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Abstract

Highly active mutant of NADPH-dependent acetoacetyl-CoA reductase (PhaB) was expressed
in Nicotiana tabacum cv. Bright Yellow-2 cultured cells to produce poly(3-hydroxybutyrate)
[P(3HB)]. The mutated PhaB increased P(3HB) content by 3-fold over the control, indicating
that the mutant was a versatile tool for P(3HB) production. Additionally, the PhaB-catalyzed

reaction was suggested to be a rate-limiting step of P(3HB) biosynthesis in tobacco BY-2 cells.
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Poly(3-hydroxybutyrate) [P(3HB)] is a bacterial polyester, which can be used as a biobased
alternative to petroleum-derived plastics. P(3HB) has been produced using native producers such as
Ralstonia eutropha (currently designated as Cupriavidus necator) and engineered bacteria using a
variety of carbon source. In attempts to produce P(3HB) and related polymers at high concentrations,
the feedstock has been a major factor contributing to the production cost of the polymer®. Therefore,
transgenic plants expressing bacterial P(3HB) biosynthetic genes have attracted research interest?,
because they can produce P(3HB) directly from CO,. To date, various plant species®*® including
tobacco®” have been successfully transformed to produce P(3HB), but a further improvement in

polymer productivity is required.

P(3HB) is synthesized from acetyl-CoA via three successive reactions. First, two molecules of
acetyl-CoA are condensed into acetoacetyl-CoA by a p-ketothiolase (PhaA). Subsequently,
NADPH-dependent  acetoacetyl-CoA reductase (PhaB) converts acetoacetyl-CoA into
(R)-3-hydroxybutyryl-CoA (3HB-CoA), which is finally polymerized into P(3HB) by
polyhydroxyalkanoate synthase (PhaC). A set of P(3HB) biosynthetic genes (phaA, phaB, phaC)
encoding these enzymes have been found in a variety of bacteria®. In particular, the genes from R.

eutropha are widely used and well-characterized”. As mentioned, the expression of P(3HB)
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biosynthetic genes led to an accumulation of P(3HB) in non P(3HB)-producing organisms, including
eukaryotes such as plants. For example, the transgenic tobacco expressing PhaB and PhaC from R.
eutropha in cytosol produced P(3HB)”, indicating the presence of intrinsic acetoacetyl-CoA supply

in tobacco cytosol.

In our previous study, we developed the transgenic tobacco using the codon-optimized phaB and
phaC genes for enhancing P(3HB) production. As a result, the expression of a codon-optimized phaB
gene increased both the PhaB expression level and P(3HB) content'?. This beneficial effect was not
seen for the phaC gene. The result indicated that the PhaB-catalyzed reaction was a rate-determining
step in P(3HB) biosynthesis in tobacco. Accordingly, we previously created an evolved PhaB
(Thr173Ser) mutant through in vitro evolution technique based on the random mutagenesis and
high-throughput screening'. The mutated PhaB(TS) exhibited 3.6-fold higher ke value, and a
2.0-fold increased P(3HB) content in recombinant Corynebacterium glutamicum compared to the
wild-type enzyme [PhaB(WT)]. Combining these results, it was expected that PhaB(TS) might
improve P(3HB) production in tobacco. Therefore, the aim of this study was to express PhaB(TS) in
tobacco and to examine the effect of the PhaB mutant on P(3HB) production. To meet this goal, we
used BY-2 cultured tobacco cells, which are known to grow very rapidly. In general, development of
transgenic plants and evaluation of the function of transgenes take long time, and need large

laboratory space. Therefore, it is worth to pre-evaluate the function of the gene of interest using rapid
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and compact system. In this regard, BY-2 cells were favorable host because the culture was scalable

and stable for long-term cultivation'?.

The plasmids used in this study were constructed as follows. The phaB(WT) and phaB(TS) genes
were amplified by PCR using a pair of primers: phaB_f
(5'-CAATCTAGAATAAAGAATGACTCAGC-3) and phaB_r
(5"-AACCAGAGCTCGAGGTCAGCCCAT-3), as well as pGEM"CAB and
pGEM"phaCAB(T173S) as templates respectively*?. The amplified fragments were digested using
Xbal and Sacl, and ligated with pRI101 (Takara, Japan) for the expression of the genes under control
of 35S cauliflower mosaic virus promoter and NOS terminator. The plasmids were designated as
pRIphaB(WT) and pRIphaB(TS), respectively. The Hindlll fragment, which contained 35S promoter,
the phaC gene from R. eutropha, and NOS terminator'®, was digested from pBI221phaC and
inserted into pRIphaB(WT) and pRIphaB(TS) to yield pRIphaC-phaB(WT) and pRIphaC-phaB(TS),

respectively (Fig. 1).

