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To study the compensatory aspect of putrescine biosynthetic enzyme n tobacco suspension
cultured cells, we examined the contents of the cellular polyamines and the activities of ar-
ginine decarboxylase (ADC, EC 4.1.1.19) and ornithine decarboxylase (ODC, EC 4.1.1.17) in
the tobacco suspension cells treated with «-difluoromethyl arginine (DFMA) or o-di-
flaoromethyl ornithine (DFMO). In the untreated cells, the content of the cellular putrescine
was decreased during the first 3 hours and then subsequently increased. However, the content
of the cellular spermidine and spermine remained constant during the incubation time. While
ADC activity increased after 6 hours, ODC activity decreased following the rapid increase un-
til 6 hours. DFMA induced the decrease in the contents of putrescine and spermidine, and the
increase in that of spermine. Xt also caused the inhibition of ADC and ODC activities
throughout the incubation time. DFMO produced the stimulation of ADC activity about 2
times of untreated cells and the decrease in the content of putrescine about 50% of them at 12
hour. The application of putrescine or cycloheximide prevented the increase of ADC activity
by DFMO but that of actinomycin-D did not show any detectable effect. The stimulation of
ADC activity by DFMO in tobacco suspension cultured cells was probably due to the enhance-
ment of de novo synthesis for ADC protein, which might be regulated in the translation step

by the content of the cellular putrescine.
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In higher plant, the biosynthesis of putrescine can
be catalyzed by arginine decarboxylase (ADC) and
ornithine decarboxylase (ODC) (Smith, 1985; Ti-
burcio et al., 1990). The inhibition of ODC activity
blocked cell division but did not affect the cell ex-
pansion in tobacco suspemsion cultured cells
(Tiburcio et al., 1990). The ADC activity may be
stimulated under environmental stresses such as ox-
ygen deficiency (Reggiani et al., 1989), chilling
(Guye, et al., 1986), salt stress, low pH, and the de-
ficiencies of K* and Mg™* (Smith, 1985). These
results implied that ADC and ODC may have dif-
ferent physiological roles although the function of
each pathways is not still clear (Smith, 1990).

It has been observed that the contents of the cel-
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lular polyamines were not greatly changed by the ad-
dition of the inhibitors of polyamine biosynthesis in
all cases (Smith, 1990). This is probably explained
with the compensatory aspects between ADC and
ODC activity (Smith, 1990). In animals, the ap-
plication of a-difluoromethyl omithine (DFMO)
causes the increase of SAMDC (S-adenosylmethio-
nine decarboxylase) activity (Pegg, 1984). It was re-
ported that spermidine content was regulated by the
compensatory aspects of the in tobacco suspension
cultured cells (Lee and Park, 1991). Tiburcio and co-
workers (1989) reported that the tobacco cell line
resistant to DFMO had the extremely high ADC ac-
tivity which was increased by 20 times compared to
the control cell line. They suggested that the com-
pensatory mechanisms regulating putrescine biosyn-
thesis in inhibitor-treated system may also occur in
tobacco cells.
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Therefore, to study the compensatory aspects
between ADC and ODC, we¢ examined ADC and
ODC activity and the cellular contents of poly-
amines when o-difluoromethyl arginine (DFMA) or
DFMO, the suicide inhibitor of ADC and ODC,
respectively was treated in tobacco suspension cul-
tured cells.

MATERIALS AND METHODS
Plant material and cell culture

Callus cells induced from tobacco leaf disc were
cultured in Murashige and Skoog (MS) liquid medi-
um with 0.3 ug/mlL NAA and 1 pg/mL kinetin. The
callus cells were subcultured every 2 weeks in liquid
media at 27°C with shaking at 140 rpm. The 4-day-
cultured cells were harvested by the filtration and in-
cubated in 50 ml. Erlenmeyer flask with 10 mL of
the incubation medium containing DFMO, DFMA,
or putrescine, which was added either alone or in
combination. The filtrated media were used as the in-
cubation media.

