Molecular Aspects of Herbicide Action on Protoporphyrinogen Oxidase

Beate Nicolaus, Gerhard Sandmann, and Peter Boger

Lehrstuhl fiir Physiologie und Biochemie der Pflanzen, Universitidt Konstanz,
D-78434 Konstanz, Bundesrepublik Deutschland

Z. Naturforsch. 48¢, 326—333 (1993); received December 1, 1992

Protoporphyrinogen Oxidase, Protoporphyrin Formation, Herbicide Target, Diphenyl Ether
Herbicide, Structure-Activity Relationship

Protoporphyrinogen oxidase, the last enzyme of the common tetrapyrrole biosynthetic
pathway, is inhibited by several peroxidizing compounds resulting in accumulation of photo-
dynamic tetrapyrroles, mainly protoporphyrin IX. The inhibition characteristics of two chemi-
cally unrelated compounds were studied using membrane bound protoporphyrinogen oxidase
from corn etioplasts. As shown by Lineweaver-Burk-analysis, the inhibition of enzyme activity
by the diphenyl ether oxyfluorfen and the cyclic imide MCI 15 are competitive with respect to
the substrate. The competitive interaction of protoporphyrinogen and the two chemically un-
related inhibitors indicate a relative specificity of the binding site. The reversibility of oxyfluor-
fen inhibition was evaluated by dilution experiments and was shown to be independent of the
presence of DTT. The analysis of structure-activity-relationship on protoporphyrinogen oxi-
dase inhibition was investigated with para-substituted derivatives of phenyl-3.4,5,6-tetrahydro-
phthalimides. The results obtained by QSAR-calculation yielded a good correlation of the in-
hibitory activity determined by the lipophilicity of the para-substituent. These data point to one
binding region of the inhibitors within a lipophilic environment associated with the active cen-

ter of the enzyme.

Introduction

Several herbicides like diphenyl ethers, lutidine
derivatives and cyclic imides have been reported to
cause photodestruction in plants by an accumula-
tion of high amounts of tetrapyrroles [1 —6]. Proto-
porphyrin IX, the main accumulating interme-
diate, acts in the light as a photosensitizer and in-
duces radical formation with subsequent degrada-
tion of cellular constituents [7—10]. It has been
demonstrated that most of the peroxidizing herbi-
cides act as inhibitor of protoporphyrinogen
oxidase (EC 1.3.3.4), which catalyzes the penulti-
mate step in both heme and chlorophyll biosyn-
thesis, the oxidation of protoporphyrinogen to
protopophyrin IX [11—15]. The inhibition of pro-
toporphyrinogen oxidase surprisingly leads to the
accumulation of the reaction product, protopor-
phyrin IX. Two different possibilities for the gen-
eration of protoporphyrin IX are discussed: First,

Abbreviations: oxyfluorfen, 2-chloro-1-(3-ethoxy-
4-nitrophenoxy)-4-(trifluoromethyl)benzene; chloro-
phthalim, N-(4-chlorophenyl)-3.4,5,6-tetrahydrophthal-
imide; MCI 15, N-(4-(4-chlorobenzyloxy)-phenyl)tetra-
hydrophthalimide; MCI 2, N-cyclohexyl-3.4,5,6-tetra-
hydrophthalimide; DTT, dithiothreitol.

Reprint requests to Prof. P. Boger.

Verlag der Zeitschrift fiir Naturforschung,
D-W-7400 Tiibingen
0939-5075/93/0300—0326 $ 01.30/0

because of its chemical instability an autooxida-
tion of the accumulated substrate protoporphyri-
nogen to protoporphyrin IX is assumed [10, 16].
Second, an enzymatic conversion of protopor-
phyrinogen — delocalized from the biosynthesis
pathway — by a herbicide-resistant nonplastidic
isoenzyme has been proposed [17]. However, in
both cases the formed protoporphyrin seems to be
separated from the following biosynthesis step,
namely the insertion of iron or magnesium by che-
latases, by preventing the proposed substrate
channeling from protoporphyrinogen oxidase to
the chelatase. In addition, halt of the biosynthesis
results in a deregulation of the overall heme and
chlorophyll biosynthesis apparently caused by the
lack of heme feedback inhibition [18, 19]. Simulta-
neous treatment of plants with heme or inhibitors
of porphyrin synthesis like gabaculine and dioxo-
heptanoic acid with the peroxidizing herbicide di-
minished the phytotoxic effect [4, 10, 19, 20].

