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Abstract Poly-3-hydroxyalkanoates [P(3HA)s] are biolog-
ically produced polyesters that have attracted much atten-
tion as biodegradable polymers that can be produced from
biorenewable resources. These polymers have many attrac-
tive properties for use as bulk commodity plastics, fishing
lines, and medical uses that are dependent on the repeating
unit structures. Despite the readily apparent benefits of
using P(3HA)s as replacements for petrochemical-derived
plastics, the use and distribution of P(3HA)s have been
limited by their cost of production. This problem is currently
being addressed by the engineering of enzymes involved in
the production of P(3HA)s. Polyhydroxyalkanoate (PHA)
synthase (PhaC) enzymes, which catalyze the polymeriza-
tion of 3-hydroxyacyl-CoA monomers to P(3HA)s, were
subjected to various forms of protein engineering to improve
the enzyme activity or substrate specificity. This review
covers the recent history of PHA synthase engineering and
also summarizes studies that have utilized engineered PHA
synthases.
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Introduction

Poly-3-hydroxyalkanoates [P(3HA)s] are biodegradable
polyesters that are produced as intracellular inclusion
bodies by some bacteria grown under nutrient limitation
in the presence of excess carbon, serving as carbon and
energy storage materials in the cells (Lee 1996; Sudesh et
al. 2000). P(3HA)s have been studied intensely because the
physical properties of these biopolyesters can be similar to
petrochemical-derived plastics such as polypropylene (Doi
1990). P(3HA) polymers can be divided into three main
classes with properties that are dependent on their monomer
composition. Short-chain-length P(3HA)s [SCL-P(3HA)s]
have monomers consisting of three to five carbons, are
thermoplastic in nature, and generally lack toughness.
Medium-chain-length P(3HA)s [MCL-P(3HA)s] have
monomers consisting of 6-14 carbons and these polymers
are elastomeric in nature. The third main class of P(3HA)s
are the SCL/MCL-P(3HA)s, which are copolymers made
up of SCL and MCL-3HA monomers consisting of 3—-14
carbons. SCL/MCL-P(3HA)s have properties in between
the SCL-P(3HA)s and MCL-P(3HA)s dependent on the
mole ratio of SCL to MCL monomers, and therefore have a
wide range of physical and thermal properties. Table 1 lists
typical bacterial strains capable of producing P(3HA)
polymers, the types of polyhydroxyalkanoate (PHA) syn-
thases associated with those strains and the type of P(3HA)
polymers produced by those bacteria.

P(3HA) biopolymers have many potential uses, includ-
ing use as bulk commodity plastics, fishing lines, woven
materials, and potential biomedical applications. However,
unlike their petrochemical-derived counterparts, P(3HA)s
can be produced from biorenewable resources such as
sugars, plant oils, and even CO, (Sudesh et al. 2000), and
when used as a bulk commodity plastic, P(3HA)s can be
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Table 1 Classes of PHA synthases and varieties of [P(3HA)s]

Substrate specificity® Class® Subunit(s)* Microorganism* Polymers produced®
SCL-3HA-CoA 1 PhaC Ralstonia eutropha P(3HB), P(3HB-co-3HV)
(C3-CY) 1 PhaC, PhaE Allochromatium vinosum

v PhaC, PhaR Bacillus megaterium
MCL-3HA-CoA 11 PhaC Pseudomonas oleovorans P(3HA)
(C6-C14) Pseudomonas putida

Pseudomonas aeruginosa

SCL-MCL-P(3HA)-CoA 1 PhaC Aeromonas caviae FA440 P(3HB-co-3HA)
(C3-C14) 1I PhaC Pseudomonas sp. 61-3

*Substrates preferred by the PHA synthase. SCL-3HA-CoA (C3-C5), short-chain-length-3-hydroxyacyl-coenzyme A (3-5 carbons in length);
MCL-3HA-CoA (C6-C14), medium-chain-length-3-hydroxyacyl-coenzyme A (6-14 carbons in length); SCL-MCL-3HA-CoA (C3-C14) short-

chain-length-3-hydroxyacyl-coenzyme A (3-14 carbons in length).
®Class of PHA synthase.

“Name of PHA synthase subunit or subunits if the enzyme consists of more than PhaC.

9 Native microorganism where the PHA synthase and polymer are found.

“Polymers produced. P(3HB), poly-3-hydroxybutyrate; P(3HB-co-3HV), poly-3-hydroxybutyrate-co-3-hydroxyvalerate; P(3HA), poly-3-
hydroxyalkanoate; P(3HB-co-3HA), poly-3-hydroxybutyrate-co-3-hydroxyalkanoate.

degraded by several naturally occurring bacterial strains,
alleviating long-term disposal problems associated with
most petrochemical-derived plastics. Despite the many
potential benefits derived from using P(3HA)s as substi-
tutes for petroleum-derived polymers, two main issues
prevent its widespread uses: the cost of production relative
to petroleum-based polymers with similar properties and
the inability to produce P(3HA) high performance polymers
in substantial amounts. Optimization of both of these
factors would allow for more widespread uses of these
environmentally friendly polymers, thus, it is important to
develop new methods to solve these problems. One
potential strategy to address these issues is the subject of
this review: the engineering of the PHA synthase for more
effective P(3HA) production. The PHA synthase is the
central enzyme for the polymerization of various R-3-
hydroxyacyl-CoA precursors, which are derived from
various metabolic pathways to produce P(3HA) polymer
(Nomura and Doi 2006). The performance of PHA synthase
is closely related to the properties of the polymers
generated, cellular P(3HA) content, molecular weight, and
monomer composition upon copolymerization. It is possi-
ble that P(3HA) content and monomeric composition could
be correlated with the specific activity and substrate
specificity of PHA synthase, respectively. Extensive
attempts at molecular evolution were recently performed
for several PHA synthases without any tertiary structure
information (Taguchi and Doi 2004). In this review, we will
discuss the history of enzyme engineering of PHA
synthases and recent application of engineered PHA
synthases for the production of PHAs in various recombi-
nant organisms, and give some future prospects for enzyme
engineering within the PHA research field.
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Engineering of PHA synthases

There are four classes of PHA synthases that can be
categorized based on their nucleotide and predicted amino
acid sequences (Rehm 2003), but in this review we have
classified the enzymes based on their substrate specificity
and subunit composition (Table 1). An alignment of
primary sequences of these PHA synthases shows an
overall identity of 8-96% with only eight strictly conserved
amino acid residues. Different threading algorithms and
biochemical studies suggest that PHA synthases belong to
the o/f3-hydrolase superfamily with a conserved cysteine
residue as a catalytic nucleophile (Rehm 2003; Jia et al.
2001). Most of the microbes capable of producing P(3HA)s
synthesize SCL-P(3HA)s or MCL-P(3HA)s consisting of
3-hydroxyoctanoate (3HO) and 3-hydroxydecanoate
(3HD) (Lee 1996; Madison and Huisman 1999). The
PHA synthase enzymes from Aeromonas caviae and
Pseudomonas sp. 61-3 are the only known native enzymes
that are capable of producing SCL/MCL-P(3HA) copoly-
mers and these enzymes are members of the class I and
class I PHA synthase families, respectively. In addition,
the most widely studied PHA synthase, PhaC from
Ralstonia eutropha, belongs to class 1. Class I and class 11
PHA synthases consist of a single subunit as opposed to the
multisubunit PHA synthases from class III and class IV, and
thus represented the logical choices for initiating genetic
engineering projects. Applications of genetic engineering to
improve PHA synthases are summarized in Table 2. While
structural models allow for the “rational” design of enzyme,
the lack of a suitable structural model for any PHA
synthase has limited attempts to improve the activity,
substrate specificity, and stability of these enzymes to
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Table 2 Studies on PHA synthase enhancement through enzyme engineering

