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Novel lactate (LA)-based polymers containing medium-chain-length 3-hydroxyalkanoates (MCL-3HA) were produced
in fadR-deficient Escherichia coli strains from glucose as the sole carbon source. The genes encoding LA and 3-
hydroxybutyrate (3HB) monomers supplying enzymes [propionyl-CoA transferase (PCT), p-lactate dehydrogenase (D-
LDH), B-ketothiolase (PhaA), and NADPH-dependent acetoacetyl-CoA reductase (PhaB)], MCL-3HA monomers supplying
enzymes [(R)-3-hydroxyacyl-ACP thioesterase (PhaG) and (R)-3-hydroxyacyl (3HA)-CoA ligase] via fatty acid biosynthesis
pathway, and modified polyhydroxyalkanoate (PHA) synthase [PhaC1(STQK)] of Pseudomonas sp. 61-3 were introduced
into E. coli LS5218. This resulted in the synthesis of a novel LA-based copolymer, P(LA-co-3HB-co-3HA). "H-nuclear
magnetic resonance (NMR) analysis revealed the composition of P(LA-co-3HB-co-3HA) to be 19.7 mol% LA (C3), 74.9 mol%
3HB (C4), and 5.4 mol% MCL-3HA units of Cg and Cy¢. Furthermore, the recombinant E. coli CAG18497 strain carrying these
genes, excluding the phaAB genes, accumulated P(92.0% LA-co-3HA) with a novel monomer composition containing Cs,
Cg, C10, and C12. °C-NMR analysis showed the existence of LA-3HA sequence in the polymer. The solvent cast film of
P(92.0% LA-co-3HA) exhibited transparency similar to poly(lactic acid).
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Polyhydroxyalkanoates (PHAs) are biodegradable plastics that
are synthesized by a wide variety of bacteria as intracellular carbon
and energy storage materials (1—3). PHAs can be categorized into
three groups according to monomer length. Short-chain-length
PHAs (SCL-PHAs) consisting of monomer units of C3—Cs,
medium-chain-length PHAs (MCL-PHAs) consisting of monomer
units of Cg—Cq4, and SCL-MCL-PHAs consisting of both SCL and MCL
monomer units (3,4). Poly(3-hydroxybutyrate) [P(3HB)] homopol-
ymer, the most common SCL-PHA, is stiff and brittle. MCL-PHAs are
generally amorphous because they possess low crystallinity (5,6).
SCL-MCL-PHAs exhibit a wide range of physical properties
depending on the molar ratio of SCL to MCL monomer units. For
example, P(94% 3HB-co-6% 3HA), a random copolymer of 3HB and
MCL-3HA, consisting of 3HA units of C4—Cyy, synthesized by the
recombinant strain of Pseudomonas sp. 61-3 was demonstrated to
be a flexible material similar to the low-density polyethylene (7).
Therefore, the monomer composition exerts considerable influence
of PHA qualities.

Despite not being a native PHA-producer, Escherichia coli has
been used as a host for producing PHA due to its less doubling time
and ease of genetic modification. There are numerous studies on
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the production of SCL-PHA, MCL-PHA, and SCL-MCL-PHA using
E. coli as a host. Schubert et al. (8) reported a recombinant E. coli
that synthesized P(3HB) by incorporating a B-ketothiolase gene
(phaA), an NADPH-dependent acetoacetyl-CoA reductase gene
(phaB), and a PHA synthase gene (phaC) from Ralstonia eutropha
(Currently designated as Cupriavidus necator). In addition, the re-
combinant E. coli synthesized P(3HB-co-3HA) with various mono-
mer compositions comprising C4 to Cyo using mixtures of glycerol
and dodecanoate by coexpression of PhaA, PhaB, and PhaC with (R)-
specific enoyl-CoA hydratase (Pha]), which catalyzes the generation
of MCL-3HA-CoA from enoyl-CoA, an intermediate of the f-oxida-
tion pathway (9). In recent studies, P(3HB-co-3HA)s have been
synthesized from glucose as the sole carbon source by coexpression
of PhaA, PhaB, and PhaC with (R)-3-hydroxyacyl-ACP thioesterase
(PhaG) and (R)-3-hydroxyacyl (3HA)-CoA ligase, which are the
necessary enzymes to incorporate MCL-3HA units into the polymer
chain via the fatty acid biosynthesis pathway (10,11). Only two
genes, PP0763 of Pseudomonas putida KT2440 and PA3924 of
Pseudomonas aeruginosa PAO, have so far been known that their
translational products have (R)-3HA-CoA ligase activity in vivo
(10—12). The P(3HB-co-3HA) copolymers possessed mechanical
properties that improved the brittleness of the P(3HB) homopoly-
mer. However, the copolymer lacked transparency, which ulti-
mately limited its application.
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FIG. 1. Metabolic control for the synthesis of P(LA-co-3HB-co-3HA) and P(LA-co-3HA)
from glucose. D-LDH, p-lactate dehydrogenase; PCT, propionyl-CoA transferase; PhaA,
B-ketothiolase; PhaB NADPH-dependent acetoacetyl-CoA reductase; PhaG, (R)-3-
hydroxyacyl-ACP thioesterase; PhaC1(STQK), engineered PHA synthase of Pseudo-
monas sp. 61-3.

In turn, poly(lactic acid) (PLA), a biodegradable plastic, has
attracted considerable attention because it is producible from
renewable resources and possess excellent transparency. PLA is
normally synthesized by chemical processes using heavy metal
catalysts (13). Recently, a new microbial platform for producing LA-
based polymer has been established based on a PHA biosynthetic
pathway by applying the engineered PHA synthase of Pseudomonas
sp. 61-3 [PhaC1(STQK)], possessing an acquired LA-polymerizing
activity (14). Poly(lactate-co-3HB)s [P(LA-co-3HB)s], LA-based
polymers, have been produced from glucose in a recombinant
E. coli strain expressing PhaC1(STQK) along with propionyl-CoA
transferase (PCT) from Megasphaera elsdenii and 3HB monomer-
supplying enzymes (PhaA and PhaB) from R. eutropha. P(LA-co-
3HB)s are copolymers containing LA unit and are newly recognized
as a member of the PHA family. Moreover, P(LA-co-3HB)s exhibit
transparency depending on the fraction of LA present (15). There-
fore, there have been attempts to enhance LA fractions in the co-
polymers by changing the host strains and carbon sources,
incorporating the engineered enzymes, and controlling
the metabolic pathway (16—21). For example, introduction of the
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exogenous p-lactate dehydrogenase gene (IdhD) into E. coli strains
DH5a, XL1-Blue, and LS5218, together with phaA, phaB, pct, and
phaC1(STQK) genes led to an enhancement in the LA fraction of
P(LA-co-3HB)s (21).

