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Abstract 

Background  Expression of the Ascaris suum ketothiolase (Acat3) in recombinant Escherichia coli enables the pro-
duction of α-methylated monomers such as 3-hydroxy-2-methylvalerate (3H2MV) and 3-hydroxy-2-methylbutyrate 
(3H2MB) for polyhydroxyalkanoate (PHA) biosynthesis from glucose and propionate as carbon sources. However, 
the chiral configurations and thermal properties of biosynthesized PHAs remain poorly understood.

Results  In this study, 3-hydroxybutyrate (3HB)-based PHA copolymers containing 3H2MV and 3H2MB units were 
synthesized from glucose and propionate using Acat3-expressing Escherichia coli LSBJ. The 3H2MV fraction of the syn-
thesized PHA reached 15.7 mol%, while the 3H2MB fraction remained at approximately 0.2 mol%. Chirality analysis 
revealed that (2S,3R)- and (2R,3R)-3H2MV units were both detected; however, (2R,3R)-3H2MV units were dominant 
in the PHA copolymer produced by the strain expressing the (R)-specific enoyl-CoA hydratase (PhaJAc). To evalu-
ate the effect of α-methylated monomers on the crystallization behavior of PHA copolymers, cold crystallization 
was compared for PHA polymers with different mol% 3-hydroxyvalerate (3HV) monomer units. The cold crystallization 
of the copolymer containing 11 mol% 3H2MV and 30 mol% 3HV was detected at 68 °C, while the non-α-methylated 
copolymer containing 24 mol% 3HV did not exhibit cold crystallization, indicating that α-methylated PHA had 
a greater tendency to crystallize.

Conclusions  This study conclusively demonstrated that (2S,3R)- and (2R,3R)-3H2MV units were both incorporated 
into PHA by expressing Acat3; however, the (2R,3R)-isomer became the dominant 3H2MV unit in the PHA copoly-
mers by additionally expressing PhaJAc. The 3H2MV repeating unit facilitated the crystallization of PHA copolymers 
despite the high fraction of the 3HV unit.
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Graphical Abstract

Introduction
Polyhydroxyalkanoates (PHAs) are environmentally 
friendly bioplastics naturally biosynthesized by micro-
organisms for intracellular carbon storage [1–3]. PHAs 
have exhibited excellent biodegradability in various 
environments including compost, soil, river water, and 
seawater [4, 5]. The most representative PHA, poly[(R)-
3-hydroxybutyrate] [P(3HB) or PHB], is brittle and 
inflexible owing to its high degree of crystallinity [1]. 
Therefore, 3HB-based PHA copolymers have been devel-
oped to improve material properties by reducing the 
degree of crystallinity [6]. Some of the most common 
variations of PHA monomers used to alter the material 
properties of 3HB-based copolymers are shown in Fig. 1.

Among these, the copolymer of 3HB and (R)-3-hydrox-
yhexanoate (3HHx) [P(3HB-co-3HHx)] exhibits good 
flexibility and ductility, making it an incredibly  useful 
PHA. Thus, the copolymerization of distinct comon-
omers is considered beneficial for improving the 

mechanical properties of PHAs [7, 8]. A high degree of 
crystallinity may hamper some physical properties of 
polymers, while slow crystallization is a drawback for 
plastic processing. Copolymerizing 3HB with representa-
tive comonomers such as (R)-3-hydroxyvalerate (3HV) 
and 3HHx leads to a slow copolymer crystallization 
rate, thereby reducing the efficiency of the melt mold-
ing process [6, 9–11]. Hence, the development of PHA 
copolymers with rapid crystallization behavior is desired. 
Recently, PHAs consisting of α-methylated mono-
mers such as 3-hydroxy-2-methylbutyrate (3H2MB) 
and 3-hydroxy-2-methylvalerate (3H2MV) have been 
biosynthesized by recombinant Escherichia coli using 
an artificial metabolic pathway from trans-2-methyl-
2-butenate (tiglic acid) and trans-2-methyl-2-pentenoic 
acid as precursors [12–18]. These studies indicate that 
PHAs containing α-methylated monomers exhibit rapid 
crystallization behaviors distinct from those of P(3HB) 
and conventional 3HB-based copolymers. In particular, 

Fig. 1  Chemical structures of various PHA monomers
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P(3H2MB) exhibits ~ 200-fold faster primary nuclea-
tion rate compared with that of P(3HB) [16]. Previously, 
the crystallization rates of P(3HB-co-11  mol% 3H2MV) 
[PHBM11], in which 3H2MV has a methyl side chain at 
the α-position of 3HV backbone, and P(3HB-co-12 mol% 
3HV) [PHBV12] were evaluated by measurement of half-
crystallization time (t1/2). The t1/2 of PHBM11 at a 75 °C 
isothermal crystallization temperature was 1.56  min 
[18], whereas the t1/2 of PHBV12 at 80 °C was as long as 
39.05  min [11]. Thus, α-methylated monomers confer 
superior crystallization behavior compared to typical 
(R)-3-hydroxyalkanoate monomers in PHA copolymers, 
which would lead to greater processability [16, 18]. 
Therefore, PHAs containing α-methylated monomer 
units have exciting potential as novel bio-based and bio-
degradable plastic materials.