Year  Enzyme source® Method Polyester” Changed enzyme property Reference
2001  Ralstonia eutropha Random mutagenesis P(3HB) Activity Taguchi et al. (2001)
2002  Ralstonia eutropha Random mutagenesis P(3HB) Activity, Thermostability Taguchi et al. (2002)
Aeromonas caviae Random mutagenesis P(3HB-co-3HHx)  Activity, Kichise et al. (2002)
(punctata) Substrate specificity
Ralstonia eutropha Intragenic suppression P(3HA) Activity, Taguchi et al. (2002)
mutagenesis Substrate specificity
Ralstonia eutropha and Gene shuftling P(3HA) Activity, Rehm et al. (2002)
Pseudomonas aeruginosa Substrate specificity
Aeromonas caviae Random mutagenesis P(3HB-co-3HHx)  Activity, Amara et al. (2002)

(punctata)
2003  Pseudomonas sp. 61-3

(in vivo)

Random mutagenesis,
Site-specific saturation
mutagenesis,
Recombination

Site-specific
chimeragenesis®

Random mutagenesis,
Site-specific saturation

Pseudomonas
resinovorans
2004  Pseudomonas sp. 61-3

mutagenesis,

Recombination
Pseudomonas putida Localized semi-random
GPol mutagenesis
Pseudomonas oleovorans ~ PCR-mediated random

chimeragenesis®

Ralstonia eutropha Site-specific saturation
mutagenesis

2005  Ralstonia eutropha Intragenic suppression
mutagenesis,

Site-specific saturation
mutagenesis

Ralstonia eutropha Recombination

Pseudomonas sp. 61-3 Site-specific saturation
mutagenesis,
Recombination

P(3HB-co-3HA)

P(3HA)

P(3HB-co-3HA)

P(3HA)
P(3HA)
P(3HB),

P(3HB-co-3HA)
P(3HB)

P(3HB)
P(3HB)

Substrate specificity
Activity,
Substrate specificity

Substrate specificity

Activity,
Substrate specificity

Activity,

Substrate specificity
Activity,

Substrate specificity
Activity,

Substrate specificity
Protein expression

Activity
Activity,
Substrate specificity

Takase et al. (2003)

Solaiman (2003)

Takase et al. (2004)

Sheu and Lee (2004)
Niamsiri et al. (2004)
Tsuge et al. (2004b)

Normi et al. (2005a)

Normi et al. (2005b)
Matsumoto et al.
(2005b)

# Strain of bacteria from which the PHA synthase was derived.

®Method for generation of chimeric genes used in this study (see text).

¢ Polymer produced by the study. P(3HB), poly-3-hydroxybutyrate; P(3HB-co-3HHXx), poly-3-hydroxybutyrate-co-3-hydroxyhexanoate; P(3HA),
poly-3-hydroxyalkanoate; P(3HB-co-3HA), poly-3-hydroxybutyrate-co-3-hydrxyalkanoate.

“irrational” approaches, such as random mutagenesis and
gene shuffling. Once residues were identified by these
irrational approaches, site-specific saturation mutagenesis
of residues known to affect the activity of the enzyme, and
the recombination of beneficial mutations can be used to
improve the enzymes (Taguchi and Doi 2004).

Engineering of the class I R. eutropha PHA synthase

The first study that established methods for genetically
engineering PHA synthase took place in 2001 using the
best biochemically studied enzyme at the time, the R.
eutropha PHA synthase (Taguchi et al. 2001). This initial
study involved the establishment of the “in vivo evolution-

ary technique” and used an error-prone PCR method
coupled to two convenient screening methods to generate
a “fitness landscape” representative of mutations that had
similar, slightly lower, and much lower activity compared
to the wild-type enzyme (Taguchi et al. 2001). Once the
mutant enzymes are identified by primary mutation analy-
sis, a secondary round of mutation is used to evolve these
enzymes to proteins with better characteristics than the
wild-type enzyme (Fig. 1). One of the mutants (Ser80Pro,
abbreviated S80P) identified in this study was more
thermostable than the wild-type enzyme but possessed only
27% of the wild-type enzyme activity. To identify other
residues that may affect enzyme activity, the E-11 mutant
harboring the S80P mutation was coupled to a secondary
round of mutagenesis. This second round of mutagenesis
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Fig. 1 Strategy for intragenic suppression-type mutagenesis. The
genes encoding the protein of interest are mutated and the proteins are
screened for a loss of activity (primary mutation). The mutant proteins
are then subjected to a second round of mutagenesis (secondary
mutation) to look for suppressors of the loss of phenotype resulting in
the creation of proteins (X and Y) with higher activity (evolution) than
the original protein (wild-type)

generated the E11S12 mutant, which had up to 79% of the
activity of the wild-type PHA synthase level of P(3HB)
production (Taguchi et al. 2002). Uncoupling of this
mutation revealed the Phe420Ser (F420S) mutation that
was independent of the primary mutation (S80P), and when
a PHA synthase harboring only the F420S substitution was
examined, increased the specific activity toward 3HB-CoA
by 2.4-fold compared to the wild-type enzyme. This was
the first study to demonstrate increased activity via
“Intragenic suppression-type mutagenesis” (Taguchi et al.
1998) in a type I PHA synthase (Taguchi et al. 2002). After
a third round of in vitro evolution on the S80P mutant, the
E11-4 mutant was found, which could produce twofold
higher P(3HB) compared to the E11(S80P) harboring
Escherichia coli strain. The E11-4 mutant was dissected
and three mutations were found that could individually
enhance P(3HB) accumulation compared to the El1
mutant. Of the three mutations, the Gly4Asp (G4D) mutant
exhibited higher levels of protein accumulation and P(3HB)
production compared to a recombinant E. coli strain
harboring the wild-type PHA synthase (Normi et al.
2005a). Site-specific saturation mutagenesis is a powerful
tool for genetic engineering and further examination of
potentially beneficial sequences in PHA synthases, as
demonstrated for other types of enzymes (Taguchi et al.
2000). Site-specific saturation mutagenesis was performed
on the codon encoding the G4 residue of the R. eutropha
PHA synthase and many substitutions resulted in much
higher P(3HB) content and higher molecular weights of the
polymers. These substitutions were subsequently combined
with the F420S mutation and resulted in increased polymer
yields but lower molecular weights for the P(3HB)
polymers produced (Normi et al. 2005b).
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Based on the homology between R. eutropha PHA
synthase and Burkholderia glumae lipase whose tertiary
structure was resolved by X-ray analysis, a threading model
of the PhaC enzyme was proposed by Rehm et al. (2002)
and was used to map mutations generated by a single gene
shuffling of four mutants (GS1[Ala334Val, Gly376Ser],
GS2[Ala57Val, 1le357Val], GS3[Lys139Arg, Arg386Cys],
and G4[Gly206Ser, Pro230Ser, Glu337Lys]) that had
reduced in vivo activity compared to the wild-type PHA
synthase (Rehm et al. 2002). Although functional mapping
of mutant enzymes diagrammatized on this threading model
may predict which amino acid residues are responsible for
enzymatic properties such as activity or dimer formation,
the results achieved by Taguchi et al. (2002) that resulted in
increased activity could not be predicted by a structural
model.

