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ABSTRACT

A cell line of Eschscholza calfhornka selected for meta-fluo-
rotyrosine (MFT) tolerance was found to have 10-fold increased
levels of phenylalanine and tyrosine compared to the parent line,
while most other amino acids were only increased 2-fold. Tracer
experiments with shikimic acid in the presence of MFT showed
that the biosynthesis of the aromatic amino acids was not im-
paired in the tolerant line. Feeding experiments with phenylala-
nine, tyrosine, or shikimic acid also revealed a reduced tumover
of the pools of the aromatic amino acids in the variant. Thus
undisturbed de novo biosynthesis of the aromatic amino acids
and dilution of toxic effects of MFT by the enlarged pool sizes
seemed to be the main reason for the acquired tolerance. Despite
the enlarged availability of the precursor tyrosine, formation of
the benzophenanthridine alkaloids was enhanced neither in the
growth nor in the production medium.

Benzophenanthridine alkaloids have often been found in
cell cultures of Papaveraceae (3, 6, 11, 14, 17). The levels
accumulated by cells of freshly initiated cultures are some-
times rather high with up to 6% of dry mass (4). With time,
however, expression of benzophenanthridine biosynthesis
usually decreases greatly and consequently aLkaloid levels of
long term suspension cultures are low. Several techniques
have been employed to return the alkaloid formation in such
cultures to the former levels. Successful avenues in this context
were media variation (e.g. osmotic stress) (3), the use of
microbial elicitors (6, 14), and analytical screening for flu-
orescent cells (15). As Tyr is the primary precursor of the
benzophenanthridine alkaloids, we wanted to check whether
overproduction of Tyr would also help to increase alkaloid
accumulation of the cells when maintained on the growth
medium or under cultural conditions favoring alkaloid for-
mation. We have chosen for this purpose a suspension culture
of Eschscholtzia californica which had been maintained for
more than 6 years in liquid culture and was still producing
low levels of dihydrobenzophenanthridines.

Variants with an enhanced accumulation of a desired
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amino acid may be found by selecting for cell lines tolerant
to the corresponding amino acid analogs (18). A rather specific
analog for finding a variant with increased levels of free Tyr
seemed to be MFT3 provided that Tyr is synthesized via the
arogenate pathway (7, 13). Though the arogenate pathway
seems to be operative in many, if not all plant families,
selection ofMFT-tolerant cell lines has not yet been reported.
Here we wish to describe a first characterization of an MFT-
tolerant cell line of E. californica.

MATERIALS AND METHODS

Plant Material

Maintenance and some characteristics of the WT cell line
of Eschscholtzia californica have been described recently (3,
10). Since then the culture has slightly changed in color from
reddish brown to grey brown and the accumulation by cells
of benzophenanthridine aLkaloids on the growth medium has
decreased by about 50%. From this culture, continuously
maintained in liquid medium for more than 6 years, selection
was started in liquid medium (50 flasks with 2 g fresh mass/
70 mL B5-medium containing 0.5 mM MFT). The most
tolerant cell line, EC4, has been subcultivated at 10 d intervals
on B5-medium with 0.5 mm MFT for about 2 years before
analysis. WT cells and EC4 cells were harvested on fritted
glass funnels, and defined amounts of cells were inoculated
into the respective media. For increased alkaloid formation,
cells were transferred to the production medium IM2 (3).

Uptake Studies

The uptake ofMFT by the cell was measured either directly
by determining the levels of MFT in the medium by HPLC
ofits OPA-derivative (5) or indirectly by measuring the uptake
of labeled Tyr as indicator.