The chirality of  the α-carbon of monomers influ-
ences PHA’s thermal and mechanical properties. 
Indeed, it has been reported that for PHAs containing 
3-hydroxy-2-methylpropionate (3H2MP), a new type of 
α-methylated monomer, the mechanical properties of 
the PHA differ dependent on the stereoisomeric config-
uration at the α-carbon [19]. The S-configuration at the 
β-position of the monomers  cannot be polymerized by 
PHA synthase, but both S- and R-configurations at the 
α-position of these monomers are available [19]. The ste-
reoisomeric composition at the α-position in the mono-
mers can be used to control the physical properties of 
PHA.

Ketothiolase (Acat3) from Ascaris suum catalyzes 
Claisen condensation reactions and enables the cou-
pling of acetyl-CoA and propionyl-CoA. This produces 
four kinds of 3-oxoacyl-CoAs: 3-oxobutyryl-CoA, 
3-oxovaleryl-CoA, 3-oxo-2-methylbutyryl-CoA, and 
3-oxo-2-methylvaleryl-CoA, dependent on the substrate 
access to the active site of Acat3 [20] (Fig. 2).

Dong et  al. [21] constructed recombinant E. coli 
expressing Acat3, acetoacetyl-CoA reductase (PhaB), 
and PHA synthase, and were able to produce PHA 
copolymers containing up to 36  mol% of α-methylated 
monomers (3H2MB and 3H2MV units) from glucose 
and propionate. Nevertheless, the effect of introducing 
α-methylated monomers into PHA copolymers on the 
resulting thermal properties, as well as the stereoisomeric 
configuration at the α-position of α-methylated mono-
mers synthesized using Acat3, remains to be elucidated.

In this study, PHA copolymers with α-methylated mon-
omers were biosynthesized from glucose and propionate 
by recombinant E. coli LSBJ, which expresses Acat3 to 
construct an artificial metabolic pathway. Subsequently, 
the stereochemical configuration at the α-position in the 
biosynthesized PHA copolymers was determined. Finally, 
the effect of α-methylated monomers on the thermal 
properties of PHA copolymers was elucidated.

Materials and methods
Materials
Methyl (2S,3R)-3H2MV was purchased from Enam-
ine Ltd. (Kyiv, Ukraine) and used as a standard for gas 

Fig. 2  PHA monomers biosynthesis pathway by ketothiolase (Acat3) and NADPH-dependent acetoacetyl-CoA reductase (PhaBRe)
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chromatography–mass spectrometry (GC–MS) analysis. 
P(3HB) [PHB] and P(3HB-co-24  mol% 3HV) [PHBV24] 
were provided by Monsanto Co., Ltd. (Creve Coeur, MO, 
USA) and Sigma-Aldrich (St. Louis, MO, USA), respec-
tively. P(3HB-co-11 mol% 3H2MV) [PHBM11] was syn-
thesized in our previous study [18].

Bacterial strains and plasmids
The bacterial strains and plasmids used in this study 
are listed in Table S1. Escherichia coli LSBJ [22, 23], an 
engineered strain of E. coli LS5218 [fadR601, atoC(Con)]  
with fadB and fadJ double deletions, was used as  
the host strain for PHA biosynthesis. The recombinant  
plasmid pBBR1phaP(D4N)CNSDGJAc_acat3-phaB, carrying  
the PHA synthase (PhaCAc_NSDG mutant) gene, PHA 
granule-associated protein (PhaPAc D4N mutant) gene,  
(R)-specific enoyl-CoA hydratase (PhaJAc) gene from 
Aeromonas caviae FA440, acetoacetyl-CoA reductase 
(PhaBRe) gene from Ralstonia eutropha H16, and ketothi-
olase (Acat3) gene from A. suum, was transformed into  
E. coli LSBJ. The plasmid pBBR1phaP(D4N)CNSDG_acat3-
phaB, constructed by removing phaJAc gene from  
pBBR1phaP(D4N)CNSDGJAc_acat3-phaB, was used to 
study the effects of PhaJAc expression on PHA biosyn-
thesis. To increase the supply of propionyl-CoA in  
the cytosol, the propionyl-CoA transferase genes from  
Megasphaera elsdenii (pctMe) and R. eutropha H16 (pctRe) 
were expressed using pTTQ19-pctMe and pTTQ19-pctRe, 
respectively (Table S1) [13, 14].

