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Abstract A proteomic approach is undertaken aiming at
the identification of novel proteins involved in the
alkaloid biosynthesis of Catharanthus roseus. The C.
roseus cell suspension culture A1l accumulates the ter-
penoid indole alkaloids strictosidine, ajmalicine and
vindolinine. Cells were grown for 21 days, and alkaloid
accumulation was monitored during this period. After a
rapid increase between day 3 and day 6, the alkaloid
content reached a maximum on day 16. Systematic
analysis of the proteome was performed by two-dimen-
sional polyacrylamide gel electrophoresis. After day 3,
the proteome started to change with an increasing
number of protein spots. On day 13, the proteome
changed back to roughly the same as at the start of the
growth cycle. 88 protein spots were selected for identi-
fication by mass spectrometry (MALDI-MS/MS). Of
these, 58 were identified, including two isoforms of
strictosidine synthase (EC 4.3.3.2), which catalyzes the
formation of strictosidine in the alkaloid biosynthesis;
tryptophan synthase (EC 4.1.1.28), which is needed for
the supply of the alkaloid precursor tryptamine; 12-0x-
ophytodienoate reductase, which is indirectly involved in
the alkaloid biosynthesis as it catalyzes the last step in
the biosynthesis of the regulator jasmonic acid. Unique
sequences were found, which may also relate to
unidentified biosynthetic proteins.
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Introduction

Catharanthus roseus (Madagascar periwinkle) is the
source of the antitumor drugs vinblastine and vincris-
tine. These terpenoid indole alkaloids are minor prod-
ucts in the leaves of the plants, making their isolation
elaborate and costly. The production of natural prod-
ucts by means of biotechnological methods like large-
scale culture of plant cells and metabolic engineering
may provide a good alternative (Verpoorte et al. 1999).
The low yield of the alkaloids in the plant combined
with their high market price made C. roseus an impor-
tant model system for plant biotechnology and second-
ary metabolism studies. Up to now, a number of
enzymes involved in the biosynthetic pathway of alka-
loids (cf. Fig. 1) has been isolated and characterized and
several genes were cloned (Verpoorte et al. 1997; van der
Heijden et al. (2004). Furthermore, transcription factors
have been identified in C. roseus, which regulate the
expression of genes coding for enzymes participating in
alkaloid biosynthesis (Van der Fits and Memelink 2000).
Plant cell cultures supply biomass under controlled
conditions and are therefore a good system for com-
parative proteome and metabolome studies. Previously,
it was shown that C. roseus cell line A11 accumulates the
alkaloid precursor secologanin (Dagnino et al. 1996;
Contin et al. 1998). This accumulation is in contrast to
other reported C. roseus cell lines. Generally, the avail-
ability of secologanin is limiting the alkaloid accumu-
lation (Moreno et al. 1993; Whitmer et al. 1998).
Secologanin accumulation of cell line A11 depends on
the inoculum density of the culture at the start of a
growth cycle (Contin et al. 1999). At low inoculum
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Fig. 1 Schematic representation of the biosynthesis of terpenoid
indole alkaloids. The indicated enzymes are STR strictosidine
synthase, SGD strictosidine f-glucosidase, TDC tryptophan decar-
boxylase

density (40 g fresh weight (FW)/1) tryptamine accumu-
lated, while secologanin accumulated at higher inoculum
density (=160 g FW/I). The maximum content of seco-
loganin was observed between day 10 and 20 after inoc-
ulation. The cell line was also found to accumulate the
alkaloids ajmalicine, tabersonine, vindolinine, catharan-
thine, strictosidine and serpentine. The accumulation of
alkaloids reached a maximum at an inoculum density of
160 g FW/I. Secologanin was still available; obviously
tryptamine was limiting for alkaloid biosynthesis.

In order to find novel proteins involved in the alka-
loid biosynthesis of C. roseus, a proteomic approach was
now undertaken. Classic approaches for studying the
biosynthesis of secondary metabolites were aimed at
identification of the enzymes one by one through anal-
ysis of intermediates, followed by development of spe-
cific enzyme test methods and subsequent purification of
the specific enzymes. This approach is time-consuming
and often hampered due to the chemical instability of
intermediates, which makes the development of an
appropriate activity assay difficult. Moreover, many
proteins (e.g. transport or regulatory proteins) have an
activity that cannot be assayed. These proteins are easily
overlooked by the classic approaches.

Proteomics has already been used for many different
applications in plant sciences, including the study of
proteins of biosynthetic pathways leading to secondary
metabolites (reviewed by Jacobs et al. 2000). The aim of
this study was to demonstrate that a proteomic ap-
proach for the identification of proteins involved in
alkaloid biosynthesis is feasible, and to find novel se-
quences, keeping in mind that novel proteins involved in
alkaloid biosynthesis will be absent from the current
protein- and gene-sequence databases. As a first ap-
proach, based on our previous biochemical studies, we
used the C. roseus cell line A1l grown for 21 days. On
days 0, 3, 6, 9, 13, and 20, cells were harvested and
analyzed for their iridoid and alkaloid content. In par-
allel, protein composition was analyzed by two-dimen-
sional polyacrylamide gel electrophoresis (2D-PAGE).
Several proteins showing interesting expression profiles
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(see Results) were identified by tandem mass spectrom-
etry on a quadrupole time-of-flight mass spectrometer
equipped with a MALDI (matrix-assisted laser desorp-
tion ionization) source and the measured masses were
used for database searches. The identified proteins are
discussed with respect to their expression profiles during
the growth cycle and with respect to their putative role
in alkaloid accumulation within C. roseus cells.

