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A bstract. L-Phenylalanine ammonia-lyase (PAL) aotivity develops in excised bean axes
after approximately 5 hours of incubation and reaches a maximum level after 14 hours of
incubation. Light does not affect the development of aotivity, but puromycin, cycloheximide,
actinomycin D, and 5-fluorouracil inhibit.

During this period of incubation both D- and L-p-fluorophenylalanine stimulalte fresh weight
increase and both inhibit the development of PAL activity. Neither L. nor D-phenylalanine
stimulastes fresh weight increase while the former inhibits development of PAL activity and
the latter has no effect. Neither D isomer is deaminated while L-p-fluorophenylalanine is
deaminated at about one-half the rate of L-phenylalanine. It is suggested that fluorophenyl-
alanine does not stimulate the fresh weight increase by its effects on the phenolios pathway.

Trans-cinnamic acid was found to inhibit both the development of PAL activity and the
in vitro deamination of L-phenylalanine. Various hydroxycinnamic acids, although inhibiting
the development of PAiL activity, had little or no effect on the in vitro deamination of
L-phenylalanine.

No tyrosine amimonia-lyase activity was found in the axes and L-tyrosine had no effect on
the ix vitro deamination of L-phenylaianine.

The pattern of PAL development in intact seedlings differs markedly from that which
occurs in the excised axes, although light also has no effect on the course of activity.

In a recent paper, I reported that DL-p-fluoro-
phenylalanine stimulated the fresh weight increase
of excised bean axes by 20 to 40 % (16). The
suggestion was made that the stimulation by fluoro-
phenylalanine migh-t be due to effects on the metabo-
lism of various phenylalanine-derived compounds,
such as the flavonoids and coumarins. Since L-
phenylalanine ammonia-lyase (E.C. 4.3.1.5), (PAL)
catalyzes the conversion of L-phenylalanine to trans-
cinnamic acid, the postulated initial reaction on the
pathway from L-phenylalanine to the phenolics (7),
it was of interest to determine if the axes contained
PAL activity during the period under observation,
and if so, what the effects of fluorophenylalanine
on this activity would be. Examination of the axes
has shown that PAIL activity does develop during
incubation and a recenit commun-ication discussed
the effects of abscisin II, cycloheximide, and actino-
mycin D on the development and retention of
activity ( 17).

This report concerns the course of PAL activity
in excised bean axes and in seedlings germinated in
the intact seed. Described are the effects of D-p-
fluorophenylalanine, and various compounds which
may be involved in the phenolic metabolic pathway,
on both the development of PAL activity and the
in vitro conversion of L-phenylalanine to trans-
cinnamic acid.

Materials and Methods

The embryonic axes were excised from the dry
seed of Phaseolus vulgaris L. (var. White Marrow-
fat). The incubation procedures and determination
of fresh weight were as previously described (15).
Since no effect of light on the course of axis PAL
activity was found, incubation was under ordinary
laboratory light conditions, except where otherwise
specified in the Results section. Intact seeds were
germinated in vermiculite either in complete dark-
ness or under normal laboratory light conditions at
26 ± 10. The extraction of PAL from the axes
has been described (17).

PAL activity was determined either spectropho-
tometrically (20) or with the radioactive assay of
Koukol and Conn (7) as modified by Young and
Neish (18). In both procedures tlhe reaction mix-
ture consisted of 150 1umoles borate buffer. pH 8.8,
and 0.5 ml extract in a total volume of 3.0 ml. Tn
the spectrophotometric assay, 15 ,umoles of L-phenyl-
alanine were added, while in the radioactive assay
10 umoles were added. In the radioactive assay,
0.25 juc (0.02 jumoles) of L-phenylalanine-1-l"C were
also added. Incubation was for 2 hours at 370.

In the spectrophotometric assay, activity was de-
termined by the increase in absorbance at 290 mju.
The unit of activity is defined as that amount of
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enzyme which produces an increase in absorbance
att 290 m,u of 0.01 per hour with a 1-cm light path.