PLA exhibits good transparency, and it is a biodegradable poly-
mer with high stiffness. Hence, the biosynthesis of LA-based
polymers containing LA, 3HB, and a third monomeric unit in
E. coli has been established to improve the lack of flexibility of PLA.
Shozui et al. (22) have reported that P(LA-co-3HB-co-3-
hydroxyvalerate)s [P(LA-co-3HB-co-3HV)s], LA-based terpolymers,
were produced in the recombinant E. coli JW0885 from glucose by
feeding propionate as a precursor of 3HV. In addition, the recom-
binant E. coli LS5218 strain synthesized P(LA-co-3HB-co-3-
hydroxyhexanoate)s [P(LA-co-3HB-co-3HHX)s] via a reverse [3-
oxidation reaction from glucose and butyrate by coexpression of
PhaC1(STQK), PCT, and PhaJ (23). These novel LA-based polymers
have been expected to render novel properties to the materials and
expand the range of its application. However, there are only a few
reports on LA-based polymers with various monomer
compositions.

The aim of this study was to synthesize novel LA-based poly-
mers with LA and MCL-3HA units, which could be expected to have
transparency and flexibility. We have recently found the (R)-3HA-
CoA ligase gene (PA3924) from P. aeruginosa PAO and succeeded in
the biosynthesis of P(3HB-co-3HA) copolymer consisting of 3HA
units of Cy4, Cg, and Cyp from glucose by the E. coli LS5218 strain
harboring phaCl, phaA, phaB, phaG, and PA3924 genes (11). Based
on the results, we constructed metabolic pathways to synthesize
P(LA-co-3HB-co-3HA) and P(LA-co-3HA) from glucose as the sole
carbon source in this study (Fig. 1). D-LA-CoA is obtained from
pyruvate by p-lactate dehydrogenase (D-LDH) and PCT (14). On the
contrary, (R)-3HB-CoA is obtained from acetyl-CoA by PhaA and
PhaB (8). (R)-3HA-CoA is obtained by PhaG and (R)-3HA-CoA ligase
via fatty acid biosynthesis pathway (10—12). Here, we report on the
biosynthesis and structural analysis of novel LA-based polymers,
P(LA-co-3HB-co-3HA) and P(LA-co-3HA), synthesized by the re-
combinant strains of E. coli.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions The bacterial strains
and plasmids used in this study are listed in Table 1 (11,21,24—27). E. coli strains were
used as hosts for plasmid construction and biopolymer production. Unless
otherwise mentioned, transformation of E. coli strains was performed by standard
procedures and grown at 37°C in lysogeny broth (LB) medium (28). When needed,
ampicillin (100 mg/L), kanamycin (50 mg/L), and tetracycline (12.5 mg/L) were
added to the medium.

TABLE 1. Strains and plasmids used in this study.

Bacterial strain or plasmid

Relevant characteristics

Reference or source

Bacterial strain
Escherichia coli DH50.

E. coli LS5218

E. coli CAG18497

Pseudomonas sp. 61-3

Lactobacillus acetotolerans HT
Plasmid

T-vector pMD20

pUC118 Hincll/BAP

pBBR1MCS-2

pBBR1MCS-3

PRTcASc-MCL(Pa)

PRTcAA-GMCL(Pa)

PRKMXS-GMCL(Pa)

pTV118NpctC1(STQK)ABdPge

pTV118NpctC1(STQK)IdhDABdPge

pTV118NpctC1(STQK)IdhD

deoR, endA1, gyrA96, hsdR17 (rimyg), recAl, relAl, supE44, thi-1, Clontech
A(lacZYA-argFV169), ®804lacZAM15, F

fadR601, atoC2(Con) 24
fadR13::Tn10 25

Wild strain JCM 10015
Wild strain 26

E. coli cloning vector, Ap', lacPOZ, SP promoter

E. coli cloning vector, Ap', lacPOZ, lac promoter

Km', broad host range, lacPOZ

Tc', broad host range, lacPOZ

PBBR1MCS-3 derivative; Pj,c, PA3924 from P. aeruginosa PAO
PBBR1MCS-3 derivative; Pjoc, PA3924, phaGps

PBBR1MCS-2 derivative; Pj,., PA3924, phaGps

pTV118N derivative; Pja, pct, phaC1(STQK), phaA, phaB, Tge
Piac, pct, phaC1(STQK), IdhD, phaA, phaB, Tge

Piac, pct, phaC1(STQK), IdhD, Tge

Takara, Kusatsu, Japan
Takara

27

27

11

This study

This study

21

21

This study

Ap", ampicillin resistance gene; Km', kanamycin resistance gene; Tc", tetracycline resistance gene.
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TABLE 2. Accumulation of LA-based copolymer by recombinant Escherichia coli strains.

