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Several enzymes involved in polyamine biosynthesis namely ornithine. arginine and S-adenosyl-
methionine decarboxylase as well as spermidine synthase, were analyzed in partially purified
wheat extracts. For all enzymes effective inhibitors were found. Among them the most interesting
was l-aminooxy-3-aminopropane, which inhibited all three decarboxylases. Classical polyamine
biosynthesis inhibitors like difluoromethylornithine, difluoromethylarginine. methyl glyoxal bis-
(guanylhydrazone) and cyclohexylamine were also inhibitory on plant enzymes.

A remarkable difference in the amount of arginine and ornithine decarboxylase existed in
wheat. Arginine decarboxylase seems to be more important at least during the early stage of
development. Influence of polyamine synthesis inhibitors on polyamine levels is more likely to
come from arginine decarboxylase inhibitors.

As inhibitors of all essential enzymes involved in plant polyamine biosynthesis were found. the
study of the importance of polyamines in plant physiology will be considerably facilitated.

Introduction synthesized for the inhibition of bacterial and animal
enzymes [2], but only a few were screened for the
inhibition of plant enzymes. In the present study
enzyme assays were analyzed and used in testing
numerous inhibitors mentioned in the literature. The
aim was to find potent inhibitors of plant enzymes. It
is not planned to obtain exact inhibitor constants, it
is rather intended to use effective inhibitors in future
experiments to elucidate the importance of poly-
amines in plants.

Polyamines are widely distributed in both animals
and plants. There is evidence to support the involve-
ment of polyamines in growth and development [1,
2]. After several decades of intensive basic research,
the metabolism of polyamines has apparently be-
come a meaningful target for therapy in certain
branches of clinical medicine [3]. In plants polyamine
biosynthesis results from the activity of several en-
zymes: ornithine decarboxylase (the only putrescine-
forming enzyme in animals), arginine decarboxylase,
and in some species citrulline decarboxylase for put-
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rescine synthesis; S-adenosylmethionine decarboxyl-

ase, spermidine synthase and spermine synthase for
spermidine and spermine synthesis. In assays of or-
nithine and arginine decarboxylase decarboxylations
not due to these enzymes were observed in plant
extracts [4, 5]. S-Adenosyl-L-methionine seems to be
labile in extracts [6—8]. Many compounds were

Abbreviations:  ADC. arginine decarboxylase (EC
4.1.1.19); DFMA a-difluoromethylarginine: DFMO, a-di-
fluoromethylornithine;: MGBG, methyl glyoxal bis(guanyl-
hydrazone); ODC., ornithine decarboxylase (EC 4.1.1.17):
SAMDC. S-adenosylmethionine decarboxylase (EC
4.1.1.50).
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Preparation of enzymes

Seeds of Triticum vulgare L. cv. Probus germi-
nated in flats in vermiculite on a window sill with
southern exposure at 22 °C. First leaves were sam-
pled 5 days after germination. Thirty g of whole
shoots were washed, dried with absorbent paper, fro-
zen in liquid nitrogen and homogenized in a mixer at
maximum speed for 30 seconds without adding a buf-
fer. The homogenate was suspended in 12 ml 0.1 mm
EDTA., 0.1 mm pyridoxal phosphate, 10 mm dithio-
threitol and 200 mM sodium phosphate buffer pH 8.0
(buffer A) and centrifuged at 20,000 X g at 4 °C for
20 min. To remove all small particles the supernatant
was passed over a nylon filter (52 um). Protein was
collected by an ammonium sulfate precipitation
(70% saturation) and a centrifugation (20,000 X g at
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4 °C for 10 min). The pellet was resuspended in 3 ml
0.05 mm EDTA, 0.05 mm pyridoxal phosphate, 2 mm
dithiothreitol and 100 mMm sodium phosphate buffer
pH 8.0 (buffer B). The solution was desalted over a
Sephadex G 25M column (PD-10, Pharmacia, Upp-
sala, Sweden). The column was preconditioned with
25 ml of buffer B, 2.5 ml of the enzyme solution
were applied, the first fraction of 3.2 ml of the eluate
was discarded and the next fraction of 3.5 ml was
used for enzyme assays (5—7 g fresh weight per ml,
10—15 mg protein per ml). Portions of 0.6 ml were
frozen at —20 °C; these aliquots were stable for at
least 70 days without loss of activity.

