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Chapter 1 General introduction 
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1-1 Plastic and environment pollution 

Currently, plastics are one of the most used materials due to their relatively low 

cost, ease of manufacture, versatility, and imperviousness to water (Aguado and Serrano 

1999; Azapagic et al. 2003; Rosato 2003). It is predicted that the demand for plastics 

will continue to rise following a trend that has increased since the 1950s (Andrady and 

Neal 2009). However, consumption of huge amount of plastic has also received 

growing concerns about worsening environmental pollutions (Fig.1-1).  

The prominence of pollutions derived from plastic is correlated with use of 

plastics that derived from petroleum and non-decomposed by microorganism in the 

environment. Currently, a wide variety of petroleum-based plastics are produced 

worldwide to the extent of approximately 140 million tons per year. Production and 

incineration of these petroleum-based plastics can cause unbalance of the natural carbon 

cycle by giving off CO2 fixed in fossil fuels several hundred million years ago. The 

amount of emitted CO2 exceeding the absorption limit of forest and ocean has directly 

induced the increasing concentration of CO2 in atmosphere and contributes to global 

climate change (Gielen 1997; Joos et al. 1999). On the other hand, substantial quantities 

of plastics such as polyethylene, polypropylene, polystyrene and polyamide (nylon), 
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have been found that accumulated in the natural environment and landfills (Thompson 

et al. 2004; Brinton 2005). The debris of these plastics also attracts public and media 

attention for those resulting in ingestion and entanglement by wildlife (Coe et al. 1997; 

Derraik 2002; Gregory 2009). These escalating environmental pollutions have 

motivated the development of biodegradable plastics. 
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Fig. 1-1 Problems of using non-biodegradable plastic 
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1-2 Biodegradable plastics 

Biodegradable plastics are materials which can be decomposed by the 

enzymatic action of microorganisms and finally converted into CO2 and water(Fig. 1-2) 

(Narayan 2006). So far, several polyesters have been developed and co mmercialized as 

biodegradable plastics, such as polylactic acid (PLA) typically poly(L-lactic acid) 

(PLLA), polyhydroalkanoates (PHAs) representatively poly(D-3-hydroxybutyrate) 

[(P3HB)], polycaprolactone (PCL), polybutylene succinate (PBS) and poly(butylene 

adipate-co-terephthalate) (PBAT) (Ecoflex
®
). 

Application of biodegradable polyesters 

The applications of biodegradable polyesters have been focused on three major 

areas: packaging, agricultural and medical. In packaging industry, films of PLA, PBS 

and PBAT have been employed as bags, food packaging and shipping materials. For 

agricultural applications, biodegradable plastics such as PBAT and PBS used for mulch 

films and plant pots have been commercialized (Li et al. 1999; Huang 1990). PLA and 

PCL can be used for medical applications such as surgical sutures, bone fix devices and 

drug delivery systems for their biocompatibility (Chandra and Rustgi 1998; Kolybaba et 

al. 2003). 
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Fig. 1-2 biodegradation of plastics 
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Synthesis of biodegradable polyesters 

Biodegradable polyesters can be either bio-based or petrochemical-based 

(Table. 1-1). PLA and P(3HB) that produced from biomass such as polysaccharides (e.g. 

starch, lignocellulose) and lipids (e.g. plant oils) are categorized as bio-based polyesters. 

In contrast, PCL, produced from ε-caprolactone derived from petrochemical benzene, is 

petroleum-based polyester (Clarival & Halleux 2005 in Smith 2005). PBS can be 

produced either from petroleum or biomass (Tachibana et al. 2010). PBAT can 

theoretically be up to 50% bio-based since bio-based adipic acid is not available yet 

(Aeschelmann and Carus 2015). Currently, the excessive usage of petroleum is 

contributing to the increased emission of CO2 into the atmosphere, which is thought to 

be among the principal reasons for global warming and climate change (Bhandare et al. 

1997; Joos et al. 1999). Considering this issue, development of biomass derived 

biodegradable polyesters, such as PLA and P(3HB), could be important for their 

additive value in forming closed carbon cycle (Fig. 1-3). 

Biodegradable polyesters are synthesized via either chemo-process or 

bio-process (Table 1-1). P(3HB) is produced by biosynthesis system by PHA synthase 

(PhaC). PLA, PCL, PBS and PBAT are synthesized using chemical catalysts (Clarival 
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& Halleux 2005 in Smith 2005). The chemical processes which are energy consuming 

and require harmful chemical catalysts have called the concerns about the effects on the 

economy, environment and health. Therefore, whole cell biosynthesis of P(3HB) is 

admirable in the aspect of its potent cost effectiveness and safety.  

 

 

 

 

 

 

 

 

 

 

 



9 

 

Table 1-1 Partial characters of biodegradable polyesters 

 PLLA P(D-3HB) PCL PBS PBAT 

Raw 

material 
Biomass Biomass Petroleum 

Biomass/ 

Petroleum 
Petroleum 

Synthesis 
Bio-chemo-

process 
Bio-process 

Chemo- 

process 

Bio-chemo- 

process 

Chemo- 

process 

polylactic acid (PLA), poly(3-hydroxybutyrate) [(P3HB)], polycaprolactone (PCL), 

polybutylene succinate (PBS) and poly(butylene adipate-co-terephtalate) (PBAT). 
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Fig. 1-3 Carbon recycling system of bio-based biodegradable polyesters PLA and 

P(3HB). 
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Enzymatic degradation of biodegradable polyesters 

Enzymatic degradations of polyesters are dependent on the polymer chemical 

structures (Fig. 1-4). The polyesters are hydrolyzed by enzymes with strict substrate 

specificity. PLLA has been proved that degraded by Cutinase-like enzyme (lipase) from 

Cryptococcus sp. strain S-2, and proteases such as alkaline proteases derived from 

Amycolatopsis sp. Strain K104-1 and Tritirachium album (Oda et al. 2000; Nakamura et 

al. 2001; Lim et al. 2005; Masaki et al. 2005). As the degradation products, L-LA 

monomer and dimer were detected. P(D-3HB) is degraded into monomer and dimer of 

3HB by P(3HB) depolymerases (PhaZs) secreted by a variety of bacteria and fungi 

(Janssen and Harfoot 1990; Mukai et al. 1993; Jendrossek et al. 1995; Mergaert et al. 

1995; Jendrossek et al. 1996). PCL-degrading enzymes such as cutinase from Fusarium 

solani and lipase from Aspergillus flavus has been reported, as the hydrolysis products 

monomer, dimer and trimer of 6-hydroxyhexanoic acid were detected (Soliday et al. 

1984; Murphy et al. 1996; Li et al. 2012). PBS is degraded into succinic acid and 

1,4-butanediol by enzymes such as cutinase from Aspergillus oryzae strain RIB40 and 

lipase from Pseudonomas cepacia (Honda et al. 2003; Maeda et al. 2005). PBAT is 

degraded into monomers, heterodimers and heterotrimers of 1,4-butanediol, adipic acid 
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and terephthalic acid by lipases from Pseudomonas cepacia and Isaria fumosoroseus 

(Marten et al. 2005; Kasuya et al. 2009). Among these enzymes, Cutinase-like enzyme 

(lipase) from Cryptococcus sp. strain S-2 was found not only degrade PLLA but also 

degrade P(D-3HB), PCL and PBS (Masaki et al. 2005).The enzymatic degradation 

products of these polyesters were found assimilated by the degraders and the other 

microorganisms (Sanchez et al. 2000; Hakkarainen and Albertsson 2002; Tokiwa et al. 

2009; Zia et al. 2009) 
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Fig. 1-4 Chemical structures of PLA, P(3HB), PCL, PBS and PBAT. 
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1-3 Improvement of polymer properties of P(3HB) by copolymerization 

As aforementioned, P(3HB) has advantages over other biodegradable 

polyesters due to its biomass derivation and whole cell biosynthesis. However, the 

commercialization of P(3HB) has been limited by its opaque and brittle properties. For 

overcoming this obstacle, a number of researches have attempted introducing the second 

monomer unit into P(3HB) to form copolymer, which can be effective to reduce the 

crystallinity and increase flexibility of polymer. Only few copolymers, such as 

P(3HB-co-3-hydroxyvalerate) [P(3HB-co-3HV)] and P(3HB-co-3-hydroxyhexanoate) 

[P(3HB-co-3HHx)] with alterable elasticity depending on the fraction of second 

monomer units, were produced and commercialized (Yamane et al. 1996; Sato et al. 

2013). However, their films are still lack of transparency. The difficulty for 

incorporating a variety of second monomer unit comes from natural PHA synthase 

(PhaC) which have limited substrate specificity to recognize and copolymerize other 

monomer units with 3HB. 

For eliminating the burrier of second monomer unit incorporation, evolutionary 

engineering has been undertaken to broaden the substrate specificity of PhaC (Taguchi 

and Doi 2004; Nomura and Taguchi 2007; Matsumoto and Taguchi 2010). Until recently, 
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a breakthrough took place when our group found that one mutant of PhaC was capable 

of incorporating D-lactic acid (LA) into P(3HB) to form random copolymer 

poly(D-lactate-co-D-3-hydroxbutyrate) [P(LA-co-3HB)] (Taguchi et al. 2008; Yamada et 

al. 2009) (Fig. 1-5). This discovery suggest the potential of bio-process to be alternative 

to chemo-process and encouraged us to further modify the physical properties of 

P(3HB). Indeed, depending on LA fraction, P(LA-co-3HB) possesses alterable 

transparency and stretchy properties. The transparency of P(LA-co-3HB) film increased 

along with the LA fractions. The elongation at break of the P(LA-co-3HB) with 29 mol% 

LA had reached to 156% (Yamada et al. 2011; Matsumoto and Taguchi 2013). These 

advanced physical properties suggest the potential of the copolymers to be utilized in 

wide areas. 
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Fig. 1-5 Bio-process for P(LA-co-3HB) production 
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1-4 Challenges and meanings of this study 

Currently, P(LA-co-3HB) is produced using refined pure sugars from 

sugarcane, sugar beet and starch feedstocks. To avoid competition with rising food 

demand, polymer production using inedible lignocellulosic biomass would be necessary. 

At cold areas such European countries and north Japan, Miscanthus × giganteus (M. × 

giganteus) (× means that the plant is a hybrid. Having it in the middle indicates that it is 

a hybrid of the same genus.) could be a cost-effective source for polymer production, 

because of its high biomass production at low temperature comparing with other 

lignocellulosic biomass such as rice straw and sugarcane bagasse (Lewandowski et al. 

2000; Lewandowski et al. 2003; Naidu et al. 2003). For polymer production, M. × 

giganteus biomass has to be converted into sugars by delignification and 

saccharification. Depending on the hydrolysis method, by-products such as 

5-(hydroxymethyl)-2-furaldehyde (5-HMF) and acetic acid, which could affect the cell 

growth and polymer production, may exist in the hydrolysate. Therefore, to establish a 

biorefinery for production of P(LA-co-3HB) from M. × giganteus biomass, choosing 

efficient and toxic-free sugar conversion method is essential.  

Biodegradability is an important factor for using P(LA-co-3HB) as an 
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environmental-friendly material. P(LA-co-3HB) is biosynthesized as a hybrid of P(3HB) 

and PDLA and the biodegradation of P(LA-co-3HB) would depend on the degradability 

of both homopolymers. As aforementioned, P(3HB) has been proved as an excellent 

biodegradable polyester that degraded by P(3HB) depolymerases secreted by various 

bacteria and fungi that exist in soil, river and ocean. On the other hand, the 

biodegradability of PDLA is yet unknown (Tokiwa and Calabia 2004; Kawai et al. 