Plasmid construction
The construction strategy for the plasmid vectors is illus-
trated in Supplemental Figure S1. To introduce the acat3 
gene in pBBR1phaP(D4N)CJAcABReNSDG [12], the plas-
mid was digested by SpeI and BamHI. Subsequently, the 
phaRe promoter of R. eutropha H16 was amplified by  
polymerase chain reaction (PCR) using the following 
primers: BamH1-Pre-F, 5’-AAA​GGA​TCC​CGG​GGC​AAG​
TAC​CTT​-3’; Pre-Spe1-R, 5’-AAA​ACT​AGT​CCG​GCT​
CCG​GGC​ATT​G-3’ (Table S1). The resulting amplified 
fragment (approximately 1 kb) was inserted into the SpeI 
and BamHI sites of pBBR1phaP(D4N)CJAcABReNSDG to 
yield pBBR1phaP(D4N)CJAc NSDG_PRe. Next, phaBRe 
with the Shine–Dalgarno (SD) sequence from the pET3a 
vector was amplified from pET3a::phaB [24] using the  
primer sets (pET3a-aaa-xba1-F and aaaSac2-phaB-R). 
The acat3 (GenBank, ADY44833.1) was chemically syn-
thesized by Eurofins Genomics Co. Ltd. (Tokyo, Japan) 
based on the sequence of A. suum (Table S1), and its 
codon usage was optimized for E. coli. The phaBRe and 
acat3 genes were introduced into the XbaI-SacII and 

SpeI-XbaI sites of pBBR1phaP(D4N)CJAc NSDG_PRe, 
respectively, then pBBR1phaP(D4N)CNSDGJAc_acat3-phaB  
was obtained.

To construct a phaJAc-deficient plasmid vector, the 
2.7  kb DNA fragment of phaRe promoter-phaP(D4N)- 
phaCNSDG was amplified by overlap PCR using follows  
primer sets: PacNSDG_infusion -F1, 5’-TCG​ACG​GTA​ 
GCT​TGA​TAT​CCG​ATC​TGG​ACC​GGGGT-3’; PacNSDG_ 
infusion -R1, 5’-CAT​CAT​CGG​TCT​CCG​AAT​TCA​GTT​
CGG​CAG​AACAG-3’; PacNSDG_infusion -F2, 5’-CTG​
TTC​TGC​CGA​ACT​GAA​TTC​GGA​GAC​CGA​TGATG-
3’; PacNSDG_infusion -R2, 5’-CCC​GGG​CTG​CAG​GAA​
TTC​TCA​TGC​GGC​GTC​CTCCT-3’. Subsequently, the 
resultant PCR fragment was integrated into the EcoRV 
and EcoRI sites of the pBBR1phaP(D4N)CNSDGJAc_ 
acat3-phaB vector using an In-Fusion HD Cloning Kit 
(Takara Bio Inc., Ohtsu, Japan). Finally, the pBBR1phaP 
(D4N)CNSDG_acat3-phaB was constructed.

The pctRe gene was amplified from the genomic DNA 
of R. eutropha H16 using following primers: Nde1_PCT-
Re, 5’-ATA​CAT​ATG​AAG​GTG​ATC​ACC​GCA​CGC​GAA​ 
GCGG-3’; PCT-Re_BamH1, 5’-GCC​GGA​TCC​TTA​CAG​
GTG​CAG​GGG​CCCGG-3’(See Table S1). The ampli-
fied DNA fragment (1.6  kb) was inserted into the NdeI 
and BamHI site of the pET3a vector to yield the pET3a_
PCTRe. Next, pET3a_PCTRe was digested by XbaI and 
BamHI restriction enzymes to obtain the DNA frag-
ment  containing pctRe gene with the SD sequence from 
the pET3a vector. Subsequently, the SD-pctRe gene frag-
ment was inserted into the pTTQ19 vector, to yield 
pTTQ19_pctRe.

PHA biosynthesis
The recombinant E. coli was freshly transformed for each 
experiment and then pre-cultivated in Luria–Bertani 
(LB) medium (10 g/L NaCl, 10 g/L Bacto-tryptone, 5 g/L 
Bacto-yeast extract) supplemented with 50 mg/L of kana-
mycin (Km) and 50 mg/L of carbenicillin (Cb) at 30 °C for 
15 h. For PHA biosynthesis, 5% (v/v) of seed culture was 
inoculated into a 500 mL shake flask containing 100 mL 
(final volume) of the culture medium and cultivated at 
30  °C for 76 h. The 50 mg/L of antibiotics (Km and Cb) 
and 1  mM isopropyl-β-d-thiogalactopyranoside (IPTG) 
were added to the culture medium for plasmid mainte-
nance and to induce pct expression. Glucose (20 g/L) and 
sodium propionate (3 or 9 g/L) were added at the begin-
ning of cultivation and after 4 h of culture, respectively. 
The M9 mineral medium employed in this study was 
composed of the following: 17.1  g/L Na2HPO4·12H2O, 
3 g/L KH2PO4, 1 g/L NH4Cl, 0.5 g/L NaCl, 2 mL of 1 M 
MgSO4·7H2O, 0.1 mL of 1 M CaCl2.
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PHA quantification
PHA accumulation in cells was determined by gas chro-
matography (GC) using a Shimadzu GC-2014s (Shi-
madzu, Kyoto, Japan) equipped with an Inert Cap 1 (GL 
Sciences, Tokyo, Japan). Approximately 15–20  mg of 
lyophilized cells were treated with 2 mL chloroform and 
2  mL of methanol/sulfuric acid (85:15 vol%) at 100  °C 
for 8  h to prepare the samples. The samples were then 
injected into the chromatograph. The heating program 
has been described previously [25].

