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Tryptophan decarboxylase (TDC) is a cytosolic enzyme that catalyzes an early step of the terpenoid indole alkaloid
biosynthetic pathway by decarboxylation of L-tryptophan to produce the protoalkaloid tryptamine. In the present study,
recombinant TDC was targeted to the chloroplast, cytosol, and endoplasmic reticulum (ER) of tobacco (Nicotiana tabacum)
plants to evaluate the effects of subcellular compartmentation on the accumulation of functional enzyme and its corre-
sponding enzymatic product. TDC accumulation and in vivo function was significantly affected by the subcellular
localization. Immunoblot analysis demonstrated that chloroplast-targeted TDC had improved accumulation and/or stability
when compared with the cytosolic enzyme. Because ER-targeted TDC was not detectable by immunoblot analysis and
tryptamine levels found in transient expression studies and in transgenic plants were low, it was concluded that the
recombinant TDC was most likely unstable if ER retained. Targeting TDC to the chloroplast stroma resulted in the highest
accumulation level of tryptamine so far reported in the literature for studies on heterologous TDC expression in tobacco.
However, plants accumulating high levels of functional TDC in the chloroplast developed a lesion-mimic phenotype that
was probably triggered by the relatively high accumulation of tryptamine in this compartment. We demonstrate that
subcellular targeting may provide a useful strategy for enhancing accumulation and/or stability of enzymes involved in
secondary metabolism and to divert metabolic flux toward desired end products. However, metabolic engineering of plants
is a very demanding task because unexpected, and possibly unwanted, effects may be observed on plant metabolism and/or

phenotype.

Plants produce large arrays of chemicals, many of
which are referred to as secondary metabolites. De-
spite the minor role initially assigned to these mole-
cules, secondary metabolites are now considered
crucial for the interaction of plants with their envi-
ronment (Verpoorte, 1998). Many secondary metab-
olites are also important therapeutic agents or phar-
maceuticals, and the generally low abundance to
which they accumulate has prompted extensive re-
search into their biosynthetic pathways. To date, few
plant secondary metabolic pathways have been fully
characterized, and some have been partially charac-
terized, although investigation into many is at an
early stage. Nevertheless, it is clear that the biosyn-
thesis of secondary metabolites is under strict devel-
opmental, temporal, and spatial control in plants (St.
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Pierre et al., 1999; De Luca and St. Pierre, 2000). As a
consequence of the strictly regulated biosynthesis,
natural products accumulate to only trace amounts in
plants, and their extraction and purification is often
difficult and cost intensive. Attempts to use plant cell
cultures as an alternative source to natural products
have also been problematic, often due to the lack of
fully functional pathways required for the produc-
tion of the target molecules. With the exception of the
antibacterial, anti-inflammatory compound shikonin
and the anticancer agent paclitaxel, no other second-
ary metabolites have so far been successfully pro-
duced on an industrial scale in plant cell cultures
(Verpoorte et al., 2000).

Terpenoid indole alkaloids (TIAs) are a large group
of secondary metabolites containing several thera-
peutically effective substances such as the anticancer
agents vinblastine and vincristine produced by the
Madagascar periwinkle (Catharanthus roseus). An
early step in the biosynthesis of TIAs is catalyzed by
Trp decarboxylase (TDC; EC 4.1.1.28), which, due to
its position at the interface of primary and secondary
metabolism, is one of the key enzymes that regulate
TIA biosynthesis (Goddijn et al., 1993). TDC mediates
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the decarboxylation of L-Trp to produce tryptamine,
a common precursor of several TIA species. As a
result of research efforts from several laboratories,
TDC is well characterized at the molecular and bio-
chemical level, and ¢cDNA and genomic clones are
available, the latter allowing studies on the dissection
of the cis-regulatory elements to be carried out (for
review, see Facchini et al., 2000). TDC has been used
in transgenic expression studies to create artificial
metabolic sinks to determine the effects on the bal-
ance of metabolic flux down the branches from shiki-
mate to aromatic amino acids other than Trp (Yao et
al., 1995) or divert metabolic flux to promote the in
vivo biosynthesis of novel substrates or products
(Berlin et al., 1993; Chavadej et al., 1994). In addition,
because the toxic compound 4-methyl-L-Trp is me-
tabolized by TDC as an alternative substrate to L-Trp,
TDC was proposed as a novel biochemical selectable
marker (Goddijn et al., 1993).

