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Abstract—The activity of arginine decarboxylase (ADC) in leaves of Pharbitis nil was induced by light. The
ADC activity increased to a maximum 1h after illumination, followed by a gradual decrease. This
suggested light either induced synthesis of ADC protein de novo or was involved in its activation. Cyclohex-
imide inhibited the photoinduction of ADC activity, and the half life of ADC in leaves was 30-40 min.
The temperature and relative humidity in darkness before illumination had no effect on the photoinduction
of ADC activity, contrary to the photoresponse of S-adenosylmethionine decarboxylase (SAMDC) activity
where the conditions of darkness before lights-on have a marked effect. The light response of the polya-
mine (PA)-biosynthetic enzyme activity produced transient accumulation of PA. The level of spermidine
increased in leaves in which activities of both SAMDC and ADC increased after illumination, while the
level of putrescine increased in leaves in which the activity of ADC increased but that of SAMDC did not.

C: 1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION

Polyamines (PAs) are found in a wide range of
higher plants and it has been proposed that they
play important roles in the regulation of plant
growth and development [1,2]. Several studies have
indicated that PAs are implicated in such varied
processes as response to stress [3,4], regulation of
the cell cycle [S,6], floral initiation [7-9] and gene
regulation [10-12].

The PA biosynthetic pathway is relatively well
established in living organisms [13]. The biosyn-
thesis of PAs involves two steps. The first step is
the biosynthesis of putrescine (Put). In animals, Put
is formed only by decarboxylation of ornithine, via
ornithine decarboxylase (ODC). In plants and bac-
teria, two pathways lead to Put. One is the ODC
reaction and the other involves decarboxylation of
arginine by arginine decarboxylase (ADC). The sec-
ond step is the biosynthesis of spermidine (Spd)
from Put and the aminopropyl moiety of decar-
boxylated S-adenosylmethionine (SAM), and the
biosynthesis of spermine (Spm) from Spd and the
aminopropyl moiety. S-Adenosylmethionine decar-
boxylase (SAMDC) is considered to be a key
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enzyme in the biosynthesis of both Spd and
Spm [14]. Some reports indicate that in plants ADC
activities are more correlated with the synthesis of
Put than are ODC activities. ADC activity increases
have been reported for cell growth and
embryogenesis [15], synthesis DNA [S] and stress
responses [l,16-18]. On the other hand, ODC has
been reported to be associated with proliferative
growth [19, 20] and fruit development [21].

There is considerable current interest in the mech-
anisms that regulate ADC activity in plants, since
this activity is modulated by light and by plant
hormones [22]. We reported previously that
SAMDC activity in leaves of Pharbitis nil was
induced by light [23], and that the photoinduction
was influenced by temperature and relative humid-
ity during the dark period before lights-on [24]. In
this report, we show that ADC activity in leaves of
Pharbitis is also induced by light. In addition, we
examine the levels of PAs in the leaves in which
ADC and/or SAMDC activities are induced.

RESULTS AND DISCUSSION

In plants Put is produced via alternative path-
ways that involve ADC or ODC [!4]. However,
why these two biosynthetic pathways exist or which
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Fig. 1. Effects of temperature and humidity during the
dark period on the photoinduction of ADC and ODC ac-
tivities in leaves of Pharbitis nil. Five-day-old seedlings
were incubated in a high- or low-humidity incubator in
darkness for 16 h at various temperatures. After the dark-
ness, the seedlings were transferred into light. In this ex-
periment, unlabeled L-arginine or L-ornithine was added to
the assay medium to give a final concentration of 5 mM,
for the purpose of measuring ADC and ODC activities
under substrate-saturated conditions. A symbol indicates a
determination representing 3 plants. The duplicate zero
time values for ADC activity in most cases are coincident.

factors determine the relative flux rate through the
respective pathways is not known. In a previous
study, we showed that SAMDC activity in leaves of
Pharbitis nil was induced by light [23]. In this study,
we examined whether ADC andjor ODC activities
for the synthesis of Put in leaves of Pharbitis nil
were induced by light. Figure 1 shows that ADC
activity increased after illumination; the greatest ac-
tivity was found 1h after illumination and then
ADC activity gradually decreased, while ODC ac-
tivity did not increase after illumination under any
conditions. A few studies have examined the re-
lationship between light and ADC activity [25-27].
However, a rapid photoresponse of ADC activity,
as found in this study, has not previously been
described.

