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Abstract Microorganisms especially bacteria and cyanobacteria have the ability
to synthesize polyhydroxyalkanoates (PHAs) granules as carbon and energy stor-
age compounds within their cells. Owing to eco-friendly, biodegradability, modi-
fiable mechanical properties, non-toxicity, biocompatibility, hydrophobicity, cellu-
lar growth support, piezoelectricity, attachment without carcinogenic effects, opti-
cal purity and desired surface modifications, the PHAs have received substantial
attention towards research as well as commercial ventures and comparable to non-
biodegradable conventional plastics presently in use. Microbial PHA biosynthetic
pathways are grouped into four types, where PHA synthases are the main enzymes.
The PHA synthases exploit the hydroxyacyl-CoAs as substrates and catalyze the
covalent bond formation among the hydroxyl group of one along with the carboxyl
group of other hydroxyalkanoate that result into the formation of PHAs. Depending
on the specificity of substrate as well as components of subunit, PHA synthases are
grouped into four types, i.e., class I synthesizing Short-Chain-Length (SCL) PHAs
(represented by the bacterium Cupriavidus necator), class II synthesizing Medium-
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Chain-Length (MCL) PHAs (represented by the bacterium Pseudomonas putida),
class III (represented by bacterial species such as Allochromatium vinosum), and
class IV PHA synthases (so far represented only by Bacillus sp., B. megaterium).
Interestingly, these PHA synthases have a preserved cysteine residue as a catalytic
active site to which the resulting PHA chain is linked through covalent bond. Overall,
this chapter gives an overview on the structure and genes of PHA synthases including
PHA biosynthetic routes, mechanism of PHAs polymerization together with biogen-
esis of PHA granules and phasins as major PHA granule-associated proteins.

Keywords Biocompatibility · Biodegradability · PHAs · Phasins · PHA
synthases · Piezoelectricity · Polyhydroxyalkanoates · PHA biosynthetic
pathways · PHA biogenesis

14.1 Introduction

14.1.1 Conventional Petroleum-Based Plastics

Conventional petroleum-based plastics have exceptional light-weight, stability, dura-
bility, economic feasibility and desirable material properties with ability to depict a
variety of strengths as well as shapes. These unique properties are responsible for
their widespread uses in construction, packaging materials, computer equipments,
components of automobiles, medical field, printers, etc. (Bernard 2014; Kumar et al.
2015; Sharma et al. 2016; Singh and Mallick 2017a, b; Singh et al. 2017). In 2013,
the global plastic production enhanced up to 299 million tons, which was a 3.9%
enhancement than the 2012 (Plastics Europe 2015). Plastic production exhibits a
little enhancement in 2016, but is still below pre-crisis level. However, in 2017 plas-
tic production is anticipated to continue on a positive trend (Plastics Europe 2016).
These plastics are usually manufactured from polyolefins such as polyethylene (PE),
polystyrene (PS), polypropylene (PP), polyvinyl chloride (PVC), etc. that are typi-
cally synthesized using fossil fuels, used up as well as cast-off into the environment
as non-degradable refuses, where they persist as such for many years as a result of
largely xenobiotic nature or recalcitrant to microbial attack. The question of what
to do with these conventional plastics waste is turning into a worldwide problem-
atic issue pertaining to environment. The environmental apprehensions like solid
waste management, plastic waste incineration and safe disposal posed by these plas-
tics resulted into the synthesis of green polymers/biodegradable plastics (Alexander
1981; Ray and Bousmina 2005; Shah et al. 2008; Kumar et al. 2015; Sharma et al.
2016; Singh et al. 2017). Biodegradable plastics are biologically synthesized mate-
rials that are environmentally friendly, degradable and lead to mineralization. Such
green plastics are relatively newaswell as promising due to their actual use and degra-
dation by microbes like bacteria and cyanobacteria. This green plastic can be divided
into four classes viz. photodegradable, semi-biodegradable, chemically synthesized
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and polyhydroxyalkanoates (PHAs) (Ray and Bousmina 2005; Singh et al. 2017).
Among these, the microbially originated PHAs depicted unique properties such as
biodegradability, modifiable mechanical properties, non-toxicity, biocompatibility,
hydrophobicity, cellular growth support, piezoelectricity, attachment without car-
cinogenic effects, optical purity and desired surface modifications, which make them
extremely competitive with conventional plastics for various industrial applications.
The industrial applications of PHAs are summarized in Table 14.1.

14.1.2 An Overview on Commercialization Trends
and Economics of PHAs Production

The biopolymeric PHAsmarket is differentiated into linear aswell as co-polymerized
PHAs in which the co-polymerized PHAs emerged as the foremost revenues pro-
ducing section because of its desirable material properties akin to conventional
petroleum-based plastics. PHAs market based on application is classified into var-
ious fields like food services, medical, agriculture, packaging (Table 14.1), etc.,
where packaging field is the most important revenue making segment due to increas-
ing interest of biodegradable packaging materials. Furthermore, PHAs geography
market is divided into North America, Europe, Asia Pacific and Rest of the World.
Interestingly, Europe followed by Asia Pacific, is the biggest revenue generating sec-
tor because of relative increase in the consumer’s disposable income together with
existence of enormous amount of capital by many industries, which triggering more
and more investment in research and development (Global Polyhydroxyalkanoate
(PHA)Market 2012–2020). There are many top most companies like Metabolix Inc.
(USA), Shenzhen Ecomann Technology Co. Ltd. (China), Tianjin GreenBio Materi-
als Co. Ltd. (China),Meredian Inc. (USA) andBiomer (Germany) that are engaged in
the biopolymeric PHAs business. Amongst these companies, USA-based Metabolix
Inc. andChina-based ShenzhenEcomannTechnology depicted themaximumgrowth
and developments relating to PHAs market. Additionally, they have largest expan-
sion plan with novel PHA product developments (as their ultimate growth policies).
Such companies already initiated the research and intensifying efforts for indus-
trial production of many different types of PHA biopolymers (Global Trends and
Forecasts 2018). For instance, the Cupriavidus necator, a bacterium, is employed
by Metabolix, Inc. (USA) for the industrial production of 3-hydroxybutyrate (3HB)
and 3-hydroxyvalerate (3HV), i.e., [P(3HB-co-3HV)] co-polymer and marketed in
the trade name of BIOPOL® (Luzier 1992). In the near future, these companies are
anticipating considerable development as well as growth in PHAs market because of
exploring the wide-range of feasible uses and forthcoming inclinations of biodegrad-
able plastics. Table 14.2 shows the current global manufacturers of PHA bioplastics.

PHAs are making pace towards commercialization that is attained by decades
of research with hard efforts and commitments. Regardless of commercialization,
technology is still at the initial stages for economical large-scale PHAs production
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Table 14.1 Industrial uses of biopolymeric PHA materials (compiled from Vincenzini and De
Philippis 1999; Philip et al. 2007; Chen 2009)

Fields Applications References

Pharmaceutical industry PHA can be used as drug
delivery systems and retarded
drug release

Vincenzini and De Philippis
(1999), Yao et al. (2008); Ali
and Jamil (2016)

PHA monomers could be used
as drugs. For instance,
3-hydroxybutyrate (3HB) and
its derivatives found to have an
inhibitory influence on cell
apoptosis

Xiao et al. (2007), Zou et al.
(2009)

PHA monomers, specially
3HB, exhibit therapeutic
effects on Alzheimer’s as well
as Parkinson’s diseases,
osteoporosis and even memory
improvement

Kashiwaya et al. (2000),
Massieu et al. (2003), Zou
et al. (2009)

Packaging industry Utensils, cosmetic containers
and cup, tray for foods,
Packaging films such as
containers and paper coatings,
feminine hygiene products,
tubs for thermoformed articles,
bottles like shampoo bottles,
compostable bags and lids,
diapers, disposable substances
like razors, upholstery, carpet,
shopping bags and medical
surgical garments

Weiner (1997), Vincenzini and
De Philippis (1999), Chen
(2010), Philip et al. (2007)

Printing and photographic
industry

Biopolymeric PHA materials
can be effortlessly stained

Chen (2009), Li et al. (2009)

Industrial microbiology The PHA synthesis operon can
be employed as a metabolic
regulator or resistance
enhancer to increase the
performances of industrial
microbial strains

Muller et al. (1999), Zhang
et al. (2006)

Block copolymerization PHA materials can be
transformed to PHA diols for
block co-polymerization with
other polymeric materials

Liu et al. (2008), Chen (2009)

Biofuels PHA polymeric materials can
be broken down to form
hydroxyalkanoate methyl
esters, which are combustible

Zhang et al. (2009)

(continued)
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Table 14.1 (continued)

Fields Applications References

Textile industry PHA materials can be
processed into fibers similar to
nylons

Perepelkin (2005), Chen
(2009)

Fine chemical industry PHA monomeric units are all
chiral R-forms and can be used
as chiral starting materials for
the synthesis of antibiotics

Chen and Wu (2005a)

Medical PHAs can be used for the
development of absorbable
sutures, bone plates, surgical
pins, films and staples, bone
marrow scaffolds, tendon
repair devices, spinal fusion
cages, ocular cell implants,
skin substitutes, heart valves,
cardiovascular fabrics,
pericardial patches, closure of
atrial septal defect, vascular
grafts, attractive candidates for
nerve guides, tissue
engineering applications,
osteosynthetic material for
stimulating bone growth and
effectively repairing damaged
nerves etc.

