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Incubation of PS II membranes with herbicides results in changes in EPR signals arising from reaction
centre components. Dinoseb, a phenolic herbicide which binds to the reaction centre polypeptide, changes
the width and form of the EPR signal arising from photoreduced QiFe. o-Phenanthroline slightly
broadens the QiFe signal. These effects are attributed to changes in the interaction between the semi-
quinone and the iron. DCMU, which binds to the 32 kDa protein, has virtually no effect on the width of
the QaFe signal but does give rise to an increase in its amplitude. This could result from a change in redox
state of an interacting component. Herbicide effects can also be seen when QaFe is chemically reduced
and these seen to be reflected by changes in splitting and amplitude of the split pheophytin™ signal.
Dinoseb also results in the loss of ‘Signal II dark’, the conversion of reduced high-potential cytochrome
bsso to its oxidized low-potential form and the presence of transiently photooxidized carotenoid after a
flash at 25°C; these effects indicate that dinoseb may also act as an ADRY reagent.

Herbicide Photosystem 11 Plastoquinone

EPR

1. INTRODUCTION

Recent progress in the study of Photosystem 11
(PS II) by EPR (review [1]) has relied heavily on
the analogy with the acceptor side of purple bac-
teria (review [2]). It has been demonstrated bio-
chemically [3] and spectroscopically {4,5] that Qa,
the primary quinone acceptor of PS II, is associ-
ated with an iron atom and gives rise to an unusual
EPR signal almost identical to that well-known in
bacteria [6,7]. In bacteria, the secondary quinone
acceptor [8,9] is also associated with the iron atom
and also gives rise to characteristic EPR signals

Abbreviations: Adry, reagents which accelerate the
deactivation reactions of the water splitting enzyme;
DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea;
dinoseb, 2,4-dinitro-6-s-butylphenol; Hepes, N-2-
hydroxyethylpiperazine-N ' -2-ethanesulphonic acid;
Mes, 2-(N-morpholino)ethanesulphonic acid; o-phen,
o-phenanthroline

Pheophytin
Photosynthesis

ADRY reagent Cytochrome bsse

[9-11]. Preliminary data [12] indicating that a
semiquinone iron signal may arise from the secon-
dary quinone acceptor Qg [13,14], in PS II have
also been reported.

A number of inhibitors of electron transfer, in-
cluding important classes of herbicides, act by
preventing electron transport between Qa and Qs.
A current theory of herbicide action is that Qg is
excluded from its binding site on the reaction
centre ‘'by competitive binding of the herbicide
molecule [15—18]. Different classes of herbicides
apparently have different binding sites (review
[19]). DCMU-type herbicides bind to a 32 kDa
polypeptide [20-23] thought to be a regulatory
protein associated with Qa to Qg electron transfer
[24,25] while phenolic herbicides bind to a 42 kDa
polypeptide [23,26], which is probably a reaction
centre protein [27]. Herbicide-induced perturba-
tions of these polypeptides might be expected to
modify the EPR signals arising from reaction
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centre components. In particular, changes in the
signal arising from QaFe might be expected since
it arises from an interaction between two compon-
ents, the semiquinone and the iron, and since the
components are expected to be located close to the
herbicide binding sites. In bacteria, an effect of
o-phen upon the QaFe signal has already been
briefly noted [28]. Here, some effects of herbicide
inhibitors upon EPR signals arising from PS II
reaction centre components are described.

2. MATERIALS AND METHODS

Oxygen evolving PS I1 membranes were pre-
pared from spinach chloroplasts as in [29] but with
the following modifications: (1) Triton digestions
and resuspensions were carried out at pH 6.0
[50 mM Mes replaced Hepes (pH 7.5), Yocum, C.
personal communication]; (2) 10 mM MgCl, was
used instead of 5 mM MgCl; in all steps; (3) the
second digestion in low concentration Triton was
missed out. The membranes were resuspended at
high concentration (=12 mg Chl/ml) in buffer con-
taining sucrose (400 mM), Mes (20 mM, pH 6.0),
NacCl (15 mM), MgCl; (5§ mM) and EDTA (2 mM).

EPR samples in calibrated quartz tubes were in-
cubated in darkness for 10 min at 20°C in the
presence or absence of inhibitors (see legends for
concentrations), before being frozen to 77 K. EPR
spectra were recorded on a Bruker ER-200t-X-
band spectrometer using an Oxford Instruments
liquid helium cryostat and temperature control
system. Illumination was provided by an 800 W
projector in an unsilvered Dewar flask containing
liquid N3. Dinoseb was a gift from Dr Van Assche
(Procida, Marseille). The stock (30 mM) was dis-
solved in ethanol. DCMU, recrystallized by Dr J.
Farineau, was dissolved in isopropanol (10 mM).
o-Phen was dissolved in ethanol.

