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Abstract

Discovered in the 1920’s, polyhydroxyalkanoates (PHA) are a naturally occurring class of 

biopolyesters that have long been touted as a renewable, biodegradable plastic alternative. Demand 

for sustainable products and over a half century of research have led to moderate commercial 

success of PHA. Yet, these materials are not pervasive. Therefore, an important question to address 

is, “what is the barrier that prevents widespread application of these materials?” PHA can be 

made from an incredibly diverse class of monomers that incorporate both simple and complex 

organic acids. Herein, we provide an updated list of unique PHA monomers that are substrates 

for a PHA polymerase. Unfortunately, most unique monomers are incorporated only after feeding 

a structurally related feedstock to a PHA accumulating bacterium. Therefore, we put forward an 

argument that research must now turn to developing feedstock-independent, synthetic pathways to 

produce an increased diversity of PHAs capable of competing with petroleum-derived plastics.
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1. Introduction

Polyhydroxyalkanoates (PHA) are a class of renewable, biodegradable polyesters: renewable 

because their synthesis involves biological conversion of sugars or other biomass derived 

feedstocks to a polymer that accumulates inside a cell; biodegradable because native 

producers can depolymerize and metabolize PHA – even if the material is encountered 

outside the cell (Tokiwa and Calabia, 2004). PHA exist as a way for the cell to store carbon 

and energy when the availability of non-carbon nutrients limits growth. Since the discovery 

of PHA in the 1920’s, it has been postulated that more than 150 unique monomers have 

been incorporated into a PHA polymer. Varying the monomer composition impacts the 

material properties of the polyester and provides handles for further functionalization in 

specialty applications. Therefore, one focus of PHA research has been to identify substrates 
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for PHA polymerase, usually through feeding studies, and subsequent characterization of 

the resulting material. The broad specificity of PHA polymerases is both impressive in its 

ability to accept more than 150 hydroxy acids, and appealing from an industrial perspective. 

Specifically, the opportunity to capitalize on a versatile platform for generating a series of 

renewable, biodegradable plastics that could supplement and eventually replace petroleum 

derived counterparts has been the perpetual promise of PHA since the first commercial 

enterprises in the 1980’s. In the intervening time, a number of ventures have emerged around 

the globe [recently reviewed here: (Chen, 2009)] and yet, PHA are not a pervasive material 

in daily life.

The most promising, near-term commercial applications of PHA are in the medical, 

biomaterials and pharmaceutical industries where premium prices are easily commanded 

or in other niche markets where there is a demand for biodegradability. For example, 

Metabolix, a US-based bioplastics company, has had commercial success in incorporating 

Mirel™ (PHA) into biodegradable gardening containers and premium, eco-friendly beach 

toys. On the other hand, the realization of PHA as a replacement for non-biodegradable, 

petroleum derived plastics still seems to be a ways off due to the premium (~$0.75/lb) 

over comparable, renewably sourced polymers and even larger premiums compared to 

traditional plastics (Table 1). Metabolix’s Mirel™ is marketed at $2.25-$2.75/lb, whereas 

polypropylene, a plastic with comparable material properties, is available at $0.75/lb. 

Oil price volatility and increasing demand for sustainable alternatives have continued 

to motivate researchers to improve PHA production processes despite past obstacles 

to commercialization. While many non-PHA renewable plastics are being developed 

(Harracksingh, 2012; Sudesh and Iwata, 2008), PHA biochemistry offers flexibility to 

pursue a wide range of material properties from the same platform.

This review will provide a brief summary of the range of monomers that have been 

incorporated into PHA granules and suggest future research directions that leverage the 

promising field of synthetic biology to increase the viability of PHA as a petrochemical 

plastic alternative. Our strategy for enhancing PHA production via synthetic biology is based 

upon the following logic:

1. More than 150 monomers can be incorporated into PHA, providing routes to a 

wide range of material properties that would be useful in high-value applications.

2. The cost of related feedstocks that are fed to PHA accumulating organisms to 

make non-traditional PHA precludes the economic viability of these materials.

3. Synthetic biology can and has been used to assemble novel metabolic pathways 

inside cells for producing high-value molecules relevant to chemical and polymer 

synthesis.

4. If metabolic pathways that link unrelated feedstocks (e.g., glucose) to high-value 

PHA monomers are assembled, then PHA production costs could be greatly 

reduced.

