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We have investigated the EPR characteristics of native Q; and Qg analogues in higher plant PS II. We show that,
as in cyanobacteria, an interaction between Q, and Qj iron-semiquinones (Q, -Fe?*-Qp) is observed which gives
an EPR signal near g = 1.6. Bicarbonate binding close to the non-haem iron is required to observe this interaction.
The EPR signal of Q, semiquinone is weak and difficult to distinguish from that of Q,. The appearance of the
g = 1.6 signal from Q, -Fe“-Q,; after 77 K illumination is a better marker for the presence of Qg semiquinone.
The yield of Q, semiquinone in plant PS II is lower than found in cyanobacteria. The brominated quinones
DBMIB, TBTQ and bromanil were used as Q analogues to increase the yield of Q, -Fe?*-Q . These analogues act

by forming a stable semiquinone at the Q site and not by covalent binding.

Introduction

Photosystem 11 (PS II) of cyanobacteria, algae and
higher plants is a membrane-protein complex which
catalyses the light-induced transfer of electrons from
water to plastoquinone. The reaction centre core shows
homology with that of the more highly characterised
reaction centre of purple photosynthetic bacteria [1,2].

In purple bacteria, the quinone electron acceptors
Q, and Qp bind to the reaction centre polypeptides L
and M. Similar binding sites for Q, and Qg of PS II
have been proposed involving the polypeptides D1
(Qp) and D2 (Q,), which show homology to the L and
M polypeptides [1]. In both PS II and purple bacteria,
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a non-haem iron atom is located between the two
quinone binding sites [1,2].

Q, is a single electron carrier, whereas a two-step
plastoquinone reduction and protonation occur at the
Qy site. The plastoquinone binds to the Qg site and
accepts an electron from Q, forming the tightly bound
semiquinone [3,4]. Following another turnover of the
reaction centre, a second electron is transferred from
Q.. After protonation, the plastoquinol formed has
low binding affinity and is released or exchanged with
plastoquinone. In PS II, the non-haem iron can be
oxidised by ferricyanide and by some exogenous
quinones which act through the Qg site [5,6]. The Q
binding niche is also the site of interaction of some
types of electron transport inhibitor. These include the
phenolic and urea type of herbicide inhibitor as well as
substituted benzoquinones [7].

The semiquinones of Q, and Qp, produced either
chemically or photochemically, can be detected by EPR.
The lineshape and g-value of the signal obtained is
influenced by the nearby non-haem iron and the result-
ing ‘iron-semiquinone’ spectrum of both Q, and Qg
are broad. In purple bacteria, both Q;{-Fe2+ and Qg-
Fe?* give similar EPR signals with first derivative
peaks near g = 1.8 [8].

In PS 1I the situation is complex, with more than
one lineshape form of Qx-Fe?* occurring. Initially, a
signal with a lineshape similar to that of purple bacte-
ria was identified (the g=1.8 signal) [9,10). Subse-
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quently two more signals were identified, the g=1.9
signal [11] and the g = 1.6 signal [12,13]. The g=1.9
and g = 1.8 signals were observed under different con-
ditions, the g = 1.9 signal being seen above pH 7 and
when bicarbonate was bound to the PS II reaction
centre and the g = 1.8 signal at low pH and when
bicarbonate was displaced by formate [14]. In the pur-
ple bacterial reaction centre the ligands to the non-
haem iron are four histidines and a glutamate [1,2]. In
PS II, the bicarbonate has been suggested to bind to
the non-haem iron replacing one or both of the gluta-
mate ligands found in purple bacteria (Refs. 1,13,15-18
and Nugent and co-workers, unpublished data).

The g=1.6 iron-semiquinone signal was found in
cyanobacterial PS II preparations [12,13] and identified
as arising from either the interaction of Q, and Qyg
iron-semiquinones in the same centre {13] or from a
different conformational form of Qj-Fe’* resulting
from structural differences between cyanobacterial and
plant binding sites [12]. We have recently shown that
the signal is indeed formed by the interaction of Q,
and Qg iron-semiquinones [20].

