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A p-fluorophenylalanine (PFP) resistant cell line with high phenylalanine ammonia lyase
(PAL{Jactivity and wild type cells with low PAL activity were compared in their responses to PAL
inhibition by a-aminooxy-B-phenylpropionic acid (AOP). Inhibition of PAL reduced the levels of
the main phenolic compounds to 30% of the controls. Free phenylalanine pools increased 17 fold
in the resistant line and 6 fold in the sensitive line, respectively. The accumulation of phenylalani-
ne did not reduce the flow of labeled shikimic acid into the aromatic amino acids tyrosine and
phenylalanine. The results are discussed with respect to the feedback inhibition of chorismate mu-
tase activity by phenylalanine and tyrosine in both cell lines.

Amino acid analog resistant cell lines normally
have an increased pool size of the corresponding na-
tural amino acid due to a lessened feedback control
in the biosynthetic pathway [1]. A tobacco cell line
resistant to p-fluorophenylalanine (PFP), however,
did not fit into this frame [2—5]. The main reason for
the resistance was ascribed to a decreased uptake of
all L-amino acids [5]. Some alterations in the metab-
olism of phenylalanine may contribute to acquiring
resistance, too. Phenylalanine ammonia lyase (PAL)
activity of resistant cells was found to be 10 times the
activity of sensitive cells [3]. This resulted in 6—10
times higher levels of phenolic compounds [4], of
which more than 85% were identified as caffeoyl and
feruloyl putrescine (unpublished). The pool sizes of
all amino acids were found to be 3—5 times lower in
the resistant strain (unpublished). The decreased
pool size of phenylalanine in the resistant line did
not fit with earlier observations [2] that chorismate
mutase activity was less sensitive to feedback inhibi-
tion by phenylalanine and tyrosine.

To get more insight into the regulation of phenyl-
alanine biosynthesis in cultured tobacco cells, we
tried to eliminate the deamination of phenylalanine.

Abbreviations: PFP, p-fluorophenylalanine; PAL, phenyl-
alanine ammonia lyase; AOP, a-aminooxy-B-phenylprop-
ionic acid; MCW, methanol : chloroform : water.
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Therefore the cells were grown in the presence of a
specific inhibitor of PAL, a-aminooxy-3-phenyl-
propionic acid (AOP) [6]. Inhibition of PAL should
result in distinct changes of phenylalanine pools in
sensitive and resistant cells and/or should reduce the
flow of carbon through the shikimate pathway.

Materials and Methods

Plant material

Maintenance and characteristics of the sensitive
cell line TX1 and the PFP-resistant line TX4 (Nicoti-
ana tabacum L. cv. Xanthi) have been described pre-
viously [2—5]. For inhibition experiments with AOP
0.2 g fresh weight were inoculated in 20 ml of medi-
um. AOP was added after sterile filtration at the be-
ginning of the growth cycle or according to the fol-
lowing scheme: after 0 and 24 h 2X 10-"mol, 48 and
72h 4Xx10-"mol, 96 and 120 h 8x 107 mol, 144 h
6% 10-"mol = X 3.4x10-°*mol/21.7 ml. This would
yield a concentration of 1.57 X 10~* M if given as one
portion.

Feeding experiments

Cells grown in the absence or presence of AOP
were incubated after 6 days of growth with either
1 pCi L-[U-"*C]-phenylalanine for 6 h or 0.5uCi
[2,3,4,5(,,)-“‘C]-shikimic acid for 4 h. The evolution of
1%CO, was measured as described [7].
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Biochemical measurements

Freeze dried cells were extracted with MCW
12 :5:3 and divided into a CHCl; and a CH;OH :
H,0 layer [4]. The water phase contained all impor-
tant compounds for analysis. Phenolics were deter-
mined with the Folin reagent [4] or by the absorp-
tion at Apax = 315 nm of the cinnamoyl putrescine
derivatives. Amino acid pools were determined with
an amino acid analyzer. If radioactive labeled com-
pounds were fed to the cultures the water phases
were chromatographed before and after separation
on Dowex 50-H*. Amino acids were eluted with
0.6 N NH;. Chromatography was performed on
TLC plates using the systems: I) methylisobutylketo-
ne : HCOOH : H,O 14 : 3 : 2 (silica gel); II) n-buta-
nol : CH;COOH : H,O 4:1:1 (cellulose); III) n-
propanol : 30% NH; 7 : 3 (cellulose); IV) ethyl ace-
tate : methylethylketone : HCOOH : H,O5:3:1: 1
(silica gel). Distribution of radioactivity was mea-
sured with a TLC-scanner and by scintillation count-
ing of zones scraped off. Radioactivity in phenylala-
nine and tyrosine was also measured by collecting
corresponding fractions of the amino acid analyzer
eluate. Chorismate mutase was extracted and mea-
sured as described [8] with Sephadex G-25 filtra-
tion as additional step [3]. PAL activity was deter-
mined as before [3].

