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ABSTRACT

Uptake of [“C]putrescine, [*C]arginine, and ['*C]omithine was
measured in five separate callus cell lines of Zea mays. Each
precursor was rapidly taken into the intracellular pool in each
culture where, on the average, 25 to 50% of the total putrescine
was found in a conjugated form, detected after acid hydrolysis.
Half-maximal labeling of each culture was achieved in less than
1 minute. Within this time frame of precursor incorporation, only
putrescine derived from arginine was conjugated, indicating that
putrescine pools derived from arginine may initially be seques-
tered from ornithine-derived putrescine. The decarboxylase ac-
tivities were measured in each culture after addition of exogenous
polyamine to the growth medium to assess differential regulation
of the decarboxylases. Arginine and orithine decarboxylase
activities were augmented by added polyamine, the effect on
arginine decarboxylase being eightfold greater than on omnithine
decarboxylase. Levels of extractable ornithine decarboxylase
were consistently 15- to 100-fold higher than arginine decarbox-
ylase, depending on the titer of extracellular polyamine. Taken
as whole the results support the idea that there are distinct
populations of polyamine that are initially sequestered after the
decarboxylase reactions and that give rise to separate end prod-
ucts and possibly have separate functions.

Polyamine synthesis in higher plants can be initiated by the
decarboxylation of either arginine or ornithine (15, 18, 19).
Ornithine decarboxylation gives rise to putrescine directly;
arginine decarboxylation yields agmatine, which is subse-
quently converted to putrescine by agmatine iminohydrolase
and N-carbamoylputrescine amidohydrolase activities (13, 17,
24). In tobacco, the two decarboxylases are developmentally
controlled with ODC? predominating during ovary develop-
ment (3, 14) and the arginine pathway predominating in
leaves, stems, and roots (7, 9, 14). The two pathways are not
regulated in the same fashion in cell culture; ADC is induced
by a variety of environmental stresses (6) and in tobacco
cultures is feedback-regulated at the level of synthesis by
exogenous polyamines (7). ODC in culture is unaffected by
exogenous polyamine availability and does not respond to
adverse growth conditions. Stress regulation of ADC, resulting
in putrescine accumulation, has also been observed in a
variety of whole plants (6, 12, 16). Tobacco suspension cells
are generally unaffected by inhibition of ADC but are killed
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by inhibition of ODC (7, 8). These results have suggested that
in tobacco cells polyamines derived from ornithine are pro-
viding an essential metabolic function which cannot be sub-
stituted by polyamines derived from arginine. This further
suggests that in tobacco there may be distinct populations of
putrescine and other polyamines with different functions and
metabolic fates.

In this paper, we have investigated the initiation of polya-
mine synthesis in monocot callus cell lines using precursor
labeling of intracellular putrescine. This analysis was done
using five different maize callus cell lines. Maize calli were
used because of their relatively high rate of uptake of amino
acids as well as the extensive characterization of hydroxycin-
namic acid amides of the polyamines (HCAs) previously
reported (10, 11, 18). We have measured precursor labeling
of conjugates of the polyamines as a metabolic marker to
determine if putrescine populations derived from either argi-
nine or ornithine can be distinguished on the basis of amide
synthesis. Labeling the polyamine part of the HCAs with
either ['“Clarginine or ['“Clornithine can distinguish separate
populations of putrescine. This supports the idea that the two
pathways for putrescine production have different metabolic
functions during growth and development. The arginine path-
way is the sole source of putrescine for conjugation to hy-
droxycinnamic acids; the ornithine pathway produces free
putrescine, which is not detectibly converted to a conjugated
form. In addition, the maize cell lines characterized here were
devoid of feedback regulation by exogenous polyamines on
the decarboxylase activities.

