZBd as well as thermal stability. For this latter 262 

determination, PhaZBd solutions were incubated from 25 to 70 °C for 5 h. To investigate 263 

the effects of various chemical reagents on the mcl-PHA hydrolyzing activity of 264 

PhaZBd, the chemical reagent was initially preincubated for 20 min at room temperature 265 

with the reaction mixture containing PhaZBd. Then, the enzymatic reaction was started 266 

by adding 10 μl of the lysozyme-preincubated PHA* latex suspension containing 150 267 

µg of PHA*.  268 

Enzymatic hydrolysis of PHA polymer and identification of the PhaZBd reaction 269 

products. To identify the PhaZBd hydrolysis products, two reaction mixtures were 270 
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subjected to enzymatic hydrolysis in parallel with 150 µg of mcl-PHA at different 271 

reaction times (60 min and 24 h). The mixtures were developed in the presence of 15 µg 272 

of semi-purified PhaZBd as a standard turbidimetric assay. The degradation products 273 

were identified by analyzing the supernatant of the reaction mixture by HPLC-mass 274 

spectrometry (HPLC-MS). The HPLC-MS experiments were carried out on a Finnigan 275 

Surveyor (Thermo Electron) pump coupled with a Finnigan LXQ TM (Thermo 276 

Electron) ion trap mass spectrometer. The separation was performed at 40ºC on a 2.1 x 277 

150 mm (3.5 microm particle size) XTerra MS C18 column (Waters) at a flow rate of 278 

100 µl/min and an injection volume of 25 µl. The mobile phase was 0.1% ammonium 279 

hydroxide in water (A) and 0.1% ammonium hydroxide in methanol (B). The following 280 

elution program was used: at the start 95% A and 5% B; after 3 min the percentage of B 281 

was linearly increased to 95% in 7 min, then kept constant for 20 min, ramped to the 282 

original composition in 5 min, and then equilibrated for 10 min. The detection was 283 

monitored by MS-ESI(-) spectrometry at a source voltage of 4.5 kV and at a capillary 284 

heat of 200 °C. All spectra were recorded in full scan mode (m/z = 50–1500). 285 

 286 

RESULTS 287 

 288 

Identification and functional characterization of a putative extracellular mcl-289 

PHA depolymerase in the predator bacterium B. bacteriovorus HD100. A B. 290 

bacteriovorus HD100 gene coding for a putative extracellular PHA depolymerase was 291 

identified by inspection of the PHA depolymerase engineering database (29). The 292 

sequence is classified within the class of extracellular mcl-PHA depolymerases 293 

(www.ded.uni-stuttgart.de) (29). The encoded polypeptide of 271 amino acids (Mr 29.8 294 

kDa) revealed significant amino acid sequence similarity (60.8%) to the extracellular 295 
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mcl-PHA depolymerase from P. fluorescens GK13 (Fig. S1B) (53). Analysis of the N-296 

terminus of the amino acid sequence of B. bacteriovorus depolymerase using the 297 

algorithm of the signal P 3.0 server predicted the presence of a cleavage site for 298 

peptidase I located between positions 20 and 21 of the preprotein (Fig. S1B), suggesting 299 

the secretion of the protein across the cytoplasmic membrane. The proposed signal 300 

peptide consists of 20 amino acids with a positively charged N region, a hydrophobic H 301 

region, and a C region with the predicted cleavage site, matching the criteria given for 302 

Gram-negative bacteria type II secretion system (41, 43). The most confirmatory feature 303 

of the PhaZBd primary structure was the occurrence of the lipase consensus sequence 304 

(G-I-S-S-G) (Fig. S1B) (2). Moreover, the high content of aromatic (11%) and 305 

uncharged aliphatic (40%) amino acids in the mature protein predicted a highly 306 

hydrophobic polypeptide. All these characteristics suggest that the ORF Bd3709 codes 307 

for an extracellular mcl-PHA depolymerase.  308 

To verify this hypothesis a recombinant E. coli strain producing the PhaZBd 309 

depolymerase was constructed. The phaZBd gene was directly amplified from isolated 310 

plaques of B. bacteriovorus HD100 growing on P. putida KT2442 as prey (Fig. S1A) 311 

(see Materials and Methods for details). E. coli DH10B (pIZBd1) grown in LB medium 312 

produced a soluble protein of 30 kDa (Fig. S2A), which correlates with the predicted 313 

molecular mass of the mature protein deduced from its amino acid sequence (27.8 kDa). 314 