With the continual elucidation of pathways, the
cloning of genes encoding enzymes of secondary me-
tabolism and, more recently, genes encoding tran-
scriptional regulators of natural product biosynthe-
sis, together with the development of appropriate
transformation systems, different strategies are avail-
able for manipulating metabolic flux toward natural
products of interest. In addition to the overexpres-
sion and antisense strategies, targeting enzymes to
appropriate subcellular compartments may be envis-
aged as an alternative or complimentary strategy for
increasing accumulation of specific products from
proposed rate-limiting steps of a pathway by bring-
ing together enzyme and substrate in the same com-
partment. The utility of such a strategy has been
illustrated from reports studying amino acid biosyn-
thesis in plants. For example, the biosynthesis of the
essential amino acids Thr and Lys was significantly
enhanced by targeting feedback-insensitive Asp ki-
nase (Galili et al., 2000) or dihydropicolinic acid syn-
thase (Falco et al., 1995) to the chloroplast, the site
where the Asp family pathway is located and large
amounts of precursors are available. Prompted by the
successful results obtained in these studies, we inves-
tigated the effects of subcellular TDC localization on
protein accumulation and enzyme activity toward
determining whether targeting strategies may be use-
ful when applied to enzymes of natural product bio-
synthesis. In particular, we wanted to examine the
effects of localizing TDC to the chloroplast, the site of
biosynthesis of the enzyme’s natural substrate, L-Trp
(Radwanski and Last, 1995). We also studied the
effects of targeting TDC to the endoplasmic reticu-
lum (ER) because it has been demonstrated that tar-
geting proteins to the ER (Iturriaga et al., 1989; Wan-
delt et al., 1992; Boevink et al., 1996) significantly
enhances accumulation of the respective recombinant
protein in plant cells (Fiedler et al., 1997, Gomord et
al., 1997; Fischer et al., 1999).
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TDC is a cytosolic enzyme in TIA-producing plants
such as C. roseus (De Luca and Cutler, 1987; Stevens
et al., 1993), and ideally, studies on localization of
TDC should be carried out using transgenic material
from the plant expressing TDC as part of the path-
way of interest; in our case, TIA biosynthesis in C.
roseus. However, although transgenic undifferenti-
ated C. roseus cell cultures can be recovered with
relative ease, TIA biosynthesis is severely impeded in
such cultures. Furthermore, a whole plant transfor-
mation system for C. roseus is not yet available. Thus,
for the present studies, tobacco (Nicotiana tabacum)
was chosen as the experimental system. As well as
presenting a facile transformation system allowing
the recovery of large numbers of transgenic plants,
tobacco lacks the tdc gene and the downstream en-
zymes to further metabolize tryptamine. Therefore,
accumulation of tryptamine in tobacco is a direct
measure of TDC function in vivo within the target
subcellular compartment.

We report here a clear effect of compartmentation
on TDC stability and in vivo function. Accumulation
levels of TDC and its product, tryptamine, were sig-
nificantly dependent on the target cell compartment,
and the highest enzyme activity and product levels
were achieved by targeting TDC to the chloroplast.
However, transgenic tobacco plants expressing re-
combinant TDC in the chloroplast developed necrotic
leaves closely resembling a lesion-mimic phenotype.
The aberrant phenotype is likely to be a direct effect
of the very high levels of tryptamine accumulated in
plants expressing TDC in the chloroplast and we
discuss this observation in the light of metabolic
engineering.

RESULTS

Transient Expression of Targeted TDC in
Tobacco Leaves

A transient expression assay of vacuum infiltrated
leaves was initially carried out to evaluate the per-
formance of the different TDC constructs. Recombi-
nant Agrobacteria carrying the expression cassettes
for targeting TDC to the chloroplast, the cytosol, or
the ER (Fig. 1) were independently infiltrated into
tobacco leaves.

Because endogenous TDC activity was not detected
in the present study or in previous studies in tobacco,
the biosynthesis of tryptamine in infiltrated leaves
transiently expressing targeted TDC was used as a
direct evidence of in vivo enzyme function. Trypta-
mine levels in infiltrated leaves were measured using
a fluorometric assay (Sangwan et al., 1998), and the
results (fluorescence intensity per gram of fresh
weight leaf material) are shown in Figure 2. Leaves
transiently expressing chloroplast-targeted TDC
showed a fluorescence intensity of tryptamine ap-
proximately 1.5-, 5-, and 72-fold higher than those
expressing TDC in the cytosol, in the ER, or the
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Figure 1. Plant expression cassettes for targeting TDC to the chloro-
plast (pT-CHL), cytosol (pT-CYT), and ER (pT-ER). ChS, 5’-
Untranslated region (UTR) of chalcone synthase; CTS, chloroplast-
targeting signal of the potato (Solanum tuberosum) granule-bound
starch synthase; Q, 5'-UTR Q sequence of tobacco mosaic virus; tags,
c-myc/His6 tags; LPL*, plant codon optimized light chain leader
peptide of the murine antibody 24 (Voss et al., 1995); Lnk, linker; K,
KDEL sequence; 35SS, double enhanced cauliflower mosaic virus
(CaMV) 35S promoter; Ter, CaMV termination sequence.

background levels of control leaves infiltrated with
nonrecombinant Agrobacteria, respectively (Fig. 2).
Nevertheless, tryptamine fluorescence in leaves tran-
siently expressing cytosolic or ER-targeted TDC was
approximately 48.5- or 13.5-fold higher than the
background signal of control leaves, respectively
(Fig. 2).

Stable Expression and in Vivo TDC Function in
Different Subcellular Compartments of Tobacco Plants

Because the transient expression studies provided
evidence that the subcellular location of TDC affected
its accumulation and/or activity, the effect of com-
partmentation on TDC was further studied in stably
transformed tobacco plants. The levels of TDC pro-
tein were compared with in vivo enzymatic activities
using immunoblot analysis and fluorometric as-
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Figure 2. Fluorometric detection of tryptamine in the crude extract of
tobacco SR1 leaves transiently expressing recombinant TDC targeted
to different subcellular compartments. Bars represent the average
value of fluorescence intensity g~ fresh weight (fw) of leaf material
calculated from the total integral of the 300- to 400-nm emission
scan area of four infiltrated leaves per plant expression cassette.
Control leaves were infiltrated with nonrecombinant agrobacteria.
Ses are shown.
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says in leaves harvested from at least 25 independent
primary transgenic plants that harbored each
construct.