PHA extraction and purification
Polymers were extracted from the lyophilized cells using 
chloroform at 60 °C for 1–3 h. The polymer solution was 
passed through filter paper No. 1 (ADVANTEC, Toyo 
Roshi Kaisha, Ltd., Tokyo, Japan) and precipitated in 
methanol to remove impurities such as culture compo-
nents. The polymers were collected using  No. 5B filter 
paper (ADVANTEC) and dried at room temperature. 
Solvent-cast films of the PHAs were prepared to analyze 
their thermal properties. For this purpose, the purified 
polymers were dissolved in chloroform and then fil-
tered with a 0.45  μm polyvinylidene fluoride filter on a 
Petri dish and dried in a draft chamber. The cast film was 
aged at room temperature for 3–4 weeks to achieve con-
sistent crystallization before analysis.

Polymer structural analysis
The microstructures and monomer compositions of the 
biosynthesized PHAs were analyzed by nuclear magnetic 
resonance (NMR) spectroscopy using an AVANCE III 
HD500 spectrometer (Bruker BioSpin GmbH, Ettlingen,  
Germany). Approximately 5–20  mg of the purified  
polymers were dissolved in 1  mL of CDCl3 and sub-
jected to 500  MHz 1H NMR and 125  MHz 13C NMR 
spectroscopic analyses. The monomer composition was 
determined by calculating the ratio of peak areas in the 
NMR spectra.

Chirality analysis
The chiral configurations of the biosynthesized PHAs 
were determined by gas chromatography–mass spec-
trometry (GC-MS; QP2010, Shimadzu, Kyoto, Japan) 
equipped with a Beta-DEX 120 column (Supelco, Belle-
fonte, PA, USA). The column temperature was initially 
set at 100  °C, increased to 140  °C at a rate of 5  °C/min, 
and further increased to 200  °C at a rate of 10  °C/min.  
The mass spectrum was set m/z 88 based on the frag-
mentation pattern of the methyl ester of α-methylated 
monomers. The stereoisomeric molar ratios were deter-
mined by calculating the peak area of each isomer at 
m/z 88.

Thermal property analysis
The melting and crystallization behaviors of the polymer 
samples were analyzed using differential scanning calo-
rimetry (DSC) (DSC 8500, PerkinElmer, Waltham, MA, 
USA) under a helium atmosphere. Approximately 5  mg 
of each polymer sample was weighed and sealed in an 
aluminum pan. First, the temperature was maintained for 
2 min at -50 °C, followed by increasing to 200 °C at 20 °C/
min (first heating scan) and holding at 200 °C for 1 min. 
Subsequently, the temperature was rapidly decreased to 
-50  °C at a cooling rate of 500  °C/min, held for 2  min, 
then increased again to 200 °C (second heating scan), and 
held for 2 min. Next, the temperature was decreased to 
-50 °C at a cooling rate of 20 °C/min (cooling scan). The 
original melting temperature (Tm) and enthalpy of fusion 
(ΔHm) were determined from the first heating scan, 
whereas the glass transition (Tg) and cold crystallization 
(Tcc) temperatures were determined from the second 
heating scan. The crystallization temperature (Tc) was 
determined using cooling scans.

Results
Effect of PhaJAc expression on PHA biosynthesis
The α-methylated 3H2MB and 3H2MV units are gen-
erated by Acat3 via Claisen condensation reactions of 
propionyl-CoA with acetyl-CoA and propionyl-CoA, 
respectively (Fig.  2). Therefore, propionate is required 
as a precursor for α-methylated monomers. Further-
more, 3-oxoacyl-CoA, synthesized via the condensa-
tion reaction catalyzed by Acat3, may be converted into 
enoyl-CoA by the action of PhaBRe and an inherent dehy-
dratase in E. coli (Fig.  3). The  (R)-specific enoyl-CoA 
hydratase (PhaJAc) catalyzes the hydroxylation reaction 
at the β-position of enoyl-CoA, an intermediate in the 
fatty acid β-oxidation, leading to the formation of (R)-
3-hydroxyacyl-CoA. Therefore, introducing PhaJAc in the 
Acat3-expressing strain might affect the production of 
α-methylated monomers.

Given the potential  roles of Acat3 and PhaJAc  on the 
production of α-methylated PHA polymers, we desired 
to characterize the effect of propionate concentra-
tion and PhaJAc expression on PHA biosynthesis using 
recombinant E. coli LSBJ expressing phaPAc_D4N, 
phaCAc_NSDG, phaJAc, acat3, phaBRe, and pctMe and 
compare the production and polymer composition with 
a strain in the absence of phaJAc. The results are shown 
in Fig. 4.