Extraction and assay of ADC and ODC

The activities of ADC and ODC were essentially
determined as described by Lee and Park (1990).
The treated cells were homogenized (by pestle and
mortar) with 1 ml. extraction buffer that contained
10 mM potassium phosphate (pH 8.0), 1 mM py-
ridoxal phosphate, 0.1 mM dithiothreitol, and 20
mM Na-EDTA. After centrifugation at 18,000x g,
the supernatant was used as enzyme source. The
reaction mixtures consisted of 200 pL enzyme
source, 125 uL extraction buffer, 123 uL H,0, 50
UL cold substrate, and 0.1 pCi labeled substrate
which was either DL-[U-**C] arginine hydrochloride
(309 mCi/mmol) for ADC or DL-[1-*C] ornithine
hydrochloride (314 mCi/mmol) for ODC. The added
substrate comresponded to 0.1 mM final con-
centration. The reaction mixture was incubated in
flask with center well which contained 50 UL of hy-
amine (methylbenzethonium hydroxide) on a wick
of Whatman No. 1 paper for 1 hour at 37°C. The
reaction was stopped by injection of 0.1 mL 5% (v/
v) perchloric acid. The flasks were incubated for an
additional 1 hour after the termination of reaction,
and radioactivity of the wick was measured by a li-
quid scintillation counter.

Determination of polyamines
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Polyamines were determined with the methods as
described by Goren et al. (1982). The cells were ex-
tracted with 5% (v/v) perchloric acid, and then each
extract was centrifuged at 15,000 pm. 0.2 mL sa-
turated sodium carbonate and 0.4 ml dansyl (di-
methylaminonaphthalene-1-sulfonyl) chloride (1 mg/
mL) were added to 0.2 ml the supematant, and the
mixture was incubated in water bath at 60°C for one
and half hours. The mixture was fractionated by
TLC and the products were quantified using a spec-
trophotofluorimeter, in which the emission at 495
nm was recorded after excitation at 350 nm.

RESULTS

Changes in the contents of the cellular poly-
amines during the growth periods of tobacco
suspension cultured cells

The changes in the contents of the cellular po-
lyamines were examined during the growth periods
(Fig. 1). The content of the cellular putrescine peak-
ed at day 4 and then decreased by day 7. After the
content of the cellular spermidine was slightly in-
creased by day 2, it was decreased by day 5 and
then remained constant. But the content of the cel-
lular spermine was not changed during the growth
periods. Therefore, in this experiment, the 4-day-cul-
tured cells were used to focus the content of the cel-
lular putrescine.

Effects of DFMA and DFMO on the contents of
the cellular polyamines and the activities of ADC
and ODC

After the cells were transferred to the incubation
medium containing 1 mM DFMA or 1 mM DFMO,
both changes in the contents of the cellular po-
lyamines and the activities of ADC and ODC on the
each incubation time (Figs. 2, 3, 4) were examined.
While the contents of the cellular spermidine and
spermine unchanged to some extent in control cells,
that of the cellular putrescine was increased con-
tinuously after the rapid decrease from 750 to 275
nmol/g fresh weight occurred in first 3 hours. The
application of DFMA caused the continuous de-
crease in the contents of the cellular putrescine and
spermidine but the increase in that of spermine after
the incubation for 6 hours. In the cells treated with
DFMO, the content of the cellular putrescine de-
creased by 50% of control at 12 hour, but recovered
by 85% of control at 24 hour (Fig. 2). Although
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Fig. 1. Changes in the cellular contenis of polyamincs dur-
ing the growth periods. —& , Putrescine; ® | Spermidine;
-, Spermine.
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Fig. 2. Changes in the cellular contents of polyamines dur-
ing the incubation times. After the cells were transferred
into 50 mL flask, they were treated with 1 mM DFMA or
1 mM DFMO. A, Putrescine; B, Spermidine; C, Spermine.
-o-, Control; -, DFMO; —-, DFMA.

