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Enhancing terpenoid indole alkaloid production
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Bax, a mammalian pro-apoptotic member of the Bcl-2 family, triggers hypersensitive reactions when
expressed in plants. To investigate the effects of Bax on the biosynthesis of clinically important natural
products in plant cells, we generate transgenic Catharanthus roseus cells overexpressing a mouse Bax
protein under the B-estradiol-inducible promoter. The expression of Bax in transgenic Catharanthus
roseus cells is highly dependent on B-estradiol concentrations applied. Contents of catharanthine and
total terpenoid indole alkaloid of the transgenic cells treated with 30 umol/L B-estradiol are 5.0- and
5.5-fold of the control cells. Northern and Western blotting results show that expression of mammalian
Bax induces transcriptional activation of Tdc and Str, two key genes in terpenoid indole alkaloid bio-
synthetic pathway of Catharanthus roseus cells, and stimulates the accumulation of defense-related
protein PR1 in the cells, showing that the mouse Bax triggers the defense responses of Catharanthus
roseus cells and activates the terpenoid indole alkaloid biosynthetic pathway. Thus, our data suggest
that the mammalian Bax might be a potential regulatory factor for secondary metabolite biosynthesis in
plant cells and imply a new secondary metabolic engineering strategy for enhancing the metabolic flux
to natural products by activating the whole biosynthetic pathway rather than by engineering the single

structural genes within the pathways.
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Higher plants are important sources of many clinically
important natural products (secondary metabolites). Al-
though plants are renewable resources, some species are
becoming more difficult to obtain in sufficient amounts
to meet increasing demands. Production of the secondary
metabolites with distinct and complex structures in
plants by cell cultures has been one of the most exten-
sively explored areas in recent years owing to the enor-
mous commercial value of those compounds, the scar-
city of some plant species in the world, and the high ex-
pense of the chemical synthesis processes of these com-
pounds"!. Cell culture is also advantageous in that useful
metabolites are obtained under a controlled environment,
independent of climatic changes and soil conditions. In
addition, the products are free of microbe and insect
contamination. However, the numbers of compounds
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that are producible commercially by cell culture tech-
nology are still very few!”. One of the main limitations
is the low productivity of the desired compounds. Fur-
ther investigation on the methodology and mechanism of
the production of secondary metabolites by plant cell
cultures is, therefore, necessary and of great importance.

It has been reported that the biotic and abiotic stresses
such as pathogenic infection and UV light may activate
the secondary metabolite biosynthetic pathways and
stimulate secondary metabolite accumulation in plants!).
Thus, the use of elicitors from pathogenic microorgan-
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ism and other external factors has been one of the most
effective strategies for improving the productivity of
useful secondary metabolites in plant cell cultures'* °.
However, the practical utilization of the external factors
for secondary metabolite production is greatly limited by
its poorly reproducible performance.

Plants respond to the biotic and abiotic stresses by ac-
tivating various defense reactions including hypersensi-
tive cell death and the accumulation of the secondary
metabolites’®”). Therefore, activation of plant defense
responses at the molecular level might be an efficient
strategy for improving the secondary metabolite produc-
tion of plant cells. Bax is a death-promoting member of
the Bcl-2 family in mammalians. It has been reported
that overexpression of mammalian Bax in tobacco and
Arabidopsis induces reactions similar to the hypersensi-
tive responses of plants to pathogenic attack™), which
implies that mammalian Bax may trigger the defense
responses of tobacco and Arabidopsis cells. We, there-
fore, hypothesize that expressing mammalian Bax in
plant cells might stimulate the biosynthesis of secondary
metabolites. In order to test the hypothesis, we devel-
oped the transgenic Catharanthus roseus cells overex-
pressing a mouse Bax protein under B-estradiol-induc-
ible promoter and determined the effects of Bax on the
biosynthesis of catharanthine and total terpenoid indole
alkaloid of Catharanthus roseus cells.

1 Materials and methods
1.1 Plant materials and cell culture

The plant cell line for the study was induced from the
young stems of Catharanthus roseus growing in Zhe-
jiang Province of China with MS medium!'”, supple-
mented with 2.0 mg/L a-naphthaleneacetic acid (NAA),
2 mg/L indole acetic acid (IAA), 0.1 mg/L  kinetin,
20 g/L sucrose and 8 g/L agar. The suspension culture of
the cell line was initiated from the callus culture on a
liquid medium similar to that for the callus culture but
with 30 g/L sucrose and excluding the agar. The medium
was adjusted to pH 5.8 and then sterilized at 121°C for
20 min. The suspension culture was maintained in 250
mL Erlenmeyer flasks with a liquid volume of 100 mL
in each flask capped with Magenta B-Caps (Sigma
38648), and incubated on an orbital shaker incubator in
the dark at 120 r/min and 25°C.