PHA production by the PhaJAc-expressing strain 
was comparable to that by the non-PhaJAc-express-
ing strain. In the non-phaJAc-expression strain,  the 
α-methylated monomers fraction increased with the 
addition of sodium propionate, reaching a maximum 
of 2.4  mol% of 3H2MV unit at the supplementation of 
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Fig. 3  The proposed metabolic pathway for α-methylated PHA generation via dehydration and hydration reactions, catalyzed by an inherent 
dehydratase and heterologously expressed (R)-specific hydratase (PhaJAc). R1: proton or methyl group, R2: methyl or ethyl group

Fig. 4  PHA accumulation in the recombinant E. coli LSBJ with or without PhaJAc expression. A Dry cell weight, PHA concentration, and PHA 
content in the cells, B monomer composition of PHA determined by GC. The cells were cultivated in 100 mL M9 mineral medium supplemented 
with glucose (20 g/L, added at 0 h) and sodium propionate (3 or 9 g/L, added at 4 h) at 30 °C for 76 h. All experiments were repeated at least three 
times. Non-PhaJAc expression (-PhaJAc): E. coli LSBJ/pTTQ19_pctMe, pBBR1phaP(D4N)CNSDG_acat3-phaB, PhaJAc expression (+PhaJAc): E. coli LSBJ/
pTTQ19_pctMe, pBBR1phaP(D4N)CNSDGJAc_acat3-phaB 
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9 g/L propionate. However, the fraction of α-methylated 
monomers in the PhaJAc-expressing strain was reached at 
15.9 mol% (3H2MV 15.7 mol%, 3H2MB 0.2 mol%) under 
the condition supplementing 9  g/L sodium propionate, 
which is 6.6-fold higher than that of the non-PhaJAc-
expressing strain. Despite the increases in 3H2MV 
monomer content in PHA copolymer produced with 
increasing amounts of propionate feedstock, those same 
increases inhibited PHA accumulation and cell growth 
(Fig.  4A). The 3H2MB fraction was detected in  insig-
nificant amounts; thus, it was ignored in subsequent 
analyses.

PHA biosynthesis and sample preparation
To prepare the polymer samples for characterization, 
repeated and scaled-up cultures were performed under 
the conditions shown in Table 1.

In these cultures, 3–15  g/L propionate was added to 
increase the diversity of 3H2MV unit composition in 
PHA copolymers. Furthermore, the sequential addition 
of glucose was performed to enhance PHA production. 
New PCT, an enzyme derived from R. eutropha H16, 
was also assessed. Biosynthesized PHAs were purified, 
and the PHA yields ranged from 13–196 mg. The high-
est molecular weight of PHA was observed for the non-
PhaJAc-expressing strain, with an Mw of 27.9 × 105 g/mol 
(Table 2). The polydispersity (Mw/Mn) of these polymers 
ranged from 1.57–2.60.

NMR analysis of biosynthesized PHA
The chemical structures of the biosynthesized PHA were 
analyzed using NMR. Figure  5 shows a 500  MHz 1H 
NMR spectrum and a 125 MHz 13C NMR spectrum with 
assigned proton and 13C resonances, respectively. Signals 

Table 1  Culture conditions for PHA sample preparation and monomer composition of prepared samples

The cells were cultivated in 500 mL- or 2 L-shake flask containing M9 mineral medium supplemented with glucose (20 g/L added at 0 h or 10 g/L added at 0, 24, 48 h 
three times) and sodium propionate (3, 9, or 15 g/L, added at 4 h) at 30 °C for 76 h
a Propionyl-CoA transferase (PCT) from Megasphaera elsdenii (Me) or Ralstonia eutropha H16 (Re)
b Yield of purified polymer
c Copolymer compositions were determined using 1H NMR (3H2MB unit was ignored)
d Isomeric ratios of 2R (%) and 2S (%) were calculated using the peak area detected by GC–MS equipped with a chiral separation column

Culture condition Polymer 
yield (mg)b

Monomer composition 
(mol%)c

3H2MV 
isomer (%)d

Sample code

PhaJAc PCTa Propionate 
(g/L)

Glucose 
(g/L) × times

Culture vol. 
(mL) × times

3HB 3HV 3H2MV 2R 2S

+ Me 3 20 × 1 100 × 10 87 66 32 3 47 53 V32M3

- Me 9 20 × 1 1000 × 3 196 63 35 2 42 58 V35M2-J

+ Me 9 20 × 1 1000 × 3 13 73 22 5 79 21 V22M5

+ Me 15 10 × 3 1000 × 4 112 59 30 11 79 21 V30M11

+ Re 15 10 × 3 100 × 10 21 82 14 4 82 18 V14M4

Table 2  Thermal properties, molecular weight, and monomer sequence distribution (D value) of biosynthesized PHA copolymers