For these reasons, we posit that research should turn towards developing feedstock-

independent, synthetic pathways for producing an increased diversity of PHA monomers 
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that when polymerized produce materials capable of competing with traditional, petroleum-

derived plastics.

2. Diversity of PHA monomers

In 1995, the review “Diversity of Bacterial Polyhydroxyalkanoic Acids,” detailed the 

known monomer constituents of this class of polyester materials (Steinbüchel and Valentin, 

1995). At the time of publication, a striking 91 unique monomers had been characterized 

as substrates for a PHA polymerase. Since then, it has been postulated that more than 

150 unique PHA monomers have been described in the literature (Steinbüchel and Lutke-

Eversloh, 2003). Confirming this claim, we have identified an additional 64 monomers 

that have been described in the PHA literature bringing the current total to 155 unique 

monomers (Fig. 1, 2 and supplementary materials). Of the 64 unique monomers described 

since the 1995 review, many are closely related to prior classes of known PHA monomers, 

but a handful of new functional groups were successfully incorporated. These include 

dimethyl substituted carbons, terminal methyl- and fluorophenoxy, thiophenoxy, oxo (keto) 

and acetylthioester groups (Fig. 3). Additionally, an expanded number of 4-hydroxy and 

methyl substituted PHA monomers have been added to the list of unique monomers.

Of the 155 unique monomers that have been incorporated into PHA, a relatively small 

subset has been produced from an unrelated feedstock (carbon source). Here, a related 

feedstock is defined as any starting material that is structurally related to the resulting 

monomer and especially the resulting side-chain/pendant group. In many cases feeding of 

exotic feedstocks will be the only feasible route to producing the desired PHA monomer. 

However, the costs associated with synthesizing, purifying, and feeding complex precursors 

to a PHA producer will significantly limit economic viability – especially in situations 

where traditional chemistry can be used to make similar polyesters (Table 2). Conversely, 

there are examples where existing biochemical pathways can be metabolically engineered 

to produce desirable monomers without the need of feeding related substrates. For example, 

feeding of lipids to PHA accumulating bacteria is one route to produce mcl-PHA (see 

section 4.3). These compounds could also be produced by engineering fatty acid metabolism 

to synthesize the lipids de novo. Considering the value of plant oils and the corresponding 

demand for their use in biodiesel and oleochemical production, it will be more economical 

to use an unrelated feedstock. Thus, adopting a synthetic biology approach for constructing 

and engineering pathways to novel PHA monomers could lead to the development of 

processes for manufacturing higher-value PHA at low cost.

3. Synthetic biology for PHA economy

3.1. Why synthetic biology?

The field of “synthetic biology” has various definitions among its practitioners, but many 

view it as an extension of recombinant DNA technology in which complex systems are 

constructed inside a living organism to confer a desired ability. The systems built by 

synthetic biologists range in function from genetic circuits (Nandagopal and Elowitz, 2011), 

to biosensors (Xie et al., 2011), to microbe-based chemical factories (Keasling, 2010b). 

A growing application of synthetic biology is transplantation of a biological trait from a 
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complex system to a more facile model organism. For example, many natural products 

have attractive medicinal properties but are made by exotic species that are difficult if not 

impossible to cultivate.

The synthetic biology approach begins with the realization that these compounds are made 

via metabolic pathways that can be recapitulated in a different host. One of the most 

cited examples of this strategy is the production of artemisinin, an anti-malarial isoprenoid, 

natively produced in sweet wormwood (Artemisia annua) (Westfall et al., 2012). While 

artemisinin could be produced by extraction from crops of A. annua, crop yields and other 

process variability contributed to costs that were too high for targeted patients in developing 

nations. After several years of research, a strain of Saccharomyces cerevisiae was shown 

to produce g L−1 titers of the drug (Ro et al., 2006; Westfall et al., 2012). With the help 

of Amyris Biotechnologies and the Institute for One World Health, the process has been 

commercialized by Sanofi-Aventis (Keasling, 2010a).