Subsequently, mcl-PHA depolymerase activity was analyzed in the soluble crude 315 

extract by spot-test in PHA-agar plates (Fig. 1A). When compared with the control 316 

strain E. coli DH10B (pIZ1016) carrying the empty vector, only the crude extract of E. 317 

coli DH10B (pIZBd1) was able to hydrolyze mcl-PHA latex shown by the formation of 318 

a clearing zone around the spot well. Moreover, PhaZBd specifically hydrolyzes mcl-319 
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PHA because no activity was detected in the drop test analysis on denatured-PHB-agar 320 

plates (data not shown).  321 

These results indicated that the cloned phaZBd gene codes in fact for a mcl-PHA 322 

depolymerase. PHA depolymerase assays of cell-free culture supernatant from E. coli 323 

DH10B (pIZBd1) cells grown in minimal medium did not show extracellular 324 

depolymerase activity, even if the culture supernatant was concentrated 30-fold by 325 

lyophilisation (Fig. 1B, spot 1). Similar results were obtained when the heterologous 326 

host strain P. putida KT2442 transformed with pIZBd1 (Table 1) was used to express 327 

the phaZBd gene. As described for the E. coli host, depolymerase activity was 328 

exclusively detected in the soluble crude extract of P. putida KT2442 (pIZBd1) (Fig. 329 

2A). 330 

The above results demonstrated that phaZBd gene certainly encodes a mcl-PHA 331 

depolymerase that is located inside the cell when expressed in E. coli DH10B and P. 332 

putida KT2442. To ascribe the depolymerase activity to the 30 kDa band, the protein 333 

was subjected to N-terminal sequencing. The N-terminal amino acid sequence of 334 

PhaZBd present in the soluble extracts of E. coli DH10B (pIZBd1) and P. putida 335 

KT2442 (pIZBd1) strains was determined to be AKKASNC (Fig. S2). This result 336 

indicates that PhaZBd precursor is processed to the mature form suggesting a 337 

periplasmic location of the depolymerase probably through type II secretion system. To 338 

confirm the mcl-PHA depolymerase activity of the phaZBd gene product, we aimed to 339 

purify the PhaZBd depolymerase by metal affinity chromatography. For this purpose, a 340 

C-terminal His-tagged PhaZBd was overproduced in E. coli BL21 DE3 (pETBd1) strain 341 

(Table 1). Although most of the fused PhaZBd protein sedimented as insoluble inclusion 342 

bodies, we were able to detect PHA hydrolysis in the soluble crude extracts, suggesting 343 

that a significant fraction of the protein was produced in a soluble form. Thus, the 344 
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soluble His-PhaZBd enzyme could be semi-purified by metal-chelate chromatography. 345 

Spot test assay showed that His-PhaZBd was unable to spread and disseminate along the 346 

PHA-agar plate And efficient hydrolysis was only obtained when directly applied the 347 

protein extract onto the PHA-agar plate (data not shown). This result indicates that His-348 

PhaZBd is in an active but aggregated form. In addition, we have determined the PHA 349 

depolymerase activity of semi-purified His-PhaZBd by using a radioactive assay with 350 

14C-labeled PHA (PHA*) (see Materials and Methods for details). Despite the high 351 

sensitivity of the assay, His-PhaZBd activity was almost undetectable after 3 h of 352 

incubation at 37ºC, and only when shaking the reaction mixture every 10 min, PHA* 353 

hydrolysis was detected. In these conditions, His-PhaZBd showed a specific activity of 354 

13.7±0.6 µg PHA* min-1mg-1.  355 

Subcellular location of PhaZBd in E. coli and P. putida host strains. The results 356 

presented in the previous section strongly suggested that the processed mature form of 357 

PhaZBd was accumulated in the periplasm of E. coli and P. putida strains, since no 358 

depolymerase activity was detected in the extracellular medium (Fig 1 and Fig. 2). To 359 

confirm the cellular location of PhaZBd in E. coli DH10B (pIZBd1) we isolated the 360 

periplasmic fraction of the cultures and  analyzed the depolymerase activity using 361 

isocitrate dehydrogenase (ICDH) as control cytoplasmic marker. As expected, most of 362 

the ICDH activity was associated with the soluble extract of the spheroplasts 363 

(previously broken by ultrasonic treatment) showing an activity of 0.26 µmol min-1 mg-364 

1, whereas in the periplasmic fraction the ICDH activity was 0.04 µmol min-1 mg-1, 365 

which accounts a 15% of total ICDH activity. The depolymerase activity found in a spot 366 

test assay of the isolated fractions of E. coli DH10B (pIZBd1) is shown in Figure 3A. 367 