DSC measurements were conducted at heating and cooling scan rates of 20℃/min

n.d. Not detectable

Sample code 1st heating 2nd heating Cooling Molecular weight D value

Tm (°C) ΔHm (J/g) Tg (°C) Tcc (°C) Tc (°C) Mw (× 105) Mw/Mn

PHB 161, 174 66 1 45 68 4.58 2.05 -

PHBV12 137, 150 28 -2 51 n.d 1.69 1.58 1.10

PHBV24 99 6 -10 n.d n.d 0.47 1.71 1.07

V14M4 165, 176 47 -9, 1 58 57 8.03 2.37 13.8

V22M5 51, 162, 171 21 -10, 0 75 n.d 15.7 2.51 3.91

V30M11 50, 163, 174 23 -7, 1 68 n.d 8.24 2.60 2.19

V32M3 80, 166, 179 35 -13, 0 64 n.d 7.68 1.83 6.81

V35M2-J 73, 164, 172 27 -13, 0 74 n.d 27.9 1.57 4.84
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of α-methyl protons (-CH3) of 3H2MV (1.13 ppm) were 
detected in the 1H NMR spectrum (Fig.  5A). Further-
more, signals corresponding to the β-methine carbon 
and β-methylene carbon of 3H2MV were observed 
at 75.8  ppm and 23.6  ppm in the 13C NMR spectrum, 
respectively (Fig.  5B), confirming the inclusion of 
3H2MV monomer in the biosynthesized PHA. Based 
on 1H NMR analysis, the monomer composition of bio-
synthesized PHA was calculated to be 59  mol% 3HB, 
30 mol% 3HV, and 11 mol% 3H2MV (sample V30M11).

Subsequently, the monomer sequence distribution 
was examined from the signals derived from the car-
bonyl carbons (169–173  ppm) to determine whether 
it was a statistically random copolymer. Based on the 
Bernoulli distribution, there are FB-B, FB-A, FA-B, and 
FA-A (B and A represent the 3HB and other 3-hydroxy-
alkanoate units, respectively), where FB-A is the mole 
fraction of the BA distribution, and D is used to calcu-
late the randomness of the copolymer, which is defined 
as follows [26]:

Fig. 5  A 500 MHz 1H NMR and B 125 MHz 13C NMR spectrum of biosynthesized PHA (sample V30M11)
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Theoretically, the D value of a statistically random 
copolymer should be equal to 1: Blocky copolymers have 
D values much higher than 1, whereas alternating copoly-
mers have D values close to 0 [26].

The D values of the copolymer samples were calculated 
from the carbonyl peaks detected in the 13C NMR spec-
trum (Fig. 5B). As shown in Table 2, the copolymers with 
D values of α-methylated PHA range from 2.19 to 13.8, 
suggesting their classification as slightly blocky copoly-
mers. Indeed, when comparing the diad distributions 
of 3H2MV*-3HB (M*-B) and 3H2MV*-3HV (M*-V) 
observed at around 172.5 ppm in the 13C NMR spectrum 
(Fig.  5B), M*-V signal is larger than M*-B signal, which 
differs from the abundance ratio of 3HB and 3HV units 
in the copolymer.

Chirality analysis of biosynthesized PHA
The biosynthesized α-methylated monomers possess 
chiral characteristics due to the chiral centers on their 
α-carbons. The methyl-esterified PHA monomers were 
analyzed using GC–MS with a chiral separation col-
umn. Chemically synthesized methyl (2S,3R)-3-hydroxy-
2-methylvararate was used as a standard.

D =

FB−BFA−A

FB−AFA−B

As shown in Fig. 6, by selecting the ion chromatogram 
of m/z 88 based on the fragmentation pattern of the 
methyl ester of α-methylated monomers, a clear separa-
tion was observed for the two stereoisomers with reten-
tion times of 5.2 and 5.4 min for methyl (2R)-isomer and 
methyl (2S)-isomer, respectively. The 3H2MV peak of the 
sample V35M2-J (produced by non-PhaJAc-expressing 
strain) was detected at both 5.3 min and 5.4 min. Based 
on the peak areas, the R: S ratio was calculated as 42:58. 
Interestingly, the (2R)-isomer ratio increased in sample 
V22M5 (produced by PhaJAc-expressing strain), result-
ing in a high (2R)-isomer ratio of 79%. PhaJAc expres-
sion enhanced the supply of (2R)-isomer. In our previous 
study [18], we synthesized PHBM11 by PhaJAc-expressing 
recombinant E. coli LSBJ using trans-2-methyl-2-pen-
tenoic acid as the 3H2MV precursor. PHBM11 was 
subjected to GC–MS analysis in this study. The result 
indicates that nearly  all detectable  3H2MV units incor-
porated into PHA are (2R)-isomers (Fig. 6). This strongly 
suggests that PhaJAc hydroxylates carbon in a (2R)-spe-
cific manner to provide (2R,3R)-3H2MV units.

Thermal properties of biosynthesized PHA
Examination of the effect of incorporating α-methylated 
monomers into PHA polymers on their thermal proper-
ties was explored using DSC. The melting temperature 

Fig. 6  Chiral configuration analysis of PHA methyl esters and methyl (2S,3R)-3H2MV by GC–MS equipped with a chiral separation column. The 
GC–MS ion chromatograms (m/z 88) are shown. PHA copolymer samples of V35M2-J and V22M5 were biosynthesized by non-PhaJAc-expressing 
and PhaJAc-expressing strains, respectively. PHBM11 were biosynthesized in our previous study [18]
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and crystallization behavior of the biosynthesized PHA 
copolymers were determined and compared with those 
of PHB, PHBV12, and PHBV24 (Fig. 7, Table 2).