The EPR spectrum of Qg-Fe?* in PS II has re-
ceived less attention. Rutherford et al. have suggested
that a g =1.9 form occurs [21], whilst a g = 1.8 form
and g =19 signal have also been attributed to Qg-
Fe2+ [22].

We have now characterised EPR signals from the
native Qg semiquinone and halogenated Qg analogues
in higher plant PS II. We show that an interaction
between the Q, and Qg semiquinones occurs, as in
cyanobacteria. This requires the bicarbonate-bound
form of PS II, accounting for the lack of this signal in
purple bacteria. Our results also allow further explana-
tion of the effects of brominated 1,4-benzoquinones on
PS 1I [23-26]. The understanding of the conditions
required for each iron-semiquinone lineshape now en-
ables preparations with characteristic spectra to be
defined.

Materials and Methods

Chloroplast thylakoid membranes (12 mg Chl/ml)
and PS-II-enriched membranes were prepared by the
method of Ford and Evans [27] from market spinach
(Spinacea oleracea), barley mutant zb® (Hordeum vul-
gare) or pea (Pisum sativum) var. Feltham First. A
Triton X-100 detergent /Chl ratio of 22.5/1 was used
at an incubation concentration of 2 mg Chl/ml. Sam-
ples were stored and used in 20 mM Mes-NaOH, 5
mM MgCl,, 15 mM NaCl and 20% (v/v) glycerol (pH
6.3). For samples at pH 7.5, a buffer of 40 mM Hepes,
10 mM NaCl, 5 mM MgCl,, 20% glycerol (pH 7.5) was
used. Pea or spinach PS II membranes (BBY’s 10 mg
Chl/ml)) showed identical characteristics for these ex-
periments.

HTG PS II (4-5 mg Chl/ml) was prepared by a
method based on that of Enami et al. [28] described in
Ref. 29. Chl 2 and b measurements were made using
the method in Ref. 30. EPR was used to check batches
of BBY’s to ensure that samples initially contained
centres with bicarbonate bound (i.e., no g= 1.8 type
Q, iron semiquinone signal). PS II preparations were
also checked to ensure that PS I and the cytochrome
bs/f complex were absent, so that any effects were
clearly attributable to PS II.

PS I (1 mg Chl/ml) from the cyanobacterium
Phormidium laminosum was prepared as in Ref. 13
based on the method of Stewart and Bendall [31] but
using the detergent N-dodecyl-N, N-dimethylammonio-
3-propanesulfonate (Serva, Heidelberg) [32]. It was re-
suspended in 10 mM Hepes 10 mM MgCl,, 5 mM
disodium hydrogen phosphate and 25% v/v glycerol
(pH 7.5).

Duplicate 0.3 ml samples in 3 mm diameter EPR
tubes were treated as described in the figure legends.
Dimethylsulfoxide or ethanol used as solvent for
quinones and herbicides was kept below 2% (v/v).
Quinones (DCBQ, PPBQ TBTQ, DBMIB and bro-
manil) were used at a concentration of 500 uM, DCMU
at 200 uM, OP at 1 mM and FCCP at 250 uM.

PS II samples were illuminated for 30 s at room
temperature with a 650 W light source fitted with a 2.5
cm water heat filter. They were then dark adapted for
30-45 min. These conditions were found to maximise
Qp semiquinone levels [20] and termed the ‘Qy
semiquinone protocol’. The samples were then frozen
to 77 K and stored at 77 K in darkness until EPR
spectra were taken.

77 K illumination of PS II to reduce Q, was per-
formed using an unfiltered 650 W light source directed
at the sample placed in liquid nitrogen in a silvered
dewar. 5 min illumination under these conditions pro-
duced maximum photoreduction of Q,.