PHA hydrolysis was observed when dropping the non-sonicated spheroplasts fraction 368 

(68 µg of total protein content) (Fig. 3A, spot 2). This finding suggests that in the 369 
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spheroplasts, the PhaZBd depolymerase might be located on the external face of the 370 

membrane. Besides, depolymerase activity was also found in the supernatant of the 371 

ultracentrifuged periplasmic fraction (6 µg of total protein content) (Fig. 3A, spot 4) and 372 

of the resulting sediment (0.15 µg of total protein content) (Fig. 3A, spot 6). As 373 

expected, the isolated fractions of the control sample [E. coli DH10B (pIZ1016)] did not 374 

hydrolyze the polymer (Fig. 3A, spots 1, 3 and 5). These results are in agreement with 375 

those obtained by SDS-PAGE analyses, showing the presence of PhaZBd in both 376 

spheroplastic and ultracentrifuged periplasmic fractions (Fig. 3B). The N-terminal 377 

amino acid sequence of the PhaZBd present in the periplasm, showed a processed 378 

protein. Similar results were obtained in P. putida KT2442 (pIZBd1) (data not shown). 379 

These cellular location studies confirmed the PhaZBd depolymerase accumulation inside 380 

the cell, mainly in the periplasmic space in an active, soluble, and processed form.  381 

Extracellular production of PhaZBd in E. coli and P. putida host strains. To 382 

produce the depolymerase extracellularly, we tested a different strategy by using hyper-383 

secretor Tol-pal mutants of E. coli and P. putida as hosts. These mutants exhibit severe 384 

alterations in outer membrane integrity which allow the release of periplasmic proteins 385 

to the culture medium (33, 34). To this aim, pIZBd1 plasmid was introduced in a variety 386 

of Tol-pal mutants of E. coli and P. putida. Remarkably, PHA depolymerase activity 387 

was detected in the cell-free culture supernatants of mineral medium fermentations of 388 

these mutants. Among them, an E. coli TolQ mutant carrying the pIZBd1 plasmid [E. 389 

coli K1041 (pIZBd1)] (Table 1) was selected as the best candidate for depolymerase 390 

production (Fig. 1B, spot 2). The extracellular depolymerase activity was consistent 391 

with the presence of a 30 kDa protein band visualized by SDS-PAGE of the cell-free 392 

culture supernatant (Fig. S2B). Other selected strain was a P. putida TolA mutant 393 

carrying the pIZBd1 plasmid [P. putida AΩ (pIZBd1)] (Table 1). Its activity was 394 
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compared to that of the extracellular mcl-PHA depolymerase from P. fluorescens GK13 395 

(PhaZGK13) using the clearing halo system. To this aim, the cell-free culture supernatant 396 

of the recombinant P. putida KT2442 (pIZPZ) harbouring the phaZGK13 depolymerase 397 

gene (Table 1) was assayed (Fig. 2B, spot 2). These results demonstrated that Tol-pal 398 

mutants of E. coli and P. putida favour the release of the PhaZBd depolymerase into the 399 

extracellular medium, suggesting that it is certainly secreted and accumulated in the 400 

periplasm. However, it is worth to mention that the PhaZGK13 depolymerase was 401 

secreted into the extracellular medium by the wild type P. putida strain, evincing 402 

differences in the mechanisms applied by this strain to secrete both depolymerases. 403 

As an alternative approach to avoid the problems caused by the aggregation of the 404 

His-tagged depolymerase, we produced and purified the native PhaZBd from the culture 405 

supernatant of P. putida AΩ (pIZBd1). This strain was selected as the best producer 406 

because it renders a higher activity in the spot test assay of the culture supernatant when 407 

compared to that of the recombinant E. coli K1041 (pIZBd1) (Fig. 2B and Fig. 1B, 408 

respectively). The proteins from the free-cell supernatant of P. putida AΩ (pIZBd1) 409 

were separated by hydrophobic interaction chromatography on Octyl-Sepharose. The 410 

PhaZBd protein band could not be detected even after concentrating the culture 411 

supernatant, but it was bound to the column becoming visible after its elution (Fig. S3). 412 

Subsequently, N-terminal amino acid sequencing of this band confirmed its identity as 413 

PhaZBd depolymerase and also that the signal peptide was processed to render the 414 

mature form. This partially purified extract of PhaZBd (depolymerase represents about 415 

