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Rearrangement of Gene Order in the phaCAB Operon Leads to
Effective Production of Ultrahigh-Molecular-Weight Poly[(R)-3-
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Ultrahigh-molecular-weight poly[(R)-3-hydroxybutyrate] [UHMW-P(3HB)] synthesized by genetically engineered Escherichia
coli is an environmentally friendly bioplastic material which can be processed into strong films or fibers. An operon of three
genes (organized as phaCAB) encodes the essential proteins for the production of P(3HB) in the native producer, Ralstonia eu-
tropha. The three genes of the phaCAB operon are phaC, which encodes the polyhydroxyalkanoate (PHA) synthase, phaA, which
encodes a 3-ketothiolase, and phaB, which encodes an acetoacetyl coenzyme A (acetoacetyl-CoA) reductase. In this study, the
effect of gene order of the phaCAB operon (phaABC, phaACB, phaBAC, phaBCA, phaCAB, and phaCBA) on an expression plas-
mid in genetically engineered E. coli was examined in order to determine the best organization to produce UHMW-P(3HB). The
results showed that P(3HB) molecular weights and accumulation levels were both dependent on the order of the pha genes rela-
tive to the promoter. The most balanced production result was achieved in the strain harboring the phaBCA expression plasmid.
In addition, analysis of expression levels and activity for P(3HB) biosynthesis enzymes and of P(3HB) molecular weight revealed
that the concentration of active PHA synthase had a negative correlation with P(3HB) molecular weight and a positive correla-
tion with cellular P(3HB) content. This result suggests that the level of P(3HB) synthase activity is a limiting factor for producing
UHMW-P(3HB) and has a significant impact on P(3HB) production.

Polyhydroxyalkanoates (PHAs) are polyesters synthesized by
more than 200 species of bacteria and are accumulated as in-
tracellular carbon and energy storage materials (13, 16, 23, 24).
PHAs have attracted much attention as environmentally friendly
plastic materials because these plastics are derived from renewable
biomass resources and are completely mineralized to CO, and
H,O by microorganisms in the environment after use (29).

A homopolymer of (R)-3-hydroxybutyrate [P(3HB)] is the
most common type of PHA that bacteria accumulate in nature,
and its production has been extensively studied. Ralstonia eutro-
pha is the most widely studied native producer of P(3HB), and in
this bacterium the polymer is synthesized from acetyl coenzyme A
(acetyl-CoA) by the reaction of three enzymes: 3-ketothiolase
(PhaA), NADPH-dependent acetoacetyl-CoA reductase (PhaB),
and PHA synthase (PhaC). The weight-average molecular weight
(M,,) of P(3HB) produced by native PHA-producing bacteria is
usually in the range of 0.2 X 10° to 2 X 10° (24). However, this
P(3HB) is a brittle and rigid material with low flexibility because
of its high crystallinity. On the other hand, recombinant Esche-
richia coli harboring the R. eutropha pha operon (phaC-phaA-
phaB) is capable of synthesizing ultrahigh-molecular-weight
P(3HB) [UHMW-P(3HB)] with an M,, exceeding 3 X 10° from
glucose (1, 2, 5, 8, 9, 10). The higher molecular weight gives
UHMW-P(3HB) higher mechanical strength, and unlike lower-
molecular-weight P(3HB) polymers, UHMW-P(3HB) can be
processed into strong films or fibers by hot or cold drawing (7). It
is expected that the improved material properties of UHMW-
P(3HB) will expand the number of applications for this polymer.
However, it is still difficult to accumulate high levels of UHMW-
P(3HB) in bacterial cells, and thus the construction of a highly
efficient UHMW-P(3HB) synthesis system is desirable to make
the polymer commercially. In addition, the decrease of polymer
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molecular weight by pyrolysis during melt processing must be
considered for industrial production of P(3HB) plastics. There-
fore, synthesis of UHMW-P(3HB) will likely be necessary for the
production of bulk commodity plastic products from this mate-
rial.