Little is known about the inhibition of proto-
porphyrinogen oxidase and the molecular mecha-
nisms necessary for the development of photody-
namic injury. It has been reported that the effect of
acifluorfen-methyl on protoporphyrinogen oxida-
tion depends on the source the enzyme derives
from, the purification state of the preparation and
even on assay conditions [12, 17]. Recently, it has
been shown that several chemically unrelated com-
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pounds cause a competitive displacement of the di-
phenyl ether acifluorfen and it was concluded that
all these compounds share the same binding site of
the enzyme [21]. Additionally, the inhibition of
acifluorfen is competitive with respect to proto-
porphyrinogen as determined with corn and
mouse organelles, although a mixed type inhibi-
tion was reported for protoporphyrinogen oxidase
from yeast mitochondria [22]. The low inhibition
constants indicated a high affinity of acifluorfen to
the enzyme. Comparison of protoporphyrinogen
with acifluorfen suggested a similarity of one half
of the protoporphyrinogen molecule with the com-
petitive inhibitor and a bicyclic nature of proto-
porphyrinogen oxidase inhibitors seems to be nec-
essary for their activity [23]. Contradicting results
were reported about the reversibility of binding of
the photobleaching herbicides. A reversible bind-
ing of S 23121, a N-phenylimide type herbicide, on
solubilized protoporphyrinogen oxidase of corn
has been found [24] as well as an irreversible inhib-
ition of acifluorfen in the presence of DTT has
been reported [12].

This study should contribute to better knowl-
edge of the action of protoporphyrinogen oxidase
inhibitors by kinetic studies on the membrane
bound enzyme from corn etioplasts. It could be
shown that the inhibition by the diphenyl ether
oxyfluorfen was reversible and that substrate and
inhibitor compete for the enzyme. The analysis of
structure-activity correlations from para-substi-
tuted cyclic imides showed an influence of the lipo-
philicity of the ligand on the inhibitory activity.

Materials and Methods
Corn etioplasts preparation

Etioplasts were prepared from greening corn
seedlings (Zea mays cv. Anjou) germinated in ver-
miculite for 6 days at 30 °C in darkness [14]. After
a greening period of 2 to 4 h at a light intensity of
300 pEinstein/m? x sec seedlings were harvested
and etioplasts were isolated by differential centri-
fugation steps according to [25]. The homogeniza-
tion medium contained 50 mm Tris/HCI (pH 7.3),
0.5M sucrose, 1mmM EDTA, 1 mm MgCl, and
0.2% (w/v) bovine serum albumin. For kinetic
studies etioplasts adjusted to a protein content of
about 30 mg/ml were used immediately after prep-
aration.

Determination of protoporphyrinogen oxidase
activity

Protoporphyrinogen oxidase activity was meas-
ured in a modified direct fluorimetric assay as de-
scribed in [26]. The standard reaction medium con-
tained in 3ml 0.1 M Tris/HCIl, pH 7.45, 1 mm
EDTA, 5mMm DTT, 0.03% Tween 80 (w/v), 0.3—
0.6 mg of etioplast protein and approximately
5 uM protoporphyrinogen unless indicated other-
wise. Under substrate-limited conditions (Line-
weaver-Burk-plots) the rate of protoporphyrin
formation was followed during the initial 5 min
after addition of protoporphyrinogen. For each
set of experiment the nonenzymatic rate measured
in presence of heat inactivated enzyme was sub-
tracted separately from the enzymatic formation
of protoporphyrin IX. The final concentration of
protoporphyrinogen was determined after chemi-
cal oxidation with 0.1% methylethylketoperoxide
to protoporphyrin and recording the fluorescence
atan excitation and emission wavelength of 405 nm
and 633 nm, respectively. An authentic protopor-
phyrin IX standard was used to calculate the con-
centration from the measured relative fluores-
cence.