Chemical Analysis

Extraction of freeze-dried cells with MeOH and the prepa-
ration of CH2Cl2-extracts for aLkaloid analyses by HPLC has

'Abbreviations: MFT, meta-fluorotyrosine; WT, wild type; EC4,
MFT tolerant cell line; Shi, shikimic acid; OPA, o-phthaldialdehyde;
PFP, p-fluorophenylalanine.
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been described (3). The alkaline water phase after CH2Cl2-
extraction was brought to pH 5. Separation ofthe amino acid
fraction from the water phase was achieved by standard
techniques using Dowex-50 H+. The eluate was the organic
acid/neutral fraction. The levels of free amino acids were
determined with a Biotronik LC 6000 amino acid analyzer
(12) or, after derivatization with OPA, by gradient HPLC (5).
The latter system separated Tyr and MFT with retention
times of 36.4 and 37.2 min, respectively. Distribution of
radioactivity in the various fractions was measured after
HPLC-separation. Conditions for chromatography of the
amino acid fraction: Lichrosorb-RP-1 8 7 ,u (250 x 4 mm),
precolumn Lichrosorb RP-2; solvent 130 mL MeOH, 370
mL H20, 5 mL CH3COOH, 0.7 g L-octansulfonic acid (Na);
flow rate 1.8 mL. Chromatography ofthe organic acid fraction
was performed on a Lichrosorb-NH2 prepacked column
(Merck) using the conditions recently published (9). Eluate
samples were taken every 15 s and measured in a liquid
scintillation counter. Location of the peaks was determined
by measuring the distribution of the label of pure compounds
(Phe, Tyr, dopa, tyramine, phenylethylamine, Shi) added to
unlabeled extracts.

Identification of Soluble Metabolites of Tyr and MFT

By GC-MS Analysis

The amino acid fraction was silylated with N-methyl-N-
trimethylsilyltrifluoroacetamid) at 80°C for 20 min. Chro-
matographic conditions: The gas chromatograph with a 30 m
x 0.3 mm quartz capillary column coated with methylsilicone
phase DBI (J&W Scientific, CA) was directly coupled to a

quadrupole mass spectrometer Finnigan MAT 4515. Injector
250°C; temperature program 100 to 300°C, 6°C/min; split
ratio 1:20, carrier gas He, 0.5 bar;- retention indices (Ri) were
calculated from cochromatographed hydrocarbon standards.
Identified metabolites: Tyr (tri-TMS-derivative) Ri: 1955, MS
(m/z/%): 382 (M-15)+/3, 280/13, 218/100, 179/8, 144/7,
100/8, 73/71. MFT (tri-TMS-derivative) Ri: 1945, MS(m/z/
%): 400 (M-15)+/3, 372/3, 298/14, 218/100, 197/5, 147/9,
100/11, 73/69. tyramine (di-TMS-derivative) Ri: 1630, MS
(m/z/%): 266 (M- 15)+/5, 179/2, 102/100, 73/51. m-fluoro-
tyramine (di-TMS-derivative) Ri: 1620, MS(m/z/%): 284 (M-
15)+/5, 197/1, 102/100, 73/50.

By 19F-NMR-Spectroscopy

An aliquot of the MeOH-extracts of freeze-dried cells was
dried and taken up in DMSO-d4S. Both broadband 'H decou-
pled and 'H coupled '9F-NMR spectra at 376.4 MHz were
recorded at ambient temperature on a Bruker WM-400 NMR
spectrometer locked to the deuterium resonance of the sol-
vent. Chemical shifts were referenced to C6F6 (at - 162.9 ppm)
in the same solvent.

Analysis of the Residue of the Cells

Cultures fed with MFT for various periods of time were

extracted twice with MeOH. In controls, MFT was added to
cells just before extraction with MeOH. Ten mg dry mass of

the residue was hydrolyzed in an autoclave with 6 N HCI at
121C for 24 h. The amino acids of the neutralized samples
were quantified as OPA-derivatives by HPLC (5). The samples
were also analyzed by '9F-NMR-spectroscopy for other MFT-
derived metabolites.

RESULTS

Effects of MFT in Eschscholtzia Cells

For the characterization of MFT-tolerant cell lines it was
ofinterest to know (a) how MFT was taken up by the sensitive
WT, (b) whether it was metabolized/detoxified, and (c)
whether it was incorporated into protein. WT cells rapidly
absorbed MFT from the medium (Table I). As the disappear-
ance of added Tyr resembled the absorption pattern of MFT,
it was assumed that Tyr and its analog were transported by
the same mechanism into the cells. Thus, uptake of labeled
Tyr could be used as an indirect but reliable and easier
measure for the uptake ofMFT than direct measurement by
HPLC after derivatization ofMFT with OPA.