DFMO completely inhibited ODC activity during
the incubation time, it caused the stimulation of
ADC activity for 18 hours, which then disappeared
(Fig. 3). These results suggest that the increase of
ADC activity and the recovery of the content of the
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Fig. 3. The effects of DFMA on ADC activity during the
incubation times. After the cells were transferred into 50
mL flask, they were treated with 1 mM DFMA, or None.
-e, Control; -& , DFMO; —&, DFMA.
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Fig. 4. The effect of DFMA or DFMO on ODC activity
during the incubation periods. After the cells were transf-
erred into 50 mL flask, they were treated with 1 mM
DFMA, 1 mM DFMO or None. -@, Control;, =,
DFMOQ); —&, DFMA.

cellular puirescine in DFMO-treated-cells result from
the compensatory aspect of the altemative enzyme,
ADC.

Effect of putrescine on ADC activity

To investigate that the stimulation of ADC ac-



110 Sun Hi Lee et al.

~
4]
1

o
(=]
T
—

-~
w
T

0l
(=]
T

Activity{C o, nmol/mg proisin/hour}

NN\
MW\

0 1 L
Nonea DFMO None DFMO Nons DFMO

Fig. 5. The effect of pulrescine on enhancement of ADC
induced by DFMO. After the cells were transferred into 50
mL flask, they were treated with 1 mM DFMO and pu-
trescine. [, Control; EZ&, 1 mM Putrescine; MM, 5
mM Putrescine.

tivity results from the low content of the cellular pu-
trescine by DFMO, we examined the ADC activity
after the application of putrescine with DFMO. Pu-
trescine (5 mM) declined the activity of ADC by
50% of control cells (Fig. 5) and blocked the
DEMO-induced stimulation of ADC activity. There-
fore, ADC activity is probably regulated by the con-
tent of the cellular putrescine in our system.

Effect of actinomycin-D or cycloheximide on
ADC activity

DFMO may have induced the ADC activity stimu-
lation by the change in half-life of enzyme, trans-
lation or transcription rate or the post-translational
modification of ADC. To find the regulation point
of the stimulation of ADC activity by DFMO, the
change in the ADC activity was examined when cy-
cloheximide or actinomycin-D was added along with
DFMO. When the cells were treated with cy-
cloheximide (10 pg/mL) after being incubated with
or without DFMO for 12 hours, the rate of the de-
crease in ADC activity (ADC half-life) was similar
between DFMO-untreated cells and treated cells
(Table 1). When DFMO and cycloheximide were
treated together, the stimulation of ADC activity by
DFMO almost disappeared (Table 2). However,
when the cells were incubated with DFMO and ac-
tinomycin-D, the stimulation of ADC activity by
DFMO was still observed (Table 3).
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Table 1. Effect of cycloheximide on the increase of ADC
activity induced by DFMO after the incubation for 12
hours

ADC activity (CO, nmol/mg

Incu!:\ation protein/hour) b/?

Time ratio
Control{a) DFMA DFMO(b)

0 Hour 16.74 0.33 23.93 1.43

2 Hour 9'6‘5 0.20 13.27 1.38

4 Hour o 0.26 7.05 1.61

*After the cells were incubated with DFMA or DFMO for
12 hours, they were treated with cycloheximide.

*The concentration of cycloheximide was 10 pg/mL.

*The values are the mean of three experiments.

Table 2. Effect of cycloheximide on the increase of ADC
activity induced by DFMO during incubation time

Incubation ADC activity (CO, nmol/mg protein/hour)

Time Control DFMA DFMO
0 Hour 5.71 - -

3 Hour 1.98 0.31 1.84
6 Hour 0.52 0.24 0.54

*The concentration of cycloheximide was 10 pg/mL.

*The cells were simultaneously treated with cyclohexi-
mide and DFMA or DFMO during the each incubation.
*The values arc the mean of three experiments.

* -2 not determined.