MATERIALS AND METHODS
Cell Lines and Culture Conditions

Callus cultures were generously provided by Dr. Jon Duvick
and Dr. Steve Briggs of Pioneer Hi-Bred International, John-
ston, Iowa, Briefly, Cochliobolus carbonum-susceptible maize
(Zea mays L.) inbred K61 and hybrid (Pr X K61, both hm1/
hm1), were crossed by B73 derived inbreds Pioneer (R) T66
and R21 (both Hm1/Hml1) to produce an F, having a high
embryo culture response (22). F, plants were selfed, and
immature F, embryos of the segregating population were
cultured. Embryos excised from half ears at 12 to 14 d
postpollination were cultured on embryo initiation medium
in the dark (23). Friable embryogenic calli arising from calli
giving a type II response after 14 d were transferred at weekly
intervals to callus maintenance medium (23) for increase.
Cultures were maintained at 28°C in the dark and transferred
to fresh medium at 1- to 2-week intervals once stable cultures
were obtained.
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Enzyme Assays

Cells were collected by vacuum filtration, weighed, and
then homogenized with a Polytron at a ratio of 1 mL homog-
enization buffer (40 mm sodium phosphate, 10 mM EDTA, 5
mM DTT 0.04 mm pyridoxal phosphate, pH 7.5) per fresh
weight gram of cells. The homogenate was clarified by cen-
trifugation at 10,000g. Two hundred microliters of a 10,000g
supernatant was first spun-dialyzed through Sepharose CL-
6B (Sigma) at a ratio of 200 L. homogenate per 0.5 mL of
packed Sepharose beads equilibrated in homogenization
buffer. Centrifugation was for 2 min at 2,000g and was
performed immediately before the assay. The eluate was
added to 10 uL of labeled substrate; the cap of the reaction
tube (5 mL scintillation vial) contained a paper filter (What-
man 3MM) to which 30 uL of methylbenzythonium hydrox-
ide (Sigma) was applied as a CO, trap (7). Reactions were
allowed to proceed at 37°C for 15 min (Vpa conditions),
whereupon the reaction was stopped by the addition of 100
uL of 1 M KH,PO,. The tubes were resealed and allowed to
incubate at room temperature for 2 h. Each filter was then
counted in Aquasol 2 (New England Nuclear). Nonenzymic
decarboxylation was consistently 5 to 10% of experimental
values. [1-'*C]Ornithine (58.9 mCi/mMol) and S-adenosyl[1-
14“Clmethionine (57.6 mCi/mMol) were from New England
Nuclear; [U-'*C)arginine (336 mCi/mmol) was from Amer-
sham.

Labeling, Extraction, and Analysis of Polyamines

Friable callus pieces that had been subcultured for 1 week
on fresh plates (about 0.1 g dry weight) were picked and
immersed in 1 mL liquid medium. After gentle vortexing to
disperse the cells, an aliquot was taken to determine the dry
weight, radiolabel was added to a final concentration of 0.2
uM and the cells were allowed to incubate at room temperature
for varying times. Seventy nCi of [U-'*Clarginine were added,
55 nCi of [1,4-"*C]putrescine for each time point. Cells were
diluted in 10 mL ice cold water, harvested by vacuum filtra-
tion, and homogenized using a Polytron in 2 mL cold 10%
perchloric acid. After 30 min on ice, the extracts were centri-
fuged for 10 min at 30,000g. Three aliquots (200 uL each) of
the supernatant were sealed in glass ampoules with 200 uL 12
N HCl. After 18 h at 110°C, the hydrolysates were dried under
a stream of air at 85°C then resuspended in 200 uL 10%
perchloric acid. Replicates of the nonhydrolyzed supernatant
(soluble, free polyamines) and the hydrolyzed supernatant
(soluble, conjugated polyamines) were dansylated and chro-
matographed according to the procedure of Flores and Gal-
ston (5). Dry weight was determined after baking suspension
cells in a vacuum oven at 80°C overnight. Dansyl polyamines
were visualized by UV fluorescence and quantified by fluori-
metry (Perkin-Elmer model LS3 spectrofluorimeter at 350
nm excitation, 495 nm emission) after scraping the polyamine
bands into 2 mL of ethyl acetate. Radiolabeled dansyl polya-
mines were counted after dilution of the ethyl acetate extract
into 6 ml Aquasol II using a Beckman scintillation counter.
Radiolabel in polyamines was derived from either [1,4-'*C]
putrescine (104.6 mCi/mmol), [U-'*Clornithine (291.2 mCi/

mmol) or [U-'“Carginine (348 mCi/mmol), all from New
England Nuclear.