TDC is a homodimeric enzyme consisting of two
monomers of approximately 49 to 55 kD (Pennings et
al., 1989; Fernandez et al., 1989). Inmunoblot analy-
sis of protein extracts prepared from the leaves of T,
(and later T,) tobacco plants expressing chloroplast-
or cytosol-targeted TDC identified a mass of 52 to 54
kD (Fig. 3, A and B), whereas no protein signal was
detected in extracts prepared from leaves of T, plants
expressing ER-targeted TDC (Fig. 3C). These results
indicated that the amount of ER-targeted TDC was
below the detection limit of the immunoblot analysis.
Therefore, subsequent analyses of T, plants harbor-
ing the ER-targeting construct were not carried out.

T, plants were also subjected to quantitative anal-
ysis of tryptamine to study in vivo TDC function
within the different subcellular compartments. The
average level of tryptamine in the crude extract of
leaves, harvested from the minimum of 25 indepen-
dent T, plants per targeting cassette, were 50.6 = 8.1,
204 = 2.5, and 0.6 = 0.13 pg mg ' total soluble
protein (TSP) in plants expressing chloroplast-,
cytosol-, or ER-targeted TDC, respectively (Fig. 4;
Table I).

Three to five T, plants expressing TDC targeted to
the chloroplast and to the cytosol that accumulated
high TDC as well as high tryptamine levels (in the
range of 61-98 pug mg ' TSP and 32-37 ug mg '
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Figure 3. Immunoblot analysis of the crude TSP extract of indepen-
dent transgenic tobacco plants expressing targeted TDC to the chlo-
roplast (A), cytosol (B), and ER (C). The 9E10 anti-c-myc antibody (A
and B) or the MA-GRP78 anti-KDEL antibody (C) was used to detect
the recombinant TDC. M, Prestained protein marker. Lanes 1 through
6A and lanes 1 through 8, B and C, Leaf crude extract of transgenic
T, (A and B) and T, plants (C). W, TSP of wild-type tobacco SR1
plants.
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Figure 4. In vivo TDC function in transgenic tobacco plants. Bars
represent the average amount of tryptamine in the leaf crude extract
of 25 T, and 15 T, tobacco plants accumulating TDC in different
subcellular compartments. Tryptamine amounts are in micrograms
per milligram of TSP. ses are shown.

TSP, respectively) were selected to generate at least
15 T, plants per construct. These plants were ana-
lyzed for levels of TDC and tryptamine. The average
tryptamine levels were 99.36 = 12.2 and 34.01 * 4.9
ug mg ' TSP (Table I), respectively, for plants ex-
pressing chloroplast- or cytosol-targeted TDC. Thus,
the average and the maximum tryptamine levels in
the two groups of T plants was about 2-fold higher
than the levels detected in the corresponding T, pop-
ulation (Table I).

Phenotypic Effects of TDC Expression

T, and T, tobacco plants accumulating TDC in the
chloroplast showed a striking phenotype. One or 2
weeks before the flower buds developed, small ne-
crotic areas appeared on the surface of older leaves
(Fig. 5A). With the onset of the opening of fully
developed flower buds, the lesions increased in num-
ber and size in the lower and middle leaves, whereas
younger leaves showed only small necrotic areas at
the leaf edges. At the end of the flowering, most of
the leaf surface was necrotic, and strong deformation
was apparent in the lower and middle leaves (Fig. 5,
B and C). These symptoms were observed only in
plants expressing chloroplast-targeted TDC and not

Targeting Trp Decarboxylase in Transgenic Tobacco

in plants expressing TDC in the cytosol or ER. In
addition, within the group of plants expressing
chloroplast-targeted TDC, only those shown to accu-
mulate high levels of TDC and tryptamine displayed
symptoms, indicating a correlation between symp-
tom severity and the level of enzyme and product.
T, plants with necrotic leaves were fully fertile and
produced seeds that were used to generate T, plants
that showed the same phenotype displayed by T,
plants and no significant reduction of fertility.

Analysis of Chloroplast Preparations and
Enzymatic Assays

To confirm correct TDC targeting, chloroplasts
were isolated from leaves of two T, transgenic plants
(17/2 and 25/3) harboring the chloroplast-targeting
cassette and showing relatively high accumulation of
TDC protein. More than 70% of the purified chloro-
plasts were intact as estimated by phase-contrast mi-
croscopy analysis. The homogenate (H), stroma (S),
and membrane pellet (MP) of the purified chloro-
plasts were subjected to immunoblot analysis to
study distribution of TDC in the different fractions.
Furthermore, in vitro assays of marker enzymes were
carried out to demonstrate that mitochondria (fuma-
rase assay) and peroxisomes (catalase assay) did not
contaminate chloroplasts. Glyceraldehyde-3-P dehy-
drogenase (GAPDH) was used as S-associated chlo-
roplast marker and was assayed in the reductive
direction (Wolosiuk and Buchanan, 1976). As shown
in Figure 6, GAPDH activity peaked in the S fraction,
whereas no activity was detected in the MP. No or
very little fumarase and catalase activity was de-
tected in the S and MP fractions, indicating that no or
very little contamination by mitochondria or peroxi-
somes was present in the chloroplast preparations.
Immunoblot analysis showed that the majority of
TDC accumulated in the S (Fig. 6) and accordingly,
the enzyme activity peaked or was fully recovered in
this fraction. This result confirmed that recombinant
TDC was correctly targeted to the chloroplast and
was associated with the S. TDC was not detected in
chloroplasts isolated from wild-type tobacco SR1
plants.