Assays for enzymes

Enzyme activities were assayed in 100 ul reaction
mixtures. The mixture for ADC contained 1 mMm L-
[U-"Clarginine (5 mCi/mmol), 0.05 mm pyridoxal
phosphate and 60 ul of the extract; the mixture for
ODC contained 1 mm p,L-[1-"*CJornithine (5 mCi/
mmol) or 1 mm D,L-[5-"*Clornithine (50 mCi/mmol),
0.05 mm pyridoxal phosphate and 50 ul of the ex-
tract; the mixture for SAMDC contained 0.5 mm
L-[carboxyl-“C]S-adenosyl-L-methionine (5 mCi/
mmol) and 70 ul of the extract; the mixture for sper-
midine synthase contained 0.5 mMm S-adenosyl-L-
methionine and 0.1 mm [1,4-"*C]putrescine (50 mCi/
mmol) and 70 ul of the extract. Incubations were
carried out at 37 °C for 40 min. *CO, release was
followed in small plastic vials with stoppers pierced
by a pin. Two pieces of filter paper (15 mm diameter)
impregnated with 50 ul 2 M potassium hydroxide
were attached to the pin inside the vial. The reaction
was stopped by injection of 200 ul 12% (w/v) tri-
chloroacetic acid. The vials were opened after 45 min
of shaking (120 rpm) at 37 °C and the filter papers
placed in scintillation vials. Radioactivity was deter-
mined in 10 ml scintillation fluid (Hydrocount™,
J.T. Baker Chemicals B. V., Deventer, Netherlands)
using a Tricarb 2000 CA scintillation counter (Pack-
ard, Canberra, Australia).

When reaction mixtures were subjected to thin
layer chromatography (ODC with [5-"*CJornithine as
substrate and spermidine synthase), the reaction was
stopped by adding 25 ul of a solution containing
0.7 mM putrescine, 0.7 mMm ornithine and 35% (w/v)
perchloric acid for ODC and 10 mm spermidine and
35% (w/v) perchloric acid for spermidine synthase.
Amines in this mixture were derivatized with 250 ul

dansylchloride (5 mg/ml acetone, freshly prepared)
and 125 ul saturated sodium carbonate. The mixture
was vortexed for 10 s and incubated in the dark for
16 h at room temperature. Unreacted dansylchloride
was removed by adding 50 ul 0.87 m proline and
incubation for 30 min. Dansylated amines were ex-
tracted with 0.25 ml benzene, 20 ul were applied to
silica thin layer plates (Whatman LK 6DF, Whatman
Chemical Separation Inc., Clifton, N.J., U.S.A.)
and developed with chloroform and triethylamine
(5:1, v/v) as solvents. Dansylated amines were vis-
ualized under UV light (254 nm), scraped off the
plates and transferred into scintillation vials. The
radioactivity was determined in scintillation fluid as
previously described. The Rg value for ornithine was
0.29, for putrescine 0.54 and for spermidine 0.81.

Chemicals

Most chemicals were commercially available: S-
adenosyl-L-methionine from Boehringer (Mann-
heim, F.R.G.), evernic acid and atabrine from
SERVA (Heidelberg, F.R.G.), aminoguanidine and
EDTA from Merck (Darmstadt, F.R.G.), MGBG
from Aldrich (Steinheim, F.R.G.), Berenil (4.4'-
diaminodiazoaminobenzene) from Calbiochem (La
Jolla, CA, U.S.A.), hydrazinoornithine, 1,4-
diaminobutan-2-one, a-methylornithine, phosphor-
ylethanolamine, phosphorylcholine, canaline and
ethambutol from Sigma (St. Louis, MO, U.S.A.),
radiolabelled compounds from Amersham (Eng-
land). All other compounds were from Fluka
(Buchs, Switzerland) except for the following com-
pounds that were synthesized in-house according to
the references mentioned in Table II to V: NSD 1055
(4-bromo-3-hydroxylbenzyloxyamindihydrogen
phosphate), 1-aminooxy-3-aminopropane, DFMO,
trans-1,4-diamino-cyclohexane-1-carboxylic acid,
DFMA, norspermidine, aminopropylcadaverine,
aminopropylhexanediamine, bis(aminopropyl)-
cadaverine, canavalmine and all hexahydro-
pyrimidine derivatives.

Results and Discussion

In a first step enzyme assays were optimized and
characterized. Approximate K, values in semi-
purified extracts were found to be as follows:
0.24 mMm r-ornithine for the ODC, 0.48 mmMm L-argi-
nine for the ADC and 17 um S-adenosyl-L-methio-
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Table I. Ornithine decarboxylase (ODC), arginine decarboxylase
(ADC), S-adenosylmethionine decarboxylase (SAMDC) and sper-

midine synthase activities in 7. vulgare extracts.