2011). Due to the contrast of knowing about the biodegradability of P(3HB) and PDLA, 

the biodegradability of P(LA-co-3HB) is not predictable. Therefore, investigation of the 

biodegradability of P(LA-co-3HB) became an interesting subject, not only for 

understanding the potential applications of P(LA-co-3HB), but also for supplying the 

information to the biodegradation of PDLA, and further for illustrating the degradation 

difference between PDLA and P(3HB), although these two polymers are structurally 

similar.  

1-5 Aim of each chapter 

The aim of this study was to explore the possibility of using M. × giganteus 

biomass for production of P(LA-co-3HB), then demonstrate the biodegradability and 

the enzymatic degradation mechanism of P(LA-co-3HB). 
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In chapter II, for establishment of a biorefinery for production of 

P(LA-co-3HB) from M. × giganteus biomass, 3 kinds of delignification treatments 

followed by enzymatic hydrolysis were applied to obtain efficient sugar yield, then the 

hydrolysates were used for biosynthesis of P(LA-co-3HB) and evaluated in the aspects 

of cell growth and polymer production. In chapter III, to investigate the biodegradability, 

P(LA-co-3HB) and PDLA were used as the substrates for isolation of 

D-LA-incorporated polyester-degrading microorganism from soil samples. Additionally, 

a P(LA-co-3HB)-degrading enzyme (PhaZVs) was isolated and characterized in the 

aspect of substrate specificity toward P(3HB), P(LA-co-3HB), PLLA and PDLA. In 

chapter IV, for knowing the enzymatic hydrolysis pattern of P(LA-co-3HB) by PhaZVs, 

degradation products of LA-incorporated polymers and oligomers were analyzed. The 

difference of biodegradability between P(LA-co-3HB) and PDLA were further 

discussed based on the enzymatic hydrolysis pattern of P(LA-co-3HB). 
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Fig. 1-6 Production and degradation of P(LA-co-3HB) for a closed carbon cycle. 
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Chapter 2 

Microbial production of poly(lactate-co-3-hydroxybutyrate) 

from Miscanthus× giganteus-derived hydrolysate 
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2-1 Introduction   

This chapter aimed at investigation of production of P(LA-co-3HB) by 

recombinant E. coli using hydrolysate from lignocellulosic biomass.. 

The reliability of supply and the cost are important factors for using 

lignocellulosic biomass for polymer production. So far, many kinds of lignocellulosic 

biomass, such as wheat straw, rice straw, sugarcane bagasse and switchgrass, have been 

studied for value-added chemical production (Keshwani and Cheng 2009; Kulpreecha et 

al. 2009; Cesário et al. 2013; Sindhu et al. 2013). These resources are obtained from the 

plants which grow at warm place or with high fertilizer requirement, which may limit 

their application at cold and barren areas. As a cold-adapted plant, Miscanthus × 

giganteus (M. × giganteus) is a large (up to 4 m high) perennial grass developed by 

hybridizing M. sacchariflorus and M. sinensis (Hodkinson and Renvoize 2001; Naidu et 

al. 2003). Comparing with other grasses, M. × giganteus exhibits high biomass yield 

(20–26 tons dry weight per hectare) at cold areas with low fertilizer requirement 

(Lewandowski et al. 2003; Pauly and Keegstra 2008; Angelini et al. 2009; Xie and Peng 

2011). Therefore, M. × giganteus has attracted attention and widespread investigation 

as a nonfood energy resource for using as fuel for thermal power stations in European 

Union (Christian et al. 2008), and for the production of biofuels and chemicals, such as 
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bioethanol and hydrogen (Brosse et al. 2012).  

The production of P(LA-co-3HB) from M. × giganteus biomass requires the 

selection of the most favorable conditions of all stages of the production process, i.e.: 

pretreatment, hydrolysis and fermentation. Effective pretreatment contributes to reduced 

crystallinity and increased porosity of cellulose and hemicellulose, and to lignin 

removal (Keshwani and Cheng 2009; Balat 2011). According to previous reports, 

pretreatment by either acidified sodium chlorite (NaClO2) or sodium hydroxide (NaOH) 

was effective to delignification of M. × giganteus biomass (Yoshida et al. 2008; Brosse 

et al. 2012). The pretreatment of lignocellulose is followed by the hydrolysis of 

cellulose and hemicellulose to fermentable sugars – glucose and xylose in particular. 

Physical and chemical hydrolysis, such as those using steam-explosion, dilute 

acid/alkali, chemical catalyst etc., may be applied in this aim. However these methods 

also generate cell-toxic compounds (5-HMF and organic acids) which can prevent 

downstream fermentative processes, thus lowering yield of product (Davison et al. 1999; 

Palmqvist and Hägerdal 2000; Palmqvist and Hägerdal 2000; Matsumoto et al. 2011). 

Enzymatic hydrolysis, using cellulases and hemicellulose, generates fermentable sugars 

without by-product, could be admirable for production of P(LA-co-3HB) by E. coli.  

In this study, hydrolysates of M. × giganteus was obtained by enzymatic 
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pretreatments using acidified sodium chlorite (NaClO2) and/or sodium hydroxide 

(NaOH), followed by enzymatic hydrolysis. The productions of P(LA-co-3HB) by E. 

coli using these hydrolysates were investigated in the aspects of sugar yield, polymer 

production and side effect on cell growth.  
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Fig.2-1 Scheme of the utilization of M. × giganteus for P(LA-co-3HB) production.  
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2-2 Materials and methods 

2-2-1 Plant material 

Miscanthus × giganteus and rice straw harvested in the farm of Hokkaido 

University (Sapporo, Japan) were air dried and crushed using a waring blender (model 

MX-1200XTS). The ground M. × giganteus and rice straw were passed through a sieve 

of 100 mesh (<0.15 mm). 

2-2-2 Delignification and enzymatic hydrolysis 

The delignification and enzymatic hydrolysis is summarized in Fig.2-2. For 

delignification, powdered M. × giganteus and rice straw were treated with acidified 

sodium chlorite (NaClO2) and sodium hydroxide (NaOH), which were known as 

efficient delignification reagents. (Yoshida et al. 2008; Sun et al. 2015)  For the 

acidified NaClO2 treatment, 60 g ground biomass (based on dry weight), 45 g NaClO2 

and 3.6 mL glacial acetic acid were added into 3 L deionized water. The mixture was 

incubated in a water bath at 75C under mild agitation for 1 h. After this period, 45 g 

NaClO2 and 3.6 mL acetic acid were added. This step was repeated 3 times. Insoluble 

fraction was collected by filtration and washed three times with 1L deionized water and 

two times with absolute ethanol followed by filtration. For the NaOH treatment, 60 g 

ground biomass was added into 15 volumes (v/w) of 1% (w/v) NaOH solution. The 
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reaction was incubated at room temperature for 24 h without shaking. The mixture was 

filtrated and washed with deionized water until pH became neutral. 

The delignified biomass samples were hydrolyzed by using the Cellulase 

complex NS22086 (Novozymes’ Cellulosic Ethanol Enzyme Kit). The sucrose presents 

in the enzyme complex as a stabilizer was removed by a Bio-Gel P-2 (Bio-Rad 

Laboratories, USA) column equilibrated with deionized water. Protein concentration of 

the enzyme complex was determined by Bradford method (Bio-Rad Laboratories, USA). 

Bovine Serum Albumin (BSA) was used as a standard protein. The reaction mixture for 

enzymatic hydrolysis containing 10% delignified biomass (as dry weight) and 1% (w/v) 

of the enzyme complex (as protein), was incubated at 45 ºC for 84 h. Initial pH was 

adjusted to 5.5 using 1N HCl. After the reaction, the mixtures were boiled for 10 min to 

inactivate the enzyme complex and subsequently the insoluble fraction was removed by 

centrifugation at 3,000 rpm for 10 min. 

 

 

 

 

 

http://www.prospecbio.com/Bovine_Serum_Albumin_11


33 

 

 

 

 

 

 

 

 

 

Fig.2-3 Process for obtaining sugars from biomass 
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2-2-3 Culture conditions for polymer production 

For polymer production, LB medium containing 2% (w/v) sugar, which was 

the hydrolysate or the mixture of pure sugars (1.6% glucose and 0.4% xylose), 10 mM 

calcium pantothenate and 100 μg/L ampicillin, was used. P(LA-co-3HB) was produced 

in Escherichia coli BW25113 harboring pTV118NpctC1Ps(STQK)AB (Fig.2-4), which 

bears propionyl-CoA transferase gene from Megasphaera elsdenii, 

Ser325Thr/Gln481Lys mutated PHA synthase (LPE) gene from Pseudomonas sp. 61-3, 

and 3-ketoacyl-CoA thiolase (PhaA) and acetoacetyl-CoA reductase (PhaB) genes from 

Ralstonia eutropha, cultured in 10 mL test tubes containing 1.7 mL medium for 48 h at 

30 °C. BW25113 harboring pGEMC1(STQK)AB (Fig.2-5), which bears LPE and PhaA 

and PhaB genes, was cultured at the same condition for P(3HB) production (Fig. 2-6).  
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Fig. 2-4 Map of the pTV118NpctC1Ps(STQK)AB. Plac and PRe denote the promoter 

regions. TRe denotes the terminator region. The pct gene encodes propionyl-CoA 

transferase from Megasphaera elsdenii (PCT). The phaC1(STQK) gene encodes the 

Ser325Thr/Gln481Lys mutant of PHA synthase from Pseudomonas sp. 61–3 

(Lactate-polymerizing enzyme, LPE). The phaA and phaB genes encode β-ketothiolase 

(PhaA) and NADPH-dependent acetoacetyl-CoA reductase (PhaB) derived from R. 

eutropha, respectively. 
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Fig. 2-5 Map of the pGEMC1Ps(STQK)AB. PRe denotes the promoter region. TRe 

denotes the terminator region. The phaC1(STQK) gene encodes the 

Ser325Thr/Gln481Lys mutant of PHA synthase from Pseudomonas sp. 61–3 

(Lactate-polymerizing enzyme, LPE). The phaA and phaB genes encode β-ketothiolase 

(PhaA) and NADPH-dependent acetoacetyl-CoA reductase (PhaB) derived from R. 

eutropha, respectively. 
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Fig. 2-6 Biosynthesis pathway of P(LA-co-3HB) in recombinant E.coli. 

LA-CoA was supplied by propionyl-CoA transferase from Megasphaera elsdenii (PCT). 

3HB-CoA was supplied by β-ketothiolase (PhaA) and NADPH-dependent 

acetoacetyl-CoA reductase (PhaB). Finally, LA-CoA and 3HB-CoA were copolymerized 

by Lactate-polymerizing enzyme, LPE.  
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2-2-4 Analytical methods 

For measuring the sugar concentration in the hydrolysates and culture media, 

the samples were diluted 20 times with 0.014 N H2SO4 and applied to HPLC equipped 

with Aminex HPX-87H column (Bio-Rad Laboratories, USA) and Refractive Index 

Detector (RI) with isocratic mode. The column was maintained at 60 °C and a flow rate 

of 0.5 ml/min. P(3HB) or P(LA-co-3HB) contents in the cells were determined using 

HPLC equipped with an Aminex HPX-87H column (Bio-Rad Laboratories, USA) as 

described previously (Karr et al. 1983). In brief, lyophilized cells were treated with 

concentrated sulfuric acid at 120 °C for 45 min in microtubes with screw caps. The 

solution was diluted 20 times with 0.014 N H2SO4, and applied to HPLC equipped with 

Aminex HPX-87H column (Bio-Rad Laboratories, USA) and UV detector with isocratic 

mode. The column was maintained at 60 °C and a flow rate of 0.7 ml/min. Molecular 

weight of polymer was determined using a gel permeation chromatography equipped 

with tandem two K-806L columns (Showa Denko K. K., Japan) as previously described 

(Kusaka et al. 1997). 