Chemicals

Oxyfluorfen was supplied by Rohm & Haas,
U.S.A., the cyclic imides by Mitsubishi Kasei
Corp., Japan and were dissolved in DMSO. All
other compounds from highest available purity
were provided from Sigma Chemicals, Munich,
Germany.

Statistics

All I, values are means from at least three inde-
pendent experiments. The Lineweaver-Burk-plots
from Fig. 1 show a typical experiment for MCI 15
and oxyfluorfen. The inhibition type was verified
four times, but because of the varying protopor-
phyrinogen concentrations caused by autoxida-
tion during storage over the measuring time no
mean values were calculated. If not indicated
otherwise all other experiments were replicated
three times and variations lower than 10% were
obtained. The quantitative structure-activity rela-
tionship was calculated in a multiple linear regres-
sion analysis using a F test. The contribution of the
physicochemical parameters were confirmed by a ¢
test.
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Protein content

The amount of protein was determined by the
method of Lowry et al. [27] with bovine serum al-
bumin as a standard.

Results

Investigation of reversibility of oxyfluorfen
inhibition on protoporphyrinogen oxidase

The reversibility of oxyfluorfen inhibition on
the membrane-bound enzyme was determined by
dilution experiments. Dilution should lead to the
detachment of the inhibitor if a reversible binding
had occurred. Membranes of corn etioplasts were
preincubated for 60 min either with dithiothreitol
and oxyfluorfen or with oxyfluorfen alone
(Table I). After the incubation time the assay was
started under standard conditions by the addition
of both the preincubation mixture and protopor-
phyrinogen to a 3 ml cuvette resulting in a 60-fold
dilution of etioplasts and oxyfluorfen. The percent-
age of inhibition in relation to a simultaneously
treated control without an inhibitor was compared
with the inhibition we obtained at this 60-fold low-
er concentration (3.3 nM) without preincubation
(Table I A). We found a good agreement with both
samples indicating a reversible binding of the in-
hibitor to protoporphyrinogen oxidase. These re-
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sults were also obtained with lower concentrations
of oxyfluorfen — the treated sample was nearly un-
inhibited after dilution to a final concentration of
0.3 nm (Table I). An effect of DTT on the reversi-
bility as reported by Jacobs er al. [12] was not
observed. Neither preincubation with DTT nor
without DTT resulted in a remaining inhibition
after dilution. In order to proof a possible slow
irreversible binding we prolonged the preincuba-
tion period with oxyfluorfen up to 12 h (data in
brackets). During this time the enzyme activity
decreased up to 50 percent as shown for control
values in A. In the presence of DTT a stronger loss
of activity was observed which could be explained
by the inhibitory effect of reducing agents like
DTT or glutathione themselves on protoporphyri-
nogen oxidase activity [28, 29]. Nevertheless, the
binding of oxyfluorfen remained reversible even
after this incubation time. This was also confirmed
for a solubilized fraction of protoporphyrinogen
oxidase (data not shown).

Inhibition of protoporphyrinogen oxidase activity by
oxyfluorfen and MCI 15

In order to characterize the inhibition type of
peroxidizing herbicides on protoporphyrinogen
oxidase we used the diphenyl ether oxyfluorfen
and for comparison the chemically unrelated cyclic

Table I. Effect of oxyfluorfen preincubation on protoporphyrinogen oxidase activity from
corn etioplast membranes. Membranes were preincubated for 1 h on ice with the inhibitor
concentrations indicated in column 1. The dilution of membranes and inhibitor was carried
out by addition of the preincubated sample to the 3-ml assay mixture. The assay mixture
contained all compounds described in Materials and Methods. Activity of protoporphyrino-
gen oxidase activity was recorded directly after addition of protoporphyrinogen. The data in
brackets represent the activities obtained after a 12-h incubation time with oxyfluorfen.