RESULTS
Uptake and Use of Polyamine Precursors

Uptake of ['“C]putrescine was measured in each of the cell
lines as was conjugation of labeled free putrescine in vivo. In
general, all cultures converted 20 to 30% of the labeled
intracellular free putrescine into the conjugated form after 8
min (Fig. 1). Each culture contained between 4 and 7 nmol
free putrescine and 5 to 10 nmol soluble conjugated putrescine
per mg dry weight. The resulting specific activity of the
intracellular putrescine was 20,000 to 40,000 cpm/umol after
8 min of labeling. Virtually all of the extracellular putrescine
was taken up by the cells in 8 min. No labeled putrescine was
detected in the growth medium or in the perchloric acid
insoluble hydrolysate at the 8 min time point (see “Materials
and Methods”). Maximum labeling of the free and conjugated
putrescine pools occurred after 500 s and 240 s, respectively;
however, half-maximal labeling for each population occurred
in less than 30 s, suggesting that uptake of putrescine in these
cell lines occurred very rapidly.

Uptake and decarboxylation of both [U-!*Clarginine and
[U-'*CJornithine was measured and proved to be similar in
each culture (Fig. 2). Arginine uptake was consistantly 8 to
10 times that of ornithine. Typical values were 200,000 cpm/
100 mg dry weight in intracellular arginine and 30,000 cpm/
100 mg in ornithine (data not shown). The much greater total
uptake of arginine presumably reflects its use in protein
biosynthesis. Conversion into free putrescine of the ['*C]
arginine pool at any time point accounted for approximately
1% of the total intracellular label. Conversion into putrescine
of intracellular ['*C]ornithine was approximately 7.5% of the
total. Consequently, since each culture contained similar
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Figure 1. Uptake and conjugation of ['*C]-putrescine in maize cell
lines. Pieces of callus were dispersed and labeled with 0.2 um ['“C]
putrescine for various times as described in “Materials and Methods.”
Putrescine was measured by dansylation and TLC before and after
acid hydrolysis yielding free and free + conjugated fractions. The
results are displayed as the mean + sp of the values derived from
five different cultures. O, free intracellular putrescine; ¢, conjugated
putrescine.
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Figure 2. Uptake and conjugation of ['*Clornithine and ['“C]arginine
in maize cell lines. Calli were labeled with 0.2 um ["“Clornithine or
[**Clarginine for various times. Putrescine was measured by dansy-
lation and TLC before and after acid hydrolysis yielding the free and
free + conjugated fractions. The results are displayed as the mean
+ sp of the values derived from five different cultures. O, free
putrescine derived from arginine; ¢, free putrescine derived from
ornithine; B, conjugated putrescine derived from arginine; ¢, conju-
gated putrescine derived from ornithine.

amounts of putrescine per mg dry weight, specific labeling of
free putrescine by either ['*Clarginine or ['*CJornithine were
nearly equal. Conversion of putrescine labeled by arginine or
putrescine labeled by ornithine was also measured by dansy-
lating extracts after acid hydrolysis. Within the time frame of
the experiments (e.g. 8 min of labeling), only ['*Clarginine
contributed to the label in conjugates (Fig. 2). Approximately
50% of the labeled putrescine derived from arginine was
contained in the acid hydrolysate. Labeled putrescine derived
from ornithine was not present in the acid hydrolysate
fraction.

Effects of Exogenous Polyamines on Decarboxylase
Activities

The decarboxylase activities were measured in cultures that
had been incubated in plain liquid medium or medium
containing 1 mM putrescine, spermidine, or spermine for 6 h.
The results (Table I) show that in the absence of added
polyamine, ODC activities were 100-fold higher than ADC
and S-adenosylmethionine decarboxylase. Incubation in pu-
trescine appears to have either stabilized ODC and ADC,
stimulated their activity, or induced their synthesis. A similar
effect was observed with exogenous spermidine although the
magnitude was significantly less than the putrescine effect.
Adding polyamine after homogenization had no effect on the
activities. There was no feedback inhibition by exogenous
polyamines on any of the decarboxylases. ADC and ODC
were both inhibited in vitro by their difluoromethyl deriva-
tized substrates (data not shown).