Initially, the cell extracts were analyzed byGC-MS analyses.
However, the uptake of MFT from the medium was higher
than its accumulation within the cells which indicated that
MFT was metabolized. The levels of MFT-metabolites de-
tected by GC-analyses in the amino acid fraction and the
organic acid/neutral fraction showed that their amounts were
too low to account for the difference. 4-Fluorotyramine was
clearly identified while other small peaks were tentatively
assigned to 3-fluoro-4-hydroxyphenylacetic acid and the cor-
responding alcohol. As the GC-MS analyses provided only an
incomplete picture of MFT derived metabolites, cell extracts
were analyzed by "9F-NMR-spectroscopy (Fig. 1). Broad band
'H decoupled '9F-NMR spectra of the extracts, taken at
various times during the growth cycle, showed increasing
complexity as growth progressed. The intensity of the singlet
ofMFT gradually decreased and new singlets appeared in the
region associated with fluorine in aromatic systems. No non-
aromatic metabolites containing fluorine were detected. As
the "9F chemical shift is particularly sensitive to long-range

Table I. Uptake of MFT from the Medium and Its Accumulation in
WT Cells of E. californica
The initial amount of MFT was 2.5 ,Amol added to flasks containing

1 g cells/10 mL medium. MFT levels in the medium and the cell
extracts were measured by HPLC after derivatization with OPA. 1
,uCi tyrosine (450 mCi/mmol) were added as tracer.

Percentage of Xth Added Compounds

Time Medium Cells

MFT Tyr MFT(tracer)
0 100 100
0.5 98 95 3
1 85 89 5
2 85 79 9
4 62 60 15
8 39 31 19

24 25 17 12
48 17 15 10

1 300 BERLIN ET AL.
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-132 -134 -136
PP'M

-138 -140

Table II. Growth Inhibition of E. californica Cells by MFT and PFP
(0.5 mm) and Its Reversal by the Corresponding L-Amino Acids

Initial inoculum was 0.5 g/35 mL. Controls grown with or without
0.5 mm tyrosine and/or phenylalanine reached 6.0 ± 0.1 g after 14
d.

Amino Acid Added Fresh Mass
Increase

% of control
MFT 0
MFT + Phe 25.4
MFT + Tyr 63.6
MFT + Phe + Tyr 70.9
PFP 0
PFP + Phe 38.1
PFP+Tyr 0
PFP + Phe + Tyr 47.2

Figure 1. Broadband 1H decoupled 19F NMR spectrum of a cell
extract of the MFT-sensitive parent line of E. californica to which 0.1
mmol MFT/6.5 g cells were fed for 7 d. (0), Residual MFT; (V), signal
that appears as a doublet in the 1H coupled 19F spectrum. All other
signals appeared as double doublets in the latter spectrum.

changes in the molecular structure, each signal in the spec-
trum (Fig. 1) corresponds to fluorine in a different molecular
environment. Although it is not possible to identify compo-
nents in this mixture without reference compounds, the na-
ture ofthe corresponding 'H coupled '9F spectrum does allow
the immediate environment of each fluorine atom to be
identified. Thus, each of the singlets in the broadband 'H
decoupled '9F spectrum appeared as a doublet of doublets in
the 'H coupled '9F spectrum, apart from the signal at -136.2
ppm which was a doublet. The magnitude of the couplings
indicates that the majority of the compounds have aromatic
hydrogen atoms both ortho and meta to the fluorine atom,
while the latter signal arises from a fluorine atom with only
one ofthese hydrogen atoms present. Not all signals increased
synchronously. Certain signals increased and decreased as
growth progressed, being absent in the final extract (Fig. 1).
This is an indication that intermediates in the metabolic
pathway were being observed. The disappearance of MFT
from the medium and its conversion depended upon the
toxicity of the initial concentration.
A small proportion of MFT was incorporated unchanged

into the residue. The highest specific incorporation was found
at growth inhibitory concentrations (0.1 mmol MFT were
added to 6.5 g cells) with 0.8 ,mol/100 mg freeze dried
residue). In this experiment the ratio tyrosine:MFT in the
residue was 5:1 and remained stable over the next 7 d. '9F
NMR spectroscopy of the hydrolyzed residue showed only
one signal for MFT. If any metabolite ofMFT occurred as a
bound residue it was not solubilized by the hydrolysis with 6
N HC.