EPR spectrometry was performed at cryogenic tem-
peratures using a JEOL REI1X spectrometer fitted
with an Oxford Instruments liquid helium cryostat.
Spectra were recorded and manipulated using a Dell
microcomputer running ASYST software. Character-
istic lineshapes were established by examining several
sets of samples involving separate batches of PS II
preparations. EPR conditions for the spectra shown
were: microwave power, 10 mW, temperature, 4.4 K
and modulation width, 1.25 mT.

Results

Higher plant PS II was investigated to determine
whether the g=1.66 EPR signal from Q,-Fe’*-Qjg
found in cyanobacteria [20] could be detected. Fig. 1
compares iron-semiquinone EPR signals in pea PS II
either frozen to 77 K under illumination (Fig. 1a) or
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Fig. 1. Iron-semiquinone EPR spectra of pea PS Il and P. laminosum

PS 11. (a) The spectrum of Q,. The sample was frozen under

illumination and stored in the dark for 1 week at 77 K, and then Q4

was photoreduced by 77 K illumination. (b) and (c) Spectra induced

by 77 K illumination of samples frozen in the dark after treatment by

the Qg semiquinone protocol. Pea PS II sample (b) and P. laminosum
PS 1I (c). Other conditions as in Materials and Methods.

illuminated at 77 K following a 45 min period of dark
adaptation after illumination at 0°C (Fig. 1b). The
lineshape differences are clear with the spectrum in
Fig. 1b having a peak at g = 1.63 which can be com-
pared with the spectrum of Qj-Fe?*-Q5 obtained by
illumination of Phormidium laminosum PS 1I at 77 K
(Fig. 1c). As Fig. 1a shows, the illumination during
freezing ensures the double reduction of Qp, whilst the
protocol used to obtain the spectra in Fig. 1b and 1c
maximises the Qg semiquinone levels before freezing
[20].

The g =1.63 peak in Fig. 1b is observed only below
20 K, increasing in size as the temperature is lowered.
Detection of the peak also requires high microwave
powers, suggesting the involvement of a transition metal
consistent with the assignment to Qx-Fe?*-Qg. The
mixture of g=19 and g= 1.6 forms detected in Fig.
1b suggests that Qg semiquinone cannot be generated
in all centres as in the cyanobacterial PS II. This may
be due to decay of some of the Qp semiquinone
formed by the illumination at room temperature or to
a restricted pool of plastoquinone in the isolated PS II.
The shift in g-value compared to the cyanobacterial
signal could be caused by a variety of factors, including
the isolation procedure or slight differences in struc-
ture of the quinone binding pockets.

The detection of EPR signals from iron-semi-
quinones in untreated thylakoid membranes is difficult.
This is due to the presence in the spectrum of stronger
signals from PS I iron-sulphur centres, which are also
photo-reduced by 77 K illumination. However Fig. 2
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shows that the higher field location and characteristic
EPR conditions allow the g=1.63 signal to be ob-
served in thylakoid membranes. In Fig. 2a a sample
subjected to the Qg semiquinone protocol displays a
g = 1.9 spectrum in the dark which can be attributed to
Qg-Fe?". The g = 1.9 form of the signal indicates that
it is from centres where bicarbonate is bound [14,21-
22]. Following 77 K illumination to photoreduce Q,
(Fig. 2b), changes in the g = 1.9 region are obscured by
reduction of iron-sulphur centre A of Photosystem I
(arrowed) but the production of a broad signal near
g = 1.63, attributed to Q,-Fe?*-Qg, is observed. The
signal was also observed in chloroplast membranes
from the barley mutant zb® (Fig. 2c) which lacks
photosystem 1. Fig. 2d shows the spectrum obtained
from isolated Triton X-100-prepared PS II for compar-
ison. The peak near g = 1.6 is therefore a character-
istic of native PS II and is not a result of changes
induced by preparative procedures.