Engineering of the class I A. caviae PHA synthase

It was shown previously that P(3HB-co-3HA) random
copolymers with a ratio of 95mol% 3HB to S5mol%
3HA had properties similar to low-density polyethylene
(Matsusaki et al. 2000; Abe and Doi 2002). Because these
properties are desirable for the use of P(3HA)s as bulk,
commodity plastics, development of methods to efficiently
produce P(3HA) copolymers has become an important
research topic. The A. caviae (punctata) PHA synthase is
unique among class I PHA synthases because it can
synthesize not only P(3HB) homopolymer but also random
copolyesters of 3HB and 3-hydroxyhexanoate (3HHx) (Doi
et al. 1995). Kichise et al. (2002) performed the first
successful in vitro molecular evolution experiments on
PhaC from A. caviae by applying the in vitro evolutionary
technique to a limited region of the phaC gene and
coexpressing the mutants with the monomer-supplying
enzyme genes, phaAB [encoding (-ketothiolase (PhaA)
and NADPH-dependent acetoacetyl-CoA reductase (PhaB)]
from R. eutropha and phaJ [encoding (R)-specific enoyl-
CoA hydratase] from A. caviae to supply monomers from
glucose or dodecanoate, respectively. Two evolvants were
isolated (E2-50 and T3-11), which had increased activity
toward 3HB-CoA of 56 and 21%, respectively, compared to
the wild-type enzyme in in vitro assays. These mutations
led to enhanced accumulation (up to 6.5-fold higher than
the wild-type PhaC) of P(3HB-co-3HHx) and increases in
the 3HHx mole fraction (16-18mol% compared to 10mol%
of the wild type PHA synthase) in recombinant E. coli
LS5218 strains grown on dodecanoate. The single muta-
tions responsible for these phenotypes [Asn149Ser (N149S)
in the E2-50 strain and Aspl171Gly (D171G) for T3-11] are
not highly conserved among PHA synthases. These
successful studies prompted the use of in vitro evolutionary
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technique to the entire 4. caviae phaC gene to find other
beneficial mutations.

Although the study by Kichise et al. (2002) utilized the
in vitro evolutionary technique to generate mutations in the
PHA synthase gene sequence, a subsequent study by
Amara et al. (2002) used the E. coli XL1-Red mutator
strain, which has a 5,000-fold higher mutation rate than
wild-type E. coli, for the in vivo random mutagenesis of the
A. punctata phaC gene. Mutant plasmids harboring the
phaC gene were cotransformed with plasmid pBHR69
harboring the phaAB P(3HB) monomer supplying enzyme
genes into E. coli IM109, after which, five mutants were
isolated out of ~200,000 transformant screen on agar plates
containing Nile red. The mutants were divided into groups
with only single amino acid substitutions (mutants M1 and
M2), two amino acid substitutions (mutants M4 and MS5),
and quadruple amino acid substitution mutant (mutant M3).
Of the five mutants, four (M1, M2, M4, and M5) were
able to accumulate higher levels of P(3HB) (~1.1- to 1.5-
fold) compared to the wild-type PHA synthase, while the
quadruple mutant M3 accumulated about half as much
P(3HB) compared to the wild type enzyme.

Engineering of the class Il Pseudomonas sp. PHA
synthases

Unlike class I PHA synthases, class II PHA synthases
typically have substrate specificity toward MCL-3HA-CoA
substrates but relatively poor substrate specificity toward
SCL-3HA-CoA substrates like 3HB-CoA, with the only
class II PHA synthase with substrate specificity toward the
3HB-CoA being the Pseudomonas sp. 61-3 PHA synthase
(Table 1). In the landmark study by Takase et al. (2003), the
in vitro evolutionary technique was applied to the PhaCl
PHA synthase from Pseudomonas sp. 61-3 to increase the
activity toward 3HB-CoA monomers (Takase et al. 2003).
Substitutions at two amino acid residues, Ser325 and
GIn481, were found to dramatically affect the production
of P(3HB) homopolymer in recombinant E. coli with
glucose as a carbon source. The codons for these amino
acids were subjected to saturation site-specific mutagenesis
and several individual substitutions [Ser325Cys (S325C),
Ser325Thr (S325T), GIn481Lys (Q481K), Gln481Met
(Q481M), and GIn481Arg (Q481R)] were found that could
dramatically increase the level of P(3HB) production. These
mutations were combined as double mutants to further
increase the level of P(3HB) production (340- to 400-fold
higher than the wild-type enzyme) (Takase et al. 2003). In a
subsequent study, it was shown that these engineered
PhaCl synthases were able to accumulate higher amounts
of SCL/MCL-P(3HA)s compared to the wild-type PhaCl
synthase (Takase et al. 2004). In addition, there was a shift

in the monomer composition toward 3HB of the P(3HB-co-
3HA) copolymer produced by the mutant synthases
compared to the wild-type PHA synthase (Takase et al.
2004). The changes in the in vivo produced P(3HB-co-
3HA) copolymer mole compositions correlated well with
the in vitro biochemical data of the substrate specificity and
activity of the enzymes and represents one of the most well-
rounded studies to date (Takase et al. 2004).

The findings obtained from the study by Takase et al.
(2004) for the type II PHA synthase would be very useful
for evaluating a similar evolution strategy to the other types
of PHA synthases based on the amino acid sequence
alignment of the PHA synthases. For example, position 481
in PhaCl PHA synthase from Pseudomonas sp. 61-3 was
found to be one of the residues determining substrate
specificity of the enzyme, as described above. It is
interesting to note that the amino acid residues
corresponding to the position of this enzyme are conserved
within each type of PHA synthases: Ala for type I, Gln for
type 11, Gly for type 111, and Ser for type IV enzymes. Thus,
the effects of mutating the highly conserved alanine
(Ala510) of the R. eutropha PHA synthase (corresponding
to the position 481 in Pseudomonas sp. 61-3 PhaCl) were
analyzed via site-specific saturation mutagenesis. Mutations
Ala510Met/GIn/Cys at Ala510 were found to affect the
substrate specificity of the R. eutropha PHA synthase,
allowing slightly higher 3HA incorporation compared to the
wild-type PHA synthase in R. eutropha PHB 4 [P(3HB)
negative mutant], while other mutations lowered or com-
pletely eliminated the amount of 3HA that could be
incorporated into the polymer compared to the wild-type
enzyme when grown on dodecanoate (Tsuge et al. 2004a).