In the radioactive assay, the reaction was stopped
by the addition of 0.5 ml 0.1 % cinnamic acid in
0.05 M KOH, followed by 0.5 ml HCl. The pre-

cipitated protein was removed by centrifugation and
the stupernatant extracted with 10 ml ether. The
ether layer was reextracted with 5 ml 0.1 N HCl,
decanted, and then shaken with anhydrous sodium
stulfate. The ether layer was then decanted into a

scintillation vial, and the ether evaporated. Ten ml
of toluene containing 2,5-diphenyloxazole and 1,4-
bis-2-.(5-phenyloxazolyl)-benzene were added to the

vial and the vial counted in a Packard Tricarb.

Model 3375, liquid scintillation spectrometer, at ap-

proximately 80 % efficiency. The activity was cor-

rected for quenching and the counts from a boiled
enzvme control subtracted.

Tyrosine ammonia-lyase activity was determined
according to Neish (10). The general procedure
used was the same as that described for the radio-
active assay, except that 15 ,umoles of L-tyrosine
were tused as substrate, and the evaporated ether

extract was taken up in 3 ml 0.05 N NaOH and the
absorbance measured at 333 mu.

DL-p-Fluorophenylalanine was resolved bv car-

boxypeptidase treatment of N-chloroacetyl-DI.-p-
fluorophenvlalanine (4). Fluorocinnamic acid was

synthesized from fluorobenzaldehyde (8). Protein

was estimated according to Lowry et al. (9).

Results

Figure 1 shows the course of PAL activity in

the excised bean axes. Initially, there is little or

no detectable activity, but at about 5 hours after

the beginning of incubation measurable activity

appears and continues to increase until about the

fourteenth or fifteenth hour. Continued incubation
leads to a sharp reduction in activity so that bv 24

hours the activity is only about 10 to 35 % of the

z
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FIG. 1. Course of PAL activity in excised axes in-

cubated under laboratory light conditions at 260.

maximum. The pattern in which the development
of PAL activity is followed by a decline has been
noted in other tissues, and the implication of the
decline in the bean axes has been discussed (17).
Tyrosine ammonia-lyase activity could not be de-
tected in the axes at the time at wvhiclh PAIL activitV
reaclhed its maximum level.

Inhibitors of Protein and/or RNA Synthesis.
Several compounds known to be inhibitors of protein
and/or RNA synthesis in the axes (15, unpublished
results) were tested for their effect on development
of PAL activity (table I). All of these compounds
inhibit the development of PAL activity, while all
but 5-fluorouracil inhibit fresh weight increase.
These results suggest that the development of PAL
activity in the axes may be dependent on de novo

protein synthesis. The inhibition of the develop-
ment of PAL activity by 5-fluorouracil, a compound
which inhibits ribosomal RNA synthes,is but not

Table I. Effects of Inhibitors of RNA and/or Protein
SAynthesis on Development of PAL Activity and

Increase in Fresh Weight
100 mg tissue dry weight incubated 14 hours at 260

in 2 ml solution containing 0.01 M K P04, pH 6.0, 100
units penicillin G and additions as indicated. Laboratory
!ight conditions.

Fr wt PAL
Treatment increase specific activity

% of control' % of control2
Actinomycin D, 25 ,g/ml 25 5
Puromycin, 5 X 10-4 M 0 5
Cycloheximide, 3 X 1W5 M 0 0
5-Fluorouracil, 2 X 10-3 M 100 10
1 Control fresh weight increase 160 mg.
2 Control PAL specific activity = 23 units/mg protein.

protein synthesis in the axes (unpublished results),
may be due to its incorporation into m-,RNA with
conse(luent misreading of a critical amino acid
during translation (1). 5-Fluorouracil has been
reported to be without effect on the development of
activity of several plant enzymes and to have a

selective inhibitory effect on the development of
enzvyme activities in Bacillus subtilis (5, 6). Al-
thoulgh the results obtained with the antibiotics
suggest that the development of PAL activity re-

(juires protein synthesis, a variety of amino aci(d
analogues had no inhibitory effect when used at
10-3 M. They included L,-ethionine, L-azetidine-2-
carboxylic acid, L-canavanine sulfate and hydroxy-
i,-proline.