Vincenzini and De Philippis
(1999), Chen and Wu (2005b),
Wang et al. (2008), Bian et al.
(2009), Brigham and Sinskey
(2012), Ali and Jamil (2016)

Agriculture Controlled liberation of
substances like herbicides,
plant growth regulators
pesticides and fertilizers, seed
encapsulation and covering
foils

Vincenzini and De
Philippis (1999), Kyrikou and
Briassoulis (2007)

Chiral chromatography Stationary phase for columns Vincenzini and De Philippis
(1999)

Healthy food additives PHA oligomers can be used as
food supplements for
obtaining ketone bodies

Martin et al. (1999)

Protein purification PHA granule binding proteins
phasin or PhaP are used to
purify recombinant proteins

Rehm (2007), Wang et al.
(2008)

Bulk chemicals Heat sensitive adhesives, latex,
smart gels, PHA matrices can
be used to remove facial oils

Lee et al. (1999)
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Table 14.2 Worldwide manufacturers of PHA bioplastics (Doug 2010; Ravenstijn 2010)

Name of the
company

Country Brand name Production/planned
capacity (kt/year)

Bio-on Italy Minerv 10

Kaneka Singapore Mirel 10

Meredian USA 13.5

Metabolix USA 50

Mitsubishi gas
chemicals

Japan Biogreen 0.05

PHB industrial S/A Brazil Biocycle 0.05

Shenzen O’Bioer China –

TEPHA USA ThephaFLEX/ThephELAST –

Tianan biological
materials

China Enmat 2

Tianjin green
biosciences

China Green Bio 10

Tianjin northern
food

China –

Yikeman Shandong China 3

(Global Trends and Forecasts 2018; Global Polyhydroxyalkanoate (PHA) Market
2012–2020). The most important limitation of PHAs is their high production price.
The commercial PHA biopolymeric materials was reported to be 15–17 times
expensive over the conventional plastics and 4–6 times costlier than the commercial
polylactic acid in 2004 (Castilho et al. 2009). Nevertheless, metabolic engineering,
improved fermentation conditions with higher PHAs accumulation capacities were
able to diminish the cost up to US$5 kg−1 in 2009, which was still three times
expensive than the cost of polypropylene (DiGregorio 2009). Hence, PHAs still have
a limited market, despite their potential to replace 33% of commercial polymers
(Castilho et al. 2009). The final price of PHAs are mostly reliant on the cost of
organic substrates that supplemented as a carbon source for microbial cultivation.
Remarkably, the cost of organic carbon sources found to contribute about 50% of the
overall production cost. In addition, the PHA content and yield on organic carbon
substrate, PHAproductivity as well as downstream prices are the other important fac-
tors responsible towards determining their introduction into global market (Choi and
Lee 1999). Analysis and economical assessment established that large-scale PHAs
synthesis using octane as carbon source would cost approximately US$5–10 kg−1

(Hazenberg and Witholt 1997). It was estimated that the theoretical cost of PHAs
accumulated in fed-batch method exploiting waste/cost-effective substances might
attain up to 3.51 Eur kg−1 PHAs, while synthetic alternatives such as polypropylene
as well as polyethylene cost 1.47 and 1.15 Eur kg−1, respectively (Obruca 2010).
Overall, the transformation of raw substances to PHAs appears to be a main factor
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in the establishment of sustainable biotechnological process and a solution for the
price limitations (Możejko-Ciesielska and Kiewisz 2016; Chandel et al. 2018).

As a result of the aforementioned limitations (related to bacterial PHAs produc-
tion), cyanobacteria are receiving the current attention as alternative hosts for the cost-
effective PHAs production because of their little nutrient requirement, their genetic
modification is much easier than the higher plants as well as eukaryotic photosyn-
thetic algae, can be stored for long periods of time, ability to transform ‘greenhouse
gas’ into PHA biopolymers by oxygenic photosynthesis and low quality/infertile
land for their growth. In spite of these advantages, the prominent bottlenecks asso-
ciated with the cyanobacterial PHAs production involve the lack of an inexpensive
mass cultivation technique, unavailability of efficient biomass harvesting system and
significantly lower PHA productivity than the bacteria (Singh et al. 2017; Singh and
Mallick 2017b). Therefore, on urgent basis, these bottlenecks need to be resolved in
order to push cyanobacterial PHAs production towards commercialization phase.

14.2 Occurrence, Structure and Types of PHAs

The exterior portion of PHAs granules possess a large amount of different protein
molecules, which signifying that they represent supramolecular complexes having
particular roles rather than being merely simple packets possessing abundant amount
of carbon and energy. The term ‘carbonosome’ was introduced to specify the multi-
functionality of PHA granules (Jendrossek 2009). The prokaryotic water insolu-
ble carbon and energy storage compounds PHAs are a kind of naturally occurring
biopolymers with diameter in the range of 0.2±0.5mm,which are produced as gran-
ules in the cytoplasm of a huge and varied forms of microorganisms like bacteria and
cyanobacteria under different growth and environmental conditions (Lageveen et al.
1988;Huismanet al. 1989; Stal et al. 1990;Zhang et al. 1994;Kato et al. 1996;Miyake
et al. 1996; Lama et al. 1996; Braunegg et al. 1998; Nishioka et al. 2001; Thakor et al.
2003; Tajima et al. 2003; Tian et al. 2005a; Sharma andMallick 2005a, b; Panda et al.
2006; Sharma et al. 2006; Yezza et al. 2006; Mallick et al. 2007; Sharma et al. 2007;
Toh et al. 2008; Panda et al. 2008; Singh andMallick 2008;Chen 2009, 2010; Sankhla
et al. 2010; Li et al. 2011; Singh et al. 2013; Hauf et al. 2013; Osanai et al. 2013;
Samantaray and Mallick 2014, 2015; Koller and Maršálek 2015; Singh et al. 2015;
Reddy and Mohan 2015; Sharma et al. 2016; Gómez Cardozo et al. 2016; Singh and
Mallick2017a, b, c; Singh et al. 2017).Thebacterial strains such asCupriavidus neca-
tor (previously called asWautersia eutropha/Ralstonia eutropha/Alcaligenes eutro-
phus) Rhodopseudomonas palustris, Methylobacterium organophilum, etc. synthe-
sized PHAs under limitations of ammonium, sulphate, phosphate, potassium,magne-
sium, iron and oxygen (Anderson and Dawes 1990; Singh and Mallick 2008, 2009a,
b; Singh et al. 2015; Kumar et al. 2015; Singh and Mallick 2017a, b). The bacterial
strains viz. Alcaligenes latus, etc. found to produce PHA biopolymers during active
cell growth without any nutrient limitation. The occurrence of PHA biopolymers in
cyanobacteria was reported in 1966 (Carr 1966; Drosg et al. 2015). Subsequently,



362 A. K. Singh et al.

numerous cyanobacterial strains are reported to produce biopolymeric PHAs pho-
toautotrophically, while others under chemoheterotrophic conditions using acetate
or other organic carbon substrate (Campbell et al. 1982; Sharma et al. 2006, 2007;
Mallick et al. 2007; Bhati and Mallick 2012; Samantaray and Mallick 2012, 2014,
2015). The limitation or deficiency of nutrient such as nitrogen and phosphorus usu-
ally results in enhanced accumulation of PHAs in cyanobacteria (Takahashi et al.
1998; Nishioka et al. 2001; Bhati and Mallick 2012; Samantaray and Mallick 2012).
Table 14.3 summarized the accumulation of PHA biopolymers by different bacterial
and cyanobacterial strains/species under diverse environmental conditions.

The first studies on bacterial PHA granules were carried out by Williamson and
Wilkinson (1958) followed by Griebel et al. (1968). Interestingly, the extracted PHA
granules found to possess nearly 97.5% PHA biopolymer, 2% proteins as well as
0.5% phospholipid molecules (Griebel et al. 1968). The electron microscopic inves-
tigations depicted that the exterior portion of PHA granules of B. megaterium as
well as B. cereus is coated with a membrane having a thickness of about 15–20 nm
(Lundgren et al. 1964). De Koning and Maxwell (1993) suggested the involvement
of a single layer of phospholipid covering the PHA granules based on in vitro data of
isolated PHA granules. When accumulated by natural PHA producers, an interesting
phenomenon occurs, where soluble or membrane-bound PHA synthases catalyze the
transformation of hydrophilic monomeric units into hydrophobic polymers (Grage
et al. 2009; Nobes et al. 2000). This accountable for the synthesis of intracellular
granules made up of a hydrophobic, amorphous polymeric core enclosed by a sin-
gle layer of phospholipids as well as protein molecules (Jurasek and Marchessault
2004). These proteins involve the PHA synthase, intracellular PHA depolymerases
responsible for the depolymerization of PHA polymers that resulting into remobi-
lization of the carbon source (PhaZ family), a regulatory protein (PhaR) and small
proteins called phasins, which regulate the size and morphology of granules (York
et al. 2002). Various investigations have confirmed the existence of a phospholipid
layer in PHA preparations (Parlane et al. 2016). Nevertheless, in vivo occurrence of
a phospholipid coat has never been established. Several data have put into question
the real occurrence of the lipid layer in vivo (Pötter and Steinbüchel 2006; Beeby
et al. 2012; Jendrossek and Pfeiffer 2014), specifically from the studies of electron
cryotomography (Wahl et al. 2012) as well as fluorescence microscopy (Bresan et al.
2016), according to which the existence of the lipid coat might develop from an
experimental artefact on PHA extraction and preparation.