Glul30 was also identified during the in vitro evolution
screening as a positive mutation. The Glu130Asp (E130D)
mutant was able to accumulate tenfold higher P(3HB)
from glucose compared to the wild-type PhaCl enzyme
(Matsumoto et al. 2005b). This study also showed that
polymers produced by PHA synthases with mutations at
E130 had higher molecular weights than polymers from
other enzymes. Finally, a mutation at the S477 residue of
PhaC1 further changes the substrate specificity toward SCL-
3HA-CoA monomers, but when combined with a S325C or
S325T mutation, exhibits a synergistic enhancement of PHA
production in addition to altered substrate specificity
(Matsumoto et al. 2006a,b). “Mutation scrambling” among
four beneficial positions (130, 325, 477, and 481) for activity
increase, change in substrate specificity, and regulation of
polymer molecular weight would further create new super-
enzymes. Recently, we have proposed a possible mechanistic
model for PHA polymerization on the basis of the accumu-
lated evolutionary studies (Matsumoto et al. 2006a,b).

Other engineering studies were performed using type II
PHA synthases. A study by Solaiman (2003) used two
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isogenic PHA synthase genes (phaCl and phaC2) from
Pseudomonas resinovorans by exchanging the o/[3-hydro-
lase-fold-coding regions to develop the hybrid genes pha7
and pha8. The gene products of pha7 and pha8 produced
polymers with repeating unit compositions similar to the
wild-type enzymes when grown on decanoate as a carbon
source (23-27mol% C8 and 73-78mol% C10) (Solaiman
2003). However, two deletion mutants were identified
during the construction of the pha7 and pha8 hybrid genes
(Apha7 and Apha8, respectively) produced polymers with
different repeating unit concentrations (40-45mol% C8 and
55-60mol% C10) compared to the wild-type PHA syn-
thases and pha7 and pha8 genes (Solaiman 2003). The
substrate specificity of PHA synthase 1 from Pseudomonas
putida GPol was altered by localized semirandom muta-
genesis, whereby the enzyme was evolved by using PCR-
based gene fragmentation with degenerate primers followed
by reassembly of the chimeric genes (Sheu and Lee 2004).
Based on multiple sequence alignments of PHA synthases,
six conserved regions located in the predicted o/3-
hydrolase-fold were used to design degenerate primers
corresponding to 23 amino acids distributed across the six
regions. The fragments were mixed and primerless reas-
sembly PCR was used to generate the recombined phaC
genes and used generate 20,000 clones in E. coli. These
plasmids were screened by transformation into P. putida
GPpl104 and narrowed down to 13 candidates based on
the opaqueness of 10,000 transformants. Of these 13
transformants, 6 candidates were chosen to transform into
R. eutropha PHB-4 based on the mole percent composition
of the polymers they produced in P. putida GPp104. One of
these candidates, PS-E1, had the highest accumulation of
PHA content and an increased 3HB mole percent
composition compared to the copolymer produced by
the wild-type PhaCl. PS-El has several mutations from
the semirandom mutagenesis that likely contribute to the
changed substrate specificity and activity (F231L,
M292T, A295V, L404M, S482G, L484P, S524G, and
E534K) (Sheu and Lee 2004). The authors of this study
also mutated the locus for Q481A, but this had little effect
on the PHA composition because this was a specifically
designed point mutation for all of the semirandom
generated mutants and based on the previous data for the
Pseudomonas sp. 61-3 saturation mutagenesis at Q481
(Takase et al. 2003). A comparison of the amino acid
sequences of the PhaCl proteins from Pseudomonas sp.
61-3 and Pseudomonas oleovorans GPol is shown in
Fig. 2. Because there is a high degree of homology (83.7%)
between the PhaCl enzymes from Pseudomonas sp. 61-3
and P. oleovorans GPol, it will be interesting to see if the
recombination of mutants generated from the in vitro
evolutionary technique and semirandom recombinant PCR
have synergistic effects on PHA production.
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Another study aimed to improve PHA synthases by a
combinatorial strategy using the P. oleovorans phaCl gene
as a scaffold from which to generate chimeras (Niamsiri et
al. 2004). PCR products corresponding to the putative
catalytic regions of PHA synthase enzymes were generated
from soil DNA extracts and cloned into a synthetic P
oleovorans phaCl gene with a linker replacing the catalytic
region of the enzyme. Transformants were screened with
Nile blue A dye and out of 1,478 clones, 5 were isolated
that could produce more PHA than the native PhaCl
enzyme. Sequence analysis revealed that the active syn-
thases all contained sequences corresponding to different
species of Pseudomonas and contained 17 to 20 amino acid
differences from the P. oleovorans PhaCl. On the other
hand, inactive chimeras contained sequences from type I
synthases, indicating that this region could not be inter-
changed between the two types (I and II) of synthases
(Niamsiri et al. 2004).

Application of engineered PHA synthases
in recombinant organisms

Recombinant bacteria as “minimal but powerful factories”

For maximum flexibility and economic feasibility, it is
important to develop metabolic pathways in recombinant
organisms that use nonrelated carbon sources to produce
P(3HA)s. Current MCL-3HA-CoA monomer supplying
pathways from nonrelated carbon sources are shown in
Fig. 3. All of the engineered pathways shown in Fig. 3
derive precursors from the fatty acid biosynthesis pathway.
The thioesterase (Tes)-mediated monomer supply pathway
(Fig. 3a) required the deletion of genes in the host strain
encoding enzymes involved in the (3-oxidation pathway
(fadR and fadB) to be effective (Klinke et al. 1999). The
PhaG-mediated monomer supply pathway (Fig. 3b) re-
quired the presence of the fatty acid biosynthesis inhibitor
triclosan to be effective (Rehm et al. 2001). Although both
of the TesA and PhaG monomer supply pathways were
capable of producing substrates for MCL-PHA production,
neither of these pathways was capable of producing SCL/
MCL-PHA. On the other hand, the FabH/FabG-mediated
monomer supply pathway (Fig. 3c) was capable of
producing both SCL-3HA-CoA and MCL-3HA-CoA sub-
strates for the production of SCL/MCL-P(3HA) copolymer
without inhibitors or chromosomal modifications of the
host strain (Nomura et al. 2004a, 2005).

E. coli is the most convenient bacterium to study these
pathways because of its fast growth, ease of transformation,
known genetic background, and lack of any native P(3HA)-
producing genes. We had previously developed a metabolic
pathway to produce SCL and MCL monomer precursors
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Pseudomonas sp. 61-3 PhaCl 1 MSNKNSDDLNRQASENTLGLNPVIGLRGKDLLTSARMVLTQAIKQPIHSVKHVAHFGIEL 60

Pseudomonas oleovorans GPol PhaCl 1 MSNKNNDELQRQASENTLGLNPVIGIRRKDLLSSARTVLRQAVRQPLHSAKHVAHFGLEL 60
wkk ok ok * Ak hkhkdk kb bkhk kb hkd ok khkhkkd ok k R * ok ko * * ok hkkAkhkk ok kR

Pseudomonas sp. 61-3 PhaCl 61 KNVMFGKSKLOPESDDRRFNDPAWSQONPLYKRYLOTYLAWRKELHDWIGNSKLSEQDINR 120

Pseudomonas oleovorans GPol PhaCl 61 KNVLLGKSSLAPESDDRRFNDPAWSNNPLYRRYLQTYLAWRKELQODWIGNSDLSPQDISR 120
* ko *k k& LA R B A R R R SRR E R B EES I ESEEEES SRS RS S IEEE S S S *k khkk  *