3.2. A synthetic biology approach to PHA biosynthesis

Synthetic biology has been applied to the production of fuels, medicines, commodity 

chemicals, and plastics - PHA included (Keasling, 2010b). While a number of synthetic 

biology approaches have been explored for PHA biosynthesis we propose that making PHA 

from an unrelated carbon source can be viewed as a three piece puzzle (Fig. 4). First, one 

must identify a (ideally flexible) metabolic pathway that leads to a defined composition of 

organic acids. Second, the resulting molecules must be activated via coenzyme A (CoA) 

ligation and modified (where necessary) to exhibit a hydroxyl group with the required 

chirality. Third, the monomers must be presented to a PHA synthase capable of catalyzing 

polymerization. When suitable side-chains (e.g., a terminal alkene) are present, a fourth, 

post-synthesis step involving chemical functionalization is conceivable (in addition to 

blending PHA with other polymers) to achieve the desired material properties and process 

economics. The remainder of the review will examine each of these steps in more detail.

3.3. Challenges faced in engineering PHA metabolism

While this review was written to highlight biological routes to synthesizing PHA monomers 

from unrelated carbon sources, it should be noted that many production challenges will 

be faced by synthetic biologists working to commercialize production of novel PHA. An 

in-depth economic analyses of industrial PHA production was carried out by Van Wegen 

in the late 1990’s (Van Wegen et al., 1998). Their analysis found that the most sensitive 

parameters were the recovery strategy and PHA titer (% cell dry weight) followed by choice 

of media and the corresponding yield. PHA accumulates intracellularly which necessitates 

purification steps that include cell lysis, clarification, and typically solvent extraction to 

obtain PHA granules. Synthetic biology strategies (e.g. expression of lytic peptides (You et 

al., 2004)) could be used to facilitate cell lysis and reduce purification costs. Many native 

and heterologous producers are cable of PHA accumulation at greater than 70% of the 

cell dry weight with some strains achieving nearly 90% (Steinbüchel and Füchtenbusch, 

1998). Achieving these titers via the pathways described below is a challenge to metabolic 

engineers. It is worth noting that PHA fermentation is an aerobic process. While the need for 

aeration can amount to a significant operating expense and aerobic processes are generally 
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less efficient in terms of yield and productivity, many aerobic fermentations have been 

successfully scaled-up (Weusthuis et al., 2011). Other studies have focused on other factors 

such as the potential of alternative carbon sources and the design of alternative recovery 

processes (Castilho et al., 2009; Choi and Lee, 1999; Jacquel et al., 2008; Keshavarz and 

Roy, 2010; Yang et al., 2011).

4. Monomer Synthesis

4.1. Poly(3-hydroxybutyrate): context for monomers from unrelated feedstocks

To appreciate the elegance of native PHA biosynthesis routes and contextualize routes 

to PHA from unrelated feedstocks, it is important to begin with polyhydroxybutyrate 

(PHB). The archetypical and arguably most studied PHA monomer is 3-hydroxybutyric 

acid (3HB), a four carbon hydroxycarboxylic acid. PHB is a polyester of 3HB that is readily 

accumulated by a number of organisms as a form of carbon and energy storage. PHB 

synthesis is conferred by the phaABC genes (Fig. 5) best studied in the bacteria Cupriavidus 
necator (a.k.a. Ralstonia eutropha) (Madison and Huisman, 1999a). The genes phaA and 

phaB encode β-ketothiolase (EC 2.3.1.9) and acetoacetyl-CoA reductase (EC 1.1.1.36) for 

the condensation of two acetyl‐CoA units to acetoacetyl-CoA and subsequent reduction 

of the newly formed β-keto group to 3‐hydroxybutyryl‐CoA. The short-chain-length (scl) 

specific PHA polymerase (often referred to as PHB polymerase) (no EC number) (phaC) 

then incorporates the monomer units into the PHB polymer.

The PHB pathway is dedicated to PHA biosynthesis (i.e., not used to make other 

metabolites) and affords tight control of the resulting monomer composition. One 

exception is that when propionate is introduced as a feedstock it is possible to produce 

3-hydroxyvalerate (3HV), a five carbon hydroxycarboxylic acid monomer. 3HV is produced 

analogous to 3HB with the key difference being the replacement of one of the two 

acetyl-CoA units with propionyl-CoA in the initial condensation step carried out by 

the β-ketothiolase. Many organisms are capable synthesizing a co-polymer of 3HB and 

3HV (3HB-co-3HV) when propionate is present. While PHB is brittle (glass transition 

temperature (Tg) = 4 ºC, melting temperature (Tm) = 175 ºC), incorporation of 3HV yields a 

copolymer with a slightly lower Tg and Tm depending on the fraction of 3HV incorporated 

(e.g., for mol% 3HV = 20; Tg ≈ 2 °C, Tm ≈ 171 °C). Because poly(3HB-co-3HV) has 

properties that lend readily to consumer products such as containers, packaging and films, it 

was the first commercially produced polymer. However, as mentioned, processes for making 

poly(3HB-co-3HV) have traditionally involved an external supply of propionic acid.

