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Abstract

The molar fraction of 3-hydroxyvalerate (3HV) in poly(3-hydroxybutyrate-3-hydroxyvalerate) [P(3HB-3HV)] was modulated through
the co-amplification of thehbCgene encoding PHB synthase and ziidgene encoding glucose-6-phosphate dehydrogenase generating
NADPH from the metabolism of fructose as a cofactoRalstonia eutrophaThe biosynthesis of poly-3-hydroxybutyrate (PHB) and
P(3HB-3HV) increased appreciably after the co-amplification optiteCandzwfgenes due to the accelerated polymerization reaction and
enhanced NADPH supplementation. In particular, the 3HV molar fraction in P(3HB-3HV) was effectively modulated. pH-stat fed-batch
cultivation of theR. eutropharansformant co-amplifying thehbCandzwf genes was also carried out to increase the biosynthesis of
P(3HB-3HV) and modulate the 3HV molar fraction. The content and molar fraction of P(3HB-3HV) achieved up to 60.1% and 71.9 mol%,
respectively, through the concurrent feeding of valerate and fructose.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction NADPH-dependent acetoacetyl-CoA reductase encoded
by phbB catalyzing the reduction of acetoacetyl-CoA into
Polyhydroxyalkanoate (PHA) is an energy storage ma- 3-hydroxybutyryl-CoA using NADPH as the reducing
terial that accumulates in various microorganisms under power; and PHB synthase, encoded plgbC polymer-
abnormal growth conditions such as an excess amount ofizing 3-hydroxybutyryl-CoA, 3-hydroxyvaleryl-CoA, and
carbon-source but the limitation of other nutrients. PHB and 4-hydroxybutyryl-CoA[1,3,4].
its copolymers; poly(3-hydroxybutyrate-3-hydroxyvalerate)  In previous work by the current authors, the overproduc-
[P(3HB-3HV)] and poly(3-hydroxybutyrate-4-hydroxybuty- tion of PHAs was achieved by transforming recombinant
rate) [P(3HB-4HB)], have received a lot of attention due plasmids harboringhbCABgenes cloned frorR. eutropha
to their practical utilization as biodegradable and biocom- into the parenR. eutrophato amplify the enzyme actions
patible thermoplastic§1,2]. The physical properties of related to the PHB biosynthesis pathwi@y-8]. The PHA
the copolymers are closely connected to the molar frac- biosynthesis increased significantly after reintroducing the
tion of 3-hydroxyvalerate (3HV) in P(3HB-3HV) and phbCAB phbAB andphbCgenes, respectively. In addition,
4-hydroxybutyrate (4HB) in P(3HB-4HB). The modulation the molar fractions of 3HV in P(3HB-3HV) and 4HB in
of the molar fraction has been mainly accomplished by P(3HB-4HB) also substantially increased, especially after
changing the precursor compounds and cultivation condi- amplification of thephbCgene[6-8]. ThephbCgene cloned
tions, such as, two-stage cultivati{@4]. from Alcaligenes latusvas also transformed into the parent
The biosynthesis of PHB ifRalstonia eutrophds ac- A. latus and similar results obtaing@]. The biosynthesis
complished by three enzymef:ketothiolase encoded by rates of PHB and P(3HB-3HV) have been found to be de-
phbA condensing two acetyl-CoA into acetoacetyl-CoA; termined byB-ketothiolase and acetoacetyl-CoA reductase
[10], plus the current authors identified that the 3HV molar
* Corresponding author. Tek:82-53-950-5384; faxi82-53-959-8314. fraction is mainly controlled by PHB synthase under in vivo
E-mail addressieeyh@knu.ac.kr (Y.-H. Lee). conditions[7].
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The flux of acetyl-CoA, either towards the TCA cycle
for cell growth or the PHB biosynthesis pathway for energy
storage, has been controlled by the NADPH/(NADR
NADPH) ratio in R. eutropha[l11,12] and recombinant
E. coli [13]. The effect of NADPH onB3-ketothiolase and
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thephbABgene. The plasmid pKTZ harboring the/fgene
was constructed by inserting thevf gene into the plas-
mid pKT230. The plasmid pHBCZ co-harboring tpabC
andzwf genes was obtained by inserting thef gene into
the plasmid pHB523 after removing tighbABgene. The

acetoacetyl-CoA reductase activities has also been investi-constructed plasmids, pHB525, pKTZ and pHBCZ, were
gated after the supplementation of various intermediates oftransformed intoR. eutrophaH16 by electroporatiori5]

glycolysis and the TCA cycle, including acetyl-CoA, citrate,
and NADPH, during cultivatiofil4—16] Oxidative pressure

also induces the activation of glucose-6-phosphate dehy-

to obtain the transformant®. eutrophaAERS5, REZ, and
RCZ, respectively.