In general, there is a trade-off between the molecular weight
and yield of PHA polymers produced by microbial systems (21).
The molecular weight and production of PHA polymers are gen-
erally determined by the ratio of phaC (PHA synthase gene) to
phaAB (genes encoding the monomer-supplying enzymes) ex-
pression levels. In other words, the expression levels of these three
genes could give rise to differences in PHA production. It is com-
monly known that for genes in operons, the gene that lies closer to
the promoter will be more highly expressed (12). To data, the
native pha operon (with a gene order of phaC-phaA-phaB) de-
rived from R. eutropha has been used for UHMW-P(3HB) pro-
duction by E. coli (1, 2, 5, 8, 9, 10). However, prior to our current
study, rearranging the order of the phaA, phaB, and phaC genes
within the pha operon to optimize the gene expression levels for
UHMW-P(3HB) production had yet to be attempted.

In this study, we optimized the expression levels of the PHA
synthesis genes for production of UHMW-P(3HB) with high ac-
cumulation levels by rearranging the pha gene order within the
pha operon. To this end, the OGAB (ordered gene assembly in
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TABLE 1 Primers used in real-time PCR

Gene name Oligonucleotides Product length (bp)
phaA 5'-GAGAACGTGGCCAAGGAATA-3', 5'-GGGACGATCTCTTCGTCAAA-3' 119
phaB 5'-GATCGACACCAACCTGACCT-3', 5'-TTCACCGACGAGATGTTGAC-3’ 102
phaC 5'-GAACGACCTGGTGTGGAACT-3', 5'-TCGTTCTGCAGGTAGGTGTG-3' 150
16S rRNA gene 5'-AGAAGCTTGCTCTTTGCTGA-3', 5 -CTTTGGTCTTGCGACGTTAT-3’ 120

Bacillus subtilis) method (26), a single-step method for cloning
multiple genes in a specific, desired order by using the transfor-
mation system of B. subtilis to arrange the gene order, was used to
manipulate the pha gene order. The possible gene orders of the
three genes (phaABC, phaACB, phaBAC, phaBCA, phaCAB, and
phaCBA) were expressed in E. coli, and the effect of gene rear-
rangements on UHMW-P(3HB) production was investigated.

MATERIALS AND METHODS

Bacterial strains and plasmids. B. subtilis BUSY9797 [RM125 proB::(cl
spc)] (15), which can repress expression from the Pr promoter, was used
for the OGAB assembly. E. coli DH5a [F~ ¢80dlacZAM15 A(lacZYA-
argF)U169 deoR recAl endAl hsdR17(ry~ my ") phoA supE44 A~ thi-1
gyrA96 relAl] was used for general genetic manipulation and the produc-
tion of P(3HB). The pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA)
was used for the cloning of the phaA, phaB, and phaC genes. The pUC19
vector was used for making the 3-base cohesive ends required in OGAB
method. The pGETS109 vector (26), a shuttle vector that can replicate in
both B. subtilis and E. coli cells, was used as a final vector for phaABC
expression plasmids.