3. RESULTS AND DISCUSSION

Fig.1a shows a high field spectrum of a sample
of PS II membranes frozen in darkness in the
absence of inhibitors. In darkness (the broken
line), no signal was present in the region of g=1.82
but after 10 min illumination at 77 K a large, well-
resolved signal was observed. This signal is at-
tributed to QaFe as previously observed in this
kind of PS II peparation [5]. No significant in-
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Fig.1. EPR spectra of the photoinduced QxFe signal in
PS II membranes and the effect of incubation at 20°C
with PS II inhibitors. Broken lines, dark; solid lines,
after illumination for 10 min at 77 K. (a) No additions, (b)
dinoseb 1 mM, (c) o-phen 60 mM, (d) DCMU 1.8 mM.
Instrument settings: temperature, 4.8 K; microwave
power, 8 dB down from 200 mW; frequency, 9.465 GHz;
modulation amplitude, 20 G.

crease in signal amplitude could be produced by
further illumination at 200 K. This result contrasts
with our previous preliminary report where 200 K
illumination was required to obtain the maximal
QaFe signal [5]. This discrepancy is probably due
to the improved intactness of the donor side of PS
II in the preparation used in the current work.
Of note in fig.1a is the presence of a broad signal
at g=1.87 which is also photoinduced under these
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conditions. This signal has been attributed to an
alternative resonance form of QzFe [12].

Incubation of the PS II membranes with in-
hibitors resulted in slight changes in the EPR spec-
tra observed in the dark (fig.1b,d, broken lines).
With dinoseb, o-phen and DCMU a small QxFe
signal at g=1.82 was present in the dark while, in
the control samples with no additions or with 10%
ethanol (not shown), no signal was present in the
dark at g=1.82. This inhibitor-induced formation
of QaFe is attributed to back transfer of electrons
from the small percentage of stable Qg normally
present in the dark [30].

The presence of herbicides has significant effects
on the photoinduced QaFe signals (fig.1b,d).
Although accurate width measurements are dif-
ficult to make due to the broadness of the high
field dip, it can be seen that marked differences in
width are induced by dinoseb and o-phen while
DCMU and ethanol (not shown) have virtually no
effect on the width. Dinoseb induces a narrowing
of the QxFe signal by about 33% and the g=1.87
resonance form of QxFe is almost completely sup-
pressed. Since the g=1.87 signal is associated with
a low field dip at g=1.63 [12], the suppression of
the signal may at least partially explain the observ-
ed narrowing effect. The amplitude of the g=1.82
signal is enhanced by the presence of dinoseb. This
could be due to the narrowing of the signal and/or
conversation of the g=1.87 resonance form to the
g=1.82 form.

The presence of o-phen results in a small yet
significant broadening of the light-induced signal
(=13%). The amplitude of the g=1.82 signal is
not significantly changed by o-phen incubation.
DCMU has a very slight effect on the width of the
g=1.82 signal but close comparison of the signal
in the presence of DCMU with that in control
samples in several experiments indicates that the
slight narrowing present in fig.l is probably not
significant. A large increase in the amplitude of the
QaFe signal is induced by DCMU incubation.
Since the form and width of the signal are hardly
modified, the increase in the intensity of the signal
is probably due to an increase in spins contributing
to the signal. An explanation for this effect can be
postulated using the analogy with the purple bac-
teria. In bacteria, it has been demonstrated that if
QaFe is generated in the presence of QgFe, the two
components interact and this results in a diminu-
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tion and even the disappearance of the signals at
g=1.82[10,30]. This kind of interaction would be
predicted to occur in PS II if Qg is associated with
the iron atom as suggested in [12]. In dark-adapted
chloroplasts a significant amount of Qg is present
[31,32] and the addition of DCMU results in the
loss of Qg due to back transfer of electrons to Qx
[30]. Thus the effect of DCMU could be the re-
moval of dark-stable QgFe and the consequent
disappearance of a magnetic interaction with the
photoinduced QaFe. In agreement with this idea is
the fact that the addition of dichlorodicyanoben-
zoquinone (1.5 mM), an oxidizing agent, also
resulted in a comparable increase in the photo-
induced QxFe signal amplitude (not shown), just
as would be expected if Qp was lost by oxidation.
However the addition of dithionite, which was also
expected to remove Qg by reducing it to QgHa,
had no effect on the signal amplitude (see fig.2b).
The effect of DCMU could still be due to the
removal of an interaction by a change in redox
state of a nearby component, but, if so, the in-
teracting component is probably not Qg. In bac-
teria, the existence of a component other than
QsFe which diminishes the QaFe signal has been
suggested [33]. When samples incubated with in-
hibitors were reduced with sodium dithionite, the
QaFe signals present in the dark showed some
features similar to those of the signals photoinduc-
ed in non-reduced samples (fig.2b). The changes in
the width of the signal are more difficult to discern
under these conditions. This is partly due to lack of
appropriate baselines but may also reflect di-
minished inhibitor binding at low potentials.
When reduced samples were illuminated at
200 K, the split signal attributed to reduced pheo-
phytin (Ph) interacting with the semiquinone—iron
complex (split Ph™) [34] was photoinduced (fig.2a).
The splitting of the Ph™ signal was slightly
modified by the presence of the herbicides. Only
slight differences between the control (=40 G) and
o-phen (=41 G) and DCMU (=44 G) were ob-
served. However dinoseb reduced the splitting to
only =33 G. Whether this effect is a reflection of
the narrowing of the g=1.82 signal itself or of the
loss of the g=1.87 resonance form has not yet
been determined. With all 3 inhibitors an increase
in the amplitude of the split Ph™ was observed.
The changes induced in the QaFe and split Ph™
signals indicate that, in the dark, significant in-
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Fig.2. (a) EPR spectra of the split Ph™ in the presence
of inhibitors. Broken lines, after illumination for 4 min
at 200 K. Instrument settings as in fig.1 except that the
modulation amplituded was 10 G and the instrument
gain was smaller by a factor of 4. (b) EPR spectra of
chemically reduced QaFe in the presence of inhibitors.
Spectra were recorded in dark samples. Instrument con-
ditions as in fig.1.