In the first heating scan of DSC, the melting tem-
peratures (Tm) of PHBV12 and PHBV24 were detected 
at 137–150  °C and 99  °C, respectively. In contrast, 
α-methylated PHA showed two distinguishable Tms at 
50–80  °C and 162–179  °C. Additionally, the enthalpy 
of fusion (ΔHm) of sample V14M4 (containing 14 mol% 
3HV and 4  mol%  3H2MV) determined from the 
first  heating scan was 47  J/g, which is much higher 
than that of PHBV12 (28 J/g). The ΔHm of V14M4 and 
PHBV12 diverged despite their 3HV fractions being 
comparable at 14 mol% and 12 mol%, respectively.

In the DSC second heating scan, the cold crystal-
lization temperatures (Tcc) of PHB, PHBV12, and 
α-methylated PHAs were detected at 45, 51, and 
58–75  °C, respectively, whereas that of PHBV24 was 
not detectable. Although α-methylated PHAs contain 

14–35 mol% 3HV, their crystallization behavior is more 
similar to that of PHB compared to that of PHBV24.

To further investigate the crystallization behavior, 
crystallization during the cooling process was exam-
ined (Fig. 8). The Tc of PHB and V14M4 were 68 °C and 
57  °C, respectively. The higher Tc detected during the 
DSC cooling process indicates that the polymer eas-
ily crystallized in the high-temperature range. On the 
other hand, PHBV12 did not show Tc during the DSC 
cooling process.

Discussion
PHAs containing α-methylated monomers such as 
3H2MB and 3H2MV are a new class of biobased materi-
als with novel properties. Although α-methylated PHA 
has been marginally detected in activated sludge [27–
29], the microorganism and PHA synthase for the bio-
synthesis of α-methylated PHA have not been isolated, 
and the metabolic pathways supplying these monomers 
are yet to be elucidated. Recently, an artificial metabolic 

Fig. 7  DSC thermograms of PHB and PHA copolymers. A First heating scan, B second heating scan
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pathway capable of producing the 3H2MB monomer 
from tiglic acid was constructed by expressing enoyl-
CoA hydratase (PhaJAc) and PHA synthase (PhaCAc_
NSDG) with broad substrate specificity in recombinant 
E. coli LSBJ. Therefore, PHA copolymers with a wide 
range of 3H2MB fractions and P(3H2MB) were biosyn-
thesized [12, 14–17]. Employing the aforementioned 
artificial metabolic pathway, PHA containing 3H2MV 
and 3H2MP monomer units, which are methylated at 
the α-carbon of the 3HV and 3-hydroxypropionate 
(3HP) monomers, were biosynthesized from trans-
2-methyl-2-pentenoic acid and the hydrolyzed methyl 
3-hydroxy-2-methylpropionate, respectively [18, 19]. 
Additionally, the novel type of α-methylated PHA with 
3-hydroxypyvalic acid, dimethylated at the α-carbon of 
3HP, was biosynthesized using sodium 3-hydroxypiv-
alate as a precursor [30]. This approach facilitated 
the production of various binary PHA copolymers 
composed of 3HB and α-methylated monomer units. 
The mechanical and thermal properties of the binary 
copolymers of α-methylated PHA have been character-
ized; however, the effects of the α-methylated mono-
mer units in PHA copolymers remain insufficiently 
explored. Utilizing the Claisen condensation reaction 
of acetyl-CoA and propionyl-CoA catalyzed by Acat3, 
a ketothiolase derived from A. suum, we successfully 

biosynthesized a PHA copolymer containing 3HB, 
3HV, and α-methylated monomers (3H2MB and 
3H2MV) from glucose and propionate [20, 21]. In this 
study, the biosynthesis of PHA copolymers containing 
α-methylated monomers was conducted by cultivating 
the recombinant E. coli expressing Acat3. Subsequently, 
the biosynthesized PHAs were characterized regarding 
chemical structure and thermal properties.

The biosynthesis of PHA copolymer with 2.4 mol% of 
α-methylated monomers was achieved by cultivating 
the recombinant E. coli LSBJ expressing Acat3, PhaCAc_
NSDG, and PhaBRe from 20  g/L glucose and 9  g/L 
sodium propionate (Fig. 4). However, the PHA yield was 
as low as 0.04 g/L due to the toxicity of the added sodium 
propionate for cell growth. Implementing strategies such 
as two-stage cultivation consisting of cell growth- and 
PHA accumulation phases and utilizing strains capable of 
producing propionate intracellularly may improve PHA 
production [31]. By the additional expression of PhaJAc, 
the composition of α-methylated monomers increased 
to 15.9  mol% (Fig.  4), suggesting that PhaJAc enables to 
increase the supply of α-methylated monomers, espe-
cially 3H2MV.

