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Abstract: Polyhydroxyalkanoates (PHAs) are aliphatic polyesters synthesized intracellularly by
microorganisms as a carbon-storage substance. Among the various PHAs, 3-hydroxybutyrate (3HB)-
based copolymers are crystalline polymers widely used as biodegradable plastics. Recently, PHAs
containing a-carbon-methylated monomers, such as 3-hydroxy-2-methylbutyrate (3H2MB) and 3-
hydroxy-2-methylvalerate (3H2MYV), have been synthesized and characterized. However, a binary
copolymer of 3HB and 3H2MV, P(3HB-co-3H2MV), had not yet been synthesized, and its mate-
rial properties had not been investigated. In this study, P(3HB-co-11 mol% 3H2MV) (PHBMV11)
was synthesized with recombinant Escherichia coli LSB]J, using trans-2-methyl-2-pentenoic acid as
the 3H2MYV precursor. The thermal properties of PHBMV11 were characterized using differential
scanning calorimetry (DSC), and the results were compared with those of P(3HB-co-12 mol% 3-
hydroxyvalerate) (PHBV12) to explore the effect of x-carbon methylation in the comonomer unit.
PHBMV11 exhibited a higher enthalpy of fusion during the DSC heating process and higher crystal-
lization temperature during the DSC cooling process than those of PHBV12. The half-crystallization
time of PHBMV11 was slightly longer than that of the P(3HB) homopolymer and much shorter than
that of PHBV12 previously reported. The a-carbon methylation of the SH2MV unit also has a positive
effect on the crystallization of 3HB-based copolymers, as the 3H2MB unit demonstrated previously.

Keywords: polyhydroxyalkanoates; PHA; 3-hydroxyvalerate; x-methylated monomer; 3H2MV

1. Introduction

Polyhydroxyalkanoates (PHAs) are aliphatic polyesters synthesized intracellularly
by microorganisms as carbon-storage substances [1-3]. Among PHAs, the homopolymer
of (R)-3-hydroxybutyrate, [P(3HB) or PHB; (Figure 1)], is most commonly synthesized
by microorganisms. P(3HB) shows excellent biodegradability in various environments
such as compost, soil, river water, and seawater [4]. In addition, P(3HB) is hard, brittle,
and exhibits poor flexibility because of its high crystallinity [1]. Therefore, 3HB-based
copolymers such as poly(3HB-co-3-hydroxyvalerate) [P(3HB-co-3HV) or PHBV (Figure 1)]
and poly(3HB-co-3-hydroxyhexanoate) [P(3HB-co-3HHx) or PHBH] have been recognized
as practical materials [5].
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Figure 1. Chemical structures of PHAs.

In recent years, Kaneka Corporation in Japan has developed a mass production process
of PHBH by bacterial fermentation using plant oils as a raw material. This process can
produce 5,000 tons per year and is scheduled to be scaled up to 20,000 tons in a few years [5].
The polymers are processed into marine degradable straws and cutlery and marketed in
Japan. Although PHBH is a very practical material, some problems limit its widespread
use. One of the problems is the slow crystallization behavior of PHBH. The 3HHx fraction
in PHBH prevents the crystallization of polymers. For example, the half-crystallization
time (1 /) of PHB at 100 °C is 1.66 min, while the t; /, of P(3HB-co-6 mol% 3HHx) at 90 °C
is about 20 min [6]. This means that the time needed for PHBH to solidify after melting
takes much longer than that of PHB. It is also the same problem for PHBV [7], which has
been commercialized by Monsanto Company and others earlier than PHBH. Nucleating
agents such as talc and boron nitride have been added to improve the crystallization
of the polymer [7]. However, the slow crystallization of copolymers cannot be solved
simply by applying nucleating agents. The development of PHA copolymers with excellent
crystallization behavior will be important for the further development and commercial
implementation of PHAs.

Differential scanning calorimetry (DSC) is a useful tool for evaluating the crystal-
lization of polymers. During a DSC measurement, the cold-crystallization temperature
(Tee) detected during the 2nd heating process and the crystallization temperature (1)
detected during the cooling process are important indicators and represent a proxy for
the crystallization of the polymers. Additionally, the t; ,, observed during the isothermal
crystallization of the polymers using DSC is also an important index for evaluating the
crystallization behavior. These measurements open a window to evaluate the materials for
potential commercial processibility before processing at scale.

