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The biosynthesis of polyesters from different L-amino acids was investigated by wild-type Ralstonia eutropha (for-
merly Alcaligenes eutrophus). The accumulation and degradation of the polyesters was found to occur during the cul-
tivation time from 6 h to 48 h, when R. eutropha was cultivated on nitrogen-poor medium containing 1% (w/v) of each
L-amino acid as the sole carbon source by two-step batch fermentation. L-Valine was best among different L-amino acids
used for the polyester productivity. The polyester content in dried cells produced from L-valine as the sole carbon source
was up to 36 wt % during the cultivation time from 24 h to 36 h in a two-step fermentation and up to 27 wt % during 120
h of culture time in a one-step fermentation, respectively. The compositions and molecular weights of the polyesters
produced from L-valine were ca. 90 mol% of 3-hydroxybutyric acid (3HB) and ca. 10 mol% of 3-hydroxyvaleric acid
(3HV) units and up to 5 x 10°-8 x 10° gmol~', respectively. As-biosynthesized P(3HB-co-ca. 10 mol% 3HV) was
shown to have a random sequence distribution of 3HB and 3HV units by analysis of the '3CNMR spectra and have
a very narrow comonomer compositional distribution by the fractionation method with chloroform/heptane mixed sol-
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vent.

Most genera of bacteria biosynthesize poly(hydroxyalkano-
ic acid) (PHAs) as storage compounds and deposit these poly-
esters as insoluble granule inclusions in the cytoplasm.l This
occurs mainly if bacteria are cultivated in the presence of an
excess of a carbon source and the growth is limited by the lack
of an essential nutrient, such as nitrogen, oxygen, sulfur, or
phosphorus.2 Since the discovery of poly(3-hydroxybutyric
acid) [P(3HB)] in Bacillus megaterium by Lmoigne,3 more
than 150 differnt constituents of PHAs have been identified
to date as different hydroxyalkanoic acids with 3—-14 carbon
atoms."*  As these microbial polyesters are biodegradable
thermoplastics and/or elastomers, they have attracted much at-
tention as new environmentally compatible materials.”®
Poly(3-hydroxybutyric acid-co-3-hydroxyvaleric acid) [P-
(3HB-co-3HV)] has been a well-studied example of the many
PHAs that can be produced by bacteria. In particular, the
P(3HB-co-3HV)s with the compositions rich in 3HB content
have been focused on since the commercially available mate-
rials are generally restricted to compositions between 0-30
mol% 3HV.”® These copolyesters are substantially more flex-
ible and can be melt-processed with less risk of thermal
degradation.9 Hence, the thermal and mechanical properties
of P(3HB-co-3HV)s with up to 30 mol% 3HV compositions
have been well studied. However, Yoshie et al.l? reported re-
cently that some bacterial P(3HB-co-3HV)s produced from the
mixed carbon source of glucose and propionic acid or butyric
acid and valeric acid were composed of mixtures of several
random copolymers with different 3HV contents by using a
solvent fractionation method. For example, the P(3HB-co-
3HV) with 15.3 mol% 3HV composition was fractionated into
five fractions ranging from 10.9 to 25.3 mol% 3HV, and even a
copolyester with 6.5 mol% 3HV composition was fractionated
into two fractions of 6.1 mol% and 15.7 mol% 3HV. There-

fore, the physical and thermal properties of the as-biosynthe-
sized P(3HB-co-3HV) from the mixed carbon substrates may
be those of a blend of several pure copolyesters with different
compositions. That is, be different from the “true” properties
of pure copolymer with a narrow compositional distribution.
However, no a random copolymer with a narrow composition-
al distribution may be produced, as long as the 3HV-unit relat-
ed substrates such as propionic acid or valeric acid and the
3HB-unit substrates such as glucose or butyric acid were utiliz-
ed as the mixed carbon sources. Unfortunately, thermally and
mechanically good P(3HB-co-3HV) with ca. 10 mol% 3HV
compositions has not been biosynthesized until now in the
good productivity from single 3HV-unit related carbon source
by wild-type Ralstonia eutropha (formerly Alcaligenes
eutrophus). Whereas, the P(3HB-co-3HV)s with up to 8
mol% 3HV composition have been produced from single
3HV-unit unrelated carbon source such as fructose by a mutant
of Ralstonia eutropha that is a spontaneous revertant to proto-
tropy of an isoleucine-auxotropic mutant of wild-type R. eutro-
pha, but the cell density was low with about 1.5 gL‘l.ll Pre-
viously, Inoue et al. reported the biosynthesis of copolyesters
containing 3HV unit in wild-type R. eutropha from medium
containing 1 wt % of different L-amino acids as the sole carbon
source. However, the yield of polyesters was very low, and the
maximum contents of polyesters in dried cells were below 3.7
wt %."2