Enzyme Substrate Activity [nmol/h x g
fresh weight] based on
"Co, Thin layer
release  chromatography
ODS 1 mm [1-"*CJornithine 0.21
1 mMm [5-"*Clornithine 0.16
ADC 1 mm [U-"CJarginine 5.3
SAMDC 0.5 mM™ [carboxyl-"*C] 0.93
S-adenosyl-methionine
Spermidine 0.5 mm S-adenosyl- = 0.058
synthase methionine +

0.1 mm [1,4-"C]putrescine

nine for SAMDC. During 40 min a linear increase in
product formation was found for all enzymes.
Amounts of extract vs product formation was linear
up to 70 ul extract per assay. Because of potential
problems with unspecific decarboxylation reactions
[4, 5] enzyme activities were characterized as much
as possible (Table I). ODC was measured by two
methods: the standard “CO,-based assay and the
demonstration of the labelled product putrescine.
The total *CO, produced was 30% higher than that
due to ODC activities calculated from labelled pu-
trescine found by thin layer chromatography in the
incubation mixture. The *CO, release not related to
ODC activity was considerably lower than that found
in other plant species [4, 5]. In both methods the
ODC was inhibited by the specific suicide inhibitor
DFMO. Most probably the difference in yield be-
tween the two assay methods did not originate from
oxidative degradation of labelled putrescine, because
amino-guanidine (0.2 mMm), an inhibitor of this degra-
dation, did not increase the production of putrescine
from 5-["*C]-p,L-ornithine (results not shown). ADC
and SAMDC could be inhibited by specific inhibitors
well known from the literature: DFMA reduced
ADC activity drastically (Table IT); MGBG inhibited
SAMDC (Table III). Labelled spermidine, the prod-
uct of spermidine synthase could be detected on thin-
layer plates (Table I); the substrate for this enzyme,
S-adenosyl-homocysteamine, was generated in the
same reaction mixture by SAMDC.

Many inhibitors described in the literature were
tested in our plant extract system. From the ODC

Table II. Inhibition of ADC in extracts of 7. vulgare.
DFMO and DFMA were preincubated with the extract for
30 min without the substrate arginine. DFMO, an ODC
inhibitor, was added to test the enzyme specificity of this
compound. For each compound tested a reference for syn-
thesis and further assays is given. An approximate /5,-value
is given for active inhibitors.

Inhibitor Concen- Activity sy [um]
tration  compared
[mm] to control
Control o 100
DFMA [14] 0.1 9 9
0.01 47
0.001 91
Evernic acid [15] 1 74
0.1 97
L-Canavanine- 1 74
sulfate [16] 0.1 100
NSD 1055 [17] 1 55
0.1 93
1-Aminooxy-3- 1 8 400
aminopropane [18] 0.2 85
0.1 96
DFMO [19] 0.5 100

inhibitors tested (Table IV) l-aminooxy-3-amino-
propane was the most active. A concentration of
0.06 um still inhibited ODC activity by 50%. This
compound was also rather inhibitory to ADC and
SAMDC, thus allowing the control of all enzymes
leading to putrescine and spermidine. Other good
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Table III. Inhibition of SAMDC in extracts of 7. vulgare.
For each compound tested a reference for synthesis and
further tests is given. An approximate /5,-value is given for
active inhibitors.

Inhibitor Concen- Activity in I5o [um]
tration % as compared
[mm] to control

Control — 100

MGBG [20] 1 5 14
0.1 13
0.01 58
0.001 96

1-Aminooxy-3- 1 17 350

aminopropane [18, 21] 0.1 86
0.01 100

Berenil [22] 1 60

Atabrine [23] 1 65

inhibitors were DFMO, hydrazinoornithine, 1,4-
diaminobutane-2-one and canaline. «-Methyl-
ornithine and trans-1,4-diaminocyclohexane-1-car-
boxylic acid were less potent inhibitors. Phosphoryl-
ethanolamine and phosphorylcholine which have
been reported to inhibit rat ODC [9] had no inhibito-
ry effect on wheat ODC. The ADC inhibitor DFMA
inhibited ODC 39% at a concentration of 0.5 mm.
The extract might contain arginase, hydrolyzing
DFMA to DFMO [10]. Inhibition could also result
from a low specificity of DFMA for ODC or ADC,
because even the substrates have a low specificity for
these enzymes [11].

The only potent ADC inhibitor was DFMA which
reduced enzyme activity to 50% at a concentration of
0.01 mm (Table II). Aminooxyaminopropane was
less active. Evernic acid, L-canavanine and NSD
1055 were only marginally active. DFMO did not
inhibit ADC, indicating that ADC was measured and
not ODC. Primary conversion of “C-labelled ar-
ginine to ornithine and subsequent *CO, release can
thus be excluded.