Further confirmation of the identity of the signal
near g = 1.6 was provided by the addition of PS II
herbicide inhibitors or exogenous electron acceptors
prior to the Qg semiquinone protocol and 77 K illumi-
nation. Fig. 3a shows the untreated PS II sample
exhibiting both g=19 and g= 1.6 signals. Fig. 3b
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Fig. 2. Iron-semiquinone EPR spectra of thylakoid membranes (a—c)
and pea PS II. (a) Pea thylakoid membranes frozen in the dark. (b)
77 K illuminated minus dark spectrum of sampie in (a). (c) 77 K
illuminated minus dark spectrum of barley 7b%? mutant thylakoid
membranes. (d) 77 K illuminated minus dark spectrum of pea PS II.
The EPR signals from iron-sulphur centre A of PS I in (b) are
arrowed. Other conditions as in Materials and Methods.
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Fig. 3. Iron-semiquinone EPR difference spectra of pea PS II sam-

ples. 77 K illuminated minus dark spectra of samples prepared using

the Qg semiquinone protocol. (a) No additions or treated with (b)

DCBQ (¢) PPBQ (d) DCMU and (e) OP. Other conditions as in
Materials and Methods.

shows the sample containing the Qg analogue DCBQ ,
an electron acceptor known to have a relatively stable
semiquinone and a limited ability to oxidise the non-
haem iron [5,6,33,34]. Only a slight change in the
lineshape and size of the signal occurs. Fig. 3¢ shows
that when PPBQ, an electron acceptor with a
semiquinone capable of oxidising the non-haem iron
[5,6], is used, the g= 1.6 signal is removed and the
g =19 lineshape is sharpened and its amplitude is
decreased.

Addition of the inhibitors DCMU (Fig. 3d) and
o-phenanthroline (OP, Fig. 3e), which act by competing
for the Qg binding site, results in the absence of the
the g=1.6 signal. DCMU produces a characteristic
mixture of g =1.9 and g =1.8 Q,-Fe" signals at this
pH, suggesting that two types of binding occur, one of
which causes displacement of bicarbonate from the
non-haem iron. OP produces a g= 1.9 signal with a
broadened trough near g = 1.7 as noted previously [35].

In order to remove the effects of Qg redox changes
from experiments on the charge accumulation process
of the water oxidation system, Lavergne [36] used FCCP
to cause rapid decay of the higher S states, S2 and S3.
This prevented the decay of Qg which would have
undergone backreaction with S2 or S3 in untreated
samples. Fig. 4 shows that use of FCCP to increase the

yield of Qg also increases the yield of the g=1.63
signal (Fig. 4b).

The above results assign the g = 1.6 signal to Q-
Fe'“-Qg . It is also apparent that the ability to gener-
ate the signal is decreased in PS II compared to
thylakoid or cyanobacterial membranes. Jt has been
suggested previously that PS II prepared with Triton
X-100 is depleted in plastoquinone [6]. Therefore, a
quinone which would act as an artificial Qg was sought
in order to increase the yield of the g = 1.6 signal.
Some quinones such as PPBQ are eliminated due to
their ability to oxidise the non-haem iron through the
Qg site in their semiquinone form [5,6]. However,
halogenated 1,4-benzoquinones have relatively stable
semiquinones [34] and, as indicated by DCBQ in Fig. 3,
allow the observation of the g = 1.6 signal. Tribromo-
toluquinone, TBTQ, was used to form a modified
g=1.6 signal in Ref. 20. We tested a number of
quinones and found the brominated quinones DBMIB,
bromanil and in particular TBTQ to be useful as Qg
substitutes for further experiments.