Materials and methods
Cell suspension cultures

Cell suspension cultures of C. roseus (cell line All;
Contin et al. 1998, 1999) were grown in medium con-
taining BS salts (Gamborg et al. 1968), 0.1 g/l myo-
inositol, 10 mg/l thiamine-diHCI, 1 mg/l pyridoxine-
HCI, 1 mg/I nicotinic acid, 1.86 mg/l naphthalene acetic
acid and 20 g/l sucrose at pH 5.8 +0.05. For maintain-
ing the cell cultures, they were subcultured every 3 weeks
by a twofold dilution with fresh medium in 250-ml flasks
containing 100 ml of medium. For the growth experi-
ments, eight to nine grams of biomass, filtered over a
sterile glass filter, was added per 250-ml flask containing
50 ml of the same medium. The cultures were kept on a
gyratory shaker at 100 rpm in a climate room at
25+1°C and 1,600 lux for 24 h/day.

The growth experiment was performed in duplicate.
The cells were harvested at the days indicated by filtra-
tion over a glass filter and washed with water. They were
immediately frozen in liquid nitrogen and stored at
—80°C until further use. For analysis by 2D-PAGE, the
cells from the duplicate growth experiments were mixed.

Alkaloid determination

One gram FW cells was homogenized with 1 ml of 20%
trichloroacetic acid (TCA) using an UltraTurrax and
centrifuged for 5 min at 16,000 g. The supernatant was
analyzed for the presence of strictosidine, ajmalicine,
and vindolinine by HPLC (van der Heijden et al. 1987).
The injection volume of the supernatant was 100 pl.
Alkaloids were separated on a puBondapak-Phenyl
300x3.9 mm column (Waters) with an eluent containing
50 mM sodium dihydrogen phosphate buffer (adjusted
to pH 3.9 with phosphoric acid)—acetonitrile—2-meth-
oxyethanol (80:15:5, by volume) at a flow rate of 2 ml/
min. The alkaloids were identified by their retention time
and UV spectra, which were recorded with a photodiode
array detector (990, Waters). The peak areas at 240 nm
were used to quantify each alkaloid.

Sample preparation for 2D-PAGE

Samples for 2D-PAGE were prepared according to
Jacobs et al. (2001). One gram of frozen cells was
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ground with a mortar and pestle, which were pre-cooled
with liquid nitrogen. In brief, 10 ml of cold (—20°C)
10% TCA in acetone containing 0.07% f-mercapto-
ethanol was directly added to the sample (Granier
1988). The sample was kept at —20°C for 2 h to
allow for complete precipitation. After centrifugation
(15 min, 3,000 g), the samples were washed thrice with
10 ml acetone (—20°C) containing 0.07% f-mercapto-
ethanol to remove the TCA. The precipitate was
lyophilized for 1 h and then solubilized in 2 ml of urea-
buffer (9.5 M urea, 2% CHAPS, 0.5% CA, 65 mM
DTT). This mixture was repeatedly vortexed, and it was
centrifuged (5 min, 16,000 g) after 1 h. The supernatant
was recovered and stored in aliquots at —80°C. The
protein concentration was determined by the method of
Peterson (1977).

2D-PAGE and gel analysis

The 2D-PAGE was performed according to Gorg
et al. (2000). About 100 pg of protein was loaded on
an 18-cm IPG-strip with pH gradient between 4 and 7
(IPG; immobilized pH gradient, Amersham Bio-
sciences) by in-gel rehydration at 30 V for 11 h. Iso-
electric focusing (IEF) was performed at 20°C for
75 kVh on an IPGphor (Amersham Biosciences). Prior
to SDS-PAGE, the IPG-strips were equilibrated for
2x10 min in 6 M urea, 30% glycerol, 2% SDS in
0.05 M Tris-HCI pH 8.6 containing 1% DTT for the
first equilibration step and 4% iodoacetamide for the
second equilibration step. SDS-PAGE (12% T, 2.6%
C, Laemmli buffer system (Laemmli 1970) was per-
formed at 20°C with the ISO-DALT system (Amer-
sham Biosciences). For calibration, low-molecular
weight marker proteins (Amersham Biosciences) were
applied on the gel via a small piece of filter paper. The
gels were stained with the fluorescent Sypro Ruby
protein gel stain according to the manufacturer (Bio-
Rad). Fluorescence image acquisition was performed
on a Typhoon 9400 fluorescence scanner (Amersham
Biosciences). For Sypro Ruby detection, the instru-
ment was equipped with a 532 nm laser and a 610 nm
band-pass emission filter. The gel images were ana-
lyzed with the software packages ImageMaster 2D
Elite v3.01 and ImageMaster Database v3.11 (Amer-
sham Biosciences). Spot detection was performed using
the following parameters: sensitivity 9660, operator
size 27, noise factor 5, background 0. Spot detection
and matching as performed by ImageMaster were
checked and only edited when necessary. For back-
ground subtraction, the mode of non-spot option was
used with a factor of 45. The spot intensities of indi-
vidual spots were normalized to the total intensity of
all spots on the gel. Of all samples, five replicate gels
were made. The gel with the most protein spots was
selected as reference gel. Only spots that were detected
on at least four out of five gels were involved in
further analysis.