In this study, we investigated in detail the effects of cultiva-
tion time and concentration of L-amino acids on polyester pro-
duction by wild-type R. eutropha, and found that the commer-
cially available P(3HB-co-3HV)s with ca. 10 mol% 3HV com-
positions were biosynthesized at a comparatively high rate
when L-valine, among different L-amino acids, was used as
the single carbon source. Since L-valine is biosynthesized
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by the cultivation of Hydrogenomas H16" or Aerobacter aer-
ogenes'® on sucrose or glucose with urea as the nitrogen
source, it is a renewable resource, and then may be a candidate
for the carbon and/or nitrogen sources for the microorganism.
Recent remarkable progress in fermentation and organic syn-
thetic technology has enabled us to obtain optically active L-
amino acids at low prices. Therefore, various L-amino acids,
including L-valine, are attractive raw materials as renewable
resources, and the different amino acid-based polymers that
are not only biocompatible materials but also functional chem-
ical materials have recently been synthesized by Endo et al."”

Experimental

Culture Method. Ralstonia eutropha H16 (formerly Alcali-
genes eutrophus, ATCC 17699) was used in this study. Polyester
synthesis from different L-amino acids was carried out by a two-
step batch cultivation of R. eutropha H16, in which the cells were
first grown in nutrient-rich medium and next transfered into a ni-
trogen-poor mineral medium containing L-amino acids as the sole
carbon source. Polyester synthesis from L-valine was also carried
out by a one-step batch cultivation, in which R. eutropha H16 was
inoculated into a mineral medium containing L-valine alone.

In the two-step batch fermentation, R. eutropha H16 cells were
first grown under aerobic conditions at 30 °C and pH 7.0 for 24 h
on a reciprocal shaker in a 500-mL Sakaguchi flask containing 100
mL of nutrient-rich medium containing 1 g of yeast extract, 1 g of
polypeptone, 0.5 g of meat extract, and 0.5 g of (NH4)>SOy4. The
cells were harvested by centrifugation at 5000 g for 15 min. Un-
der these culture conditions, the accumulation of polyester in the
cells was not observed. About 0.31 g quantities of the centrifuged
cell of the seed culture were transferred into 100 mL of mineral
medium (pH 7.2) containing 0.102 g of KH,PO4, 1.11 g of
Na,HPO, - 12H,0, 0.02 g of MgSO,4 and 1 mL of a microelement
solution. The microelement solution contained 9.7 g of FeCls, 7.8
g of CaCly, 0.156 g of CuSO4-5H,0, 0.119 g of CoCl,, 0.118 g of
NiCl,-6H,0 and 0.062 g of CrCl, (per cubic decimeter of 0.1 M
HCI (1 M = 1 moldm™3)). 10 gdm™ of each L-amino acid was
added to the nitrogen-free mineral medium mentioned above and
the pH value of the media was adjusted to 7.2 by addition of dilute
sodium hydroxide or sulfuric acid solution. After the L-valine
containing mineral medium was sterilized for 10 h under ultravio-
let light, the cells were aerobially cultivated in this medium for 3—
48 h at 30 °C and 120 rpm, harvested by centrifugation, and finally
lyophilized. Polyesters were extracted from the lyophilized cells
with hot chloroform in a Soxhlet apparatus and purified by repre-
cipitation with hexane.

In the one-step batch fermentation, R. eutropha H16 was inocu-
lated into a 100 mL of mineral medium (pH 7.2) containing 0.102
g of KH,POy, 1.11 g of Na,HPO,4 - 12H,0, 0.02 g of MgSO4 and 1
mL of a microelement solution. The prescribed concentrations of
L-valine as the sole carbon source was added to the above mineral
medium. The cells were aerobically cultivated for the prescribed
periods at 30 °C and pH 7.2 on a reciprocal shaker in a 500-mL
Sakaguchi flask. The isolation and purification were the same
as the two-step cultivation method.

