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Abstract A transgenic cell suspension culture of Nico-
tiana tabacum L. ‘Petit Havana' SR1 was established ex-
pressing tryptophan decarboxylase and strictosidine syn-
thase cDNA clonesfrom Catharanthusroseus (L.) G. Don
under the direction of cauliflower mosaic virus 35S pro-
moter and nopaline synthase terminator sequences. Dur-
ing a growth cycle, the transgenic tobacco cells showed
relatively constant tryptophan decarboxylase activity and
an about two- to sixfold higher strictosidine synthase ac-
tivity, enzyme activities not detectable in untransformed
tobacco cells. The transgenic culture accumulated trypta-
mine and produced strictosidine upon feeding of secolog-
anin, demonstrating the in vivo functionality of the two
transgene-encoded enzymes. Theaccumulation of strictos-
idine, which occurred predominantly in the medium, could
be enhanced by feeding both secologanin and tryptamine.
No strictosidine synthase activity was detected in the me-
dium, indicating the involvement of secologanin uptake
and strictosidine release by the cells.
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Introduction

Plant secondary metabolism gives rise to the formation of
avast array of chemically complex compounds, many of
which are commercially important. Initial studies on plant
secondary metabolism focused on the chemistry of the me-
tabolites and their biosynthesis. Subsequently, research ef-
forts partly shifted to the characterisation of the biosyn-
thetic enzymesinvolved. Nowadays, isolation of the genes
coding for these enzymes and el ucidation of the regulatory
mechanisms which control their expression are also cen-
tral issuesinthefield of plant secondary metabolism. Once
cloned, such genes can be exploited to produce the corre-
sponding enzymes or for metabolic engineering. Examples
of these options are the production of the enzyme strictos-
idine synthase (STR, EC 4.3.3.2) in transgenic insect cells
expressing a str cDNA clone from Rauvolfia serpentina
(Kutchan et al. 1991), and accumulation of tryptaminein
transgenic tobacco plants due to the expression of acDNA
clone from Catharanthus roseus coding for the enzyme
tryptophan decarboxylase (TDC, EC 4.1.1.28) (Songstad
etal. 1990, 1991; Goddijn et al. 1993; Poulsen et a. 1994).
A tdc cDNA clone from C. roseus was also expressed in
transgenic canolaplants, modifying the glucosinol ate con-
tent (Chavadej et al. 1994), andintransgenic Peganumhar -
mala cells resulting in atenfold increase in serotonin pro-
duction (Berlin et al. 1993). Other examples of genetic en-
gineering of plant secondary metabolism have been re-
cently reviewed (Nessler 1994).

Rapid advancesin cDNA cloning of genes encoding en-
zymes in plant secondary metabolism provide an ever-in-
creasing range of opportunities for exploring the possibil-
ities of metabolic engineering in plants and derived organ,
tissue and cell culture systems. In our laboratories, we have
isolated cDNA clonesencoding theenzymes TDC and STR
from C. roseus(Goddijn 1992; Pasquali et al. 1992), amodel
plant for studies on plant secondary metabolism, in particu-
lar the biosynthesis of terpenoid indole alkaloids (Fig. 1).

As afirst step in transferring combinations of terpen-
oid indole alkaloid biosynthetic genes into the cells of
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Fig. 1 Tryptophan decarboxylase (TDC) and strictosidine synthase
(STR) in the biosynthesis of strictosidine, the general precursor of
terpenoid indole alkaloids

plants that do not possess such genes, we report here the
functional expression of both tdc and str gene constructs
in tobacco cells. After feeding of secologanin, these cells
producestrictosidine, whichispredominantly releasedinto
the culture medium.

Materials and methods
Construction of binary vector for plant transformation

Full-length tdc and str cDNA clonesfrom C. roseus (G. Pasguali and
J. Memelink, unpublished data) were fused in sense orientation to a