Strain Plasmid Dry cell weight Polymer content Polymer composition (mol %)
(g/L) (Wt%) LA 3HB 3HO 3HD 3HDD  3H5DD
(C3) (C4) (C8) (C10) (C12) (€129
DH50 pTV118NpctC1(STQK)IdhDABdPge 0.70 + 0.26 92 +52 13.7 £ 3.1 86.3 + 3.1 0 0 0 0
LS5218° pTV118NpctC1(STQK)IdhDABdAPg. 1.48 + 0.12 44 +0.7 15.7 £ 3.5 843 + 35 0 0 0 0
DH50. pTV118NpctC1(STQK)IdhDABdPg. 0.59 + 0.33 17.0 £ 4.2 99 +35 889 + 34 0 1.2+1.0 0 0
and pRTcAA-GMCL(Pa)
LS5218 pTV118NpctC1(STQK)IdhDABdAPg. 1.14 + 0.06 29403 144 + 1.8 79.7 £ 23 23+ 09 36+ 1.0 Trace Trace
and pRTcAA-GMCL(Pa)
CAG18497 pTV118NpctC1(STQK)IdhDABdPg. 1.06 = 0.12 6.1 +34 16.6 = 8.8 80.0 + 8.2 0.5+ 0.5 29+19 Trace Trace
and pRKmXS-GMCL(Pa)
CAG18497 pTV118NpctC1(STQK)IdhD 0.95 + 0.08 29+ 0.7 704 +£7.0 0 42 +1.0 254 +5.9 Trace Trace

and pRKmXS-GMCL(Pa)

Cells were cultivated at 30°C in a 300-mL conical flask containing 100 mL of LB medium supplemented with 2% (w/v) glucose. LA, p-lactate; 3HB, 3-hydroxybutyrate; 3HO, 3-
hydroxyoctanoate; 3HD, 3-hydroxydecanoate; 3HDD, 3-hydroxydodecanoate; 3H5DD, 3-hydroxy-5-cis-dodecenoate.

2 Data from Goto et al. (21).

DNA manipulation and plasmid construction All DNA manipulations
including isolation of total genomic DNA and plasmids, digestion of DNA with re-
striction endonuclease, and agarose gel electrophoresis were performed according
to standard procedures (28). The phaGps gene encoding a (R)-3-hydroxyacyl-acyl
carrier protein (ACP) thioesterase (29) was amplified using PCR from the genomic
DNA of Pseudomonas sp. 61-3 with the primer pairs phaG-SD(Apal)-f (5'-
GGGCCCGCATACCCGCTTGCCAGGAGT-3) and phaG-DS(Apal)-r (5'-
GGGCCCTGATCCTTAGGAGCGCGAGGTT-3") (underlined sequences indicate Apal
restriction site). The PCR product of the phaGps gene was cloned into T-vector
pMD20. The 0.8-kb Apal fragment containing the phaGps gene from the pMD20
derivative was inserted into the Apal restriction site of pRTcASc-MCL(Pa) in the
same direction as the (R)-3HA-CoA ligase gene to yield pRTcAA-GMCL(Pa). The
phaGps gene and medium-chain-length 3-hydroxyacyl-CoA ligase gene (PA3924)
of P. aeruginosa PAO were amplified using PCR from pRTcAA-GMCL(Pa) with
primers phaG-SD(Xhol)-f (5'-CTCGAGCATACCCGCTTGCCAGGAGT-3’) and MCL-
Sacl-r(PAO) (5’-GAGCTCGTGTAGGAAAGCCCCGTCAGACGG-3') (underlined
sequences indicate Xhol and Sacl restriction sites, respectively). The 3.0-kb PCR
product was cloned into the pUC118 Hincll/BAP. Then, the 3.0-kb Xhol-Sacl
fragment containing phaGps and PA3924 genes from the pUC118 derivative was
introduced into the Xhol and Sacl restriction sites of the pBBR1MCS-2 to generate
pRKmMXS-GMCL(Pa). To remove the phaA and phaB genes of R. eutropha from
pTV118NpctC1(STQK)IdhDABdPR. (21), inverse PCR was performed using primers
phbB(Re)DS-f1  (5'-GCCTGGTTCAACCAGTCGG-3') and 1dhD-Pstl(TAA)-r (5'-
AACTGCAGGAATAGAAAATTATGCATCTAA-3’) (underlined sequence indicates Pstl
restriction site). The amplified DNA fragment was phosphorylated by using T4
Polynucleotide Kinase (Toyobo, Osaka, Japan), followed by self-ligation to yield
pTV118NpctC1(STQK)IdhD.

Polymer production  For LA-based copolymer production, the recombinant
strains of E. coli were grown in 3 mL LB medium at 30°C for 15 h. A 1% (v/v) inoculum
of the preculture broth was transferred to 300- or 500-mL conical flasks with 100 or
300 mL LB medium, respectively. Cells were cultivated at 30°C in shaking culture
(100 strokes/min). Filter-sterilized glucose solution was added to the medium at a
concentration of 2% (w/v) as the sole carbon source after 8 h of cultivation. The
cultivation was continued for a total of 48 h. Determination of cellular polymer
composition and content was performed by gas chromatography (GC) as reported
previously (30). The cultivation runs were performed at least in triplicates.

Polymer extraction and analysis The LA-based polymers accumulated in
the cells were extracted with chloroform for 48 h at room temperature and
purified by reprecipitation with methanol as described previously (11). The
molecular mass was measured by gel permeation chromatography (GPC)
(Shimadzu 20A GPC system and 10A refractive index detector, Shimadzu, Kyoto,
Japan) with Shodex K-806M and K-802 columns. Chloroform was used as eluent
at a flow rate of 0.8 mL/min, and a sample concentration of 1.0 mg/mL was
applied. Polystyrene standards with a low polydispersity were used to make a
calibration curve. The 500 MHz 'H- and the 125 MHz '>C-nuclear magnetic
resonance (NMR) spectra of CDCl3 solution of LA-based polymers (5 mg/mL) were
obtained as described previously (31,32). The LA-based polymer films were aged
at room temperature for at least two weeks to completely evaporate the
chloroform solvent and to allow stable crystallization before thermal and
mechanical analyses. The thermal data were recorded on differential scanning
calorimeter (DSC) using a Perkin—Elmer DSC-8500 equipped with a cooling
accessory (PerkinElmer, Waltham, MA, USA) in the temperature range of —50°C to
200°C at a heating rate of 20°C/min under a nitrogen atmosphere. The solvent-
cast films were encapsulated in aluminum pans and heated from —50°C to 200°C
at 20°C/min (the first scan). The samples were then rapidly quenched at —50°C.
They were heated from —50°C to 200°C at 20°C/min (second heating scan). The
glass transition temperature (Tg) was defined as the midpoint of the heat capacity
change. The melting temperature (Ty,) and the enthalpy of fusion (AHp,) were

determined from endotherm. Dynamical mechanical thermal analysis (DMTA) was
performed wusing a dynamic thermal mechanical analyzer DMA-8000
(PerkinElmer). The temperature scan was from —80°C to 100°C at a constant
heating rate of 2°C/min and frequency of dynamic force at 1 Hz, under nitrogen
atmosphere. The storage modulus (E’) and loss factor (tan d) of the LA-based
polymers were obtained as a function of temperature.