Results

Conditions for inhibition of PAL by AOP

Very low concentrations of AOP, added at the be-
ginning of the growth cycle already reduced the
levels of phenolic compounds in sensitive TX1 cells
sharply. Somewhat higher concentrations of AOP
were necessary to see a pronounced effect on the
content of phenolics in resistant TX4 cells (Fig. 1).
The loss in phenolics was accompanied by a slight
increase in growth rates. The different sensitivity of
cells with high (TX4) and low (TX1) PAL activity
suggested that AOP may be more rapidly metaboliz-
ed in TX4 cells, or that more AOP was necessary to
inhibit the higher PAL activity in TX4 cells. To test
this, TX1 and TX4 cells were incubated with [**C]-
phenylalanine in the presence of AOP (Table I). In
TXI1 cells a single dose of 107> M AOP reduced the
flow of phenylalanine into phenolics nearly comple-
tely. In TX4 cells, however, the same dosage allowed
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Fig. 1. Effect of various concentrations of AOP on growth
(O---0 = TXI; @——-@® = TX4) and phenolics
(Bt = TXL; [J—-[]= TX4.

Table I. Effect of AOP on the incorporation of [**C]-phenyl-
alanine into phenolics. Cells were grown without AOP,
with a single dose of 10> M AOP or with 2 doses of 107> M
AOP, the second given 3 h before incubation with 1 wCi [U-
“C]-phenylalanine for 6 h. Distribution of radioactivity in
MCW-extracts was measured after TLC-chromatography
in system I [4].

AOP [M] Distribution
of radioactivity [%]
Phenolics Phenylalanine
TXI1 none 30 46
102 6.6 83
10—°+10° 2.7 97
TX4 none 70 16.6
10-° 53 33
10-°+10°2 8 76

50% incorporation into phenolics. This flow was
completely stopped by a second dosage of 10~°M
AOP given 3 h before incubation with [**C]-phenyl-
alanine. A complete inhibition of PAL during a whole
growth cycle can only be acchieved by continuous
supply of AOP to the resistant cell line.

Changes of levels of amino acids and phenolics by con-
tinuous doses of AOP

AOP was added to the cultures according to the
scheme over the whole growth period. This continu-
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Table II. Effects of AOP on growth

rates, total phenolics and L-amino Txl T
acids. AOP was continuously added AOP ; : . :
according to the scheme (Material and i pius DS pius
Methods). Phenolics are expressed as d ioh
equivalents of chlorogenic acid. [mg dry weight]
growth 237F22 140F 10 190F 10 155F 15
[wmol/100 mg dry weight]
phenolics 1.5 ¥0.1 0.5 F0.04 152 F0.1 5.3 F0.1
phenylalanine 0.73F70.08 4.12F0.36 0.24F0.01  3.96F0.28
tyrosine 1.9470.02 1.29F0.10 1.01F0.18 1.56F0.20
valine 1.43F0.01  0.66+0.08 0.31F70.10  0.58%0.02
leucine 1.25F70.01 1.08F0.58 0.38F0.08  1.1070.04

ous supply of AOP significantly reduced the increase
in dry weight (Table II). The levels of cinnamoyl pu-
trescine derivatives were diminished to 30% of the
controls. The inoculum size could barely account for
10% of total phenolics. Thus, even the continuous
supply of AOP did not completely block PAL activi-
ty in either cell line. The PAL inhibition led to a 6
fold increase in free phenylalanine in TX1 cells (Ta-
ble II). Due to the high PAL activity the inhibition
caused even a 17 fold rise in free phenylalanine in
resistant TX4 cells. Extractable PAL activities re-
mained unchanged in AOP treated and untreated
TX4 cells. Some changes were found for other
amino acids, too. However, the alterations of pool
sizes were never as striking as for phenylalanine
(Table II).