In this study, Nicotiana tabacum cv. Bright Yellow-2 (tobacco BY-2) cultured cells were chosen
as a host because of its high transformation efficiency and ease of manipulation?.
pRIphaC-phaB(WT) and pRIphaC-phaB(TS) were introduced into BY-2 cells using the

Agrobacterium-mediated method as described™®. The candidates of transformants, designated as WT
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and TS respectively, were selected and maintained at 28°C in the dark on modified Murashige and
Skoog medium™® containing 30 g I™* sucrose, 100 pg I kanamycin and 500 mg I* cefotaxime. The
transformants expressing the phaB genes were selected using reverse transcription-PCR (Toyobo,
Japan) using phaB_f and phaB_r primers (Fig. 2). The actin gene was amplified as a positive control
using a pair of primers; 5-CTTGACGGAAAGAGGTTATT-3' and
5-GATCCTCCAATCCAGACACT-3". Thirteen and ten lines of WT and TS expressing the phaB
gene were obtained respectively. For polymer production, the cells were cultured for ten days in 50
ml medium with rotary shaking of 130 rpm, and harvested. The lyophilized cells were ground with
stainless hammer using multi-bead-shocker (YASUI KIKALI, Japan). The obtained powders were
rinsed with n-hexane, and subsequently suspended in methanol, at 50°C for 24 h, as described'®. The
polymer was extracted with chloroform at 60°C for 48 h, and subjected to gas chromatography/mass

spectrum analysis as described previously®®.

The P(3HB) contents in WT and TS lines are shown in Fig. 3. The polymer content varied from
0.61 ng g*-cell dry weight to 177 pg g The large distribution of the polymer content in
P(3HB)-producing transgenic plants has been typically observed in various plant species*>'®. This
phenomenon could be partly due to the position effect of transgene insertion in the chromosomal
DNA of the host plants and/or epigenetic gene silencing'”. Despite the heterogeneity of the P(3HB)

productivity, the average P(3HB) content of the TS lines (35 ug g™') was approximately 3-fold higher
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than the line harboring wild-type phaB (10 pg g™) (Fig. 3), indicating that there was a tendency that
TS lines accumulated greater amount of P(3HB). In general, in order to obtain a highly polymer
-producing line, a number of transformants have to be developed and screened because of the broad
distribution in the polymer content in transgenic plants. Thus, considering the number of sample, the
lines expressing phaB(TS) gene expectedly achieves a higher production than the wild-type phaB
gene. Therefore, the mutated phaB gene could be a versatile tool for improving P(3HB) production

in plants.

The increase in P(3HB) content in tobacco expressing the TS mutant suggests that the PhaB
activity was an important factor for the polymer production. However, it should be noted that the
flux toward 3HB-CoA was determined by not only the Kkinetic parameters of PhaB, but also the
concentration of the substrates, acetoacetyl-CoA and NADPH. Therefore, the result suggested that
the conditions in BY-2 cells, namely the levels of acetoacetyl-CoA and NADPH, were suitable for

exercising the capacity of PhaB(TS) as well as the activity of PhaB.

The increase in P(3HB) content by expression of the PhaB TS mutant suggested that the
PhaB-catalyzed reaction is a rate-limiting step in P(3HB) synthesis in BY-2 cells. In fact, this
hypothesis was consistent with the previous result that the polymer content was increased by using

the codon-optimized phaB gene'®. Therefore, PhaB should be an effective target to increase P(3HB)
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content in plants. As a simple example, the combination of the mutant and codon-optimization will

be a potent approach to achieve this goal.

In conclusion, P(3HB) production in transgenic tobacco was successfully increased by using an

evolved PhaB with enhanced activity. This result demonstrated that the evolved PhaB should be a

powerful tool to improve the production of P(3HB) and 3HB-based polyesters in various platforms.
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Caption to figures

Fig. 1. The plasmids used in this study. phaC: PHA synthase gene, phaB: acetoacetyl-CoA reductase
gene (wild type and TS mutant). 35S: 35S cauliflower mosaic virus promoter, NOS: nopaline
synthase terminator, Km": kanamycin resistance gene, T-LB and T-RB: left and right borders of

T-DNA respectively.

Fig. 2. RT-PCR of transgenic tobacco harboring phaB and phaC genes. 1-3:. transformants of
pRIphaC-phaB(WT), 4-6: transformants of pRIphaC-phaB(TS), 7: wild-type BY2, and 8: positive

control (plasmid)

Fig. 3. P(3HB) content in transgenic tobacco BY-2 cells. WT: transformants of pRIphaC-phaB(WT),

TS: transformants of pRIphaC-phaB(TS).
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