drogenase (G6PDH), generating NADPH, and the elevated2.2. Medium and cultivation

NADPH level significantly enhances PHB accumulation in
R. eutrophd17].
In microorganisms, the NADPH of a biosynthetic cofactor

The one-stage cultivation for cell growth and PHB biosyn-
thesis was carried out in a minimal medium containing

is mainly generated from the oxidative pentose phosphate3.32 gt of NaoHPQy, 0.83 g1 of KH,PQy, 3.0g L of
pathway by two enzymes: glucose-6-phosphate dehydro-(NH4)2SOy, 0.2 g of MgSQy, 20.0 g I of fructose, and

genase encoded by ttmvf gene and 6-phosphogluconate
dehydrogenase encoded by tlg@d gene [18,19] The
acetoacetyl-CoA reductase R. eutrophais a NADPH-

dependent type, requiring NADPH as the reducing power

[20]. As such, PHB biosynthesis R. eutrophacould possi-
bly be enhanced through the amplification of gidCgene
or NADPH generation-relatedwf gene encoding G6PDH,
either separately or concurrently.

Accordingly, in the current work, thphbC gene cloned
from R. eutrophaand zwf gene cloned fronE. coli were
introduced into the parem. eutrophao enhance the PHB

1.0ml =1 of trace minerals in a 2.5 fermentor with an in-
oculum size of 5.0% (v/v), aeration rate of 1.0 VVM, and
impeller speed of 300 rpm.

The biosynthesis of P(3HB-3HV) was carried out us-
ing two-stage cultivation. First, the cell growth was con-
ducted using a nutrient-rich medium containing 10.0%gdf
polypeptone, 10.0 git of yeast extract, 5.0 g of meat ex-
tract, and 5.0 g‘Il (NH4)2SOq for 36 h. Next, the cultivation
of the harvested cells was conducted using a nitrogen-free
minimal medium, supplemented with 10.0¢ lof valerate
and fructose as the precursors to P(3HB-3HV) biosynthesis.

synthase and G6PDH activities. The characteristics of the The pH-stat fed-batch cultivation was carried out under sim-
PHB and P(3HB-3HV) biosynthesis by the transformants ilar conditions as the one-stage cultivation, except for the
amplifying the above two genes, either separately or con- feeding of a medium composed of 10¢ lof valerate and

currently, were then analyzed. The molar fraction of 3HV fructose to maintain a constant pH of 7.0. A kanamycin con-
in P(3HB-3HV) was also modulated based on controlling centration of 200 mg mi* was used as the selective pressure

the cultivation conditions, including the mixing ratio of the
substrate and precursor compound. One ofRheutropha

for the cultivation of the transformants.

transformants was also cultivated using a pH-stat fed-batch2.3. Determination of PHB and P(3HB-3HV)
strategy in an attempt to overproduce P(3HB-3HV) and concentrations

modulate its 3-HV molar fraction. Consequently, this work
will facilitate new strain and process developments for
the industrial production of the commercially valuable
biopolymer PHA.

2. Materials and methods
2.1. Strains, plasmids, and gene sources

Ralstonia eutrophad16 (ATCC 17699) was used as the
parent strain and gene source for gidCABoperon, while
E. coli DH5a was used as the source for thef gene.
The plasmid pKT230 was used as tBecoli-R. eutropha
shuttle vector for the transformation of thphbC and zwf
genes intdR. eutrophaThezwfgene was isolated from the
plasmid pZWF carrying thewfgene[21], while thephbC

The concentrations of PHB and P(3HB-3HV) were mea-
sured following the method of Braunegg et[2R]. The har-
vested cells were treated with acidified methanol to obtain
methylated monomers. Next, the methylated monomer com-
position was determined by gas chromatography using an
FID detector (PerkinElmer Instruments, Norwork, USA) and
Carbowax 20M column (Hewlett-Packard Co., Palo Alto,
USA). The detection conditions were an initial temperature
of 100°C, final temperature of 15@C, and temperature in-
crement rate of 3Cmin~1. The standards were the PHB
and P(3HB-3HV) powders dR. eutrophgSigma Chemical,

St. Louis, USA).

2.4. Determination of NADPH concentration

The NADPH concentration was determined by mea-

gene was isolated from the plasmid pHB523 carrying the suring the absorbance of oxidized and reduced forms

phbCABoperon[6]. The plasmid pHB525 harboringhbC

of nicotinamide nucleotides at shonm according to the

was constructed from the plasmid pHB523 after discarding method of Zerez et al[23]. The sonificated cell extract
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was mixed with a coloring reagent containing 5.0 mmol of CoA at A412nm[26]. The protein concentration was mea-
Na4,EDTA, 2.0mmol phenazine-ethosulfate, 0.5mmol sured using the Bradford meth@@l7]. The intrinsic activity
thiazolyl blue, 1.3U of glucose-6-phosphate dehydroge- was expressed as the mmol of product per min per mg of
nase, and 1.0 mmol of glucose-6-phosphate dissolved in acellular soluble protein.