SAMDC was strongly inhibited by MGBG at
0.1 mm and by aminooxyaminopropane at 1 mm
(Table III). Berenil and atabrine were only marginal-
ly active at 1 mm.

From the inhibitors tested on spermidine synthase
(Table V) cyclohexylamine and aminopropyl-
cadaverine showed good activities at 1 mM.
Aminooxyaminopropane most probably inhibited

Table I'V. Inhibition of ODC in T. vulgare extracts by vari-
ous compounds. DFMO and DFMA were preincubated
with the extract for 30 min without the substrate ornithine.
DFMA, an ADC inhibitor, was added to test the enzyme
specificity of this compound. For each compound tested a
reference for synthesis and further tests is given. An ap-
proximate /s,-value is given for active inhibitors.

Inhibitor Concen- Activity in 5o [um]
tration % as compared
[mm] to control
Control = 100 =
DFMO [19] 1 20 35
0.5 21
0.1 32
0.05 41
0.01 15
Hydrazino- 1 0 40
ornithine [24] 0.1 17
0.01 99
1.4-Diamino- 1 23 25
butan-2-one [25] 0.1 30
0.01 63
a-Methyl- 1 28 300
ornithine [26] 0.1 72
Phosphoryl- 1 119
ethanolamine [9]
Phosphoryl- 1 112
choline [9]
Canaline [27] 1 4 20
0.1 15
0.01 60
1-Aminooxy-3- 1 3 0.06
aminopropane [18] 0.1 4
0.01 16
0.001 29
0.0001 43
trans-1,4-Diamino- 1 42 600
cyclohexane-1- 0.1 81
carboxylic acid [28]
DFMA [14] 0.5 61

spermidine synthase indirectly by its effect on
SAMDC. The other compounds were not effective.
Dicyclohexylamine is not inhibitory as already dem-
onstrated [12].

The limited data obtained and the extent of en-
zyme purification does not enable the inhibitor con-
stants to be calculated exactly or the type of inhibi-
tion to be established, nevertheless approximate /5-
values are given (Tables II-1V). It is clear that sev-
eral compounds described to be inhibitors of animal
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Table V. Inhibition of spermidine synthase in extracts of 7.
vulgare. 1-Aminooxy-3-aminopropane inhibiting SAMDC
was added to show its influence on spermidine synthase in
the reaction conditions used (the substrate for spermidine
synthase is produced by SAMDC in the same mixture). For
each compound tested a reference for synthesis and further
tests is given.

Inhibitor Concen- Spermidine
tration synthase
[mm] activity in
% compared
to control
Control ~ 100
Ethambutanol [29] 1 114
Dicyclohexylamine [30] 1 84
Cyclohexylamine [30] 1 0
Norspermidine [31] 1 115
Aminopropyl- 1 13
cadaverine [32]
Aminopropyl- 1 91
hexandiamine [32]
Aminobutyl- 1 64
hexahydropyrimidine [33—35]
Aminobutyl- 1 85

hexahydropyrimidine
methyl [33—35]

Aminopropyl- 1 84
hexahydropyrimidine [33—35]

Aminopropyl- 1 116
hexahydropyrimidine

methyl [33—-35]

bis(Aminopropyl)- 1 126
cadaverine [33—35]

Canavalmine [36]

—

137

1-Aminooxy-3- 1 0
aminopropane [20]

n
(5]

and bacterial enzymes involved in polyamide biosyn-
thesis showed also effects on plant enzymes. Stand-
ard inhibitors such as DFMO, DFMA, MGBG and
cyclohexylamine were especially effective. However,
many other compounds described in the literature
did not show activity. They could be inactive on plant
enzymes.

It is interesting to note that a remarkable differ-
ence in the amount of ADC and ODC existed in
wheat (Table I). In wheat ADC seems to be more
important for the production of putrescine at least in
this stage of development. Other authors observed
differences in the amount of ODC and ADC in other
plants also [4, 5]. An influence of polyamine synthe-
sis inhibitors on polyamine levels is more likely to
come from ADC inhibitors. A second generation of
ADC inhibitors was recently described [13]. They
should be of great value for the study of the role of
polyamines in plant physiology.

The effective inhibitors of enzymes involved in
polyamine biosynthesis will be used to study further
the importance of polyamines in plants. It is of spe-
cial interest, whether a depletion of polyamines in
plants leads to similar growth retarding effects as in
bacteria or mammalian cells.
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