The a-carbon-methylated monomer units, 3-hydroxy-2-methylbutyrate (3H2MB) and
3-hydroxy-2-methylvalerate (3H2MV) (Figure 1) have been detected as PHA compo-
nents synthesized by microorganisms living in activated sludge from sewage treatment
plants [8,9]. PHAs containing such a-carbon methylated units have great potential as novel
bio-based materials. The 3H2MYV repeating unit was detected more frequently than 3H2MB
repeating unit in PHAs recovered from sludge bacteria when propionic acid was used as
a feedstock [8,9]. These x-methylated monomers are presumed to be generated by the
catalytic action of specific 3-ketothiolases [10], which are different from 3-ketothiolases
(PhaAs) usually found in the typical PHA biosynthetic operon. However, the bacterial
species capable of synthesizing «-methylated PHA have yet to be identified from acti-
vated sludge.

Recently, copolymers consisting of 3HB and «-methylated 3H2MB units, P(3HB-co-
3H2MB) (Figure 1), were synthesized by recombinant Escherichia coli with an artificial
metabolic pathway [11-15]. It was found that P(3HB-co-3H2MB) exhibits a different crys-
tallization behavior from P(3HB) and the conventional 3HB-based copolymers due to the
a-carbon-methylation of the 3H2MB unit. Particularly, P(3HB-co-3H2MB) showed a de-
creasing T, during the 2nd heating scan of the DSC measurement with increasing 3H2MB
fraction up to 23 mol% [11]. This observation suggests that P(3HB-co-23 mol% 3H2MB) can
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crystallize faster than P(3HB) even at such a high 3H2MB fraction. In contrast, conventional
3HB-based copolymers, such as PHBV and PHBH, show increasing T.. with increasing
comonomer fractions [16,17]. Unlike P(3HB-co-3H2MB), the 3HB-based copolymers are
less likely to crystallize as the comonomer content increases. This suggests incorporating
these alternative monomer units into PHAs could lead to more industrially processable
PHA polymers.

The 3H2MYV unit has methyl- and ethyl side-chains at the «- and (3-carbons, respec-
tively. Due to the bulky ethyl side chain at the 3-carbon, the 3H2MV unit can be expected
to have different properties from the 3H2MB unit. However, the copolymers containing
3H2MYV units synthesized thus far often contained 3HV and 3H2MB units other than 3HB
units [8,9]. For such copolymers, the effects of 3H2MV on the properties of PHA could not
be evaluated because 3HV and 3H2MB units shield the impact of the 3H2MV unit.

In this study, to evaluate the effect of the 3H2MYV unit on the thermal and crystallization
properties of the polymer, the binary copolymer P(3HB-co-3H2MV) was synthesized using
recombinant E. coli LSB] with trans-2-methyl-2-pentenoic acid as the 3H2MV precursor. The
synthesized P(3HB-co-3H2MYV) contained 11 mol% of 3H2MYV, as revealed by IH nuclear
magnetic resonance (NMR) and was named PHBMV11. The thermal properties of this
polymer were analyzed using DSC, and the results were compared with those of P(3HB)
and P(3HB-co-12 mol% 3HV), which were named PHB and PHBV12, respectively. This
study characterized the effect of a-methylated carbons of 3H2MV unit on the thermal and
crystallization properties of 3HB-based copolymers.

2. Materials and Methods
2.1. Materials

trans-2-Methyl-2-pentenoic acid and trans-2-butenoic acid (crotonic acid) were pur-
chased from the Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan), and the pH of the
fatty acid solutions were adjusted to 7.0-7.4 with NaOH solution. The PHB and PHBV12
powders were supplied by Monsanto Co., Ltd. (Saint Louis, MO, USA).