10% of total protein) (Fig. S3) enabled us to determine the biochemical properties of the 416 

enzyme (see below).  417 

Biochemical properties of PhaZBd. The specific activity of the PhaZBd  eluted from 418 

Octyl-Sepharose was calculated by turbidimetry as  560 ± 62 µg PHA min-1 mg-1, 419 
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considering an apparent extinction coefficient (ε) for PHA of 2.1 µl µg-1 cm-1. By using 420 

the radioactive assay (see Materials and Methods section) PhaZBd showed a specific 421 

activity of 55 ± 2 µg PHA* min-1 mg-1. As expected, the control sample obtained from 422 

the recombinant P. putida AΩ (pIZ1016) did not release radioactive soluble products. It 423 

is worth to mention that the activity determined by radioactive method cannot be 424 

directly compared to that of the non radioactive method since in the first one the high 425 

molecular weight radioactive products released by the enzyme are eliminated by 426 

filtration for the final counting. Nevertheless and due to the high sensitivity and 427 

accuracy of the radioactive method, it was used in the following steps to determine the 428 

optimal pH and temperature of the enzyme. PhaZBd was active in a pH range of 5-11 429 

with an optimal activity at pH 10, but at pH 12 the enzyme only retains a 3% of activity. 430 

PhaZBd was very active between 4 and 45ºC, showing its maximal activity at 37ºC, but 431 

the activity decreased drastically to 29% when the reaction was carried out at 50ºC. 432 

Besides, thermal inactivation experiments showed that the enzyme was stable from 25 433 

to 37ºC for at least 24 h of incubation, whereas it was slightly deactivated after 5 h at 434 

50ºC since it loses 11% of activity. It was completely deactivated after 5 h at 70ºC. The 435 

enzyme retained 100% of activity at least for 2 months at 4 °C.  436 

In addition, when the effect of several ions and other compounds was studied (Table 437 

2), we observed that it was important to maintain a high ionic strength (0.5 M NaCl) in 438 

the reaction mixture for optimal activity. Particularly, 1 mM CaCl2, 1 mM MgSO4 or 10 439 

mM ethylenediaminetetraacetic acid (EDTA) did not affect enzyme activity, suggesting 440 

that magnesium and calcium ions are not required as cofactors for the enzyme activity. 441 

Ionic and nonionic detergents, except sodium cholate, inhibited PhaZBd activity even at 442 

low concentrations (Table 2).  443 
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As stated above, we suggest the presence of a catalytic triad in PhaZBd in agreement 444 

with most of PHA depolymerases and lipases (26) and thus, the effect of serine esterase 445 

inhibitors, such as phenylmethylsulfonyl fluoride (PMSF) was studied. As expected, 10 446 

mM PMSF inhibited the PhaZBd activity up to 60%, suggesting that the enzyme behaves 447 

as a typical serine hydrolase. Besides, the reducing agent dithiothreitol (DTT) also 448 

inhibited the PhaZBd enzymatic activity (50% inhibition at 10 mM DTT), pointing the 449 

existence of essential disulfide bonds for the enzyme activity. Furthermore, the enzyme 450 

retained its activity after being treated with 1-ethyl-3-(3-dimethylaminopropyl) 451 

carbodiimide (EDC). 452 

Analysis of the products released after PHA hydrolysis catalyzed by PhaZBd. 453 

Enzymatic hydrolysis of P(HO-co-HX) latex catalyzed by PhaZBd depolymerase was 454 

assessed by HPLC and the identity of the resulting peaks was determined by MS (Fig. 455 

S4). This analysis revealed the existence of five chromatographic peaks, corresponding 456 

to the molecular mass of the deprotonated HO monomer (m/z 159), the deprotonated 457 

HX-HO diester (m/z 273), the dimer adduct of HX-HO diester (m/z 547), the 458 

deprotonated HO diester (m/z 301) and of the dimer adduct of HO diester (m/z 603), the 459 

deprotonated HO-HX-HO triester (m/z 415), the dimer adduct of HO-HX-HO triester 460 

(m/z 830), the deprotonated HO triester (m/z 443) and the dimer adduct of HO triester 461 

