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Abstract—The action of 2.4-dihydroxy-1,4-benzoxazin-3-ones and their corresponding benzoxazolinone
(BOA) derivatives on the activity of plasma membrane H*-ATPase from roots of Avena sativa and Vicia faba
was investigated. Significant inhibitory effects were found with 2,4-dihydroxy-1.4-benzoxazin-3-one (DIBOA)
and 2.4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one in concentrations of 0.25 mM or higher. Benzoxazolinone
compounds caused a weaker inhibition of the enzyme. At low effector concentrations stimulatory effects were
observed. The H*-ATPase activity of A. sativa and V. fuba was reduced by DIBOA to the same extent. The
allelopathic effects of DIBOA and BOA on radicle elongation of 4. sativa are correlated with the H"-ATPase

activity. Copyright © 1997 Elsevier Science Ltd

INTRODUCTION

2,4-Dihydroxy-1,4-benzoxazin-3-ones are important
secondary metabolites of the Poaceae involved in
plant resistance to pests and diseases [1]. In addition,
these substances and their decomposition products
are associated with allelopathic effects. Phytotoxic
influences on radicle growth of various mono-
cotyledenous and dicotyledenous plants were found
for 2,4-dihydroxy-1,4-benzoxazin-3-one (DIBOA)
and 2.4-dihydroxy-7-methoxy-1.4-benzoxazin-3-one
(DIMBOA) [2-4]. Inhibitory effects on the energy
metabolism of chloroplasts and mitochondria have
been described. e.g. the chloroplast ATPase coupling
factor is inhibited by cyclic hydroxamic acids {5-8]. In
addition, various enzymes such as the proteases
papain [9] and z-chymotrypsin [10] are deactivated.
This paper reports on the sensitivity of the plasma
membrane (PM) H7*-ATPase to DIBOA and
DIMBOA. This enzyme acts as the main electrogenic
pump of the PM. The maintenance of the proton
gradient is a basic requirement for the transport of
ions and molecules through the PM. Because of its
central role in plant cell physiology, the activity of
PM H*-ATPase is closely related to radicle growth
(11, 12]. In order to assess the significance of the
molecular effects of DIBOA and DIMBOA on plant
development, bioassays were carried out in parallel.
The respective decomposition products of the cyclic
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hydroxamic acids benzoxazolinone (BOA) and 6-
methoxy-benzoxazolinone (MBOA) were investigated
as well.

RESULTS AND DISCUSSION

The preparation of PM vesicles of high purity is an
essential requirement for the experimental deter-
mination of allelopathic effects on the PM H*-
ATPase. In order to ensure optimal conditions the
ATPase activity of the microsomal fraction and the
PM fraction prepared by two-phase partitioning were
measured. The activities of PM, tonoplast and mito-
chondrial ATPases were determined by the use of
specific inhibitors and are shown in Table 1.

DIMBOA in concentrations of 0.5 and 1 mM
inhibited the vanadate sensitive H*-ATPase by 6.6
and 12.5% in the microsomal fraction. In contrast,
the same inhibitor concentrations led to a 40.6 and
44.9% inhibition of the PM H*-ATPase.

The effects of the cyclic hydroxamic acids DIBOA
and DIMBOA on PM H*-ATPase activity of Avena
sativa and Vicia faba are given in Table 2. The activity
of the controls were 4.88 + 0.42 (SE) nkat mg™"' prot.
for A. sativa and 5.35 + 0.92 nkat mg~' prot. for
V. faba. Inhibition of the enzyme by DIBOA and
DIMBOA was observed for inhibitor concentrations
from 0.25 mM up to 2 mM. Compared with DIBOA
the methoxy derivative was found to be a stronger
inhibitor. In contrast to DIBOA, a significant decrease
in the activity was also observed in the presence of
this substance at a concentration of 0.1 mM.
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Table 1. Characteristics of ATPase activity in the microsomal fraction and in the plasma membrane fraction
prepared by two-phase partitioning (values are means + S.E.; four replicates)

Sp. activity (nkat mg~' protein)

Microsomal fraction

Fraction of plasma membrane vesicles

Plasma membrane ATPase 2.96 + 0.58
Tonoplast ATPase 0.51 £ 0.16
Mitochondrial ATPase 042 +0.19

5.60 + 1.34
0.11 £ 0.10
0.12+0.12

Table 2. Influence of cyclic hydroxamic acids on the plasma membrane H*-ATPase activity of A. sativa and V. faba