RESULTS

Production of P(LA-co-3HB-co-3HA) and P(LA-co-3HA) in
recombinant E. coli The plasmids pTV118NpctC1(STQK)
1dhDABdPge. and pRTcAA-GMCL(Pa) were co-introduced into E. coli
strains DH50. and LS5218, respectively, for metabolic control of the
biosynthesis of P(LA-co-3HB-co-3HA) as illustrated in Fig. 1. The
recombinant E. coli strains harboring both pTV118NpctC1(STQK)
ldhDABdPge and pRTcAA-GMCL(Pa) accumulated P(LA-co-3HB-co-
3HA), whereas the strains harboring pTV118NpctC1(STQK)
ldhDABdPge only accumulated P(LA-co-3HB) as reported previously
(Table 2) (21). E. coli DH5a harboring pTV118NpctC1(STQK)
1dhDABdPge and pRTcAA-GMCL(Pa) accumulated 17.0 wt% P(LA-co-
3HB-co-3HA) containing a small amount of MCL-3HA unit of 3HD
(Ci0) (1.2 mol%). On the contrary, E. coli LS5218 harboring
PTV118NpctC1(STQK)IdhDABdPge and PRTcAA-GMCI(Pa)
accumulated 2.9 wt% P(LA-co-3HB-co-3HA) containing 5.9 mol% of
MCL-3HA units of Cg, Ci9, and Cq, resulting in higher MCL-3HA
fraction in the polymer than that of the recombinant E. coli DH5¢.
LA-based polymers composed of such a monomer composition
have not been reported so far.

Biosynthesis of P(LA-co-3HA) from glucose was attempted using
the plasmid pTV118NpctC1(STQK)IdhD in which phaAB genes were
removed from pTV118NpctC1(STQK)IdhDABdPg.. However, E. coli
LS5218 harboring pTV118NpctC1(STQK)IdhD and pRTcAA-GMCL(Pa)
could not accumulate the polymer (data not shown). Accordingly,
E. coli CAG18497, which is a fadR-strain unlike LS5218, was selected as
a host for synthesis of P(LA-co-3HA). As a result, E. coli CAG18497
harboring pTV118NpctC1(STQK)IdhD and pRKmXS-GMCL(Pa) accu-
mulated 2.9 wt% P(70.4% LA-co-29.6% 3HA) (Table 2). This is a novel
LA-based polymer that has not been reported previously. In addition,
the recombinant CAG18497 harboring pTV118NpctC1(STQK)IdhD
and pRKmXS-GMCL(Pa) accumulated 1.5 + 0.6 wt% P(74.0% LA-co-
26.0% 3HA) consisting of 74.0 4+ 9.0 mol% LA, 1.3 + 2.2 mol% 3-
hydroxyoctanoate (3HO, Cg) and 247 + 73 mol% 3-
hydroxydecanoate (3HD, Cyg) (0.41 g/L dry cell weight) when the
recombinant was relatively anaerobically cultivated in a 500-mL
conical flask containing 300 mL of medium (data not shown).

NMR analyses of P(LA-co-3HB-co-3HA) and P(LA-co-3HA)

P(LA-co-3HB-co-3HA) synthesized in E. coli LS5218 harboring
pTV118NpctC1(STQK)IdhDABdPgre and pRTcAA-GMCL(Pa) was
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subjected to 500 MHz 'H-NMR and 125 MHz *C-NMR analyses.
The mole fractions of LA, 3HB, and MCL-3HA units were
determined from the intensity ratio of main-chain methylene
proton resonance to methyl proton resonance in the 'H-NMR
spectra (data not shown). Consequently, the composition of the
P(LA-co-3HB-co-3HA) synthesized by the recombinant LS5218
from glucose was 19.7 mol% LA, 74.9 mol% 3HB and 5.4 mol%
3HA. Fig. 2 shows 3C-NMR spectrum of the P(LA-co-3HB-co-
3HA), together with the chemical shift spectrum of carbonyl
resonances. Compared to P(3HB-co-3HA) that was reported
previously (7), the peaks at around 67.5 and 169 ppm were
assigned to the dyad sequences of 3HB*-3HB and 3HB*-3HA +
3HA*-3HB. The other peaks (68—69 ppm and 169—170 ppm),
which were also observed for P(LA-co-3HB) (16), presumably
corresponded to the carbonyl group of 3HB with the adjacent LA
unit. However, the resonance indicating the sequence of LA and
3HA could not be confirmed.

The sample of P(74.0% LA-co-26.0% 3HA) synthesized by
the recombinant CAG18497 harboring pTV118NpctC1(STQK)

