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1. Introduction

Photosystem II {PS II) of green plants oxidizes
water and reduces plastoquinone (PQ). The reduction
of 1 PQ molecule requires 2 consecutive photoreac-
tions of a PS II center and involves 2 bound PQ mole-
cules. The ‘primary’ PQ molecule Q is reduced photo-
chemically to the semiquinone state Q™ and it in turn
reduces a ‘secondary’ PQ molecule R to the semiqui-
none state R™. When Q is photo-reduced a second
time, it reduces R™ to the fully reduced plastoquinol
state RH,; protons are taken up in this process also,
in a manner that is still unclear [1--3].

It was originally assumed that R was a permanent
component of PS I1. However, I have proposed that,
except while semireduced, it exchanges rapidly (>50
s~1) with freePQ(H,) diffusing in the membrane [4].
By implying that its binding site is frequently left
vacant, this view suggests a simple hypothesis for the
mechanism by which a variety of compounds prevent
PQ reduction, i.e., that the binding of PQ and of
inhibitor (I) to PS II centers with vacant secondary
PQ binding sites (PS IL,) are competitive reactions:

PS I1, + PQ «—> PS 11 - PQ 1)

PSIl, +1 <——>PSII-I )

Inhibitor binding prevents the secondary PQ binding
and thereby also prevents its reduction. Conversely,
secondary PQ binding prevents inhibitor binding {4].
An interesting consequence of this proposed mech-
anism of inhibitor action is that the redox state of PS
11 should affect inhibitor binding, as experimentally
observed [4]. Results obtained with antimycin A and
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dibromothymoquinone (DBMIB) will further illustrate
the phenomenon.

2. Methods

Broken chloroplasts were isolated, concentrated,
and stored in the dark at 4°C [5]. Additions, e.g., of
inhibitors, were made at the time of dilution, 30's
before each measurement. Absorbance changes in-
duced by short (few us) Xe-flashes were measured [5].

Flash-induced formation of PQH, was monitored
at ~320 nm, the peak of the PQ - PQ~ difference
spectrum [6-8). Fig.1 illustrates this method and
presents the absorbance changes induced by 3 consec-
utive flashes with long-term dark-adapted (~1 day)
chloroplasts. Hardly any PS 1I centers of such chloro-
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Fig.1. Flash-induced absorbance changes at 319 nm (5 nm
half bandwidth) in chloroplasts dark-adapted at 4°C for 1
day. The broken line represents the signal obtained on the
second flash when 10 uM diuron was added before the mea-
surement. Intervals between flashes, 0.1 s. Reaction medium,
25 mM Hepes—NaOH (pH 7.5). Artificial donor (1 mM
NH,OH) was added 30 s before each measurement to abolish
interfering absorbance changes of the PS II donor side [13]:
chlorophyll was 100 pg/ml; optical pathlength, 2 mm; elec-
tronic time response, 50 us.

2717



Volume 126, number 2

plasts contain PQ™ before the illumination. Each of
the flashes initially induces an absorbance increase
caused by a PQ~ formation. Only when the centers
contain a pair of PQ™ molecules (which requires 2
flashes since no PQ~ was present at the start) does a
large and rapid absorbance decrease follow the absorb-
ance increase [9,10]. This absorbance decrease is
ascribed to the dismutation of PQ™ pairs and the for-
mation of PQH, according to the reaction [11,12]:

2PQ~ +2H ~ PQ + PQH,

The PS II inhibitor diuron greatly inhibits the absorb-
ance increase by the second flash and also the post-
flash decrease [10] (fig.1, —). The residual changes
in the presence of diuron probably result from PS
I-associated reactions rather than PQ~.

3. Results and discussion

3.1. Inhibition of POQH, formation by antimycin

Fig.2 shows the effect of antimycin on PQH, for-
mation. The measurements, some of which are repro-
duced in the insert of fig.2, monitor PQH, formation
as PQ™ decay after the second flash of a flash pair
(see section 2). They show that high concentrations
of antimycin inhibit PS I much like diuron (cf. fig.1).
However, its efficacy greatly diminishes as the interval
between the 2 flashes increases from 3—200 ms.