2-3 Results and discussions 

2-3-1 Delignification and enzymatic hydrolysis of M. × giganteus 
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The delignified biomass was converted into mainly glucose and xylose with 

trace amount of arabinose by the enzymatic hydrolysis (Table 2-1). All of these sugars 

can be assimilated by E. coli. The acidified NaClO2 treatment was more effective in 

sugar yield than the NaOH treatment. However, the hydrolysate obtained via acidified 

NaClO2 did not allow E. coli cells to grow for P(3HB) production (Fig.2-7), possibly as 

a consequence of residual NaClO2 toxicity against the cells; in the other hand, no cell 

inhibition was observed for the NaOH treatment. Considering the advantages of each 

treatment, the two-step treatment using acidified NaClO2 followed by NaOH was 

attempted. As the result, hydrolysate was obtained within a highest total sugar yield 

(0.54 g/g) from M. × giganteus (Table 2-1) and no cell growth inhibition was observed 

(Fig.2-7). Therefore, the hydrolysates obtained via two-step treatment were used for 

polymer production. 
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Table 2-1. Sugar production from rice straw and M. × giganteus biomass treated with 

different delignification methods combined with enzymatic hydrolysis. (Adapted from 

Sun et al. 2016) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Biomass resource Pretreatment 
Sugar production (g/g) 

Glucose Xylose Arabinose 

Rice straw 

None 0.15 0.09 Trace 

NaClO2 0.29 0.13 Trace 

NaOH 0.26 0.14 Trace 

Two-step 0.31 0.07 Trace 

M. × giganteus 

None 0.09 0.07 Trace 

NaClO2 0.36 0.16 Trace 

NaOH 0.19 0.12 Trace 

Two-step 0.44 0.10 Trace 
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Fig. 2-7. P(3HB) production from different pretreated hydrolysates of M. × giganteus, 

rice staw and pure sugars.  
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2-3-2 P(LA-co-3HB) production using M. × giganteus hydrolysate 

P(LA-co-3HB)-producing recombinant E. coli was grown on the hydrolysates 

of M. × giganteus and rice straw, as well as a mixture of pure sugars (Fig. 2-8). Glucose 

was consumed within 24 h and xylose was consumed in the later stage. This time-lag 

was due to the catabolite repression of glucose. (Dien et al. 2000) There was no 

significant difference in the sugar consumption among the cultivation conditions using 

different carbon sources. The polymer was produced along with the consumption of 

sugars, indicating that M. × giganteus–derived sugars served as a carbon source for 

P(LA-co-3HB) production.  
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Figure 2-8. Time course for cell growth, sugar consumption and polymer yield during 

P(LA-co-3HB) synthesis. (a) sugar mixture; (b) M. × giganteus; and (c) rice straw. Cell 

dry weight (CDW) (white triangle), glucose (brown suqre), xylose (black ball), and 

polymer yield (blue diamond). Data is average of 3 independent trials. 
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Using M. × giganteus-derived hydrolysate, 9.2 g/L CDW was obtained and 5.3 

g/L copolymer was produced. The produced copolymer had comparable molecular 

weight (Mn 7.7 × 104
) with that obtained from using mixture of pure sugars. In the 

case that using rice straw-derived hydrolysate, CDW (9.4 g/L), polymer production (5.2 

g/L) and polymer molecular weight (Mn 7.1 × 104
) were comparable with those 

obtained from using M. × giganteus-derived hydrolysate. Cell dry weight (CDW) and 

polymer production (Table 2-2) obtained using lignocellulose hydrolysates were slightly 

greater than that obtained using mixture of pure sugars. This might be due to the 

presence of carbon sources in the hydrolysate other than glucose and xylose. The 

molecular weight of the polymer (Table 2-2) was not significantly altered depending on 

the carbon source.   
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Table 2-2. P(LA-co-3HB) production from M. × giganteus and rice straw hydrolysates. 

(Adapted from Sun et al. 2016) 

Carbon 

source 

Polymer yield (g/L) LA 

fraction 

(mol%) 

Molecular 

weight 

(Mn×104) 

Mw/Mn Cell dry 

weight 

(g/L) 

Polymer 

content 

(%) 
Total LA 3HB  

Mixture1 5.0±0.1 0.7±0.1 4.3±0.1 15.6±1.2 6.5 5.8 8.8±0 56.0±2.0 

M. × 

giganteus 
5.3±0.1 0.8±0.1 4.5±0.1 16.9±1.6 7.7 4.8 

9.2±0.3 56.9±1.0 

Rice straw 5.2±0.1 0.4±0.1 4.8±0 8.7±1.2 7.1 5.1 9.4±0 55.9±1.0 

1
The presence of mixture was a mixture of pure glucose and xylose. 

Data is average of 3 independent trials. 
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The LA fraction in the copolymer, however, was affected by the carbon source. 

The LA fractions of copolymers obtained from the mixture of pure sugars (15.6 mol%) 

and M. × giganteus hydrolysate (16.9 mol%) were similar, whereas the use of rice straw 

resulted in a significant reduction of LA fraction in the copolymer (8.7 mol%). To find 

the reason for this result, P(3HB) was produced using the same carbon sources. As the 

result, there was no significant difference in the polymer production among the carbon 

sources (Fig. 2-8), indicating that the decrease in LA fraction in the copolymer was 

probably due to the reduction of lactic acid and/or LA-CoA production rather than the 

enhancement of 3HB unit production. Currently, compounds in rice straw hydrolysate 

contributing to this phenomenon were not identified.  

In this study, M. × giganteus-derived hydrolysate was shown to be a good 

feedstock for the production of P(LA-co-3HB). The polymer yield, LA fraction and 

molecular weight of P(LA-co-3HB) that produced using M. × giganteus-derived 

hydrolysate are comparable with those of using pure sugars. This is the first report for 

P(LA-co-3HB) production from lignocellulosic biomass, which also proposes a potent 

application of M. × giganteus. 
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Chapter 3 

Enzymatic characterization of a depolymerase from the 

isolated bacterium Variovorax sp. C34 that degrades  

poly(67 mol% lactate-co-3-hydroxybutyrate) 
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3-1 Introduction  

This chapter attempted to investigate the biodegradability of P(LA-co-3HB). 

For this purpose, isolation and characterization of microorganisms and related enzymes 

that capable of degrading P(LA-co-3HB) are necessary.  

Occurrence of polyester-degrading microorganisms varies depending on the 

environment. Currently, P(3HB)-degrading microorganisms are most studied and have 

been isolated from various ecosystems such as soil, compost, aerobic and anaerobic 

sewage sludge, fresh and seawater, estuarine sediment, and air (Nishida and Tokiwa 

1993; Jendrossek and Handrick 2002). In a report of Nishida and Tokiwa, 392 of total 

695 P(3HB)-degrading isolates were obtained from soil samples, and these isolates were 

identified that belong to 9 Gram-negative bacteria species (Acidovorax sp, Comamonas 

sp, Pseudomonas sp etc.), 4 Gram-positive bacteria species (Bacillus sp, Paenibacillus 

sp etc.), 14 fatty acid clusters of streptomycetes and 12 fungal species (Aspergillus sp, 

Paecilomyces sp, Penicillium sp etc.) (Nishida and Tokiwa 1993). On the other hand, 

PLLA-degrading microorganisms are not widely distributed in the natural environment. 

As PLLA-degrading microorganisms, bacteria belong to Amycolatopsis sp, 

Brevibacillus sp, Bacillus sp, and fungi belong to Tritirachium sp and Cryptococcus sp 

were isolated from soil samples (Tokiwa and Calabia 2006).  

The plastic pollution distributes from land to ocean, and most ocean pollution 

(80%) starts out on land and is carried by wind and rivers to the sea (Ivar do Sul et al. 

2011). Therefore, the existence of P(LA-co-3HB)-degrading microorganism on land 

could be important to evaluate the biodegradability of P(LA-co-3HB). As the first trial, 

this study attempted to isolate the P(LA-co-3HB)-degrading microorganism from soil 
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sample which collected from Hokkaido University campus, and characterize the related 

depolymerase. The related depolymerase should be able to hydrolyze and solublize 

P(LA-co-3HB). Therefore, a turbidimetric method using P(LA-co-3HB) emulsion was 

performed for screening and depolymerase assay. P(67 mol% LA-co-3HB), which has 

the highest LA fraction among the effectively produced P(LA-co-3HB), was chosen as 

the target polymer.  

3-2 Materials and methods 

3-2-1 Polymers and polymer emulsion preparation 

P(3HB) (Mn 28.3×10
4
, Mw/Mn: 1.25) was kindly provided by the Mitsubishi 

Gas Chemical Company (Tokyo, Japan). P(LA-co-3HB) (Mn 1.3×10
4
, Mw/Mn: 1.83) 

with a 67 mol% LA fraction was biosynthesized as described previously (Nduko et al. 

2013), Chemically synthesized PDLA (Mn 3.8×10
4
, Mw/Mn: 1.96) was kindly provided 

by Prof. Tadahisa Iwata, University of Tokyo. PLLA (Mn 1.0×10
4
, Mw/Mn: 4.38) was 

purchased from TAKI CHEMICAL (Hyogo, Japan). 

The polymer emulsion was prepared by a sonication method (Nishida and 

Tokiwa 1993). Twenty milligrams of each polymer was dissolved in 1 ml 

dichloromethane. The polymer solution was combined with 20 ml of water and 

emulsified by sonication (40W) on ice for 30 sec repeated 3 times. The dichloromethane 

was evaporated at 50°C for 5 h. One gram of the emulsified polymer was added to 1 l of 
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a modified yeast extract medium (YE-medium) containing 1000 mg (NH4)2SO4, 250 mg 

yeast extract, 200 mg MgSO4·7H2O, 100 mg NaCl, 20 mg CaCl2·2H2O, 10 mg 

FeSO4·7H2O and 0.8 mg MnSO4·5H2O in 10 mM KH2/K2HPO4 (pH7.0).  

3-2-2 Isolation and identification of P(LA-co-3HB)-degrading microbes 

The soil samples were collected from the campus of Hokkaido University, 

Sapporo, Japan. For the enrichment culture, approximately 1 g of each soil sample was 

suspended in 10 ml of sterilized water. Then 10 μl aliquot of the suspension was 

inoculated into 5 ml liquid YE-medium supplemented with 0.1 % (wt/vol) emulsion of 

P(LA-co-3HB) or P(3HB) and cultivated at 30 °C for 1 week with shaking. The 

decrease of the turbidity of the emulsion in the medium was monitored visually. Culture 

medium exhibiting the cell growth was inoculated into fresh medium. This culture was 

repeated three times. Samples exhibiting an efficient decrease in turbidity of the 

emulsion were chosen and subjected to halo formation assay.  

To detect the P(LA-co-3HB)-degrading activity in the culture media, the 

supernatants of selected cultures were spotted on agar plates containing P(LA-co-3HB) 

emulsion and incubated for 1 week at 30 °C. For colony isolation, the selected sample 

was inoculated onto a plate containing YE-medium with 0.1 % (wt/vol) P(LA-co-3HB) 
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emulsion. The cells that grew on the plate and created a clear halo around the colonies 

were chosen and stored in 30 % glycerol at -80
 
°C. 