Plasmid construction. The protocol for the OGAB method was pre-
viously described (26). The phaA, phaB, and phaC genes, together with
their ribosomal binding sites, were amplified from the R. eutropha H16
genomic DNA with Ex Taqg DNA polymerase (Takara Bio, Otsu, Japan)
using the following primers, where the underlined sequences show BspQI
restriction sites: for the phaA gene, phaA-F (5'-TAGGCTCTTCAGTGAT
TGAAAGGACTACACAATGACTGAC-3") and phaA-R (5'-TAGGCTC
TTCATTATTTGCGCTCGACTGCC-3"); for the phaB gene, phaB-F (5'-
TAGGCTCTTCAGTGCCAATCAAGGAGTGGACATG-3") and phaB-R
(5"-TAGGCTCTTCATTAGCCCATATGCAGGCC-3"); and for the phaC
gene, phaC-F (5'-TAGGCTCTTCAGTGAGAGAGACAATCAAATCAT
GGCG-3') and phaC-R (5'-TAGGCTCTTCATTATGCCTTGGCTTTG
ACGTATC-3"). The PCR products were subcloned into pCR2.1-TOPO
(Invitrogen) and confirmed by DNA sequencing with an ABI PRISM 3100
Genetic Analyzer (Applied Biosystems, Foster City, CA). Each plasmid
was digested with BspQ], and the resultant small fragments were inserted
into the pUCI19 destination vectors (pUC19V-1st-Dralll, pUC19V-2nd,
and pUV19V-3rd10th-Dralll). The 9 plasmids (pUCI9V-1st-phaA,
pUC19V-1st-phaB, pUC19V-1st-phaC, pUCI19V-2nd-phaA, pUC19V-
2nd-phaB, pUC19V-2nd-phaC, pUC19V-3rd-phaA, pUC19V-3rd-phaB,
and pUC19V-3rd-phaC) were digested with Dralll, which recognizes 5'-
CACNNN/GTG-3’, to make the 3-base cohesive ends required to decide
the gene order, and a final vector, pGETS109, was digested with Sfil, which
recognizes 5'-GGCCNNNN/NGGCC-3'. These 10 fragments were gel
purified. The vector and an appropriate combination of three insert genes
were mixed (2 fmol/ul each) in ligation buffer (66 mM Tris-HCI [pH 7.6],
6.6 mM MgCl,, 10 mM dithiothreitol, 100 uM ATP, 150 mM NaCl, 10%
polyethylene glycol 6000 [Wako, Osaka, Japan]) and incubated with 4 U
of T4 DNA ligase (Toyobo, Osaka, Japan) at 37°C for 30 min. Each liga-
tion reaction mixture was transformed into competent B. subtilis cells and
incubated overnight on Luria-Bertani (LB) plates containing tetracycline
at 37°C. The resultant plasmids, the pGES109-pha series (pGETS109-
phaABC, pGETS109-phaABC, pGETS109-phaBAC, pGETS109-phaBCA,
pGETS109-phaCAB, and pGETS109-phaCBA), were confirmed by re-
striction mapping. The DNA sequences of pha genes on the pGES109-pha
series were also checked by DNA sequencing.
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P(3HB) biosynthesis in E. coli. E. coli DH5a was transformed with the
pGETS109-pha series plasmids, and individual transformation events
were isolated. To synthesize P(3HB), the DH5« transformants represent-
ing a transformation of each of the individual pGETS109-pha series plas-
mids were grown at 30°C for 72 h using a reciprocal shaker (130 strokes/
min) in 500-ml flasks with 100 ml of LB medium (10 g/liter NaCl, 10
g/liter tryptone, and 5 g/liter yeast extract) supplemented with 20 g/liter of
glucose. To maintain the plasmids within the cells, 100 ug/ml of ampicil-
lin was added to the medium. The optical density at 600 nm (ODy,) was
measured after incubation for 6, 12, 24, 48, and 72 h. The collected cells
were washed with double-distilled water (ddH,0), frozen, and lyophi-
lized.

Characterization of P(3HB). The P(3HB) content in the cells was
determined by gas chromatography, using a GC14B instrument (Shi-
madzu, Kyoto, Japan), after methanolysis of approximately 15 mg lyoph-
ilized cells in the presence of 15% (vol/vol) sulfuric acid, as described
previously (1). P(3HB) was extracted from cells by stirring with chloro-
form for 72 h at room temperature, and the cells were removed by filtra-
tion. The extracted P(3HB) was purified by precipitation with methanol.
The number-average molecular weight (M, ) and M,, were determined by
gel permeation chromatography (GPC) using a 10A GPC system (Shi-
madzu). Chloroform was used as the eluent at a flow rate of 0.8 ml/min,
and each sample (concentration of 1 mg/ml) was applied. Polystyrene
standards (peak molecular weight [Mp] = 1.3 X 10° to 7.5 X 10° g/mol)
with a low polydispersity were used to make molecular weight calibration
curves.

Analysis of gene expression levels by quantitative real-time PCR
(qQRT-PCR). Gene expression analysis was performed as described previ-
ously (30). Briefly, 0.5 ml of each recombinant E. coli strain was harvested
after 12 h of growth. To each of these samples, 1 ml of RNA Protect
Bacteria reagent (Qiagen, Hilden, Germany) was added for RNA stabili-
zation. Cell pellets were stored at —80°C until RNA extraction. Total RNA
was isolated from each sample using the RNeasy minikit (Qiagen). Re-
maining DNA in RNA samples was removed with RNase-free DNase I
(NEB, Beverly, MA). The purity and concentration of RNA were checked
spectrophotometrically using a UV-1700 PharmaSpec (Shimadzu). For
each sample, cDNA synthesis was performed according to the manufac-
turer’s recommendations using the iScript Select cDNA synthesis kit (Bio-
Rad, Richmond, CA), and 100 ng total RNA was used as the template.