4.2. 3HV from unrelated feedstocks

The case of 3HV is one example of a focused research effort to identify biosynthetic 

pathways initiating from an unrelated feedstock. Propionyl-CoA, the activated form of 

propionic acid can be derived from the amino acids valine, threonine, methionine and 

isoleucine (Steinbüchel and Lutke-Eversloh, 2003). While valine, isoleucine and methionine 

catabolism to propionyl-CoA consists of a number of intermediate steps, the threonine 

pathway passes through a single intermediate, α-ketobutyrate, yielding one molecule each of 

propionyl-CoA, CO2 and ammonia (Slater et al., 1999). Plant species such as Arabidopsis 
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(Rebeille et al., 2006) and bacteria such as Pseudomonas (Inoue et al., 2003) are additionally 

capable of methionine catabolism to α-ketobutyrate. Eschenlauer et al., demonstrated that 

the addition of 1 mM valine or threonine to glucose minimal media resulted in PHA 

consisting of up to 4% 3HV (Eschenlauer et al., 1996). More recently, an engineered strain 

of E. coli was shown to be capable of producing either (R)- or (S)-3-hydroxyvaleric acid via 

threonine catabolism with titers as high as 0.50 g L−1 and 0.31 g L−1, respectively (Tseng et 

al., 2010).

There also exists the possibility to feed alternative, low cost carbon sources for the 

production of PHA monomers. For example, levulinic acid is readily derived from 

lignocellulosic biomass via acid treatment and is a promising feedstock for producing 

chemicals (Alonso et al., 2010). Bacteria such as Pseudomonas putida and Cupriavidus 
necator are capable of PHA incorporating 3HB, 3HV and 4-hydroxyvaleric acid (4HV) 

monomers into PHA when fed levulinic acid (Jaremko and Yu, 2011; Martin and 

Prather, 2009). A proposed pathway for levulinic acid catabolism that includes 4- and 

3-hydroxyvaleryl-CoA is based on the PHA composition observed in these cells.

4.3. Medium-chain-length (mcl)-PHA biosynthesis

PHA are classified based on the carbon chain-length of the monomers that make up 

the polymer itself. PHA consisting of 3–5 carbon monomers such as 3HB and 3HV are 

considered scl-PHA, while PHA incorporating monomers with a chain-length ≥ 6 carbons 

are considered medium-chain-length or mcl-PHA. Most mcl-PHA are derived from fatty 

acid metabolism whereby intermediates of either fatty acid biosynthesis or β-oxidation can 

be scavenged and incorporated into a polyester (Fig. 6). These pathways work in iterative 

cycles. Therefore, the resulting PHA is a heteropolymer consisting of monomers ranging 

from 6 to 14 carbons in length. Several enzymes have been shown to link fatty acid 

metabolism to mcl-PHA biosynthesis including enoyl-CoA hydratase (PhaJ, EC 4.2.1.119), 

(R)-3-hydrocyacyl-acyl-carrier protein (ACP) thioesterase (PhaG, EC 3.1.2.-), and mcl-PHA 

polymerases (PhaC1), which tend to have a broad specificity for monomers between 6 

and 14 carbons. Recently, an acyl-CoA ligase from P. putida (PP_0763) was shown to 

act on (R)-3-hydrocyacids derived from fatty acid biosynthesis via (R)-3-hydrocyacyl-ACP 

thioesterase (Wang et al., 2012a). By co-expressing a thioesterase, CoA-ligase and an mcl-

PHA polymerase, up to 400 mg L−1 mcl-PHA heteropolymer could be synthesized from 

glucose as a sole carbon source.