Fractionation Procedure. As-produced copolyesters were
treated as following: 100 mg of original sample was dissolved
in 20 mL of chloroform, and about 20 mL of heptane was added
dropwise to this solution with stirring until becoming turbid. Af-
ter refluxing for 1 h, the mixed solution was allowed to stand over-
night at room temperature. The precipitated polyester and soluble
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polyester were separated in the usual way and weighed.

Analytical Procedure. The compositions and sequence distri-
butions of copolymers were determined by analyses of 'H and
IBCNMR spectra. '"HNMR and '*CNMR analyses were carried
out on a JEOL GX-270 spectrometer. The 270-MHz 'HNMR
spectra were recorded at 21.3 °C in a CDClj; solution of polyester
(4 mgmL~") with a 4.9 ps pulse width (45° pulse angle), 16000
data points, and 32 accumulations. The 'H noise decoupled
67.5-MHz '3C NMR spectra were recorded at 21.3 °C in a CDCl;
solution of polyester (20 mg mL~") with a 4.0 us pulse width (45°
pulse angle), 5 s pulse repetition, 20000 Hz spectral width, 32000
date points, and 15000 accumulations. Tetramethylsilane (Me4Si,
6 = 0) was used as an internal chemical shift standard.

Molecular weights were determined by gel permeation chroma-
tography (GPC) using polystyrene calibration on a JASCO 807-IT
equipped with a TOSOH TSK-GEL G4000HXL column at 25 °C
in CHCl;. The sample concentration was 1.0 mgmL~! and the
flow rate of chloroform was 1 mLmin~!.

Differential scanning calorimetry (DSC) data of polyesters
were analyzed in the temperature range of —100 to 200 °C on a
SEIKO SSC 5000 DSC 220 equipped with a cooling accessory un-
der a nitrogen flow of 30 mL min~!. Samples were heated from 0
to 200 °C at a rate of 20 °Cmin~! under a nitrogen stream. The
melting temperature (71,) and the enthalpy of fusion (AH,,) were
determined from the DSC endotherms. For measurement of the
glass-transition temperature (7,), the samples were maintained
at 200 °C for 1 min, and then rapidly quenched at —100 °C, They
were then heated from —100 °C to 200 °C at a heating rate of 20
°Cmin~'. The Ty, and T, were taken as the midpoint of the heat-
ing capacity change.

The stress-strain curves of cast films of copolyester samples
were obtained at 23 °C with a strain rate of 20 mm min~! on a Shi-
madzu AG-5KNE Auto GRAPH tensile mashine. The mechanical
tensile data were calculated from such curves on an average of
three specimens.

Results and Discussion

Biosynthesis of the Polyesters from Different L-Amino
Acids. Inoue et al. reported the biosynthesis of polyesters
from different naturally occurring &-amino acids by wild-type
Ralstonia eutropha, but the yields of polyesters in dried cells
were very low, with 3.7 wt % or less.'>1° However, an exami-
nation of cultivation time and concentration of amino acid has
not been conducted for improving the yield of polyesters. We
investigated in detail on the polyester production conditions
from different L-amino acids by wild-type R. eutropha. The
biosynthesis of polyesters was conducted in a nitrogen-poor
medium containing 10 gdm™3 (1%, w/v) of each L-amino acid
as the sole carbon source by two-step batch fermentation. In
two-step batch fermentation, R. eutropha was first grown for
24 h in a nutrient-rich medium in which polyester was not ac-
cumulated within the cells. After that, the collected cells were
transferred into a mineral medium containing an L-amino acid
and incubated at 30 °C and pH 7.2. Figure 1 shows the time
courses of dry cell weight and polyester production from dif-
ferent L-amino acids during the two-step batch cultivation of
R. eutropha. During an initial cultivation time, the increase
in rate of the dry cell weights obtained from different L-amino
acids is larger than that of the polyester weights accumulated.
This suggests that both cell growth and polyester accumulation
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Fig. 1. Time courses of dry cell and polyester weights from
1% (w/v) of different L-amino acids by R. eutropha at 30
°C. L-Valine (@, O), L-phenylalanine (M, [), L-glutamic
acid (v, V), L-leucine (®, <), L-isoleucine (A, A), L-
threonine (x, X).