The temperature and relative humidity during the
dark period before lights-on have a remarkable
effect on the photoinduction of SAMDC activity in
leaves of Pharbitis nil [24]. When the temperature
and relative humidity are high in the dark period
before lights-on, less SAMDC activity is induced.
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However, these conditions had no effect on the in-
duction of ADC activity after illumination (Fig. 1).
To examine whether the photoinduction of ADC
activity in leaves of Pharbitis nil is due to synthesis
de novo, the plants were treated with cycloheximide
(CH) which blocks protein synthesis. Seedlings,
which had been grown under continuous light fol-
lowed by a dark treatment for 16 h at 21°C and low
humidity, had their roots excised 10 min before
lights-on and then incubated with 50 uM CH by the
same method as that described previously [23]. As a
control, seedlings which had their roots excised
were incubated with distilled water instead of the
CH-solution. Figure 2(A) shows that CH inhibited
the light induction of ADC activity. These results
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Fig. 2. Effect of CH on the photoinduction of ADC ac-
tivity in leaves of Pharbitis nil. The roots of 7-day-old
seedlings were cul off 10 min before lights-on (A) or L h
after lights-on (B), and then the cut seedlings were put
into a 50 uM solution of CH ([7). Distilled water instead
of the CH-solution was used as a control (). Seven-day-
old seedlings without cutting the roots were used as
another control (A). The same treatment was conducted
in darkness. The cut seedlings were put into CH-solution
(W) or distilled water (@), and kept in darkness. The time
of root-excision in each case is indicated by an arrow.
Values are the means of 3 or 4 replicates. each with 2
plants. In this experiment, unlabeled L-arginine was not
added to the assay medium, only labeled substrate was
used. Vertical bars represent standard errors when the
errors are larger than the symbols.



Photoinduction in polyamine synthesis

suggested that photoinduction of ADC activity may
have resulted through de novo protein synthesis or
through post-translational modification of preexist-
ing ADC protein to the active form. A treatment
with actinomycin D, which blocks RNA synthesis,
did not inhibit the photoinduced increase of ADC
activity (data not shown), suggesting that the
photoinduction of ADC activity might not be at a
transcriptional level. Some reports indicated that
ADC is under translational and post-translational
control [4, 28-30].

Root excision might cause osmotic stress by
absorbing distilled water through the stem. In order
to examine the effect of the root-cut stress and
osmotic stress on ADC activity in this experiment,
the same experiment was conducted in darkness.
Several studies indicate ADC activity in response to
environmental stress; e.g. acid [16], inorganic
ions [4], osmosis [17,30] and oxygen [3]. Though
ADC activity was induced by a root-cut treatment
in darkness, light was more effective in the induc-
tion of ADC activity than the stress (Fig. 2).

We determined the half life of ADC activity in
leaves of Pharbitis nil upon a treatment with CH
1 h after illumination. Figure 2(B) showed that the
half life of ADC activity was 30-40 min, being as
short as that of SAMDC activity [23]. The rapid
turnover of both ADC and SAMDC in leaves of
Pharbitis nil might be necessary for the strict regu-
lation of levels of PAs. Recently, ADC was
reported to be localized in chloroplasts associated
with the thylakoid membrane [31]. A plant-specific
Put biosynthetic pathway via ADC was shown to
be located in active photosynthetic tissues. In this
study, we showed that only ADC activity of the
alternative Put biosynthetic pathways was induced
by light. These results indicate a possible involve-
ment of ADC activity in photosynthetic function.
There also exist several data indicating a possible
relationship between photosynthetic activity and
PAs. PAs, especially Spd and Spm, were shown to
stabilize the molecular composition of thylakoid
membranes [32, 33]. It was suggested that the mech-
anism might involve direct binding of PAs to mem-
branes, thereby preventing lipid peroxidation and
proteolytic attack. In addition, Rubisco protein was
stabilized by PAs. Earlier, Margosiak et al. [34]
reported that protein-conjugated PAs might be
involved in  photosynthetic  functions, since
increased TCA-insoluble PAs were found after light
exposure. They also suggested that Rubisco func-
tion might be affected by PA binding. Del Duca et
al. [35] showed that the activity of transglutaminase,
which is Ca?"- and light-stimulated, catalyzed the
incorporation of PAs into thylakoid and stromal
proteins, and suggested that PAs might be involved
in the light-harvesting function.