2.2. Bacterium Strain and Plasmids

The biosynthetic pathway for P(3HB-co-3H2MYV) is shown in Figure 2. This biosyn-
thetic strategy is similar to that reported in a previous study [13]. A mutant strain of E.
coli LS5218 [fadR601, atoC(Con)] with fadB fad] double deletion, namely, E. coli LSBJ [18,19],
was selected as the host strain for PHA accumulation. E. coli LSB] harboring plasmids
pBBR1phaP(D4N)CJANSDG and pTTQ19-PCT have been cultured [13,14]. The plasmid
pBBR1phaP(D4N)CJ 4 NSDG harbors Aeromonas caviae PHA-granule-associated protein
gene (phaPa.) with a D4N point mutation [20], A. caviae PhaC gene (phaCa NSDG) with
N149S and D171G point mutations [21,22], and A. caviae (R)-specific enoyl-CoA hydratase
gene (pha] ac). The plasmid pTTQ19-PCT [14,23] carries the PCT gene (pct) from Megasphaera
elsdenii for trans-2-methyl-2-pentenoyl-CoA and crotonyl-CoA supplementation.
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Figure 2. The metabolic pathway for P(3HB-co-3H2MV) synthesis constructed in E. coli LSB].

2.3. Biosynthesis of PHA

The recombinant E. coli LSB] strain was cultivated in Luria-Bertani (LB) medium (10 g
NaCl, 10 g tryptone, and 5 g yeast extract per liter of water) with 50 mg/L kanamycin and
50 mg/L carbenicillin at 30 °C for 15 h as a seed culture.

A two-step culture strategy was used for the PHA synthesis. To obtain PHA-free cells,
10 mL of pre-culture was added to 1 L (final volume) of LB medium in 2 L shake flasks
containing 50 mg/L kanamycin and 50 mg/L carbenicillin. After 15 h of incubation at
30 °C, the cells were collected by centrifugation (4137 x g, 8 min, room temperature) and
washed with saline water. Subsequently, as a second step to synthesize P(3HB-co-3H2MV)
copolymer, the cells were transferred into 1 L of the M9 modified medium (17.1 g/L
NapyHPO,4-12H,0, 3 g/L KHyPOy, 0.5 g/L NaCl, 2 mL of 1 M MgSO,4-7H,0, 0.1 mL of
1 M CaClp, and 2.5 g/L Bacto-yeast extract) [13,14] in 2 L shake flasks containing 50 mg/L
kanamycin and 50 mg/L carbenicillin. trans-2-Methyl-2-pentenoic acid and crotonic acid,
previously converted to sodium salts as described above, were used as precursors for
3H2MV and 3HB, respectively. A total of 7.5 g/L glucose (1.25 g/L each time at 0, 12, 24, 36,
48, and 60 h), 1 g/L trans-2-methyl-2-pentenoic acid (at 0 h), and 0.2 g/L crotonic acid (at
0 h) were added to the culture medium. Shake flask cultivation was performed at 100 rpm
and 30 °C for 72 h.

2.4. Gas Chromatography Analysis

The polymer content of the dried cells was determined by gas chromatography (GC)
using a Shimadzu GC-2014s chromatograph equipped with a flame-ionization detector.
Approximately 20 mg of lyophilized cells were weighed and methanolyzed using sulfuric
acid and methanol (sulfuric acid/methanol = 15:85, v/v) at 100 °C for 8 h. The samples
were injected through the GC capillary column InertCap 1 (30 m x 0.25 mm, GL Science,
Tokyo, Japan). The column temperature was initially set at 90 °C for 2 min, increased to
110 °C at a rate of 5 °C/min, and then increased to 280 °C at a rate of 20 °C/min [14,15].
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2.5. Polymer Extraction and Purification

Polymers were extracted from the lyophilized cells using chloroform (1 mg PHA:2 mL
chloroform) at room temperature for three days. The cell residue was filtered, and the
resulting polymer solution was purified by reprecipitation in methanol. The polymers
were collected using filter papers, dried, dissolved in chloroform, and reprecipitated in
hexane. Finally, the collected polymers were dissolved in chloroform and reprecipitated
from methanol.

2.6. Molecular Weight Analysis

The molecular weights of the PHA samples were determined via gel-permeation
chromatography (GPC) using a Shimadzu Nexera 40 GPC system (Kyoto, Japan) equipped
with a Shodex RI-504 refractive-index detector (Tokyo, Japan). Approximately 2-3 mg
of the purified polymer was weighed into a 5 mL vial and dissolved in chloroform to a
concentration of 1 mg/mL. GPC analysis was performed using two KF-406LHQ-joined
columns (Shodex, Tokyo, Japan) at a column-oven temperature of 40 °C. Calibration curves
were plotted using polystyrene standards with low polydispersity.