Table 3. Effect of actinomycin-D on the increase of ADC
activity induced by DFMO during incubation time

Incubation ADC activity (CO, nmol/mg protein/hour)

Time Control DFMA. DFMO
6 Hours 14.75(100) 0.46(3) 17.92(122)
12 Hours  11.62(100) 0.40(3) 18.92(163)

*The concentration of actinomycin-D was 5 pg/mL.

*The cells were simultaneously trealed with actinomycin-
D and DFMA or DFMO during the each incubation.

*The values are the mean of three experiments.

*The percentage of conirol values is shown in parentheses.

DISCUSSION

If the compensatory mechanisms regulating pu-
trescine biosynthesis in inhibitor-treated system,
which Tiburcio and coworkers (1990) suggested, is
probably present, the activity of the altemative en-
zyme should increase when the specific inhibitor for
ADC or ODC is respectively treated. To clarify the
compensatory regulation of putrescine biosynthesis
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in inhibitor-treated system, we examined the ac-
tivities of ADC and ODC and the change in the con-
tents of the cellular polyamines after the treatment
of DFMA or DFMO, respectively. DFMO induced
the decrease in the content of putrescine about 50%
of control cells (Fig. 2) and the stimulation of ADC
activity about 2 times of untreated cells (Fig. 3) at 12
hours. The treatment of putrescine or cyclobeximide
prevented the increase of ADC activity which was
induced by DFMO (Fig. 5, Table 2) but that of ac-
tinomycin-D did not show any detectable effect
(Table 3). The treatment of MGBG, a competitive in-
hibitor of SAMDC, caused the increase in the con-
tent of the cellular putrescine and the decrease of
ADC activity in tobacco suspension cells (Hiatt,
1986). Although Marmberg (1992) suggested that
ADC activity is regulated in post-translational step
in oat, it was suggested that ADC activity is re-
gulatcd in the translation step by the content of pu-
trescine (Hiatt, 1986). Since the above results imply
that the DFMO-induced stimulation of ADC activity
resulted from the increase in the de novo synthesis
for ADC protein which is probably induced by the
decrease in the content of the cellular putrescine, we
thought that the compensatory overproduction,
which was suggested by Smith (1990), maybe oc-
curred between ADC and ODC in tobacco suspen-
sion cells.

If the DFMO-induced stimulation of ADC activity
results from the low conteni of the cellular pu-
trescine, ADC activity should be increased as the
content of the cellular putrescine is decreased. Nev-
ertheless, although the rapid decrease in the content
of the cellular putrescine occurred in the control
cells at 3 hour, the ADC activity did not change
(Figs. 2, 3, 4). Although these results did not coin-
cide with the fact that 5 mM putrescine blocked the
DFMO-induced stimulation of ADC activity, we
thought that ADC activity was probably regulated
by putrescine because putrescine was declined the ac-
tivity of ADC in DFMO-treated and untreated cells
(Fig. 5).

The content of the cellular putrescine was de-
creased although the activity of enzyme related to
the biosynthesis of putrescine increased or un-
changed (Figs. 2, 3, 4). It was previously reported
that pea shoots and oat leaves metabolized pu-
trescine and spermidine to GABA (y-aminobutylic
acid) (Flores and Filner, 1985) and one roles of po-
lyamine catabolism may be in the regulation of the
contents of the cellular polyamines (Rastogi and Da-
vies, 1989). Therefore, it was speculated that the de-
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cline of the putrescine probably resulted from the
stimulation of polyamine catabolism. However, sin-
ce polyamines are present not only as a free form
but also as a conjugated or protein-bound form and
the transition between them is possible (Tiburcio et
al, 1990), it can not be ruled out the probability
that the decrease in the content of the cellular pu-
trescine results from the increase in the synthesis of
conjugated or protein-bound putrescine.