The genomic DNA of isolated microorganism was extracted by Wizard® 

Genomic DNA purification kit (Promega). The 16S rRNA gene was amplified using a 

pair of primers, 5′-CAACGAGCGCAACCCT-3′ and 

5′-GGTTACCTTGTTACGACTT-3′, as reported by (Turner et al. 1999). A phylogenic 

tree was constructed by MEGA6 software based on the neighbor-joining method 

(Tamura et al. 2013). 

3-2-3 Assay of P(LA-co-3HB)-degrading enzyme 

For halo formation, the cells were grown on the YE-medium agar plates 

containing the P(3HB), P(LA-co-3HB), PDLA and PLLA emulsion, respectively, at 

30
 
°C for 120 h. The halo formation was visually determined. 

P(LA-co-3HB)-degrading activity was determined by a turbidimetric method 

using P(LA-co-3HB) emulsion. The 1.5 milliliter reaction mixture contained 1.2 ml of 

P(LA-co-3HB) emulsion, 150 μl of 250 mM potassium phosphate buffer (pH 7.0) and 

150 μl enzyme solution. The reaction was initiated by adding the enzyme solution and 

the turbidity was monitored at 650 nm using a spectrophotometer at 30 °C. One unit of 
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the enzyme was defined as the amount of protein required to decrease the optical 

density (OD) at 0.1 per min. 

3-2-4 Purification of the P(LA-co-3HB)-degrading enzyme  

The isolated bacterium was cultured in 90 cultures of 100 ml modified 

YE-medium supplemented with 0.1 % P(3HB) emulsion and 0.1 % yeast extract at 

30 °C for 120 h on a rotary shaker at 120 rpm. All subsequent purification steps were 

performed at 4 °C or on ice. Cells were removed by centrifugation at 10,000 × g for 15 

min. Ammonium sulfate was added to culture supernatant obtained at 40% saturation 

for precipitating proteins. After being maintained at 4 °C over night, the precipitated 

proteins were harvested by centrifugation at 10,000 × g for 10 min and dissolved in 0.1 

mM potassium phosphate buffer (pH 7.0) with 0.1 mM CaCl2. The crude enzyme 

solution was desalted by using a Hitrap
TM

 5ml desalting column (GE Healthcare) 

equilibrated with the same buffer.  

Desalted crude enzyme solution was applied onto a sucrose density gradient 

isoelectric focusing electrophoresis system (Deutsch et al. 1962). The 1.5 – 0.5 % of the 

broad pH range ampholyte (pH 3.5-11) (Pharmacia LKB) was stabilized with a sucrose 

density gradient (0 - 50 %) in a cooling jacket-covered glass column. Isoelectric 

http://www.gelifesciences.com/Hitrap
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focusing electrophoresis was performed at the constant voltage of 400 V for 48 h under 

0 °C. The sample was 2 ml for each fraction. The active fractions (i.e. 8 ml in 4 

fractions) were collected and combined. To remove the ampholyte and sucrose, a 

Hitrap
TM

 desalting column was used, as described above. The purified enzyme was 

stored at -80 °C.  

The purified enzyme was confirmed by sodium dodecylsulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) using a SuperSep™ Ace,10-20% gel (Wako). For 

denaturation, proteins were heated 10 min at 95 °C in the presence of Sample Buffer 

Solution (2ME+) (0.0625 mol Tris-HCl; 2%, w/v, SDS; 5%, v/v, 2-mercaptoethanol; 

10%, v/v, glycerol; 0.005%, w/v, bromophenol blue) (Wako). Gel was run at 100 V 

(constant voltage).  

3-2-5 Enzymatic characterization of the P(LA-co-3HB)-degrading enzyme  

The N-terminal amino acid sequence of the purified P(LA-co-3HB)-degrading 

enzyme was determined by Procise 491cLC (Applied Biosystems) in the Instrumental 

Analysis Division of the Equipment Management Center in Hokkaido University. 

P(3HB), P(LA-co-3HB), PDLA and PLLA were used for the polymer 

degradation assay as the substrate. Enzymatic reaction was performed in a 5 ml reaction 
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mixture containing 0.08 %(wt/vol) of each polymer, 25 mM potassium phosphate buffer 

(pH 7.0) and 0.3 U P(LA-co-3HB)-degrading enzyme. 

For analyzing the pH stability, buffers in different pHs were prepared 

containing KCl/HCl (pH 2-4), citric acid/Na2HPO4 (pH 4-6), phosphate (pH 6-8), boric 

acid/NaOH (pH 8-10) and KCl/NaOH (pH 10-12). P(LA-co-3HB)-degrading enzyme 

was incubated with 10mM of each buffer on ice for one hour and subjected to 

enzymatic assay at 30 °C using 25 mM potassium phosphate buffer (pH 7.0). Optimum 

pH for enzymatic activity was determined using 25 mM of each buffer (pH 6-12) at 

30 °C. For determination of thermal stability, the enzyme samples were incubated at 0 

to 70 °C for 1 h, and subjected to enzymatic assay at 30 °C. The temperature optimum 

for enzymatic activity was determined using 25 mM potassium phosphate buffer (pH 

7.0). 

The effects of inorganic and organic compounds on the 

P(LA-co-3HB)-degrading enzyme activity were evaluated using 1 and 5 mM of NaCl, 

MgCl2, CaCl2, CuCl2, ZnCl2, MnCl2, FeCl3, CdCl2, HgCl2, AgNO3, 

phenylmethanesulfonyl fluoride (PMSF), 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC), dithiothreitol (DTT), iodoacetic acid (IAA), sodium dodecyl 
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sulfate (SDS) and 2-mercaptoethanol (2-ME), respectively. P(LA-co-3HB)-degrading 

enzyme was incubated with each of the chemicals on ice for 1 h. The reaction mixture 

was diluted with 10 volumes of 10 mM potassium phosphate buffer (pH 7.0), and then 

subjected to measurement of the enzymatic activity as described above. 

3-3 Results and discussions 

3-3-1 Isolation and identification of bacterial strain C34 

A total of 500 soil samples collected from Hokkaido University were applied to 

the enrichment liquid culture. Among them, 216 samples decreased the turbidity of both 

media containing P(LA-co-3HB) or P(3HB), 93 samples decreased the turbidity of 

P(3HB)-containing medium but not P(LA-co-3HB), and 191 samples exhibited no 

decrease in the turbidity of either polymer (Fig.3-1). In particular, the 23 out of the 216 

samples exhibited the considerable turbidity decrease. Thus, the supernatants of the 23 

cultures were applied to the agar plates containing P(LA-co-3HB) emulsion for 

degradation activity assay. After 7 days incubation at 30 °C, 8 samples exhibited the 

halo formation, indicating the presence of P(LA-co-3HB)-degrading enzyme in the 

supernatants. Of these, sample No. 34, which generated the largest halo, was selected 

for microorganism isolation after streaking it on the same agar plate. Among the 
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colonies grown on the plates, the bacterium C34, which grew well and generated a clear 

halo, was chosen as a candidate of P(LA-co-3HB)-degrading enzyme producer. The 

isolated strain C34 also generated a halo on the P(3HB) agar plate, but not the 

PDLA-containing plates. For comparison, recombinant E. coli expressing the gene 

encoding the P(3HB) depolymerase (PhaZAf) from A. faecalis was grown on the same 

plates. As the result, PhaZAf only degraded P(3HB), but not P(LA-co-3HB), suggesting 

the isolated C34 strain secretes degrading enzyme(s) with a different substrate 

specificity than PhaZAf (Fig.3-2). Further, P(67 mol% LA-co-3HB) emulsion was used 

as a solo carbon source for liquid cultivation of isolated C34 strain (Fig.3-3). LA and 

3HB content in the precipitant decreased along with culture time. On the other hand, LA 

and 3HB content in the supernatant were not detected. These result indicated that P(67 

mol% LA-co-3HB) as degraded and assimilated by C34 strain. 
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Fig. 3-1 Result of polyester-degrading microorganism screening using P(3HB), 

P(LA-co-3HB), PDLA and PLLA emulsion. 
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Fig. 3-2 Halo formation obtained with the isolated C34 bacterium on MM plates 

containing emulsion of P(3HB) (A), P(LA-co-3HB) (B), PDLA (C) and PLLA (D), 

respectively; recombinant E. coli expressing the phaZAf gene from A. faecalis on MM 

plates containing emulsion of P(3HB) (E), P(LA-co-3HB) (F), PDLA (G) and PLLA 

(H), respectively. The plates were incubated at 30°C for 120 h 
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Fig. 3-3 P(67 mol% LA-co-3HB) assimilation by isolated C34 strain. LA (diamond) and 

3HB (square) content in precipitant (A) and supernatant (B) were measured by GC. 
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The isolated strain C34 was found to be a Gram-negative and rod-shaped 

bacterium (Fig 3-4). The sequence of a 340 bp 16S rRNA gene fragment amplified from 

C34 chromosomal DNA had 99 % identity with that of Variovorax sp. HI-I4 (accession 

number DQ205307.1), indicating that the bacterium C34 belongs to the genus of 

Variovorax sp. Therefore, the isolated bacterium was identified as Variovorax sp. C34. 

Fig. 3-5 shows a neighbor joining phylogenetic tree based on the 16S rRNA gene 

sequence of Variovorax sp. C34. Variovorax sp. C34 is located close to the extracellular 

P(3HB) depolymerase secreting bacteria, such as Acidovorax sp. (Kobayashi et al. 

1999), Comamonas sp. (Jendrossek et al. 1993) Comamonas testosteroni (Kasuya et al. 

1994) and Delftia acidovorans (Kasuya et al. 1997), which belong to the family of 

Comamonadaceae. So far, the discovery of polymer-degrading enzyme from Variovorax 

species has not been reported. 
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Fig. 3-4 Gram staining of isolated bacterium C34.  
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Fig. 3-5 Phylogenetic analysis of isolated bacterium C34 based on its 16s rRNA gene 

sequences. Phylogenetic analysis was performed using the MEGA5.2 software. Except 

for bacterium C34, the 16s rRNA gene sequences of aligned microorganisms were 

retrieved from GenBank (http://www.ncbi.nlm.nih.gov). The numbers at the nodes 

indicate the bootstrap percentages of 1,000 resamplings (Adapted from Sun et al. 2014) 
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3-3-2 Purification of the P(LA-co-3HB)-degrading enzyme 

During the course of this study, we found that the addition of P(3HB) emulsion 

was effective for increasing the production of the P(LA-co-3HB)-degrading enzyme. 

Therefore, the following cultivation of the Variovorax sp. C34 was carried out by 

supplementation of P(3HB) emulsion as an enzyme inducer. The purification procedures 

are summarized in Table 3-1. By means of the purification steps, a P(LA-co-3HB) 

depolymerase was purified to a final yield of 25 % with a specific activity of 51.9 U 

mg
-1

 from 9 L culture supernatant. Upon density isoelectric focusing electrophoresis, the 

fraction exhibiting the highest P(LA-co-3HB)-degrading activity was eluted at pH 9.0, 

which was thought to be the pI of this enzyme (Fig. 3-6). The purified protein migrated 

as a single band on SDS-PAGE and its molecular mass was calculated to be 

approximately 42 kDa (Fig. 3-7).   
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Fig. 3-6 Chromatogram of density isoelectric focusing electrophoresis. Protein 

concentration measured by optical density (OD) (triangle), enzymatic activity toward 

P(LA-co-3HB) (ball), fraction pH (diamond) 
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Table 3-1. Purification of the P(LA-co-3HB)-degrading enzyme from Variovorax sp. 