Pseudomonas sp. 61-3 PhaCl 121 AHFVITLMTHAMAPTNSAANPAAVKRFFETGGKSLLDGLTHLAKDLVNNGGMPSQVDMGA 180

Pseudomonas oleovorans GPol PhaCl 121 GQFVINLMTEAMAPTNTLSNPAAVKRFFETGGKSLLDGLSNLAKDLVNNGGMPSQVNMDA 180
EE S R EEE SRR RS e e e e ke e ke ok o e ke e ok ok e e e e R kdkdkhk kbbb bk bbbk * &

Psendomonas sp. 61-3 PhaCl 181 FEVGKSLGTTEGAVVFRNDVLELIQYRPTTEQVHERPLLVVPPQINKFYVADLSPDKSLA 240

Pseudomonas oleovorans GPol PhaCl 181 FEVGKNLGTSEGAVVYRNDVLELIQYKPITEQVHARPLLVVPPQINKFYVFPLSPEKSLA 240
dhkkhkhk Hhkhk Hhkhhkdk Fhhkhkhkhkbkhkhd & dhkhkdkhk Arkhkhkd A bk dkhhkok ko dohok ok ko * & k&

Pseudomonas sp. 61-3 PhaCl 241 RFCLSNNQQTFIVSWRNPTKAQREWGLSTYIDALKEAVDVVSAITGSKDI SGGI 300

Pseudomonas oleovorans GPol PhaCl 241 RYCLRSQQQTFIISWRNPTKAQREWGLSTYIDALKEAVDAVLAITGSKDL SGGI 300
* W oW ok ok ok s e e e ok e e e e ke e e ke e e e e e e ke b e W ke - e e ok e e R e ode ot ol o e o

Pseudomonas sp. 61-3 PhaCl 301 TCTALLGHYAALGEKKVNALTLLVEVLDTTLDSQVALFVDEKTLEAAKRHSYQAGVLEGR 360

Pseudomonas oleovorans GPol PhaCl 301 TCTALVGHYAALGENKVNALTLLVSVLDTTMDNQVALFVDEQTLEAAKRHSYQAGVLEGS 360
* ok ok ok ok ok ok ok ok kR et e e ke ke e ok ok ok ko ok ok ok * LR R R R RS sk de e e o ok ok e o ok ok ok ke ok

Pseudomonas sp. 61-3 PhaCl 361 DMAKVFAWMRPNDLIWNYWVNNYLLGNEPPVFDILFWNNDTTRLPAAFHGDLIEMFKNNP 420

Pseudomonas oleovorans GPol PhaCl 361 EMAKVFAWMRPNDLIWNYWVNNYLLGNEPPVFDILFWNNDTTRLPAAFHGDLIEMFKSNP 420
2 s S S s S S R S RS RS SR RS R RS RS R R R S R R S S SRR R SRR SRR R R R R R R R

Pseudomonas sp. 61-3 PhaCl 421 LVRANALEVSGTPIDLKQVTADIYSLAGTNDHITPWKSCYKSAQLFGGKVEFVLSSSGHI 480

Pseudomonas oleovorans GPol PhaCl 421 LTRPDALEVCGTPIDLKQVKCDIYSLAGTNDHITPWQSCYRSAHLFGGKIEFVLSNSGHI 480
* W dhkkk Fhkkkokokkokk dhkhkdhkhkr kbbb bdd *dkd *hdk dhkhkdkd Fhdkdd Foh o h

Pseudomonas sp. 61-3 PhaCl 481 [Q PPGNPKSRYMTSTDMPATANEWQENSTKHTDSWWLHWOREWQAERSGKLKKSPTSL 540

Pseudomonas oleovorans GPol PhaCl 481 PPGNPKARFMTGADRPGDPVAWQENATKHADSWWLHW LGERAGE PTRL 540
ok e e ke ok ok ok ok ok * hk * ok k& khkk dhkhkhkhhhkohk & *k ok * ok * k&

Pseudomonas sp. 61-3 PhaCl 541 GNKAYPSGEAAPGTYVHER 559

Pseudomonas oleovorans GPol PhaCl 541 GNRAYAAGEASPGTYVHER 559

ok ok

Fig. 2 Alignment of the Pseudomonas sp. 61-3 and P. oleovorans
GPol PhaCl amino acid sequences. Asterisks beneath the sequence
indicate identical residues between the two proteins. Gray boxes
indicate amino acid “hot spots” identified by the in vitro evolutionary
technique with positive effects on P(3HA) production (Takase et al.

from glucose by coexpressing specific genes involved in
fatty acid biosynthesis with PHA synthases (Nomura et al.
2004a,b, 2005). In the first study, the amino acid at position
87 was modified in the 3-ketoacyl-ACP synthase III
enzyme (FabH) to change its substrate specificity (Nomura
et al. 2004a). This study used the native PHA synthase
enzymes from both 4. caviae and Pseudomonas sp. 61-3 to
assess the ability of modified FabH proteins to provide both
SCL and MCL monomers for SCL/MCL-PHA production.
The amount and composition of the polymer produced in
this study was limited by both the monomer production and
substrate specificities of the PHA synthases and polymer
yields were extremely low (Nomura et al. 2004a). In the
latter studies, it was shown that the coexpression of in vitro
evolved Pseudomonas sp. 61-3 phaCl genes with genes
encoding various monomer-supplying enzymes (modified

oo e ok ok e o ok ok

2003). Black boxes indicate amino acids identified by semi-random
mutagenesis as amino acids that potentially change the substrate
specificity of the PhaCl enzyme towards SCL-3HA-CoA monomers
(Sheu and Lee 2004)

fabH, phaAB, and fabG) enabled the recombinant E. coli to
produce SCL/MCL-P(3HA)s in higher yields and with new
repeating unit compositions (Table 3). The use of evolved
PHA synthases has increased polymer yields for monomers
supplied by fatty acid biosynthesis enzymes. By applying
the in vitro evolution technique to fatty acid biosynthesis
enzymes it may be possible to evolve P(3HA) monomer-
supplying enzymes in a manner similar to the PHA
synthases, resulting in a more efficient and robust pathway
for P(3HA) production.

R. eutropha is the most well-known bacterium among
PHA-producing microorganisms and has several advan-
tages for efficient P(3HA) production as a recombinant host
strain. Namely, this bacterium can intrinsically synthesize
PHA from various renewable inexpensive carbon sources,
sugars, and plant oils, and its recombinant PHA production

@ Springer
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Fig. 3 Metabolic pathways for
MCL-3HA-CoA monomer sup-
ply from an unrelated carbon
source. a TesA-mediated MCL-
PHA monomer supply (via the
[3-oxidation pathway). b 3-
Hydroxyacyl-ACP:CoA
transacetylase (PhaG) mediated
MCL-PHA monomer supply.