4.4. Manipulation of β-oxidation for mcl-PHA homopolymer

Early attempts at increasing the production of PHA via β-oxidation intermediates involved 

single gene deletions – usually in (S)-specific enoyl-CoA hydratase (FadB) – or by addition 

of inhibitory molecules such as acrylic acid (Fiedler et al., 2000), salicylic acid (Choi 

et al., 2009), 2-bromooctanoic acid and 4-pentenoic acid (Lee et al., 2001) which inhibit 

β-oxidation enzymes. Functional inactivation of the transcriptional regulator of β-oxidation 

(FadR) has also been implemented to increase flux through this pathway (Rhie and 

Dennis, 1995). Recently, a number of labs have focused on the production of mcl-PHA 

homopolymers in both Pseudomonas putida and E. coli. These have generally been feeding 

strategies wherein a single chain-length fatty acid has been fed to a β-oxidation impaired 
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strain expressing PHA biosynthesis genes. In Pseudomonas, homopolymer synthesis was 

achieved through inactivation of six genes involved in native fatty acid degradation and 

one gene associated with native PHA metabolism (Liu et al., 2011). When supplied with 

either C10 or C14 fatty acids, C10 or C14 homopolymer was observed. Additional work in 

Pseudomonas demonstrated production of C4-C9 homopolymers when the corresponding 

fatty acid was supplied exogenously (Wang et al., 2011). A similar approach was 

implemented in E. coli expressing a broad activity polymerase whereby PHA homopolymer 

was synthesized from fatty acids with a chain-length of 4 to 14 carbons (Tappel et al., 2012).

4.5. Combining fatty acid biosynthesis and beta-oxidation to produce mcl-PHA

Approaches to producing mcl-PHA from unrelated carbon sources have also been explored. 

A popular strategy is to use native or heterologously expressed thioesterases to generate a 

pool of free fatty acid for incorporation into a heterogeneous polyester. Two thioesterases 

from E. coli, the broad specificity thioesterase II (TesB) (Chung et al., 2009) and 

a multifunctional thioesterase (TesA) (Qiu et al., 2005) have been targeted for PHA 

biosynthesis as well as a plant thioesterase from the California Bay Laurel (BTE/FatB) 

(Rehm and Steinbuchel, 2001). Recently, our lab has combined the β-oxidation manipulation 

and thioesterase based approaches in a single strain for the production of a PHA with a 

composition matching the fatty acid profile generated by the thioesterase (Agnew et al., 

2012). This strategy offers an opportunity to produce a PHA with a defined composition 

simply by tuning the specificity of the thioesterase (Yuan et al., 1995) or by identifying an 

existing thioesterase with a desirable profile (Cantu et al., 2010).

4.6. Megasynthase engineering

While fatty acid metabolism produces acyl-chains with the essential hydroxyl group needed 

for polymerization, the pathways result in a limited set of side chains (i.e., saturated, 

mono-unsaturated, or modified by addition of a methyl-branch or cyclopropane ring) 

when incorporated into PHA. An attractive possibility for producing a wider range of 

monomers lies in exploiting polyketide synthases (PKS) which use many of the same 

chemistries as fatty acid biosynthesis to produce highly substituted acyl-chains. PKS are 

large, modular enzymes that catalyze the assembly of complex natural products through 

consecutive condensation and reduction reactions (Sattely et al., 2008; Weissman and 

Leadlay, 2005). The molecular machines responsible for type I polyketide biosynthesis, 

often called megasynthases, function in a modular fashion similar to assembly lines seen in 

classical manufacturing processes (Sattely et al., 2008). A polyketide’s carbon backbone is 

assembled and modified in a stepwise fashion. At each stage, a different enzymatic domain 

operates on a growing acyl-chain, performing monomer addition, reduction, and chemical 

modification until the final product is released. The order of domains, (i.e., the sequence of 

the protein) dictates the structure of the final compound. Therefore, the ability to fine-tune 

these modifications through manipulation at the enzyme level has long been a research 

and drug discovery goal (Sherman, 2005). As such, efforts to understand the logic behind 

polyketide synthesis and to engineer novel polyketides have progressed greatly in the past 

decade (Wong and Khosla, 2012).
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Given this better understanding, we hypothesize that megasynthase engineering offers a 

flexible path to PHA monomers. A majority of the “newly discovered” monomers as well 

as many of the originally described 91 monomers could be made via a PKS strategy. 