These results can be understood by considering
both the conversions (1) and (2) discussed earlier and
the electron transfer between primary PQ (Q) and
secondary PQ:

PS I(Q") - PQ «—> PSII(Q) - PQ~ 3)

The centers can be in 4 different states before the
first flash: (a) contain secondary PQ;{(b) have a vacant
binding site; {¢) contain inhibitor; or (d) contain PQ~
{because of insufficient dark-adaptation, ¢f. [10]).
However, only the first 3 states are relevant. Those
centers that contain PQ~ will form PQH, after the
first, not the second, flash; therefore, they can be
ignored for the interpretation of fig.2.

In the centers that start with PQ at their binding
site, conversion (3) will occur after the first flash and
be largely complete within 3 ms [14—16]. Almost
complete conversion is also evident by noting that, in
the absence of inhibitor, further increases in the flash
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Fig.2. Flash-induced PQH, formation, measured as PQ~
decay between 0.1 msand 2 ms, at 0 uM, 80 uM and 200 uM
antimycin, as function of dark time (>3 ms) between pre-
flash and measuring flash. Chloroplasts dark-adapted for
6-10 h at 4°C. Reaction mixture, MOPS-—-NaOH 25 mM (pH
7.0). Wavelength, 319 nm. Some of the original data from
which the figure is constructed are reproduced in the insert
(dark time, 6 ms).

interval cause little increase in PQH, formation (a
small slow phase, however, is always observed, also
in [14—-16}). This conversion (3), in conjunction with
conversion (1), will cause a decrease in the concentra-
tion of centers with vacant binding sites, which in
turn drives conversion (2) to the left, The centers that
are thus freed of inhibitor subsequently bind PQ,
reduce it by conversion (3), and form PQH, after the
final flash of the flash pair in a normal manner.
Although phenomena identical to the antimycin
action are observed with other inhibitors of PQH,
formation, the ~25 s~ release rate of antimycin
(derived from fig.2) is unusually high. It is ~25-times
faster than that of o-phenanthroline [17] and ~250-
times faster than that of diuron [18].

3.2. Inhibition of PQH, formation by DBMIB
Under many conditions, DBMIB appears to selec-
tively inhibit PQH, oxidation by the cytochrome
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Fig.3. Flash-induced PQH, formation at 0 uM, 0.6 uM and
2 uM DBMIB, as function of dark time (>30 ms) between
pre-flash and measuring flash. Measurements as for fig.2.
Chloroplasts dark-adapted for 5—8 h at 4°C (pH 7.5). The
decrease with time at 0 uM is due to PQ~ reoxidation by e~-
backflow to the PS II donor side (it is inhibited by artificial
donor).

be—f complex [19]. However, some inhibition of

PQ reduction was also observed [19,20]. Confirma-
tion for this inhibition has been obtained by mea-
suring the decay of chlorophyll fluorescence after
flashes (Bowes and Crofts, personal communication).

The effect of low DBMIB concentrations on PQH,
formation after the second flash of a flash pair is
presented in fig.3. The interval between the first and
second flash varied from 30 ms to 10s. As also observed
in fig.2, varying the flash interval had little effect on
the PQH, formation in the control (no inhibitor). At
short flash-spacings (and low concentrations), DBMIB
inhibits PQH, formation only slightly. However,
increased flash-intervals considerably increase inhibi-
tion. At very long intervals, DBMIB inhibits PQH,
formation very effectively (fig.3, 0.6 uM and 2 uM,
10 s interval).

This e ~-induced binding of inhibitor is readily
explained by the same hypothetical conversions used
for the e -induced inhibitor release, if we in addition
allow electron transfer between Q- and DBMIB:

PSIQ™)-1<——>PSIKQ) I “
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If semireduced DBMIB (1) is restrained (like PQ™)
from leaving the reaction center, then conversion (4)
drives conversion {2) further to the right, and the
number of centers containing inhibitor tends to
increase. This process competes with reactions (3)
and (1), which tend to cause decreased inhibitor
binding. Thus, the increased DBMIB binding that we
obtain as a net result simply means that the semiqui-
none/quinone potential of (bound) DBMIB is higher
than that of (bound) PQ.