Selection of MFT-Tolerant Eschscholtzia Cells

The initial experiment showed a good reversal ofthe growth
inhibitory action of MFT by L-Tyr (Table II). This result
indicated not only that MFT behaved like a true analog in
Eschscholtzia but also that the arogenate pathway should be

100

75

50-

0

0 25

0 05 0 1 0 5 1 2 5
m-Fluorotyrosine [mM]

Figure 2. Comparison of growth of MFT-tolerant EC4 cells and WT
cells of E. californica in the presence of various concentration of MFT.
Initial inoculum was 0.7 g/35 mL. WT control cells (0) had reached
6.7 g/flask at d 10, while EC4 cells, grown for 1 (A) or 6 (A) growth
cycles without MFT, reached 8.8 and 5.9 g, respectively.

operative in this cell culture. Arogenate dehydrogenase may
thus be the target for the growth inhibitory action of MFT
(7). On the other hand, the toxic action of MFT was also
noticeably relieved by Phe (Table II).

Selection was started with 7 mg DL-MFT/2 g biomass/70
mL medium (0.5 mM). Very little growth was observed during
the first 10 to 15 d. However, after 6 to 8 weeks some growth
was noted in nearly all 50 flasks. During the next two passages
ofthe 25 flasks with the highest biomass increase, 7 lines were
detected which showed in the presence of 0.5 mm MFT, a
similar growth rate to that of untreated WT cells. When these
cells were transferred to 1 mM MFT, 4 lines showed distinct
growth during the first 10 d. One ofthese lines was the tolerant
line EC4 described here.
The extent of tolerance of the EC4 cells is given in Figure

2. After 11 growth cycles (4 months) in the absence of MFT,
the tolerance ofEC4 to the analog was not distinctly decreased
and comparable to that of Figure 2. The growth of EC4 cells
apparently completely growth inhibited at 2.5 mM MFT (Fig.

a

v
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2) showed a threefold increase in fresh mass after another 14
d.

Cross-resistance to other amino acid analogs was checked
by growing the cells in the presence of 5-methyltryptophan,
ethionine, and PFP. While the first two analogs inhibited
growth ofboth cell lines to the same extent, EC4 cells tolerated
distinctly higher concentrations of PFP. Growth ofWT cells
was completely inhibited at 1 mm PFP, but EC4 cells reached
15% of the biomass increase of controls.

Comparative Characterization of the MFT-Tolerant Cell
Line

General Appearance of the Cell Lines
At the time of selection the parent line WT existed as grey,

brownish cell lumps. The MFT-tolerant cell line consisted of
white to grey lumps and became only colored when the cells
were stressed. Cell aggregation was slightly increased in EC4
cultures. Nevertheless, their fresh mass production was usually
found to be more rapid than that ofWT cells. Thus, the two
lines can be distinguished visually which indicated that several
other changes, not directly related to the aromatic amino acid
metabolism, may have occurred in the new line.

Comparison of the Free Amino Acid Pools

The content of free amino acids of both cell lines was
repeatedly analyzed during the growth cycle. Phe and Tyr
levels were between 5- and 15-fold higher in EC4 cells than
in WT cells. To obtain a representative picture (Table III)
aliquots of samples taken on four different days were pooled.
Indeed the pool of free Phe ofEC4 became the second highest
of all amino acids followed by Tyr. As the levels of many
other amino acids were also increased in EC4 cells, the total
of free amino acids was usually twice that of WT cells. In
general, the relative increase of Tyr and Phe surpassed those
of the other amino acids.

Table Ill. Comparison of the Free Amino Acid Levels of EC4 and
WT Cells

Equal amounts of dry mass of 4, 8, 10, and 12 d old cultures were
pooled.