(A) V7

n=4-8
1
CDCl, 3 CH% 0 4 CH; (") (?Hz)" ?I)
o- CH' o- CH CHz— O—-CH—CH:>-C
3 2 1
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1dhD and pRKmXS-GMCL(Pa), which was cultivated in a 500-mL
conical flask containing 300 mL of medium, was subjected to
NMR analyses. The results of 'H-NMR analysis revealed the
molar fractions of LA and 3HA units in the polymer to be
92.0 mol% and 8.0 mol%, respectively. These values were not
consistent with those from GC analysis of methanolyzed PHA.
The difference could be due to the production of MCL-3HA
oligomers which could not precipitate with methanol. Fig. 3
shows the >*C-NMR spectrum of P(LA-co-3HA) synthesized by
the recombinant CAG18497, together with the peaks of Cs, Cg,
Cq0, and Cqp, and the chemical shift spectrum of carbonyl reso-
nances. The carbonyl carbon resonances (169—170 ppm) of P(LA-
co-3HA) were resolved into peaks, arising from different se-
quences connecting LA and 3HA units: LA-3HA*-LA, LA-LA*-
3HA, LA-LA*-LA and 3HA-LA*-LA. The peak at around 69.0 ppm,
with the top split into two, was assigned to LA*-3HA. These
indicate that P(LA-co-3HA) synthesized in this study is a
copolymer with LA and MCL-3HA repeating units, and not a
mixture of PLA and MCL-PHA.
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FIG. 2. 3C-NMR spectrum (125 MHz) of the P(19.7% LA-co-3HB-co-5.4% 3HA) synthesized by the recombinant E. coli LS5218 strain harboring pTV118NpctC1(STQK)IdhDABdPg. and
PRTcAA-GMCL(Pa). (A) Full >C-NMR spectrum containing all detected peaks. (B) Expanded 169—170 ppm part of full spectrum. (C) Expanded 67.5—69 ppm part of full spectrum.
Carbon atoms in the copolymer are numbered and assigned to peaks in the spectrum. LA, p-lactate; 3HB, 3-hydroxybutyrate; 3HA, MCL-3-hydroxyalkanoate (Cg—Cj5).
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FIG. 3. 3C-NMR spectrum (125 MHz) of the P(92% LA-co-8% 3HA) synthesized by the recombinant E. coli CAG18497 strain harboring pTV118NpctC1(STQK)IdhD and pRKmXS-
GMCL(Pa). (A) Full 3C-NMR spectrum containing all detected peaks. (B) Expanded 169.5—170.5 ppm part of full spectrum. (C) Expanded 68—70 ppm part of full spectrum. (D)
Expanded 15—40 ppm part of full spectrum. Carbon atoms in the copolymer are numbered and assigned to peaks in the spectrum. LA, p-lactate; 3HB, 3-hydroxybutyrate; 3HO, 3-
hydroxyoctanoate; 3HD, 3-hydroxydecanoate; 3HDD, 3-hydroxydodecanoate; 3HA, MCL-3-hydroxyalkanoate (Cg—Cy2).

Molecular weight and thermal properties of LA-based obtained in this study (7,11,15,31,33). The number-average
copolymers Table 3 shows the molecular weights and the molecular weight (M) and the polydispersity (My/My) of P(19.7%
thermal properties of P(LA-co-3HB-co-3HA) and P(LA-co-3HA) LA-co-3HB-co0-5.4% 3HA) synthesized by E. coli LS5218 harboring

TABLE 3. Molecular weight and thermal properties of polyester.

Sample Molecular weight Thermal properties

My, (X104) M, (><104) Mw/My Tm (C) Tg © AHy, (J/g)
PLA (4042D, NatureWorks, 7.7 150 52 13

Minnetonka, MN, USA)*

P(29% LA-co-3HB)" 9 4 2.2 141, 158 -8,25 0.8,3.8
P(19.7% LA-co-3HB-c0-5.4% 3HA)" 31.7 53 5.9 124, 147 6.7 19.6
P(92.0% LA-co-8.0% 3HA)® 2.7 14 2.0 157 36 6.4
P(3HB-co-5.4% 3HA)“ 46.6 233 2.0 161 4.6 345
P(3HB-co-6% 3HA)® 139 60.5 23 133, 146 -8 39
P(3HB)" 117 65.0 1.8 178 4 91

PLA, L/D ratios from 24:1 to 30:1; LA, p-lactic acid; 3HB, 3-hydroxybutyrate (C4); 3HA, 3-hydroxyalkanoate (Cs—Cy2); My, weight-average molecular weight; M,,, number-
average molecular weight; Ty, melting temperature; Tg, grass-transition temperature; AHp, enthalpy of fusion.

@ Kamthai and Magaraphan (33).

b yamada et al. (15).

€ This study.

4 Hokamura et al. (11).

€ Matsusaki et al. (7).

f Abe et al. (31).
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pTV118NpctC1(STQK)IdhDABdPge and pRTcAA-GMCL(Pa) were
5.3 x 10% and 5.9, respectively. The M, of the P(LA-co-3HB-co-
3HV)s containing 8.7—27.4 mol% LA and 0.2—7.2 mol% 3HV were
2.5—42 x 10* when 10—100 mg/L sodium propionate was added
(My/My: 2.8—4.8) (22). The M, (5.3 x 10%) of P(19.7% LA-co-3HB-
c0-5.4% 3HA) obtained in this study was almost the same as that
of the P(LA-co-3HB-co-3HV)s reported by Shozui et al. (22).

The M, and the My/M, of the P(92.0% LA-co-8.0% 3HA) syn-
thesized by E. coli CAG18497 harboring pTV118NpctC1(STQK)IdhD
and pRKmMXS-GMCL(Pa) were 1.4 x 10% and 2.0, respectively.
Yamada et al. (15) have reported that the molecular weight (7—9 x
10%) of P(LA-co-3HB) decreased as LA fraction (29—47 mol%) of the
polymer increased. Indeed, the My, of P(92.0% LA-co-8.0% 3HA) with
high LA fraction was lower than that of P(29% LA-co-3HB) (Table 3).

The melting temperatures (Ty,) of P(LA-co-3HB-co-3HA) ob-
tained in this study had two peaks (124°C and 147°C) by DSC
thermograms, which were similar to those of P(29% LA-co-3HB)
and P(3HB-co-6% 3HA) random copolymers (7,15). The glass tran-
sition temperature (Ty) and enthalpy of fusion (AHy,) of P(LA-co-
3HB-co-3HA) were 6.7°C and 19.6 ]/g, respectively, indicating in a
higher Ty and lower AHy, than those of P(3HB-co-3HA) reported
previously (7,11).