Fig. 2 T-DNA region of binary vector construct used for Agrobac-
terium tumefaciens-mediated transformation of Nicotiana tabacum
(LB left border, RB right border, 35S pr promoter sequences from
CaMV 35S promoter, 35Str terminator sequences from CaMV 35S
terminator, NOS pr promoter sequences from nopaline synthase pro-
moter, NOStr terminator sequences from nopaline synthase termi-
nator, NPTII neomycin phosphotransferase coding region, TDC tryp-
tophan decarboxylase coding region, STR strictosidine synthase cod-
ing region, GUSInt intron-interrupted coding region of 3-glucuron-
idase)
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CaMV 35S promoter with double enhancer and the nosterminator us-
ing the expression cassette plasmids pM 0G183 and pMOG463 (Mo-
gen International, Leiden, The Netherlands), respectively. These con-
stitutively expressing versions of the C. roseustdc and str geneswere
subsequently inserted, together with a 3-glucuronidase intron (gus
int) reporter gene (Vancanneyt et al. 1990), in the nptll-selection-
gene-containing T-DNA region of the binary plant vector pM OG402
(Mogen International). A schematic representation of the T-DNA re-
gion of theresulting binary vector construct isdepictedin Fig. 2. Con-
struction details are available on request. The binary vector was in-
troduced by triparental mating (Ditta et al. 1980) into Agrobacterium
tumefaciens strain LBA4404 for transformation of tobacco.

Tobacco leaf disk transformation and establishment of transgenic
cell suspension culture

Nicotiana tabacum cultivar Petit Havanna SR1 plants were grown
axenically on solidified MS medium (Murashige and Skoog 1962)
containing 30 g/l sucrose at 25°C with a photoperiod of 12 h. Leaf
disk transformation with A. tumefaciens strain L BA4404 harbouring
the described binary vector construct was performed essentially as
described by Horsch et al. (1985). Transgeni ¢ plantswere maintai ned
on solidified MS medium containing 100 mg/l cefotaxim, 100 mg/I
vancomycin and 100 mg/l kanamycin. Leaves of one of the trans-
genic plants were excised and placed on agar-solidified LS medium
(Linsmaier and Skoog 1965) containing 2.0 mg/l 1-naphthal eneacet-
icacid (NAA), 0.2 mg/l kinetin (KIN) and 30 g/l sucrose to produce
callus. Callus was excised, grown for 1 week on the same solid me-
dium, and then transferred to liquid LS medium containing 2.0 mg/I
NAA, 0.2 mg/l KIN and 30 g/l sucrose to obtain a cell suspension
culture. The resulting culture was grown at 25+1°C under dim light
on agyratory shaker at 100 rpm, and subcultured weekly.

Characterisation of the transgenic tobacco culture

Erlenmeyer flasks of 250 ml, containing 50 ml of culture medium,
wereinoculated with 5£0.1 g cellsfrom a 7-day-old culture of trans-
genic tobacco cells. The cellswere harvested 2, 5, 7 and 10 days af -
ter inoculation. After harvesting, the cells were immediately frozen
in liquid nitrogen and stored at —80°C.

For feeding experiments, filtration-sterilised agueous solutions
of secologanin and tryptamine were added to the cells 5 days after
culture inoculation. Four feeding conditions were used: A, controls,
feeding of an equivalent volume of sterile distilled water; B, feed-
ing of tryptamine (final concentration 0.5 mm); C, feeding of seco-
loganin (final concentration 0.5 mm); D, feeding of both tryptamine
and secologanin (final concentration 0.5 mm each). The cultures
were harvested 1, 3 and 5 days after feeding. The culture medium
was separated from the biomass by filtration. The cellswereimmedi-
ately frozen in liquid nitrogen and stored at —80°C. The media were
centrifuged at 5,000 g for 20 min. The supernatants were frozen in
liquid nitrogen and stored at —80°C. Experimentswere performed in
duplicate.

For the feeding conditions A and D, an untransformed tobacco
cell culture was used to measure non-transgene-encoded formation
of strictosidine.

Enzyme assays

Protein extracts were prepared by homogenising the frozen cellsin
a Waring blender cooled with liquid nitrogen. The powdered cells
were thawed in the presence of polyvinylpolypyrrolidone (50 mg/g
fresh weight) and 0.1 m sodium phosphate buffer pH 7, containing
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2 mm EDTA and 4 mwm dithiothreitol (1 ml/g fresh weight). The ex-
tracts were clarified by centrifugation (10,000 g, 30 min, 4°C). For
desalting, the supernatants were applied on a Sephadex G-25 (PD 10,
Pharmacia) column and eluted with 0.1 m sodium phosphate buffer,
pH 7, containing 2 mm EDTA (buffer A). TDC and STR activities
were assayed in triplicate according to Pennings et al. (1987, 1989).
Protein concentrations were assayed in triplicate by the method de-
scribed by Peterson (1977) with bovine serum albumin as standard.