Table I. Level of tryptamine in transgenic T, and T, tobacco plants

pT-CTS pT-CYT pT-ER
To T To T To
Mean? 50.584 (258.966) 99.359 (660.784) 20.366 (159.244) 34.019 (227.981) 0.591 (4.016)
SE 8.097 (39.154) 12.255 (110.704) 2.464 (25.103) 4.949 (23.318) 0.132 (0.766)
Minimum 6.061 (61.92) 32.757 (321.367) 10.407 (61.881) 14.953 (76.025) 0.041 (0.759)
Maximum 98.949 (570.124) 196.966" (1,277.465) 37.327 (346.991) 62.604 (353.936) 1.380 (10.701)

 Data represent statistical analysis of the fluorimetric quantitation of tryptamine synthesized in vivo in transgenic plants harboring cassettes
for targeting TDC to different subcellular compartments. Levels of tryptamine are in microgram per milligram of TSP or microgram per gram fresh

wt of leaf material (in parentheses).
recombinant TDC in the chloroplast is underlined.

b The highest amount of tryptamine detected in fully expanded leaves of a transgenic T, plant expressing

Plant Physiol. Vol. 129, 2002
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Figure 5. Leaf necrotic areas in transgenic plants expressing TDC in the chloroplast. Necrosis started to appear in the form of
small HR-like necrotic lesions (A), and they increased in number and size as soon as the plants approached flowering when
diffused necrosis with strong deformation of the leaf surface developed (B and C). The fertility of the plants was not affected,
and seeds from T, plants were used to cultivate T, plants that showed the same phenotype with no reduction of fertility.

DISCUSSION

To assess the potential of a targeting approach to
the engineering of plant secondary metabolism, we
investigated the effect of subcellular targeting on
accumulation of TDC and its product tryptamine, in
tobacco plants.

A transient assay, using vacuum infiltration of to-
bacco leaves, was performed to acquire preliminary
information on the expression and in vivo function of
recombinant TDC targeted to different subcellular
compartments. Vacuum infiltration of leaves with
suspensions of recombinant Agrobacteria has been
described as a rapid and reliable tool for testing
transient expression of recombinant proteins in
young and intact leaves before approaching stable
transformation of plants (Kapila et al., 1997). As
tryptamine was detected in extracts of all but the
infiltrated leaves of the negative control, it was con-
cluded that TDC was transiently expressed and func-
tional in vivo in different subcellular compartments.
Moreover, leaves expressing different targeting cas-
settes displayed significantly different extractable
tryptamine fluorescence with the highest signals de-
tected in leaves transiently expressing chloroplast-
targeted TDC. As we assumed that the transient ex-
pression of the different constructs resulted in
efficient subcellular targeting of the corresponding
recombinant enzyme, the results obtained in these
studies anticipated the effect of subcellular TDC tar-
geting on enzyme accumulation/stability and/or in
vivo function. To our knowledge, this is the first
report on transient expression and in vivo function of
a recombinant enzyme of the secondary metabolism
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in intact tobacco leaves. A comparison of data from
the transient assay and subsequent analysis of
tryptamine levels in transgenic plants revealed sim-
ilar relative levels of tryptamine for the three con-
structs used, demonstrating that the transient expres-
sion assay in intact leaves may represent a fast and
reliable tool for studies of subcellular targeting and
metabolic engineering.

The effect of compartmentation on accumulation
and in vivo TDC function was clearly demonstrated
in transgenic Ty and T, plants by immunoblot anal-
ysis and fluorometric detection of tryptamine. The
chloroplast-targeted and cytosolic TDC accumulated
to detectable levels, whereas the ER-targeted TDC
was below the detection limit of the immunoblot
analysis. In addition, the chloroplast and cytosolic
TDC showed bands of similar mass on the immuno-
blots, suggesting that the transit peptide of the
chloroplast-targeted TDC was correctly processed.
Immunoblot and biochemical analysis of chloroplasts
purified from transgenic T, plants demonstrated that
TDC localized in the stroma.

In the majority of plants expressing a chloroplast-
targeted TDC, the intensity of the protein signals on
the immunoblots differed significantly from that dis-
played by plants expressing cytosolic TDC. Because
this result was observed in detached leaves from T,
and T, plants, we conclude that protein accumulation
and stability were improved for the chloroplast-
targeted TDC compared with the cytosolic counter-
part. As reported by Bogorad (2000), a photosyn-
thetic cell contains an average of 50 to 60 active
chloroplasts, and the chloroplast resident proteases

Plant Physiol. Vol. 129, 2002
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Figure 6. Immunoblot analysis and in vitro assay of TDC and
marker enzymes in the H, S, and MP of chloroplast preparations
from two T, plants (17/2 and 25/3) accumulating TDC in the
chloroplast and a wild-type tobacco plant (W). Bars represent the
average value of the specific enzymatic activity expressed in units
(catalase and GAPDH), milliunits (fumarase), or nanokatals (TDC)
per milligram of chlorophyll.

differ from those found in the cytosol. Thus, high
accumulation of the chloroplast-targeted TDC may
be accounted for by the large number of chloroplasts
per cell and the higher protein stability resulting
from the less effective proteolytic activity of the chlo-
roplast resident proteases toward a naturally occur-
ring cytosolic protein, such as TDC.