Merrick and co-workers were initially observed that extracted polyhydroxybu-
tyrate (PHB) granules showed sensitivity towards denaturation phenomenon pro-
cesses and coined the term native PHB granules (nPHB) so as to specify that such
homopolymeric PHBgranule preparations relatively similar to the native in vivo con-
dition of PHB granules (Merrick and Doudoroff 1964). Interestingly, merely nPHB
granules contain active PHB synthase that are vulnerable to depolymerization with
active PHBdepolymerases. Once nPHBgranules are subjected to chemical treatment
like alkali or solvents, physical such as freezing/pelleting through centrifugation or
biochemical stresses viz. treatment with enzymes, bioactive compounds etc., the
granules quickly denature and remain unaffected towards the action of native PHB
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depolymerases (Merrick 1965; Merrick et al. 1965; Griebel and Merrick 1971). The
polymeric chains are usually in an amorphous form in nPHB, while the denatured
PHB associate with a substantially crystalline part.

PHAs are a class of linear polyesters of hydroxyalkanoic acids (HA), which
are linked together by ester bonds. Figure 14.1 displayed the reaction catalyzed
by the PHA synthases, where ‘N’ can gain a value of 35,000. The structure of PHAs
synthesized by bacteria/cyanobacteria can be manipulated through physiological or
genetic strategies (Steinbüchel 1991). The organic carbon sources are transformed to
hydroxyacyl-CoA thioesters within the bacterial/cyanobacterial cell metabolism. In
PHAs biosynthesis, the carboxylate group of one monomeric unit establish an ester
bond with the hydroxyl group of the adjacent monomeric unit (Philip et al. 2007),
where the reaction is catalyzed by the PHA synthase of host. Each PHA monomer
involves a side chain R group with ability to vary from methyl (C1) to tridecyl (C13)
(Madison and Huisiman 1999; Lu et al. 2009). This alkyl side chain, generally a sat-
urated alkyl group, can also hold the uncommon chemical structure like halogenated,
aromatic, unsaturated, branched, epoxidized and substituted alkyl groups (Lageveen
et al. 1988; Abe et al. 1990; Doi and Abe 1990; Fritzsche et al. 1990a, b, c; Kim
et al. 1991, 1992, 1995; Choi and Yoon 1994; Hazer et al. 1994; Curley et al. 1996;
Song and Yoon 1996). In the side chains of biopolymeric PHAs, substituents can
be transformed chemically by cross-linking of unsaturated bonds (de Koning et al.
1994; Gagnon et al. 1994a, b). The modifications in the side chains and the ability to
change their substituents are responsible for the variation of PHAs family (Madison
and Huisiman 1999). Furthermore, the molecular weight of PHA polymeric mate-
rials varies from 2×105 to 3×106 Da that reliant on the microorganism in which
the polymer is synthesized and the growth conditions maintained (Byrom 1994; Lee
1995). In these PHA biopolymeric materials, the HA monomeric units are all in
the R(-) configuration because of the sterospecificity of the PHA synthase (Philip
et al. 2007; Verlinden et al. 2007). Therefore, biosynthesis of PHAs in microorgan-
ism assurances sterospecific integration of the R(-) monomeric unit that is important
towards the biocompatibility as well as biodegradability of PHAs (Zinn and Hany
2005). The length of the side chain together with its functional group significantly
affects the properties of the PHA polymer viz. crystallinity, melting point and glass
transition temperature that in turn governs its final uses. The PHAs producers are
hopeful and still see potential in this biopolymeric materials claiming that PHAs are
new generation of biopolymers and their market requires time to develop. It is pro-
jected that demand for PHAs will grow tenfold by 2020 (Aeschelmann et al. 2015).

More than 300 species ofmicroorganisms are recognized so far, which are capable
to synthesize PHA biopolymers (Lee et al. 1999). The PHA polymers broadly classi-
fied into three types (Table 14.4) depending upon the number of carbon atoms present
in the monomeric units, i.e., (a) short-chain-length-PHAs (SCL-PHAs), (b) medium-
chain-length-PHAs (MCL-PHAs) and (c) long-chain-length-PHAs (LCL-PHAs)
(Anderson and Dawes 1990; Steinbüchel et al. 1992; Vincenzini and De Philip-
pis 1999; Singh andMallick 2008). Among the various groups of PHA biopolymers,
homopolymeric PHB is the most common as well as widespread in different bacteria
and cyanobacteria. Interestingly, bacteria have the ability to synthesize SCL-MCL-
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Fig. 14.1 Reaction catalyzed by PHA synthases (compiled from Rehm 2007)

PHAorSCL-LCL-PHAco-polymers apart fromSCL-,MCL-orLCL-PHApolymers
(Matsusaki et al. 2000; Lee and Park 2002; Singh andMallick 2008). Majority of the
heterotrophic bacterial species produce either SCL- or MCL- or rarely LCL-PHAs,
however, usually failed to synthesize co-polymers of SCL-MCL- or SCL-LCL-PHAs
because of PHA synthases substrate specificity that can recognize HAs of a specific
range of carbon length (Kato et al. 1996; Singh 2009; Ashby et al. 2002; Singh
and Mallick 2017a). Presently, there is increasing attention for investigation and
commercial ventures on suitable bacterial species towards the accumulation of PHA
co-polymers due to their exceptional physical and mechanical properties (Chen et al.
2001; Lee and Park 2002). A perusal of the literature depicted that except PHB and
P(3HB-co-3HV) co-polymers, there is no report traceable towards the synthesis of
MCL-/LCL-PHAs or SCL-MCL-PHAs/SCL-LCL-PHAs co-polymers in cyanobac-
teria. Therefore, intensifying and innovative research is needed for a wide screening
of new as well as extremely prolific cyanobacterial strains from diverse environmen-
tal conditions and examination for the accumulation of MCL-/LCL-PHAs or SCL-
MCL-PHAs/SCL-LCL-PHAs co-polymers, similar to bacteria (Singh et al. 2017).
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Table 14.4 Categorization of biopolymeric PHAs

Types of PHAs Hydroxyalkanoic
acids (PHAs
monomeric units)
with number of
carbon atoms

Examples Examples of
PHAs
accumulation
by
microorganism

References

(a) SCL-PHAs 3–5 PHB Brevibacillus
invocatus
MTCC 9039
(Bacterium)

Sankhla et al. (2010)

Nostoc
muscorum
(Cyanobac-
terium)

Bhati et al. (2010)

Aeromonas sp.
(Bacterium)

Sangkharak and
Prasertsan (2012)

Recombinant
Synechocystis
sp. PCC 6803
(Cyanobac-
terium)

Wang et al. (2013)

Arthrospira
subsalsa
(Cyanobac-
terium)

De Morais et al.
(2015)

Bacillus
megaterium
(Bacterium)

Gómez Cardozo et al.
(2016)

Synechococcus
elongates
(Cyanobac-
terium)

Mendhulkar and
Shetye (2017)

[P(3HB-co-
3HV)]

Bacillus sp.
(Bacterium)

Shamala et al. (2012)

Aulosira
fertilissima
CCC 444
(Cyanobac-
terium)

Samantaray and
Mallick (2014)

Recombinant
E. coli XL1
(Bacterium)

Yang et al. (2014)

Nostoc
muscorum
Agardh
(Cyanobac-
terium)

Bhati and Mallick
(2015)

(continued)
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Table 14.4 (continued)

Types of PHAs Hydroxyalkanoic
acids (PHAs
monomeric units)
with number of
carbon atoms

Examples Examples of
PHAs
accumulation
by
microorganism

References

Nostoc
muscorum
Agardh
(Cyanobac-
terium)

Bhati and Mallick
(2016)

Cupriavidus
sp.
USMAA1020
(Bacterium)

Huong et al. (2017)

(b) MCL-PHAs 6–14 P(3HB-co-
3HHx-co-
3HO-co-3HD-
co-3HDD)

Recombinant
Ralstonia
eutropha
PHB−4

Luo et al. (2006)

P(3HB-co-
3HO)

Recombinant
E. coli LS521

Gao et al. (2012)

[P(3HB-co-
3HHx-co-
3HO-co-3HD)]

Recombinant
E. coli DH5α

Li et al. (2011)

[P(3HB-co-
3HHx)]

Recombinant
E. coli-
ABCReJ1Pp

Phithakrotchanakoon
et al. (2013)

P(3HB-co-
3HHx-co-
3HO)

Recombinant
E. coli-
ABCReJ4Pp

(c) LCL-PHAs 15 or more than
15

[P(3HB-co-
3HV-co-
3HHD-co-
3HOD)]

Pseudomonas
aeruginosa
MTCC 7925

Singh et al. (2015)