¢ FabH and FabG mediated
SCL/MCL-PHA monomer

supply
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is relatively stable and high-cell density fermentation is
applicable to this recombinants. In fact, heterologous
expression of the PhaCl gene from Pseudomonas sp. 61-3
in R. eutropha PHB4 recombinant led to the synthesis of
random copolymers of P(3HB-co-3HA) with very high
3HB compositions from glucose (Matsusaki et al. 2000).
However, limitations on the productivity of P(3HA)s and
the variation of monomers incorporated into P(3HA)
copolymers still remain. Recombinants of R. eutropha
PHB 4 carrying the genes encoding the evolved Pseudo-
monas sp. 61-3 PhaCls (S325C/T and/or Q481K/M/R)
produced significantly increased amounts of P(3HA)
(55-68wt%) compared with the one harboring the wild-
type gene (49wt%). Particularly, those evolved PhaCl
mutants having multiple amino acid substitutions

@ Springer

I Il
R-CH-CH2-C-S-CoA
(R)-3-Hydroxyacyl-CoA

P(3HA)

| | |
R-CH-CH2-C-S-CoA CHj-CH-CH2-C-S-CoA
(R)-3-Hydroxyacyl-CoA (R)-3-Hydroxybutyryl-CoA

PhaC PhaC

P(3HB-co-3HA), SCL-MCL PHA

showed higher activities for P(3HA) synthesis. It was
also confirmed that amino acid substitution at position
481 in PhaCl led to an increasing molecular weight, as
revealed by the Q481K mutant that conferred 4.6-fold
higher production of the wild-type enzyme (Tsuge et al.
2005).

Similarly, P(3HA) production by recombinant R. eutro-
pha PHB 4 harboring mutants of PHA synthase gene from
A. caviae (Kichise et al. 2002) was investigated. The strain
harboring wild-type phaC gene produced a P(3HB-co-
3HHx) with 3.5mol% of 3HHx fraction from soybean oil.
When the beneficial PhaC mutants containing N149S and
D171G (Kichise et al. 2002) were applied to this production
system, 3HHx fraction in copolymers was varied in the
ranges of 0—5.1mol%. Thus, the regulation of compositions
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Table 3 SCL/MCL-P(3HA) production from unrelated carbon sources in recombinant E. coli

Relevant genes P(3HA) P(3HA) composition (mol%)b Reference

content

(Wt% of 3HB 3HHx 3HO 3HD 3HDD

CDW)* 4 (C6) (C8) (C10) (C12)
JabH(F8TT), phaCx, 2 97 3 - - - Nomura et al. (2004a)
fabH(F8TT), phaClpg 1 77 18 4 1 - Nomura et al. (2004a)
fabH(F87T), phaClps (STQK) 1 91 6 2 1 1 Nomura et al. (2005)
fabH(F87T), phaClps (SCQM) 1 89 8 2 0.5 0.5 Nomura et al. (2005)
fabH(F8TT), phaClps (STQK), fabGg, 5 94 5 1 - - Nomura et al. (2005)
JabH(F8TT), phaClps (SCQM), fabGg. 2 91 7 1 1 - Nomura et al. (2005)
JabH(F8TT), phaClps (STQK), fabGpg 1 96 4 - - - Nomura et al. (2005)
fabH(F8TT), phaClps (SCQM), fabGps 1 95 5 - - - Nomura et al. (2005)
JabH(F87TT), phaClps (STQK), phadB 23 99.9 0.1 - - - Nomura et al. (2004a)
fabH(F87T), phaClps (SCQM), phaAB 15 99.3 0.7 - - - Nomura et al. (2004a)

3HB 3-Hydroxybutyrate, 3HHx 3-hydroxyhexanoate, 3HO 3-hydroxyoctanoate, 3HD 3-hydroxydecanoate, and 3HDD 3-hydroxydodecanoate

*Grams of PHA accumulated per 100 g of dry cells

® Composition of PHA as determined by gas chromatography analysis after methanolysis of Iyophilized cells in the presence of 15% sulfuric acid

in P(3HA) copolymer related to polymer properties was also
achieved by the use of another type of evolved PHA
synthases (Tsuge et al. 2004a). These copolymers melt
during the drawing of polymer material at a low temperature
while avoiding thermal degradation, suggesting the useful-
ness of these type copolymers for commercial application.

Recombinant plants for “polymer farming”

One of the limiting factors for commercial P(3HA) produc-
tion is the cost of the carbon feedstocks used by the bacteria.
Because organisms such as plants fix their carbon directly
via photosynthesis, they have the potential to reduce the
costs of P(3HA) production by converting atmospheric CO,

Fig. 4 P(3HA) production in
transgenic plants potentially
decreases the cost of production.
Microbial fermentation uses
carbon sources such as oils and
sugars derived from plants to
produce P(3HA). By using
plants, the carbon source would i
be CO,, which could be directly
fixed into biomaterial from the
atmosphere, thus eliminating the
costs of the carbon source

A
<
£

Crop

\ PHA inclusion
N

Biodegradation or
Incineration

<
Qb Bacterial PHA production
v
PhotogyntV

directly into the biopolyester (Fig. 4). SCL-PHA production
in plants was reported using a variety of transgenic plants
(Arai et al. 2004; Bohmert et al. 2000; Houmiel et al. 1999;
Nakashita et al. 2001; Nawrath et al. 1994; Poirier 1999,
2001; Poirier et al. 1995; Slater et al. 1999). But there were
relatively few studies examining the incorporation of MCL-
3HA-CoA monomers into P(3HA) in plants.

Recently, both type I and type II engineered PHA
synthases were applied to plants for the production of
P(3HA)s. For A. caviae type I PHA synthase, wild-type
and highly active mutants (N149S and D171G) created by
the in vitro evolutionary technique were introduced into
Arabidopsis thaliana to produce P(3HB-co-3HV). It was
shown that PHA production was increased up to eight- to

Sugar, Starch, or Plant oil

=)
a;bg N
o AN
Plant PHA production \ ﬂ

\- PHA producing
bacteria
Transgenic plants [
-
- l l PHA bioplastic
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tenfold in the transgenic plants harboring the highly active
mutant PHA synthases compared to plants harboring the
wild-type synthase (Matsumoto et al. 2005a).

MCL-P(3HA) production in plants was also reported
using Arabidopsis in which PHA synthases were targeted
into peroxisome (Mittendorf et al. 1998, 1999; Moire et al.
2004). Recent plant studies were conducted using the
evolved Pseudomonas sp. 61-3 PhaCl carrying the
S325T/Q481K double substitutions (STQK) in plants. It
was observed that in the peroxisomes, the highly active
mutant synthase, produced P(3HA)s in amounts similar to
the wild-type PHA synthase, likely indicating that the
amount of substrates available for P(3HA) production was
rate-limiting (Matsumoto et al. 2006a,b). However, when
the mutant synthase was targeted to plastids, there was a
marked enhancement in P(3HA) production (K. Matsumoto,
personal communication). Further developments in plant P
(3HA) production will be facilitated by highly active,
evolved PHA synthases, and may lead to economic produc-
tion of P(3HA)s.

In the future, custom-made prominent PHA synthases
generated through enzyme evolution will be utilized exten-
sively to create high-performance P(3HA)s in various
organisms from renewable carbon sources or through
improved in vitro systems.