2.7. NMR Analysis

The microstructures and monomer compositions of the biosynthesized PHAs were
analyzed by NMR spectroscopy using a BioSpin Avance III 400 A spectrometer (Bruker,
Billerica, MA, USA). The 400 MHz 'H NMR and 100 MHz '3C NMR spectroscopic analyses
were performed on approximately 10-15 mg of purified polymer samples dissolved in 1 mL
of deuterated chloroform. The PHA monomer composition was determined by calculating
the ratio of the peak areas of the methine region in the NMR spectrum.

2.8. Thermal Property Analysis

The melting and crystallization behaviors of the PHA samples were analyzed using
DSC 8500 (Perkin—Elmer, Waltham, MA, USA) under a helium atmosphere. Approximately
5-10 mg of each PHA sample was weighed and sealed in an aluminium pan. The tem-
perature program was started by holding the samples at —50 °C for 2 min, followed by
an increase in the temperature up to 200 °C, at a heating rate of 10 °C/min (first heating
scan), holding the samples at 200 °C for 2 min, and then rapidly decreasing the temperature
to —50 °C at a cooling rate of 500 °C/min; held at —50 °C for 2 min; and then increased
again to 200 °C at a heating rate of 10 °C/min (second heating scan); held at 200 °C for
2 min; then decreased to —50 °C at a heating rate of 10 °C/min (cooling scan). The original
melting temperature (Ty,) and the enthalpy of fusion (AH,,) were determined from the
first DSC heating scan. The glass-transition temperature (T;), Tcc, and enthalpy of cold
crystallization (AH..) were determined from the second heating scan. The T, and enthalpy
of crystallization (AH,) were determined from the cooling scans.

The t;/, of the samples was determined by isothermal crystallization analysis using
DSC. The polymer was heated at 200 °C and then quenched to the isothermal-crystallization
temperature, followed by the measurement of the exothermal heat flow, and t;,, was
determined based on Avrami kinetics.

3. Results
3.1. Biosynthesis of PHA by Two-Step Cultivation

First, we synthesized the P(3HB-co-3H2MV) copolymer using recombinant E. coli
LSBJ in a one-step cultivation with trans-2-methyl-2-pentenoic acid and crotonic acid as
the precursors for 3H2MV and 3HB, respectively. However, these organic acids strongly
inhibited cell growth, and a sufficient number of cells could not be obtained (only up to
0.7 g/L of dry cell weight could be recovered). Thus, we employed a two-step cultivation
strategy to enhance the cell yield. In the two-step cultivation, the dry cell weight increased
up to 2.1 g/L. Additionally, the cells accumulated 5.5 wt.% of PHA. Approximately 30 mg
PHA was obtained by repeating the two-step cultivation and polymer purification. The
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number-average molecular weight (M;) and polydispersity (PDI) of this polymer were
19.2 x 10° and 1.22, respectively (Table 1). This polymer was used for further analysis.

Table 1. Molecular weights and thermal properties of PHAs used in this study.

1st Heating 2nd Heating Cooling
M,
Sample (x 135) PDI D Tm_lst AH m_1st Tg Tec AH,. Tm_an AH, m_2nd T: AH,
Q) (J/g) Q) Q) (J/g) Q) (J/g) Q) (J/g)
PHB 4.0 2.18 - 186 84.8 3.0 37.8 35.3 181 74.2 86.5 56.2
PHBV12 14 1.88 1.40 139,157 27.3 3.7 42.0 36.6 136 52.0 53.5 8.6
PHBMV11 19.2 1.22 3.85 162,176 445 —2.8 39.3 34.6 175 69.2 72.2 38.9

M,;: number-average molecular weight, PDI: polydispersity (M, /M), D: the randomness of the copolymer,
T: melting temperature, AH,,;: enthalpy of fusion, T: glass-transition temperature, T: cold-crystallization tem-
perature, AH: enthalpy of cold crystallization, T,: crystallization temperature, AH.: enthalpy of crystallization.

3.2. NMR Analysis of Biosynthesized PHA

The 400 MHz 'H NMR analysis was performed to study the polymer samples’
monomer compositions and compositional distributions. Figure 3 shows each proton
resonance assignment for the P(3HB-co-3H2MYV) copolymer [8], where signals 2 and 5 were
chosen to calculate the fractions of 3HB and 3H2MV units based on their peak intensities.
These two signals were selected because each was recognizable in the spectra. The 3H2MV
fraction determined by 'H NMR was 11 mol%.