3HB 3-hydroxybutyrate, 3HV 3-hydroxyvalerate, 3HHx 3-hydroxyhexanoate, 3HO 3-
hydroxyoctanoate, 3HD 3-hydroxydecanoate, 3HDD 3-hydroxydodecanoate, 3HHD 3-
hydroxyhexadecanoic acid, 3HOD 3-hydroxyoctadecanoic acid

14.3 Microbial PHA Synthases: Main Enzymes of PHA
Biosynthetic Pathways

Microbial PHA synthases of PHA biosynthetic pathways are the key enzymes, where
they perform a remarkable role in PHA polymerization process by exploiting the
coenzyme A (CoA) thioesters of HAs, i.e., (R)-3-hydroxyacyl-CoA as substrates
(Fig. 14.1). The percent yield and the physicochemical properties of PHAs are pri-
marily reliant on the catalytic performance of PHA synthases, i.e., the polymeriza-
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tion of 3-hydroxyacyl-CoA monomeric units into PHA with concomitant liberation
of acetyl CoA (Fig. 14.1). Approximately 88 diverse kinds of PHA synthase genes
were characterized as well as sequenced from 68 diverse bacterial species (Rehm
2007). During polymerization reactions, they catalyze the covalent bond formation
among the hydroxyl group of one and the carboxyl group of another HA (Steinbüchel
and Hein 2001). So far, four different groups of PHA synthases (I, II, III and IV)
have been reported based on the structure/subunits, amino acid sequence and sub-
strate specificity. The PHA synthases belonging to group I, III and IV polymerize
SCL monomers, i.e., C3 to C5, while group II PHA synthase uses MCL monomers
ranging from C6 to C14 or more than C14, i.e., LCL monomers. The group I, II,
III and IV PHA synthases are signified by C. necator including phototrophic non-
sulfur purple bacterial species/strains as well as in majority of heterotrophic bacte-
ria, but excluding the pseudomonads from rRNA homology group I, Pseudomonas
putida together with all pseudomonads of rRNA homology group I, Allochromatium
vinosum and Bacillus sp. (such as Bacillus megaterium), respectively (Steinbüchel
and Hein 2001; Singh and Mallick 2008; Możejko-Ciesielska and Kiewisz 2016;
Sharma et al. 2016). Nevertheless, there are few exceptions to this classification
as some PHA synthases depict wide-range substrate specificity. For example, PHA
synthases of Thiocapsa pfenningii that categorized as group III showed the broad
substrate specificity towards CoA thioesters of SCL as well as MCL 3-HA. Sim-
ilarly, PHA synthases belonging to Aeromonas caviae depict high resemblance to
group I with capability to produce a 3-hydroxybutyrate and 3-hydroxyhexanoate co-
polymer. Moreover, Pseudomonas sp. 61-3 synthases of group II depict competence
to synthesize a co-polymer of 3-hydroxybutyrate andMCL 3-HA. Remarkably, PHA
synthase of C. necator belonging to group I capable to produce MCL 3-HA CoA
thioesters (Rehm 2003). The group I as well as group II PHA synthases composed
of single subunit (PhaC) depicting molecular weights within the range of 61 and
73 kDa (Qi and Rehm 2001). However, group III (e.g. Allochromatium vinosum)
as well as group IV PHA synthases (e.g. Bacillus megaterium) need two kinds of
subunits, i.e., PhaC (40.3 kDa) and PhaE (20 or 40 kDa), PhaC (41.5 kDa) and PhaR
(22 kDa) for their catalytic activities, respectively. The diversity among the group I
PHAs synthases was studied signifying that this group depicts more diverse enzy-
mological features. Nevertheless, the data showed that PHA synthases of all groups
revealed an identical topology. Interestinly, group I and II PHAs synthases varied
at locations 100–130 or 80–110 (Rehm 2003). It was established that PhaE as well
as PhaR are participated in the polymerization of PHAs, but their exact function is
still not known. Moreover, PhaCR subunits of group IV can be classified into two
types, i.e., Bacillus cereus and Bacillus megaterium groups. Recently, it was found
that group IV PHA synthases belonging to Bacillus cereus decrease the molecular
weights of PHB (Tomizawa et al. 2011). While structures of PhaC are still not clear,
but most recent report advocating that the active site of group III PHA synthases
could be more polar compared to group I PHA synthases and both are sensitive to
the alterations in the alkyl side chain (Jia et al. 2016). Interestingly, these various
kinds of PHA synthase found to depict one stringently preserved cysteine residue
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that is potentially the active site engaged in the polymerization reaction (Griebel
et al. 1968).

However, biosynthesis of PHA granules in cyanobacteria has received the
consideration since the report of PHB accumulation in N2 fixing cyanobacterium,
Chlorogloea fritschii, but identification, cloning, as well as molecular characteri-
zation of cyanobacterial PHA synthase has been reported for the first time in the
Synechocystis sp. PCC6803, a cyanobacterium (Carr 1966; Hein et al. 1998). It
was shown by Hein et al. (1998) that PHA synthase belonging to Synechocystis
sp. PCC6803 is a two-component enzyme that represented by two open reading
frames (ORFs), i.e., slr1830 as well as slr1829. The ORF slr1830 that encoding a
protein having 378 amino acids was designated as phaC (phaCSyn) whereas the
other ORF slr1829, located colinear and upstream of phaC was designated to as
phaE (phaESyn). The multialignment of the phaE and phaC gene products showed
remarkable sequence resemblance with the two subunits viz. PhaE and PhaC of
group III PHA synthase belonging to three γ-Proteobacteria namely Chromatium
vinosum, Thiocystis violacea and Thiocapsa pfennigii (Hein et al. 1998; Liebergesell
et al. 2000; Ansari et al. 2016). Similarly, the cyanobacterium, Synechococcus sp.
MA19 also found to possess type III PHA synthases (Steinbüchel and Hein 2001).

14.4 Molecular Basis of PHA Biosynthesis Enzymes

The PHA synthesis genes are usually bunched in the genomes of bacteria.C. necator
has been investigated in detail in which the genes encoding PHA synthase (phaC),
β-ketothiolase (phaA) and NADPH-linked acetoacetyl-CoA reductase (phaB) form
the phaCAB operon (Peoples and Sinskey 1989a, b; Schubert et al. 1988; Slater et al.
1988). In addition, the generally found genetic organization of C. necator amongst
PHB producing bacteria, many bacteria depict a diverse gene order, nevertheless, at
least the PHB synthase gene is co-localized with other PHB biosynthesis genes. Sev-
eral bacterial species like P. denitriicans possess next to the PHA synthase additional
genes such as phaP (encoding phasin) and phaR (encoding regulator protein) linked
to PHA biosynthesis. An operonic organization of PHA biosynthesis genes, linked
to the SCL-PHA production (group I PHA synthase gene) was found amongst the
β-proteobacteria like C. necator, Burkholderia sp., Delftia acidovorans and Alcali-
genes latus.

The pseudomonads that produce MCL-PHAs involve two different genes encod-
ing group II synthases that are parted by the structural gene phaZ encoding a putative
intracellular PHA depolymerase (Timm and Steinbüchel 1992; Hoffmann and Rehm
2004, 2005). Merely one of these PHA synthase genes is needed towards the biosyn-
thesis of MCL-PHA (Langenbach et al. 1997; Pham et al. 2004). The phaD gene
is positioned directly downstream of the second synthase gene, but upstream of the
genes phaI and phaF that are transcribed in opposite direction. PhaI along with PhaF
are recognized as structural and regulatory proteins (Prieto et al. 1999; Hoffmann
and Rehm 2004, 2005). Remarkably, the genes encoding enzymes like transacylase



14 Microbially Originated Polyhydroxyalkanoate (PHA) Biopolymers … 373

(PhaG) or the enoyl-CoA hydratase (PhaJ) that are directly involved in the provision
of substrate of PHA synthase are not co-localized in pseudomonads (Rehm et al.
1998; Tsuge et al. 2000). The group III PHA synthase genes phaC and phaE are
co-localized in the corresponding genomes comprising presumably a single operon
(Liebergesell et al. 1992, 1993). The group IV synthase genes are present in the
bacterial species belonging to genus Bacillus and consist of phaR and phaC that are
separated by phaB (McCool and Cannon 1999, 2001).

The cyanobacterial PHA synthase with its activity was reported in the membrane
fractions of a cyanobacterium, Spirulina sp. MA19 for the first time under nitrogen-
deficient condition (Miyake et al. 1997; Asada et al. 1999). The genome analysis of
Synechocystis sp. PCC6803 that accumulated about 0.1 g PHB per g dry cell weight
(dcw) under acetate supplemented condition depicted synthase genes corresponding
to the open reading frame (ORF) slr1830 (designated as phaC) and to the collinear
ORF slr1829 upstream of phaC (designated as phaE). Interestingly, phaE and phaC
genes showed much greater sequence resemblance with the corresponding group III
PHA synthase subunits present in the anoxygenic purple sulfur bacterial species viz.
Thiocystis violacea,Chromatium vinosum andThiocapsa pfennigii, which are typical
PHA accumulators containing group III PHA synthases. In addition, expression of
these genes in Escherichia coli as well as Alcaligenes eutrophus evidently exhibited
that co-expression of both phaC and phaE is required to attain an active Spirulina
sp. PCC6803 PHA synthase (Hein et al. 1998). Later, it was revealed that Spirulina
sp. PCC6803 contains a PHA specific β-ketothiolase encoded by phaASyn and an
acetoacetyl-CoA reductase encoded by phaBSyn. Resemblance investigation of the
whole genome sequence of this strain showed a cluster of two putativeORFs for these
genes, slr1993 (409 amino acids; phaASyn) and slr1994 (240 amino acids; phaBSyn).
These ORFs are collinear and co-expressed. The transformation of E. coli cells with
phaASyn and phaBSyn along with the PHA synthase of Spirulina sp. PCC6803 led
to production of 0.123 g PHA per g dcw under glucose supplemented condition.
Furthermore, phylogenetic analysis was carried out to group the origin of phaASyn
and phaBSyn genes in the γ-subdivision of Proteobacteria (Taroncher-Oldenburg
et al. 2000).