In Vivo and in Vitro Effects of Phenylalanine
and p-Fluorophenylalanine. The results in table II
indicate that both D and L isomers of p-fluorophenyl-
alanine can stimulate growth although the D isomer
is more effective. Neither D- nor L-phenylalanine
stimulates growth. Of the 4 compounds, only
D-phenylalanine does not inhibit the development of
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Table 11. Effect of D- and L-p-Fluorophenylalanifne on
Fresh Weight Increase and PAL Activity of

Excised Axes
100 mg tissue dry weight incubated 14 hours at 26° in

2 iml solution containinlg 0.01 M K PO, pH 6.0, 100 units
penicillin (, and additionis as in(licated. I1,ahoratory light
conditions were emplov e(l.

Gomipound

i,-Phenv lalanine

D-Phenylalanine
D-p-Fluorophenylalanine

L-p-Fluorophenylalanine

PAL
Fr wt specific

Conc increase activity

5X410-4 t

10-3 M

10-3 -Nt

105 m

2.5X10 4 M
10 3 M

5 X103 MJ
10-5 m

2.5X10X4 M
5X10-4 Ml
10 M
5 X 101-3 M

% Of
control
100
90
100
108
120
122
100
100
115
111
100
80

PAIL activity. Neither of the D isomiiers is deam-
imiated while L-p-fluorophylalaniine is dleaminated at
approximiately onie-half the rate of i-phenvlalanilie
(table ITT). Both D isomllers inhibit the iln vitro

Table III. Relative Rates of Deani7ination and Effects
on L,-PlWnv/alaninc Dcamnination of D-Phenvlalanine

and of D- and i-p-Fluorophenylalanine
Enzyme from axes inicubated 11 hours as described in

table II. All compounds used at 5 X 10-3 At. Details
of spectrophotmetric assay are given in Methods Section.

Conipxorind

L-Phenvlalanine
D-Phenylalanine
D-p-Fluorophenylalanine
L-p-Fluorophenylalanine

Inhibition of L-
Rate of phenylalanine

dearlination deamination

units/mig protein, %
11.7 ...

0.1 30
0.0 53
7.4
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deamiination of i-phenylalanine suggesting that they
can bind to the enzymne although not be dearniinated
(table III).

In Vivo anid in Vitro Effects of L-TiYroSitlc anid
Cimnamiiic A cids. .-Tvrosine, trans-cininaimiic acid,
p-fluorocininaimic aciid, the deaminationlproduct of
p-fluorophenvlalanine, and several hvdroxvcinnaimic
aci(ls imiiportanit in the biosynthesis of phenolic conm-
l)outln(ls, were testedl for their effects on the develol)-
ment of PAL activity and fresh veight increase.
Table I V shows that all of these compouilds except
i,-tvrosine inhibit both the development of PAL
activity aind freslh w\eight increase to some extenit.
Trans-cinnaimiic acid inhibits both PAL activitv and
fresh weight increase strongly aindI to about the samle
extent. p-Fluorociniianaic acid inhibits fresh weight
increase more stronglyI than the development of PAL
activitv, while the hydroxycinnamic acid derivatives
inhibit the development of PAL activity more
strongly than the fresh weight inicrease. iL-tvrosine,
uinlike i.-phenylalaniine, stimiulate(d the development of
PA.L activity altlhouglh it hia(l Ino significant effect
on fresh weight increase.