Determination of tryptamine, secologanin and alkaloids

Tryptamine contents during a growth cycle of the transgenic tobac-
co cell suspension were determined by HPLC, by injection of TDC
enzyme assay blanks made on crude non-desalted enzyme extracts.
For the determination of tryptamine concentrationsin cells and me-
dia from the feeding experiments, freeze-dried cells or culture me-
dia were extracted according to Schripsema and Verpoorte (1992)
and analysed by means of HPLC (van der Heijden et al. 1987)
equipped with photodiode-array detection. Strictosidinewas assayed
according to Moreno et al. (1993). For the determination of secolog-
anin, aliquots of protein extracts (before desalting, see above) were
lyophilised, as were the culture media. The residues were dissolved
in buffer A. Secologanin was quantified in duplicate, as described
elsewhere (D. Hallard et a., in preparation). This assay is based on
the condensation of secologanin with tryptamine, yielding strictosi-
dine, in areaction catalysed by STR. Subsequently, the formation of
strictosidine is quantified by HPLC.

Results and discussion

Establishment and characterisation of the transgenic
tobacco cell suspension culture

The binary vector T-DNA region depicted in Fig. 2 was
transferred into tobacco plants by leaf disk transformation
with A. tumefaciens. Northern and Western blot analysis
as well as enzyme assays confirmed the transgenic status
of the obtained plants (Lopes Cardoso 1996). The leaves
of one of these plants were subsequently used to establish
atransgenic cell suspension culture. Before experimenta-
tion, the resulting culture, light-green in colour, was
allowed to stabilise for 10 months.

The transgenic tobacco cell suspension culture was
characterised for growth, TDC and STR activities and ac-
cumulation of tryptamine (Table 1). During a growth
cycle, the culture displayed arelatively constant TDC ac-

Tablel TDC and STRactivitiesand accumulation of tryptaminein
the biomass of suspension-cultured transgenic tobacco cells express-
ing Catharanthus roseus tdc and str cDNA clones. Values are mean,
n=2 { Gl (growth index)=[FW/(t)-FW/(0)]/FW(0), where FW=fresh
weight}

Time Gl Tryptamine Specific activities
(days) (Hg/g FW) (pkat/mg protein)
TDC STR
2 0.18 11.8 26 49
5 1.21 6.4 25 44
7 3.66 8.1 12 28
10 4.27 12.6 16 104

tivity of 12—26 pkat/mg protein. Due to this activity, tryp-
tamine accumulated in the cells at levels fluctuating
between 6.4-12.6 pg/g fresh weight. STR activity in the
transgenic tobacco cells was about two- to sixfold higher
than TDC activity, reaching a peak of 104 pkat/mg protein
at day 10 of the growth cycle. Tryptamine accumulation
and TDC aswell as STR enzyme activities were undetect-
able in untransformed tobacco cell suspensions from our
cell culture collection (data not shown).

In C. roseus suspension cultures, TDC activity usually
peaks during the first days after subculture and then de-
clinesrapidly. In P. harmala suspension cultures also, en-
dogenous TDC activity peaks sharply during the first
2448 h after transfer to fresh medium. However, intrans-
genic suspension cultures of P. harmala expressing C.
roseus cDNA coding for TDC, TDC activity remained el-
evated for at least 5 days after subculture (Berlin et al.
1993). This observation and that reported here for trans-
genic tobacco cellsindicate that the CaMV 35S promoter
enables high and stable activity of arate-limiting second-
ary metabolite biosynthetic enzyme in heterologous
systems.

Theaccumulation of tryptaminein tobacco cellsdid not
appear to have any toxic effects, judging by the rapid ac-
cumulation of biomass during suspension culture
(Table1). Thelevels of tryptamine found in the transgenic
suspension-cultured cells (about 10 pg/g fresh weight) are
similar to those found inleaves of tdc, or tdc and str, trans-
genic tobacco plants (ranging from 18 to 66 pg/g fresh
weight; Lopes Cardoso 1996) andin C. roseus cell suspen-
sion cultures (about 12 pg/g fresh weight; D. Hallard, un-
published data).