The stereoregularity of the α-methylated monomers 
should be considered, due to the isomeric forms derived 
from the chirality of α- and β-carbon. Given the substrate 

Fig. 8  DSC thermograms during the cooling process of PHB and PHA copolymers
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specificity of PHA synthase and acetoacetyl-CoA reduc-
tase (PhaB), the β-carbon in the α-methylated monomer 
was presumed to be a (3R)-isomer. Meanwhile, it was 
recently reported that PhaCAc_NSDG polymerizes the 
(2S)-isomer [19]. Differences in the tacticity of the PHA 
influence its thermal and mechanical properties. Atactic 
P(3H2MP) (R: S = 40:60) is amorphous, whereas isotactic 
P(3H2MP) (R: S = 1: 99) is crystalline. Moreover, the atac-
tic P(3H2MP) (R: S = 17: 83) showed elongation at break 
of 880%, which is two-fold higher compared with isotac-
tic P(3H2MP) (R: S = 1: 99) [19]. Therefore, controlling 
the stereoregularity of the α-methylated monomer units 
is of great interest for further altering the material prop-
erties of PHA polymers. In the present study, the chiral 
configuration analysis showed that the 3H2MV unit in 
the sample V35M2-J (produced by non-PhaJAc-express-
ing strain) contained 42% of (2R)- and 58% of (2S)-iso-
mers. In contrast, the (2R)-isomer ratio was increased 
in the sample V22M5 (produced by PhaJAc expression 
strain), resulting in up to 79% of (2R)-isomer being 
observed (Fig. 6). A previous study identified the 3H2MB 
monomer generated via PhaJAc from tiglic acid as the 
(2R)-isomer [16]. PHBM11 containing 11 mol% 3H2MV, 
synthesized in the same manner [18], was also character-
ized as a (2R)-isomer in this study (Fig.  6). From these 
facts, it is hypothesized that 3-oxo-2-methylvaleryl-CoA 
generated by Acat3 undergoes dehydration by an inher-
ent enzyme, forming 2-methyl-2-pentenoyl-CoA. Sub-
sequently, PhaJAc converts it into (2R,3R)-3H2MV-CoA 
stereospecifically (Fig.  3). By heterologously expressing 
PhaJAc and regulating the inherent isomerization in the 
cells, it may be possible to control the stereoregularity of 
α-methylated PHA.

In general, for 3HB-based copolymers, 3HB crystalli-
zation is inhibited by the presence of co-monomer con-
stituents in the 3HB sequence [6, 9–11]. Interestingly, 
in this investigation, the 4  mol% 3H2MV-containing 
copolymer (V14M4), despite having a 14 mol% 3HV frac-
tion, crystallized more readily than PHBV12 during DSC 
heating and cooling scans (Table  2, Figs.  7 and 8). This 
result suggests that α-methylated monomers potentially 
facilitate crystallization. However, to accurately interpret 
this result, it is necessary to consider that V14M4 is a 
copolymer with a highly blocky nature (D = 13.8). As for 
sample V30M11, which shows the lowest D value (2.19) 
among the samples synthesized in this study, it exhibited 
a clear cold crystallization peak at 68 °C during the sec-
ond DSC heating scan, although PHBV24 did not exhibit 
a cold crystallization peak (Fig. 7). Comparing these two 
samples clarified the effect of the 3H2MV unit on the 
crystallization. This phenomenon might occur due to the 

promotion of primary nucleation, similar to the behavior 
observed for PHA polymers containing the 3H2MB unit 
[15, 16].

Previous studies have reported that PHA polymers 
with α-methylated monomers, such as 3H2MB and 
3H2MV, show superior thermal properties and crystal-
lization behavior [16, 18]. Indeed, for the P(3H2MB), the 
primary nucleation rate was 200-fold higher than that 
of PHB [16]. This crystallization behavior is compara-
ble to that of isotactic polypropylene. Additionally, the 
half-crystallization time of PHBM11 during isothermal 
crystallization has been reported to be much shorter 
than that of PHBV12 [11, 18]. Moreover, α-methylated 
PHA such as P(3H2MB), P(3H2MP), and P(3HPi) exhibit 
high thermal stability due to their resistance to thermal 
decomposition, which is induced by the cis-elimination, 
achieved through the substitution of a hydrogen atom 
at α-carbon with a methyl group [16, 19, 32, 33]. Thus, 
introducing α-methylated monomers into PHA facilitates 
crystallization and enhances thermal stability, enabling 
practical melt processing.

Conclusions
In conclusion, we constructed an artificial metabolic 
pathway in recombinant E. coli LSBJ expressing Acat3 
and some PHA biosynthesis enzymes to synthesize a 
PHA copolymer with α-methylated monomers from 
glucose and propionate. The biosynthesized PHA 
copolymer contained up to 15.9  mol% of α-methylated 
monomers (3H2MV and 3H2MB). The α-carbon of 
3H2MV generated by the Acat3-expressing strain was 
both of (2S)- and (2R)-isomers, whereas the (2R)-iso-
mer was dominant 3H2MV in the strain with additional 
PhaJAc expression. The biosynthesized α-methylated 
PHA copolymer’s thermal properties were evaluated 
using DSC and compared with the conventional PHAs 
such as PHB, PHBV12, and PHBV24. The crystalliza-
tion of α-methylated PHA occurred more rapidly than 
for PHBV24 because of the incorporation of the 3H2MV 
monomer. This finding is based on the observation that 
the Tcc of α-methylated PHA was detected during the 
second  DSC heating scan, while PHBV24 was not. This 
phenomenon occurred due to the promotion of crystal 
nucleation, which is similar to the behavior observed for 
P(3H2MB) [16].
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