In-gel trypsin digestion and mass spectrometry

The protein spots selected for identification by mass
spectrometry were manually excised from the gels
while they were visualized on an UV transilluminator
at 280 nm. In-gel digestion was performed as described
by Shevchenko et al. (1996). The gel pieces were wa-
shed twice with 100 mM ammonium bicarbonate and
50% acetonitrile, reduced with 10 mM DTT, followed
by alkylation with 55 mM iodoacetamide. The gel
pieces were washed twice again and dried in a Speed-
Vac. For proteolytic digestion, the gel pieces were re-
hydrated in digestion buffer containing 50 mM
ammonium bicarbonate, 5 mM calcium chloride and
25 ng/ul trypsin (sequencing grade, Promega). After
overnight incubation at 37°C, the peptides were ex-
tracted with acetonitrile and 5% formic acid. These
extracts were pooled and dried in a SpeedVac. The
lyophilized digest was redissolved in 10 pl of 0.1% (v/
v) trifluoroacetic acid (TFA), and purified with ZipTip
uC18 pipette tips (Millipore), using the procedure
recommended by the manufacturer, except for the
elution step. Peptides were eluted directly from the
ZipTip onto the MALDI target in 1-1.5 pl matrix
solution. Matrix solution was 15 mg/ml 2,5-dihydr-
oxybenzoic acid (DHB) in 0.1% TFA/acetonitrile 1:1
(v/v) for MALDI-TOF experiments and 40 mg/ml
DHB in 0.1% TFA/acetonitrile 1:1 (v/v) for o MALDI-
QSTAR experiments.

The MALDI-TOF peptide mass spectra were ac-
quired in reflector and delayed extraction mode on a
BIFLEX III mass spectrometer (Bruker), using the
maximum acceleration voltage (19 kV). Typically, a
mass spectrum was the average of 100-200 laser shots.
All further processing, including spectrum calibration
based on trypsin autodigest, was performed using the
software package XMASS 5.0 (Bruker).

The MALDI-MS/MS data were acquired on an
oMALDI-QSTAR Pulsar quadrupole time-of-flight
mass spectrometer (Applied Biosystems/MDS Sciex),
which was permanently run in enhanced mode. Full
MS spectra were continuously acquired for 0.5-1 min
(m/z range 600-3,000). Major peaks in the spectra were
selected for MS/MS experiments. Collision energy was
manually optimized to achieve the most informative
MS/MS data and acquisition proceeded for 1-3 min
per spectrum. MS/MS data could be acquired for 3-10
peptides per spot, the number of peptides being limited
by sensitivity and/or by sample depletion on the
MALDI target. Mass calibration was achieved exter-
nally using a peptide calibration standard with mass
range 1,000-4,000 Da (Bruker). Whenever oMALDI-
QSTAR single MS peptide fingerprinting data were
used, they were searched as described for MALDI-
TOF data, but with a mass accuracy of 30 ppm. For
de novo sequencing of tryptic peptides, interpretation
of tandem mass spectra was achieved manually using
Bioanalyst version 1.1 (Applied Biosystems/MDS
Sciex).



Database search

The MALDI-TOF peptide fingerprinting data were
queried against all Viridiplantae entries in the NCBInr
(non-redundant) database using the MASCOT search
engine of Matrix Science Ltd. (http://www.matrix-
science.com; Perkins et al. 1999). Search parameters
were: trypsin cleavage; allow up to one missed cleavage;
no restriction on protein mass; peptide mass tolerance
75 ppm; quantitative modification: carbamidomethyl
(C); nonquantitative modification: oxidation (M).

For MALDI-MS/MS data acquired on the
oMALDI-QSTAR instrument, database search was
performed using the MS/MS ion search available on
the MASCOT search engine. Data were queried
against all Viridiplantae entries in the NCBInr database.
Search parameters were the same, except for: peptide
mass tolerance 100 ppm; fragment ion mass tolerance
0.2 Da.

Results
Alkaloid accumulation during a growth cycle

Figure 2 shows the accumulation of alkaloids during the
growth cycle of C. roseus cell line All. The major
alkaloids that accumulated in the cells were vindolinine,
ajmalicine and strictosidine. In contrast to the earlier
results with this cell line (Contin et al. 1999), no accu-
mulation of the iridoid secologanin was found. This
change in behavior of the cell line was probably due to a
change of the environment (the cell line had to be moved
to another climate room) or due to variability of the cell
line itself.

A few days after inoculation, a fast increase in alka-
loid accumulation was observed. After day 6, the
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Fig. 2 Alkaloid accumulation during the growth cycle of Catha-
ranthus roseus cell line A11. The mean values of strictosidine ( filled
circle), ajmalicine (filled triangle), vindolinine ( filled square) and
total (no symbol) are given. The error bars represent the two
measured values
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amount was still increasing and reaches a maximum on
day 16. After an increase in biomass the first days, the
accumulation of alkaloids starts to increase.