DTT, 5 mm.

Preincubation condition,
oxyfluorfen [nM]

Oxyfluorfen concentration
after dilution [nM]

Protoporphyrinogen oxidase
activity [nmol/hxmg protein]

A.
== — (= control)
0.3 no dilution
33 no dilution
200 no dilution
B. Preincubation (—)DTT
20 0.3
200 33
C. Preincubation (+)DTT
20 0.3
200 3.3
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imide MCI 15 in kinetic studies. Oxyfluorfen and
MCI 15 are potent inhibitors of protoporphyrino-
gen oxidase from corn etioplasts with 7y, values of
about 1.5 nm and 5 nMm, respectively (data in prepa-
ration for publication). Double reciprocal plots of
the initial velocity versus the substrate concentra-
tion at three different inhibitor concentrations
(Lineweaver-Burk plots, Fig. 1 A, B) show a linear,
competitive inhibition of protoporphyrinogen oxi-
dase in crude membrane extracts with respect to
protoporphyrinogen by both classes of peroxidi-
zers. Secondary plots of the slope of the lines from
Fig. 1 versus the applied inhibitor concentrations
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Fig. 1. Initial inhibition of membrane-bound protopor-
phyrinogen oxidase by MCI 15 (A) and oxyfluorfen (B)
as a function of protoporphyrinogen concentration.
Each rate of protoporphyrin formation was corrected by
the non-enzymatic conversion of protoporphyrinogen in
the presence of heat-inactivated etioplasts. The regres-
sion coefficient was better than 0.97.

correlate linearly and yield binding constants (K]
values) of 0.2 nMm and 0.4 nM for oxyfluorfen and
MCI 15, respectively.

Using a '*C labeled inhibitor for binding studies
on protoporphyrinogen oxidase the competitive
interaction of protoporphyrinogen and both oxy-
fluorfen and the cyclic imide chlorophthalim
(MCI 11, see Table II) was confirmed. Both perox-
idizing compounds displaced the labeled inhibitor
in dependence on their relative activity. Oxy-
fluorfen which was shown to be a more active in-
hibitor than chlorophthalim [26] caused a stronger
displacement of the inhibitor at the same concen-
tration (data not shown).

Effect of physicochemical parameters of the
para-substituents on inhibitory activity on
protoporphyrinogen oxidase

The data presented above suggest one common
binding site on protoporphyrinogen oxidase for
both the active inhibitors and the substrate proto-
porphyrinogen because a competitive pattern of

Table II. pZy,-Values for inhibition of protoporphyrino-
gen oxidase from corn etioplasts by para-substituted
cyclic imide derivatives and lipophilicity of the varying
substituent. For the cyclic imides already introduced the
published number was used [41]. The new compounds
(168, 169, 171—174) were designated by the original
number. The p/s,-values were the mean values of three
independent experiments. Quantitative structure-activi-
ty analysis was performed by using the Hansch-Fujita
lipophilicity constants (m, ref. [42]) and Coburn’s multi-
ple linear regression program, QSAR-PC from Biosoft,
Cambridge, England.

't
N—< >—R
;I
o
Compound Ligand R Lipophilicity () pls,
12 —Br 0.86 7.8
11 =Cl 0.71 7.6
7 —OCH, -0.02 7.0
171 —SCH, 0.61 6.7
169 —CF, 0.88 6.6
174 =F 0.14 6.4
8 -NO, -0.28 6.4
168 -H 0 5.8
6 —CH, 0.56 5.7
172 —NH, -1.23 4.8
173 —CONH, -1.49 4.2
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inhibition and binding was obtained. This is un-
likely because of the broad range of structures ex-
isting within active inhibitors of protoporphyrino-
gen oxidase. Competition in kinetic studies implies
that either the inhibitor or the substrate (or a sec-
ond competitive inhibitor) are bound to the en-
zyme. This is not only true for one common bind-
ing site but also for overlapping non-identical bind-
ing sites as claimed for the D-1 protein [30, 31].
It was proposed that a conformational change of
the enzyme induced by binding of one inhibitor
leads to the displacement of substrate or the com-
petitive inhibitor.