1.2 Plasmid construction and plant transformation

The ORF of the mouse Bax (a gift of Dr. Haegeong

Moon, Gyeongsang National University, Korea) was
inserted into the B-estradiol-inducible vector pER 8 ( a
gift of Dr. Nam-Hai Chua, The Rockefeller University).
The pERS vector consists of three transcription units. In
the first transcription unit G10-9, a strong constitutive
promoter controls the XVE fusion gene. The latter en-
codes a chimeric transcriptional activator consisting of
the DNA-binding domain (DBD) of the bacterial rep-
ressor LexA, the acidic transactivating domain of VP16,
and the carboxyl region of the human estrogen receptor.
The Xho 1 and Spe 1 fragment of pERS, which contains
the G10-9 and XVE, was ligated to the Xho I-Spe I-
tagged Bax cDNA. The resulting construct, pER-Bax,
was used for Agrobacterium-mediated transformation of
Catharanthus roseus callus, as described by Clark!".
Transformants were selected on MS medium containing
hygromycin (20 pg/mL). The callus transformed with
empty vector without Bax was also generated for the
transgenic control line.

1.3 Protein extraction and Western blotting

Protein extraction and Western blot analyses of cell pro-
tein were performed as the method reported'?. Total
cell protein (10 pg) was electrophoresed on a 15% SDS-
polyacrylamide gel. After transferring protein to nitro-
cellulose membranes, immunoblotting was performed by
using antisera raised in rabbits against either Bax
(1:1000, Alexis Biochemicals, San Diego, CA), or PR1
(1:1000, Alexis Biochemicals, San Diego, CA). Alkaline
phosphatase-conjugated anti-rabbit IgG (Sigma) was
used as the secondary antibody.

1.4 RNA extraction and Northern analysis

We extracted RNA and performed Northern analysis as
previously described!"”). Unless indicated otherwise, 10
prg RNA samples were loaded onto the gels. All North-
ern blots used **P-labeled ¢cDNA probes. For Tdc we
used a cDNA clone that was of full length and homolo-
gous to the cDNA cloned by De Lucaet al.'*. The full-
length cDNA clone for S#/'* and a cDNA corresponding
to Rps9'"™! (40S ribosomal protein S9) were isolated
from Catharanthus roseus by our laboratory.

1.5 Chemicals and induction

The 17-B-estradiol was purchased from Research Bio-
chemicals International (Natick, MA, USA). The
chemicals were prepared as 1, 4 and 10 mmol/L stock
solutions in dimethyl sulfoxide (DMSO), and stored at
—20°C in small aliquots. DMSO alone had no effects on
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transgene expression. Chemical treatments were carried
out by directly growing the cells on a medium supple-
mented with inducers, or adding the inducers to the cul-
ture medium to the desired concentrations at the selected
times.

1.6 Measurement of cell growth

Cell growth was determined by measuring the dry cell
weight (DCW) of the culture. In order to do this, the
biomass in the culture broth was separated from the lig-
uid by filtration and then dried at 40°C under vacuum
for about 2 days to constant weight to obtain the dry cell
weight.

1.7 Alkaloid extraction and determination

Alkaloid extraction and determination were carried out

18] Cells in the culture

according to the method reported
broth were separated from the liquid by filtration and
then dried at 40°C under vacuum for about 2 days. Dry
cells powder was extracted twice with methanol, and the
extraction solutions were combined and concentrated
under vacuum. The residues were dissolved in water,
quickly extracted with ethyl acetate phase for three
times after the pH of aqueous solution was adjusted to
10. The ethyl acetate extracts were combined and con-
centrated under vacuum. The residues were dissolved in
1 mL of methanol and analyzed by HPLC. HPLC analy-
sis conditions: Shimadzu LC-6A apparatus with Shima-
dzu C-R3A integrator and SPD-6A UV-detector moni-
toring at 280 nm; Kromasil C18, 250X4.6 mm dimen-
sion and 5 pum packing (Alltech, Deerfield, IL). Samples
were eluted with a mobile phase of methanol/acetoni-
trile/0.025 mol/L ammonium acetate/triethylamine (15:
40:45:0.1, v/v) at a flow rate of 1 mL/min. Alkaloids
were identified by TLC, co-elution and HPLC-Diode
Array Detection (Hewlett-Packard 1100 LC-DAD HP)
compared with standards. Alkaloid production was cal-
culated by using the following equation: alkaloid pro-

duction (mg/L) = alkaloid content (mg/g) X biomass
(g/L).