When the labeled spermidine was fed to thin-layer
tobacco cultures, a portion of it was attached to a
specific protein with a molecular size of about 18
kD (Apelbaum et al., 1988). Studies with animal tis-
sues have shown that polyamines are substrates for
transglutaminase-mediated binding of primary am-
ines to proteins (Willims-Ashman and Canellakis,
1980). The activities of transglulaminase and other
polyamine-binding enzyme have recently been re-
ported in plant tissue (Icekson and Apelbaum, 1987;
Serafini-Fracassini et al., 1988). These results sug-
gest that the activity of ADC be regunlated by the
change in the level of protein-bound putrescine.
Also, the change in the conjugated putrescine be
probably involved in the regulation of the DFMO-in-
duced stimulation of ADC activity because the cul-
tured cells contained a large amount of it (Tiburcio
et al., 1990).

Since animal cells only have ODC but not ADC,
ODC inhibitors such as DFMO caused the depletion
of the content of the cellular putrescine and sper-
midine but the slight change in that sperminc when
they were treated in animal tissues or cultured cells
(Pegg, 1984; 1986). These include the continued syn-
thesis of a small amount of putrescine which is com-
pletely converted to spermine because of the excess
decarboxylated SAM (dcSAM) (Pegg, 1986). The
content of dcSAM in cells treated with DFMO was
reported to increase many times (Pegg, 1984; 1986).
The accumulation of dcSAM probably results from
substrate limitation for the spermidine and spermine
synthase reaction (Manont, 1982). Treatment of
DFMO caused the increase of SAMDC activity
(Pegg, 1984) which result from a rise in the number
of SAM decarboxylase protein (Shirahata er al.,
1985; Shirzhata and Pegg, 1985). Although DFMA
is the inhibitor of ADC, it simultaneously inhibited
the activities of ADC and ODC in our system. This
may result from the conversion from DFMA to DFMO
because DFMA could be converted to DFMO in the
tissue exhibiting the high activity of arginase (Slocum
and Galston, 1985; Slocum et gl., 1988). The in-
hibition of ADC and ODC activities by DFMA. may
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be explained by the continued decline of the con-
tents of the cellular putrescine and spermidine dur-
ing the incubation time (Fig. 2). However, the ap-
plication of DFMA caused the increase in the con-
tent of the cellular spermine. These changes in the
content of the cellular polyamines coincide with that
in animal tissues treated with ODC inhibitors. There-
fore, we concluded that the increase in the content
of the cellular spermine by DFMA was probably oc-
curred by the accumulation of the cellular dcSAM
which was resulted from the depletion of the content
of the cellular putrescine such as animal tissues treat-
ed DFMO,. Also, we suggest the possibility that the
inhibition of putrescine biosynthesis induces the in-
crease of SAMDC activity in tobacco suspension cul-
tured cells.

In conclusion, this study shows that DFMO in-
duced the temporary depletion of putrescine and the
increase of ADC activity in tobacco suspension cul-
tured cells. In addition, the application of putrescine
or cycloheximide prevents ADC activity from the
stimulation by DFMO. Therefore, we suggest that
the compensatory aspect of ADC be probably
present in the tobacco suspension cultured cells
when the ODC activity is inhibited by DFMO,
which functions on the step of the translation and is
regulated by putrescine.

LITERATURE CITED

Altman, A,, R. Friedman, and N. Levin. 1982. Arginine
and ornithine decarboxylases, the polyamine biosyn-
thetic enzymes of mung bean seedlings. Plant Physiol.
69: 876-879.

Evans, P.T. and R.L. Malmberg. 1989. Do polyamines
have rtoles in plant development. Annu. Rev. Plant
Physiol. Plant Mol Biol. 40: 235-269.

Flores, HLE. and P. Filner. 1985. Polyamine catabolism
in higher plants: characterization of pyrroline dehy-
drogenase. Plant Growth Regul 3: 277-292.

Guye, M.G., L. Vigh, and JM. Wilson. 1986. Po-
lyamine titer in relation to chill-sensitivity in Pha-
seolus sp. J. Exp. Bot. 37: 1036-1043.