(m/z 836). 462 

The mcl-PHA hydrolysis products catalyzed by PhaZBd after 1 h of hydrolysis 463 

showed that the amount of dimers released (58.8% of total hydrolyzed products) were 464 

higher than that of monomers or trimers (Fig.  4). Remarkably, these results confirmed 465 

that PhaZBd is a true depolymerase that behaves as an endo-exo-hydrolase, which 466 

hydrolyzes both large and small polyester molecules. Like the depolymerase of P. 467 

fluorescens GK13, dimers were identified as the main products of PHA hydrolysis. 468 
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However, after 1 h of reaction, PhaZGK13 (Fig.  4) showed a trimer accumulation higher 469 

than that of PhaZBd, which on the contrary generates higher quantities of dimers and 470 

monomers. Further analyses at 24 h reaction time confirmed that, independently of the 471 

reaction time used, the dimer 3-HO-HO was the main product of the PHA hydrolysis, 472 

i.e., 51.7% of total hydrolysis products detected at 1 h (Fig.  4) and 54.1% at 24 h (data 473 

not shown).  474 

 475 

DISCUSSION 476 

 477 

 The great hydrolytic arsenal of the predator B. bacteriovorus HD100 plays an 478 

important role in the lysis and destruction of prey cell structures throughout different 479 

stages of the predator´s life cycle, specifically, for prey entry, degradation of 480 

biopolymers and final exit from the bdelloplast (47). The predatosome of Bdellovibrio is 481 

composed of at least 150 genes encoding proteases and peptidases, 10 genes encoding 482 

glycanases, 15 genes encoding lipases and 89 genes encoding other hydrolytic enzymes. 483 

This high density of hydrolytic enzyme coding genes is the highest in bacterial genomes 484 

sequenced so far, after the small genome of Buchnera aphidicola (47). The enzymatic 485 

activities of these gene products must be well-timed organized, and the transcriptional 486 

control of these genes is likely to be carried out by precise mechanisms (reviewed in 487 

56). The large array of predicted hydrolytic enzymes revealed by the B. bacteriovorus 488 

HD100 genome sequence provides a valuable reservoir of new enzymes that could be 489 

applied for biotechnological purposes with a great potential for environmental industrial 490 

applications.  491 

 In this work, we report genetic and biochemical evidences that B. bacteriovorus 492 

HD100 encodes a novel mcl-PHA depolymerase as part of its predatosome. Besides the 493 
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possibility of discerning its role on predator physiology, the interest in the study of PHA 494 

hydrolytic enzymes lies in its putative industrial use for the production of chiral R 495 

hydroxyalkanoic acids (RHAs) as building blocks for the synthesis of biobased 496 

polymers. These biobased monomers are important chiral starting scaffolds in material, 497 

fine chemical, pharmaceutical, and medical industries (7, 46).  498 

Several bacterial extracellular PHA depolymerases have been identified and 499 

characterized so far (4, 26, 28, 29). PHA depolymerases belong to the α/β-hydrolase 500 

fold family and have a catalytic triad (serine-histidine-aspartic acid) as active site, with 501 

the exception of the intracellular scl-PHA depolymerase superfamily (29). The serine is 502 

part of a typical pentapeptide lipase box (Gly-Xaa1-Ser-Xaa2-Gly) found in almost all 503 

known serine hydrolases. Additionally, a second non-catalytic histidine residue is also 504 

conserved near the oxyanion hole (26). The organization of the new PhaZBd 505 

depolymerase fully agrees with these general characteristics (Fig. S1). 506 

In contrast to a large variety of well-characterized scl-PHA depolymerases, only a 507 

few mcl-PHA depolymerases have been described so far. The mcl-PHA depolymerase 508 

of P. fluorescens GK13 is the only one that has been purified and studied at the 509 

molecular level (21, 52, 53). The substrate binding domain of PhaZGK13 is located at N-510 

terminal half of the enzyme but the residues involved in the binding site have not been 511 

determined yet (26). The extracellular mcl-PHA depolymerase from B. bacteriovorus 512 

HD100 reported in this study displays a high sequence similarity to that of P. 513 

fluorescens GK13 (Fig. S1), excepting for the signal peptide region. The sequences of 514 

both signal peptides suggested the implication of the general secretion pathway (GSP) 515 

also called type II secretion system. GSP is a two-step process in which the substrates 516 

are first translocated over the cytoplasmic membrane by the Sec apparatus (13, 17, 50). 517 