Amino Acid WT EC4

;smol/g dry mass
Asp 4.5 6.7
Thr 3.5 8.5
Ser 25.9 46.8
Glu 19.4 20.4
Gly 1.7 3.3
Ala 22.8 15.9
Val 5.5 16.9
lie 2.0 9.6
Leu 2.8 10.5
Tyr 1.5 21.2
Phe 3.6 33.3
Lys 1.6 5.4
His 0.7 3.7
Arg 0.3 2.3
Total 95.8 204.5

Metabolism of Shi, Tyr, and Phe in the Presence and
Absence of MFT and PFP

The question arose whether the observed increase in Phe
and Tyr levels (Table III) was sufficient to explain the acquired
tolerance. Thus, both cell lines were labeled for 36 h with
trace amounts of Shi, Tyr, or Phe (Table IV). While their
absorption was quite similar for both cell lines, distinct met-
abolic differences were indicated by the different recoveries
of radioactivity in the MeOH-extracts. The differences were
clearly assigned to the amino acid fraction. While in cell
extracts of WT cells a rather small proportion of the added
amino acids were recovered unmetabolized (about 5% ofPhe
and 8% of Tyr taken up), the amino acid extracts of the EC4
cells contained a 5 to 6 times higher percentage of absorbed
radioactivity unchanged (about 30% ofPhe and 50% of Tyr).
This indicated that the turnover of the aromatic amino acid
pools were greatly reduced in EC4 cells (Table IV).
The turnover of Shi into the amino acids, however, showed

no distinct difference. If one assumes that the label of Shi in
the amino acid fraction and in the residue (protein and
polyphenolics) accounts for the turnover in that direction,
then 50 to 60% of Shi taken up in both lines was incorporated
into the amino acids during the 36 h feeding period (Table
IV). HPLC-separation of the fractions ofthe Shi tracer exper-
iment showed that more than 90% of the radioactivity of the
organic acid/neutral fraction was Shi. In the amino acid
fractions about 90% were in Phe and Tyr in a ratio 2:1. The
reduced use of the labeled amino acids by EC4 cells was also
clearly demonstrated in the Shi feeding experiment (Table
IV).

Similar Shi feedings were also performed with WT and EC4
cells which had been preincubated for 9 h with MFT or PFP
(Table V). The difference between the two cell lines is readily
seen by the different uptake of Shi in the presence of MFT.
While the uptake of Shi by EC4 cells was not reduced by
MFT (Table V), the toxic effect ofMFT onWT cells is clearly
seen by the low absorption of Shi, resulting in a distinctly
lower formation of labeled amino acids. The increased toler-
ance ofEC4 cells to PFP may also be recognized by the almost
unimpaired uptake of Shi. When the radioactivity in the

Table IV. Distribution of Radioactivity of '4C-labeled Ph (450 mCi/
mmol), Ty (450 mCi/mmol), or Shi (30 mCi/mmol) Fed to 5-d-old
Wild Type and EC4 Cells for 36 h

In each case, 2 uCi of the compounds were added undiluted.
WT EC4

Fraction
Phe Tyr Shi Phe Tyr Shi

% of total radioactivfty addeda
Medium 8.3 8.4 35.6 15.3 12.9 27.7
Cell extract 15.7 17.9 32.5 38.4 50.9 60.7

Alkaloids 0.7 3.9 0.7 0.8 2.1 1.7
Amino acids 4.9 8.2 6.2 26.2 44.1 28.4
Organic acids 9.4 5.0 25.3 9.2 4.9 30.3

neutrals
Residue 76.0 73.7 31.9 46.3 36.2 11.6

a Radioactivity of the residue (biomass left after cell extraction) is
calculated from the difference between added and reoovered label.

1 302 BERLIN ET AL.
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Table V. Distribution of Radioactivity after 36 h of Feeding of
Labeled Sh to 5-d-old WT and EC4 Cells (Initial Inoculum 1.6 g fresh
mass/35 mL Medium) Preincubated With or Without 6 mg PFP (1.0
mM) and/or 7 mg MFT (1.0 mM) for 9 h

Undiluted Sk (2 jCi) with a specific activity of 30 mCi/mmol was
then added.