We speculate that the ER-targeted TDC was sus-
ceptible to degradation. The fluorescence intensity of
tryptamine in infiltrated leaves transiently express-
ing ER-targeted TDC was about 13.5-fold higher than
the background signal of the control, whereas in
detached leaves of T, plants expressing the ER-
targeted TDC, the average level of tryptamine was
approximately 600 ng mg ' TSP with a maximum
value of approximately 1.4 pug mg~' TSP (Table I).
This result showed that only a small protein fraction
was functional in planta. In addition, in vitro TDC
assays (Pennings et al., 1987), carried out by feeding
L-Trp to the crude leaf protein extract of transgenic
plants expressing the ER-targeted TDC, showed only
a very low activity (data not shown). These data and
the results of the immunoblot analysis corroborate
our hypothesis of protein degradation, and it was
concluded that the ER is not a suitable subcellular
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compartment for accumulation of TDC due to pro-
tein degradation and correspondingly low in vivo
activity.

Additional evidence of compartmentation effects
on the in vivo TDC activity was obtained through
quantitative fluorometric analysis of tryptamine in
the leaf crude extract of transgenic tobacco plants.
The fluorometric detection described by Sangwan et
al. (1998) proved reliable and reproducible for anal-
ysis of a large number of samples. However, some
modification to this method was necessary because
the amount of tryptamine in the leaf crude extracts of
transgenic plants exceeded the extraction capacity of
the volume of organic solvent suggested by Sangwan
et al. (1998). Therefore, extraction of tryptamine was
carried out with a larger volume of ethyl acetate, and,
to acquire meaningful quantitative data, standard
curves of tryptamine were constructed for each mea-
surement. Other secondary metabolites coextracted
in the organic phase gave no interference in the
wavelength range used in the assay as showed by the
analysis of the crude extract of wild-type leaves.

Aqueous solutions of tryptamine and L-Trp show a
characteristic emission spectrum with a peak at 350
nm when excited at 280 nm. In our experiments, the
maximum emission intensity of the extracted
tryptamine was shifted to 340 nm. It is well known
that organic solvents, due to their low polarity, can
alter fluorescence of fluorophores, inducing the so-
called Stokes’ shift (Lakowicz, 1983). To acquire more
information about the nature of the substance de-
tected in the leaf crude extracts, we decided to com-
pare the emission scan of standard solutions of
tryptamine in tryptamine assay buffer (TRAB) and in
ethyl acetate (EtOAc; data not shown). The emission
peaks of the EtOAc solutions showed a 10-nm shift
with maximum emission intensity at 340 nm. There-
fore, the 340-nm emission peaks detected in the crude
extract of leaves transiently or stably expressing TDC
were the in vivo-synthesized tryptamine, and the
observed shift was due to the organic solvent.

T, and T, plants expressing chloroplast-targeted
TDC showed significantly higher tryptamine levels
than those detected in leaves harvested from plants
expressing cytosolic or ER-targeted TDC (Fig. 4). In
particular, one T; plant accumulated 196.96 ug mg ™'
TSP or 1,277.47 ug g~ ' fresh weight of leaves (Table
I), which is the highest amount of tryptamine so far
reported in the literature from studies expressing
TDC in tobacco plants. This represents a 1.6-, 8.6-,
and about 1.2-fold improvement on the maximum
amount of tryptamine observed in mature transgenic
T, tobacco plants accumulating TDC in the cytosol, as
reported by Leech et al. (1998), Poulsen et al. (1994),
and Songstad et al. (1990), respectively. Levels of
tryptamine in plants accumulating TDC in the cytosol
were comparable with those obtained by Poulsen et
al. (1994), but were lower than those reported by
Leech et al. (1998) and Songstad et al. (1990).
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The results of the immunoblot analysis and the
quantitative analysis of tryptamine clearly indicated
a correlation between levels of in vivo enzymatically
active TDC and levels of product for plants harboring
different targeting cassettes (Figs. 3 and 4; Table I) or
plants expressing TDC in the same subcellular com-
partment (data not shown).