Activity of membrane H*-ATPase (% control)

Concentration (mM) A. sativa (DIMBOA) A. sativa (DIBOA) V. faba (DIBOA)
0.05 108.6+0.4 — —
0.10 88.2+29 100.240.9 98.7+12.1
0.25 714417 87.1+1.7 90.1+7.0
0.50 59.4+6.8 79.942.0 86.1+0.5
1.00 55.1+2.6 74.6+2.1 714426
The reactivity of cyclic hydroxamic acids towards implies early interactions with absorbed alle-

sulphydryl groups is supposed to be one reason for
their inhibitory effects on various enzymes [5, 13]. This
reaction may also be responsible for the inhibition of
the PM H*-ATPase, since at least one exposed cyst-
eine residue at the active centre is of special import-
ance for the maintenance of the enzyme’s con-
formation [14]. The stronger inhibition of the ATPase
by DIMBOA can be explained by the presence of
the strong electron-donating methoxy group, greatly
enhancing the reactivity of the hydroxamic acid. No
significant differences in the extent of inhibition was
found on comparing the effects of DIBOA on 4. sativa
and V. faba PM ATPases. It may be supposed that
conserved regions of the enzyme are involved in the
inhibition.

Cyclic hydroxamic acids decompose in solution,
yielding BOAs. The effects of the decomposition prod-
ucts MBOA and BOA on the PM H*-ATPase activity
from A. sativa was investigated. Inhibitory effects were
found with concentrations from 0.5 to 2.0 mM. At
lower concentrations, stimulatory effects were
observed. Compared with the effects of cyclic hyd-
roxamates the inhibition of H*-ATPase activity by
the corresponding BOAs was less pronounced (Fig.
D).

According to our studies, both hydroxamic acids
and their corresponding decomposition products
cause a rapid inhibition of the PM H*-ATPase.
DIMBOA has been described as an inhibitor for a
wide variety of enzymes including proteases and chlo-
roplast ATPase [5, 9, 10]. Nevertheless, the inhibitory
influence of cyclic hydroxamic acids on the PM H*-
ATPase activity may be of special importance with
regard to the allelopathic potential of the compounds.
The location of the enzyme in the plasma membrane

lochemicals. Furthermore, the enzyme has an impor-
tant role in plant cell physiology. Therefore, these
molecular effects can account for the allelopathic
influences of benzoxazinones and related compounds.

ATPase aclivity (% control)

400 600
Test compound [uM]
Fig. 1. Effects of BOA (H), MBOA (@), DIBOA ([J) and

DIMBOA (O) on the activity of H*-ATPase after a 15-min
preincubation.
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Fig. 2. Response of H*-ATPase (I and radicle elongation of oat (@) to BOA and DIBOA. ATPase was incubated in assay buffer containing BOA and DIBOA, respectively.
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In order to prove the physiological importance of
the inhibition of PM H*-ATPase for plant growth,
radicle elongation tests were performed. The effects of
DIBOA and BOA on root elongation of 4. sativa and
ATPase activity are shown in Fig. 2.

The allelopathic action of both DIBOA and BOA
on root elongation is closely related to their effects on
PM ATPase. The concentration dependent inhibition
of this enzyme is correlated with a strong reduction of
root elongation. A decrease in PM ATPase activity to
ca 80% leads to an inhibition of radicle elongation of
ca 50%. However, it is well known that BOAs interfere
with auxin-induced growth [15, 16], e.g. 6-methoxy-2-
benzoxazolinone inhibits shoot and root elongation.
Hasegawa et al. [17] assumed an allelochemical poten-
tial for these compound by acting as antiauxins. A
multiple interaction of benzoxazinones and their
decomposition products with numerous physiological
and biochemical events has, therefore, to be taken
into consideration, although the observed correlation
between growth reduction and ATPase activity is
striking.

Stimulatory effects of allelochemicals in low con-
centration on acceptor plants are often described in
the literature, e.g. [2. 18, 19]. Nevertheless, there are
only few explanations for this phenomenon at the
molecular level. For BOA and MBOA an increased
PM ATPase activity was found at effector con-
centrations of 0.1 and 0.25 mM. As can be seen from
the radicle elongation test this molecular effect is cor-
related with a stimulation of root development by
low concentrations of BOA. Thus, the stimulation of
membrane-bound H*-ATPase may account as well
for the stimulatory effects of the investigated alle-
lochemicals.