100 mM Tris—HCI buffer (pH 8.0). Then, the slope of the ab-

sorbance was followed for 5min to determine the NADPH

concentration. 3. Results and discussion
2.5. Measurement of glucose-6-phosphate 3.1. Construction and transformation of plasmids
dehydrogenase activity expressing phbC or zwf gene, and co-expressing

phbC and zwf genes
The glucose-6-phosphate dehydrogenase activity was de-

termined using the method of Deutg@]. The sonificated Fig. 1 illustrates the construction of the plasmids ex-
cell extract was mixed with a reaction solution contain- pressing theshbCor zwfgene, and co-expressing thebC
ing 1 mM glucose-6-phosphate, 1 mM NADPand 10 mM and zwf genes. The plasmid pZWR1], carrying thezwf
MgCl, dissolved in a 50mM Tris—HCI buffer (pH 7.5). gene encoding G6PDH cloned fron coli DH5«, was di-
Then, the NADPH produced in 5min was measured at an gested withEcoRl and azwf gene fragment inserted into
absorbance of 340 nm. The intrinsic activity of G6PDH was EcadRI-digested pKT230 to construct the plasmid pKTZ. The
expressed as the mmol of NADPH produced per min per mg plasmid pHB5236,7], carrying thephbCABoperon ofR.

of cellular soluble protein. eutrophaH16, was digested witBEcoR|l andStu to discard

the phbABgenes. The residual plasmid harboring only the
2.6. Measurement of enzyme activities related phbCgene was self-ligated to obtain the plasmid pHB525.
to PHB biosynthesis To construct the plasmid pHBCZ co-integrating thiebC

andzwfgenes, awfgene fragment obtained from the plas-
The B-ketothiolase and NADPH-dependent acetoacetyl- mid pZWF[21] by digestion withEcaRl andPvul was in-
CoA reductase activities were analyzed according to the serted into theEcoRl and Stu site of pHB523(6,7] after
methods of Haywood et a[20,25] where the NADPH  discarding theophbABgene.
generated was measured in a sonificated cell extract at The phbC gene operates according to its owR’-like
Azsonm and the PHB synthase activity was determined by promoter sequence located about 300 bp upstream of the
measuring the change in absorbance caused by the releasgiructure geng28], while thezwfgene operates based on its

EcoRI EcoRl,
digestion Pvull
digestion

Pzwf ]
EcoRI
digestion EcoRl, Stul EcoRl, Stul
digestion digestion
ligation ligation and self-ligation
[ iy y

Fig. 1. Construction of the recombinant plasmids pHB525 containingptieC gene, pKTZ containing thewf gene, and pHBCZ co-integratinghbC
and zwf genes, respectively.
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Table 1 3.2. PHB biosynthesis characteristics of R. eutropha
Comparison of the intrinsic activities of PHB synthase and glucose-6- transformants amplifying phbC or zwf, and co-amplifying
phosphate dehydrogenase phbC and zwf genes ,

Strains Intrinsic activit§
PHBY G6PDH The PHB biosynthesis characteristics of the transformants
ParentR. eutrophaH16 1.70+ 0.13 1.22+ 0.21 R'delétroﬁhr?ngSd REfZ’ and RCZ amplllfylng)ht:)C Zwi .
TransformantR. eutrophaAERS 2,97+ 0.17 1.67+ 0.19 and bothphbC andzwtgenes, respectively, can be seen in
amplifying phbC gene Fig. 2, where the variation in the rest-biomass, concentration
TransformantR. eutrophaREZ 1.95+ 0.12 3.85+ 0.23 of PHB accumulated, and PHB content are all compared
amplifying zwf gene with those of the parent strain.
TransformanRR. eutrophaRCZ 322+ 016 410+ 0.21 The total cell mass, including the rest-biomass and ac-