In the periplasm, the exoproteins fold into their (near)-native conformation and are then 518 
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recognized by proteins of the GSP machinery via the xcp genes (17), which translocates 519 

the substrates across the outer membrane. The two-step mechanism involves a stopover 520 

of the secreted proteins into the periplasm where the protein is trapped only when the 521 

secretion machine is faulty. According to our findings, the PhaZBd might be secreted by 522 

the predator but not released to the extracellular medium by the prey bacteria. This issue 523 

opens new questions regarding the natural cellular localization of the enzyme, since the 524 

extracellular medium for the predator is either the periplasm of the prey, or the culture 525 

medium itself, depending on the life cycle stage.  526 

The depolymerases have been classified as intra- or extracellular enzymes, with the 527 

exception of the PHB depolymerase from Rhodospirillum rubrum (PhaZ1Rru) that is 528 

located in the periplasm (25, 59). The physiological function of R. rubrum PHB 529 

depolymerase remains to be elucidated, since PHB granules are located intracellularly. 530 

PhaZ1Rru is close to extracellular PHB depolymerases, according to its sequence, its 531 

putative catalytic amino acid triad and the presence of a functional signal peptide, 532 

although it differs by its inability to hydrolyze denatured PHB very likely due to the 533 

absence of a substrate-binding-domain (25, 59). As expected, the mcl-PHA 534 

depolymerase from B. bacteriovorus HD100 shares no amino acid homology with the 535 

PHB depolymerase of R. rubrum. However, as occurs in R. rubrum, despite the 536 

existence of a signal peptide that is processed during transport across the cytoplasmic 537 

membrane we failed to detect extracellular PhaZBd depolymerase activity after its 538 

expression in heterologous hosts (E. coli and P. putida). Moreover, we demonstrate that 539 

the processed depolymerase is accumulated in the periplasm. Since B. bacteriovorus 540 

HD100 is an obligated predator that develops in the periplasm of other bacteria, the 541 

physiological meaning of a periplasm-located depolymerase make sense to support the 542 

host PHA degradation during the predator developmental cycle. 543 
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The PhaZBd is highly similarity to other extracellular mcl-PHA depolymerases: 48% 544 

identical  to P. alcaligenes (AAO73963.1), 45% identical  to Rhodococcus equi 545 

(ABN70847.1), 46% identical to P. alcaligenes (AAQ72538.1) and 42% identical to P. 546 

luteola (AAV51817.1). PhaZBd is the most distant member in the phylogenic tree of the 547 

extracellular mcl-PHA depolymerase family (http://www.ded.uni-548 

stuttgart.de/CONTENT/trees/ tree8.html) suggesting the existence of significant 549 

phylogenic differences between PhaZBd and the mcl-PHA depolymerases reported so 550 

far. From an evolutionary perspective, the high similarity of PhaZBd and PhaZGK13 551 

suggests a presumably acquisition of the encoding gene from the prey bacteria by lateral 552 

gene transfer (LTG). However, comparative analyses of the GC content of the PhaZBd 553 

depolymerase coding region to the whole genome of B. bacteriovorus HD100, this is 554 

52.2% versus an average of 50.64%, suggests an ancient acquisition of the gene, in 555 

agreement with previously published LGT studies in the predator bacterium, reporting 556 

that no cases of recent prey-derived LGT were detected (23, 47).  557 

The genome of B. bacteriovorus HD100 codes for a second putative depolymerase 558 

(ORF Bd2637) classified as a member of superfamily 2 of extracellular scl-PHA 559 

depolymerases (type 2) homologous family 6 in the PHA depolymerase database (29). 560 

Whether this enzyme degrades prey PHA or have other roles in Bdellovibrio has been 561 

previously discussed by the Jurkevitch´s lab (14). These authors detected the expression 562 

of a protein similar to PHB granule-associated proteins, suggesting that the predator 563 

might degrade the PHB produced by the prey. This finding is in fact intriguing since B. 564 

bacteriovorus was no described as PHA producer strain. In this sense, we could not find 565 

any other gene related specifically with PHA metabolism, including the prototype PHA 566 

synthases of class I to IV (44). Furthermore, the analysis of the flanking regions of the 567 

two depolymerases coding genes, ORF Bd3709 (localized at the coordinates 3591244-568 
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3590429 of the B. bacteriovorus HD100 genome) and ORF Bd2637 (localized at the 569 

coordinates 2555631-2556614 of the B. bacteriovorus HD100 genome) did not show 570 

the presence of related PHA metabolic coding genes. 571 

Another striking  conclusion reached from this work is the use of Tol-pal mutants for 572 

expressing heterologous enzymes, not only in E. coli hosts but also in the generally 573 

recognized as safe (GRAS) certified strain P. putida KT2440 (60). In fact, we are able 574 

to produce the PhaZBd depolymerase as an extracellular active form in E. coli and P. 575 

putida hyper-secretor Tol-pal mutants. The extracellular production of the enzyme 576 

facilitates its biochemical characterization. The enzyme specifically degrades mcl-PHA 577 

being inactive towards scl-PHA like PHB. The 3-HO-HO dimer was identified as the 578 

main product of enzymatic hydrolysis by HPLC-MS analysis, although the enzyme can 579 

also produce monomers. The comparison between PhaZBd and PhaZGK13 reveals several 580 

similarities with respect to the main hydrolytic products (HO-HO dimers) or the 581 

inability to hydrolyze scl-PHAs (21, 52, 53). Regarding the biochemical characteristics, 582 