Fig. 5 (left) shows the dark EPR spectra of samples
containing the brominated quinones which were treated
using the Qg semiquinone protocol. Fig. 5a shows the
g =19 signal from Qg-Fe®* in an untreated PS II
sample. When DBMIB is present a trough in the
g=19 region was observed (Fig. 5b), whilst in the
presence of TBTQ (Fig. 5¢) or bromanil (Fig. 5d) a
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Fig. 4. EPR spectra showing the increased g = 1.63 peak (Qj-Fe?*-

Qg) in FCCP treated samples. 77 K illuminated spectra of Qg

semiquinone protocol prepared samples. (a) No additions; (b)
FCCP-treated. Other conditions as in Materials and Methods.
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Fig. S. Iron-semiquinone EPR spectra of brominated quinone-treated samples prepared using the Qg semiquinone protocol. Dark (left) and 77K
illuminated minus dark (right) difference spectra. (a, €) no additions and treated with (b, f) DBMIB (c, g) TBTQ and (d, h) bromanil. Other
conditions as in Materials and Methods.

broad g = 1.8-type signal with a trough centered in the
g=106to g=1.7 region was observed. The character-
istics of this signal are described elsewhere [19] but the
temperature, lineshape and microwave power satura-
tion properties are consistent with its arising from a
semiquinone interacting with the non-haem iron. Fig. 5
(right) shows the 77 K illuminated-minus-dark differ-
ence spectra. Following 77 K illumination, peaks be-
tween g=1.6 and g=1.7 (Q,-Fe**-Q;) are gener-
ated in the untreated, TBTQ and bromanil samples
consistent with the presence of Qg-Fe?*in the dark.
The peaks near g =1.6 are broader and shifted to
higher g-values compared with the native signal.

The DBMIB sample (Fig. 5b) has a g = 1.9 signal
following illumination, suggesting that the interaction
between Q, and Qg semiquinones is absent. The in-
creased amplitude of the g=1.9 signal results from
illumination at 77 K both removing the trough seen in
the dark (possibly DBMIB ~-Fe?*) and inducing a g =
1.9 signal (Q7-Fe?*).

The binding of the brominated quinones was also
studied using the EPR signal from the oxidised non-
haem iron [5,6]. Exogenous quinones bound to the Qg
site have been shown to affect this signal [37], causing
changes in the lineshape and splitting of the major
peaks near g = 6. Fig. 6 shows the EPR spectrum of
the photoreduced non-haem iron in PS II samples
oxidised by ferricyanide. The spectra were obtained by
subtraction of the 77 K illuminated spectrum from the
dark spectrum. The oxidised non-haem iron acts as an
electron acceptor and is photoreduced at this tempera-
ture. In oxidised PS II (Fig. 6a), the characteristic

peaks at g=8.1 and g = 1.6 are seen. In the DBMIB
sample (Fig. 6b), the oxidation of the non-haem iron is
decreased, whilst in the TBTQ (Fig. 6¢) and bromanil
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Fig. 6. EPR spectra of the ferricyanide oxidised non-haem iron. Dark

minus 77 K illuminated (Fe3* photoreduced) difference ‘spectra of

samples at pH 7.5. (a) No additions or treated with (b) DBMIB (c)

TBTQ or (d) bromanil prior to ferricyanide treatment. Other condi-
tions as in Materials and Methods.



186

samples (Fig. 6d) there are also lineshape and g-value
changes. These are all indicative of the binding of
these quinones in the Qg pocket.

Although larger g = 1.6 EPR signals were obtained
if the Qg semiquinone protocol was followed after
addition of TBTQ, the yield of Qg-Fe?* obtained
from samples dark adapted for 4 h without prior illu-
mination was also greatly increased in the presence of
TBTQ. This suggested that TBTQ semiquinone was
relatively stable and was present in the stock solution
or generated by interaction with PS II components
such as native Qg in the dark. Examination of stock
solutions revealed that DCBQ, DBMIB, TBTQ and
bromanil all gave EPR signals near g =2 from the
respective anionic semiquinones (not shown).