3
3 7
= o) 65/ o)
* : H
O/z\)L\O T *
1
8
3HB 3H2MV
1
2
6 8 7
4}"[_/5\ 4 \_J\‘J
6 5 4 3 2 1 0
ppm

Figure 3. 'H NMR spectrum of P(3HB-co-11 mol% 3H2MV) (PHBMV11).

The monomer sequence distribution of PHBMV11 was studied to determine whether
it is a statistically random copolymer. Based on the Bernoulli distribution, there are Fp«p,
Fp+y, Fy«p, and Fy~y (B and V represent 3HB and 3H2MYV, respectively). Fx+y is the mole
fraction of the XY distribution, and the parameter D is used to calculate the randomness of
the copolymer, which is defined as follows [24]:

D— FpspFysy
FpivFvsp

@

Theoretically, the D value of a statistically random copolymer is 1. Blocky copolymers
have D values much higher than 1, whereas alternating copolymers have D values close to
0 [24]. The D value was calculated for PHBMV11 using the carbonyl peaks detected in the
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13C NMR spectrum (Figure 4). The D value of PHBMV11 was 3.85, indicating a slightly
blocky copolymer. However, this blockiness is commonly observed in biosynthesized
PHAs [24,25]. The same analysis was applied to the PHBV12 obtained from the Monsanto
Company, and the D value was determined to be 1.40.

d
cpal,
)
* /_\)L @
O ¢ a />0
b C
i b
3HB 3H2MV
a
3HB*-3HB
3H2MV*-3HB  3HB*-3H2MV
3H2MV*-3H2MV|
174 173 172 171 170 160 168 .
e Jg f h i) |
N . A N il
180 160 140 120 100 80 60 40 20 0

ppm

Figure 4. 13C NMR spectrum of P(3HB-co-11 mol% 3H2MV) (PHBMV11).

3.3. Thermal Properties of PHA

The melting and crystallization behaviors of PHBMV11 were determined using DSC
and compared with those of PHB and PHBV12. The results are presented in Figure 5 and
Table 1. In the DSC’s first heating scan, PHBMV11 showed T}, at 162 and 176 °C, higher
than PHBV12 (at 139 and 157 °C). Furthermore, AH,, of PHBMV11 determined from the
1st heating scan was 44.5 ] /g, which is also much higher than that of PHBV12 (27.3 ]J/g).
On the other hand, the T, of PHB was detected at 186 °C, and the AH,, was 84.8]/g. The
Ty of PHBMV11 is only 10 °C lower than that of PHB, but the degree of crystallinity is
expected to be much lower than PHB.

In DSC second heating scan, Tgs of PHBMV11 and PHBV12 were detected at —2.8 and
3.7 °C, respectively. T detected for PHBMV11 was 39.3 °C, which is close to that of PHB
(37.8 °C), suggesting that, despite being a copolymer, PHBMV11 exhibits a crystallization
behavior similar to PHB homopolymer rather than PHBV12.

To further investigate the crystallization behavior, crystallization during the cooling
process was investigated (Figure 6). A higher T, detected during the DSC cooling process
indicates that the polymer is more likely to crystallize. T, values for PHB, PHBV12, and
PHBMV11 were detected at 86.5, 53.5, and 72.2 °C, respectively. Based on this observation,
PHB exhibited the fastest crystal formation, followed by PHBMV11 and PHBV12. This order
was the same as that of AH.. Although PHBMV11 and PHBV12 had similar comonomer
compositions, there was a considerable difference in crystallization behavior due to the
a-carbon-methylation.
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PHB
PHBV12
AL . -
-50 0 50 100 150 200
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PHB
PHBV12
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-50 0 50 100 150 200

Temperature (°C)

Figure 5. DSC thermograms of P(3HB-co-11 mol% 3H2MV) (PHBMV11), P(3HB-co-12 mol% 3HV)
(PHBV12), and P(3HB) (PHB). (A) first heating scan, (B) second heating scan.