An actual signal under fig.3 conditions [2 uM
DBMIB added, 10 s interval between pre-flash (first
flash) and final flash (second flash)] is shown in fig.4
(insert). In contrast to what is seen when such non-
reducible inhibitors as diuron and antimycin are used,
it is not the production of PQ~ by the second flash
that is abolished, but only its rapid reoxidation. Since
slow decay of the semiquinone signal still occurs it
indicates that either PQ~ or semireduced DBMIB, or
both, are slowly converted (the extinction coefficient

T T T
0 100 200 300
Flash interval, ms

Fig.4. PQ- yield (absorbance increase at 0.1 ms, 319 nm) of
a third flash in the absence and presence of 2 uM DBMIB, as
function of the dark time (>3 ms) after the second flash.
Dark time between the first and the second flash, 10 s. An
artificial donor (40 uM tetraphenylboron) was added 30 s
before the first flash (pH 7.5). Chloroplasts dark adapted for
1 day (at 4°C). Insert: the absorbance changes induced by
the second flash under the above conditions (with 2 uM
DBMIB). Electronic rise time, 0.5 ms. The downward spike is
a flash-caused artifact.
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Fig.5. Summary of the conversions of the acceptor complex
of PS II caused by light (h») and by binding and release of
PQ and inhibitor (I). The several possible states are tagged
with numbers. In the antimycin experiments, the centers
started predominantly in state 3. After photo-conversion to
state 7, we observed a dark-conversion to state 4. We assume
the conversion pathway to be 7— 6 — 5 — 4. In the DBMIB
experiments, the centers started predominantly in state 1.
After photo-conversion to state 5, they initially reached state
4; subsequently, however, a dark-conversion to state 8
occurred. We assume the pathway of this conversion to be
4—>5->6-7-8.

of semireduced DBMIB is-unknown). Kinetics that
are similar to those of the semiquinone decay, i.e.,
~30 ms (first) half-time, were detected for the reoxi-
dation of primary PQ~ by measuring the PQ~ yield of
a third flash as a function of the dark time after the
second flash (fig.4, main panel). This primary PQ~
reoxidation did not — by a (conceivable) expulsion of
semi-reduced DBMIB followed by binding and semi-
reduction of PQ — form secondary PQ™: the third
flash produced very little PQH, (monitored as rapid
PQ~ decay) (not shown). After considering this evi-
dence, we conclude that primary PQ™ reacts with
semireduced DBMIB to produce the quinol form of
DBMIB. This species subsequently should be released,
i.e., replaced by, mostly, PQ. If the quinol form of
DBMIB were not released, irreversible inhibition
would result, which is not observed [20].

These interpretations of the DBMIB effects and
of the effects of non-reducible inhibitors are summa-
rized in fig.5.

4. Concluding remarks

A brief discussion of antimycin effects seems
justified. In mitochondria and in several species of
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bacteria, antimycin specifically binds at the cyto-
chrome b—c¢ complex and inhibits its function [21],
most likely by preventing the reoxidation of cyto-
chrome b pairs by ubiquinone [22]. In contrast, in
chloroplasts, the cytochrome b¢—f complex appears
relatively insensitive to antimycin [23]. However, low
antimycin concentrations may inhibit the specific
step of endogenous cyclic flow [24,25],1.e., PQreduc-
tion by ferredoxin [26], which is catalyzed by an
unidentified enzyme. At relatively high antimycin
concentrations (>1 per chlorophyll), PQ-mediated
electron flow between PS Il and PS | also is affected
[27]. As shown above, the reduction of PQ by PS 11
is one of the steps that is weakly sensitive to anti-
mycin. Thus, the results suggest that antimycin, like
DBMIB and many other inhibitors of quinone medi-
ated electron flow [4], is a general quinone-antagonist
that, with varying efficacy, competes with quinone
for binding at the active sites of several quinone-con-
verting enzymes.

It seems likely that the competition between qui-
none and inhibitors at other quinone-converting
enzymes is also redox-state dependent. A direct parallel
of the inhibitor—PS Il interaction is the binding of
ubiquinone reduction inhibitors at reaction centers of
photosynthetic bacteria [28,29]. Antimycin binding
to the cytochrome b—c complexes of mitochondria
is a more interesting, still unanalyzed, analogy; this
binding also was affected by the reduction state of
the enzyme [21].
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