PhaZBd and PhaZGK13 show several similarities like the PMSF inhibitory effect, 583 

indicating that both enzymes behave as typical serine hydrolases (21) but also clear 584 

differences, e.g., the activity of PhaZBd is not affected by the presence of the quelant 585 

agent EDTA, but it is affected by DTT, that indicates the existence of essential disulfide 586 

bonds for enzyme activity. PhaZBd differs from PhaZGK13 by its sensitivity against non-587 

ionic detergents as Tween 80, which suggests a hydrophobic region in the catalytic site.  588 

PHA hydrolytic extracellular enzymes have been always considered as part of the 589 

carbon source assimilation machinery (26). We report genetic and biochemical 590 

evidences that B. bacteriovorus HD100 encodes a novel mcl-PHA depolymerase as part 591 

of its potential predatosome. Although the physiological role of this hydrolytic enzyme 592 

in terms of predator fitness is still an open question, very likely, it provides fatty acids 593 
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as carbon sources to the predator bacterium, which has a full complement of metabolic 594 

enzymes needed for the beta-oxidation pathway of fatty acids (47). 595 
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TABLE 1. Bacterial strains, plasmids and primers used in this study 800 
 801 
Strain, plasmid  Relevant genotype, description or sequence (5' to 3')   Reference  802 
   or primer 803 
         804 
E. coli strains 805 
    DH10B   F’, mcrA Δ(mrr hsdRMS-mcrBC) Φ80dlacΔM15   Invitrogen806 
   ΔlacX74deoR recA1 araD139 Δara-leu)7697 galU  807 

galK λ rpsL endA1 nupG     808 
 809 

    K1041   Hfr(PO2A), garB10, fhuA22, phoA4(Am), tolQ7(Am),  CGSC#:7788 810 
   zbg-2225::Tn10, ompF627 (T2R), fadL701(T2R), relA1,  811 
   pitA10, spoT1, rrnB-2, mcrB1, creC510  812 
      813 
    BL21 DE3   F– ompT hsdS gal dcm λ(DE3)    NOVAGEN 814 
P. putida strains 815 

KT2442  P. putida mt-2 without TOL plasmid, hsdR, Rfr  20 816 
      817 

AΩ    KT2440 tolA::ΩKm (insertion after codon 180)   33 818 
            819 
Plasmids           820 

pIZ1016   pBBR1MCS-5 derivative cloning plasmid, Gmr  39 821 
pET29   Expression vector for producing His-tagged proteins  NOVAGEN 822 

in E. coli BL21 DE3; Kmr 823 
pIZBd1   pIZ1016 derivative containing 816 bp XbaI/HindIII   This study 824 

 phaZBd gene from B. bacteriovorus HD100 825 
pETBd1   pET29 derivative containing the C-terminal six-His-   This study 826 

tagged NdeI/XhoI phaZBd gene from B. bacteriovorus  827 
HD100   828 

pIZPZ pIZ1016 derivative with 914 bp SmaI/HindIII phaZ   9                829 
gene from P. fluorescens GK13     830 
         831 

Primersa    832 
    V01    CCCTCTAGAGAATGATATCTATTTCAACTA  This study 833 

TTTATGGT 834 
    V02    CCCAAGCTTAAACTAAGGAGTCCCGGATG   This study 835 

AAAAAAC  836 
    V06   GGGAATTCCATATGAAAAAACTTTTAGCAG   This study 837 

GTGTCTTTGGTGTTGTGG 838 
    V07   CCGCTCGAGTTTATGATTGATGAACCAGTTG   This study 839 

GTGATC 840 
        841 

a. Engineered endonuclease sites on the oligonucleotides are shown underlined. 842 
 843 
 844 
 845 
 846 
 847 