Analog Medium Cell Extract Amino Acids
Added WT EC4 WT EC4 WT EC4

% of total radioactivity added
None 35.6 27.7 32.5 60.7 6.2 28.4
PFP 70.3 44.7 24.1 54.1 5.6 22.3
MFT 72.1 21.5 22.3 68.0 5.6 36.8
MFT/PFP 72.0 52.3 19.1 41.9 6.1 20.5
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Figure 3. Growth of wild type (U) and EC4 (0) cells in the presence
of 3 mg MFT/35 mL medium (0.5 mM). Initial inoculum 0.7 g. Uptake
of MFT was indirectly monitored by the disappearance of the tracer
[U_'4C]tyrosine. Radioactivity left in the medium of WT cells (0) and
EC4 cells (0).

amino acid fraction and the residue (protein) is taken as a
measure of the incorporation of Shi into Tyr and Phe, then
its metabolism was not reduced by the analogs in EC4 cells,
with 50 to 60% of the label being converted. In WT cells the
conversion of the low amounts ofabsorbed Shi was distinctly
reduced by 40% but not completely inhibited. Under the
experimental conditions, the analogs thus affected the total
formation of amino acids from Shi but had only a minor
effect on the specific conversion rate of the absorbed Shi.

Metabolism of MFT

As MFT was metabolized into a number of derivatives by
WT cells (Fig. 1), it was of interest to see whether this
capability was enhanced in EC4 cells. A long-term experiment
was performed to obtain some information about the meta-
bolic fate of MFT in EC4 and WT cells (Fig. 3). WT cells
showed no growth during the first 12 d under these conditions.
Nevertheless, despite the apparent growth inhibition, about
70% of MFT was absorbed by the sensitive cells during this

period. Both cell lines were analyzed by GC-MS analyses.
High levels of MFT (semiquantitative measurements indi-
cated 60% and more ofthe amounts taken up) were recovered
from EC4 cells unchanged, while the MFT levels were always
extremely low in WT cells, never exceeding 10 to 20% of the
absorbed amounts. The lowered metabolism of MFT by EC4
cells thus resembled the lowered turnover of the natural
aromatic amino acid pools in this line. As the qualitative
spectra of MFT metabolites measured by GC-MS of both
lines were similar, it may be concluded that the quantitative
differences of MFT conversion resulted from the different
pool sizes of Tyr.

Incorporation ofMFT into protein ofWT cells was found
to be low under growth inhibitory and noninhibitory condi-
tions (see above). Several random protein hydrolysates of
MFT-fed EC4 cells were analyzed for incorporation of MFT.
The highest incorporation of MFT into protein of growing
EC4 cells was roughly eightfold lower than the highest value
found for WT cells.

Alkaloid Formation by the Cell Lines

To see whether the increased presence of free Tyr helped
to stimulate the alkaloid production ofthe variant line, several
experiments were performed to compare the alkaloid accu-
mulation ofboth cell lines (Fig. 4). The measurements clearly
demonstrated that WT cells with their rather low levels of free
Tyr accumulated more alkaloids in both the growth and the
production medium, where alkaloid synthesis was distinctly
stimulated and thus a higher need for Tyr was necessary.
Various biotic and abiotic elicitors stimulated the alkaloid
formation to some extent in both lines (data not shown).
However, in no case was the alkaloid accumulation of WT
cells surpassed by EC4 cells.

12

-

0)

in

0t-

o

8

4

0U)

0
E

0

a)

CD
E

0
0

-Y

4 8 12 4 8 12

Days
Figure 4. Growth (open symbols) and alkaloid formation (filled sym-
bols) of wild type cells (0, 0) and EC4 cells (A, A) in the growth
medium (left) and the production medium IM2 (right). Initial inoculum
for the growth medium was 3 g cells of 1 0-d-old cells/70 mL; for the
production medium 6 g.
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DISCUSSION