Gene expression levels were determined by real-time PCR using the
cDNA samples as the templates. Primers for real-time PCR were de-
signed using Primer 3 (http://frodo.wi.mit.edu/primer3/) and are
listed in Table 1. The 16S rRNA gene was used as the housekeeping
gene. The real-time PCRs were performed using the iQ SYBR green
Supermix kit (Bio-Rad) with MxPro 3005P (Agilent Technology, Palo
Alto, CA). The reaction conditions were as follows: 3 min at 95°C and
then 40 cycles of 40 s at 95°C, 40 s at 60°C, and 40 s at 72°C. After the
real-time PCR, melting curve analysis consisting of 76 cycles of 30 s each
starting 60°C, increasing 0.5°C per cycle, and ending at 95°C was performed to
check primer specificity. The relative gene expression levels of target genes
(phaA, phaB, and phaC) were quantified using the following equation: gene
expression level = 2[CT(165 rRNA gene) — CT(target gene)]'

Enzyme activity assays. Enzyme assays were performed as described
previously (14). Recombinant E. coli strains were harvested from cells
cultivated in LB medium for 12 h and were resuspended in 150 mM
potassium phosphate (KP;) buffer (pH 7.0) with an appropriate volume
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FIG 1 Plasmids (pGETS109-pha series) used in this study. The phaA, phaB, and phaC genes are derived from R. eutropha. pha genes were inserted into the B.
subtilis-E. coli shuttle vector pGETS109. Plasmids were constructed by the OGAB method (see Materials and Methods) with various pha gene orders (1 to 6).

corresponding to the ODy,,. The cells were disrupted by sonication for 2
min and then centrifuged at low speed (1,500 X g, 5 min, 4°C) to obtain a
whole-cell extract containing PHA granules for PHA synthase (PhaC)
analysis. The activities of the PHA synthase enzymes were determined
spectrophotometrically by discontinuous assay. PHA synthase (PhaC) en-
zymes were assayed in 800 ul of 150 mM KP; buffer (pH 7.0) containing
0.1 mM (R)-3HB-CoA, 0.1 mM 5,5"-dithiobis(2-nitrobenzoic acid)
(DTNB) (Wako) and 20 to 200 ug each whole-cell extract, and the thio-
nitrobenzoic acid (TNB) increase corresponding to CoA release was de-
tected at 420 nm. (R)-3HB-CoA was chemically synthesized by the mixed-
anhydride method as described previously (22). One unit was defined as
the activity for producing 1 wmol of TNB anion per minute (g,,, =
14.5 X 10° M~ ' cm™"). The soluble cell extract was separated from the
whole cells and disrupted cells by centrifugation of the crude extract
(12,000 X g, 25 min, 4°C) for the 3-ketothiolase (PhaA) and acetoacetyl-
CoA reductase (PhaB) assays. 3-Ketothiolase (PhaA) was assayed in 800
ul of 150 mM KP; buffer (pH 7.0) containing 0.3 mM acetoacetyl coen-
zyme A (Sigma-Aldrich, St. Louis, MO), 1 mM lithium coenzyme A
(Sigma-Aldrich), 25 mM MgCl, (Wako), and 2 to 10 ug each soluble cell
extract, and the decrease in absorbance was recorded at 304 nm for the
derived Mg *-3-ketoacyl-CoA complex. One unit was defined as the ac-
tivity for producing 1 wmol of Mg”*-3-ketoacyl-CoA complex per min-
ute (850, = 19.5 X 10> M~ cm ™ !). Acetoacetyl-CoA reductase (PhaB)
was assayed in 800 ul of 150 mM KP; buffer (pH 7.0) containing 0.1 mM
acetoacetyl coenzyme A, 0.1 mM NADPH (Sigma-Aldrich, MO), and 2.5
to 20 ug each soluble cell extract, and the decrease in absorbance of
NADPH was measured at 340 nm. One unit was defined as the activity
for consuming 1 wmol of NADPH per minute (g5,, = 6.22 X 10° M ™!
cm ). The concentration of total protein was determined with the Brad-
ford assay using bovine serum albumin (BSA) as a standard.