Feeding of [**C]-shikimic acid

The increase in free phenylalanine by the inhibi-
tion of PAL should effect the flow of carbon through
the shikimic acid pathway if pool sizes are under
strict regulatory control. Therefore ["C]-shikimic
acid was fed to the continuously AOP treated cells
(Table III). The poor uptake of shikimic acid by the
resistant line was noted before [5]. Evolution of
1“CO, was low as one would expect from the distri-
bution of label in the shikimic acid. When [U-*C]-
shikimic acid was fed to the cultures 16% of the ra-

dioactivity taken up was found in CO, (Berlin and
Widholm, unpublished) indicating that most of the
shikimic acid taken up entered the shikimate path-
way and was decarboxylated at the intermediate pre-
phenate. Percent incorporation of radioactivity into
protein and MCW-soluble compounds was similar
in both cell lines (Table III). The chromatographic
analysis of the MCW-extracts revealed the distribu-
tion given in Table IV. The incorporation of shikimic
acid into phenolics was effectively blocked by
the AOP treatment. Due to the PAL inhibition the
ratio free tyrosine : free phenylalanine changed from
2.5:1to 1:3in TXI cells (Table II) causing a rela-
tive increase of phenylalanine by a factor of 7.5 (TX4
cells: factor 10). These changes in pool sizes were
not truly reflected by a corresponding distribution of
radioactivity in tyrosine and phenylalanine (Ta-
ble IV). This may be due to the relatively short feed-
ing period of 4h. Only 5-7% of the radioactivity
were recovered as shikimic acid in AOP treated and
untreated cells. The increased pool sizes of phenyl-
alanine did not impede the flow of shikimic acid into
the aromatic amino acids.

Chorismate mutase

An unchanged flow of shikimic acid would be rea-
sonable if no control enzyme is between shikimic
acid and L-phenylalanine/L-tyrosine. However, as

Distribution of radioactivity

TXI1 TX4
Table I1I. Distribution of radioactivity . } .
after feeding [2,3.4,5(,)-"*C]-shikimic AOP Inus plus TS plus
acid to TX1 and TX4 cells for 4 h. :
AOP was continuously added (Materi- medium 8.3 10.8 67.4 65.7
al and Methods). The numbers in €O, 1.5 (1.6) 2.1(24) 0.5(1.5) 04(1.2)
brackets denote percent incorporation MCW-extract 43.6 (47.5) 39.0 (43.7) 14.2 (43.6) 11.0 (32.1)
(percentage of radioactivity taEen up). protein 46.6 (50.8) 48.1(53.9) 17.9 (54.9) 22.9 (66.8)
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Table IV. Percent distribution of radioactivity of the MCW-extracts after feeding [**C]-shikimic acid for 4 h. Chromatogra-
phy in solvent I revealed the percent incorporation in tyrosine+phenylalanine and in shikimic acid+cinnamoyl putrescine
derivatives. Chromatography of the MCW-extract after separation on a Dowex 50-H* column yielded the percent incorpo-
ration in shikimic acid (solvents II and IV) and in tyrosine and phenylalanine (solvent III). Cinnamoyl derivatives mainly
remained on the Dowex column. The data in brackets denote the percent incorporation calculated from the collected frac-

tions of the amino acid analyzer eluate.

Distribution of radioactivity [%]

TX1 TX4
AOP minus plus minus plus
shikimic acid 7.3 5.0 7.3 6.7
tyrosine 38.8(27.3) 20.2 (20.4) 9.3(15.2) 50.7 (48.9)
phenylalanine 26.4(19.4) 60.1 (61.3) 32.3(15.4) 30.3(29.2)
phenolics 15.9 0.1 39.7 2.1

found before [2], chorismate mutase activity of to-
bacco cells was inhibited by low concentrations of
L-phenylalanine (Fig.2) and L-tyrosine. Generally
chorismate mutase activity of sensitive cells was
slightly more sensitive to feedback inhibition by
phenylalanine. However, especially during the loga-
rithmic growth phase the inhibition patterns were so
similar in both cell lines that at least from crude ex-
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Fig. 2 Inhibition of chorismate mutase activity by L-phenyl-
alanine in TX1 cells (l———M) and TX4 cells (®---@®).
When no inhibitor was present chorismate mutase pro-
duced 123 nmol prephenate/mg protein in TX1 cells and
146 nmol in TX4 cells per 30 min.

tracts no conclusion could be drawn for a different
feedback control.