hibitor binding occurs under reducing conditions.

Dinoseb also affected EPR signals from other
PS II reaction centre components. Signal II dark,
which arises from a component which acts as a
donor to PS II under some circumstances (e.g.
[35]) and which may be due to a cationic semi-
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quinone [36], is almost completely absent in
samples incubated with dinoseb (fig.3a). Other
treatments which have this effect are reducing
agents and some ADRY reagents [35,37].
Oxidized cytochrome bsso gives rise to EPR
signals at g=3.1 and g=3.0 when it is in its high-
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and low-potential form, respectively [38,39]. Fig.
3b shows that cytochrome bsso, which was mostly
in its reduced high-potential form in dark-adapted
PS II membranes, was converted to the oxidized
low-potential form by the addition of dinoseb.
Subsequent illumination of PS II particles at 77 K
results in photooxidation of high-potential cyto-
chrome bssy in the control sample and very little
change in the sample containing dinoseb.

Dark oxidation of cytochrome bsso [40,41] and
removal of signal II dark [37] are properties of
some ADRY reagents. The presence of ADRY
reagents is known to result in the transient photo-
oxidation of carotenoid in PS II [41,42]. This
effect was used as a test of the putative ADRY
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properties of dinoseb. Fig.3c shows that dinoseb
addition does lead to the photooxidation of caro-
tenoid as measured by the characteristic absor-
bance increase at 990 nm after a flash [42]. These
results indicate that dinoseb has ADRY reagent
characteristics as well as its well-known inhibitory
effect on the electron acceptor side of PS II. It is
of note that previous work with dinoseb has in-
dicated a donor side effect {43,44].

The herbicide-induced changes in the semiqui-
none—iron interaction and the consequent effect
on the split Ph™ signal are of interest because they
could lead to a better understanding of the struc-
tural relationship between these two acceptors and
the iron atom.

no adds

. LA,

AA

dinoseb

Fig.3. (a) The effect of dinoseb on Signal II dark. Broken lines, dark; solid lines, after 10 min illumination at 5K.

Instrument settings: temperature, 15 K; microwave power, 65 dB down from 200 mW; frequency, 9.465 GHz; modu-

lation amplitude, 1 G. (b) The effect of dinoseb on cytochrome bssg. Broken lines, dark; solid lines, after 10 min

illumination at 5 K. Instrument conditions as in fig.1 except that the temperature was 15 K. (c) Absorption change at

990 nm induced by one laser flash (20 ns, 600 nm) in PS II membranes (chlorophyll concentration, 4.2 X 1073 M; optical

path, 10nm; 21°C) in buffer with no further addition (upsper trace) or with 33 xM i-dinoseb (maximum A4 =
1.1x107°).
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The effects of dinoseb and o-phen on the semi-
quinone—iron interaction are different to that of
DCMU. This difference might correlate with cur-
rent ideas of their different sites of binding . Dino-
seb is representative of phenolic herbicides which
bind to a reaction centre polypeptide [23,26]. It has
been suggested that o-phen binds to a reaction
centre polypeptide {45]. In contrast, DCMU-type
herbicides bind to the 32 kDa polypeptide [20—23].

While this manuscript was in preparation an ap-
parent effect of DCMU on the amplitude of the
QaFe signal was noted in a cyanobacterium [46].
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