2 Results

2.1 Expression of the mouse Bax in Catharanthus
roseus cells stimulates indole alkaloid biosynthesis

In order to test the effect of Bax on the biosynthesis of

natural products in plant cells, we generated transgenic
Catharanthus roseus cells overexpressing the mouse
Bax protein under a tightly regulated p-estradiol-induc-
ible promoter!'’. As shown in Figure 1(a), the expres-
sion of Bax was highly dependent on B-estradiol con-
centrations, which indicates that the expression of Bax
in Catharanthus roseus cells could be controlled by the
application of B-estradiol. Treatment of the transgenic
Catharanthus roseus cells with 30 umol/L B-estradiol at
the early culture stage (day 0) significantly increased
catharanthine and total terpenoid indole alkaloid con-
tents on per cell basis (Figure 1(b)). Since B-estradiol
per se had no effects on terpenoid indole alkaloid con-
tents of Catharanthus roseus cells (Figure 1(c) and (d)),
the data indicated that the expression of Bax was re-
sponsible for the enhancement of terpenoid indole alka-
loid contents in transgenic Catharanthus roseus cells. In
other words, expression of the mouse Bax triggers indole
alkaloid biosynthesis of Catharanthus roseus cells.

2.2 Expression of the mouse Bax induces transcrip-
tional activation of the genes in terpenoid indole al-
kaloid biosynthetic pathway of Catharanthus roseus
cells

Catharanthine is derived from terpenoid indole alkaloid
biosynthetic pathway in Catharanthus roseus™. To
evaluate the mechanism of Bax on catharanthine bio-
synthesis, we examined the expression of terpenoid in-
dole alkaloid biosynthetic genes in transgenic Catha-
ranthus roseus cells treated with B-estradiol. In Catha-
ranthus roseus, Tdc and Str genes encode Trp decar-
boxylase and strictosidine synthase respectively, which
play key roles in terpenoid indole alkaloid biosynthetic
pathway!"’ 2!, Both genes are present as single copies in
the Catharanthus roseus genome”.. As shown in Figure
2, transcripts of 7dc and Str are significantly increased
in the transgenic cells treated with B-estradiol. Since
B-estradiol per se had no effects on 7dc and Str tran-
scription in wild Catharanthus roseus cells (Figure 2)
and the transgenic control cells (data not shown), the
results indicated that the mouse Bax triggers the expres-
sion of indole alkaloid biosynthetic genes in transgenic
Catharanthus roseus cells. Thus, our data strongly sug-
gested that the mouse Bax may activate the terpenoid
indole alkaloid biosynthetic pathway of Catharanthus
roseus cells.
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Figure 1 Inducible expression of mouse Bax in Catharanthus roseus cells and the effects on terpenoid indole alkaloid biosynthesis. (a) Western blot
analysis of Bax protein in transgenic Catharanthus roseus cells treated with B-estradiol. The micromolar concentrations of B-estradiol are given at the top.
Protein was extracted 6 h after B-estradiol treatment. (b) Effects of Bax on catharanthine and total terpenoid indole alkaloid contents of transgenic Catha-
ranthus roseus cells. The transgenic cells were treated with 30 pmol/L B-estradiol on day 0. Control received vehicle solvent only. Cells were harvested on
the day indicated, catharanthine and total terpenoid indole alkaloid contents were then determined. Values are means of 3 independent experiments. Bar
represents the standard errors. (c¢) Effects of B-estradiol on catharanthine and total terpenoid indole alkaloid contents of wild cells. The wild cells were
treated with 30 umol/L B-estradiol on day 0. Control received vehicle solvent only. Cells were harvested on the day indicated, catharanthine and total ter-
penoid indole alkaloid contents were then determined. Values are means of 3 independent experiments. Bar represents the standard errors. (d) Effects of
B-estradiol on catharanthine and total terpenoid indole alkaloid contents of transgenic control cells. The transgenic control cells (transformed by the empty
vector without mouse Bax) were treated with 30 umol/L B-estradiol on day 0. Control received vehicle solvent only. Cells were harvested on the day indi-
cated, catharanthine and total terpenoid indole alkaloid contents were then determined. Values are means of 3 independent experiments. Bar represents the
standard errors.