Leaves of transgenic T, and T, plants accumulating
high levels of chloroplast-targeted TDC appeared to
undergo uncontrolled cell death (CD) at specific de-
velopmental stages, whereas leaves of plants express-
ing cytosolic TDC never showed necrotic symptoms.
To our knowledge, this is the first report of chloro-
plast TDC targeting where severe necrotic symptoms
on leaves of tobacco plants expressing a recombinant
TDC have been described, although Guillet et al.
(2000) reported symptoms of root curling in tobacco
seedlings coexpressing TDC and Tyr decarboxylase in
the cytosol. The authors assigned this effect to pertur-
bation in Trp levels required for the biosynthesis of
auxins and normal root development. In transgenic
tobacco plants constitutively expressing recombinant
proteins, the development of early hypersensitive
response (HR) symptoms and late diffused necrosis
on the entire leaf surface similar to those we observed
in the present study have been already described as a
lesion-mimic phenotype (Abad et al., 1997) because
the plant phenotype closely resembled that of so
called lesion-mimic mutants that develop HR and
uncontrolled CD in the absence of pathogen attack.
In those studies, occurrence of symptoms correlated
with high accumulation level of the recombinant pro-
teins and were interpreted as the result of metabolic
perturbation or as interference of the transgene ex-
pression with the disease resistance pathway (Dangl
et al.,, 1996). Plants expressing chloroplast-targeted
TDC clearly showed altered regulation of HR and of
CD propagation, thereby reproducing a lesion-mimic
phenotype. Moreover, because HR-like symptoms
overlapped uncontrolled CD in old and young
leaves, it was concluded that the lesion-mimic phe-
notype resembled the initiation and propagation
classes of cell death mutants reported by Dangl et al.
(1996).

Previous studies have shown that at physiological
pH, tryptamine is an ionized molecule able to func-
tion as strong electron donor (Abu-Eittah and Ab-
dou, 1996) and to complex cofactors such as FMN
(Wilson, 1966) and adenine dinucleotide (Alivisatos
et al., 1961). These chemical properties strongly indi-
cate that tryptamine is a potential poison to chloro-
plast function. Because a good correlation between
the severity of symptoms and the accumulation of
TDC and tryptamine was observed, we speculate that
the accumulation of TDC and the product tryptamine
in the chloroplast of some transgenic plants exceeded
a threshold of tolerance above which altered metab-
olism triggered a stress response. However, we can-
not exclude the possibility that altered metabolism in
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plants expressing TDC in the chloroplast was a con-
sequence of a severe depletion of L-Trp and the con-
sequent reduction of flux into pathways stemming
from the shikimate pathway located in the chloro-
plast. Thus, a more definitive conclusion of the na-
ture of the necrotic symptoms we observed requires
further investigation.

In conclusion, a recombinant enzyme of the plant
secondary metabolism was targeted to subcellular
compartment where it does not naturally occur. It
was shown that some subcellular compartments are
good candidates to enhance protein accumulation
and in vivo enzyme function, whereas other com-
partments are not suitable for this purpose. Similar
studies carried out in our group with strictosidine
synthase, the enzyme catalyzing the step immedi-
ately downstream TDC in the biosynthesis of TIAs,
provided further support to the notion that targeting
enzymes of the secondary metabolism to different
compartments of the plant cell may significantly in-
fluence protein accumulation and enzymatic activity
(unpublished data).

At the onset of the present research, it was not
possible to predict that transgenic plants would de-
velop a lesion-mimic phenotype. However, our data
are consistent with a growing awareness that the
complex interactions of metabolic networks in plants
may make it difficult to successfully engineer meta-
bolic pathways, and in place of the desired outcome,
unpredictable results and altered metabolic ho-
meostasis may be generated. Thus, to improve the
success of metabolic engineering, a better under-
standing of the complex interactions that regulate
plant metabolism is required.

The results obtained show biotechnological rele-
vance in that a substantial relative increase of a sec-
ondary metabolite was achieved by bringing together
enzyme and substrate within the same subcellular
compartment. This strategy might be particularly
useful when applied to rate-limiting metabolic nodes
in the production of desired end products of a sec-
ondary metabolic pathway. We demonstrated that
TDC is functional in the chloroplast, and a transgenic
T, plant accumulated the highest tryptamine level so
far reported. As shown in previous reports on im-
proved amino acid biosynthesis, by targeting dihy-
dropicolinic acid synthase and feedback-insensitive
Asp kinase to the chloroplast (Falco et al., 1995; Galili
et al., 2000), we here demonstrate that flux through
amino acid biosynthetic pathways can be diverted in
the chloroplast to enhance production of secondary
metabolites such as tryptamine. However, because
tobacco does not express enzymes to further metab-
olize tryptamine, a definitive statement on the value
of the exploited strategy awaits the transfer of the
present study to differentiated cell/organ cultures or
whole plant systems containing functional chloro-
plasts and at least a segment of the TIA pathway
downstream to tryptamine.
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MATERIALS AND METHODS
Plasmid DNA, Bacteria, and Plants

The following plasmid DNA, bacteria, and plants were used in the
present study: Plasmid DNA, pTSK (Leech et al., 1998), pUC18 (Messing,
1983), pGEM (Pharmacia, Freiburg, Germany), and pSS (Voss et al., 1995);
bacteria, Escherichia coli SCS110 (Stratagene, Heidelberg) and Agrobacterium
tumefaciens GV3101 (pMP90RK, Gm®, KmR®, and Rif ®) (Koncz and Schell,
1986); plant, Nicotiana tabacum cv Petite Havana SR1. Plants were grown in
a greenhouse under a 16-h photoperiod comprising natural daylight. The
temperature was held at about 25°C during the day and about 22°C at night.

PCR Amplification of tdc

Tdc (GenBank accession no. M25151) was amplified by PCR using the TSK
plasmid DNA (Leech et al., 1998) in combination with the primer tdc-forward
(tfw) 5'-CGCGAGCTCCATGGGCAGCATTGATTCAAC-3' and tdc-back-
ward (tbw) 5'-CCCAAGCTTGTCGACGGCTTCTTTGAGCAAATCATC-3'.