occurred simultaneously. This may be reasonable since R. eu-
tropha is cultivated under the presence of poor nitrogen gener-
ated from amino acid used as the sole carbon source. The
maximal dry cell weights and accumulated polyester weights
from a 1% (w/v) media of trial L-amino acids were observed
in a comparatively short cultivation time between 6 h and 36
h, and the accumulated polyesters were observed to be almost
degradated in vivo after 48 h of incubation, except for L-
valine. The previous report of Inoue et al.'® on the production
of polyesters from different L-amino acids in R. eutropha was
only a result of the 48 h culture time. Hence, the polyesters
accumulated in cells during 48 h of culture time may apparent-
ly result in low yields because of comparatively rapid degrada-
tion in vivo. Table 1 shows the production of polyesters from
a mineral medium containing 1% (w/v) of different L-amino
acids as the sole carbon source at culture times of 12 h and
24 h, respectively. The polyester productivities from most
of the L-amino acids used as a carbon source were higher at
a culture time of 12 h rather than 24 h, and the essential amino
acids, such as L-valine, L-phenylalanine, L-leucine, L-isoleu-
cine, and L-methionine, among different L-amino acids, were
comparatively effective for polyester accumulation. In paticu-
lar, the polyester content in a dried cell was as large as 32 wt %
at the culture time of 24 h, when 1% (w/v) of L-valine as a sole
carbon source was fed to the wild-type Ralstonia eutropha.
The polyesters obtained from L-amino acids were 3-hydroxy-
butyric acid (3HB) homopolymer [P(3HB)], or copolymers
consisting of 3HB units and a minor amount of 3-hydroxyva-
leric acid (3HV) by analysis of '"HNMR spectra.
Biosynthesis of the Polyesters from 1L-Valine in a Two-
Step Fermentation. The culture condition of the biosynthesis
from L-valine was examined in detail, because the productivity
of the polyester from L-valine was effective and the polyesters
obtained were P(3HB-co-3HV) with ca. 10 mol% 3HV compo-
sitions, which have been focused on as commercially available
materials. Figure 2 shows the production of polyester, the
weight of the dry cells, and residual biomass obtained by the
cultivation of R. eutropha during 36 h from various amounts
of L-valine in a two-step fermentation. The residual biomass
is calculated as the difference between the dry cell weight
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Table 1. Biosynthesis of Polyesters from Different L-Amino
Acids (1%, w/v) for 12 h and 24 h at pH 7.2 and 30 °C by
R. eutropha under Two-Step Fermentation

L-Amino Cultivation Dry cell Polyester Composition
acid time weight  content¥  /mol%"
10 gdm™3 h gdm™3 wt % 3HB 3HV
Val 12 4.19 23.75 90 10
24 5.35 32.02 92 8
Phe 12 5.94 22.10 100 0
24 7.55 14.90 100 0
Leu 12 8.00 16.12 100 0
24 8.18 8.11 100 0
Ile 12 7.63 10.13 98 2
24 6.37 5.32 97 3
Met 12 2.59 6.83 97 3
24 247 3.81 99 1
Lys 12 2.17 1.90 100 0
24 2.07 2.52 100 0
Trp 12 4.13 2.33 100 0
24 6.52 0.11 — —
Thr 12 4.35 2.90 99 1
24 5.02 0.01 — —
Tyr 12 591 7.92 100 0
24 5.84 1.97 100 0
Gly 12 1.83 2.13 99 1
24 2.56 0.93 — —
Ser 12 4.37 247 100 0
24 3.52 0.17 — —
Ala 12 4.81 0.44 100 0
24 4.20 0.19 — —
Cys 12 10.20 0.42 100 0
24 9.65 0.45 99 1
Pro 12 4.66 2.84 100 0
24 6.32 0.11
Gln 12 5.61 0.16 — —
24 4.47 0.00 — —
Asn 12 4.46 0.00 — —
24 4.15 0.00 — —
Glu 12 5.20 3.46 99 1
24 4.69 0.09 — —
Asp 12 4.46 0.00 — —
24 4.84 0.06 — —
Arg 12 2.22 1.53 100 0
24 2.40 1.00 100 0
His 12 5.50 0.29 99 1
24 5.04 0.00 — —

a) Polyester content in dry cell weights.
'"HNMR.