Goren, R., N. Palavan, H. Flores and A.W. Galston.
1982. Changes in polyamine levels in Petunia geno-
types with normal and abnormal floral morphologies.
Plant Physiol. 86: 390-393.

Icekson, and Apelbaum. A. 1987. Evidence for transglu-
taminase activity in planl tissue. Plant Physiol 84:
972-974.

Lee, S.H. and K.Y. Park. 1991. Compensatory aspecits of
the biosynthesis of spermidine in tobacco cells in
suspension culture. Plant Cell Physiol. 32: 115-120.

Lowry, O.H., N.J. Rosebrough, A.L. Farr, and R.J.

J. Plant Biol.,, Vol. 39, No. 2

Randall, 1951. Protein measurement with the folin
phenol reagent. J. Biol. Chem 193: 265-275.

Pegg, A.E. 1984, The role of polyamine depletion and ac-
cumnulation of decarboxylated S-adenosylmethionine
in the inhibition of growth of SV-3T3 cells treated
with -difluoromethylomithine. Biochem. J. 224: 29-31.

Pegg, A.E, 1986. Recent advances in the biochemistry of
polyamines in eukaryotes. Biochem. .J. 234: 249-262.

Rastogi, R. and P.J. Davies. 1989. Polyamine meta-
bolism in ripening tomato fruit. Plant Physiol. 94:
1449-1455.

Reggiani, R., A. Hochkoeppler, and A. Bertani. 198%a.
Polyamines and anaerobic elongation of rice coleop-
tile. Plant Cell Physiol. 30: 893-898,

Reggiani, R, A. Hochkoeppler, and A. Bertani. 1989b.
Polyamines in rede seedling under oxygen-deficient
stress. Plant Physiol 91: 1197-1201.

Serafine-Fracassini, D., S.D. Duca, and D. D'Orazi.
1988. First evidence for polyamine conjugation medi-
ated by an enzymatic activity in plants. Plant Physiol
87: 757-761.

Shirahata, A. and A.E. Pegg. 1986. Regulation of S-ade-
nosylmethionine decarboxylase activity in rat liver
and prostate. J. Biol. Chem. 260: 9583-9588.

Shirahata, A., KL. Christman, and A.E. Pegg. 1935.
Quantitation of S-adenosylmethionine decarboxylase
protein. Biochemistry, 24: 4417-4423,

Slocum, R.D. and A.W. Galston. 1985. I» vive inhibition
of polyamine biosynthesis and growth in tobacco o-
vary tissues. Plant Cell Physiol. 26: 1519-1526.

Slocum, R.D., A.J. Bitonti, P.P. McCANN, and R.P.
Feirer. 1988. DL-o-Difluoromethyl[3,4-"Hlarginine
metabolism in tobacco and mammalian cells. Biochem.
J. 255: 197-202.

Smith, T.A. 1963. L-Asgininc carboxylase in higher
plants and its relation to potassium nutrition. Phy-
tochemistry 2: 241-252,

Smith, T.A. 1985. Polyamines. Ann. Rev. Plant Physiol.
36: 117-143.

Smith, T.A. 1990. Plant polyamines-Metabolism and func-
tion. In Polyamines and Ethylene Biochemistry, Phy-
siology and Interactions. H.E. Flores, R.N. Arteca and
J.C. Shannon (eds.). The American Society of Plant
Physiologists, Rockville, MD. pp. 1-23.

Tabor, C.W. and H. Tabor. 1984. Polyamines. Annu.
Rev. Biochem. 53: 749-790.

Tiburcio, A.F., R. Kaur-Sawhney, and A.W. Galsion.
1990. Polyamine metabolism. In The Biochemistry of
Plants. BJ. Miflin and P.J. Lea (eds.). Academic
Press. London. pp 283-325.

Williams-ashman, H.G. and Z.N. Canellakis. 1980.
Transglutaminase-mediated covalent attachment of po-
lyamines to protcins: mechanisms and potential phy-
siological significance. Physiol. Chem. Physics 12:
457-472.

(Received May 2, 1996)