Acknowledgements The authors thank Dr. Ken’ichiro Matsumoto
(Tokyo University of Science) for valuable discussions and input
regarding this review. Also, we are deeply indebted to a great
contribution of Dr. Kazuma Takase to the works introduced in the
review. Our works described here were partly supported by funding
from the following sources: Grant-in-Aid for Scientific Research of
Japan (no. 70216828) from the Ministry of Education, Culture, Sports,
Science, and Technology of Japan (to S. Taguchi), Solution Oriented
Research for Science, Technology (SORST) of the Japan Science and
Technology Corporation (JST), Hokkaido Foundation for the Promo-
tion of Scientific and Industrial Technology, and Industrial Technol-
ogy Research Grant Program in 2003 from the New Energy and
Industrial Technology Development Organization (NEDO).

References

Abe H, Doi Y (2002) Side-chain effect of second monomer units on
crystalline morphology, thermal properties, and enzymatic
degradability for random copolyesters of (R)-3-hydroxybutyric
acid with (R)-3-hydroxyalkanoic acids. Biomacromolecules
3:133-138

Amara AA, Steinbiichel A, Rehm BH (2002) In vivo evolution of the
Aeromonas punctata polyhydroxyalkanoate (PHA) synthase:
isolation and characterization of modified PHA synthases with
enhanced activity. Appl Microbiol Biotechnol 59:477-482

Arai Y, Shikanai T, Doi Y, Yoshida S, Yamaguchi I, Nakashita H
(2004) Production of polyhydroxybutyrate by polycistronic
expression of bacterial genes in tobacco plastid. Plant Cell
Physiol 45:1176-1184

Bohmert K, Balbo I, Kopka J, Mittendorf VV, Nawrath C, Poirier Y,
Tischendorf G, Trethewey RN, Willmitzer L (2000) Transgenic

@ Springer

Arabidopsis plants can accumulate polyhydroxybutyrate to up to
4% of their fresh weight. Planta 211:841-845

Doi Y (1990) Microbial Polyesters. Wiley, New York

Doi Y, Kitamura S, Abe H (1995) Microbial synthesis and
characterization of poly(3-hydroxybutyrate-co-3-hydroxyhexa-
noate). Macromolecules 28:4822-4828

Houmiel KL, Slater S, Broyles D, Casagrande L, Colburn S, Gonzalez
K, Mitsky TA, Reiser SE, Shah D, Taylor NB et al (1999) Poly
(beta-hydroxybutyrate) production in oilseed leukoplasts of
Brassica napus. Planta 209:547-550

Jia Y, Yuan W, Wodzinska J, Park C, Sinskey A, Stubbe J (2001)
Mechanistic studies on class 1 polyhydroxybutyrate (PHB)
synthase from Ralstonia eutropha: class I and 111 synthases share
a similar catalytic mechanism. Biochemistry 40:1011-1019

Kichise T, Taguchi S, Doi Y (2002) Enhanced accumulation and
changed monomer composition in polyhydroxyalkanoate (PHA)
copolyester by in vitro evolution of Aeromonas caviae PHA
synthase. Appl Environ Microbiol 68:2411-2419

Klinke S, Ren Q, Witholt B, Kessler B (1999) Production of
medium-chain-length poly(3-hydroxyalkanaotes) from gluco-
nate by recombinant Escherichia coli. Appl Environ Microbiol
65:540-548

Lee SY (1996) Bacterial polyhydroxyalkanoates. Biotechnol Bioeng
49:1-14

Madison LL, Huisman GW (1999) Metabolic engineering of poly(3-
hydroxyalkanoates): from DNA to plastic. Microbiol Mol Biol
Rev 63:21-53

Matsumoto K, Nagao R, Murata T, Arai Y, Kichise T, Nakashita H,
Taguchi S, Shimada H, Doi Y (2005a) Enhancement of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) production in the trans-
genic Arabidopsis thaliana by the in vitro evolved highly
active mutants of polyhydroxyalkanoate (PHA) synthase from
Aeromonas caviae. Biomacromolecules 6:2126-2130

Matsumoto K, Takase K, Aoki E, Doi Y, Taguchi S (2005b)
Synergistic effects of Glul30Asp substitution in the type II
polyhydroxyalkanoate (PHA) synthase: enhancement of PHA
production and alteration of polymer molecular weight.
Biomacromolecules 6:99-104

Matsumoto K, Aoki E, Takase K, Doi Y, Taguchi S (2006a) In vivo
and in vitro characterization of Ser477X mutations in polyhy-
droxyalkanoate (PHA) synthase 1 from Pseudomonas sp. 61-3:
effects of beneficial mutations on enzymatic activity, substrate
specificity, and molecular weight of PHA. Biomacromolecules 7
(8):2436-2442

Matsumoto K, Arai Y, Nagao R, Murata T, Kakase K, Nakashita H,
Taguchi S, Shimada H, Doi Y (2006b) Synthesis of short-chain-
length/medium-chain-length polyhydroxyalkanoate (PHA)
copolymers in peroxisome of the transgenic Arabidopsis thaliana
harboring the PHA synthase gene from Pseudomonas sp. 61-3.
J Polym Environ (in press)

Matsusaki H, Abe H, Doi Y (2000) Biosynthesis and properties of poly
(3-hydroxybutyrate-co-3-hydroxyalkanoates) by recombinant
strains of Pseudomonas sp. 61-3. Biomacromolecules 1:17-22

Mittendorf VV, Robertson EJ, Leech RM, Kruger N, Steinbiichel A,
Poirier Y (1998) Synthesis of medium-chain-length polyhydroxy-
alkanoates in Arabidopsis thaliana using intermediates of
peroxisomal fatty acid beta-oxidation. Proc Natl Acad Sci U S A
95:13397-13402

Mittendorf VV, Bongcam V, Allenbach L, Coullerez G, Martini N,
Poirier Y (1999) Polyhydroxyalkanoate synthesis in transgenic
plants as a new tool to study carbon flow through beta-oxidation.
Plant J 20:45-55

Moire L, Rezzonico E, Goepfert S, Poirier Y (2004) Impact of
unusual fatty acid synthesis on futile cycling through beta-
oxidation and on gene expression in transgenic plants. Plant
Physiol 134:432-442



Appl Microbiol Biotechnol (2007) 73:969-979

979

Nakashita H, Arai Y, Shikanai T, Doi Y, Yamaguchi I (2001)
Introduction of bacterial metabolism into higher plants by
polycistronic transgene expression. Biosci Biotechnol Biochem
65:1688-1691

Nawrath C, Poirier Y, Somerville C (1994) Targeting of the
polyhydroxybutyrate biosynthetic pathway to the plastids of
Arabidopsis thaliana results in high levels of polymer accumu-
lation. Proc Natl Acad Sci U S A 91:12760-12764

Niamsiri N, Delamarre S C, Kim YR, Batt, CA (2004) Engineering of
chimeric class II polyhydroxyalkanoate synthases. Appl Environ
Microbiol 70:6789-6799

Nomura CT, Doi Y (2006) Metabolic engineering of recombinant
Escherichia coli for short-chain-length-medium-chain-length
polyhydroxyalkanoate biosynthesis. In: Khemani K, Scholz C
(eds) Degradable polymers and materials-principles and practice.
American Chemical Society, Washington, DC