b) Determined by

and polyester content."”  Both the dry cell and polyester
weights increase with increasing concentration of L-valine up
to 20 gdm~>, and then remained at constant weights of 6
gdm™ and 2 gdm™3, respectively, beyond the L-valine con-
centration of 20 gdm™3. In the 36 h culture, the change in
the residual biomass for the L-valine concentrations was hardly
observed, even if the L-valine concentration in the media was
as high as 50 gdm™3. This phenomenon was also similar to
the case of the 24 h culture, but the residual biomass increased
slightly with the L-valine concentrations above 48 h cultivation

time (data not shown). These facts suggest that the wild-type
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Table 2. The Effect of pH Values on Polyester Production
by R. eutropha from 1% (w/v) of L-Valine for 24 h at
30 °C
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a) Polyester content in dry cell weights.
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Fig. 2. Production of the polyester by the two-step fermen-
tation of R. eutropha from different amounts of L-valine
for 36 h at 30 °C. Dry cell weight (O), polyester weight Table 3. The Effect of Cultivation Temperatures on Poly-
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ine for 24 h at pH 7.2
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Fig. 3. Time courses of the polyester contents in dry cell
weights and 3HV fractions of polyesters produced by the
two-step fermentation of R. eutropha in the mineral medi-
um containing different amounts of L-valine.

Ralstonia eutropha may preferentially utilize L-valine as a car-
bon source for polyester accumulation rather than as a nitrogen
source for cell growth during the compalatively short culture
time from 24 h to 36 h. In contrast, other L-amino acids are
almost only utilized for the cell growth of R. eutropha
(Fig. 1). The results of polyester production while changing
the amounts of L-valine and culture times together with the
compositions of polyesters obtained are shown in Fig. 3.
The optimal concentration of L-valine and culture time for pol-
yester production were 10-30 gdm™3 (1-3% (w/v)) and 24-36
h, respectively, and the polyester content in dried cells under
this condition was as high as 36 wt %. The polyesters obtained
from L-valine were P(3HB-co-3HV), with compositions rang-
ing from 7 mol% to 14 mol% 3HV. It is known that the amino
acids are amphoteric electrolyts and change their charge state
according to the pH value of the medium, and the solubility of
amino acids becomes a minimum at the isoelectric point. The
results of polyester production in 1% (w/v) L-valine in various
pH values is shown in Table 2. The fermentation was carried
out for 24 h at 30 °C. The highest dry cell wight and polyester
weight were observed in the culture solution of pH 7.2 contain-
ing 1% (w/v) of L-valine, but the polyester contents in the

dried cells were an almost constant 30 wt % in the pH range
of 5.5-8.0. The polyester content in dried cells decreased
slightly at pH 8.5. The 3HV composition of P(3HB-co-
3HV) produced was ca. 9 mol%, independent of the pH varia-
tion in the culture solution. The production of polyester in R.
eutropha from L-valine as the sole carbon source was slightly
affected in a weakly acidic media of pH 5.5, weakly alkaline
media of pH 8.0, and media of pH 6.0, which is isoelectric
point of L-valine, respectively. Table 3 shows the effect of cul-
ture temperature on the polyester production from L-valine for
24 h at pH 7.2. The polyester contents in dried cells were con-
stant, as high as 32 wt % at culture temperatures ranging from
25 to 35 °C, but decreased considerably at 40 °C.
Biosynthesis of the Polyesters from L-Valine in a One-
Step Fermentation. A two-step fermentation is an ineffec-
tive culture method because of the expensive nutrients for cell
growth. Therefore, the production of P(3HB-co-3HV) in R.
eutropha from L-valine as the sole carbon source was carried
out by a one-step fermentation in which cell growth and poly-
ester accumulation occur simultaneously in a mineral medium
containing L-valine alone. Figure 4 shows the time courses of
cell growth and polyester production for two different concen-
trations of L-valine, namely 1% (w/v) and 2% (w/v), during
the one-step batch cultivation of R. eutropha at 30 °C and
pH 7.2 under aerobic conditions. The times until cell growth
began were for 24 h at 1% (w/v) and 48 h at 2% (w/v) of L-
valine, respectively, and the maximal polyester weights were
obtained at 96 h and 120 h in media containing 1% (w/v)
and 2% (w/v) of L-valine, respectively. Figure 4 shows also
the time courses of the polyester contents and components in
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Fig. 4. Production of polyesyer from L-valine by one-step
fermentation in R. eutropha at 30 °C. Dry cell weight
and polyester content from 10 gdm™ (-e-) or 20 gdm™3
(=) of L-valine; polyester weight and 3HV fraction from
10 gdm™3 (<o) or 20 gdm™3 («+) of L-valine.