Renger and co-workers [24-26] suggested that one
mode of action of TBTQ was possibly through covalent
binding in the Qg pocket. Fig. 7 shows that we have
investigated this using competition with DCMU. Fig.
7a shows the spectrum in the dark of a TBTQ-contain-
ing sample treated by the Qg semiquinone protocol
and which has the signal attributed to TBTQp-Fe?*.
This signal is decreased if DCMU is added after illumi-

1
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Fig. 7. EPR spectra showing competition between TBTQ and DCMU
for the Qp binding site. Spectra a—c are spectra before and d-f are
spectra following 77 K illumination. Samples (a) and (d) are TBTQ-
treated and prepared using the Qg semiquinone protocol. Samples
(b) and (e) are TBTQ-treated, illuminated at room temperature as in
the Qg semiquinone protocol and then DCMU-treated before freez-
ing to 77 K in the dark. Samples (c) and (f) are TBTQ-treated and
DCMU is added before the illumination step of the Qg protocol.
Other conditions as in Materials and Methods.

mT 350 400 450

Fig. 8. EPR spectra showing the bicarbonate requirement for the
interaction between Q, and Qg. Spectra shown are HTG PS II after
77 K illumination. (a) and (b) HTG PS II at pH 6.0 and (¢) and (d) at
pH 7.5. Samples (a) and (c) had no additions whilst (b) and (d) were
TBTQ treated. Other conditions as in Materials and Methods.

nation of a TBTQ sample at room temperature (Fig.
7b) and completely removed if DCMU is added before
the period of illumination (Fig. 7¢). 77 X illumination
of samples a—c then produces EPR spectra which
contain g = 1.65 signal in the TBTQ sample a (Fig.
7d), a trace of g = 1.65 signal in sample b (Fig. 7¢) and
no g = 1.65 signal in sample ¢ (Fig. 7). This shows that
DCMU is able to displace TBTQ and suggests that it is
more difficult to displace TBTQ in the semiquinone
form, TBTQg. The data confirm the relationship of
the dark (Qg-Fe?*) and 77 K illuminated (Qg-Fe®*-
Q,) signals and shows that covalent binding of TBTQ
does not occur under our experimental conditions.

PS 11 preparations which lack native Qg and which
can either retain or lack bound bicarbonate have re-
cently been developed [29] using the detergent HTG.
These were used to determine whether bicarbonate
binding was required in order to detect the g=1.6
signal. Fig. 8 shows that in the absence of bicarbonate
in HTG PS II samples at pH 6 a peak at g = 1.84 (Fig.
8a) is obtained upon 77 K illumination which is only
slightly altered by the presence of TBTQ (Fig. 8b).
Untreated HTG PS 1II samples at pH 7.5 which retain
bicarbonate give a g = 1.9 signal from Q;-Fez’r follow-
ing 77 K illumination (Fig. 8¢) but samples containing
TBTQ give the g = 1.6 signal from Qz-Fe**-Q, (Fig.
8d). This result shows that bound bicarbonate is. re-



quired to observe the interaction between the
semiquinones producing the g = 1.6 signal.

Discussion

We have shown that two sources of heterogeneity in
PS H preparations, bicarbonate bound or absent and
Qg bound or absent can now be monitored by EPR.

We have demonstrated that the interaction discov-
ered in cyanobacteria [12,13,20] between the semi-
quinones of Q, and Qg also occurs in higher plant PS
II. An important observation is that bicarbonate bind-
ing to PS 11 is required for this interaction. McDermott
et al. [12] speculated that differences between cyano-
bacteria and higher plants in the amino-acid sequence,
and therefore in the structure of the quinone binding
loops, resulted in a cyanobacterial g = 1.6 signal from
Q. -Fe?*. We have shown that this is not so [20], but
structural differences may account for the g-value dif-
ferences between the interaction of Q, and Qg
semiquinones in cyanobacteria and plants.