Changing protein patterns during growth

The 2D-gels of proteins extracted from C. roseus cells
harvested on various days after inoculation are shown
in Fig. 3. The 2D-gels from days 0, 16 and 20 were
largely the same as on day 3 and 13, respectively, and
were therefore omitted. Most changes occurred be-
tween day 3 and 13; in this period, alkaloid accumu-
lation also took place (Fig. 2). After day 3, the protein
pattern started to change. The most obvious changes
occurred around day 9, when most protein spots ap-
peared new on the 2D-gels, especially protein spots
with a M,, of above 43 kDa and a pl between 6 and 7.
At the end of the growth cycle, the protein pattern
changed back to roughly the same as the beginning of
the cycle.

On day 9, the most protein spots were detected on the
2D-gels; i.e., 905 protein spots on average based on five
gels (Table 1) and a maximum of 988. For gel analysis,
the 2D-gel with the most protein spots (988) was selected
as a reference gel (Fig. 3c). All the gels in this experiment
were matched against this reference gel.

Due to experimental variations, not all protein spots
were detected on each gel of the same sample. To
average out this experimental variation, five gels were
made for each sample. Growth curves have been given
in detail for C. roseus cell cultures by Contin et al.
(1999); and on day 9, most cells are in the late expo-
nential phase or are about to enter the stationary
phase. Of the protein spots detected on the five gels of
day 9, 95% could be matched to the reference gel.
Although the gels of the other days contained less
protein spots, only 83% of the protein spots on day 6
and 13, and 65% of the protein spots on day 3 could
be matched to the reference gel (Table 1). Besides the
many new protein spots that appeared on day 9, also
many protein spots disappeared. These are the protein
spots detected on day 3, 6 or 13, but not on day 9. For
example, after comparing day 6 and day 9, approxi-
mately 75 protein spots disappeared and approximately
300 protein spots appeared.

Even though the most obvious changes on the 2D-
gels occurred around day 9, the most interesting changes
with respect to alkaloid biosynthesis are those between
day 3 and 6. As is shown in Fig. 2, alkaloid accumula-
tion started between day 3 and day 6 and the amount of
alkaloids in the cells continued to increase until day 16.
Therefore, the most interesting protein spots with re-
spect to alkaloid accumulation are those, which ap-
peared on day 6 and did not disappear completely later
on. A selection of protein spots was made of spots
showing a pattern in agreement with the alkaloid accu-
mulation. With the ImageMaster Database software,
criteria were chosen to make two selections of protein
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Fig. 3 The 2D-gels of proteins from Catharanthus roseus cell line
A1l harvested on day 3 (a), 6 (b), 9 (c) and 13 (d)

spots. In the first selection (S1), protein spots were se-
lected that (1) were detected on 2D-gels of day 6; (2) had
a normalized intensity on day 6 of at least twice the
intensity on day 3; (3) and did not decrease more than
twice on day 9 and day 13. In the second selection (S2),
protein spots were selected that (1) were detected on 2D-
gels of day 6; (2) had a normalized intensity on day 6 of
at least twice the intensity on day 3; (3) were detected on
2D-gels of day 9 and day 13 (although they could be
very small) and (4) did not belong to S1. Only protein
spots detected on at least four out of five gels were
considered in these selections. Selection S1 resulted in a
total of 56 spots and selection S2 resulted in an addi-
tional 55 protein spots. These protein spots are indicated
in Fig. 4.

It is most likely that proteins involved in alkaloid
biosynthesis are found in selection S1, because on day
13, the amount of alkaloids in the cell-suspension culture
is still increasing, thus the biosynthetic proteins should
still be present. However, it cannot be excluded that only
the activity of one or a few enzymes is needed at this
stage and that other proteins involved in alkaloid bio-
synthesis have disappeared already and thus belong to
selection S2.

In total, 88 protein spots were selected for identifi-
cation by mass spectrometry. From the above-men-
tioned selections S1 and S2, the 18 and 15 protein spots
with the largest intensities were selected. Also 25 protein
spots that were strongly induced on day 9 were selected
(selection T); because on this day, many changes occur
in the cell culture on protein level (Fig. 3). Moreover, 30
protein spots were selected that were always detected on
2D-gels of C. roseus in quite large amounts (selection O).



Table 1 Number of protein spots detected and matched on day 3,
6,9, and 13 of the growth cycle of Catharanthus roseus cell line A11

Days after Average number Average number
inoculation of spots on a gel® of matches®

3 560 (£16) 365 (65%)

6 660 (£51) 550 (83%)

9 905 (£61) 860 (95%)

13 410 (£26) 340 (83%)

“Average of five gels. The gels are matched against the reference gel
of day 9 containing the most spots (988). The values for the stan-
dard deviation and the percentages of matched spots are given
within brackets

Fig. 4 Reference 2D-gel of Catharanthus roseus cell line A11 (day 9
of the growth cycle). Indicated are the protein spots belonging to
selection S1 (square boxes) and S2 (oval boxes), of which the white
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Protein identification

The term “‘protein identification” will be used in the text
because of its commonly accepted meaning, even though
it would be more appropriate to speak about ‘“‘gene
product identification”, being this what is actually
achieved by MS and MS/MS analysis of gel-separated
proteins (Rappsilber and Mann 2002).