Western blotting. Separation of proteins in whole-cell extracts and
soluble cell extracts was done by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) using 5 ug of the whole-cell extract for
PHA synthase (PhaC) and 1 ug of the soluble cell extract for 3-ketothio-
lase (PhaA) and acetoacetyl-CoA reductase (PhaB). Separated proteins
were transferred to a polyvinylidene fluoride membrane using a Trans-
Blot SD semidry transfer cell (Bio-Rad) at 40 mA for 600 min. Western
blot analysis of PHA synthase (PhaC) was carried out using a specific
rabbit antiserum raised against the C terminus of PHA synthase (PhaC).
Rabbit antisera to 3-ketothiolase (PhaA) and acetoacetyl-CoA reductase
(PhaB) provided by Seiichi Taguchi (Hokkaido University, Japan) were
used. Proteins were detected using goat anti-rabbit antibodies with horse-
radish peroxidase (HRP) as a secondary antibody. Phosphate-buffered
saline (PBS)-Tween (0.8 g/liter NaCl, 0.02 g/liter KCI, 0.29 g/liter
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Na,HPO, - 12H,0, 0.02 g/liter KH,PO,, 0.1 g/liter Tween 20) was used
for membrane washing and dilution of primary and secondary antibodies.
Proteins that cross-reacted with the antibodies were visualized using the
ECL Plus Western blotting detection reagent (GE Healthcare, Little Chal-
font, United Kingdom), and data were recorded with a charge-coupled
device (CCD) camera.

RESULTS

Assembly of pha genes by the OGAB method. Figure 1 shows
maps of the six expression plasmids (pGETS109-pha series) car-
rying individual pha operons consisting of phaA, phaB, and phaC
from R. eutropha with various gene orders constructed in this
study by the OGAB method. The pha genes were inserted in the
same orientation to ensure colinear expression. These genes were
under the transcriptional control of the Pr promoter of the A
phage, which is constitutively expressed in E. coli. The ribosomal
binding sites for each gene were derived from the native Shine-
Dalgarno sequences for each corresponding gene in R. eutropha.

Effect of gene order on P(3HB) production. In order to assess
the effect of gene order on P(3HB) production, recombinant E.
coli DH5a harboring pGETS109-pha series plasmids (Fig. 1) were
cultured at 30°C in LB medium containing 20 g/liter glucose and
100 mg/liter ampicillin for 72 h. The growth curves of the six
recombinant E. coli strains are shown in Fig. 2. The growth behav-
ior of each strain was dependent on the order of the pha genes on
the pGETS109-pha plasmid that each strain harbored. All recom-
binant strains reached stationary phase at 24 h. After 72 h of cul-
tivation, the highest ODg, was 50 in strains 6 (gene order, phaC-
phaB-phaA [CBA]) and 5 (CAB) and the lowest ODg, was 30 in
strain 1 (ABC).

The results for P(3HB) production after 12 h and 72 h of cul-
tivation of recombinant E. coli strains are summarized in Table 2.
The ranges of dry cell weights were 1.3 to 2.6 g/liter at 12 h and 8.0
to 11.2 g/liter at 72 h. At both cultivation times (12 h and 72 h), the
highest dry cell weight was obtained in strain 6 (CBA).

P(3HB) content was also dependent on the pha gene order
within the operon. Recombinant E. coli strains produced P(3HB)
atlevels ranging from 31 to 57% (wt/wt) of the dry cell weight after
72 h of cultivation. The highest P(3HB) content was observed in
strain 6 (CBA).
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FIG 2 Growth curves of recombinant E. coli DH5a harboring the pGETS109-
pha series plasmids. Cells were cultivated in LB medium containing glucose
(20 g/liter) at 30°C for 72 h with shaking at 130 rpm. Cultivation for each strain
was carried out in triplicate, and the average value for samples taken at each
time point is shown. The error was less than 8% per sample. Strains: @, 1
(ABC); O, 2 (ACB); A, 3 (BAC); A, 4 (BCA); I, 5 (CAB); [, 6 (CBA).

Effect of the gene order on P(3HB) molecular weight. As
listed in Table 2, the four strains produced UHMW-P(3HB) with
M,s exceeding 3 X 10° after 72 h of cultivation. The highest-
molecular-weight P(3HB) was observed in strain 1 (ABC), and the
P(3HB) with the next highest molecular weight was accumulated
in strain 4 (BCA). In contrast, strains 5 (CAB) and 6 (CBA) pro-
duced relatively low-molecular-weight P(3HB).