co-amplifying phbC and zwf

gene cumulated PHB, increased appreciably after transformation

Cells are cultivated in the minimal medium, 20 lof fructose, pH 7.0, of the cloned gene mainly due to the accummatlon of PHB
30°C, for 36h. (data not shown). However, the rest-biomass, based on sub-
a|ntrinsic activities are expressed asnol of product generated per  tracting the PHB content from the total cell mass, decreased
min per mg of cellular soluble protein and each value is an average Significantly after the over-expression of the cloned genes
(iséa“dafd deviation) of three cultures. in the order of the co-integratgzhbCandzwfgenesphbC
CZEES;H'_D';E:g:éf‘gﬁosphate dehydrogenase andzwfgenes, respectively. This may have been due to two
’ ' reasons: (1) the shifting of the carbon flux to PHB biosynthe-
sis rather than the TCA cycle resulting from enforced PHB
own o’% promoter sequence located about 100 bp upstreamsynthase and G6PDH activities; and (2) the inhibitory effect
[18]. The constructed plasmids pHB525, pKTZ, and pHBCZ on the TCA cycle due to over-generated NADPH caused by
were confirmed by Southern hybridization (data not shown) amplified GEBPDH, as reported in previous studies, including
and then transformed intR. eutrophaby electroporation  cultivation under oxidative pressure using methyl viologen
to obtain the transformant®. eutrophaAERS5 amplified by [17], the cultivation of an isocitrate dehydrogenase leaky
the phbC gene, REZ amplified by thewf gene, and RCZ  mutant[29], and cultivation of the strain knock-opgi gene
co-amplified by thephbCandzwfgenes, respectively. located next to thewf gene, thereby indirectly activating
The expression of the amplifigthbC zwf andphbCand G6PDH[30].
zwfgenes was confirmed by measuring the intrinsic activi-  Meanwhile, the biosynthesis of PHB enhanced apprecia-
ties of PHB synthase and G6PDH in the transformants af- bly after transformation of thehbC and zwf genes either
ter cultivation in a minimal medium containing fructose as separately or concurrently. The PHB content in the cells also
the carbon source for 36 h. As shownTable 1 the PHB increased proportionally in the order of the co-integrated
synthase activity increased 1.75 times after enforcing the phbC and zwf genes,phbC and zwf genes, respectively.
phbC gene and 1.89 times after enforcing thebC and This was due to the accelerated polymerization reaction of
zwfgenes concurrently. The G6PDH activity was also ele- 3HB by the over-expressed PHB synthase, along with the
vated 2.15 times by the integratedfgene and 2.31 times  sufficient supplementation of NADPH from the metabolism
by the co-integrategphbC and zwf genes. This indicates of fructose by the enhanced G6PDH activity. The PHB
that the transformeghbCandzwfgenes were successfully synthase encoded by tiphbCgene had a more critical in-
over-expressed both separately and concurrently by theirfluence on the PHB biosynthesis compared to the enhanced
own stronga’® promoters, located upstream of tpabC G6PDH encoded by thewf gene generating NADPH as a

andzwfgenes. cofactor.
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Fig. 2. Comparison of gene amplification in transformaRtseutrophafor biosynthesis of PHB; the true cell growth (A), concentration of PHB (B), and
content of PHB (C). Cells were cultivated in minimal medium, 20'gdf fructose, pH 7.0, 30C for 30 h in a 2.5 fermentor@) R. eutrophaH16, (A)
R. eutrophaAERS5 enforcing thgphbCgene, W) R. eutrophaREZ enforcing thezwf gene, M) R. eutrophaRCZ co-enforcing theohbC and zwf genes.
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Fig. 3. Comparison of amplified genes in transformants for biosynthesis of P(3HB-3HV); concentration of P(3HB-3HV) (A), content of P(3HB-3HV)
(B), and 3HV molar fraction (C). Cells were cultivated in nutrient-rich medium at the first stage, and then in nitrogen-free minimal medium containing
109! of valerate as a precursor at the second stage, pH 73 36r 36 h. O) R. eutrophaH16, (A) R. eutrophaAERS5 enforcing thephbC gene,

(V) R. eutrophaREZ enforcing thezwf gene, @) R. eutrophaRCZ co-enforcing theohbC and zwf genes.

3.3. P(3HB-3HV) biosynthesis characteristics of R. and acetoacetyl-CoA reductase indirectly activated by the
eutropha transformants amplifying phbC or zwf, and amplified zwf gene. The PHB synthase located in the
co-amplifying phbC and zwf genes membrane of the PHA granule would also seem to play

a more critical role compared to the other two enzymes,
The P(3HB-3HV) biosynthesis characteristics were in- B-ketothiolase and acetoacetyl-CoA reductase, located in
vestigated after the two-stage cultivation, where cell growth the cytoplasnil].
in a nutrient-rich medium was followed by the induction
of P(3HB-3HV) biosynthesis in a nitrogen-free minimal 3.4. Effect of amplified phbC and zwf, and co-amplified
medium using valerate as the precursor compound. ThephbC and zwf genes on intrinsic activities of enzymes
rest-biomass decreased slightly during the second stage ofelated to P(3HB-3HV) biosynthesis and intrinsic
cultivation, yet the biosynthesis of P(3HB-3HV) increased NADPH level
appreciably, in the order of the co-amplifipdbCandzwf,
amplifiedphbC and amplifiedzwfgenes, as shown Fig. 3. The effect of the amplifieghbCandzwfand co-amplified
In particular, the 3HV molar fraction of P(3HB-3HV) in- phbCandzwfgenes on the PHB and P(3HB-3HV) biosyn-
creased significantly up to a maximum value of 62.2 mol% thesis was elucidated by measuring the intrinsic activities of
after enforcing phbC and up to 74.5mol% after the B-ketothiolase, NADPH-dependent acetoacetyl-CoA reduc-
co-expression of th@hbC and zwf genes. The amplified tase, PHB synthase, and G6PDH after 30 h when the most ac-
zwfgene alone did not seriously affect the 3HV molar frac- tive P(3HB-3HV) accumulation occurred. The NADPH level
tion, as observed in a previous study where the G6PDH in was also indirectly measured by the NADPH/(NADRH
R. eutrophawas activated under oxidative pressure using NADP™) ratio. The amplifiedohbC gene only influenced
methyl viologen[17]. the intrinsic PHB synthase activity, which was 2.3 times
The amplifiedphbCgene exhibited a more noticeable in- higher compared to the parent strain, as showfahle 2