10°C/min
-
PHB
PHBV12
PHBMV11
-1
-50 0 50 100 150 200

Temperature (°C)

Figure 6. DSC thermograms during cooling process of P(3HB-co-11 mol% 3H2MV) (PHBMV11),
P(3HB-c0-12 mol% 3HV) (PHBV12), and P(3HB) (PHB).

3.4. Isothermal Crystallization of PHA

The crystallization rate of PHBMV11 was evaluated by determining #; /» in isothermal
crystallization in the temperature range from 75 °C to 105 °C. The results are shown in
Figure 7. The t;,, was 1.56 min at an isothermal crystallization temperature of 75 °C,
and the t;,, became longer as the temperature increased. PHB generally exhibits the
shortest t1 /, at around 60-70 °C. The t; /, of PHBMV11 was longer than that of PHB in any
temperature range tested (Figure 7), indicating slower crystallization than PHB, which is
consistent with the results of non-isothermal crystallization (Figure 6).
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Figure 7. Half-crystallization time (#; /») in isothermal crystallization of P(3HB-co-11 mol% 3H2MV)
(PHBMV11) and P(3HB) (PHB) [12]. The t; ,; of PHBV12 at 80 °C was reported as 39.05 min [26].

On the other hand, the half-crystallization time of PHBV12 was very long compared
to those of PHB and PHBMV11. Therefore, we were unable to get a reliable result in this
study. According to a previous study, the half-crystallization time of PHBV12 at 80 °C was
reported as 39.05 min [26]. Taken together, these results suggest that the crystallization
behavior of PHBMV11 is relatively similar to that of PHB as opposed to the crystallization
behavior of PHBV12, owing to the effect of a-carbon-methylation.

4. Discussion

PHASs containing o-carbon methylated monomer units are a new class of bio-based ma-
terials with novel properties. x-Methylated PHA has been found in activated sludge from
sewage treatment plants [8,9], but the microorganisms that synthesize a-methylated PHA
have not been elucidated. Recently, it became possible to synthesize various «-methylated
PHAs using genetically modified E. coli LSB] with an artificial metabolic pathway and
precursors of a-methylated monomers [11-15]. This has allowed for the synthesis of PHAs
containing 3H2MB and their thermal and mechanical properties to be characterized. On the
other hand, the precursor of 3H2MYV can be acquired as a commercially available reagent,
and it seemed possible to synthesize 3H2MV-containing PHAs using a similar synthetic
strategy as was used for PHAs containing 3H2MB repeating units [12,13]. However, the
3H2MV precursor, trans-2-methyl-2-pentenoic acid, was found to retard the growth of the
bacterial cells, which ultimately resulted in a low PHA yield. Therefore, we tried to reduce
the apparent cytotoxicity of the 3H2MYV precursor by adopting a two-step culture method.

To evaluate the effect of the 3H2MYV unit on the thermal and crystallization properties
of the polymer, the production of a binary copolymer P(3HB-co-3H2MV) was needed. In this
study, P(3HB-co-3H2MV) was synthesized, aiming to incorporate a 3H2MV fraction of about
12 mol%. The reasoning was to compare P(3HB-co-3H2MV)'s thermal and crystallization
properties with those of PHBV12 obtained from Monsanto Company. Previous studies
have reported that PHBV12 exhibits much slower crystallization than PHB [7,26]. As the
result of the biosynthesis study, we successfully obtained P(3HB-co-3H2MV) containing 11
mol% of 3H2MV unit, comparable to PHBV12 in copolymer composition.

On the other hand, it was challenging to produce polymers with similar molecular
weights and randomness via biosynthesis. In general, the lower the molecular weight
and the lower the randomness of the copolymer (the D value is far from 1), the easier the
polymers crystallize [17]. As for PHBMV11, the M, is as high as 19.2 x 10°. In addition, the
D value of PHBMV11 was 3.85, indicative of a slightly blocky copolymer, but such D values
are often observed for biosynthesized PHAs [17,25]. Nevertheless, PHBMV11 exhibited a
higher crystallization temperature during the DSC cooling process (Figure 6) and a much
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shorter half-crystallization time (Figure 7) when compared to PHBV12. Therefore, we
consider that the differences in molecular weight and the randomness of the copolymer
are unlikely to have a large effect on the crystallization behavior. It was concluded that
PHBMV11 is easier to crystallize than PHBV12, even considering such differences in
sample properties.