The molecular weight distributions of the P(3HB)s synthesized
by the six strains after 12 h and 72 h of cultivation are shown in Fig.
3. The most narrow molecular weight distribution was observed
for the P(3HB) synthesized by strain 1 (ABC) at 72 h. The poly-
mers produced in this strain had a polydispersity (M,,/M,,) of 1.7,
as shown in Table 2. The P(3HB) synthesized by strain 4 (BCA)
also had a narrow polydispersity of 2.2. On the other hand, the
P(3HB)s synthesized by strains 5 (CAB) and 6 (CBA) had broad
molecular weight distributions, and the polydispersities (M,,/M,,)
were 3.3 and 3.8, respectively. Comparison of the P(3HB) molec-
ular weight distributions produced by the strains at 12 h and 72 h
revealed that molecular weight of P(3HB) collected from cells at
12 h tended to be higher than that of P(3HB) collected from cells
at 72 h.

Expression levels of pha genes. The relationship between pha

gene expression level and gene order is shown in Fig. 4. The x axis
displays the gene order; that is, the gene closest to the promoter is
represented by 1, whereas the gene furthest from the promoter is
represented by 3. The y axis shows the relevant mRNA abundances
of pha genes compared to 16S rRNA gene abundance. These three
graphs clearly indicate that the gene closest to the promoter
showed higher levels of gene expression. In addition, when ihfB
(integration host factor subunit 8 gene) (3, 4, 6) was used as a
housekeeping gene, the same expression pattern of pha genes was
obtained (data not shown). The expression level of phaC was rel-
atively lower than those of phaA and phaB. One reason for this
difference may be the difference in the efficiency of reverse tran-
scription among target genes. This phenomenon was also ob-
served in a previous transcriptional analysis of R. eutropha (11).

Levels of production of P(3HB) synthesis enzymes. In order
to assess the 3-ketothiolase (PhaA), acetoacetyl-CoA reductase
(PhaB), and PHA synthase (PhaC) expression levels and activity
levels in each recombinant E. coli strain, enzyme activity assays
and Western blotting were performed using cells collected at 12 h
(in exponential growth phase). Figure 5 shows the 3-ketothiolase
(PhaA), acetoacetyl-CoA reductase (PhaB), and PHA synthase
(PhaC) proteins detected by Western blotting and the specific
activity of each enzyme determined as described in Materials and
Methods. Enzyme expression levels were different for each strain
(Fig. 5). The specific activities of the enzymes were positively cor-
related with the expression of each specific enzyme as determined
by Western blotting. This result suggests that expressed enzymes
from pGETS109 plasmids were properly folded and enzymatically
active in the cells. Additionally, there was a tendency for protein
expression levels of the PHA synthesis enzymes to be positively
correlated with mRNA levels of the pha genes.

Relationship of PhaC activity level to P(3HB) accumulation
level and P(3HB) molecular weight. In order to understand the
contribution of each enzyme activity level to P(3HB) production,
the relationship between enzyme activity level and synthesized
P(3HB) was investigated. As shown in Fig. 6, there is a negative
correlation between the number-average molecular weight (M,)
and PHA synthase (PhaC) activity. That is, the lower the enzy-
matic activity detected for PHA synthase (PhaC), the higher the
molecular weight of the P(3HB) polymer that is produced. In
addition, the P(3HB) contents accumulated by the cells were pos-
itively correlated with PhaC activity; the higher the PHA synthase

TABLE 2 Biosynthesis of P(3HB) in recombinant E. coli DH5a harboring pGETS109-pha series plasmids and cultivated for 12 h or 72 h*

Culture Dry cell wt P(3HB) content Mol wt
Strain Gene order time (h) (g/liter) (wt %) M, (X10°) M, (X10°) M, /M,
1 ABC 12 1.6 = 0.1 49 *+04 3.3+£0.3 6.2*04 1.9
72 8.0 £0.2 31+ 1.0 3.8 +0.2 6.2 £0.1 1.7
2 ACB 12 1.3 0.1 5.3*+0.7 1.5+ 0.1 44 %03 2.9
72 8.6 0.2 36 £ 2.4 1.4 = 0.1 3.8 +0.4 2.7
3 BAC 12 1.4 £0.1 49 *£0.2 22%0.2 5.4 %0.2 2.5
72 94 +0.2 43 + 0.9 1.6 =0.2 4.1 +0.4 2.7
4 BCA 12 1.5+ 0.1 7.0 £0.9 2.8 0.3 6.2 = 0.1 2.5
72 9.3 £0.1 41 = 1.4 23 +0.1 5.0 0.1 2.2
5 CAB 12 1.7 £ 0.1 8.2 0.9 1.6 = 0.1 3.4 %03 3.1
72 10.8 £ 04 52 *+33 0.8 0.2 25*+0.4 3.3
6 CBA 12 2.6 £0.1 8.5+ 1.0 1.5%£0.2 42 +0.2 2.8
72 11.2 £ 0.1 57 = 1.6 0.5+ 0.1 2.0 0.1 3.8