Due to the rather poor genome and protein sequence
information currently available on C. roseus, identifica-
tion relied almost exclusively on homology to proteins
belonging to other plant species. Initially, the efficacy of
MALDI-TOF peptide fingerprinting for identification
was tested on a number of protein spots. Because pro-
teins of interest were likely not to be present in the
database, simple peptide mass fingerprinting required a
highly homologous protein from another species to be
available in the database. Furthermore, it has already
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been demonstrated that high sequence homology to a
database entry might not be sufficient to guarantee
identification, because homology has to remain con-
served at the tryptic digest level (Clauser et al. 1999). In
fact, as expected, results were successful just in a limited
number of cases.

Evaluation of MALDI-TOF analyses demonstrated
that MS/MS sequence information from analyzed tryp-
tic peptides was necessary to analyze the C. roseus pro-
tein spots. In fact, MS/MS ion search raised the
percentage of identification considerably. The orthogo-
nal acceleration MALDI quadrupole time-of-flight
instrument provided excellent sensitivity and both MS
fingerprinting and MS/MS data by performing one
simple experiment. The only drawback was the fact that
MS/MS had to be performed on singly charged ions
(because sample ionization was achieved by MALDI),
which is generally less informative than MS/MS per-
formed on doubly charged ions. Nevertheless, good
quality MS/MS data were obtained for the large
majority of proteins analyzed and, when needed, partial
or full de novo sequencing could be achieved for many
fragmented peptides.

The MALDI-MS/MS data acquired on the QSTAR
MS instrument were used for searching databases
adopting a sequential strategy. The first step was to use
only the 3-10 peptides for which MS/MS information
was available, because they represented the most reliable
and informative part of the total MS data acquired.
Database search was performed using the MS/MS ion
search available on the MASCOT search engine, que-
rying against all Viridiplantae entries in the NCBInr
(non-redundant) database. If a significant score was
obtained for one or more peptides, error tolerant search
was performed on the sequence of the identified protein
in order to look for additional homologous peptides
containing a modification, e.g., an amino acid substitu-
tion. If MS/MS ion search against NCBInr failed, data
were re-searched against all Viridiplantae entries of the
pdbEST-others database. When the second MS/MS ion
search also failed, or when the score of MS/MS identi-
fication was at the borderline significance/random event,
internally calibrated peptide mass fingerprinting data
were also used as an alternative strategy or as additional
confirmation. When all database-related strategies
failed, de novo sequencing was performed on frag-
mented peptides in order to perform homology searches.
Only MS/MS data providing sequence strings of at least
six amino acids were considered for the purpose.

By using the database searches, 56 protein spots
could be identified (Table 2, Fig. 4). The amino acid
sequences obtained by de novo sequencing of seven
additional protein spots are given in Table 3. The
identification of the remaining spots failed in eight cases
because of poor MS data, while in 17 cases the database
search failed and the obtained MS data were not suffi-
cient for de novo sequencing.

The amino acid sequences obtained by de novo
sequencing were used for searching the non-redundant

database from EMBL with the MSBLAST search en-
gine at the EMBL server (http://dove.embl-heidel-
berg.de/Blast2/msblast.html; Shevchenko et al. 2001).
Most of the sequences did not show any homology
with a protein from the databases. However, two
additional protein spots were identified. Spot 394 was
identified as tryptophan synthase f-chain, as the two
sequences were largely homologue and a significant
identification score was obtained (Table 4), and spot
827 was identified as acetone-cyanohydrin lyase, also
based on high homology of two sequences. The third
sequence of spot 827 did not result in a significant hit.
Of spot 305, the sequence VFASPLAR is homologue
to a putative dihydrolipoamide acetyltransferase from
Arabidposis thaliana. However, this is not sufficient for
a significant identification score. The sequences ob-
tained from the other spots are unique sequences, as
they did not show any homology with proteins from
the databases. Of particular interest are the isoforms
524 and 530. These are large protein spots on the 2D-
gels and gave very good MS/MS spectra and long se-
quence strings, but absolutely no significant hits were
obtained. These or some of these sequences showing no
significant homology, may be interesting with respect to
the alkaloid biosynthesis. To clarify the function of
these proteins, however, the amino acid sequences will
be needed to generate PCR primers for the isolation of
the coding genes.

Discussion

The two isoforms of strictosidine synthase (671(S1),
676(S2)) are among the most interesting identified pro-
teins from this study, since their involvement in the
alkaloid biosynthesis. Strictosidine synthase catalyzes
the condensation of tryptamine and secologanin to form
strictosidine (Fig. 1), the common precursor of all ter-
penoid indole alkaloids. Strictosidine synthase is a gly-
cosylated enzyme, of which six isoforms have been
detected in C. roseus (De Waal et al. 1995). The identi-
fied isoforms meet the selection criteria S1 and S2 and
thus exhibit a pattern similar to that of alkaloid accu-
mulation in the cell culture (Fig. 5). Especially the in-
crease between day 3 and day 6 is evident. The
identification of strictosidine synthase shows that pro-
teome analysis, by a combination of 2D-PAGE and
mass spectrometry, is capable of identifying proteins
from secondary metabolism in plants. Furthermore, it
proves that the experimental setup and the selection of
the criteria for S1 and S2 were correctly chosen. In total,
approximately 10% of the protein spots detected on the
2D-gels of C. roseus cell line A11 meet these criteria. So
far, 24 of them could be identified. It is assumed that by
proteome analysis (2D-PAGE combined with mass
spectrometry), only high abundant proteins can be
identified. It is also assumed that proteins involved in
secondary metabolism are low abundant proteins. As
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Fig. 5 Expression profiles of the identified proteins from Catha-
ranthus roseus grouped in different cellular functions. Normalized
spot intensities of day 3 (light gray), day 6 (black), day 9 (white) and
day 13 (dark gray)

shown by our results, at least one of these assumptions is
not correct for strictosidine synthase.