i.-Tvrosiine, trans-cinnami-ic acid, and p-coumaric
acid have beein reported to inhibit the ini vitro
(leamiinationl of I.-l)henylalanine (7, 18). The effects
of these colll)ound(ls, and also ferulic and caffeic
acids, were tleterlii'inedl on the in vitro deamilnationl
of i,-phenylalaniine by extracts fronm the bean axes
(table \). Cinnamic acid and caffeic acid inhibited
dleaminiation, feruilic acid and i-tyrosine ha(l nio
significant effect, \hile p-coumiaric acid appeare(l to
hlave a sliglht stimulatory effect. The inhibitioln of
(leamination 1w caffeic acid, although not by either
P-couniaric or feruilic acids, suggests that caffeic
acid may be converted to a quinone with subsequeint
reaction Nwith essential sulfhydryl groups oII PAL
(7, 1I). The reduction of the caffeic acid inhibition
by barbituric acid (table \V) lends support to this
hypothesis, since barbituric acid hlas been reported
to react with (luinoies (11).

liglht Effects. Since most reports about PAL
have indicate(d that light is necessary for maximum
development of activity (2, 3, 12, 20), the effect of
light on botlh the development and retention of
activity in tlle axes was (letermined. Table VI

Table I\. Effects of i-Tvrosinc, Cinnainic Acid, and Substituted Cinnamic .1 ids n iresh 11 Weight [ncrea.s- (Ind
PAL Activity of Excised A.xs

Incublia1tion cond(litions zire described in table II.
_ I..-1-1Aspec-i_ivity

Colic Fr wt in-crease
% of (ontrol % of eonril

Trans-ciniamlic aci(d 0---I (,7 (6
10 :.NiI

0

Fluorocinnanlic acid - 88 100

3 X 10-4M 40 85

p-Coumaric acid 5 X 10-4 M 80 38

Caffeic acid 5 X 10-4 M 88 40

Ferulic acid 5 X 10-4 i 90 62

L-Tyrosine 10-3 M 100 145

Cot mlpoun)d(l PAT, spec if ic activlitv
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Tah!e V. Effects of i-Tyrosine, Trans-cinnamic A4cid and Cinnanic .4cid Deri7atives on Deamination
of L-Phenylalanine

Incubation mixture contains 3.3 X 10- M L-phenylalaninfle-12C + 0.25 uc i-phenylalanine-1-14C anrd added com-
pounds as noted. Other details of radioactive assay are given in Methods section. Enzyme from axes incubated 14
hours as described in table II.

Addition

None
4.3 X 10-3 M L-Tyrosine
1.4 X 10-3 M Trans-cinnamic acid
3.3 X 10-3 M p-Coumaric acid
1.4 X 10-3 M Caf feic acid
1.4 X 10-3 M Caf feic acid
+ 6 X 10-3 M Barbituric acid

1 4 X 10-; M Ferulic acid

Effect on deamination of L-phenylalanine

dtm
2396
2876
1675
2696
860

2304
2420

% of control

116
73

103
36

95
101

compares the PAL activity in the axes after 14 and
24 hours of incubation in complete darkness, and
under either approximately 5 or 1000 ft-c of con-
tinuous fluorescent and incandescent light. The re-
sults indicate that light is not required for develop-
ment of PAL activity nor does it prevent the loss
of activity after longer incubation periods. The
development of PAL activity in axes incubated under
1,000 ft-c was actually slightly inhibited. Engelsma
has reported that removal of the cotyledons from
gherkin seedlings reduced the light requirement for
development of PAL activity (3). In order to
determine if the lack of light sensitivity was due to
excission of the axes, intact seeds were germinated
in the dark or under normal laboratory light condi-
tions for up to a period of 4 days (fig 2). There
is almost no detectable activity in the seedlings until
about 20 hours after the beginning of imbibition.
At 48 hours, the PAL specific activitv is about the
same in the hypocotyls as in the roots. However,
the activity in the roots continues to rise over the
next 48 hours, while that in the hypocotyls decreases
to an almost undetectable level. As was found for
the axes, there is no effect of light on the apparent
PAI activity in either the roots or hypocotyls during
this period. Although the results have been ex-
pressed oni a specific activity basis, the conclusions

Tab-le VI. Effect of Light on Development and
Retention of PAL Activity in Excised Axes

100 mg tissue dry weight incubated at 26' in 2 ml so-
lution containing 0.01 M K P04, pH 6.0, and 100 units
of penicillin G. Incandescent and fluorescent light were
continuous throughout the incubation.