The wide range and generic incidence of cyanobacterial group III PHA synthases
was later supported by Hai and colleagues, together with the molecular character-
ization of PHA synthases of the thermophilic Chlorogloeopsis fritschii PCC 6912
as well as Synechococcus sp. strain MA19. The PHA accumulation potential and
the kind of accountable PHA synthases belonging to eleven various cyanobacterial
strains were studied by Southern blot analysis with phaC specific probes, Western
blot analysis using specific polyclonal antiPhaE antibodies, sequence analysis of
PCR products with phaC-specific oligonucleotide primers, cloning techniques, and
finally sequence analysis of the PHAsynthase structural genes. The presence of group
III PHA synthase was evidenced in S. ssp. MA19 and PCC 6715, Chlorogloeopsis
fritschii PCC 6912, Anabaena cylindrica SAG 1403-2, Cyanothece ssp. PCC 7424,
PCC8303 and PCC8801, andGloeocapsa sp. strain PCC7428. As a positive control,
the screening was compared with crude protein extracts and DNA of Synechocystis
sp. strain PCC 6803. No group III PHA synthase was observed in Stanieria sp. strain
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PCC 7437, Cyanothece sp. strain PCC 8955, and Gloeothece sp. strain PCC 6501
(Hai et al. 2001). Most recently, Numata et al. (2015) reported the specific activity
of PHA synthase of the Synechocystis sp. PCC 6803, where both genes, phaC and
phaE were co-expressed in a cell-free synthesis system. Specific activity of phaCE
was analogous to group I PHA synthases, which usually occurring in most common
PHA producers such as C. necator and therefore, contradicting earlier assumptions
that inadequate synthase activity could be the cause for modest PHA productivity in
cyanobacteria.

14.5 Biosynthetic Routes Involved in the Production
of PHAs from Different Carbon Substrates

One of the parameters, which govern the kind of PHA components, is the organic
carbon substrates.Microbial world is proficient in accumulating PHAs from different
organic carbon substrates varying from cost-effective, complex waste effluents (such
as beet and cane molasses) to plant oils and its fatty acids, alkanes and simple carbo-
hydrates (Lageveen et al. 1988; Hängii 1990; Page 1992; Eggink et al. 1993, 1995;
Tan et al. 1997; Fukui and Doi 1998). The detections of various PHAmonomer units
apart from 3-hydroxybutyrate (3HB) more than three decades ago clearly indicated
that the PHA synthases depict a wide-range substrate specificity and thus, a wide
diversity of PHA monomers can be polymerized (Sudesh et al. 2000). Furthermore,
only the existence of a PHA synthase is not enough to allow the accumulation of
PHA polymers. PHA production will not take place if the genes that encode enzymes
needed towards the production of hydroxyacyl-CoA thioesters are not present or if
the routes established through these enzymes are for any kind of reason not function-
ally active. This is supported by the fact that as soon as there is expression of PHA
synthase gene inwild type or ordinary laboratoryE. coli strains, even if a functionally
active PHA synthase is synthesized, no or merely traces of PHAs are synthesized
(Steinbüchel and Hein 2001).

So far, PHA biosynthetic routes present in microorganisms widely grouped into
four kinds (Kumar et al. 2015). The PHB biosynthetic route is best studied in a num-
ber of bacterial strains/species such as Azotobacter beijerinckii, C. necator etc. In
these groups of bacterial species, the PHB polymer synthesis begin from acetyl-CoA
when they supplementedwith carbohydrates or acetyl-CoAproviding organic carbon
substrates. This PHB route includes three enzyme assisted reactions sequences viz.
3-ketothiolase, acetoacetyl-CoA reductase as well as lastly PHB synthase (Oeding
and Schlegel 1973; Senior and Dawes 1973). The initial stage of this route includes
a reversible reaction catalysed by β-ketothiolase that transformed two acetyl-CoA
molecules into acetoacetyl-CoA intermediates (Masamune et al. 1989; Moskowitz
and Merrick 1969). The acetoacetyl-CoA molecules so generated are then converted
into monomer R-(−)-3-hydroxybutyryl-CoA in the presence of acetoacetyl-CoA
reductase and NAD(P)H as reducing power. The last stage includes the PHB
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synthase, which integrates the monomeric unit, i.e., R-(−)-3-hydroxybutyryl-CoA
into the growing polymeric chain of PHB. One general observation regarding
the kinds of PHAs synthesize by C. necator is that the integrated monomeric
units always consist of merely C3–C5. However, the nature and the ratio of these
monomeric units are affected by the kind as well as the relative amount of organic
substrates added in the cultivation media (Steinbüchel 1991; Steinbüchel et al.
1993). It has been observed that addition of propionate or valerate with glucose into
the growth media of C. necator facilitates the biosynthesis of PHA co-polymer, i.e.,
[P(3HB-co-3HV)]. This signified that the PHA synthase of C. necator is only active
towards polymerizing the monomeric units belonging to SCL HA. Nevertheless,
the position of the oxidized carbon in the monomeric unit is seemingly not a critical
parameter that supported by the integration of 4- and 5-HA units apart from the
more general 3HA units (Doi et al. 1987). C. necator is proficient in producing
PHAs from specialized organic carbon substrates viz. 4-hydroxybutyric acid,
γ-butyrolactone and 1,4-butanediol, where synthesis of 4HB monomeric units occur
together with 3HB (Doi et al. 1989, 1990). The reports show that the polymerizing
enzyme of C. necator could really possess a wider range of substrate specificity.
This was comprehended when the PHA synthase gene belonging to C. necator was
expressed in a heterologous condition that can supply towards a broader variety of
HAmonomeric units. It was reported that theC. necator PHA synthase can integrate
minor quantities of 3-hydroxyhexanoate (3HHx,) 3-hydroxyoctanoate (3HO) and
3-hydroxydodecanoate (3HDD) units (Dennis et al. 1998; Antonio et al. 2000).

Interestingly, a slight modification of aforementioned PHB biosynthetic route
has been detected and represented by Rhodospirillum rubrum, where two additional
enzymes (enoyl-CoAhydratases) are involved asNADHdependent acetoacetyl-CoA
reductase catalyzed the reduction of acetoacetyl-CoA into S-(+)-3-hydroxybutyryl-
CoA. These two enoyl-CoA hydratases then transform the resulting S-(+)-3-
hydroxybutyryl-CoA isomer into R-(−)-3-hydroxybutyryl-CoA isomer (Moskowitz
and Merrick 1969). This constitutes second type of PHA biosynthetic route.

The third kind of PHA biosynthetic route that found to exist in bacterial
species/strains like Pseudomonas oleovorans, Pseudomonas aeruginosa as well as
themost of pseudomonads from the rRNAhomologygroup I contains theβ-oxidation
and thiolytic cleavage of fatty acids, i.e., 3-hydroxyacyl-CoA and intermediates of
the β-oxidation pathways (Doi 1990; Punrattanasin 2001; Singh andMallick 2009a).
These bacterial species accumulate MCL-PHAs and hardly LCL-PHAs under sup-
plementation of alcohols, alkanes or alkanoates. Also, they are usually not capable
of accumulating SCL-PHAs similar to Cupriavidus necator. Under growth environ-
ments favouring PHA synthesis, the intermediates of the β-oxidation cycle could be
transformed into R-(−)-3-hydroxyacyl-CoA by enoyl-CoA hydratases, epimerases
or ketoacyl-CoA reductases and are then polymerized through the catalytic action of
PHA synthase (Huisman et al. 1991).

The fourth PHA biosynthetic route occurs in Pseudomonas aeruginosa and PHA
is synthesized from acetyl-CoA using fatty acid biosynthetic route (Huijberts et al.
1995; Steinbüchel 1996; Singh andMallick 2008, 2009b). Some pseudomonads from
the rRNA homology group I also synthesize MCL-PHAs including SCL-LCL-PHA
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co-polymer through this route (Singh et al. 2013). MCL-PHA/SCL-LCL-PHA co-
polymer produce through this route includes unrelated organic carbon substrates
such as glucose, ethanol, gluconate or acetate. Such organic carbon sources are
initially employed towards the synthesis of fatty acids that thenproduce precursors for
PHA polymerase for synthesizing MCL-PHA/SCL-LCL-PHA co-polymer (Singh
and Mallick 2017a, b).