Another protein that is important for the alkaloid
biosynthesis is tryptophan synthase (394(T)). Alkaloid
producing cells need a sufficient supply of tryptophan, as
tryptamine is one of the building blocks. In the C. roseus
cell line All, tryptamine used to be the limiting pre-
cursor for the biosynthesis of alkaloids (Contin et al.
1998). However, a change in behavior of the cell line was
observed as alkaloids accumulated instead of secologa-

nin. Tryptophan synthase is only detected during a short
period, in a small quantity on day 6 and in a large
quantity on day 9. For the synthesis of tryptophan,
serine is required (Ho and Saito 2001). Phosphoglycerate
dehydrogenase (234(T)), which could only be detected
on day 9, is involved in serine biosynthesis via the 3-
phosphoglycerate pathway. It has been proposed that
this pathway is of minor significance compared to the
glycolate pathway during photosynthetic activity (Ho
and Saito 2001). As a result of the oxygenase activity of
Rubisco (photorespiration), phosphoglycolate and 3-
phosphoglycerate are formed. Phosphoglycolate is con-
verted via the glycolate pathway, of which glyoxylate
and glycine are intermediates. H-protein (964(0)) is a
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subunit of the glycine decarboxylation complex con-
verting glycine to serine (Douce et al. 2001). H-protein
was detected on every day of the growth cycle in a rel-
atively large amount. Probably, on day 9, extra serine
was required or there was a decrease in photorespira-
tion, which resulted in an induction of phosphoglycerate
dehydrogenase (234(T)). Whether this serine was needed
for tryptophan synthesis, cannot be directly deduced.
Many of the identified proteins involved in amino acid
biosynthesis are strongly induced on day 9, after which
they disappear again (selection T). This period is just
after the onset of alkaloid accumulation.

Another interesting protein in relation to alkaloid
biosynthesis is 12-oxophytodienoate reductase (503(T)),
which is involved in jasmonate biosynthesis. Jasmonic
acid is essential for signal transduction. Its involvement
in stress reactions was demonstrated by induction of
defense proteins including proteins involved in the bio-
synthesis of secondary metabolites. In C. roseus, it also
induces the expression of genes involved in alkaloid
biosynthesis (Memelink et al. 2001). 12-oxophytodie-
noate reductase is only detected during a short period, in
a small quantity on day 6 and in a large quantity on day
9. Since the enzyme might be indirectly involved in the
alkaloid biosynthesis, its expression profile may be out-
of-phase to that of the biosynthetic proteins.

Most of the proteins identified in this study are
housekeeping proteins involved in common cellular
processes, e.g., glycolysis, oxidative phosphorylation,
protein synthesis and folding. The identified glycolytic
enzymes belong to the selections SI and S2. One of the
intermediates of the glycolysis is glyceraldehyde 3-
phosphate, which is also an intermediate of many other
processes including photosynthesis and the biosynthesis
of isopentenyl diphosphate via the MEP-pathway
(Rohmer 1999). The alkaloid precursor secologanin is
also derived from this pathway (Contin et al 1998). The
isomerization of the three-carbon phosphorylated sugars
dihydroxyacetone phosphate and glyceraldehyde 3-
phosphate is catalyzed by triose phosphate isomerase
(863(0)). The amounts detected of this enzyme during
the growth cycle are quite constant, except for day 13
when it is increased. Two protein spots of malate
dehydrogenase (610, 611(S1)) from the citric acid and
glyoxylate cycle also meet the selection criteria of S1. An
unexpected result is that aconitase (51(T)) is only de-
tected on day 9 in a large amount. Possibly another
isoform or isoenzyme is present in the cells. The two
identified subunits from the 26S proteasome (713, 276)
belong to the selections S1 and S2 as well. This might
indicate that during growth and alkaloid accumulation
of the cell culture, there is also an increased protein
turnover. However, in contrast, the amounts detected of
two cysteine proteases (650, 657(0)) are quite constant.

The identified proteins from the oxidative phos-
phorylation are detected in rather constant amounts
during the growth cycle, as are the proteins involved in
protein synthesis and the structural proteins. The pro-
teins involved in protein folding show much variation in

behavior, some are quite constant, but others vary
considerably in their amounts detected during the dif-
ferent time points of the growth cycle. The two ascor-
bate peroxidases (907(S2), 926(0)), concerned with
cellular protection against oxidative stress, show oppo-
site profiles in amounts detected on the 2D-gels. Seven
proteins participating in photosynthesis are identified as
well. The presence of these proteins implies that this cell
line, which has a green color, could be photosyntheti-
cally active. However, it is not essential for plant cell
cultures to have photosynthetic activity as long as sugars
are available from the medium.