DISCUSSION

Since initiation of polyamine production in plants is accom-
plished by two decarboxylases, the focus of much recent work
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Table I. Effect of Exogenous Polyamines on Decarboxylase
Activities

Callus pieces were dispersed in liquid medium containing either 1
mMm putrescine, spermidine, spermine, or control for 6 h. After ho-
mogenization, polyamine was added to the control cultures and the
supernatant was assayed for ADC, ODC, and S-adenosylmethionine
decarboxylase activities as described in “Materials and Methods.”
Values presented are averaged from all cell lines based on duplicate
measurements of each line.

Specific Activities
Medium ODC:ADC
ADC oDC SAMdc*
pmol CO,/mg proteinfh
Control 5 514 5 103
Putrescine (1 mm) 73 944 7 13
Spermidine (1 mm) 10 608 6 61
Spermine (1 mm) 8 539 5 67

® S-Adenosyimethionine decarboxylase.

has been to determine their relative contribution under dif-
ferent growth conditions, their metabolic and developmental
regulation, and the extent to which one decarboxylase can
compensate for the loss, by inhibition, of the other (5, 7, 20).
The arginine pathway has long been known to be augmented
by many adverse growth conditions including potassium star-
vation, osmotic shock, and low pH (4, 6, 26, 27). Further-
more, during low pH shock in culture, inhibition of the
arginine pathway compromises the ability of tobacco cells to
recover, suggesting that arginine decarboxylation and perhaps
putrescine accumulation are beneficial stress responses (8).
Growth under stress does not appear to affect the ornithine
pathway. A regulatory distinction between the two decarbox-
ylases is found in the differential sensitivity to the availability
of polyamines in the growth medium. In tobacco cultures,
addition of exogenous polyamines results in loss of only ADC
due to inhibition of synthesis of the enzyme. ODC is unaf-
fected by excess polyamines (7). These results have suggested
that the two pathways may be producing distinct populations
of putrescine that have separate metabolic functions. In the
present paper, we have used maize callus cultures to investi-
gate these possibilities. The results demonstrate that putres-
cine pools can be identified on the basis of their differential
conjugation. Only putrescine that is derived from arginine
was used for conjugation in these maize callus cells. Within
the time frame of the experiments, no “C derived from
ornithine was detected in the the acid hydrolysate fraction.
The short labeling times were chosen due to the possibility of
converting ornithine into arginine in the urea cycle. We have
not determine whether longer labeling times will significantly
interconvert the label. In addition, we have made no attempt
to determine the molecular structure of the conjugates in
these cell lines. Previous studies (10, 11) have identified a
variety of phenylpropanoids (e.g. cinnamic, caffeic, and fer-
ulic acids) conjugated to polyamines in maize to form HCAs.

Previous precursor incorporation work in tobacco cell lines
(1, 2, 18) has shown that both arginine and ornithine can be
precursors to caffeoyl- and feruloyl-putrescine. These results
are in contrast to the data presented here in which only
arginine is incorporated into a conjugated fraction of total
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putrescine. The difference in results may be due to the vastly
different labeling times used in these studies; incorporation
into tobacco HCAs was observed after 6 h of labeling (2). The
experiments presented here were aimed at determining the
initial rate of incorporation prior to recycling of the label or
mixing of putrescine pools.

The discrepancy between the level of ADC compared to
ODC (100-fold lower) and the equivalent in vivo conversion
of arginine and ornithine into putrescine is perplexing. The
result suggests that ADC may be inactivated during homoge-
nization and extraction. In contrast to tobacco cell lines (7),
however, ADC activity is not diminished by the availability
of exogenous polyamine. The increased extractable ADC
activity after cultures were incubated in polyamine could be
due to stabilization of the enzyme (rendering it less susceptible
to proteolysis during extraction, for example) or de novo
synthesis. A similar, albeit less dramatic effect was observed
with ODC activity. Increased recovery of ADC and ODC
activities using PMSF have been reported in mung bean (1).

One possible conclusion from these results is that the two
putrescine populations are derived from sequestered enzymes.
Subcellular compartmentation of ADC and/or ODC could
result in production of two pools which could further be
linked to separate end products and metabolic pathways. We
have not yet been able to separate the two decarboxylases
using conventional subcellular fractionation techniques but
this kind of result would be essential for establishing func-
tional compartmentation of polyamines. Others (21, 25) have
reported similar results suggesting that only arginine is a
precursor to soluble conjugated polyamines as well as to the
pyrrolidine alkaloids.
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