PKS incorporate a broad range of chemical building blocks both as starter and extender 

units (Chan et al., 2006; Chan et al., 2009; Moore and Hertweck, 2002). In our proposed 

strategy, the starter unit determines the structure of the PHA side-chain terminus. Known 

PKS starter units possess hydroxyl, amino, (hydroxy and amino substituted) phenyl, 

(hydroxy substituted) hexyl, pyrrole and branched carbon substituents. Incorporation of 

reactive groups into the PHA side chains via PKS starter units would enable subsequent 

functionalization of the polymer. Further diversity can be introduced in the form of methyl, 

hydroxyl and amino moieties at the α-carbon of each PKS extender unit. Lastly, the PKS 

reductive cycle manipulates the β-carbon of each acyl-chain generating keto, hydroxyl 

(including the correct stereochemistry needed for polymerization by a PHA synthase), enoyl, 

and methylene variants. While many monomers could be produced by a PKS strategy, each 

megasynthase will synthesize a defined molecule based on the domain architecture of the 

enzyme. This means that the troubles encountered in producing a homopolymer via the 

iterative fatty acid pathway can be avoided.

Previous work with common PKS enzymes has demonstrated the possibility of truncation to 

produce an enzyme that is capable of producing small polyketides (Oliynyk et al., 1996). For 

example, a derivative of the 6-deoxyerythronolide B (DEBS) PKS has been created which 

incorporates only the loading domain and first extension module (module 1) artificially 

fused to the DEBS thioesterase (TE) (which is normally part of module 6) (Bohm et al., 

1998; Ostergaard et al., 2002). This diketide synthase has been shown to produce 2‐methyl‐
3‐hydroxybutyrate and 2‐methyl‐3‐hydroxyvalerate products in appreciable quantities – 

both of which are monomers that have previously been identified as substrates for a PHA 

polymerase (Fig. 7c). Fusing the TE at the end of the second extension module has been 

shown to produce a triketide “mini‐lactone” construct as well (Cortes et al., 1995). Further 

investigation has demonstrated that it is possible to not only exchange domains within a 

single PKS but also between PKS’s from distinct organisms to create novel polyketides 

(Oliynyk et al., 1996). While research continues as to why certain combinations of loading 

and extensions modules work better than others, recent study has begun to shed light on 

interactions between PKS modules. This research is paving the way for the successful 

design of tailor‐made polyketide products, many of which could be incorporated into PHA 

(Buchholz et al., 2009).

While no one has demonstrated the use of a PKS to produce PHA monomers, the strategy 

has been applied to the highly similar Type I fatty acid synthases (FAS) (Fig. 7a,b). 

Researchers mutated a rat Type I FAS dehydration domain that in theory would lead to 

the accumulation of 3-hydroxybutyl-adduct on the acyl-carrier protein domain. Thioesterase 

activity would generate 3HB that could be activated for polymerization. When the mutant 

FAS was co-expressed in insect cells with a PHA synthase, PHB production was established 

(Williams et al., 1996). While PHB is not a unique PHA, and this route is overly complex 

compared to the classical PhaAB pathway, the strategy demonstrated that it is possible to use 

megasynthases to produce PHA monomers.
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5. Conversion of organic acids to PHA monomers

5.1. Generation of hydroxyacids with required stereospecificity

Stereospecificity is critical to PHA polymerization. PHA synthases requires the (R) 

stereoisomer in the case of a 3-hydroxyalkanoate. While most PHA acquire the correct 

stereochemistry after activation to the CoA thioester, there is also the possibility to achieve 

this modification prior to CoA activation. Conveniently, ketoreductases used by fatty acid 

biosynthesis and many PKS pathways generate (R)-hydroxyacyl-ACP intermediates that are 

substrates for hydroxyacyl-ACP thioesterases such as PhaG. Thioesterase cleavage generates 

the corresponding free acid that can be activated for polymerization by CoA ligation. In 

contrast, β-oxidation intermediates (which are already activated as CoA thioesters) are 

substrates for ketoacyl-CoA reductase (FabG) and enoyl-CoA hydratase (PhaJ). These 

reactions incorporate the correct (R) stereochemistry. Alternatively, the native PHB pathway 

enzymes (PhaA, PhaB) could be mutated to permit elongation (with acetyl-CoA) and 

ketoreduction (of the ketone at the beta position) of organic acids missing the requisite 

hydroxyl group.