Of many proteins identified in this study, more
unidentified isoforms or isoenzymes can be present on
the gel and in the cells. Therefore, caution has to be
taken with the interpretation of the expression profiles.
This is reflected by the expression profiles of different
identified subunits from the same protein complex. One
could expect that these subunits would show the same
behavior during the growth cycle. However, for the su-
bunits from tubulin and mitochondrial protein peptidase
this is not the case. The amount of S-tubulin (323(S1))
detected on day 13 is much higher than the amount of -
tubulin (361(S2)); however, in the functional protein
they occur in a fixed 1:1 ratio. The f-chain of mito-
chondrial protein peptidase (299(T)) is only detected in a
large amount on day 9, while the oIl subunit (356(0)) is
constantly present in a large amount. Yet, a similar
behavior of the two subunits would be expected. This
means that probably more unidentified isoforms of the
subunits are present. This could be the case for other
proteins as well.

The main limitation for the identification of proteins
from C. roseus by mass spectrometric analysis is the lack
of sequence data of both, genes and proteins, from C.
roseus and from plants in general. For example, the
SWISS-PROT database (November 2004) contains only
27 protein entries from C. roseus. It is thus necessary for
identification of proteins from 2D-gels to obtain se-
quence data and not rely solely on peptide masses. Such
analyses can be done by fragmentation of peptides
measured by mass spectrometry or by Edman degrada-
tion, as is used for the identification of protein spots

Table 3 Protein sequences obtained by de novo sequencing using
MS/MS data of protein spots from Catharanthus roseus

Spot no. Sequences®

305 (T) WNDLLVLK, VFASPLAR,
WVEEFLASR, AVPYPQR, PLQYVLY

394 (T) TM(MT)FGQQMER, DLPEEVLDVYK

524 (S1), NDLHLS, DDVEGYGTSR, NSNCDNQD,

530 (0) QLDYNVTYGK, NQHLSGLTNLLK

720 (S1) VVNAVYTR

776 (S2) TLPLYLR, FY(YF)KPQSK

827 (T) (DV, VD, LT, TL)PEPFQR,

FTEEGFGSVPR, VNLAASGL

“Note that by MS/MS L and I cannot be distinguished. Unique
sequences are given in bold
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Table 4 Homology of sequenced peptides of protein spots from Catharanthus roseus resulting from MSBLAST search at the EMBL

Server

Spot no./protein name

Sequences showing homology

305

VFASPLAR

VFASPLAR

Dihydrolipoamide
acetyltransferase (putative)
(QI9SLLO, Arabidopsis thaliana)

394

Tryptophan synthase f-chain
(Q9FFWB, A. thaliana)
827

Acetone—cyanohydrin lyase
(putative) (Q8S8S9, A. thaliana)

DLPEEVLDVYK
D+PEEVL+ +YK
119 DIPEEVLEIYK 129

FTEEGFGSVPR
F + EG+GSVPR
195 FSDEGYGSVPR 205

224 VFASPLAR 231

FGQQMER

QQME
299 CIQQMEN 304

VNLAASGL
V+LAASG+
40 VDLAASGI 47

from opium poppy (Decker et al. 2000). They are needed
for C. roseus as a model plant for studies of the sec-
ondary metabolism.

In total, 88 protein spots from C. roseus were sub-
jected to mass spectrometric analysis for identification.
Of these, 56 could be identified by searching the data-
bases with the obtained m/z-values. Of eight additional
protein spots, amino acid sequence strings were obtained
by de novo sequencing, resulting in two extra identifi-
cations using MSBLAST search. The other sequences
did not show any homology with proteins present in the
databases, being therefore of particular interest. These
proteins are candidates for further investigations con-
cerning their function. The fact that we identified other
proteins that possibly might be involved in alkaloid
biosynthesis, their identification will be important. De
novo sequencing with a large sequence coverage may be
helpful to obtain enough data for homology searching,
gene cloning and, eventually, metabolic engineering.

Note added in proof: The protein spot 827 (see Tables 3, 4) could
be identified as Protein S, a protein from C. roseus associated with
monoterpenoid biosynthesis, recently cloned by Lemenager et al.
(entry name QS5SXLS1). The second and third peptide, as mentioned
in Table 3, showed complete identity.

Acknowledgements The authors would like to thank the Van
Leersumfonds (the Netherlands) to make the purchase of an
IPGphor and MALDI-sample plates possible.

References

Clauser KR, Baker P, Burlingame AL (1999) Role of accurate mass
measurement (+/— 10 ppm) in protein identification strategies
employing MS or MS/MS and database searching. Anal Chem
71:2871-2882

Contin A, van der Heijden R, Lefeber AWM, Verpoorte R (1998)
The iridoid glucoside secologanin is derived from the novel
triose phosphate/pyruvate pathway in a Catharanthus roseus
cell culture. FEBS Lett 434:413-416

Contin A, van der Heijden R, ten Hoopen HJG, Verpoorte R
(1999) The inoculum size triggers tryptamine or secologanin
biosynthesis in Catharanthus roseus cell cultures. Plant Sci
139:205-211