C34. (Adapted from Sun et al. 2014) 

 

Total 

Protein 

(mg) 

Total 

activity 

(U) 

Specific 

activity 

(U/mg) 

Recovery 

(%) 

Purification 

fold 

1. Culture 

supernatant 

190 270 1.42 100 1 

2. (NH4)2SO4 

precipitation 

22 164 7.45 61 5 

3. Isoelectric 

focusing 

1.3 67.5 51.9 25 36 
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Fig. 3-7 SDS-PAGE of P(LA-co-3HB)-degrading enzyme from Varovorax sp. C34. 

Lanes: 1, Molecular mass marker; 2, 15 μg protein of the dialysate after ammonium 

sulfate precipitation; 3, 4.5ug of the purified P(LA-co-3HB)-degrading enzyme 

(Adapted from Sun et al. 2014) 
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3-3-3 Polymer degradation by the purified P(LA-co-3HB) depolymerase 

The time course of the degradation by P(LA-co-3HB) depolymerase was 

determined using various polymer emulsions, i.e. P(LA-co-3HB), P(3HB), PLLA and 

PDLA (Fig. 3-8a). The purified depolymerase degraded both P(LA-co-3HB) and 

P(3HB), but not PLLA and PDLA, which is consistent with the results of the halo 

formation test on the agar plates, as described above (Fig.3-2). In contrast, phaZAf only 

degraded P(3HB) (Fig. 3-8b). 
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Fig. 3-8 Enzymatic degradation of P(LA-co-3HB) (red ball), P(3HB) (black triangle), 

PDLA (white square) and PLLA (blue diamond) emulsion by the 

P(LA-co-3HB)-degrading enzyme (A), and PhaZAf (B) 
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3-3-4 Effects of pH and temperature on the enzymatic activity 

The optimum pH of the purified P(LA-co-3HB) depolymerase was found to be 

8.0 (Fig. 3-9 a), which is similar to that of the P(3HB) depolymerase from Paucimonas 

lemoignei (Jendrossek and Handrick 2002), Caldimonas manganoxidans (Takeda et al. 

2002) and Aspergillus fumigates (Scherer et al. 1999). The pH stability of the enzyme 

was determined by measuring enzymatic activity at various pHs ranging from 2.0 to 

12.0. The enzyme retained more than 90% activity over a range of pH 6.0-12.0 (Fig. 3-9 

b) after incubation on ice for 1 h. The effect of temperature on the enzymatic activity 

was determined to be between 10 and 70 °C at pH 7.0. The optimal temperature of this 

enzyme was 55 °C (Fig. 3-10 a). After incubation in a temperature range of 10-70 °C for 

1 h, the residual activities of the enzyme were measured. The enzymatic activity was 

stably maintained at temperatures below 40 °C (Fig. 3-10 b). The thermal properties of 

P(LA-co-3HB) depolymerase are similar to those of the P(3HB) depolymerase from A. 

faecalis T1 (Tanio et al. 1982). 
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Fig. 3-9 Effect of pH on the (A) stability and (B) optimum of the purified 

P(LA-co-3HB)-degrading enzyme. The optimum pH for enzyme activity was 

determined at 30 °C in 25 mM potassium phosphate buffer (pH 6-8) (diamond) and 

boric acid/NaOH buffer (pH 8-10) (ball). For determination of pH stability, the enzyme 

was incubated with 10mM of KCl/HCl (pH 2-4), citric acid/Na2HPO4 (pH 4-6), 

potassium phosphate (pH 6-8), boric acid/NaOH (pH 8-10) or KCl/NaOH (pH 10-12) 

on ice for 1 h and subjected to enzymatic assay at 30 °C in 25 mM potassium phosphate 

buffer (pH 7.0). The relative activity is expressed as a percentage of the maximum of 

the enzyme activity under the assay conditions using P(LA-co-3HB) as the substrate 

(Adapted from Sun et al. 2014) 
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Fig. 3-10 Effect of temperature on the (A) stability and (B) optimum of the purified 

P(LA-co-3HB)-degrading enzyme. The temperature optimum for enzymatic activity 

was determined at temperatures ranging from 10 to 70 °C. For determination of thermal 

stability, the enzyme samples were incubated at 10 to 70 °C for 1 h and subjected to 

enzymatic assay at 30 °C. The relative activity is expressed as a percentage of the 

maximum of the enzyme activity under the assay conditions using P(LA-co-3HB) as the 

substrate (Adapted from Sun et al. 2014) 
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3-3-5 Effect of metal ions and organic inhibitors on the enzymatic activity 

The sensitivity of the enzyme towards various inhibitors was evaluated (Table. 

3-2). The enzymatic activity of the P(LA-co-3HB) depolymerase deceased to 41 % by 1 

h incubation in 5 mM of Hg
2+

. However, the P(LA-co-3HB) depolymerase was 

insensitive against to the chemical reagents tested.  
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Table 3-2. Effect of metal ions and organic inhibitors to the enzymatic activity of the 

P(LA-co-3HB)-degrading enzyme (Adapted from Sun et al. 2014) 

Reagent 

Residue activity (%) 

at the following 

concentration 

 

1mM 5mM 

None 

 

100 

NaCl 110 110 

MgCl2 138 93 

CaCl2 110 100 

CuCl2 100 86 

AgNO3 100 94 

ZnCl2 120 109 

MnCl2 100 90 

FeCl3 89 100 

CdCl2 104 100 

HgCl2 76 41 

PMSF 110 120 

EDC 100 100 

DTT 100 100 

Iodoacetic acid 100 100 

SDS 100 130 

2-ME 100 100 
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3-4 Discussion 

In this study, for the isolation of P(LA-co-3HB)-degrading microorganisms, soil 

samples were collected from different locations such as farms, compost dumps, 

dumpsters, sport fields and building sites. Among 500 samples, a decrease of medium 

turbidity was observed from 216 samples among those from all of these sites during 

assimilation culture. This result suggests that P(LA-co-3HB)-degrading microorganisms 

are common inhabitants of the soil of these sampling sites. Thus far, the investigation of 

the degradation of P(3HB) has been extensively carried out in terms of both aspects of 

the enzymes (Jendrossek and Handrick 2002) and polymers (Iwata et al. 1999; Iwata et 

al. 2002). This study demonstrates a wide distribution of P(3HB) degrading 

microorganisms, as previously reported. However, there are two types of 

microorganisms that can degrade P(3HB), those that act alone and those that act 

together with P(LA-co-3HB).  

The degradation of P(LA-co-3HB) by P(LA-co-3HB) depolymerase was faster than that 

of P(3HB). This result could be interpreted to mean that the crystallinity of a random 

copolymer is lower than that of a homopolymer (Yamada et al. 2011), containing more 

amorphous regions, and is thus more rapidly degraded than the crystallized region. On 
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the other hand, it was also found that PhaZAf hydrolyzed P(3HB), but not P(LA-co-3HB) 

(Fig. 3-2). This phenomenon suggested that the presence of the LA units in the polymer 

chain significantly inhibited the hydrolysis of the polymer by PhaZAf, even with the 

lowered crystallinity of the polymer. The contrasting substrate specificity of the 

enzymes may be due to a difference in the capacity to cleave the LA units in the 

polymer chain. Thus, a detailed analysis of the degrading mechanism by P(LA-co-3HB) 

depolymerase will be an interesting target for future studies. 
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Chapter 4 

Characterizing the enzymatic hydrolysis of 

D-lactate-containing polyesters by sequence and degradation 

product analysis of P(LA-co-3HB) depolymerase 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



82 

 

4-1 Introduction 

In chapter III the first P(LA-co-3HB) depolymerase, with degradation activity 

toward both P(3HB) and P(LA-co-3HB), was isolated. In addition, the protein 

properties of this P(LA-co-3HB) depolymerase were similar to P(3HB) depolymerase 

(PhaZs). In contrast, we found that the well-characterized PhaZ from Alcaligenes 

faecalis T1 (currently named as Ralstonia pickettii T1) (accession No.P12625.1) 

(PhaZAf) only degraded P(3HB). The difference between these two depolymerases 

stimulated our interest in the mechanism underlying the enzymatic degradation of 

P(LA-co-3HB) by the isolated depolymerase.  

PhaZ belongs to the family of denatured extracellular short-chain-length 

polyhydroxyalkanoates (dPHAscl) depolymerases, are classified into two types (types I 

and II) based on the structure of catalytic domain (Jendrossek and Handrick 2002). 

P(3HB) depolymerase proteins consist of a signal peptide, a catalytic domain that 

containing a lipase box pentapeptide Gly-Xaa1-Ser-Xaa2-Gly, a linking domain and a 

substrate binding domain. Two types of catalytic domains can be differentiated by the 

arrangement of the catalytic active amino acids residues (serine, aspartate and histidine) 

at the catalytic domain. Type I extracellular P(3HB) depolymerases, such as those 
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derived from Alcaligenes faecalis AE 122, Ralstonia pickettii T1 and Pseudomonas sp., 

have the sequential order of histidine-serine-aspartate-histidine. Type II extracellular 

P(3HB) depolymerases, such as those derived from Streptomyces exfoliates, 

Comamonas sp., Comamonas acidovorans and Leptothrix sp., have the sequential order 

of serine-aspartate-histidine-histidine (Jendrossek and Handrick 2002). Currently, the 

effect of different type catalytic domain on the substrate specificity of PhaZ is not clear. 

In order to study the substrate specificity and hydrolysis pattern of PhaZs, the 

water-soluble degradation products of P(3HB) and P(3HB-co-3HHx) degraded by 

PhaZs from Alcaligenes faecalis T1 and Comamonas acidovorans and (defined as types 

I and II respectively) have been studied (Abe et al. 1995; Iwata et al. 1997). The results 

showed both two extracellular PhaZs have the same enzymatic degradation manner that 

degrade P(3HB) with endo (random) cleavage together with exo cleavage. The rate of 

enzymatic hydrolysis of an ester bond may be strongly dependent on the chemical 

structure of the second and third monomeric units in a polyester chain (Abe et al. 1995; 

Iwata et al. 1997). These results were further proved by using molecular weight unified 

D-3HB oligomers and atactic D,L-3HB oligomers as the substrates (Bechmann and 

Seebach, 1999). 
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This chapter aimed at analyzing the mechanism for the different capacity of 

depolymerase from Variovorax sp. C34 and A. faecalis for degrading P(LA-co-3HB). In 

front part of this chapter, depolymerase from Variovorax sp. C34 was cloned and 

identified as a P(3HB) depolymerase (PhaZVs). Because PhaZs hydrolyze the ester bond 

between 3HB units, a key question was the capability of the depolymerases to cleavage 

the linkages between 3HB and LA units and/or between LA units. To answer this 

question, the substrate specificities of the depolymerases were evaluated using both 

polymeric and oligomeric substrates, and the molecular species of degradation products 

were determined to locate the cleavage sites.  