To get an insight into the basic properties of a
peroxidizing compound required for binding we
examined a set of cyclic imide derivatives on
protoporphyrinogen oxidase inhibition. The struc-
tures were identical with the exception of the sub-
stituent on para-position of the benzene ring
(Table II). The determination of the Is,-values
showed different effects on the inhibitory activity
which is represented by a factor of about 10* be-
tween the most active compound MCI 12 and the
inactive imide MCI 173. The quantitative relation-
ship between the physicochemical parameters of
the varying para-substituent and the inhibitory ac-
tivity was investigated in a multiple regression
analysis. The QSAR calculation showed that only
the lipophilicity (listed in Table II) of the ligand in-
fluences the activity of the compound for proto-
porphyrinogen oxidase inhibition while steric di-
mensions or electronic properties have no signifi-
cant effect. This is expressed by the following
regression equation:

pls, = 1.138 (£0.184) 1 + 6.183.

n=11; s=0.64; F=204.
The regression coefficient r was calculated as 0.83.
As shown in Table II a more lipophilic com-
pound like MCI 12 or 11 has a stronger inhibitory
activity than a compound like MCI 168, which is
characterized by a hydrogen ligand with a relative
lipophilicity of zero. An exception is represented
by MCI 169 which is substituted with the most
lipophilic ligand —CF; but was determined with a
pls,-value on protoporphyrinogen oxidase inhibi-
tion of only 6.6. It has to be considered, however,
that the lipophilicity data of Table II refer to the
substituent not to the whole molecule.
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Discussion

Since it has been reported that the phytotoxic
effect of peroxidizing herbicides is based on the ac-
cumulation of high amounts of tetrapyrroles in-
tensive studies have been performed concerning
both the inhibition of porphyrin biosynthesis and
the physiological processes involved in radicalic
degradation of cell constituents [1 -5, 9, 32]. After
identification of protoporphyrinogen oxidase as
the target enzyme main work was focused on the
characterization of the inhibitor-enzyme interac-
tion. This included the investigation of structure
similarities of the inhibitors [21—-23, 33] as well
as the characterization of protoporphyrinogen
oxidase especially from plants which has been
purified so far only from barley [12, 17, 34—36].
Interesting and partly contradictory features of
protoporphyrinogen oxidase inhibition have been
obtained, including loss of inhibition after purifi-
cation of the enzyme [12], different inhibition types
for the plant and yeast enzyme [22], increasing in-
hibition by acifluorfen-methyl in the presence of
DTT [12, 17, own findings] and confusing reports
about the reversibility of inhibitor binding on pro-
toporphyrinogen oxidase [12, 24]. Usually, both
partners involved in inhibition e.g. enzyme and ef-
fector should be investigated for structural proper-
ties fitting together. Change in inhibition by purifi-
cation of the enzyme exemplify that variation of
one partner can result in alteration of the inhibition
and binding characteristics. This study focuses on
the molecular action of the inhibitor on the mem-
brane-bound enzyme to identify common structur-
al elements necessary for successful inhibition.

Prior to inhibition type analysis the reversibility
of inhibitor binding was investigated. Since proto-
porphyrinogen oxidase is a membrane-bound en-
zyme reversibility cannot be evaluated by proce-
dures like gel filtration or dialysis without prior
solubilization of the enzyme. Because of the results
of Jacobs er al. [12] and our own observations on
the corn enzyme about change in inhibition prop-
erties by purification (data in preparation) we de-
cided to proof the reversibility at the membrane-
bound enzyme by dilution experiments.