fluence on the 3HV molar fraction compared to véfgene The amplified zwf gene had a direct influence on the
amplification, indicating a stronger direct effect from the G6PDH activity, which exhibited a significant 3.3-fold in-
PHB synthase compared to the effect of fh&etothiolase crease, while indirectly influencing th&ketothiolase and

Table 2

Intrinsic activities of enzyme related to P(3HB-3HV) biosynthesis, GEBPDH, and the level of NADPH

Strains B-KTP AACR® PHBY G6PDH NADPHf
ParentR. eutrophaH16 0.24+ 0.03 0.28+ 0.01 1.29+ 0.14 0.88+ 0.22 1.05+ 0.11
TransformantR. eutrophaAER5 amplifying phbC gene 0.25+ 0.02 0.30+ 0.01 2.88+ 0.16 0.81+ 0.19 0.97+ 0.19
TransformantR. eutrophaREZ amplifying zwf gene 0.31+ 0.03 0.36+ 0.01 1.254+ 0.12 2.63+ 0.25 1.61+ 0.22

TransformantR. eutrophaRCZ co-amplifyingphbC and zwf gene 0.33+ 0.03 0.40+ 0.02 3.05+ 0.18 2.50+ 0.23 1.59+ 0.20

Cells are cultivated in the nutrient-rich medium at the first stage, and then further cultivated in the nitrogen-free minimal medium contagt@dgtaler
pH 7.0, 30°C for 30h.

2ntrinsic activities are expressed asnol of product generated per min per mg of cellular soluble protein and each value is avesigedard
deviation) of three cultures.

b B-KT; intrinsic activity of B-ketothiolase.

¢ AACR; intrinsic activity of acetoacetyl-CoA reductase.

4 PHBs; intrinsic activity of PHB synthase.

€ G6PDH; intrinsic activity of glucose 6-phosphate dehydrogenase.

f NADPH; NADPH/(NADPH-+ NADP™) ratio.
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acetoacetyl-CoA reductase activities, which were 1.3 and P(3HB-3HV) as a source of the 3-HV monomer, while only
1.4 times higher, respectively. The enforcement of ziné a small amount of fructose is applied for the purpose of cell
gene also made the NADPH level around 1.6 times higher maintenancg8,29]. However, in the current work, a rela-
during the fructose metabolism in the transformaRts tively large amount of fructose was supplied in the second
eutrophaREZ and RCZ. stage to generate additional NADPH in the transformants
The activation of the NADPH-dependent acetoacetyl-CoA REZ and RCZ, in which the pentose phosphate pathway had
reductase requiring NADPH as a cofactor seemed to be in-been activated based on thefgene dosage, generated from
duced by the elevated NADPH level inside tReeutropha the metabolism of fructose.
transformants. The elevated NADPH level also indirectly ac-  Table 3shows the effects of the valerate and fructose mix-
tivated thep-ketothiolase, inducing an acetyl-CoA flux to- ing ratios. The concentration and content of P(3HB-3HV)
ward the PHA biosynthetic pathway, which has a reversible tended to increase when the fructose supplementation was
relationship with acetoacetyl-CoA reductase. increased, although the 3-HV molar fraction decreased. The
The acetoacetyl-CoA reductase activated through the amplified zwf gene was also less influential on both the
amplification of thezwf gene facilitated the supply of both  P(3HB-3HV) content and the 3HV molar fraction, when
monomers, i.e. 3HB from acetyl-CoA and 3HV from valer- compared to thgghbC gene enforcement gghbC and zwf
ate. Meanwhile, the PHB synthase over-expressed by thegenes co-enforcement.
phbCgene accelerated the polymerization reaction of 3HV ~ The transformantR. eutropha AER5 amplifying the
with the 3HB monomer based on its broader monomer phbC gene accumulated P(3HB-3HV) with a 3HV molar
specificities, as observed in previous studies by the currentfraction of higher than 43.3mol%, even with extremely
authorg[7,8]. It also indirectly facilitated the versatile con- high fructose supplementation corresponding to fructose
version of the precursor compound valerate to 3HV, which and valerate mixing ratios of 15 and 5¢! Furthermore,
remained at a low concentration because of its accelerateda noticeably higher 3HV molar fraction of up to around
consumption. Finally, the co-enforcement of hiebC and 66.9 mol%, which was unobtainable from the parent strain
zwf genes significantly influenced not only the enzymes R. eutrophaH16, was achieved by enforcing tbebCgene
related to P(3HB-3HV) biosynthesis, but also the NADPH with valerate as the only feed. Moreover, the 3HV molar
level, thereby enhancing the biosynthesis of P(3HB-3HV). fraction increased as high as 73.4 mol% in the transformant
R. eutrophaREZ co-expressing thephbC and zwf genes.