Sacl and Ncol as well as Sall and HindlIII restriction sites were introduced,
respectively, at the 5" and 3’ end of tdc by amplification with the tfw and tbw
primers. These restriction sites were used to clone tdc into cassettes for
subcellular targeting. In addition, tbw was designed to delete the stop codon
at the 3’ end of the tdc sequence to enable fusion of different 3’ tags or
retention motifs.

Construction of the Plant Expression Cassettes

The tdc cDNA (obtained by PCR amplification as above) was initially
cloned as a Sacl/HindlIII fragment into pUC18 and was then subcloned, via
Ncol/Sall, into pUC or pGEM derivatives containing different targeting and
tag sequences. The following targeting cassettes were constructed: T-CHL
(chloroplast) was generated by cloning tdc as a Ncol/Sall fragment between
the 5° ¢cDNA sequence of the potato granule-bound starch synthase
chloroplast-targeting signal (CTS; V. Hoppmann, S. Di Fiore, S. Zimmer-
mann, N. Emans, T. Rademacher, R. Fischer, and S. Schillberg, unpublished
data) and the 3'-c-myc/His6 tags; T-CYT (cytosol) was generated from the
constructs scFv24CW (Zimmermann et al., 1998) and scFv24H (Spiegel et al.,
1999) by cloning tdc as a Ncol/Sall fragment between the 5" (-UTR of the
tobacco mosaic virus (Schmitz et al., 1996) and the 3’-c-myc/His6 tags; and
T-ER (endoplasmic reticulum) was generated from the construct biscFv2429-
KDEL (Fischer et al., 1999) by cloning tdc as a Ncol/Sall fragment between
the plant codon-optimized 5'-light chain leader peptide sequence of the
murine antibody 24 (LPL*; Voss et al., 1995) and a 3’ sequence encoding the
KDEL ER retention signal (Munro and Pelham, 1986).

The recombinant tdc cDNAs including the 5’ targeting sequences and the
3’ tags were subcloned as a EcoRI/Xbal fragment into the pSS plant expres-
sion vector (Voss et al., 1995) between the constitutive CaMV 35S double
enhanced promoter and the CaMV terminator sequence, resulting in the
plant expression vectors pT-CHL, pT-CYT, and pT-ER for targeting the TDC
protein to the chloroplast, cytosol, and ER of plant cells, respectively (Fig. 1).

Transformation of Tobacco Plants

The plant expression vectors were introduced into A. tumefaciens GV3101
cells by electroporation using a Gene Pulser II electroporation system (Bio-
Rad, Hercules, CA) according to the manufacturer’s instructions.

In preliminary experiments, TDC expression and in vivo function was
evaluated using a transient expression assay of vacuum-infiltrated tobacco
leaves with recombinant Agrobacteria (Kapila et al., 1997). Four young
leaves (approximately 6-12 cm in length) per targeting cassette were ran-
domly selected from different plants, infiltrated, and incubated in sealed
trays on wet paper (Whatman, Clifton, NJ) at 25°C with a 16-h photoperiod
for 60 h. At the end of the incubation, the leaves were weighed, frozen in
liquid nitrogen, and stored at —80°C until analyzed. Tobacco leaves infil-
trated with nonrecombinant Agrobacteria were used as negative control.

Stably transformed transgenic tobacco plants were obtained by inoculat-
ing tobacco leaf discs with recombinant Agrobacteria, as described by
Horsch et al. (1985).

Transgenic T, plants were generated by germinating seeds harvested
from selected T, plants on Murashige and Skoog minimal organics medium
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(Sigma, Deisenhofen, Germany) supplemented with 2% (w/v) Suc, 0.4 ug
mL~" thiamin, 2 ug mL~" Gly, 0.5 ug mL~! nicotinic acid, 0.5 pg mL~*
pyridoxine, and 100 ug mL ™! kanamycin as selectable marker.

Protein Analysis

TSP was prepared from tobacco leaves transiently or stably expressing
recombinant TDC as described by Leech et al. (1998) with the following
plant extraction buffer (PEXB) in a 1:1.5 (w/v) ratio: 100 mm sodium
phosphate, pH 7.5, 2 mm EDTA, 4 mm dithiothreitol, and 5% (w/v) of
polyvinylpolypyrrolidone. From each T, and T; plant a single fully ex-
panded leaf of similar age and size was collected and was used to prepare
crude TSP extracts as above. TSP was subjected to SDS-PAGE followed by
electroblotting onto nitrocellulose membranes (Hybond-C; Amersham Life
Science, Braunschweig, Germany) and immunoblot analysis. The primary
9E10 anti-c-myc antibody (clone no. CRL-1729; American Type Culture
Collection, Manassas, VA) was used to detect the chloroplast- and cytosol-
targeted TDC, whereas the mouse anti-GRP78 anti-KDEL antibody (Stress-
Gen Biotechnologies, Victoria, BC) was used to detect the ER-targeted TDC.
The goat anti-mouse IgG heavy + light chain-specific alkaline phosphatase-
conjugated antibody (Jackson ImmunoResearch, West Grove, PA) was used
as secondary antibody. Development of the blots was carried out with a
solution of nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate
(Pierce, Rockford, IL).