@ Cells were cultivated in LB medium containing glucose (20 g/liter) at 30°C. The results are the averages from three independent experiments = standard errors.
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FIG 3 Molecular weight distributions of P(3HB) synthesized by recombinant E. coli DH5« harboring pGET109-pha series plasmids. The cultivation time was
12 h (dashed lines) or 72 h (solid lines). Determination of molecular weight was carried out in triplicate, and typical distributions for each polymer are shown.

(PhaC) activity, the higher the P(3HB) content produced relative
to the dry cell weight. On the other hand, 3-ketothiolase (PhaA)
and acetoacetyl-CoA reductase (PhaB) activity levels did not cor-
relate with P(3HB) molecular weight or content. This phenome-
non suggested that ample 3-ketothiolase (PhaA) and acetoacetyl-
CoA reductase (PhaB) are expressed and supply 3HB precursors
in excess, followed by the polymerization of these intracellular
precursors depending on the PHA synthase (PhaC) expression
level. Therefore, PHA synthase (PhaC) would be the limiting fac-
tor for PHA synthesis in this study.

DISCUSSION

In this study, we focused on the relationship of gene order to
various aspects of PHA production. Our results demonstrated
that genes positioned closer to the promoter were more highly
expressed than genes positioned further away from the promoter.
In addition, the gene expression levels were positively correlated
to the protein expression levels. The ubiquity of this relationship
between gene expression, protein expression, and promoter prox-
imity has been previously demonstrated by using synthetic oper-
ons consisting of fluorescent protein genes (12). However, the
order of genes in the operon had not been considered to be im-
portant for PHA production. Specific placement and ordering of
genes in the operon constitute an effective approach for regulating
gene expression and differ from conventional methods of control-
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ling gene expression such as promoter switching or varying the
concentrations of inducers.

This study used the OGAB method to specify the order of genes
in synthetic operons. In previous studies, application of the OGAB
method led to improved production of bioproducts such as
plipastatin (27) and carotenoids (15). Our study demonstrates
that the OGAB method can be successfully applied to PHA pro-
duction as well. For the production of PHA, one must consider
not only yield but also physical properties, such as the mechanical
strength of the polymers produced. The optimization of these two
parameters (PHA yield and molecular weight) was successfully
achieved by switching the gene order within the pha operon. As a
result, the synthetic phaBCA operon delivered an increased mo-
lecular weight of P(3HB) in addition to a relatively high P(3HB)
yield (Table 2).

Additionally, we have shown that PHA synthase (PhaC) activ-
ity is the critical factor for PHA yield and molecular weight (Fig.
6). Early studies (2, 17, 20, 21) reported correlations of PhaC ac-
tivity to the PHA yield and the molecular weight of the PHA poly-
mers produced. The results of our current study support the find-
ings of Sim et al., who clearly demonstrated that PhaC activity has
a negative correlation with P(3HB) molecular weight and a posi-
tive correlation with cellular P(3HB) content (21). On the other
hand, some reports suggest that the limiting factor for PHA pro-
duction and a main limitation of PHA synthesis flux is a shortage
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FIG 4 pha gene expression levels with respect to gene order in recombinant E. coli DH5a harboring pGETS109-pha series plasmids. The x axis displays the gene
order, with the gene closest to the promoter represented by 1 and the gene farthest from the promoter represented by 3. The y axis shows the relevant mRNA
abundances of pha genes compared to 16S rRNA gene abundance determined by real-time PCR analysis. Experiments were carried out in triplicate, and the

average and standard deviation for each point is shown.