3.5. Modulation of molar fraction of P(3HB-3HV) in R. Accordingly, a high molar fraction was achieved even when
eutropha transformants through control of fructose and @ considerable amount of fructose was supplied in the
valerate mixing ratios second stage of cultivation.

The over-supplemented fructose in the second stage can
Normally, valerate is supplemented as a precursor dur-also be utilized for both maintaining the cells through
ing the second stage of cultivation in the biosynthesis of the TCA cycle and the biosynthesis of 3HB through the

Table 3
Effect of mixing ratios of fructose and valerate on total cell mass, concentration and content of P(3HB-3HV), and the 3HV molar fraction
Fructose (g11) Valerate (g1?1) Strains Total cell P(3HB-HV)  P(3HB-HV)  3HV fraction
mass (gt1) gl b (%) (mol%)
15.0 5.0 ParenR. eutrophaH16 8.83 5.20 59.0 20.1
R. eutrophawith phbC gene 9.11 5.56 61.0 43.4
R. eutrophawith zwf gene 8.78 5.30 60.4 22.3
R. eutrophawith phbC and zwf gene 8.70 5.55 63.8 58.5
10.0 10.0 ParenR. eutrophaH16 8.56 4.73 55.3 315
R. eutrophawith phbC gene 8.89 4.99 56.1 55.1
R. eutrophawith zwf gene 8.50 4.75 55.9 31.2
R. eutrophawith phbC and zwf gene 8.47 491 58.0 66.8
5.0 15.0 ParenR. eutrophaH16 8.46 3.88 45.9 41.9
R. eutrophawith phbC gene 8.61 4.07 47.3 62.2
R. eutrophawith zwf gene 8.39 3.90 46.5 42.3
R. eutrophawith phbC and zwf gene 8.33 4.03 48.4 70.8
0.0 20.0 ParenR. eutrophaH16 7.50 2.86 38.1 44.1
R. eutrophawith phbC gene 7.59 3.10 40.9 66.9
R. eutrophawith zwf gene 7.44 2.99 40.2 46.5
R. eutrophawith phbC and zwf gene 7.41 3.05 41.2 73.4

Cells were cultivated in the nutrient-rich medium at the first stage, and then further cultivated in the nitrogen-free minimal medium contairing diff
mixing ratios of feeding solution at the second stage, pH 7.0C3fbr 30 h.
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zwf genes.
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Fig. 5. pH-stat fed-batch cultivation of transformaRt eutrophaco-enforcingphbC and zwf genes; total cell growth (A), content of P(3HB-3HV) (B),
and 3HV molar fraction (C). Cells were cultivated in minimal medium?@0for 60h in a 2.51 fermentor, and feeding solution, composed of 1bg|
of valerate and fructose, was injected to maintain the culture broth at pH 7.0 constantly.

glycolysis pathway. The over-generated NADPH from

molar fraction were unsuccessful when only feeding the pre-

the pentose phosphate pathway during the utilization of cursor valerate to the parent strdn eutrophaH16, whose
fructose by the amplified G6PDH seemed to activate the genetic sources had not been manipul§®dg32] However,
acetoacetyl-CoA reductase, thereby leading to the reductionthese constraints of the parent strain were overcome when

of valeryl-CoA into the 3HV monomer, a higher genera-
tion of 3HV, and ultimately an increased biosynthesis of
P(3HB-3HV). Consequently, this can play a significant role
in reducing the production costs of P(3HB-3HV) based on
diminishing the supplementation of the costly precursor
compound valerate.

3.6. pH-stat fed-batch cultivation of transformant R.
eutropha co-expressing phbC and zwf genes

To achieve the overproduction of P(3HB-3HV) with a
high 3HV molar fraction, the transformaRt eutropheREZ
co-expressing thphbCandzwfgenes was cultivated using

using the transformam. eutropheRCZ, co-amplified poly-
merization, and NADPH over-generation reactions, which
facilitated the simultaneous feeding of fructose and valer-
ate. Optimized culture conditions for pH-stat fed batch cul-
tivation still need to be determined for practical application
of the transformant co-enforcing tiabCandzwfgenes in
the commercial production of the biodegradable copolymer
P(3HB-3HV).