 848 

 849 

  850 
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TABLE 2. Effects of various chemicals on PhaZBd depolymerase activity 851 
 852 
Reagent     Final concentration            Relative activity (%) 853 
 854 
None (NaCl 0.5 M, Tris HCl 0.2 M)   -              100  855 
NaCl (M)      0.2       95  856 
      0   81 857 
MgSO4 (mM)     1   97  858 
CaCl2 (mM)     1               106  859 
EDTA (mM)                10               110   860 
KCl (mM)                25               100 861 
Triton X-100 (% v/v)    0.01   10 862 
      0.001   96 863 
Tween 80 (% v/v)    0.05     8 864 

0.005   21 865 
0.0005   81 866 

SDS (% v/v)     0.05   53 867 
0.01               108 868 

DOC (% v/v)     0.05   16 869 
0.005   88 870 

CTAB (% v/v)     0.05   12  871 
0.005   88 872 

Cyclodextrin (mM)    1   99 873 
0.6               108  874 

Sodium cholate (mM)    0.02               130  875 
0.2               118 876 
2   43 877 

PMSFa (mM)     1   90    878 
                 10   40 879 
EDC (mM)                10               105 880 
DTT (mM)     1                103  881 
                 10    55 882 
 883 

a Dissolved in isopropanol; value has been corrected for inhibition by the solvent. 884 

  885 
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FIGURE LEGEND 886 

 887 

FIG. 1. Production of PhaZBd in E. coli and qualitative mcl-PHA depolymerase activity 888 

determination. (A) Enzyme activity measured in mcl-PHA agar plates of 20 μg of 889 

protein of the soluble crude extract fractions of E. coli DH10B (pIZBd1) (spot 1), E. 890 

coli TolQ mutant K1041 (pIZBd1) (spot 2), negative control E. coli DH10B (pIZ1016) 891 

(spot 3). (B) Enzyme activity measured in mcl-PHA agar plates of 10 μg of protein of 892 

the culture supernatants of E. coli DH10B (pIZBd1) (spot 1); E. coli TolQ mutant 893 

K1041 (pIZBd1) (spot 2).  894 

 895 

FIG. 2. Production of PhaZBd in P. putida and qualitative mcl-PHA depolymerase 896 

activity determination. (A) Enzyme activity measured in mcl-PHA agar plates of 20 μg 897 

of protein of the soluble crude extract fraction of negative control P. putida KT2442 898 

(pIZ1016) (spot 1); P. putida KT2442 (pIZBd1) (spot 2); P. putida TolA mutant AΩ 899 

negative control (pIZ1016) (spot 3); P. putida TolA mutant AΩ (pIZBd1) (spot 4). (B) 900 

Enzyme activity measured in mcl-PHA agar plates of 20 μg of protein of the culture 901 

supernatants of P. putida KT2442 (pIZBd1) (spot 1); positive control P. putida KT2442 902 

(pIZPZ) (spot 2); P. putida TolA mutant AΩ (pIZBd1) (spot 3). 903 

 904 

FIG. 3. Cellular location of PhaZBd in E. coli. (A) Enzyme activity measured in mcl-905 

PHA agar plates of cellular fractions: DH10B (pIZ1016) spheroplasts (spot 1); DH10B 906 

(pIZBd1) spheroplasts (spot 2); DH10B (pIZ1016) supernatant of the ultracentrifuged 907 

periplasmic fraction (spot 3); DH10B (pIZBd1) supernatant of the ultracentrifuged 908 

periplasmic fraction (spot 4); DH10B (pIZ1016) pellet of the ultracentrifuged 909 

periplasmic fraction (spot 5); DH10B (pIZBd1) pellet of the ultracentrifuged 910 
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periplasmic fraction (spot 6). (B) SDS-PAGE analysis of the cellular fractions: lane 1, 911 

DH10B (pIZ1016) spheroplasts; lane 2, DH10B (pIZBd1) spheroplasts; lane 3, DH10B 912 

(pIZ1016) supernatant of the ultracentrifuged periplasmic fraction; lane 4, DH10B 913 

(pIZBd1) supernatant of the ultracentrifuged periplasmic fraction. Black arrow in panel 914 

(B) shows the position of the PhaZBd. 915 

 916 

FIG. 4. Comparison of the P(HO-co-HX) degradation products identified by HPLC-MS 917 

after 1 h of enzymatic hydrolysis of PhaZBd vs PhaZGK13: HO, hydroxyoctanoate 918 

monomer; HX-HO, dimer of hydroxyhexanoate and hydroxyoctanoate; HO-HO, dimer 919 

of hydroxyoctanoate; HO-HX-HO, trimer of hydroxyhexanoate and hydroxyoctanoate; 920 

HO-HO-HO, trimer of hydroxyoctanoate. 921 
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