Nevertheless, similar to bacteria, cyanobacteria also possess PHA biosynthetic
routes for PHAs production. Vincenzini and De Philippis (1999) have widely docu-
mented the presence of PHAs in almost ninety strains from four different phyloge-
netic subdivisions of cyanobacteria. The PHA biosynthetic routes of cyanobacterial
species so far only reported to synthesize SCL-PHAs, i.e., PHB homopolymer and
P(3HB-co-3HV) co-polymer (Singh et al. 2017). Apart from this, their PHA biosyn-
thetic routes showed similarity with the bacteria (Wang et al. 2013).

14.6 Mechanism of PHAs Polymerization Reaction

The PhaC fits in the α/β-hydrolase family of enzymes, where it catalyzes the stereos-
elective transformation of the activated precursor (R)-3-hydroxyacyl-CoA into poly-
oxoesters along with the concomitant liberation of CoA (Peoples and Sinskey 1989b;
Schubert et al. 1988; Slater et al. 1988). Commencement of PHA formation needs
activation of the thiol group of the cysteine residue of the PhaC active site through
the preserved histidine in the same active site, allowing a nucleophilic attack on the
thioester bond of the (R)-3-hydroxyacyl-CoA (HA-CoA) substrate, concomitantly
liberating CoA and producing a covalent enzyme-substrate intermediate (Fig. 14.2)
(Wodzinska et al. 1996; Tian et al. 2005b). PHB synthase of C. necator occurs in
aqueous solution as an equilibrium among monomeric and homodimeric enzyme
molecules (Gerngross et al. 1994; Zhang et al. 2000). The earlier investigations
exhibited that synthase activity was reversibly lost by dilution and the dimer depicts
a considerably more specific activity compared to the monomeric form (Zhang et al.
2000). Besides, the experiential relationship between molecular weights of PHB and
substrate: enzyme ratios is constant with a single polymeric chain being synthesized
by the homodimer synthase that again suggests dimer is the active form of the enzyme
(Zhang et al. 2000).

The active-site model for PHA synthase was initially put forwarded by Ballard
et al. (1987), where two thiol groups were proposed to be participated in locating
the HA units. This model was later modified by Kawaguchi and Doi (1992) by
suggesting that water might function as a chain transfer agent. The present theory
of the reaction mechanism of PHA synthases is based on a model in which two
thiolates participate towards the covalent catalysis of PHA polymer biosynthesis
(Fig. 14.2) (Griebel et al. 1968). Biosynthesis of PHAs commences most possibly
at thiolate groups [S1H and S2H] furnished by the PHA synthases [E], where one
thiol group acts for a loading site and the second thiol group acts as a priming and
elongation. Based upon this present model (Müh et al. 1999; Ballard et al. 1987;
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Fig. 14.2 Model depicting the catalytic mechanism of PHA synthase (Rehm 2007)

Kawaguchi and Doi 1992), the reaction mechanism involves the following steps:
one thiol group [S1H] accepts a hydroxyalkanoic acid from CoA thioester with the
latter becoming covalently linked to this thiol group [E-S1-CO-Alkyl-OH] and the
CoA being liberated, while the developing polymer chain is linked with the second
thiol group [E-S2-poly(HA)-OH]. The latter is then transferred to the free hydroxyl
group upon a nucleophilic attack of the hydroxyl oxygen atom on the carbonyl car-
bon atom that give rise to [E-S1-poly(HA)n+1-OH]. A successive transesterification
of the lengthened polymer chain from S1 to S2 give rise to [E-S2-poly(HA)n+1-OH]
and [E-S1H] and the latter can now receive the next hydroxyalkanoic acid from a
CoA thioester. This catalytic reaction cycle essentially is repeated for many thou-
sand times as otherwise the extremely high molecular masses of the synthesized
polymers cannot be explained. Furthermore, the catalytic reaction cycle might be
interrupted if the developing polymer chain is liberated from [E-S2-poly(HA)-OH]
by the nucleophilic attack of a hydroxyl group of a molecule that is not linked to [E]
likewater. For instance, there is report that hydroxy-compounds such as polyethylene
glycol, glycerol or 1,3-propanediol also furnish such a chain terminating hydroxyl
group that results in a PHA molecule, which possesses the corresponding hydroxy-
compounds covalently connected with the PHAs (Madden et al. 1999; Shah et al.
2000). Report also depicted an enhanced PhaC copy number with a reduction in
PHAs chain length, which signifying that the quantity of PhaC in a host cell has a
function in regulating chain length of PHA (Sim et al. 1997). This generalmechanism
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illustrated more clearly with the polymerization reaction of PHB, where the histidine
(His) deprotonates the cysteine (Cys) to produce the active site thiolate that reacts
with (R)-3-hydroxybutyryl-CoA (HB-CoA). This reaction resulted into the acylation
of PHB synthase with hydroxybutyrate (HB). A second HB-CoA then binds and the
Asp acts as a common base to trigger its hydroxyl group for attack on the HB-PHB
synthase thioester, liberating the developing (HB)n-SCoA chain inside the active site.
This noncovalent intermediate then quickly reacylates the active site Cys, where the
polymerization lasts till the polymer achieves a comparatively uniform molecular
mass that varies with organism (Liebergesell and Steinbüchel 1992;Wodzinska et al.
1996; Jia et al. 2000, 2001; Rehm et al. 2002). Experimental evidence showed that
chain termination taking place with the transfer of majority of the polymer chain to
a second, surface-exposed amino acid that breaks the chain (Tian et al. 2005b).

The preserved residues Cys-319, aspartate (Asp)-480 and His-508 of the group I
PHA synthase from C. necator were the first be studied with site-specific mutagen-
esis that furnished evidence of direct participation in covalent catalysis (Gerngross
et al. 1994; Jia et al. 2001). Furthermore, the extremely preserved tryptophan (Trp)-
425 was exchanged with alanine strongly decreasing the enzyme activity. Trp-425
has been proposed to be participated in protein-protein interaction through produc-
ing a hydrophobic surface towards dimerization of PhaC subunits (Gerngross et al.
1994). Likewise, the homologous amino acid residues Cys-149, His-331 and Asp-
302 of PHA synthase from A. vinosum were subjected to site-specific mutagenesis
that almost inhibited enzymatic activity. These reports strongly indicated an involve-
ment in covalent catalysis (Jia et al. 2000). Furthermore, the preserved catalytic
triad residues of group II PHA synthase of P. aeruginosa were investigated with
site-specific mutagenesis in which Cys-296 as well as Asp-452 were reported to be
important for the enzyme activity as was observed with the other groups of PHA
synthases (Amara and Rehm 2003). Remarkably, substitution of the putative general
base catalystHis-480 resulted in strongly impairment of enzymatic activity.However,
exchange of the preserved cysteine as well as aspartic acid deactivated the enzyme.
Thus, it is anticipated that this cysteine residue supplies one of the thiolate groups
towards covalent catalysis. It is the merely cysteine residue that is preserved in any
PHA synthase. As the present reaction mechanism of PHA synthase is based on the
thoroughly characterized fatty acid synthase, therefore, it is postulated that two thiol
groups are essential, where the second thiol was supposed to be available following
post-translational modification by a phosphopantethine moiety (Wakil 1989; Chang
and Hammes 1990; Gerngross et al. 1994). A likely candidate for this modification
is the preserved serine residue at location 260 of the PHA synthase structural gene
of C. necator. Nevertheless, existing findings have failed to support this theory for
a specific post-translational modification (Rehm and Steinbüchel 1999). The sug-
gested step including chain-transfer was confronted based on the hypothesis that the
PHA synthase is not proficient of transferring to a new chain (Kawaguchi and Doi
1992; Gerngross and Martin 1995; Su et al. 2000). However, investigation utilizing
the purified C. vinosum PHA synthase indicated a mechanism concerning a chain-
transfer step (Liebergesell et al. 1994). Based on kinetic investigations studying the
lag phase of the enzyme reaction, it is now suggested that in group I- and group II-
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PHA synthases, the two thiol groups are furnished by two Cys-319 residues situated
on two subunits and that a dimer of PhaC is, hence, the smallest size of these PHA
synthases. In this model, Cys-319 alternates between the function of the loading thiol
as well as the role of the elongation thiol as aforementioned (Müh et al. 1999). This
could certainly also be realistic for the group III PHA synthases. Nevertheless, inves-
tigation of the primary structures of all so far sequenced group III PHA synthases
depicted a second extremely preserved cysteine residue that is for instance, Cys-
130 in PhaC of C. vinosum (Rehm and Steinbüchel 1999). Sinskey and co-workers
substituted this cysteine with an alanine in which they achieved an enzyme, which
showed merely 0.003% of the activity of the wild-type enzyme (Müh et al. 1999).
Overall, the α/β-hydrolase-based catalytic mechanism, mainly considering lipases
and cysteine proteases, furnishes a good model for groups I-III of PHA synthases
as strengthened by mutational study of the C. necator group I PHA synthase, the A.
vinosum group III PHA synthase and theP. aeruginosa group II PHA synthase (Rehm
2003). Currently, no clear final inference can be drawn concerning the provision of
the second thiol group towards the catalytic cycle of PHA synthases.