4-2 Materials and methods 

4-2-1 Cloning and expression of the P(LA-co-3HB) depolymerase gene  

The extracellular P(LA-co-3HB) depolymerase from Variovorax sp. C34 

(accession No. AHU1997) was purified as previously described (Sun et al. 2014). The 

N-terminal amino acid sequence of this depolymerase was determined by Edman 

degradation using a Procise 491cLC system (Applied Biosystems) in the Instrumental 

Analysis Division of the Equipment Management Center at Hokkaido University. 
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Based on the determined N-terminal sequence of the P(LA-co-3HB) 

depolymerase from Variovorax sp. C34, homologous hypothetical P(3HB) 

depolymerases from V. paradoxus EPS (accession No. CP002417.1) and V. paradoxus 

S110 (accession No. CP001635.1) were selected from the GenBank database. A pair of 

primers (1f: 5′-CACGGCCGATTCGTCAG-3′, 6r: 5′-CCGGGTCTCAAGCATCG-3′) 

was designed based on the conserved sequences in the 5' and 3'-untranslated region 

(UTRs) of the hypothetical P(3HB) depolymerase genes to amplify the Variovorax sp. 

C34 depolymerase gene from chromosomal DNA.  

For heterologous expression of the Variovorax sp. C34 depolymerase gene in E. 

coli, the gene was amplified by PCR using a pair of primers (FSigPhaZV: 

5′-GAGACACATATGCCAGCGATGAAGTGGAAC-3′, RePhaZV: 

5′-CATTGCGGATCCGAAAGACGGAAAAGGAAAAAGGCGT-3′) containing NdeI 

and BamHI restriction sites (underlined), respectively. The resultant DNA fragment was 

digested with NdeI and BamHI, and ligated into the same sites of the pET3a vector 

(Novagen, Madison, USA) to form pET3a-phaZVs. E. coli BL21(DE3) was used as a 

host strain for expression of PhaZVs.  
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Recombinant E. coli BL21(DE3) harboring pET3a-PhaZVs was grown in M9 

minimal medium supplemented with 100 μg/ml ampicillin at 37 °C, and 0.1 mM IPTG 

(final concentration) was added when the OD600 was 0.6. The cells were further 

cultivated at 30 °C for 12 h. Then, the cells were removed by centrifugation at 10,000 × 

g for 15 min at 4 °C, and the resulting culture supernatant was used for enzyme 

purification as described previously (Sun et al. 2014). 

The P(3HB) depolymerase PhaZAf (accession No. P12625.1) was prepared as 

described previously (Sun et al. 2014). 

The P(LA-co-3HB) depolymerase gene sequence of Variovorax sp. C34 has 

been deposited in DDBJ under accession number of LC011525. 

4-2-2 Polymeric substrates 

P(3HB) (Mn 28.3×10
4
) was kindly provided by the Mitsubishi Gas Chemical 

Company (Tokyo, Japan). P(67 mol% LA-co-3HB) (Mn 1.3×10
4
) was synthesized as 

previously described (Nduko et al. 2013). PDLA (Mn 3.8×10
4
) was kindly provided by 

Dr. Tadahisa Iwata (The University of Tokyo). PLLA (Mn 1.0×10
4
) was purchased from 

TAKI CHEMICAL (Hyogo, Japan). 
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4-2-3 Preparation of trimer methyl esters 

The trimer methyl esters, 3HB-3HB-3HB-methyl, 3HB-LA-LA-methyl, 

LA-3HB-LA-methyl and LA-LA-3HB-methyl were prepared by multi-step coupling 

reactions. The 3HB and LA monomeric derivatives protected with a silyl-group at the 

hydroxyl end and with a benzyl ester group at the carboxylic end were prepared 

according to previously published methods (Tabata and Abe 2014). The silyl-protected 

monomeric derivative was combined with an equimolar amount of the benzyl-protected 

derivative in the presence of an equivalent amount of N,N′-dicyclohexylcarbodiimide 

(DCC) and 0.5 equivalents of N,N-dimethyl-4-aminopyridine (DMAP). The reaction 

mixture was allowed to stir at room temperature for 24 h under nitrogen and then 

filtered to remove the generated dicyclohexylurea. The filtrate was concentrated in 

vacuo and chromatographed (silica, 5-10% ethyl acetate in hexanes). The obtained 

di-protected dimer was hydrogenated to deprotect the benzyl group using the flow 

reactor of an EYELA CCR-1000G system (Tokyo Rikakikai, Japan) with 10% 

palladium on silica and an Air-tech NM-H-100. The silyl-protected dimeric derivative 

obtained from this procedure was reacted with the methyl ester monomeric derivative in 

the same manner used for the dimeric reaction to yield the silyl-protected trimer methyl 
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esters. Equivalents (1.5-2.0) of tetra-n-butylammonium fluoride (TBAF) (1.0 M in 

tetrahydrofuran, THF) buffered by 3 equivalents of acetic acid were added to the 

silyl-protected trimer methyl esters in dry THF. The reaction mixture was stirred for 2 

days and then poured into brine. The product was extracted using diethyl ether, dried 

with MgSO4, and concentrated in vacuo. The concentrate was chromatographed (silica, 

20% ethyl acetate in hexanes) to yield a clear liquid. The structures of the trimers were 

confirmed by 
1
H NMR (Figure S1). The synthesis of LA-LA-LA-methyl using the 

aforementioned method was unsuccessful (data not shown). 

4-2-4 Preparation of LA oligomer methyl esters  

LA oligomer was prepared by modified methanolysis based on a previous 

described method (Arai et al. 2002). In brief, PDLA (10 mg) was dissolved in 1 ml of 

chloroform and combined with 1 ml 15% H2SO4/85% methanol. The reaction mixture 

in a 10 ml glass tube with a screw cap was incubated at 100 °C for 10 min. After 

reaction, the mixture was cooled down to room temperature and neutralized by adding 1 

ml solution containing 0.65 M NaOH and 0.9 M NaCl, and 500 μl 0.25 M Na2HPO4. 

The sample was vortexed vigorously, and chloroform phase was transferred to a new 

tube, and dried up. MALDI-TOF MS analysis of the oligomer was performed using a 
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Microflex (Bruker Daltonics) using positive ionization mode. An accelerating voltage 

was 19 kV. For preparing sample, the resulting oligomer was dissolved in 1 ml 

tetrahydrofuran (THF), and 10 μl aliquot was combined with 22 μl THF solution 

containing 1 mg/ml sodium trifluoroacetate and 40 mg/ml 

trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene] (DCTB) as a matrix.  

4-2-5 Degradation of polymeric substrates and analyses of the degradation 

products 

P(3HB) and P(LA-co-3HB) were used as the substrates for the enzymatic 

degradation assay. The polymer emulsion was prepared as previously described (Sun et 

al. 2014). A 20 ml reaction mixture containing 0.08% (wt/vol) emulsified polymer and 

1.2 U [activity toward P(3HB)] PhaZ in 25 mM ammonium acetate buffer (pH 7.0) was 

incubated at 30 ºC for 48 h. After degradation, the solubilized fraction and the 

remaining emulsion (water-insoluble fraction) were separated by centrifugation at 3,000 

× g for 1 h at 4 °C, and dried in vacuo. The LA and 3HB units in each fraction were 

ethanolyzed and quantified using a gas chromatography-mass spectroscopy 

(GCMS-QP2010, Shimadzu) equipped with an InertCap 1MS capillary column (GL 

Science Inc., Japan) as previously described (Arai et al. 2002). The 
1
H NMR spectra of 

http://www.tcichemicals.com/eshop/ja/jp/commodity/B3635/
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the water-insoluble fraction in CDCl3 were obtained using a JNM-ECS 400 

spectrometer (JEOL RESONANCE, Tokyo, Japan) with tetramethylsilane used as an 

internal reference. 

The enzyme in the solubilized fraction was removed by ultrafiltration using a 

Centricut 1 stage (KRB-U-10) (Kurabo, Japan). The resulting solution was subjected to 

size exclusion chromatography (SEC) using a HPLC equipped with a GF-210 HQ 

(Showa Denko, Japan) and a refractive index detector. Twenty five millimolar 

ammonium acetate (pH 7.0) was used as the mobile phase. The column was maintained 

at 60 °C and a flow rate of 1 ml/min. The eluted peaks were fractionated and the LA and 

3HB content in the fractions were quantified by GC-MS as aforementioned. Each 

fraction was diluted in 25 mM ammonium acetate (pH 7.0) with 10% acetonitril to 

contain 10 ppm LA and 3HB total. The sample was subjected to electrospray ionization 

mass spectrometry (ESI-MS) analysis using a MicroTOF (Bruker Daltonics). The 

sample was injected directly by a syringe pump at room temperature at a flow rate of 

180 μl/h. The ESI voltage was 4.5 kV in the negative mode and the drying temperature 

was 200 °C. Nitrogen was used as a nebulizer (1.6 bar) and drying gas (9.0 ml/min). All 

spectra were recorded in the range of 50-800 m/z.  
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4-2-6 Degradation of oligomeric substrate and analyses of the degradation 

products 

Each trimer-methyl ester (6 mg) was dissolved in 15 μl of ethanol and 

combined with 150 μl of 250 mM ammonium acetate buffer (pH 7.0) and 1235 μl of 

ultrapure water. The enzyme solution (100 μl) containing 12 U [activity toward P(3HB)] 

of PhaZ was added to the reaction mixture and incubated at 30 °C with gentle shaking 

for 2.5 h. The resulting methyl esters were extracted with 1 ml of chloroform and 

subjected to GC analysis using a GC-2010 Plus system (Shimadzu, Kyoto, Japan) 

equipped with an InertCap 1 capillary column (GL Science Inc., Japan). The methanol 

in the reaction mixtures was determined using a GC equipped with ZB-WAX column 

(30 m 0.25 mm i.d. 0.25 μm, Phenomenex) and a temperature gradient as follows: 0 

min, 40 °C; 0.5 min, 40 °C; 7.7 min, 220 °C; 12.5 min, 220 °C, at flow rate of 

2.5 ml/min. The temperature of injector was 200 °C. The flame ionization detector 

(FID) was used at 250 °C. 

For the degradation assay of LA oligomer, 1 mg LA oligomer methyl esters 

was combined with 100 μl of 250 mM ammonium acetate buffer (pH 7.0) and 875 μl of 

ultrapure water. The enzyme solution (25 μl) containing 3 U [activity toward P(3HB)] 
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of PhaZ was added to the reaction mixture and incubated at 30 °C with gentle shaking 

for 48 h. The water-insoluble fraction was extracted with 1 ml of chloroform and 

subjected to MALDI-TOF MS analysis using a Microflex as well as the case of PDLA 

oligomer described above. Solution of matrix containing 40 mg/ml DCTB and 1 mg/ml 

sodium trifluoroacetate in THF and 5 mg/ml oligomer were mixed in a volume ratio of 

11:5. The spectra were recorded in the range of 0-3000 m/z. The amount of LA in the 

solubilized fraction was determined by GC-MS as aforementioned. 

4-3 Results 

4-3-1 Cloning and expression of a P(LA-co-3HB) depolymerase gene phaZVs from 

Variovorax sp. C34 

For detailed enzymatic characterization, we cloned the gene encoding the 

depolymerase from Variovorax sp. C34. The N-terminal amino acid sequence of the 

depolymerase, AVPLPALGANPAEV, was homologous to those of hypothetical P(3HB) 

depolymerases from V. paradoxus EPS and V. paradoxus S110, which were 

closely-related strain of Variovorax sp. C34 based on the 16S rRNA seqnece (Sun et al. 

2014). We noticed that the 5'- and 3'-UTRs of hypothetical P(3HB) depolymerase genes 
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of V. paradoxus EPS and V. paradoxus S110 possessed highly conserved regions, 

respectively. Therefore, we attempted to amplify the depolymerase gene from 

Variovorax sp. C34 using a pair of primer designed based on the conserved UTR 

sequences. As the result, a 1.5 kb fragment was successfully amplified from Variovorax 

sp. C34 chromosomal DNA. 