the one-step fermentation. The polyesters were accumulated
up to 27 wt % of dry cell weights in R. eutropha from 2%
(w/v) of L-valine during 120 h culture time. The 3HV frac-
tions of polyesters were constant values of ca. 9 mol% at the
culture time of the maximal polyester contents, similar to the
results of the above-mentioned two-step fermentation, al-
though they showed slightly high values during cell growth.
Fractionation and Properties of P(3HB-co-3HV) Biosyn-
thesized from L-Valine. Yoshie et al. reported that the com-
mercially available P(3HB-co-3HV)s with a range from 6 to 20
mol% 3HV biosythsized by R. eutropha from propionic acid
and glucose as the mixed carbon sources were a blend of sev-
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eral pure copolyesters with a different composition.10 This
was investigated by a chloroform/heptane fractionating
procedure. We examined whether the P(3HB-co-3HV)s with
ca. 10 mol% 3HV obtained from L-valine as the sole carbon
source also had broad compositional distribution. Results of
the fractionation are shown in Table 4. The original bacterial
samples with 8 mol% 3HV and 10 mol% 3HV were fractionat-
ed by precipitation from a 0.5% (w/v) chloroform solution
with heptane according to the procedure of Yoshie et al.'”
The weight fractions precipitated first on addition of heptane
(ca. 56% (v/v) to the amount of chloroform/heptane mixed
solvent) were almost 100 wt % and the residues remaining
in the solution with excess heptane were not recovered at all.
The monomer compositions of fractionated samples were en-
tirely similar to the as-biosynthesized P(3HB-co-3HV)s with
8 mol% 3HV and 10 mol% 3HV from L-valine, respectively.
In addition, we studied the sequence distributions of 3HV
and 3HB units in chloroform by analysis of '3CNMR
spectra. Figure 5 shows the 67.5-MHz '3CNMR spectrum
of the as-biosynthsized P(3HB-co-3HV) with 10 mol% 3HV
obtained from L-valine, together with the chemical shift as-
signments, and Fig. 5 shows also the expanded spectra of each
carbon resonance, which are split into multiplets owing to diad
and/or 3HV-centered triad comonomer sequences. The as-
signments of these signals have been reported previously.18
The profiles of '3CNMR spectra of the fractionated sample
were completely similar to the as-biosynthesized P(3HB-co-
3HV). The mole fractions of 3HB and 3HV units, Fg and
Fy, were determined using 'HNMR spectra (data not
shown). The diad sequence distributions of 3HB and 3HV
units, Fgg, Fgv + Fyg, and Fyy, were determined from the
well-resolved peaks of the carbonyl carbon (B; and V) and
methine carbon (B3) resonances, respectively. The 3HV-cen-
tered triad sequence distributions, Fyvy, Fgyv, Fyys, and
Fgyp were determined from the resolved peaks of the methyl-
ene carbon (V4). The parameter D, which indicates whether
the sample is a random copolymer or not, is defined as
D = FyyFgp/(FpyFygp) by Chiijyd et al.”” A statistically ran-
dom copolymer has a D value close to 1. The experimental
monomer sequence distributions and D values are also given
in Table 4, compared with values calculated by using the Ber-
noullian statics applicable to a stastistically random
copolymerization. As shown in Table 4, the observed se-

Table 4. Fraction and Sequence Distribution of P(3HB-co-3HV) Obtained from L-Valine

Heptane®  Polyester Fraction weight 3HVY Sequence distribution®
% V/V mg d11173 mol% Fy Fg Fyy Fyp Fgy Fgp Fyyv Fgyvy Fgvs Dd)
original 8 0.080 0.920 0.007 0.072 0.075 0.853 0.000 0.005 0.071 1.10
(0.080 0920 0.006 0.074 0.074 0.846 0.000 0.006 0.068)
55 soluble 0 —
insoluble 100 8
original 10 0.100 0.900 0.012 0.091 0.092 0.805 0.001 0.010 0.080 1.15
(0.100 0.900 0.010 0.090 0.090 0.810 0.001 0.009 0.081)
57 soluble 0 —
insoluble 100 10

a) Concentration of heptane in chloroform/heptane mixed solvent. b) Determined by 'HNMR spectra. c) Determined by '*C NMR
spectra. Numbers in brackets were calculated by using Bernoullian statistics. d) D = FyyvFgg/FvsFpy.
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Production of Bipolyesters from L-Valine
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Fig. 5. 67.5-MHz '*CNMR spectra of P(3HB-co-10 mol% 3HV)

from L-valine, together with the chemical shift assignments and

the expanded spectra for carbonyl and methylene carbon resonances.