PAL specific activity
14 'hrs 24 hrs

units/mg protein
Expt. 1
Dark 22.5 8.7
5 ft-c 20.5 4.4

Expt. 2
Dark 24.7 7.6
1000 ft-c 17.2 5.6

are essentially the same if the results are presented
on a seedling basis.

48 72
GERMINATION TIME (HR)

FIG. 2. Course of PAL activity in intact seed ger-
minated in dark or under laboratory light. Roots +
hypocotyls, light (x). Hypocotyls, dark (A) or light
(A). Roots, dark (0 ) or light (0).

Discussion

The results show that the excise(d axes develop
PAL activity during the period of time in wlhich
both D- and L-p-fluorophenylalanfine are effective in
promoting growth. However, the results suggest
that the growth promotive effect is independent of
phenolic metabolism if the deamination of L-phenyl-
alanine by PAL is the sole method of entry into the
pathway. Development of PAL activity is inhibited
by 5-fluorouracil and stimulated by L-tyrosine al-
though neither affects growth, suggesting that PAL
activity is not important for growth during the
period of incubation. The fact that D-p-fluorophenyl-
alanine is not deaminated suggests that the growtb
stimulation is not due to the production of fluorinated
cinnamic acid derivatives unless racemization occurs.
The striking difference between the effects of D- and
L-phenylalanine on the development of PAL activity
indicates that racemization occurs to a limited extent
if at all.

1123



PLANT PHYSIOLOGY

The inhlibition of development of PAL activity
by L-phenylalanine has been reported by Zucker for
potato slices (20). The inhibition was attributed to
the formation of trans-cinnamic acid, which as he

reported and is confirmed here is an inhibitor of the
development of enzyme activity. The lack of inhibi-
tion bv D-phenvlalanine, which is not deaminated, is
consistent with this hypothesis. The effects of cin-
niamic acid oIn the development of activity in the
bean axes are complicated, however, by the strong
and parallel inhibitory effects on growth, suggesting
the possibility that cinnamic acid may have a broader
effect on metabolism than inhibition of PAI, svn-

thesis. Trans-cininanmic acid has been reported to

have an inhibitory effect oIn the indluction of nitrate
reductase in corn seedlings but the rate of overall
protein synthesis wvas inhibited to at least the sanme
extent ('13). Trans-cinnamic acid lhas also beeii
reported to have aniti-auxin properties (14).

The lack of an inhibitorv effect bv either i.-tyro-

sinie or p-couniiaric acid on the in vitro deamination
of i-phenvlalanine differs from the results reported
by Kotikol and Conn for barley, (7) and by Young
and Neislh for wheat (18). Both groups reported

that these compouinds were effective inhibitors of
i.-phenvyllanine deamination and the latter workers
also reported that L-phenlylalanine had little or no

effect on the deamination of L-tyrosine. The bean

atxes also differ from either wheat or barley in that
they do not contain any measurable tyrosine ammo-

nia-lyase activity. The lack of such activity in the
stems and leaves of Phaseolus vidgaris has also been

recently reported by Young et al. (19). These dif-
ferences between the enzymes from bean, barley, and
wheat suggesit that not only have the latter 2 acquired
the abilitv to deaminate L-tyrosine, but that deam-
ination of L-phenvlalanine may be regulated by their

level of L-tyrosine.
As noted before, the apparent lack of a light

effect on the development of PAL activity in either

excised embrvonic axes or intact seedlings differs

from the results reported by several investigators.

At present, it is not known whlat factors mav con-

tribulte to thIiis (lifference.
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