14.7 Mechanism of Biogenesis of PHA Granules

Interestingly, the biosynthesis of PHA granules is somewhat differ over the synthesis
of a prokaryotic neutral lipid inclusion such as wax esters or triacylglycerols gran-
ules (Wältermann et al. 2005; Wältermann and Steinbüchel 2005). PHA synthase
facilitated the template independent polymerization reaction from the corresponding
HA-CoA. The PHA synthase is present in the cytoplasm of exponentially cultivated
cells that have not yet synthesized PHAs (Haywood et al. 1989). On the other hand,
C. necator and Allochromatium vinosum grown cells under environments appropri-
ate for PHA biosynthesis, the PHA synthase is accompanying with the PHA granules
as the developing PHA material is covalently associated with the enzymes through-
out polymerization reaction, conferring amphiphilic property to the enzyme-polymer
complex (Haywood et al. 1989;Gerngross et al. 1993; Liebergesell et al. 1994). Three
models namely micelle formation of PHB synthases, budding of PHB from the cyto-
plasm membrane and scaffold model so far have been proposed for in vivo PHA
granule formation (Stubbe and Tian 2003; Tian et al. 2005a, b). They are based on
hypothetical considerations as well as experimental data of C. necator. The Micelle
Model based on the fact that soluble (cytoplasmic) PHB synthase molecules (PhaC1
dimers) begin to form the hydrophobic PHB polymer if the substrate (HB-CoA)
quantity is adequately high (Ellar et al. 1968; Griebel et al. 1968; Gerngross et al.
1993). Owing to the hydrophobic behavior along with lower dissolution of PHB in
an aqueous environment, nascent polymeric chains assembled and produce micelle-
like structures within the cytoplasmwith partly hydrophilic PhaCmolecules residing
on the polymer surface (Stubbe and Tian 2003; Stubbe et al. 2005). Later, phasins
together with other PHB granule-associated proteins (PGAPs) attach with the devel-
oping granules. An importance of this model is that commencement of PHB granules
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should occur at any place within the cytoplasm and these granules usually should
be essentially randomly localized within the cell. In budding model, the synthases
would be peripheral membrane bound proteins, attached to the inner face of the
plasma membrane. Their attachment to the membrane could be assisted by a primer
molecule mainly a long chain fatty acid or oligomers of 3-HB covalently bonded
to the active site cysteine of the synthase. As the PHB chains grow and the PhaP
phasin is formed, budding of a vesicle with a monolayer or partial monolayer of lipid
could result, leading to granule formation. At least, the initial step of PHB granules
should localize in/at the cytoplasmic membrane if the budding model is correct. This
model similar to the model for the biosynthesis of eukaryotic neutral lipid bodies
(Wältermann et al. 2005). Nevertheless, this budding model neglects the fact that
PhaC as well as phasins are never situated at the cytoplasmic membrane. Tian et al.
(2005a, b) proposed a third model for granule formation called scaffold model. This
model is based on the fact that PHB synthase of nascent PHB granules is or becomes
linked to a yet unknown scaffoldmolecule within the cell. Also, the subcellular local-
ization of PHB granules in this case would depend on the nature and localization of
the scaffold of the PHBproducing cell. Jendrossek and Pfeiffer (2014) suggested sub-
stituting the earlier micelle mode of PHB granule formation with the scaffold model.
This is presently the most accepted model to explain the existing experimental data
on PHB carbonosome synthesis in C. necator. For instance, the TEM investigations
depicted that PHB granules in the cells, which were cultivated under environments
permissive for PHB formation but not for growth (high carbon content, low or no
nitrogen source) were often situated relatively at the centre of the cells in close
neighbourhood to dark-stained known as mediation elements (Tian et al. 2005a, b).
These findings were in agreement with the scaffoldmodel, nevertheless, the nature of
the scaffold (mediation element) remained ambiguous. Furthermore, the same group
studied the PHB formation in C. necator with cryotomography (Beeby et al. 2012),
where it was in agreement with their earlier TEM investigations. The budding model
of PHB granule synthesis was excluded in this study owing to the high resolution of
cryotomography. Nevertheless, a clear differentiation between the scaffold as well
as micelle model was not probable. As the nucleoid area was not evident in Beeby’s
cryotomograms, the data do not exclude the probability that the nucleoid signifies
the scaffold to which PHB granules are attached. Further studies should be carried
out to specify the areas of PHB granule attachment and whether there is a specificity
of the DNA locus to which the granules become attached (Jendrossek and Pfeiffer
2014).

14.8 Phasins: Major PHA Granule-Associated Proteins

In PHA synthesizing bacteria, PHA chains are aggregated and form PHA granules
within the cytoplasm. These granules are surrounded by different protein molecules
known as PHA granule-associated proteins (PGAPs) in which phasins (PhaPs) are
composed of small size amphiphilic protein molecules and found to be foremost
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PGAPs commonly dispersed in different PHA accumulating organisms (Wieczorek
et al. 1995, 1996; Pötter and Steinbüchel 2005; Jendrossek and Pfeiffer 2014). The
roles of PhaPs are believed to regulate the properties of PHA granules surface apart
from the effect upon PHA biosynthesis. The PhaP1Re is the most plentiful phasin of
R. eutropha H16 (Wieczorek et al. 1995). The expression level is extremely high
because of the strong promoter, i.e., phaP1 through which transcription is con-
trolled as a result of PHA granule binding transcriptional factor PhaRRe (Pötter et al.
2002; Pötter and Steinbüchel 2005; Brigham et al. 2010; Shimizu et al. 2013). The
PhaP1Re contributed about 5% of the overall protein molecules of the crude extract
of the cells grown on fructose as a carbon source and was anticipated to surround
27–54%of exterior portion of the polymer granules (Wieczorek et al. 1995; Tian et al.
2005c). It was established that PhaP1Re played important role in regulating the size
as well as number of polymer granules within the cells including resulting quantity
of PHAs (Wieczorek et al. 1995; York et al. 2001b). Remarkably, PhaP1Re failed to
bind PhaC1Re straightforwardly in two hybrid assays, nevertheless, produced a high
molecular mass complex in the company of PhaC1Re and soluble PHB oligomer in
R. eutropha. The PhaC1Re-PhaP1Re-PHB complex exhibited no lag phase in PhaC
activity assay that signified that PhaCRe had an active form in the complex (Pfeiffer
and Jendrossek 2011; Cho et al. 2012). A comparable reduction in activity was also
observed for the synthase belonging to D. acidovorans (PhaCDa) (Ushimaru et al.
2014). In contrast, PhaP1Re enhances the activity for the synthases belonging to A.
caviae and P. aeruginosa by decreasing the enzymatic lag phase, though it does not
influence the activity of PhaC belonging to C. vinosum (Jossek et al. 1998; Qi et al.
2000; Ushimaru et al. 2014). In addition, various other phasin proteins have been
reported in other microorganisms like Sinorhizobium meliloti, Haloferax mediter-
ranii orHerbaspirillum seropedicae. However, there is little information about them
apart from their function towards polymer accumulation (Wang et al. 2007; Cai et al.
2012; Tirapelle et al. 2013; Alves et al. 2016). Furthermore, the investigation regard-
ing the secondary structure of the PhaP1Re sequence forecasts a highly α-helical
conformation, which is characteristic of phasins. The phasin has been revealed to
attain a planar, triangular shaped homotrimeric conformation as depicted by small
angle X-ray scattering study. First sequence studies did not reveal a clear, predicted
PHA binding motif like long hydrophobic patches (Neumann et al. 2008).

Currently, PHA granule accompanying proteins have received more attention as
various research laboratories have revealed that defective or deficient phasins depict
considerable impacts on PHA polymer formation. For instance, Tn5-induced phaP1
mutants having defective phasin production are even then capable to form PHB poly-
mer, nevertheless, they produce polymer at a substantially lower rate and nearly the
whole PHB is exist in merely one single big granule within the cell (Wieczorek et al.
1995). Likewise, studies conducted with the gene deletion of phaP1 established that
the PHB quantity under specific culture cultivation condition was decreased by 50%
compared to the wild-type C. necator (York et al. 2001b). However, overexpression
of PhaP1Re resulting into enhance granule numbers (Pötter et al. 2002). Further-
more, investigations were also carried out with the phaR deletion mutant strain of
C. necator, where PhaP was constitutively expressed at high levels. Nevertheless,
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no PhaP is formed if phaC is deleted (Wieczorek et al. 1995; York et al. 2001a, b).
Notably, deletion of together phaR as well as phaC found to trigger high levels of
PhaP expression, even though the organism fails to synthesize PHB polymer.