Acknowledgments

This work was supported by the HAN project under the

pH-stat fed-batch strategy. As such, the transformant wasMinistry of Science and Technology, Republic of Korea and

cultivated in a minimal medium, while feeding a solution
composed of 10g1 valerate and fructose to maintain a
constant pH level of 7.0. As seenfiigs. 4 and 5the total
cell mass, P(3HB-3HV) content, and 3HV molar fraction in
the P(3HB-3HV) after 60 h of pH-stat fed-batch cultivation
increased up to maximum values of 14.08,160.1%, and
71.9 mol%, respectively.

LG Chemical Co. Ltd.

References

[1] Anderson AJ, Dawes EA. Occurrence, metabolism, metabolic role,
and industrial uses of bacterial polyhydroxyalkanoates. Microbiol
Rev 1990;54:246-50.

Previous efforts to achieve concomitant increments in the ] Holmes PA. Application of PHB: a microbially produced biode-

biosynthesis of P(3HB-3HV) and the modulation of its 3HV

gradable thermoplastic. Phys Technol 1986;16:32-6.



J.-C. Choi et al./Enzyme and Microbial Technology 32 (2003) 178-185

[3] Bruce AR, Kanda L, Claude C. Production of pdylydro-
xybutyric-co-B-hydroxyvaleric) acids. Appl Environ Microbiol
1990;56:2093-8.

185

[18] Rowley DL, Wolf Jr RE. Molecular characterization of the
Escherichia coli K-12 zwf gene encoding glucose 6-phosphate
dehydrogenase. J Bacteriol 1991;173:968-77.

[4] Dawes EA, Senior PJ. The role and regulation of energy reserve [19] Sugimoto S, Shiio |. Regulation of 6-phosphogluconate dehydro-

polymer in microorganism. Adv Microbiol Physiol 1973;10:135-
226.

[5] Park HC, Lim KJ, Park JS, Lee YH, Huh TL. High
frequency transformation ofAlcaligenes eutrophusproducing
poly-B-hydroxybutyric acid by electroporation. Biotechnol Tech
1995;9:31-4.

[6] Park JS, Huh TL, Lee YH. Characteristics of cell growth
and polyg-hydroxybutyrate biosynthesis dilcaligenes eutrophus
transformants harboring clongthbtCAB genes. Enzyme Microbial
Technol 1997;21:85-90.

[7] Jung YM, Park JS, Lee YH. Metabolic engineering Aftaligenes
eutrophughrough the transformation of clon@thbCABgenes for the
investigation of the regulatory mechanism of polyhydroxyalkanoate
biosynthesis. Enzyme Microbial Technol 2000;26:201-8.

[8] Lee YH, Park JS, Huh TL. Enhanced biosynthesis of P(3HB-3HV)
and P(3HB-4HB) by amplification of the cloned PHB biosynthesis
genes inAlcaligenes eutrophusBiotechnol Lett 1997;19:771-4.

[9] Seo IS, Jung YM, Lee YH. Production of P(3-hydroxybuty-
rate-3-hydroxyvalerate) and P(3-hydroxybutyrate-4-hydroxybutyrate)
using transformanAlcaligenes latusenforcing its ownphbC gene.

J Microbiol Biotechnol 2001;11:333-6.

[10] Odeing V, Schlegel HG.B-Ketothiolase from Hydrogenomonas
eutropha H16 and its significance in the regulation of
poly-B-hydroxybutyrate metabolism. Biochem J 1973;134:243-8.

[11] Lee 1Y, Kim MK, Chang HN, Park YH. Regulation of
poly-B-hydroxybutyrate biosynthesis by nicotinamide nucleotide in
Alcaligenes eutrophud=EMS Microbiol Lett 1995;131:35-9.

[12] Jung YM, Lee YH. Investigation of regulatory mechanism of flux
of acetyl-CoA inAlcaligenes eutrophussing PHB negative mutant
and transformants harboring clongthbtCAB genes. J Microbiol
Biotechnol 1997;7:215-22.

[13] Lee 1Y, Kim MK, Park YH, Lee SY. Regulatory effects
of cellular nicotinamide nucleotide and enzyme activities on
poly(3-hydroxybutyrate) synthesis in recombindtgcherichia coli
Biotechnol Bioeng 1996;52:707-12.

[14] shi H, Nikawa J, Shimizu K. Effect of modifying network on
poly-3-hydroxybutyrate biosynthesis in recombin&ntcoli. J Biosci
Bioeng 1999;87:666—7.

[15] Lee SY, Lee YK, Chang HN. Stimulatory effects of amino acids and
oleic acid on poly(3-hydroxybutyric acid) synthesis by recombinant
Escherichia coli J Ferment Bioeng 1995;79:177-80.

[16] Lee YH, Kim TW, Park JS, Huh TL. Effect of the supplementation of
metabolites on cell growth and poB+hydroxybutyrate biosynthesis
of Alcaligenes latusJ Microbiol Biotechnol 1996;6:120-7.