The DNA sequence analysis revealed that the fragment contained an ORF 

encoding a protein of 484 amino acid residues bearing the distinct structural modules, 

putative signal peptide, catalytic domain, fibronectin type III linkage and type I 

substrate binding domain. This deduced amino acid sequence had homology to the 

P(3HB) depolymerases from Delftia acidovorans (71% identity, accession No. 

BAA19791.1) (Kasuya et al. 1997), Acidovorax sp. AT4 (69%, accession No. 

BAA35137.1) (Kobayashi et al. 1999), Comamonas sp. (46%, accession No. 

AAA87070.1) (Jendrossek et al. 1995), and Comamonas testosteroni (46%, accession 

No. BAA22882.1) (Kasuya et al. 1994), which were classified as catalytic domain type 

II denatured extracellular short-chain-length polyhydroxyalkanoates (dPHAscl) 

depolymerase (Knoll et al. 2009). In addition, the conserved arrangement of the 

catalytic amino acid residues (Ser46, Asp133, His166, and His255) among catalytic 
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domain type II extracellular dPHAscl depolymerase (Jendrossek and Handrick 2002) 

was also found in this deduced amino acid sequence. Therefore, it was concluded that 

the cloned gene encoded a catalytic domain type II extracellular dPHAscl depolymerase, 

which was designated as PhaZVs.  

To investigate the substrate specificity of PhaZVs, the phaZVs gene was 

expressed in E. coli using the T7 promoter system. The purified recombinant PhaZVs 

was recovered with a 37% yield and a specific activity of 68.3 U/mg protein. The 

molecular mass of this enzyme was estimated to be 43 kDa by SDS-PAGE, which was 

the same size as the native PhaZVs from Variovorax sp. C34 (Fig. 4-1). 

 

 

 

 

 



95 

 

 

 

 

 

 

Fig. 4-1 SDS-PAGE of recombinant PhaZVs expressed in E. coli. Lanes: 1, size marker; 

2, 10 μg of the dialysate after ammonium sulfate precipitation; 3, 1.2 μg of PhaZVs 

purified from the culture supernatant of recombinant E. coli. (Adapted from Sun et al. 

2015) 
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4-3-2 Identification of the molecular species of P(3HB) and P(LA-co-3HB) 

degradation products generated using PhaZVs 

The recombinant PhaZVs was subjected to the P(3HB) degradation assay. 

PhaZVs completely degraded P(3HB) emulsion into the water-soluble degradation 

product, which contained monomer and oligomers (Fig. 4-2d). The degraded products 

fractionated from SEC was subjected to ESI-MS analysis, revealing that the fraction 

was 3HB-3HB (m/z = 189) homodimer (Fig. 4-3a). The small amount of 3HB (m/z = 

103) monomer was also detected in the fraction. The 3HB oligomers longer than dimer 

were not detected, indicating that the trimer is the minimum substrate that can be 

recognized by PhaZVs. 
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Fig. 4-2 Size exclusion chromatography of water-soluble degradation products of 

polymers generated by action of PhaZVs. (A): 1 mg/ml 3HB standard; (B): 1 mg/ml LA 

standard; (C): 0.06 U/ml PhaZVs solution; (D): 0.8 mg/ml P(3HB) treated with PhaZVs; 

(E): 0.8 mg/ml P(67 mol% LA-co-3HB) treated with PhaZVs. The peak eluted at 11 min 

was ammonium acetate.(Adapted from Sun et al. 2015) 
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Fig. 4-3 ESI-MS analysis of water-soluble oligomer fractions. Samples were 

fractionated from SEC analysis shown in Fig. 2. (A) oligomer fraction derived from 

P(3HB). (B) oligomer fraction derived from P(LA-co-3HB). The calculated m/z of 

[M-H]
-
 ions from the expected species are 89 (LA), 103 (3HB), 161 (LA-LA), 189 

(3HB-3HB), and 175 (LA-3HB and/or 3HB-LA), respectively. .(Adapted from Sun et al. 

2015) 
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The degradation products of P(67 mol% LA-co-3HB) generated by action of 

PhaZVs were analyzed using the same method. The resultant solution of copolymer 

emulsion treated with PhaZVs remained slightly turbid. The water-soluble fraction of the 

degradation product was estimated to be 96.5 wt% of the copolymer used, and was 

composed of 69 mol% LA and 31 mol% 3HB (Table 4-1), which is nearly identical to 

the monomer composition of the original copolymer. The water-soluble fraction 

contained oligomers and monomers (Fig. 4-2e), which were determined to be LA-LA 

(m/z = 161) and 3HB-3HB (m/z = 189) homodimers, LA-3HB and/or 3HB-LA (m/z = 

175) heterodimers, and LA (m/z = 89) and 3HB (m/z = 103) monomers (Fig. 3b). No 

trimers or longer oligomers were detected. This result indicated that ester bonds 

between the LA and 3HB units were hydrolyzed by PhaZVs. Moreover, PhaZVs should 

also cleave LA-LA linkage because of the absence of LA-LA-LA trimer in the 

degradation product. No degradation of P(LA-co-3HB) was observed without PhaZVs. 
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Table 4-1. The yield and composition of the P(67 mol% LA-co-3HB) degradation 

product generated by PhaZVs.(Adapted from Sun et al. 2015) 

 
Major 

component 

 Yield (wt%)  Composition (mol%) 

 3HB LA Total  3HB LA 

Water-soluble 

fraction 

Monomers  19.4 27.8 47.2  17.8 30.5 

Dimers  13.9 35.4 49.3  12.8 38.8 

Total  33.3 63.2 96.5  30.6 69.4 

Water-insoluble 

fraction 
Oligomers  Trace 2.3 2.3  Trace 100 

The yield and molar composition of each fraction were determined by GC-MS. The 

monomers and oligomers were separated using SEC. The molecular weights of the 

molecular species in the oligomer fraction were determined using ESI-MS. 
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It should be noted that a small amount of copolymer emulsion remained after 

the degradation reaction, which was determined based on turbidity decrease, reached its 

plateau. The water-insoluble but chloroform-soluble fraction was composed of nearly 

entirely LA units together with trace amounts of 3HB units (Table 4-1). 
1
H NMR 

resonances of this sample were identical to those of the PDLA homopolymer (Fig. 4-4). 

In addition, a small quartet at  4.19, which was close to the resonance of the methine 

proton of methyl lactate ( 4.28, data not shown), was ascribed to the CH group of the 

LA unit at the hydroxyl terminus. Based on the ratio between the peak of the terminal 

unit and that of the polymeric unit, the number-averaged molecular weight of the 

PDLA-like fraction was estimated to be approximately 2,900. 
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Fig. 4-4 
1
H NMR analysis of the water-insoluble fraction in the degradation products of 

P(LA-co-3HB) by action of PhaZVs. (a) Original polymer, (b) the water-insoluble 

fraction after PhaZVs treatment, (c) PDLA. .(Adapted from Sun et al. 2015) 

 

 



103 

 

4-3-3 Hydrolysis of the chemically synthesized trimers containing LA and 3HB 

units by PhaZs 

The aforementioned results demonstrated that PhaZVs hydrolyzed ester bonds 

in the all dyad sequences, 3HB-3HB, LA-3HB, 3HB-LA and LA-LA. We initially 

thought that the capacity to cleave LA-containing sequences should distinguish PhaZVs 

and PhaZAf in terms of the ability to degrade P(67 mol% LA-co-3HB). To test this 

hypothesis, four synthetic trimer methyl esters, 3HB-3HB-3HB-methyl, 

3HB-LA-LA-methyl, LA-3HB-LA-methyl and LA-LA-3HB-methyl, were used as the 

degradation substrates for analyzing the hydrolysis of LA/3HB containing sequences. 

The treatment of the substrates with PhaZVs resulted in the generation of the 

corresponding methyl esters (Table 4-2), indicating that this enzyme hydrolyzed ester 

bonds in 3HB-3HB, 3HB-LA, LA-3HB and LA-LA dyads. For comparison, PhaZAf 

from A. faecalis T1 was subjected to the same experiment. Surprisingly, PhaZAf also 

exhibited hydrolyzing activity toward these substrates and generated monomer-methyl 

esters (Table 4-2). In particular, the generation of LA-methyl from 3HB-LA-LA-methyl 

indicated that PhaZAf did hydrolyze ester bond in LA-LA dyad, although the reaction 

rate of PhaZAf was slower than that of PhaZVs (Fig. 4-5). It was contrasted with the 
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result that PhaZAf was shown to not degrade P(67 mol% LA-co-3HB) (Sun et al. 2014). 

Taken these facts together, it was suggested that the hydrolysis of LA-clustering 

sequence by PhaZ depended on the molecular weight of the substrate. No degradation of 

these trimers was observed without PhaZs. 
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Table 4-2. Degradation products of synthetic trimers by PhaZVs and PhaZAf
a
.(Adapted 

from Sun et al. 2015) 

Depolymerase Substrates
b
 

Hydrolysis product (mol%) 

LA-methyl 3HB-methyl Methanol 

PhaZAf 

3HB-3HB-3HB-methyl  89.7±2.4 7.4±1.2 

3HB-LA-LA-methyl 51.8±2.2  17.4±2.6 

LA-3HB-LA-methyl 31.4±3.1  10.3±2.3 

LA-LA-3HB-methyl  10.6±1.2 72.1±4.4 

PhaZVs 

3HB-3HB-3HB-methyl  91.3±2.7 8.5±1.4 

3HB-LA-LA-methyl 54.2±2.2  21.4±2.3 

LA-3HB-LA-methyl 35.8±4.1  4.6±1.7 

LA-LA-3HB-methyl  9.9±2.4 73.9±1.4 

a
The presence of methyl esters and methanol were determined using GC. 

b
After 

enzymatic reaction, the substrates were fully consumed. 
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Fig. 4-5 Time profile of degradation of 3HB-LA-LA-methyl by action of PhaZs. (A) 

PhaZVs, (B) PhaZAf. 3HB-LA-LA-methyl (red diamond); LA-methyl (blue ball); 

methanol (black triangle). Data is an average of three trials.  
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4-3-4 Hydrolysis of LA oligomers by PhaZs 

In order to evaluate the effect of the substrate molecular weight on LA-LA 

hydrolysis by action of PhaZs, the D-LA oligomers of approximately 6-40 mers (Fig. 

4-6a) was used for PhaZ assay. MALDI-TOF-MS analysis of the degradation products 

indicated that PhaZAf fully degraded D-LA oligomers of 8 mer and shorter. However, the 

enzyme only partially degraded the oligomers of 9-31 mers, and the degradation 

efficiency of the oligomers was inversely correlated with their molecular weight (Fig. 

4-6b). In contrast, PhaZVs exhibited significantly higher degradation activity toward 

oligomers of 31 mer and shorter compared to PhaZAf (Fig. 4-6c). These results clearly 

demonstrated that the capacity to degrade long D-LA oligomer was a major determinant 

distinguishing PhaZVs and PhaZAf.  