In contrast, the Ty, of P(LA-co-3HA) obtained in this study was
157°C, which was almost the same as PLA (150°C). The T, and the
AHp, of P(LA-co-3HA) were 36°C and 6.4 ]/g, respectively. The AHy,
of P(LA-co-3HA) was even lower than P(LA-co-3HB-co-3HA), and
the Tg was lower than PLA (52°C). In DMTA, tan  peak temperature
of P(LA-co-3HA), which is commonly known as the T was
approximately 58°C, which was almost the same as PLA (60°C) (33).
The storage modulus (E’) of P(LA-co-3HA) is approximately 2.3 GPa
at room temperature. E' of PLA is generally 2.0—3.0 GPa at room
temperature (33,34). Moreover, elastic modulus of P(LA-co-3HA)
was maintained at approximately 2.0 GPa even at the temperatures
above the glass transition point in the range untill 100°C.

P(92.0% LA-co-8.0% 3HA) film are shown in Fig. 4. The P(LA-co-
3HA) film showed transparency similar to PLA.

DISCUSSION

LA-based polymers have been synthesized by bioprocess and
exhibit transparency depending on their LA fraction (14,15,35).
Attempts have been undertaken to biosynthesize novel LA-based
polymers containing LA, 3HB, and a third monomeric unit such as
3HV and 3HHXx to render new properties to materials (22,23). In
this study, we attempted to biosynthesize novel LA-based polymers
containing MCL-3HA units because P(94% 3HB-co-6% 3HA), con-
sisting MCL-3HA units, has been demonstrated as a flexible mate-
rial (7). In a previous study, P(3HB-co-3HA)s were accumulated in
the fadR-deficient E. coli LS5218 strain from glucose as the sole

FIG. 4. Solvent-cast film of P(92.0% LA-co-8.0% 3HA).
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carbon source via the fatty acid biosynthesis pathway by PhaG and
(R)-3HA-CoA ligase (10,11). In addition, we have reported on
various E. coli strains that synthesized P(LA-co-3HB)s with higher
LA fraction through introduction of the exogenous IdhD gene (21).
Therefore, E. coli LS5218 introducing IdhD, phaG, and (R)-3HA-CoA
ligase (PA3924) genes together with the P(LA-co-3HB)-biosynthetic
genes was used for biosynthesis of P(LA-co-3HB-co-3HA). As a
result, the recombinant LS5218 produced P(LA-co-3HB-co-3HA)
consisting of LA, 3HB, and MCL-3HA (Cg—Cy2) units from glucose
(Table 2). In particular, the MCL-3HA fraction in P(LA-co-3HB-co-
3HA) was increased to 5.9 mol%, and LA fraction (14.4 mol%) was
also higher than that of the recombinant DH5q. This suggested that
E. coli LS5218 was preferred as a host for the synthesis of P(LA-co-
3HB-co-3HA).

Generally, the Ty, Tg, and AHp, of P(3HB-co-3HA) copolymers are
known to decrease as 3HA fraction increases, compared to the
P(3HB) homopolymer. Similarly, the Ty, and AHy, of P(LA-co-3HB-
co-3HA) were lower than those of P(3HB) (Table 3). Two Ty, peaks of
P(LA-co-3HB-co-3HA) were observed and *C-NMR analysis could
not show the signal of the LA-3HA sequence in the copolymer,
probably due to the low fractions of LA and 3HA. Although two Ty,
peaks are often observed in random copolymers (7,15), the possi-
bility of a blend polymer of P(LA-co-3HB) and P(3HB-co-3HA) could
not be excluded.

Thereafter, biosynthesis of P(LA-co-3HA) consisting of LA and
MCL-3HA units was attempted. E. coli LS5218 strain harboring pct,
phaC1(STQK), IdhD, phaG and PA3924 genes accumulated no poly-
mer. Whereas, E. coli CAG18497 harboring the same genes accu-
mulated P(LA-co-3HA) consisting of LA and MCL-3HA (Cs—Cy3)
(Table 2). The strain LS5218, fadR601 and atoC2(Con) mutant, was
developed by chemical mutagenesis treatment, whereas the strain
CAG18497 (fadR13::Tn10) was developed by the site-specific
insertion of Tn10 into fadR (24,25). Thus, the difference was ex-
pected to affect the expression levels of the genes involved in fatty
acid metabolism system. Actually, the P(3HB) accumulation levels
which were produced via enoyl-CoA hydratase-mediated P(3HB)
synthesis from glucose by the recombinant strains of LS5218 and
CAG18497, were different between two fadR-strains (36).

13C_NMR analysis of P(LA-co-3HA) revealed the LA-3HA
sequence, although the sequence was not detected in the analysis
of P(LA-co-3HB-co-3HA). The molecular weight of P(92.0% LA-co-
3HA) was lower than that of P(19.7% LA-co-3HB-co-5.4% 3HA) and
P(29% LA-co-3HB). Incorporation of LA units into the polymer chain
led to a reduction in molecular weight of the polymer as described
previously (15,17,18). This phenomenon has been reported to
explain that the synthesis of high molecular weight polymers is
prevented due to low affinity to D-LA-CoA as a substrate for
PhaC1(STQK) and low mobility of LA-based polymer (37). It has
been concluded that molecular dynamics is a determining factor of
the productivity and molecular weight of LA-based PHA.

The solvent cast film of P(92.0% LA-co-3HA) demonstrated
transparency as expected. The Ty, Ty and AHy, of P(92.0% LA-co-
3HA) were 157°C, 36°C and 6.4 ]/g, respectively. The storage
modulus of the P(LA-co-3HA) film was approximately 2.3 GPa at
room temperature. Unfortunately, P(LA-co-3HA) did not have
flexibility as expected. In other words, the properties of P(92.0% LA-
co-3HA) were almost similar to those of PLA. Poor flexibility of the
polymer would be due to the very high LA fraction in the polymer
chain and its low molecular weight.