[17] Jung YM, Lee YH. Utilization oxidative pressure for
enhanced production of poly-hydroxybutyrate and poly(3-hydroxy-
butyrate-3-hydroxyvalerate) iRalstonia eutrophaJ Biosci Bioeng
2000;90:266-70.

genase inBrevibacterium flavumAgric Biol Chem 1987;51:1257—
63.

[20] Haywood GW, Anderson AJ, Chu L, Dawes EA. The role of
NADH- and NADPH linked acetoacetyl-CoA reductase in the poly-3-
hydroxybutyrate synthesizing organigkitaligenes eutrophu$EMS
Microbiol Lett 1988;52:259-64.

[21] Lim SJ, Jung YM, Shin HD, Lee YH. Amplification of NADPH
related zwf and gnd genes for odd-ball biosynthesis of PHB in
transformantE. coli harboring clonedphbCAB operon. J Biosci
Bioeng 2002;93:543-9.

[22] Braunegg G, Sonnleitner B, Lafferty RM. A rapid gas chromato-
graphic method for the determination of pdyhydroxybutyric acid
in microbial biomass. Eur J Appl Microbiol 1978;6:29-37.

[23] Zerez CR, Lee SJ, Tanaka KR. Spectrophotometric determination
of oxidized and reduced pyridine nucleotide in erythrocytes using a
single extraction procedure. Anal Biochem 1987;164:367—73.

[24] Deutch H. Glucose 6-phosphate dehydrogenase from yeast. In:
Bergmeter J et al., editors. Method of enzyme analysis, 3rd ed., vol.
2. Weinheim: Verlag Chemie; 1983, p. 195-6.

[25] Haywood GW, Anderson AJ, Chu L, Dawes EA. Characterization
of two 3-ketothiolases possessing differing substrate specificities in
polyhydroxyalkanote synthesizing organishicaligenes eutrophus
FEMS Microbiol Lett 1988;52:91-6.

[26] Haywood GW, Anderson AJ, Dawes EA. The importance of PHB
synthase substrate specificity in polyhydroxyalkanoate synthesis by
Alcaligenes eutrophud=EMS Microbiol Lett 1989;57:1-6.

[27] Bradford MM. A rapid and sensitive method for the quentitation of
microgram guantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 1976;72:248-54.

[28] Schubert P, Kriger N, Steinblichel A. Molecular analysis of the
Alcaligenes eutrophupoly(3-hydroxybutyrate) biosynthesis operon:
identification of the N terminus of poly(3-hydroxybutyrate) synthase
and identification of the promoter. J Bacteriol 1991;173:168-75.

[29] Park JS, Lee YH. Metabolic characteristics of isocitrate dehydro-
genase leaky mutant @lcaligenes eutrophuand its utilization for
poly-B-hydroxybutyrate production. J Ferment Bioeng 1996;81:197—
205.

[30] Canoaco F, Hess T, Heri S, Wang T, Szyperski T, Sauer U. Metabolic
flux response to phosphoglucose isomerase knock-obt goli and
impact of over-expression of the soluble transhydrogenase UdhA.
FEMS Microbiol Lett 2000;204:247-52.

[31] Shimizu H, Kozaki Y, Kodama H, Shioya S. Maximum production
strategy for biodegradable copolymer P(HB-co-HV) in fed-batch
culture of Alcaligenes eutrophusBiotechnol Bioeng 1999;62:518—
25.

[32] Rhee YH, Jang PL, Rogers PL. Production of copolymer consisting
of 3-hydroxybutyrate and 3-hydroxyvalerate by fed-batch culture of
Alcaligenessp. SH-69. Biotechnol Lett 1993;15:377-82.



	Modulation of 3-hydroxyvalerate molar fraction in poly(3-hydroxybutyrate-3-hydroxyvalerate) using Ralstonia eutropha transformant co-amplifying phbC and NADPH generation-related zwf genes
	Introduction
	Materials and methods
	Strains, plasmids, and gene sources
	Medium and cultivation
	Determination of PHB and P(3HB-3HV) concentrations
	Determination of NADPH concentration
	Measurement of glucose-6-phosphate dehydrogenase activity
	Measurement of enzyme activities related to PHB biosynthesis

	Results and discussion
	Construction and transformation of plasmids expressing phbC or zwf gene, and co-expressing phbC and zwf genes
	PHB biosynthesis characteristics of R. eutropha transformants amplifying phbC or zwf, and co-amplifying phbC and zwf genes
	P(3HB-3HV) biosynthesis characteristics of R. eutropha transformants amplifying phbC or zwf, and co-amplifying phbC and zwf genes
	Effect of amplified phbC and zwf, and co-amplified phbC and zwf genes on intrinsic activities of enzymes related to P(3HB-3HV) biosynthesis and intrinsic NADPH level
	Modulation of molar fraction of P(3HB-3HV) in R. eutropha transformants through control of fructose and valerate mixing ratios
	pH-stat fed-batch cultivation of transformant R. eutropha co-expressing phbC and zwf genes

	Acknowledgements
	References