EXPERIMENTAL

Isolation  of  24-dihvdroxy-7-methoxy-2H-1,4-
benzoxazin-3-one (DIMBOA). DIMBOA was isolated
from 7-day-old corn seedlings (Zea mays L., Marshall
FAO 240) by a procedure described in ref. [20]. After
purification by recrystallization from Me,CO-hexane,
crystals were obtained: mp 161.5-163.5" (lit. 163~
164.5° [21]).

Isolation of 2,4-dihydroxy-2H-1,4-benzoxazin-3-one
(DIBOA). DIBOA was isolated from an extract of
shoots of rye (Secale cereale cv. Marder) by an analog-
ous procedure to that described for DIMBOA. After
purification by recrystallization from Me,CO-hexane,
crystals were obtained; mp 152-155" (lit. 155-157
[21]).

Preparation of PM vesicles. PMs were prepd from
7-day-old seedlings of A. sativa cv. Jumbo and V. faba
cv. Alfred. All steps were carried out at 4°. PM vesicles
of A. sativa were prepd by a modification of the
method described in ref. [14]. Roots (30 g) were homo-
genized in 30 ml buffer (30% sucrose, 250 mM Tris—
HCI, pH 7.5, 25 mM EDTA, 5 mM DTE, 0.05 mM
Pefabloc, 2% insoluble PYPP, 10 mM ascorbic acid).
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According to the method of ref. [22] for the prep of
the PM of V. faba, 40 g of roots were homogenized in
40 ml buffer (50 mM HEPES-KOH, pH 7.2, 3 mM
EDTA, 3 mM DTE, 400 mM sucrose, 0.01% PMSF,
20% insoluble PVPP for inhibition of high phe-
noloxidase activity in broadbean tissue). Homo-
genates were filtered through 3 layers of cheese-cloth
and the filtrates centrifuged for 20 min at 10 000 g. The
resulting pellets were discarded and the supernatants
were centrifuged for 30 min at 80 000 g. The pellets,
i.e. the microsomal frs, were resuspended in 1.7 ml
buffer (5 mM K-Pi buffer, pH 7.8, 4 mM KCl, 330
mM sucrose). PM vesicles were purified from the mic-
rosomal membrane fr. by 2-phase partitioning accord-
ing to the method of ref. [23]. The microsomal fr. (1.5
g) was used for a 6-g phase mixt. [6.3% (w/w) Dextran
(T 500), 6.3% (w/w) PEG 3350, 330 mM sucrose, 5
mM K-Pi buffer, pH 7.8]. The final phase was washed
{ x 2) with 3 vols buffer (330 mM sucrose, 4 mM KCI,
5 mM K-Pi buffer, pH 7.8) and centrifuged for 35 min
at 100 000 g. The pellet was resuspended in 400-600
ul buffer. Protein was assayed by the method of ref.
[24] using BSA as standard.

ATPase activity. ATP hydrolysis was determined at
pH 6.5 (125 mM sucrose, 50 mM KCl, 0.015% Triton
X-100) with 5 mM MgATP in the presence of | mM
NaN, (inhibitor of mitochondrial ATPase), 0.2 mM
(NH,);Mo,0,, (inhibitor of acid phosphatase) and 50
mM NaNO; (inhibitor of vacuolar ATPase). Protein
(10-15 pg) were used per assay. The final assay vol.
was 1 ml. Allelochemicals were added from 100-fold
conced stock solns in EtOH. Controls included 1%
EtOH. After starting the reaction by addition of ATP,
samples were incubated for 20 min at 37°. Released
phosphate was measured according to ref. [25]. Each
assay was performed in triplicate and all measure-
ments were repeated.

Bioassays. The phytotoxicity of DIBOA and BOA
was tested by radicle elongations assays with 4. sativa
cv. Jumbo. Stock solns of 15, 30, 60, 120 and 300 mM
BOA and 7.5, 15, 30, 60 and 120 mM DIBOA were
prepd in MeOH. Stock soln (50 ul) was added to
glass pots (11 cm high, 5.5 cm diameter) with 26 g
autoclaved glass pearls; 50 ul MeOH was also added
to the controls. Pots were shaken thoroughly to ensure
homogeneous distribution of the soln. The MeOH
was allowed to evaporate completely for at least 6 hr.
Six seeds of A. sativa were placed in each pot and
watered with 3 ml tap water. After incubation for 6
days at 20° in the dark the radicle length was measured
and expressed as a percentage of the control.
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