Feeding of secologanin to the transgenic tobacco culture

In previous investigations it was shown that tryptamine,
accumulating in C. roseus suspension-cultured cells, is
available for terpenoid indole alkaloid biosynthesis: upon
feeding of secologanin to the cultures, strictosidine is
formed (Moreno et al. 1993). Here, similar feeding experi-
ments were performed with the transgenic tobacco cells,
to find out if secologanin can reach the compartment(s)
where tryptamine and STR are located within the plant
cells. Moreover, such experiments may demonstrate thein
vivo functionality of transgenically produced TDC and
STR enzymes. Addition of secologanin to the transgenic
tobacco culture indeed resulted in the accumulation of
strictosidine (Fig. 3). Some of the strictosidine formed by
the transgenic cells was recovered from the medium, but
strictosidine concentrations rapidly decreased. Secologa-
nin disappeared more quickly, and to alarger extent from
the medium, than it was incorporated into strictosidine.
Similar mechanismsmay perhapsbeinvolved inthedegra-
dation of secologanin and strictosidine. Strictosidine (and
secologanin) were stable for at least 40 h in fresh culture
medium, when incubated under identical culture condi-
tions. Furthermore, in medium separated from the trans-
genic tobacco culture after 5 days of growth, secologanin
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Fig. 3 Amount of tryptamine, secologanin and strictosidine in the
biomass and medium of suspension cultures of transgenic tobacco
cells expressing Catharanthus roseus TDC and SSS genes. At day
0, the cultures were fed with 25 pmol of tryptamine (B), 25 pmol
secologanin (C) or tryptamine and secologanin (25 pumol each, D).
Control cultures (A) received an equal volume of sterile water

and strictosidine did not decompose (data not shown).
Thus, the disappearance of these iridoid-glucosides in the
feeding experiment must be mediated by the transgenic to-
bacco cells. Analysis of media and biomass by HPLC-
UV/VIS confirmed the identity of strictosidine by reten-
tion time and its UV spectrum, but no degradation prod-
ucts of strictosidine could be detected. Furthermore, nei-
ther TDC nor STR activities were detected in the culture
media, suggesting that strictosidine was produced inside
the cells. Thiswould have required uptake of secologanin
into the cells, where it was converted to strictosidine, as
no secol oganin could be detected inside the cells. STR has
been shown to be localised in the vacuoles of C. roseus
(McKnight et al. 1991; Stevenset al. 1993) and transgenic
tobacco cells(McKnight et al. 1991). In the gene construct
we used for transformation of the tobacco cells, the se-
guence coding for the signal peptide of STR was also
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present. Vacuolar localisation of STR is therefore ex-
pected. The conversion of tryptophan into tryptamine by
TDC has been shown to occur in the cytosol of C. roseus
cells(DeLucaand Cutler 1987; Stevenset al. 1993). Upon
its formation, tryptamine is thought to accumulate in the
vacuole. Similar processes could also occur in the trans-
genic tobacco cells; however, it has not yet been demon-
strated that secologanin is able to enter the vacuoles of
transgenic tobacco cells.

The accumulation of strictosidine was enhanced about
fourfold when both secologanin and tryptamine were fed
tothetransgenic cell culture (Fig. 3). Feeding of both com-
pounds to an untransformed tobacco cell culture did not
give rise to strictosidine accumulation in the medium or
biomass (data not shown), thereby excluding their conver-
sioninto strictosi dine by mechanismsother than transgene-
encoded enzyme activity. Maximum transgene-encoded
incorporation of secologanin into strictosidine was about
8%. Feeding of secologanin and/or tryptamine to the sus-
pension of transgenic tobacco cells did not affect the final
dry weight yield, although secologanin initially caused
dlight inhibitory effects (data not shown).

It is concluded from these experiments that gene con-
structs encoding TDC and STR of C. roseus can be ex-
pressed in tobacco cellsin such away that the correspond-
ing enzyme activities are available for, and cooperativein,
the biosynthesis of a secondary metabolite which is
foreign to tobacco. These gene constructs are currently be-
ing used for transformation of various plant species known
for their accumulation of secologanin. The obtained trans-
genic cultures may thus accumulate strictosidine as a
foreign secondary metabolite. In addition, the transgenic
tobacco cells described here serve in our laboratories as a
source of STR, which can be used in an assay to determine
secologanin contentsin plant tissues (D. Hallard et al., in
preparation).
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