In conclusion, we succeeded in producing novel LA-based
polymers with monomer compositions consisting of C3 to Cy3
from glucose as the sole carbon source. Production of P(LA-co-3HB-
co-3HA) was achieved by supplying the 3HA-CoA via the fatty acid
biosynthesis pathway to the P(LA-co-3HB) synthesis pathway.
Furthermore, P(LA-co-3HA) was synthesized by removing 3HB-CoA
supply route from the P(LA-co-3HB-co-3HA) synthesis pathway.
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The fadR-deficient E. coli strains were preferred as hosts for novel
LA-based polymers containing MCL-3HA units, especially, E. coli
CAG18497 was preferred as a host for P(LA-co-3HA). P(LA-co-3HA)
with 92% LA fraction demonstrated transparency and other prop-
erties similar to PLA. We are now attempting to expand the range of
monomer composition of P(LA-co-3HA) to render transparency and
various properties to the materials.

ACKNOWLEDGMENTS

We thank Ms. Nishimura, Ms. Nakaue, Ms. Tomeno, and Ms.
Tatsuno for their invaluable technical assistance. This work was
partly funded by the Sasakawa Scientific Research Grant from The
Japan Science Society. We would also like to thank Editage for En-
glish language editing.

References

1. Anderson, A. J. and Dawes, E. A.: Occurrence, metabolism, metabolic role, and
industrial uses of bacterial polyhydroxyalkanoates, Microbiol. Rev., 54,
450—472 (1990).

2. Miiller, H. M. and Seebach, D.: Poly(hydroxyalkanoates): a fifth class of
physiologically important organic biopolymers? Angew. Chem. Int. Ed., 32,
477-502 (1993).

3. Madison, L. L. and Huisman, G. W.: Metabolic engineering of poly(3-
hydoroxyalkanoates): from DNA to plastic, Microbiol. Mol. Biol. Rev., 63,
21-53 (1999).

4, Nomura, C. T., Tanaka, T., Eguen, T. E., Appah, A. S., Matsumoto, K.,
Taguchi, S., Ortiz, C. L., and Doi, Y.: FabG mediates polyhydroxyalkanoate
production from both related and nonrelated carbon sources in recombinant
Escherichia coli LS5218, Biotechnol. Prog., 24, 342—351 (2008).

5. Holmes, P. A.: Applications of PHB-a microbially produced biodegradable
thermoplastic, Phys. Technol., 16, 32—36 (1985).

6. Doi, Y.: Microbial synthesis, physical properties, and biodegradability of pol-
yhydroxyalkanoates, Macromol. Symp., 98, 585—599 (1995).

7. Matsusaki, H., Abe, H., and Doi, Y.: Biosynthesis and propertied of poly(3-
hydroxybutyrate-co-3-hydroxyalkanoate) by recombinant strains of Pseudo-
monas sp. 61-3, Biomacromolecules, 1, 17—22 (2000).

8. Schubert, P., Steinbiichel, A., and Schlegel, H. G.: Cloning of the Alcaligenes
eutrophus genes for synthesis of poly-beta-hydroxybutyric acid (PHB) and
synthesis of PHB in Escherichia coli, ]. Bacteriol., 170, 5837—5847 (1988).

9. Phithakrotchanakoon, C., Champreda, V., Aiba, S., Pootanakit, K., and
Tanapongpipat, S.: Engineered Escherichia coli for short-chain-length medium-
chain-length polyhydroxyalkanoate copolymer biosynthesis from glycerol and
dodecanoate, Biosci. Biotechnol. Biochem., 77, 1262—1268 (2013).

10. Tappel, R. C,, Pan, W., Bergey, N. S., Wang, Q., Patterson, I. L., Ozumba, O. A.,
Matsumoto, K., Taguchi, S., and Nomura, C. T.: Engineering Escherichia coli for
improved production of short-chain-length-co-medium-chain-length poly[(R)-
3-hydroxyalkanoate] (SCL-co-MCL PHA) copolymers from renewable nonfatty
acid feedstocks, ACS Sustain. Chem. Eng., 2, 1879—1887 (2014).

11. Hokamura, A., Wakida, I., Miyahara, Y., Tsuge, T., Shiratsuchi, H., Tanaka, K.,
and Matsusaki, H.: Biosynthesis of poly(3-hydroxybutyrate-co-3-
hydroxyalkanoates) by recombinant Escherichia coli from glucose, ]. Biosci.
Bioeng., 120, 305—310 (2015).

12. Wang, Q., Tappel, R. C,, Zhu, C., and Nomura, C. T.: Development of a new
strategy for production of medium-chain-length polyhydroxyalkanoate by
recombinant Escherichia coli via inexpensive non-fatty acid feedstocks, Appl.
Environ. Microbiol., 78, 519—527 (2012).

13. Garlotta, D.: A literature review of poly(lactic Acid), J. Polym. Environ., 9,
63—84 (2001).

14. Taguchi, S., Yamada, M., Matsumoto, K., Tajima, K., Satoh, Y., Munekata, M.,
Ohno, K., Kohda, K., Shimamura, T., Kambe, H., and Obata, S.: A microbial
factory for lactate-based polyesters using a lactate-polymerizing enzyme, Proc.
Natl. Acad. Sci. USA, 105, 17323—17327 (2008).

15. Yamada, M., Matsumoto, K., Uramoto, S., Motohashi, R., Abe, H., and
Taguchi, S.: Lactate fraction dependent mechanical properties of semi-
transparent poly(lactate-co-3-hydroxybutyrate)s produced by control of lactyl-
CoA monomer fluxes in recombinant Escherichia coli, ]. Biotechnol., 154,
255-260 (2011).

16. Yamada, M., Matsumoto, K., Nakai, T., and Taguchi, S.: Microbial production
of lactate-enriched poly[(R)-lactate-co-(R)-3-hydroxybutyrate] with novel
thermal properties, Biomacromolecules, 10, 677—681 (2009).

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

BIOSYNTHESIS OF NOVEL LACTATE-BASED POLYMERS 197

Shozui, F., Matsumoto, K., Motohashi, R., Sun, ]., Satoh, T., Kakuchi, T., and
Taguchi, S.: Biosynthesis of a lactate (LA)-based polyester with a 96 mol% LA
fraction and its application to stereocomplex formation, Polym. Degrad. Stab.,
96, 499504 (2011).

Song, Y., Matsumoto, K., Yamada, M., Gohda, A., Brigham, C. ., Sinskey, A. J.,
and Taguchi, S.: Engineered Corynebacterium glutamicum as an endotoxin-free
platform strain for lactate-based polyester production, Appl. Microbiol. Bio-
technol., 93, 1917—1925 (2012).