The R. eutropha phasins also play a role in the stability as well as mobilization
of PHB inclusions. Absence of PhaP1Re in a single deletion mutant results a cer-
tain degree of PHB autodegradation in vivo, a phenomenon, which is dramatically
increased when integrated with the multiple deletion of other phasins, signifying that
phasins are important towards stabilization of the granule (Kuchta et al. 2007). Sur-
prisingly, phasins are also essential towards the PHB mobilization triggered by CoA
thiolysis that catalyzed by the PhaZ depolymerase. However, PHB lacking phasins
is fail to undergo depolymerization by PhaZ, the PhaP1Re alone is enough to help the
depolymerase in the process of PHB degradation (Uchino et al. 2007; Eggers and
Steinbuchel 2013). In contrast, in the lack of PhaP1Re, the other minor phasins could
also play role in PHB mobilization to a variable level (Kuchta et al. 2007; Uchino
et al. 2007; Eggers and Steinbuchel 2013). The expression of PhaP1 is stringently
controlled at the transcription level by PhaR, therefore, confirming that the phasin
is formed merely when environments are permissive towards PHB formation and
PhaC is present and in sufficient amount to surround all the surface of biopolymer,
but without triggering a protein stock in the cytoplasm (York et al. 2001a; Pötter
et al. 2002; York et al. 2002; Wieczorek et al. 1995).

In order to presume a model concerning the regulation of phasin expression, fur-
ther investigations were carried out with C. necator. It was established that PhaR
might attach with artificial PHB granules (Pötter et al. 2002). Moreover, Western
immunoblotting as well as immunoelectronmicroscopic localization with antibodies
produced against PhaR undoubtedly revealed that PhaR was attached with the PHB
granules. Hence, PhaR has the capability to attach at least to four diverse receptors
of the C. necator viz. the promoter regions of phaP1 (1) phaP3 (2) and phaR (3) and
the surface of PHB granules (4). These studies support the simple and elegant model
towards the regulation of expression of PhaP in C. necator, where PhaR playing the
role as a repressor of transcription. Under cultivation environments not appropriate
towards PHAs formation or in mutants faulty for PHAs accumulation, PhaR attaches
with the phaP promoter region and represses transcription of this gene. The concen-
tration of PhaR in cytoplasm is adequately high to repress transcription of phaP1 and
phaP3. However, under physiological environments that are apposite towards PHB
accumulation, the constitutively expressed PHA synthase begins to produce PHB
polymers that remain covalently associated with this enzyme. At the commence-
ment, tiny micelles are synthesized that become bigger and form the nascent PHB
granules. Proteins with a binding capability with the hydrophobic surfaces such as
PhaRattachwith the granules.However, the concentration of PhaR in cytoplasm from
a certain point turn out to be sufficiently low, where it no longer repressed phaP1
as well as phaP3 transcription. Thus, PhaP1 as well as PhaP3 were formed, which
then attached with the exterior portion of PHB granules. The PHB granules turn
out to be larger and achieved their maximum size. Concurrently, PhaP1 was found
to produce uninterruptedly in adequate quantities. Furthermore, little quantities of
PhaP3 were also produced. Under to the physiological conditions when the PHB
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granules have attained the maximum probable size and when majority of the surface
of PHB granule is surrounded with PhaP1, no more space will be accessible towards
the attachment of additional PhaR or PhaR may even be displaced with PhaP1 (and
PhaP3). Therefore, the amount of PhaR in cytoplasm will increase and surpass the
threshold amount needed to repress again phaP1 as well as phaP3 transcription. As
a result, PhaP1 as well as PhaP3 protein molecules are as no longer formed and these
phasins are consequently, not produced too much and therefore, do not surpass the
quantity needed to surround the exterior part of PHB granules (Pötter et al. 2005).

Phasins offer a diverse opportunity in the field of Biotechnology (Maestro and
Sanz 2017). For instance, the amphiphilic property of phasins makes them appropri-
ate to be exploited as natural biosurfactants. In this regard, pure recombinant PhaPAh
belonging to A. hydrophila 4AK4 depicts a strong effect to form emulsions with
lubricating oil, soybean oil and diesel when compared to sodium dodecylsulfate,
bovine serum albumin, Tween 20 or sodium oleate, even maintaining its activity
after heat treatment of the protein or the emulsions themselves (Wei et al. 2011).
The most extensively studied application of phasins results from their PHA binding
capability. In this sense, the N-terminal, PHA binding domain of PhaF of P. putida
GPo1 known as BioF sequence has revealed to be extremely efficient as an affinity
tag to immobilize in vivo fusion proteins exploiting mcl-PHA as support (Moldes
et al. 2004, 2006). PHA granules having BioF tagged fusion proteins can be simply
isolated through centrifugation and utilized directly or if needed, the purification of
the adsorbed protein can be attained via gentle elution with detergents, keeping their
overall activity in both cases (Moldes et al. 2004). This approach has been shown
to be an environment friendly for delivering active proteins to the environment like
the Cry1Ab toxin with insecticidal activity (Moldes et al. 2006). Analogous in vivo
immobilization approaches have also been established for PhaP1Re exploiting E. coli
as heterologous host towards the PHA synthesis (Chen et al. 2014). Here, the gene
coding for the D-hydantoinase (DHDT) (enzyme participated in the production of
D-amino acids of commercial values like one of the precursors needed towards the
formation of semi-synthetic antibiotics) was fused with phaP1. The recombinant
fusion protein, PhaP1Re-HDT, resulted to be efficiently attached with the granules
and the enzyme depicted to be active and stable (Chen et al. 2014). Apart from this,
the specific immobilization of fusion proteins to PHA through phasins is initiated to
be used inmedicine, both in diagnostic as well as drug delivery uses (Backstrom et al.
2007; Yao et al. 2008; Dong et al. 2010). For instance, two hybrid genes responsible
for coding either the mouse interleukin-2 or the myelinoligodendrocyte glycoprotein
fused to PhaP1Re were constructed and expressed in a recombinant PHAs producing
E. coli strain. The PHA beads achieved from this approach exhibited the eukary-
otic proteins appropriately folded and they were then employed for specific and
sensitive antibody detection by the fluorescence-activated cell sorting technology
(Backstrom et al. 2007). On the other hand, Yao et al. (2008) carried out investi-
gation in which two recombinant fusion proteins with PhaP1Re were produced to
attain specific delivery: mannosylated human α1-acid glycoprotein (hAGP), which
is capable to bind with the mannose receptor of macrophages and a human epidermal
growth factor (hEGF), capable to identify EGF receptors on carcinoma cells. The
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resulting proteins (rhAGP-PhaP1Re and rhEGF-PhaP1Re) were self-assembled upon
the co-polymer of 3-hydroxybutyrate and 3-hydroxyhexanoate [P(3HB-co-3HHx)]
nanoparticles, attaining the specific delivery of the payload both in vitro and in vivo.
Furthermore, the sequence coding of a peptide having the amino acids Arg-Gly-Asp,
the most effective peptide sequence employed to improve cell adhesion on artificial
surfaces, was fused to PhaP (Dong et al. 2010). Diverse polyesters like P(3HB-co-
3HHx) or 3-hydroxybutyrate and 3-hydroxyvalerate [P(3HB-co-3HV)] co-polymers
were coated with purified PhaP-RGD hybrid protein and the complex showed effi-
cient in adhesion as well as improvement of cell growth on two diverse fibroblast
cellular lines, signifying feasible uses on implant biomaterials (Dong et al. 2010).

14.9 Conclusion

Polyhydroxyalkanoates (PHAs) signify a complex group of storage polymeric mate-
rials, which are produced as insoluble inclusions in the cytoplasm of bacteria
and cyanobacteria. Usually, PHA polymer accumulation is stimulated under the
supplementation of excess organic carbon substrate together with nutrient limita-
tion/deficiency like phosphorus, nitrogen etc. The key enzymes of PHAs biosyn-
thesis are the PHA synthases that catalyze the enantio-selective polymerization of
(R)-hydroxyacyl-CoA thioesters into polyesters. Different metabolic pathways have
been identified in bacteria and cyanobacteria to furnish substrate for PHA synthases.
PHAs are surrounded with a proteinaceous surface coat known as PHA granule
associated proteins (PGAPs), which conforming a network like surface of structural,
metabolic as well as regulatory polypeptides including configuring the PHA gran-
ules as complex and well organized subcellular structures called ‘carbonosomes’.
PGAPs consist of many enzymes like PHA synthases and PHA depolymerases that
associated with PHA metabolism. In addition, they also involve small size proteins
devoid of catalytic functions called phasins, which surround most of the PHA gran-
ule. Phasins play an important role in the physical stabilization of the PHA granule
within the cell, ensure the correct distribution of the polymer upon cell division and
assist other proteins (synthases and depolymerases) in PHA metabolism. Neverthe-
less, their specific role is highly dependent both on the microbial strain and on the
metabolic state of the cell. Structurally, phasins are amphiphilic proteins which pro-
tect the hydrophobic polymer from the cytoplasm. Phasins receiving consideration
interest currently as they open up new possibilities of applications such as biosurfac-
tants, diagnostic and drug delivery uses. The most recent investigations revealed that
the PHA granules have no phospholipids in vivo and hypothesized that the PHB or
PHAgranule surface coats in natural producers normally are devoid of phospholipids
and merely composed of proteins. In order to draw final conclusion regarding the
provision of the second thiol group for the catalytic cycle of PHA synthases, further
investigations need to be carried out. The scaffoldmodel, where PHB synthase-PhaM
complexes are associated with the bacterial nucleoid and form the PHB granule initi-
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ation complex, is presentlymore acceptedmodel to explain the existing experimental
data on PHB carbonosome production in C. necator. However, future studies should
be conducted to specify the areas of PHB granule association and whether there is a
specificity of the DNA locus to which the granules become associated.
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