5.2. CoA activation

A monomer unit cannot be incorporated unless covalently linked to a CoA. Novel PHA 

biosynthesis pathways will require this additional step to generate thioesters from organic 

acids (e.g., PKS release their products via hydrolysis). Conveniently, there are several 

enzymes capable of activating acid monomers for polymerization. CoA transferases can 

move CoA from acetyl-CoA (or other thioester donor) to a desired organic acid. Examples 

are found in short chain fatty acid catabolic pathways (e.g., AtoDA). Alternatively, CoA 

ligases such as AlkK use ATP to activate organic acids prior to formation of the thioester 

bond with free CoA (Satoh et al., 2005). These enzymes are classified based on the substrate 

they act upon, however most show relaxed specificity by acting on additional substrates – 

although usually with reduced activity (Satoh et al., 2005). Substrate flexibility has also been 

engineered through the use of rational design to expand the substrate range for CoA ligases 

(Wu et al., 2007). Alternatively, it may be possible to cleave acyl-chains from PKS ACP 

domains using CoA instead of water. This has been shown via site directed mutagenesis of 

a Rat type II TE which conferred acyltransferase capabilities and resulted in CoA‐products 

(Witkowski et al., 1994).

6. Polymerization

The final step in PHA biosynthesis involves PHA polymerase (PhaC) catalyzing the 

formation of an ester bond between the terminal carboxylic acid group from one monomer 

with the (usually β-) hydroxyl group from a second monomer (Fig. 3). PHA polymerases 

have activity on a broad range of substrates and can be classified in one of several ways 

including substrate specificity, the architecture of the enzyme and the nucleotide/amino acid 

sequence. In terms of activity for a given monomer, PHA polymerases are generally biased 

toward either scl-PHA or mcl-PHA. The scl-PHA polymerases tend to be specific for the 

polymerization of 3HB, although they have activity towards 3 and 5 carbon monomers as 

well. The mcl-PHA polymerases, on the other hand, have a broader activity and catalyze the 
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polymerization of 6–14 carbon monomers. Polymerization of longer chain-length monomers 

including C16 and C18 has also been demonstrated (Lee et al., 1995; Singh and Mallick, 

2008).

There is an abundance of PHA synthase gene sequences and substrate specificity data in the 

literature (Rehm, 2003, 2007; Rehm and Steinbuchel, 1999). Bioinformatic and structural 

comparisons of these enzymes will likely lead to structure-function relationships that can 

be used to identify synthases for novel PHA monomers. Alternatively, random mutagenesis 

and rational re-design approaches have been used to improve the kinetics of polymerases 

(Nomura and Taguchi, 2007). Due to the difficulty associated with the crystallization of 

these proteins, techniques such as error-prone PCR, gene shuffling, and saturation of key 

amino acids have been employed. For example, site-directed mutagenesis of the PHA 

synthase (phaC) from C. necator was demonstrated to increase the substrate tolerance of 

the enzyme (Tsuge et al., 2004). Similarly, engineering of mcl-PHA polymerase PhaC1 from 

Pseudomonas sp. 61–3 conferred the enzyme with the ability to polymerize both scl- and 

mcl-PHA (Takase et al., 2003). More recently, truncations of two PhaC from C. necator and 

P. aeruginosa and subsequent recombination to form hybrid polymerases resulted in altered 

product specificity (Wang et al., 2012b). Even with engineered polymerases, co-feeding of 

substrates is sometimes necessary to incorporate particular monomers into PHA granules. 

For example, in an attempt to incorporate monomers with fluorinated side-chains, feeding a 

single, fluorinated precursor resulted in no polymer accumulation (Kim et al., 1996). Upon 

co-feeding of nonanoic acid, various fluorinated monomers were successfully incorporated 

into a polymer.

A final consideration is the extent of polymerization. The material properties of plastics, 

PHA included, are often dependent on the molecular weight of the polymer. In this regard, 

PHA have the advantage of high molecular weights and low dispersities that lend to 

commericial applications. When produced from glucose, PHB is characterized by weight-

average molecular weights (MW) of 500–1,000 kDa and melting temperatures of 170–180°C 

(Madison and Huisman, 1999b). Recent studies have also demonstrated production of PHB 

with MW values exceeding 6,000 kDa and dispersities less than 2 (Hiroe et al., 2012).