Table 5. Properties of P(3HB-co-3HV) Produced from L-Valine by R. eutropha

Carbon source L-Valine Glucose + Butyric acid +
Propionic acid Pentanoic acid
Polymer Sample 19 Sample 29 Sample 3% Sample 49
3HV content/mol% 10 9 11 9
Molecular weight®/10~* M, 72 80 9 40
My /MY 1.5 1.5 4.5 2.7
T,9/°C 33 2.6 2.0 2.5
Tn®/°C 146 145 157 162
AHL® /T g™! 76.2 71.3 — 66
Young modulus/GPa n.d.? 1.37 3 1.9
Tensile strength/MPa n.d. 22 30 37
Elongation at break/% n.d. 19 5 —

a) Sample 1 and Sample 2 were biosynthesized at culture times of 12 h and 36 h, respectively. b) Sample 3
showed the data described in Ref. 20. c) Sample 4 showed the data described in Ref. 21. d) Determined by
GPC in chloroform. e) Determined by DSC at 20 °Cmin~". f) Not determined.

quence distributions for P(3HB-co-3HV) are in agreement
with the calculated diad and triad values, and D values are
close to 1. From these results, and the above-mentioned re-
sults of the fractionation, it is concluded that the sequence dis-
tributions of 3HB and 3HV units in the as-biosynthesized co-
polymer obtained from L-valine are statistically random and
the copolymers are not a mixture of different random
copolymers. Table 5 lists the thermal and mechanical proper-
ties of P(3HB-co-3HV) with ca. 10 mol% 3HV produced from
L-valine, compared with those of the coplymers with a similar
3HV fraction biosynthesized from such the mixed carbon
sources as propionic acid and glucose,20 and butyric acid and
valeric acid.”' The melting point of the copolymer from L-val-
ine was only one sharp peak, and was at a lower temperature
than that from the mixed carbon substrates, but the enthalpy
of fusion (AHy,) of the nonannealed sample was comparatively
high. This suggests that P(3HB-co-3HV)s produced in R. eu-

tropha from L-valine have a random composition distribution
and are not a mixture of different random copolymers, and,
moreover, have higher crystallinity than that of copolyesters
produced from the mixed carbon sources. The number average
molecular weights of the polyesters were up to 8 x 107
gmol™!.  Young’s modulus and the tensile strength of
P(3HB-c0-9% 3HV) obtained from L-valine were slightly
smaller than those from the mixed carbon substrates, while
the elongation at break was about 4 times larger.

Figure 6 shows the schematic pathway of P(3HB-co-3HV)
biosynthesis from L-valine in a wild-type R. eutropha, accord-
ing to the proposed metabolism of branched-chain amino
acids.'" L-Valine is metabolized to 2-ox0-3-methylbutyric
acid, which is oxidatively decarboxylated to 2-methylpropion-
yl-CoA by the branched-chain 2-keto acid dehydrogenase
complex, and the latter is further metabolized via various other
CoA to propionyl-CoA that is a precursor of 3HB and 3HV
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Fig. 6. Putative metabolic pathway of P(3HB-co-3HV) biosyntehsis from L-valine in wild-type Ralstonia eutropha.

monomeric units. In addition, the NH, " liberated from amino
acids may promote the in vivo degradation of polyesters accu-
mulated in cells. This is suggested by the fact that the polyes-
ters produced in R. eutropha from 1% (w/v) amino acids were
perfectly degraded within 60 h of culture time, as shown in
Fig. 1, while those from free-nitrogen carbon sources, such
as fructose or butyric acid, were accumulated in cells over
100 h.”

In conclusion, commercially promising P(3HB-co-3HV)s
with ca. 10 mol% 3HV compositions were produced up to
36 wt % of the dry cell matter in wild-type Ralstonia eutropha
from L-valine as a single substrate. It was found that this bio-
synthesis occurred in a comparatively short cultivation time
between 6 h and 48 h. The as-biosynthesized copolymers have
a narrower comonomer compositional distribution, and a num-
ber-average molecular weight up to 8 x 10° gmol~!.
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