We examined the changes in levels of PAs in
leaves of Pharbitis nil under the conditions that
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yielded different photoresponses of ADC and
SAMDC activities (Fig. 3). The increase of Put
levels in leaves occurred from 3 to 6h after illumi-
nation following 16 h of darkness at 25°C and high
humidity. Under these conditions, the activity of
ADC in leaves increased after illumination, while
that of SAMDC did not [24]. On the other hand,
after 16 h of darkness at 21°C and low humidity,
the level of Spd increased from 1 h after illumina-
tion and peaked at 3 h after illumination. Under
these conditions, the activities of both ADC and
SAMDC [24] increased after illumination. Under
both sets of conditions, the level of Spm remained
lower than those of Put and Spd throughout the
time course. The increase in activities of both ADC
and SAMDC caused transient accumulation of Spd
rather than Put, whereas the only increase of ADC
activity produced transient accumulation of Put.
These results accorded with the fact that ADC and
SAMDC have regulatory roles in the PA biosyn-
thetic pathway.

EXPERIMENTAL

Plant materials

Plants were grown as described in Ref. [24].
Seeds of Pharbitis nil (strain Violet) were allowed to

=

‘o

©

£

=

=

[

]
0 ) A JJ_J;)K lfl#LI
0 2 4 6 8 10 12 14 16 18 20 22 24 26

Time [hr]

Fig. 3. Levels of PAs in leaves of Pharbitis nil during dark

incubation for 16 h and the following 9 h light period. The

conditions in darkness before lights-on were set at 21°C

and low humidity (@) or 25°C and high humidity (H).

Values are the means of 3 replicates, each with 2 plants.

Vertical bars represent standard errors when the errors are
larger than the symbols.
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germinate in vermiculite under darkness at 25°C for
2 days. Then the plants were placed in a growth
chamber at 22°C for 3 or 4 days under continuous
light from fluorescent lamps at a photosynthetic
photon flux density, at the top of the plants, of
100 gmol m 2 s~

Light treatment

The 5-or 6-day-old seedlings of Pharbitis nil were
transferred to incubators with low humidity (rela-
tive humidity of 30% to 40%) at 21, 23 and 25°C
respectively, or with high humidity (relative humid-
ity of 80 to 90%) at 17, 21 and 23°C respectively in
darkness for 16 h. After the dark incubation, the
seedlings of Pharbitis were subjected to white light
by fluorescent lamps at a photosynthetic photon
flux density, at the top of the plants, of
100 gmol m™2 7",

In the case of treatments with CH, roots were cut
from seedlings and the cut seedlings were incubated
in 50 uM solution of CH or H,O as controls.

Preparation of crude extracts

About | g of cotyledons from 2 or 3 seedlings of
Pharbitis nil was crushed briefly in a chilled mortar
and then homogenized in a Polytron homogenizer
with 5 vol (v/w) of 0.1 M Tris—HCI buffer (pH 7.5)
that contained 15 mM 2-mercaptoethanol, 0.1 mM
EDTA and 0.0l gml~™ PVP (insoluble). The hom-
ogenate was centrifuged at 10,000g for 3 min at 4°C
and the supernatant was assayed for various enzy-
matic activities.

Assays for ADC and ODC

Assays were carried out in 1.5-ml Eppendorf
tubes by a modified version of the methods
described in Ref. [24]. A glass-fibre filter was cut to
give a disc of 7mm in diameter and it was impreg-
nated with 20 ul of Solvable. It was fixed on the
inside of the cap of a vial to trap liberated '*COQ;.
ADC activity was determined by measuring the
amount of '*CO, formed from r-[1-"*C] arginine.
The reaction mixture consisted of 200 ul of the
crude extract, 200 gl of 250 mM MES-NaOH buffer
(pH 6.5), which contained 15mM 2-mercapto-
ethanol, 0.1 mM EDTA and 45 uM PLP. and 50 pul
of a solution of r-[l-"*C] arginine (2.25 ymol;
18.5kBq, in Fig. 1, 9.09 nmol; 18.5kBq, in Fig. 2).
The reaction mixture was incubated at 37°C for
30 min and the reaction terminated by the addition
of 200ul of 1M KH,PO,. ODC activity was
measured with the same reaction mixture as that
used for ADC except that r-[1-'*C] ornithine
(2.25 umol; 18.5 kBq) was used as the substrate and
the pH of the MES-NaOH buffer was 6.0 instead of
6.5. Boiled preparations of crude extracts were used
as controls.
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Protein concentrations were determined by a dye-
binding assay [36] with a Protein-Assay Kit and
bovine serum albumin as the standard.

Analysis of PAs

PAs were extracted and analyzed by the pro-
cedure of Ref. [37] with modifications. Dansylated
PAs were analyzed by HPLC. Samples were injected
onto a column (4.6 mm id.x250 mm) of Shim-
pack CLC-ODS(M), eluted with a mobile phase of
MeOH-CH;CN-H-0 (77:5:18) and detected with a
fluorescence detector, with an excitation wavelength
of 365 nm and an emission wavelength of 510 nm.
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