The effect of the 3H2MV unit to promote crystallization is probably due to the pro-
motion of crystal nucleation, similar to how the 3H2MB unit promotes crystallization, as
previously demonstrated [11-13]. In the case of P(3H2MB), the primary nucleation rate
was approximately 200-fold higher than that of P(3HB) [12]. Therefore, P(3H2MB) had
numerous fine spherulites, unlike P(3HB), which had some large spherulites. In contrast
to the 3H2MB unit, the ability of the 3H2MV unit to promote crystal nucleation would be
weaker than that of the 3H2MB unit because of the bulky ethyl side chain at the 3-position.

The stereoregularity of the 3H2MYV unit should be considered. The 3H2MV unit is
thought to exist in four isomeric forms derived from the x- and (-carbon chirality. The
-carbon is assumed to be the (3R) enantiomer, judging from the substrate specificity
of PHA synthase. No PHA synthase polymerizes the (3S) enantiomer monomer units.
The chirality of the x-carbon is currently unknown. However, the previous study on
P(3H2MB) suggested the possibility that the 3H2MB unit polymerized into PHA is a
(2R,3R) enantiomer based on optical rotation measurements [12]. Thus, it is highly likely
that the 3H2MV unit in this study is also the (2R,3R) enantiomer because the same synthetic
strategy was employed except for the precursor. Meanwhile, PHA synthases are expected
to polymerize both (2R)- and (25)-enantiomers, which can be inferred from the fact that 3-
hydroxypivalate, an «,x-disubstituted monomer unit, can be polymerized [15]. Therefore,
the stereoregularity control of the 3H2MV unit is of great interest to further alter the
property of PHA.

The x-methylated PHAs have recently attracted much attention as a new recyclable
and sustainable high-performance polymer [27,28]. The «-methylated PHAs tend to have
high melting temperatures and excellent mechanical properties. In the case of P(3H2MB),
Ty and Tq are 196 °C and 15 °C, respectively, both of which are about 10-15 °C higher
than those of non-a-methylated P(3HB) [12]. The elongation at break of P(3HB) is 12%,
while that of P(3H2MB) shows a significant increase to 520% [12]. Furthermore, controlling
the cis/trans ratio of the 3H2MB repeating units by chemical synthesis allows for the
developing of high-melting, thermally stable, and mechanically tough copolymers covering
a full range of polyolefin-like properties [27]. Moreover, Zhou et al. reported that replacing
reactive carbonyl-adjacent hydrogens in the monomer with methyl groups produces a PHA
that addresses the origin of thermal instability by precluding facile cis-elimination during
thermal degradation [28]. Thus, the o, x-disubstitution in PHAs enhances thermal stability
so substantially that the PHAs become melt-processable [28]. Accordingly, methyl groups
at the o-position significantly improve PHA in multiple respects. Therefore, the SH2MV
unit, a repeating unit characterized in this study, will also contribute to the diversification
of a-methylated PHAs as a newly available monomer.

5. Conclusions

A binary copolymer, P(3HB-co-3H2MV), was synthesized with recombinant E. coli LSB]
using crotonic acid and trans-2-methyl-2-pentenoic acid as 3HB and 3H2MYV precursors.
The obtained copolymer, PHBMV11, consisted of an 11 mol% 3H2MYV unit, as revealed
by 'H NMR analysis. The thermal properties of PHBMV11 were compared with those
of PHB and PHBV12. Due to the effect of x-methylated-carbon of the 3H2MYV unit, the
crystallization of PHBMV11 progresses more easily than that of PHBV12. This is based
on the facts that the T, of PHBMV11 was detected at a lower temperature than that of
PHBV12 in the DSC 2nd heating scan and that the T, of PHBMV11 was detected at a higher
temperature than that of PHBV12 in the DSC cooling process.

Additionally, the t; ;, of PHBMV11 was much shorter than that of PHBV12 previously
reported and slightly longer than that of the P(3HB) homopolymer. This means that the
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solidification of PHBMV11 after melting takes a much shorter time than that of PHBV12
and is comparable to that of PHB. Thus, this study confirmed that the 3H2MV unit in
PHBMV11 promotes crystallization, probably due to the promotion of crystal nucleation
similar to the manner observed when PHA copolymers incorporate 3H2MB repeating units.
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