Table I shows that the preincubation of etio-
plast membranes with oxyfluorfen had no effect
on protoporphyrin formation after dilution, indi-
cating a reversible binding on protoporphyrinogen
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oxidase. These results are in good agreement with
recent work on solubilized corn protoporphyrino-
gen oxidase reporting a displacement of ['*C]-
S23121 after binding by the unlabeled identical
compound [24]. In contrast, Jacobs ez al. found a
strong inhibition of barley protoporphyrinogen
oxidase activity by acifluorfen-methyl in presence
of DTT which could not be restored after dialysis
[12]. The authors suggested an irreversible binding
when both acifluorfen-methyl and DTT are pres-
ent since the inhibition with the herbicide alone
had no effect on protoporphyrin formation. In our
experiment DTT did not influence the detachment
of oxyfluorfen after dilution (Table I).

Kinetic studies were carried out under standard
assay conditions including S mm DTT to decrease
the autooxidation rate. As shown in Fig. | A, B,
the diphenyl ether oxyfluorfen and the cyclic imide
MCI 15 are competitive inhibitors with respect to
the substrate protoporphyrinogen. This confirmed
the previous work reporting a common binding
site on protoporphyrinogen oxidase for four
chemically unrelated compounds [21]. The K;-val-
ues of the inhibitors below 1 nMm indicate a high
binding affinity of the inhibitor to the target en-
zyme. It might be possible that DTT, which was
found to enhance the inhibitory activity of aci-
fluorfen-methyl, also influences the inhibition con-
stants and therefore the affinity of the enzyme for
the inhibitor. At the moment it is not clear which
biochemical processes are involved in the effect of
DTT on inhibition by peroxidizing herbicides.
However, the comparison of oxyfluorfen and aci-
fluorfen-methyl, two potent diphenyl ether herbi-
cides, showed similar /5;-values and inhibitor con-
stants of protoporphyrinogen oxidase inhibition,
the latter about 10-times lower than the /,-value
(Fig. 1 and unpubl. data, [22]).

The competition of both protoporphyrinogen
and oxyfluorfen with respect to binding of a strong
inhibitor on protoporphyrinogen oxidase confirms
the results obtained by kinetic analysis and led to
the question about the nature of the binding site
fitting for so many different types of compounds.

Attempts have been made to determine structur-
al similarities between the inhibitors and the sub-
strate protoporphyrinogen [23]. For acifluorfen
the analysis of steric complementation indicated
an imitation of one half of the protoporphyrino-
gen molecule by the bicyclic structure. This holds

also true for the cyclic imides used in this study
and for oxyfluorfen. On the contrary, structural
similarities are very low between the known inhibi-
tors of protoporphyrinogen oxidase which include
diphenyl ether, phenylpyrrolidine carboxylates
and lutidine derivatives. We assume that compara-
ble to the D-1 protein of the photosynthetic elec-
tron transport more than one binding site is avail-
able for inhibitor binding and that these binding
sites are partly overlapping [30, 31]. This includes
an allosteric interaction between the active center
where protoporphyrinogen is bound and the in-
hibitor binding region resulting in a blockage of
other binding sites if protoporphyrinogen or an ef-
fector has bound before. The prevention of simul-
taneous attachment might be achieved by a con-
formational change of the protein after binding of
the effector molecule. Additionally, this theory
could explain the findings of Jacobs et al. [12].
They reported that during purification of proto-
porphyrinogen oxidase inhibition by acifluorfen-
methyl is strongly decreased while enzymatic activ-
ity which represent protoporphyrinogen binding is
further maintained. Therefore, two different bind-
ing sites must be proposed otherwise a simul-
taneous loss of inhibition and activity would be
observed.

Interestingly, as seen in Table II, compounds
which are modified in only one substituent differ
remarkably in their inhibitory activity. For the re-
lated cyclic imides a quantitative structure-activity
relationship was investigated revealing a require-
ment of lipophilicity of the ligand for strong proto-
porphyrinogen oxidase inhibition. In contrast, the
herbicidal activity in a root growth assay of these
and other related compounds was dependent on
the steric dimensions of the substituents [37]. Prob-
ably, between the targetting of the enzyme in
plants in vivo and the inhibition of protoporphyri-
nogen oxidase in prepared etioplast membrane
in vitro some other mechanism are involved. For a
row of diphenyl ether analogues the same discrep-
ancy between in vivo and in vitro results was found
[23]. Influence of the lipophilicity in addition to an
involvement of electronic properties for inhibitory
activity was observed in the enzyme assay while
the lipophilic parameter did not influence the in
vivo activity of the compound.