Matsumoto, K. and Taguchi, S.: Enzyme and metabolic engineering for the
production of novel biopolymers: crossover of biological and chemical pro-
cesses, Curr. Opin. Biotechnol., 24, 1054—1060 (2013).

Nduko, J. M., Matsumoto, K., Ooi, T., and Taguchi, S.: Effectiveness of xylose
utilization for high yield production of lactate-enriched P(lactate-co-3-
hydroxybutyrate) using a lactate-overproducing strain of Escherichia coli and
an evolved lactate-polymerizing enzyme, Metab. Eng., 15, 159—166 (2013).
Goto, S., Suzuki, N., Matsumoto, K. Taguchi, S., Tanaka, K., and
Matsusaki, H.: Enhancement of lactate fraction in poly(lactate-co-3-
hydroxybutyrate) synthesized by Escherichia coli introducing the p-lactate
dehydrogenase gene from Lactobacillus acetotolerans HT, ]. Gen. Appl. Micro-
biol., https://doi.org/10.2323/jgam.2018.09.002 (2019).

Shozui, F., Matsumoto, K., Nakai, T., Yamada, M., and Taguchi, S.: Biosyn-
thesis of novel terpolymers poly(lactate-co-3-hydroxybutyrate-co-3-
hydroxyvalerate)s in lactate-overproducing mutant Escherichia coli JW0885
by feeding propionate as a precursor of 3-hydroxyvalerate, Appl. Microbiol.
Biotechnol., 85, 949—954 (2010).

Shozui, F., Matsumoto, K., Motohashi, R., Yamada, M., and Taguchi, S.:
Establishment of a metabolic pathway to introduce the 3-hydroxyhexanoate
unit into LA-based polyesters via a reverse reaction of f-oxidation in Escher-
ichia coli LS5218, Polym. Degrad. Stab., 95, 1340—1344 (2010).

Spratt, S. K., Ginsburgh, C. L., and Nunn, W. D.: Isolation and genetic char-
acterization of Escherichia coli mutants defective in propionate metabolism,
J. Bacteriol., 146, 1166—1169 (1981).

Singer, M., Baker, T. A., Schnitzler, G., Deischel, S. M., Goel, M., Dove, W.,
Jaacks, K. J., Grossman, A. D., Erickson, J. W., and Gross, C. A.: A collection of
strains containing genetically linked alternating antibiotic resistance elements
for genetic mapping of Escherichia coli, Microbiol. Rev., 53, 1—24 (1989).
Tanaka, K., Tajiri, S., Sawada, R., Kawamoto, Y., Matsubara, T., Hoshino, M.,
and Matsusaki, H.: Acid-tolerant lactic acid bacterium isolated from rice vin-
egar, Impact Int. J. Res. Appl. Nat. Soc. Sci., 3, 29—36 (2015).

Kovach, M. E., Elzer, P. H, Hill, D. S., Robertson, G. T., Farris, M. A,
Roop, R. M, II, and Peterson, K. M.: Four new derivatives of the broad-host-
range cloning vector pBBR1MCS, carrying different antibiotic-resistance cas-
settes, Gene, 166, 175—176 (1995).

Sambrook, J., Fritsch, E. F., and Maniatis, T.: Molecular cloning: A laboratory
manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.
(1989).

Matsumoto, K., Matsusaki, H., Taguchi, S., Seki, M., and Doi, Y.: Cloning and
characterization of the Pseudomonas sp. 61-3 phaG gene involved in poly-
hydroxyalkanoate biosynthesis, Biomacromolecules, 2, 142—147 (2001).
Kato, M., Bao, H. J., Kang, C. K., Fukui, T., and Doi, Y.: Production of a novel
copolyester of 3-hydroxybutyric acid and medium-chain-length 3-
hydroxyalkanoic acids by Pseudomonas sp. 61-3 from sugars, Appl. Microbiol.
Biotechnol., 45, 363—370 (1996).

Abe, H., Doi, Y., Fukushima, T., and Eya, H.: Biosynthesis from gluconate of a
random copolyester consisting of 3-hydroxybutyrate and medium-chain-
length 3-hydroxyalkanoates by Pseudomonas sp. 61-3, Int. ]. Biol. Macromol.,
16, 115—119 (1994).

Tsuge, T., Yano, K., Imazu, S., Numata, K., Kikkawa, Y., Abe, H., Taguchi, S.,
and Doi, Y.: Biosynthesis of polyhydroxyalkanoate (PHA) copolymer from
fructose using wild-type and laboratory-evolved PHA synthases, Macromol.
Biosci., 5, 112—117 (2005).

Kamthai, S. and Magaraphan, R.: Thermal and mechanical properties of pol-
ylactic acid (PLA) and bagasse carboxymethyl cellulose (CMCg) composite by
adding isosorbide diesters, AIP Conf. Proc., 1664, 060006 (2015).

Song, X., Chen, Y., Xu, Y., and Wang, C.: Study on tough blends of polylactide
and acrylic impact modifier, BioResources, 9, 1939—1952 (2014).
Matsumoto, K. and Taguchi, S.: Enzymatic and whole-cell synthesis of lactate-
containing polyesters: toward the complete biological production of poly-
lactate, Appl. Microbiol. Biotechnol., 85, 921—-932 (2010).

Sato, S., Nomura, C. T., Abe, H., Doi, Y., and Tsuge, T.. Poly[(R)-3-
hydroxybutyrate] formation in Escherichia coli from glucose through an
enoyl-CoA hydratase-mediated pathway, J. Biosci. Bioeng., 103, 38—44 (2007).
Matsumoto, K., Iijima, M., Hori, C., Utsunomia, C., Ooi, T., and Taguchi, S.:
In vitro analysis of p-lactyl-CoA-polymerizing polyhydroxyalkanoate synthase
in polylactate and poly(lactate-co-3-hydroxybutyrate) syntheses, Bio-
macromolecules, 19, 2889—2895 (2018).