The alteration of the EPR characteristics of the iron
semiquinones in PS II by bicarbonate binding could
explain the absence of the signal in photosynthetic
bacteria. The interaction of the two semiquinones in
photosynthetic bacteria reduces the size of the iron
semiquinone signals [38] and can be explained as an
exchange interaction resulting in spin states with inte-
ger total spin. These can be EPR-silent or give altered
EPR spectra. Clearly the interaction in PS 1I is differ-
ent, which may be a result of the bound bicarbonate or
may involve a third paramagnetic species. The only PS
II species always present in our experiments when the
g=1.6 signal was formed was oxidised cytochrome
b-559. Further experiments will investigate the possible
influence of this centre. The physical parameters which
may give rise to the lineshapes of the iron-semiquinone
signals are discussed further in Ref. 19,

Rutherford et al. [21] showed that a change in
g = 1.9 lineshape occurred under conditions where Q,
to Qg electron transfer was possible and attributed this
to Qg-Fe?*. In this paper and previously [22] we have
also shown that Q5-Fe?* can have a g = 1.9 lineshape
similar to that of Q-Fe**. However, we also show
that changes in the g = 1.9 lineshape occur as a result
of addition of herbicides or the interaction of the Q,
and Qp semiquinones (Figs. 3-5). The most appropri-
ate marker for Qg -Fe?* is therefore the appearance of
the g = 1.6 signal following 77 K illumination.

DBMIB was introduced as an inhibitor of photo-
synthetic electron transport 20 years ago [39]. Further
work has shown that halogen-substituted 1,4-benzo-
quinones can inhibit at Photosystem II and the cy-
tochrome b/f complex [23]. A direct interaction be-
tween certain halogen substituted 1,4-benzoquinones
(e.g., DBMIB) and the Rieske iron-sulphur protein of
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the cytochrome b/f complex has been demonstrated
by EPR [40]. We have now demonstrated that bromi-
nated quinones, especially TBTQ and bromanil, can be
used as a substitute Qg in PS II to study Qg behaviour.

Previous studies on brominated 1,4-benzoquinones
have suggested tight (possibly covalent) binding to PS
I1. However, covalent binding was not a prerequisite
for inhibition, as this occurred immediately, whilst co-
valent attachment was time-dependent [24-26]. Studies
showed that, when added before DCMU, these
quinones were able to accept electrons from Q, in a
DCMU-insensitive reaction. However preincubation
with DCMU prevented binding. The conclusion was
that either TBTQ bound tightly at the Qp site and was
modified by allosteric effects on DCMU binding or
that a DCMU-TBTQ exchange occurred which is fast
in the light and slow in the dark [26]. Our experiments
show that the latter mechanism operates as TBTQ is
bound as the semiquinone in the dark. In Refs. 24 and
26 this allowed a single turnover of the PS II reaction
centre to give the quinol, which could then be dis-
placed more easily by DCMU.

The affinity of Qp for its binding site is known to be
much higher in the semiquinone form [3,4). The effect
of the tight binding and stability of the TBTQ
semiquinone is to lower its redox potential [3,4,34].
This explains the absence of oxidation of the non-haem
iron by TBTQ semiquinone, as this has been shown to
depend on the redox potential of the Qg /QgH, cou-
ple. Oxidation of the non-haem iron by ferricyanide is
also slowed, as the quinone in the Qp site reduces
accessibility of ferricyanide to the iron.

The characteristics of the TBTQg-Fe?* signal are
similar to the g = 1.8 type bicarbonate-free Q,-Fe?*
signals. However, following illumination to reduce Q,,
the g =1.9 and g = 1.6 signals are still observed, indi-
cating that bicarbonate is still bound. Blubaugh and
Govindjee [15] have proposed two sites of bicarbonate
binding: (1) a binding to the non-haem iron and D2 in
a structural role and (2) a binding to an arginine on D1
and a role in protonation. If TBTQ displaces bicarbon-
ate from only the D1 Qy site this would account for
the EPR characteristics of the iron-semiquinone , oxi-
dised non-haem iron and the inhibition of electron
transfer as protonation of Qg would be impaired.

Further experiments will investigate these aspects as
well as the protonation events at the Qy site.
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