not shown), which suggested that expression of Bax in-

2.3 Expression of Bax induces PR1 accumulation in _
duces the defense responses of transgenic Catharanthus

Catharanthus roseus cells
o . roseus cells.
It has been reported that fungal elicitor triggers defense

responses of plants and activates the biosynthesis of
(221 \which prompts us

2.4 Inducible expression of the mouse Bax enhances
the production of catharanthine and total terpenoid

secondary metabolites in the cells
indole alkaloid

to investigate if mouse Bax could trigger the defense

reactions of Catharanthus roseus cells. Accumulation of
the defense-related protein PR1 is one of the best char-
acterized responses of plants to pathogenic attack™™. In
our work, PR1 protein accumulated in transgenic Ca-
tharanthus roseus cells 20 h after B-estradiol treatment,
while PR1 accumulation was not observed in wild type
cells (Figure 3) or in the transgenic control cells (data

Overexpression of Bax is lethal in the budding yeast
Saccharomyces cerevisiae™**). The death-promoting
effect of Bax on plant cells has also been found in to-
bacco and Arabidopsis plants™®*°. In this work, we
found that overexpression of the mouse Bax decreased
the biomass of Catharanthus roseus cells (Figure 4(a)),

indicating that Bax inhibited the growth of the cells.
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Figure 2 Bax induces the transcriptional activation of terpenoid indole
alkaloid biosynthetic genes. Transgenic and wild Catharanthus roseus
cells were exposed to 30 pumol/L B-estradiol or DMSO (0 pmol/L
B-estradiol) for 30 h, then the cells were harvested and total RNA was
isolated. Northern blots were hybridized with Tdc, Str, and Rps9 cDNAs.
The micromolar concentrations of B-estradiol are given at the top.
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Figure 3 Analysis of PRI protein accumulation in Catharanthus roseus
cells. Wild and transgenic Catharanthus roseus cells were treated with 30
pmol/L B-estradiol and DMSO (0 umol/L B-estradiol) respectively. Total
cell proteins were extracted 20 h after treatment.

Subsequently, the stimulation of Bax on catharanthine
and total terpenoid indole alkaloid production was
highly suppressed (data not shown). However, the re-
sults also showed that the inhibitory effects of Bax on
cell growth were highly dependent on the time and con-
centrations of B-estradiol application (Figure 4(a) and
(b)). Adding 30 umol/L B-estradiol on day 20 had almost
no inhibition on cell growth (Figure 4(b)). Therefore, the
highest catharanthine and total terpenoid indole alkaloid
production were obtained by applying 30 pmol/L
B-estradiol on day 20, which was about 5- and 5.5-fold
of the control cells (Figure 4(c) and (d)).

3 Discussion

Catharanthine, a secondary metabolite of Catharanthus
roseus, can be chemically coupled with vindoline to
form the clinically important anti-cancer drug vin-
blastine, which provides a novel and effective way to
commercially produce vinblastine, since vindoline is
abundant in Catharanthus roseus plants and catharan-
thine can be produced by Catharanthus roseus cell cul-
tures””’?*). The production of catharanthine by various
Catharanthus roseus cell cultures has been extensively
explored in recent years. Commercial application of

plant cell culture for the production of catharanthine,
however, is still limited due to the low product yield.

Genetic manipulation has been considered to be the
powerful tools for enhancing the production of the sec-
ondary metabolites, e.g. indole alkaloids, in plant cells
recently[29]. One of the most frequently used strategies
for achieving this goal is the engineering of single steps
(the “rate-limiting” enzymes) in a particular secondary
metabolite biosynthetic pathway to increase metabolic
flux to target compounds®”. Although the way the sec-
ondary metabolites biosynthesize is being made appar-
ent by concerted molecular, genomic and genetic ap-
proaches, engineering the secondary metabolite path-
ways of plants has often been limited by the need for
coordinate regulation of multiple gene activities®'**.
The regulatory architectures of the biosynthetic path-
ways of secondary metabolites, and the ways in which
they are integrated into the broader metabolic networks,
are less well understood so far, often making it hard to
predict the results of overexpressing a single structural
gene or multiple genes within a particular pathway.
Moreover, the value of this approach has often been lim-
ited in plant cells, because the effects of modulating sin-
gle enzymatic steps are often absorbed by the system in
an attempt to restore homeostasis”®>". Thus, attention has
been recently shifted away from reductionist, single
structural gene engineering strategies to more complex
approaches in the context of the whole cell®?*. Re-
cently, some studies use transcriptional factors to control
multiple gene expression of secondary metabolite bio-
synthetic pathways of plant cells®>**. However, the
regulatory strategy based on the context of whole cell
has not been reported until now.