Time course of degradation of D-LA oligomers treated with PhaZVs analyzed 

by MALDI-TOF-MS revealed a rapidly reduction of D-LA oligomers with lower 

molecular weight, indicating that D-LA oligomers with lower molecular weight were 

easily degraded (Fig.4-7). To study whether endo or exo hydrolysis pattern happened 

during the enzymatic degradation of D-LA oligomers would be an interesting research 

subject, however is difficult in current stage, due to the preparation of D-LA oligomer 
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with unified molecular weight is not succeed yet. 
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Fig. 4-6 MALDI-TOF MS analysis of the water-insoluble degradation products of 

PDLA oligomers by action of PhaZs. (A) PDLA oligomer without PhaZ treatment 

(control); (B) degradation product of sample (A) by action of PhaZAf (green). The 

original sample (A) was merged (red); (B) degradation product of sample (A) by action 

of PhaZVs (green). The original sample (A) was merged (red). 
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Fig. 4-7 A time course of MALDI-TOF MS analysis of the water-insoluble degradation 

products of PDLA oligomers during degradation by PhaZVs.  
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4-4 Discussion 

PhaZVs was identified as the first depolymerase that degrades P(67 mol% 

LA-co-3HB) (Sun et al. 2014). On the other hand, a well-studied P(3HB) depolymerase 

PhaZAf was found to not degrade this copolymer. This phenomenon drew our interest in 

analysis of the cleaved sites in P(LA-co-3HB) by action of PhaZVs in comparison with 

PhaZAf. We initially expected that PhaZVs and PhaZAf could be distinguished based on 

the substrate specificity toward LA-containing sequences. However, a surprising result 

was that PhaZAf also had a capacity to cleave the LA-containing oligomers. This result 

indicated that the difference in the capacity of PhaZVs and PhaZAf in degrading 

P(LA-co-3HB) was not determined by recognition of the monomer sequence, rather, it 

was caused by the dependency of PhaZ activity on the length of LA-clustering sequence 

(Fig. 4-6). The active pocket of PhaZ is smaller than most D-LA oligomers (Fig.4-8), 

indicates that PhaZ cannot recognize the molecular weight of substrate. Therefore, the 

molecular weight dependent degradation should be conducted by the change of 

interaction between PhaZ and D-LA oligomers with different molecular weight. This 

interaction would depend on the configuration of D-LA oligomers in the reaction 

mixture. 



112 

 

 

 

 

 

 

 

Fig. 4-8 A model of the D-3HB trimer bound in the active pocket of P(3HB) 

depolymerase derived from Penicillium funiculosum.(Hisano et al. 2006). 
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To date, PhaZs have been typically characterized using high-molecular-weight 

homopolymers and/or low-molecular-weight model substrates, such as 

p-nitrophenylbutyrate. The PhaZ assay using the copolymer described in this study, 

however, led to the finding of the hidden PhaZ activity toward PDLA oligomer. This 

result suggests that PhaZs, which exhibited no activity toward high-molecular-weight 

substrates, might degrade oligomer substrates. Therefore, the size of substrate should be 

recognized as an importance factor for characterization of PhaZs.  

The degradation of P(67 mol% LA-co-3HB) by PhaZVs remained the small 

amount of non-solubilized fraction, which was identified to be PDLA oligomers of 40 

mer in average. This result agreed with the finding that PhaZVs degraded PDLA 

oligomer of 34 mer and shorter. This substrate length-dependency of PhaZ for 

hydrolysis of D-LA oligomer should be a critical factor affecting the biodegradability of 

P(LA-co-3HB), because the D-LA clustering region contained in the copolymer may 

last longer period in the environment. In our previous screening, a number of P(67 

mol% LA-co-3HB)-degrading bacteria were isolated from the soil, suggesting the 

widespread distribution of the PDLA oligomer-degrading bacteria in the soil. The 

character of these bacteria and the fate of the PDLA oligomer in the natural environment 
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are important targets of the next stage of the study. 

4-5 References:  

Abe, H., Doi Y., Aoki H., Akehata T., Hori Y. and Yamaguchi A., 1995. Physical 

properties and enzymic degradability of copolymers of 

(R)-3-hydroxybutyric and 6-hydroxyhexanoic acids. Macromolecules, 28, 

7630-7637. 

Arai, Y., Nakashita H., Suzuki Y., Kobayashi Y., Shimizu T., Yasuda M., Doi Y. 

and Yamaguchi I., 2002. Synthesis of a novel class of 

polyhydroxyalkanoates in Arabidopsis peroxisomes, and their use in 

monitoring short-chain-length intermediates of beta-oxidation. Plant Cell 

Physiol, 43, 555-62. 

Arai, Y., Nakashita H., Suzuki Y., Kobayashi Y., Shimizu T., Yasuda M., Doi Y. 

and Yamaguchi I., 2002. Synthesis of a novel class of 

polyhydroxyalkanoates in Arabidopsis peroxisomes, and their use in 

monitoring short-chain-length intermediates of β-oxidation. Plant Cell 

Physiol, 43, 555-62. 

Iwata, T., Doi Y., Tanaka T., Akehata T., Shiromo M. and Teramachi S., 1997. 

Enzymatic degradation and adsorption on poly[(R)-3-hydroxybutyrate] 

single crystals with two types of extracellular PHB depolymerases from 

Comamonas acidovorans YM1609 and Alcaligenes faecalis T1. 

Macromolecules, 30, 5290-5296. 

Jendrossek, D., Backhaus M. and Andermann M., 1995. Characterization of the 

extracellular poly(3-hydroxybutyrate) depolymerase of Comamonas sp. 

and of its structural gene. Can J Microbiol, 41, 160-169. 

Jendrossek, D. and Handrick R., 2002. Microbial degradation of 

polyhydroxyalkanoates. Annu Rev Microbiol, 56, 403-432. 

Kasuya, K., Doi Y. and Yao T., 1994. Enzymatic degradation of 

poly[(R)-3-hydroxybutyrate] by Comamonas testosteroni ATSU of soil 

bacterium. Polym Degrad Stab, 45, 379-386. 

Kasuya, K., Inoue Y., Tanaka T., Akehata T., Iwata T., Fukui T. and Doi Y., 1997. 

Biochemical and molecular characterization of the polyhydroxybutyrate 



115 

 

depolymerase of Comamonas acidovorans YM1609, isolated from 

freshwater. Appl Environ Microbiol, 63, 4844-4852. 

Knoll, M., Hamm T. M., Wagner F., Martinez V. and Pleiss J., 2009. The PHA 

Depolymerase Engineering Database: A systematic analysis tool for the 

diverse family of polyhydroxyalkanoate (PHA) depolymerases. BMC 

Bioinformatics, 10, 89-97. 

Kobayashi, T., Sugiyama A., Kawase Y., Saito T., Mergaert J. and Swings J., 1999. 

Biochemical and Genetic Characterization of an Extracellular 

Poly(3-hydroxybutyrate) Depolymerase from Acidovorax Sp. Strain TP4. J 

Environ Polym Degr, 7, 9-18. 

Nduko, J. M., Matsumoto K., Ooi T. and Taguchi S., 2013. Enhanced production 

of poly(lactate-co-3-hydroxybutyrate) from xylose in engineered 

Escherichia coli overexpressing a galactitol transporter. Appl Microbiol 

Biotechnol, 98, 2453-2460. 

Sun, J., Matsumoto K., Nduko J. M., Ooi T. and Taguchi S., 2014. Enzymatic 

characterization of a depolymerase from the isolated bacterium Variovorax 

sp. C34 that degrades poly(enriched lactate-co-3-hydroxybutyrate). Polym 

Degrad Stab, 110, 44-49. 

Tabata, Y. and Abe H., 2014. Synthesis and Properties of Alternating Copolymers 

of 3-Hydroxybutyrate and Lactate Units with Different Stereocompositions. 

Macromolecules, 47, 7354-7361. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



116 
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P[(R)-lactate(LA)-co-(R)-3-hydroxybutyrate(3HB)] is an unusual microbial 

polyester produced in engineered Escherichia coli expressing lactate-polymerizing 

polyhydroxyalkanoate synthase. P(LA-co-3HB) is thought to be a potent biobased 

material because of its alterable transparency and flexibility depending on LA fraction. 

This study attempted to explore the possibility of using M. × giganteus biomass for 

production of P(LA-co-3HB), then demonstrate the biodegradability and the enzymatic 

degradation mechanism of P(LA-co-3HB). 

Chapter II proves that M. × giganteus was efficiently utilized for the 

production of P(LA-co-3HB), by the recombinant Escherichia coli carrying a 

lactate-polymerizing enzyme gene. After delignification followed by enzymatic 

hydrolysis, the resulting total sugar yield from M. × giganteus biomass was higher than 

that obtained from rice straw. The microbial production of P(LA-co-3HB) using the 

enzymatic hydrolysate reached nearly the same level of that obtained using a mixture of 

pure glucose and xylose. Moreover, both glucose and xylose in the hydrolysates were 

consumed and contributed to the polymer production by the recombinant E. coli. 

Accordingly, M. × giganteus can serve as an excellent resource for the microbial 

production of P(LA-co-3HB). 
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In chapter III, in order to investigate the biodegradability, P(LA-co-3HB) and 

PDLA were used as the substrates for isolation of D-LA-incorporated 

polyester-degrading microorganism from soil samples. Among approximately 500 

samples, a Gram-negative bacterium C34, which exhibited the high P(67 mol% 

LA-co-3HB)-degrading activity, was isolated. Based on its 16S rDNA sequence, this 

isolated bacterium was identified as Variovorax sp. C34. Variovorax sp. C34 secreted 

the P(LA-co-3HB)-degrading enzyme (PhaZVs) had a molecular mass of 42 kDa and 

exhibited degradation activity towards the P(67 mol% LA-co-3HB) as well as P(3HB), 

but not PDLA and PLLA. On the other hand, PhaZAf from Alcaligenes faecalis T1 only 

degraded P(3HB). This result suggests that the newly isolated PhaZVs has unique 

substrate specificity.  

Chapter IV analyzes the monomer sequence specificity of PhaZVs for 

hydrolyzing P(LA-co-3HB) in comparison with PhaZAf that did not degrade the same 

copolymer. Degradation of P(LA-co-3HB) by action of PhaZVs generated dimers, 

3HB-3HB, 3HB-LA, LA-3HB and LA-LA, and the monomers, suggesting that PhaZVs 

cleaved the linkages between LA and 3HB units and between LA units. To provide a 

direct evidence for the hydrolysis of these sequences, the synthetic methyl trimers, 
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3HB-3HB-3HB, LA-LA-3HB, LA-3HB-LA and 3HB-LA-LA, were treated with the 

PhaZs. Unexpectedly, not only PhaZVs but also PhaZAf hydrolyzed all of these substrates, 

namely PhaZAf also cleaved LA-LA linkage. Considering the fact that both PhaZs did 

not degrade PDLA homopolymer, the cleavage capability of LA-LA linkage by PhaZs 

was supposed to depend on the length of the LA-clustering sequence in the polymer 

chain. To test this hypothesis, PDLA oligomers (6 to 40 mer) were subjected to the 

degradation assay by PhaZs, and the result revealed that there was an inverse 

relationship between molecular weight of the substrates and their hydrolysis efficiency. 

Moreover, PhaZVs exhibited the degrading activity toward significantly longer PDLA 

oligomers compared to PhaZAf. Therefore, the cleaving capability of PhaZs used here 

toward the D-LA-based polymers containing the LA-clustering sequence was strongly 

associated with the substrate length, rather than the monomer sequence specificity of the 

enzyme. 

According to this study, potential of production of P(LA-co-3HB) using 

lignocellulosic biomass-derived sugars was proved and the enzymatic biodegradation of 

P(LA-co-3HB) was found that to be dependent on the length of LA-clustering sequence 

in the polymer. The trials of this study should contribute to the establishment of a 
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refinery using lignocellulosic biomass for production of environment-friendly 

P(LA-co-3HB) with alterable biodegradability. 
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