Dagnino D, Schripsema J, Verpoorte R (1996) Analysis of several
iridoid and indole precursors of terpenoid indole alkaloids with
a single HPLC run. Planta Med 62:278-280

De Waal A, Meijer AH, Verpoorte R (1995) Strictosidine synthase
from Catharanthus roseus: purification and characterization of
multiple isoforms. Biochem J 306:571-580

Decker G, Wanner G, Zenk MH, Lottspeich F (2000) Character-
ization of proteins in the latex of of the opium poppy (Papaver
somniferum) using two-dimensional electrophoresis and mi-
crosequencing. Electrophoresis 21:3500-3516

Douce R, Bourguignon J, Neuburger M, Rébeillé R (2001) The
glycine decarboxylase system: a fascinating complex. Trends
Plant Sci 6:167-176

Gamborg OL, Miller RA, Ojima K (1968) Nutrient requirements
of suspension cultures of soybean root cells. Exp Cell Res
50:151-158

Gorg A, Obermaier C, Boguth G, Harder A, Scheibe B, Wildgru-
ber R, Weiss W (2000) The current state of two-dimensional
electrophoresis with immobilized pH gradients. Electrophoresis
21:1037-1053

Granier F (1988) Extraction of plant proteins for two-dimensional
electrophoresis. Electrophoresis 9:712-718

Ho C-L, Saito K (2001) Molecular biology of the plastidic phos-
phorylated serine biosynthetic pathway in Arabidopsis thaliana.
Amino Acids 20:243-259

Jacobs DI, van der Heijden R, Verpoorte R (2000) Proteomics in
plant biotechnology and secondary metabolism research. Phy-
tochem Anal 11:277-287

Jacobs DI, van Rijssen MS, van der Heijden R, Verpoorte R (2001)
Sequential solubilization of proteins precipitated with trichlo-
roacetic acid in acetone from cultured Catharanthus roseus cells
yields 52% more spots after two-dimensional electrophoresis.
Proteomics 1:1345-1350

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 277:680-685

Memelink J, Verpoorte R, Kijne JW (2001) ORCAnization of
jasmonate-responsive gene expression in alkaloid metabolism.
Trends Plant Sci 6:212-219

Moreno PRH, van der Heijden R, Verpoorte R (1993) Effect of
terpenoid precursor feeding and elicitation on formation of
indole alkaloids in cell suspension cultures of Catharanthus
roseus. Plant Cell Rep 12:702-705

Perkins DN, Pappin DJ, Creasy DM, Cottrell JS (1999) Proba-
bility-based protein identification by searching sequence data-
bases using mass spectrometry data. Electrophoresis 20:3551—
3567

Peterson G L (1977) A simplification of the protein assay method
of Lowry et al which is more generally applicable. Anal Bio-
chem 83:346-356

Rappsilber J, Mann M (2002) What does it mean to identify a
protein in proteomics? Trends Biochem Sci 27:74-78



704

Rohmer M (1999) The discovery of a mevalonate-independent
pathway for isoprenoid biosynthesis in bacteria, algae and
higher plants. Nat Prod Rep 16:565-574

Shevchenko A, Wilm M, Vorm O, Mann M (1996) Mass spectro-
metric sequencing of proteins from silver-stained polyacryl-
amide gels. Anal Chem 68:850-858

Shevchenko A, Sunyaev S, Loboda A, Shevchenko A, Bork P, Ens
W, Standing K (2001) Charting the proteomes of organisms
with unsequenced genomes by MALDI-quadrupole time-of-
flight mass spectrometry and BLAST homology searching.
Anal Chem 73:1917-1926

Van der Fits L, Memelink J (2000) ORCA3, a jasmonate-respon-
sive transcriptional regulator of plant primary and secondary
metabolism. Science 289:295-297

Van der Heijden R, Lamping PJ, Out PP, Wijnsma R, Verpoorte R
(1987) High performance liquid chromatographic determina-
tion of indole alkaloids in a cell suspension culture of Taber-
naemontana divaricata. J Chromatogr 396:287-295

Van der Heijden R, Jacobs DI, Snoeijer W, Hellerd D, Verpoorte R
(2004) The Catharanthus alkaloids: pharmacognosy and bio-
technology. Curr Med Chem 11:1241-1253

Verpoorte R, van der Heijden R, Moreno PRH (1997) Biosynthesis
of terpenoid indole alkaloids in Catharanthus roseus cells. In:
Cordell GA (ed) The alkaloids, vol 49. Academic, San Diego,
pp 221-299

Verpoorte R, van der Heijden R, ten Hoopen HJG, Memelink J
(1999) Metabolic engineering of plant secondary metabolite
pathways for the production of fine chemicals. Biotechnol Lett
21:467-479

Whitmer S, Canel C, Hallard D, Goncalves C, Verpoorte R (1998)
Influence of precursor availability on alkaloid accumulation by
transgenic cell lines of Catharanthus roseus. Plant Physiol
116:853-857



	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Fig1
	Sec6
	Sec7
	Sec8
	Sec9
	Sec10
	Sec11
	Fig2
	Fig3
	Sec12
	Tab1
	Fig4
	Tab2
	Tab2
	Sec13
	Fig5
	Tab3
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	Tab4
	CR20
	CR21
	CR22
	CR23
	CR24
	CR24a
	CR25
	CR26
	CR27