The results of the present work showed that express-
ing the mouse Bax in Catharanthus roseus cells en-
hanced catharanthine and total terpenoid indole alkaloid
contents, showing that Bax might stimulate indole alka-
loid biosynthesis. Furthermore, our data showed that
inducible expression of Bax significantly induced the
transcription of Tdc and Str in transgenic Catharanthus
roseus cells, which suggested that mouse Bax might ac-
tivate the terpenoid indole alkaloid biosynthetic pathway
in the cells. Thus, our results suggest that Bax might be
a potential regulatory factor for secondary metabolite
biosynthesis in plant cells and imply a new secondary
metabolic engineering strategy for enhancing the meta-
bolic flux to natural products by activating the whole
biosynthetic pathway rather than by engineering the sin-
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Figure 4 Effects of Bax on cell growth and total indole alkaloid production of Catharanthus roseus cells. (a) Effects of B-estradiol concentrations on cell
growth. Transgenic Catharanthus roseus cells and wild cells were treated with different B-estradiol concentrations on day 0. Cells were harvested on day
25. Values are means of 3 independent experiments. Bars represent standard errors. (b) Effects of the addition time of B-estradiol on cell growth. 30 umol/L
B-estradiol was added into transgenic cells at the time indicated. Values are means of 3 independent experiments. Control receives vehicle solvent only.
Bars represent standard errors. (c) Effects of the addition time of B-estradiol on catharanthine production. 30 umol/L B-estradiol was added into transgenic
cells at the time indicated. Values are means of 3 independent experiments. Control receives vehicle solvent only. Bars represent standard errors. (d) Effects
of the addition time of B-estradiol on total terpenoid indole alkaloid production. 30 pmol/L B-estradiol was added into transgenic cells at the time indicated.
Values are means of 3 independent experiments. Control receives vehicle solvent only. Bars represent standard errors.

gle structural genes within the pathways.

Secondary metabolites of plants not only are impor-
tant pharmaceutical and source compounds for deriva-
tive synthesis, but also play important roles in ecological
interactions, especially in protection against biotic and
abiotic stresses. However, many secondary metabolites
are not necessary for normal plant metabolism'”, Thus,
the biosynthesis of secondary metabolites is tightly con-
trolled in plant cells in ordinary conditions, which might
be the main reasons resulting in low production of sec-
ondary metabolites of the cultured plant cells. It was
reported that both biotic and abiotic stresses might in-
duce secondary metabolite biosynthesis of plant cells.
Plants respond to biotic and abotic stresses by activating
various reactions. One of the common responses of
plants to stresses is the transcriptional reprogramming of
plant cells from “normal” primary metabolism to de-

fense-oriented secondary metabolism in the context of
whole cell™. Therefore, activation of plant defense
responses at the molecular level may not only trigger the
secondary metabolite biosynthetic pathways, but also
affect the regulatory systems in the cells to facilitate the
accumulation of secondary metabolites. The results of
the present work show that expression of the mouse Bax
triggers the accumulation of defense-related protein PR1
in Catharanthus roseus cells. Since the accumulation of
PR1 is one of the best characterized responses of plants

to stressesml

, our data indicate that the mouse Bax may
activate the defense response of Catharanthus roseus
cells at the molecular level. Thus, the present work sug-
gests that expression of the mouse Bax in Catharanthus
roseus cells may stimulate indole alkaloid biosynthesis
in the context of whole cells.

Together, the present work shows that the inducible
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expression of mouse Bax may enhance the transcrip-
tional level of the key genes in terpenoid indole alkaloid
biosynthetic pathway and trigger indole alkaloid bio-
synthesis. Furthermore, our data indicate that expression
of the mouse Bax may activate the defense responses of
Catharanthus roseus cells at the molecular level. Thus,
the results of the present work suggest that the mouse
Bax might be a powerful regulatory factor for improving
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