Discussion

The difference in phenylalanine metabolism be-
tween TX1 and TX4 cells arises from the different
levels of PAL activity in these cells [3]. This difference
was partly eliminated by adding the competitive
PAL inhibitor AOP to the cell lines. The flow of phen-
ylalanine into hydroxycinnamic acids was efficiently
blocked after the application of AOP at least for
certain time periods. However, under all conditions
tested complete elimination of the PAL action could
not be acchieved. The levels of cinnamoyl putrescine
derivatives were reduced to 30% of the controls in
both cell lines. Thus, TX4 cells continuously treated
with AOP still contained 3 times more phenolics
than untreated TX1 cells (Table II). Since the inhibi-
tor was evidently more rapidly inactivated by TX4
cells it seems likely that AOP may be degraded by
the action of PAL. Our experiments do not exclude
that only the number of PAL molecules in TX4 cells
was so high that the AOP concentrations given could
not inactivate all enzyme activity. For long term ex-
periments in systems with high PAL activity a contin-
uous supply of AOP has to be guaranteed for maxi-
mal PAL inhibition.

The decrease of phenolics was accompanied by an
increase in fresh weight (Fig. 1). A similar pheno-
mon was described for Avena coleoptiles [9]. When
PAL inhibition by PFP caused a depletion of the
chlorogenic acid pool this was always accompanied
by a segment elongation of Avena coleoptiles. AOP
given continuously, however, reduced the growth
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rate of tobacco cells (Table II) despite the lower lev-
els of phenolics.

Inhibition of PAL by AOP is competitive and re-
versible, and inhibition of phenolic (anthocyanin)
synthesis can be reversed by exogenous phenylalanine
[6]. The increased pool sizes of phenylalanine by
the AOP treatment, however, were not sufficient to
lift the inhibition of PAL. The different increases in
free phenylalanine favourably reflected the different
levels in PAL activity in TX1 and TX4 cells. The
pool sizes were altered in the lines by a biochemical
manipulation. If amino acid analog resistant cells
were selected showing a 6—7 fold increase in the cor-
responding amino acid concentration, the overpro-
duction and hence the resistance were normally ac-
counted to an altered feedback control in the bio-
synthetic pathway [1]. However, altered feedback in-
hibition is only one possible reason for increased
pool sizes. As shown in this work the inhibition of a
diverting pathway can contribute equally well to the
observed phenomenon of increased amino acid
pools.

Regulatory forms of chorismate mutase have been
identified in a number of plants (see for ref. [10]).
The in vitro results suggest that chorismate mutase of
tobacco cells is a regulatory enzyme, too. By adding
high concentrations of aromatic amino acids to cul-
tured cells [11] or intact chloroplasts [12] it was
shown that feedback inhibition may function in vivo,
too. The main question, however, is whether the
physiological pool sizes are high enough to make the
enzyme act as control enzyme. Two observations let
us conclude that the levels of free amino acids per se
are hardly providing any information about the de-
gree of regulatory controls. The two lines have cho-
rismate mutases which are comparably sensitive to
the feedback inhibitors. Nevertheless the pool sizes
of phenylalanine in untreated TX1 and TX4 cells
differ by a factor three (Table II). This lessened pool
size in the resistant cell line cannot be explained by
the increased level of PAL activity diverting phenyl-
alanine into secondary pathways, since all free ami-
no acid pools were found in lower concentrations. A
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more general control rather than a single control en-
zyme seems to be responsible for the levels of free
amino acids in cultured cells. Free phenylalanine
was increased manifold in tobacco cells by the AOP
treatment. However, these higher amounts did not
entail an inhibition of chorismate mutase activity.
The flow of shikimic acid into the aromatic amino
acids was not impeded by the enhanced level of phe-
nylalanine. No intensified accumulation of shikimic
acid was observed in AOP treated cells demonstrat-
ing that the accumulated amino acid did not act as
feedback inhibitor. There may be two explanations
for this: 1. The internal pool sizes are still too low to
make them to feedback inhibitors. 2. The amino
acids are immediately transported to other compart-
ments so they cannot act as feedback inhibitors. It
was shown that up to 70% of free amino acids were
located in vacuoles of cultured carrot cells [13]. From
this observation and the above presented data the
existence of metabolically active and inactive pools
seems to be possible in the tobacco cell lines. A simi-
lar compartmentation has been reported previously
[14-16].

The rate of phenolic biosynthesis in tobacco cells
and other systems is correlated with the level of PAL
activity. However, phenolic biosynthesis seems to be
independent from the pool size of phenylalanine [17,
18]. The results with variant cell lines of tobacco do
not support the idea of a control at the level of sub-
strate supply as postulated by Margna [19]. Whether
further work with variant cell lines may give clues
about regulatory connections between primary and
secondary metabolism remains to see [20].
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