MFT has been shown to be an extremely effective analog
ofL-Tyr which acts as an inhibitor ofarogenate dehydrogenase
(7). Consequently, it has been suggested that MFT tolerant
variants overproducing Tyr may be isolated as a consequence
ofan altered feedback control of arogenate dehydrogenase (7,
13). The present results for the first MFT tolerant cell line,
however, show that the variant EC4 cannot be the result of
only one biochemical alteration in the Tyr branch of the
arogenate pathway. If only free Phe and Tyr levels were
increased, one would expect that the alteration would be
restricted to the biosynthesis of the aromatic amino acids.
The enhanced levels ofother amino acids (Table III), however,
indicate that EC4 cells represent a new cell type differing from
the parent line in properties whose occurrence cannot be
explained by the mode of action of MFT. However, the fact
remains that the increases of Tyr and Phe in the many amino
acid analyses performed were generally distinctly higher than
those found for the other amino acids. Therefore, EC4 cells
may nevertheless represent a suitable source for testing
whether the enlarged pools of the aromatic amino acids
required altered feedback controls or overproduction of en-
zymes of the arogenate pathway.

Independent of the biochemical reasons for the enlarged
pools of the amino acids and especially of Phe and Tyr, our
study indicates that the increased pools ofthe aromatic amino
acids should account for the overall tolerance of EC4 cells.
The most important evidence for this is the observation that
MFT did not suppress de novo synthesis of the aromatic
amino acids (Table V). Growth could be maintained in the
presence ofMFT due to both the continuous synthesis of Tyr
and Phe and the dilution of MFT in the cells. At present, a
reduced metabolism of Tyr cannot be excluded as a contri-
bution to the increased pool size. The reduced capability of
benzophenanthridine alkaloid formation could be an indica-
tion of this. Also, the slower appearance ofMFT metabolites
in the extracts may point in this direction. As growth and
biomass production of both lines were quite similar, it seems
more likely, however, that the greatly delayed turnover of
MFT and Tyr in EC4 cells was due mainly to the enlarged
pool size of Tyr. Usually a higher capability for removal of
the toxic analog would result in a selective advantage. MFT
levels, embedded in a large Tyr pool, were always higher in
the tolerant line and therefore detoxification did not play an
important role for the acquired tolerance. The lower incor-
poration of MFT into protein of EC4 cells could be due to
altered specificty of the corresponding enzyme. However, it
can also be explained by the enlarged tyrosine pool. With
continuous de novo synthesis, Tyr would dislodge MFT more
and more in competitive reactions. In a few cases, reduced
uptake contributed to the acquired tolerance against amino
acid analogs (2, 8). Our feeding experiments gave no indica-
tion that there was a distinct difference in the absorption of
the amino acids and MFT by both lines and apparent differ-
ences were mainly due to the physiological state of the cells.
All the data at hand support the interpretation that EC4 cells
became tolerant due to the enlarged Tyr pool which was
probably formed by increased synthesis. However, the present

results do not establish unambiguously the basis of the toler-
ance and amino acid overproduction and, thus, alternative
reasons (e.g. altered metabolism) have still to be considered
as long as the enzymological basis for the enlarged pools has
not been established. According to our interpretations of the
data, comparative analyses of the enzymes of the arogenate
pathway of WT and EC4 cells seem to be the most logical
initial step in the further characterization of EC4.
The main intention of our selection was to see whether

overproduction of primary precursors helps to increase the
formation of desired secondary metabolites. A similar trial
was performed for stimulating the alkaloid formation of Ca-
tharanthus cell cultures by increasing the internal availability
of trytophan (16). The negative outcome of that experiment
could be explained by the failure to provide simultaneously
sufficient secologanin for monoterpene indole alkaloid syn-
thesis. In the case of benzophenanthridine alkaloids the con-
ditions seemed to be simpler, as these alkaloids are formed
from Tyr as sole primary precursor. However, the enlarged
pools of Tyr in EC4 cells did not cause an increase in alkaloid
accumulation over that ofWT cells under any experimental
conditions. This might be explained if the oversynthesized
Tyr did not reach the compartment for alkaloid biosynthesis.
However, from biochemical comparisons of high and low
producing cell culture systems (1) it may also be deduced that
the presence of higher enzyme activities of the corresponding
biosynthetic pathway is also important for the productivity of
a cell line. As alkaloid formation was even lower in EC4 than
in WT cells, it may be assumed that the selected line had a
lower potential for alkaloid biosynthesis and could not use
the excess Tyr. This result shows that precursor supply pro-
vided by feeding or by increased internal synthesis alone is
not sufficient to improve productivities of cell cultures.
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