of NAPDH, which is required as a cofactor for the acetoacetyl-
CoA reductase (PhaB) reaction (18, 19), or the low expression
levels of phaB (28). In most cases, the native pha operon (phaC-
phaA-phaB) from R. eutropha has been used for PHA production,
and the phaB expression levels are lower since phaB is the last gene
in the native operon. Therefore, by increasing concentrations of
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intracellular NADPH (18, 19) and phaB overexpression (28), in-
creased levels of PHA accumulation could be achieved. In this
study, PHA synthase (PhaC) activity was highly correlated with
the production and molecular weight of PHA. However, unlike in
previous studies (18, 19, 28), no correlation between acetoacetyl-
CoA reductase (PhaB) and PHA productivity was observed based
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FIG 5 Western blot analysis and enzyme activities of PHA synthase (PhaCp.) and the monomer-supplying enzymes (PhaAy. and PhaBy,) in recombinant E. coli
DH5a harboring pGETS109-pha series plasmids. A crude extract (1 ug for PhaA . and PhaBy,, 5 ug for PhaCp,) was prepared from each recombinant strain and
was used for Western blot analysis. Enzyme assays were performed spectrophotometrically using appropriate amounts of crude extract and calculated specific
activities (see Materials and Methods). Each enzyme assay was carried out in triplicate, and results are shown as averages with standard deviations.
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FIG 6 Effect of PHA synthase (PhaCy,) specific activity on the molecular
weight (M,)) and content of P(3HB) synthesized in recombinant E. coli strains.
P(3HB) characterization and P(3HB) synthesis enzyme assays revealed a neg-
ative correlation between M, and PHA synthase (PhaCg.) activity and a pos-
itive correlation between P(3HB) content and PHA synthase (PhaCg.) activity.
A, number-average molecular weight (M,)); [J, P(3HB) content.

on transcriptional, protein expression, and PHA accumulation
data (Table 2). It is probable that sufficient acetoacetyl-CoA re-
ductase (PhaB) was expressed despite the rearrangement of gene
order in this study. The NADPH supply might be intrinsically
sufficient because intracellular NADPH concentrations are much
higher than the Michaelis constant (K,,,) for NADPH of aceto-
acetyl-CoA reductase (PhaB) (28).

UHMW-P(3HB) is expected to be useful as an actual plastic
material due to its high mechanical strength (7). However, previ-
ous attempts at producing UHMW-P(3HB) resulted in relatively
low yields; thus, effective production of UHMW-P(3HB) has been
desired. Previously, improved UHMW-P(3HB) production has
been achieved by optimizing the plasmid vector (2, 8), host bac-
terial strain (1), cultivation conditions (1, 5, 9), PHA synthase
(PhaC) (1), and point mutation insertions to PHA synthase
(PhaC) (1). Previous studies revealed that specific culture condi-
tions such as slightly acidic growth media (pH 6.0) (5, 9) and
higher temperature (1) increased the M,, up to 20 X 10°. Other
studies demonstrated that the use of a low-copy-number expres-
sion plasmid as opposed to a high-copy-number plasmid is effec-
tive in increasing both the production and molecular weight of
P(3HB) (2, 8). Additionally, it was confirmed that the PHA syn-
thase from Delftia acidovorans (PhaCp,,) was more effective than
the PHA synthase from R. eutropha (PhaCyg,) for higher-molecu-
lar-weight P(3HB) production in E. coli J]M 109 (1). A previous in
vitro evolutionary study demonstrated that a point mutation
(F420S) in the PhaCg. (25) enzyme led to increases in both
P(3HB) content per cell and P(3HB) molecular weight (1). De-
spite the advances of these studies, the levels of production of
UHMW-P(3HB) are still not high enough for commercial pro-
duction.

In this study, in order to increase both the production and
molecular weight of P(3HB), we investigated the optimal balance
between monomer supply and PHA synthase abundance by
switching the gene order of the phaCAB operon relative to the
promoter. As a result, we have shown that the optimization of
gene order has great influence on the production of P(3HB) in
recombinant E. coli. This knowledge can be effectively applied to
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control both the yield and molecular weight of recombinantly
produced PHA polymers. Additionally, by combining the knowl-
edge gained from previous studies aimed at improving P(3HB)
production with the optimization of gene order within the pha
operon, the development of a superior UHMW-P(3HB) produc-
tion system can be expected.
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