TSP content of the leaf crude extracts was determined in triplicate with
the Bradford protein assay (Bio-Rad) using bovine serum albumin as inter-
nal standard.

Fluorometric Detection of Tryptamine

Tryptamine, accumulated in vivo in vacuum-infiltrated leaves or in
leaves detached from transgenic T, and T, plants, was detected according to
the method of Sangwan et al. (1998) with minor modifications. In brief,
aliquots (10-100 uL) of leaf crude extracts prepared with PEXB as described
above were mixed with TRAB (buffer system 2A as described by Sangwan
et al., 1998) to a final volume of 1 mL and were alkalinized as described.
Extraction of tryptamine was carried out with the addition of 5 mL of
EtOAc, vortexing for 30 s to emulsify the solvent, and buffer phases fol-
lowed by 5 min centrifugation at 1,500¢ in a swinging bucket rotor at room
temperature to favor phase separation. The organic phase was subjected to
fluorometric analysis by using an Aminco Bowman AB2 luminescence
spectrometer (Spectronic Instruments, Rochester, NY). Tryptamine was de-
tected at 280 nm excitation and 340 nm emission wavelengths with 4-nm slit
width for excitation and emission light and with the photomultiplier voltage
set to 550 V. Fluorescence intensity and integrated values of the tryptamine
emission scans were recorded against a blank of PEXB in TRAB and against
a negative control made of the crude extract of wild-type tobacco leaves in
TRAB. For each T, and T, plant, detection of tryptamine was carried out
with the same leaf crude extract used for immunoblot analysis of TDC
expression. Two samples for each crude extract were analyzed in triplicate
to obtain six data points per plant. The concentration of tryptamine in the
crude extract of transgenic plants was expressed in micrograms per milli-
gram TSP and was extrapolated from a calibration curve of standard solu-
tions of tryptamine in the leaf crude extract (10- to 100-uL aliquots) of
wild-type plants. The standards of tryptamine were extracted with the same
volume (5 mL) of EtOAC.

Isolation of Chloroplasts

Young leaves from transgenic T, plants expressing chloroplast-targeted
TDC were weighed, cut into small pieces, and homogenized in ice-cold
grinding buffer (GR; 50 mm HEPES-KOH, pH 7.5, 0.33 ™ sorbitol, 5 mm
sodium ascorbate, 0.025% [w/v] bovine serum albumin, 2 mm EDTA, 1 mm
MgCl,, and 1 mm MnCl,) with a 1:10 (w/v) ratio. Homogenization of the
leaf material was carried out with a single 3-s pulse in a blender (Waring,
New Hartford, CT) set at high speed. The crude H was filtered through
Miracloth (Calbiochem, San Diego) and pulse centrifuged at 7,000 rpm and
4°C in a SS 34 rotor (Sorvall Products, Newtown, CT). The supernatant was
decanted while the chloroplast-enriched pellet was resuspended in 2 mL of
GR buffer, loaded onto a two-step density gradient (30% and 80% [w/v]
Percoll solution in GR buffer), and centrifuged for 5 min at 7,000 rpm and
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4°C in a HB6 swinging bucket rotor (Sorvall). Intact chloroplasts that sedi-
mented at the interface of the 30% and 80% (w/v) Percoll solution were
collected, 10-fold diluted in GR buffer, and pulse centrifuged at 7,000 rpm
in a §S34 rotor (Sorvall) at 4°C. The chloroplast pellet was gently resus-
pended in 200 uL of suspension buffer (50 mm HEPES-KOH, pH 7.5, and
0.33 ™ sorbitol). Integrity of the chloroplasts was estimated using phase-
contrast light microscopy. Aliquots (1 mL) of the H fraction were stored at
—70°C for further analysis. The chloroplasts were freeze-thawed and a 100
uL aliquot was centrifuged at 106,000¢ for 1 h to separate the S from the MP
of envelopes and thylakoid membranes. TSP of the H, S, and MP fraction
was determined in triplicate as described. For each fraction, the same
amount of TSP (approximately 4 ug) was loaded on a SDS-polyacrylamide
gel and was subjected to electrophoresis and immunoblot analysis.

Enzymatic Assays

The activity of catalase, fumarase, GAPDH, and TDC was assayed in the
H, S, and MP fraction of purified chloroplasts.

The in vitro assay for catalase was performed according to Luck (1965) by
monitoring the decline in absorbance of H,O, at 240 nm. Fumarase was
assayed by monitoring absorbance of the in vitro-synthesized fumarate at
240 nm according to the method of Racker (1950) with the modification
described by Hatch (1978). GAPDH was assayed in the reductive direction
as described by Wolosiuk and Buchanan (1976). TDC was assayed according
to Pennings et al. (1987) with the difference that the in vitro-synthesized
tryptamine was detected fluorometrically as described above. All the assays
were carried out in triplicate. Specific activity of the marker enzymes was
expressed in units (micromoles per minute) or mU (nanomoles per minute)
per milligram chlorophyll.

Chlorophyll content (milligram per milliliter) in the H and chloroplasts
S + MP was determined in triplicate according to the method of Arnon
(1949) as modified by Bruinsma (1961).
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