The influence of lipophilicity on the activity of
inhibition has been reported for other herbicides



332 B. Nicolaus er al. - Inhibition of Protoporphyrinogen Oxidase

several times [31, 38, 39]. Common for all these
herbicides, namely the photosynthetic electron
transport inhibitors and the herbicides of carot-
enoid biosynthesis, is a membrane-bound target
protein. Therefore, a lipophilic environment is
present and generally the substrates turned over
are lipophilic, too. For protoporphyrinogen oxi-
dase the protoporphyrinogen binding site was pro-
posed to be located within the lipophilic mem-
brane because the affinity of protoporphyrinogen
oxidase for protoporphyrinogen was dramatically
enhanced by insertion of the protein into phospho-
lipid vesicle [40]. Moreover, protoporphyrinogen
is known to be a highly hydrophobic molecule.
Therefore, with respect to a competition of proto-
porphyrinogen and the inhibitor at the enzyme
molecule a requirement for lipophilicity of the in-
hibitor for targetting the protein within the mem-
brane is conceivable. For acifluorfen-methyl and
acifluorfen a difference in the /5-values of proto-

[1] M. Matringe and R. Scalla, Plant Physiol. 86,
619—622 (1988).

[2]J. Lydon and S. O. Duke, Pestic. Biochem. Physiol.
31, 74—83 (1988).

[3] G. Sandmann and P. Boger, Z. Naturforsch. 43¢,
699—704 (1988).

[4] D. A. Witkowski and B. P. Halling, Plant Physiol.
87, 632—-637 (1983).

[S]M. Matringe and R. Scalla, Pestic.
Physiol. 32, 164—172 (1988).

[6] H. Watanabe, Y. Ohori, G. Sandmann, K. Waka-
bayashi, and P. Boger, Pestic. Biochem. Physiol. 42,
99-109 (1992).

[7] F. R. Hopf and D. G. Whitten, in: The Porphyrins
(D. Dolphin, ed.), Vol. 2, pp. 161-195, Academic
Press, New York 1978.

[8]J. M. Becerril and S. O. Duke, Pestic. Biochem.
Physiol. 35, 119—126 (1989).

[9] B. Nicolaus, G. Sandmann, H. Watanabe, K. Waka-
bayashi, and P. Boger, Pestic. Biochem. Physiol. 35,
192-201 (1989).

[10] M. Matringe and R. Scalla, Proc. Brit. Crop Prot.
Conf. — Weeds 3, 981-988 (1987).

[11] M. Matringe, J. M. Camadro, P. Labbe, and R.
Scalla, FEBS Lett. 245, 35—38 (1989).

[12] J. M. Jacobs, N. J. Jacobs, S. E. Borotz, and M. L.
Guerinot, Arch. Biochem. Biophys. 280, 369—375
(1990).

[13] D. A. Witkowski and B. P. Halling, Plant Physiol.
90, 12391242 (1989).

[14] M. Matringe, J. M. Camadro, P. Labbe, and R.
Scalla, Biochem. J. 260, 321—335 (1989).

[15] N. J. Jacobs and J. M. Jacobs, Enzyme 28, 206—219
(1982).

Biochem.

porphyrinogen oxidase inhibition has been report-
ed ([22, 23], own data). Acifluorfen-methyl which
is a stronger inhibitor of protoporphyrinogen for-
mation is more lipophilic than acifluorfen which
supports our findings on a better inhibition with
increasing lipophilicity. The informations ob-
tained by this study supplement the data reported
about structural properties of protoporphyrino-
gen oxidase inhibition. Further studies are under-
way to investigate the receptor structures involved
in inhibitor binding and to get a clearer view of the
enzyme-inhibitor interaction.
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