Nomura CT, Taguchi K, Taguchi S, Doi Y (2004a) Coexpression of
genetically engineered 3-ketoacyl-ACP synthase III (fabH) and
polyhydroxyalkanoate synthase (phaC) genes leads to short-
chain-length-medium-chain-length polyhydroxyalkanoate co-
polymer production from glucose in Escherichia coli JM109.
Appl Environ Microbiol 70:999-1007

Nomura CT, Tanaka T, Gan Z, Kuwabara K, Abe H, Takase K, Taguchi
K, Doi Y (2004b) Effective enhancement of short-chain-length
(SCL)-medium-chain-length (MCL) polyhydroxyalkanoate copol-
ymer production by co-expression of genetically engineered
3-ketoacyl-acyl-carrier protein synthase III (fabH) and polyhy-
droxyalkanoate synthesis genes. Biomacromolecules 5:1457-1464

Nomura CT, Taguchi K, Gan Z, Kuwabara K, Tanaka T, Doi Y (2005)
Expression of 3-ketoacyl-ACP reductase (fabG) enhances poly-
hydroxyalkanoate copolymer production from glucose in recom-
binant Escherichia coli JM109. Appl Environ Microbiol 71:
4297-4306

Normi YM, Hiraishi T, Taguchi S, Abe H, Sudesh K, Najimudin, N,
Doi Y (2005a) Characterization and properties of G4X mutants
of Ralstonia eutropha PHA synthase for poly(3-hydroxybutyrate)
biosynthesis in Escherichia coli. Macromol Biosci 5:197-206

Normi YM, Hiraishi T, Taguchi S, Sudesh K, Najimudin N, Doi Y
(2005b) Site-directed saturation mutagenesis at residue F420 and
recombination with another beneficial mutation of Ralstonia
eutropha polyhydroxyalkanoate synthase. Biotechnol Lett 27:
705-712

Poirier Y (1999) Production of new polymeric compounds in plants.
Curr Opin Biotechnol 10:181-185

Poirier Y (2001) Production of polyesters in transgenic plants. Adv
Biochem Eng Biotechnol 71:209-240

Poirier Y, Somerville C, Schechtman LA, Satkowski MM, Noda I
(1995) Synthesis of high-molecular-weight poly([R]-(—)-3-
hydroxybutyrate) in transgenic Arabidopsis thaliana plant cells.
Int J Biol Macromol 17:7-12

Rehm BH (2003) Polyester synthases: natural catalysts for plastics.
Biochem J 376:15-33

Rehm BH, Mitsky TA, Steinbiichel (2001) Role of fatty acid de novo
biosynthesis in polyhydroxyalkanoic acid (PHA) and rham-
nolipid synthesis by pseudomonads: establishment of the trans-
acylase (PhaG)-mediated pathway for PHA biosynthesis in
Escherichia coli. Appl Environ Microbiol 67:3102-3109

Rehm BH, Antonio RV, Spiekermann P, Amara AA, Steinbiichel A
(2002) Molecular characterization of the poly(3-hydroxybutyrate)

(PHB) synthase from Ralstonia eutropha: in vitro evolution, site-
specific mutagenesis and development of a PHB synthase protein
model. Biochim Biophys Acta 1594:178-190

Sheu DS, Lee CY (2004) Altering the substrate specificity of
polyhydroxyalkanoate synthase 1 derived from Pseudomonas
putida GPol by localized semirandom mutagenesis. J Bacteriol
186:4177-4184

Slater S, Mitsky TA, Houmiel KL, Hao M, Reiser SE, Taylor NB,
Tran M, Valentin HE, Rodriguez DJ, Stone DA et al (1999)
Metabolic engineering of Arabidopsis and Brassica for poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) copolymer production.
Nat Biotechnol 17:1011-1016

Solaiman DK (2003) Biosynthesis of medium-chain-length poly
(hydroxyalkanoates) with altered composition by mutant hybrid
PHA synthases. J Ind Microbiol Biotechnol 30:322-326

Sudesh K, Abe H, Doi Y (2000) Synthesis, structure and properties of
polyhydroxyalkanoates: biological polyesters. Prog Polym Sci
25:1503-1555

Taguchi S, Doi Y (2004) Evolution of polyhydroxyalkanoate (PHA)
production system by ‘“enzyme evolution”: successful case
studies of directed evolution. Macromol Biosci 4:146—156

Taguchi S, Ozaki A, Momose H (1998) Engineering of a cold-adapted
protease by sequential random mutagenesis and a screening
system. Appl Environ Microbiol 126:689-693

Taguchi S, Komada S, Momose H (2000) The complete amino acid
substitutions at position 131 that are positively involved in
cold adaptation of subtilisin BPN'. Appl Environ Microbiol
66:1410-1415

Taguchi S, Maehara A, Takase K, Nakahara M, Nakumura H, Doi Y
(2001) Analysis of mutational effects of a polyhydroxybutyrate
(PHB) polymerase on bacterial PHB accumulation using an in
vivo assay system. FEMS Microbiol Lett 198:65-71

Taguchi S, Nakamura H, Hiraishi T, Yamato I, Doi Y (2002) In
vitro evolution of a polyhydroxybutyrate synthase by intragen-
ic suppression-type mutagenesis. J Biochem (Tokyo) 131:801—
806

Takase K, Taguchi S, Doi Y (2003) Enhanced synthesis of poly(3-
hydroxybutyrate) in recombinant Escherichia coli by means of
error-prone PCR mutagenesis, saturation mutagenesis and in
vitro recombination of the type II polyhydroxyalkanoate synthase
gene. J Biochem 133:139-145

Takase K, Matsumoto K, Taguchi S, Doi Y (2004) Alteration of
substrate chain-length specificity of type Il synthase for poly-
hydroxyalkanoate biosynthesis by in vitro evolution: in vivo and
in vitro enzyme assays. Biomacromolecules 5:480—485

Tsuge T, Saito Y, Kikkawa Y, Hiraishi T, Doi Y (2004a) Biosynthesis
and compositional regulation of poly[(3-hydroxybutyrate)-co-(3-
hydroxyhexanoate)] in recombinant Ralstonia eutropha express-
ing mutated polyhydroxyalkanoate synthase genes. Macromol
Biosci 4:238-242

Tsuge T, Saito Y, Narike M, Muneta K, Normi YM, Kikkawa Y,
Hiraishi T, Doi Y (2004b) Mutation effects of a conserved
alanine (Ala510) in type I polyhydroxyalkanoate synthase from
Ralstonia eutropha on polyester biosynthesis. Macromol Biosci
4:963-970

Tsuge T, Yano K, Imazu S, Numata K, Kikkawa Y, Abe H, Taguchi S,
Doi Y (2005) Biosynthesis of polyhydroxyalkanoate (PHA)
copolymer from fructose using wild-type and laboratory-evolved
PHA synthases. Macromol Biosci 4:963-970

@ Springer



	PHA synthase engineering toward superbiocatalysts for custom-made biopolymers
	Abstract
	Introduction
	Engineering of PHA synthases
	Engineering of the class I R. eutropha PHA synthase
	Engineering of the class I A. caviae PHA synthase
	Engineering of the class II Pseudomonas sp. PHA synthases
	Application of engineered PHA synthases in recombinant organisms
	Recombinant bacteria as “minimal but powerful factories”
	Recombinant plants for “polymer farming”

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