7. Conclusions

In summary, the scientific framework is in place for the construction of metabolically 

engineered pathways for synthesizing custom PHA monomers from unrelated carbon 

sources. While a large number of monomers have been successfully incorporated into 

PHA granules, the target price of commercial PHA limits the economic viability of these 

materials when derived from feedstocks more expensive than glucose or glycerol. Synthetic 

biology has been used to construct metabolic pathways for producing a wide range of 

commodity chemicals including unnatural molecules. We hypothesize that synthetic biology 

can be similarly used to engineer metabolic pathways from renewable feedstocks to PHA 

monomers. If successfully incorporated, novel monomers will have a significant impact 

on the material properties of the resulting polyester. We anticipate that this approach 

will increase the industrial relevance and commercial viability of PHA in the polymer 

marketplace.
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Fig. 1. 
Unique PHA monomers discovered since 1926. Bars indicate number of unique PHA 

monomers discovered in a given year while points indicate the cumulative total number 

of unique monomers. Note that the horizontal axis is non-linear for 1926–1983 and linear 

from 1983–2012. See Fig. S1 for a detailed list of monomers.
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Fig. 2. 
Structures of unique monomers incorporated into PHA since 1995.
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Fig. 3. 
New categories of unique PHA monomers described since 1995 including (a) acetylthioester 

(b) oxo (keto) (c) thiophenoxy (d) dimethyl substituted carbons and (e) terminal methyl- and 

fluorophenoxy groups where R = F, Me (para-substitution shown as an example). See Fig. 

S1 for monomer structures.
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Fig. 4. 
PHA biosynthesis viewed as a three piece puzzle. The first piece consists of feeding an 

unrelated carbon source such as glucose to a cellular host possessing the necessary parts 

(metabolic pathways) for the conversion of cellular building blocks to hydroxyalkanoic acid 

monomers. The second piece is the activation of these monomers with CoA followed by 

polymerization by a PHA synthase in the third and final piece of the puzzle.
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Fig. 5. 
Dedicated pathways for scl-PHA biosynthesis. The pathways for (a) the biosynthesis of 

polyhydroxybutyrate involves the condensation of two acetyl-CoA by β-ketothiolase (PhaA) 

and formation of the hydroxyl group by acetoacetyl-CoA reductase (PhaB). Alternatively 

this metabolic pathway can lead to the formation of (b) hydroxyvalerate monomers or (c) 

provide hypothetical route to a number of longer chain-length monomers if variants of PhaA 

and PhaB can be identified or engineered.
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Fig. 6. 
Routes to mcl-PHA monomer biosynthesis via fatty acid biosynthesis and β-oxidation 

starting from the central metabolite acetyl-CoA. Key enzymes are bolded to indicate 

steps that convert intermediates of fatty acid metabolism to hydroxyalkanoates. ACP = 

acyl-carrier protein. Block arrows represent multiple enzymatic reactions.
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Fig. 7. 
Schematic of megasynthase modification strategies. (a) The native Type I FAS catalyzes 

the formation of long chain fatty acids. (b) Mutation of the DH domain results in loss 

of dehydrogenase activity and converts the FAS to a 3-hydroxybutyryl-CoA synthase. (c) 

A hybrid Type I PKS derived from the DEBS loading domain, module I and terminal 

thioesterase domains catalyzes the formation of the diketide 3-hydroxy-2-methylvalerate. 

The products of the engineered FAS and PKS are substrates for PHA biosynthesis. KS 

= ketosynthase, AT = acyltransferase, DH = dehydratase, ER = enoylreductase, KR = 

ketoreductase, ACP = acyl-carrier protein, TE = thioesterase.
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Table 1.

Prices for a selection of common polymers derived from both traditional (petrochemical) and alternative 

(biological) routes. Pricing data was acquired from ICIS Chemical Business and are listed as of the date of the 

publication.

Material price ($/lb) Date of Publication

PVC 0.45 8/27/2012

PET 0.59–0.85 2/14/2011

PP 0.74 8/28/2012

LDPE 0.77 8/27/2012

PLA 0.85–1.25 8/27/2012

PS 1.00 2/14/2011

Starch-based biodegradable plastics 1.50–2.20 2/14/2011

BASF Ecoflex 2.00 2/14/2011

PLA/PBS 2.00–2.50 2/27/2012

PHA (Mirel) 2.25–2.75 2/14/2011
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Table 2.

Prices for a selection of common feedstocks associated with polymer synthesis. Pricing data was acquired 

from ICIS Chemical Business and are listed as of the date of the publication.

Feedstock price ($/lb) Date of Publication

glucose 0.20 9/19/2012

stearic 0.30 8/31/2009

glycerin (low grade) 0.40 3/26/2012

ethanol 0.42 10/03/2011

naptha 0.42 8/15/2012

oleic 0.60 8/31/2009

glycerin (pharmaceutical grade) 0.65 3/26/2012

butanediol 0.98 8/27/2012

propionate 1.00 3/30/2009
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