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The main cofactors involved in Photosystem II (PSII) oxygen evolution activity are borne by two proteins, D1
(PsbA) and D2 (PsbD). In Thermosynechococcus elongatus, a thermophilic cyanobacterium, the D1 protein is
predominantly encoded by either the psbA; or the psbAs; gene, the expression of which depends on the
environmental conditions. In this work, the Qp site properties in PsbA1-PSIl and PsbA3-PSII were probed
through the binding properties of DCMU, a urea-type herbicide, and bromoxynil, a phenolic-type herbicide.
This was done by using helium temperature EPR spectroscopy and by monitoring the time-resolved changes

Ilgl?;‘;voos;dsst.em 11 of the redox state of Q 5 by absorption spectroscopy in PSII purified from a Hise-tagged WT strain expressing
D1 protein PsbA1 or from a Hise-tagged strain in which both the psbA; and psbA, genes have been deleted and which
PsbA protein therefore only express PsbA3. It is shown that, in both PsbA1-PSII and PsbA3-PSII, bromoxynil does not bind to
Herbicide PSIl when Qg is in its semiquinone state which indicates a much lower affinity for PSIl when Q4 is in its

EPR semiquinone state than when it is in its oxidized state. This is consistent with the midpoint potential of Qs /Qa
Absorption change being more negative in the presence of bromoxynil than in its absence [Krieger-Liszkay and Rutherford,
Biochemistry 37 (1998) 17339-17344]. The addition in the dark of DCMU, but not that of bromoxynil, to PSI with
a secondary electron acceptor in the Qp” state induces the oxidation of the non-heme iron in a fraction of PsbA3-
PSII but not in PsbA1-PSIL. These results are explained as follows: i) bromoxynil has a lower affinity for PSIl with
the non-heme iron oxidized than DCMU therefore, ii) the midpoint potential of the Fe""/Fe'" couple is lower with
DCMU bound than with bromoxynil bound in PsbA3-PSII; and iii) the midpoint potential of the Fe'’/Fe'" couple is
higher in PsbA1-PSII than in PsbA3-PSII. The observation of DCMU-induced oxidation of the non-heme iron leads
us to propose that Q, an electron acceptor identified by Joliot and Joliot [FEBS Lett. 134 (1981) 155-158], is the
non-heme iron.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction isolated from the thermophilic cyanobacterium Thermosynechococcus

elongatus [1-3]. PSII is made up of 17 membrane protein subunits, 3

Light-driven water oxidation by the Photosystem II (PSII) enzyme
is responsible for the production of O, on Earth and is at the origin of
the synthesis of most of the biomass. Refined three dimensional X-ray
structures from 3.5 A to 2.9 A resolution have been obtained using PSII
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MES, 2-(N-morpholino) ethanesulfonic acid; Pggp, primary electron donor; Q, primary
quinone acceptor; Qg, secondary quinone acceptor; TL, thermoluminescence; 43H,
T. elongatus strain with a His-tag on the C terminus of CP43; WT", T. elongatus strain with
a His-tag on the C terminus of CP43 and in which the psbA; and psbA, genes are deleted;
EPR, Electron Paramagnetic Resonance; DCMU, 3-(3,4-dichlorophenyl)-1, 1-dimethylurea;
PQ, plastoquinone 9; D2-Y160F, site-directed mutant without the tyrosine Tyrp
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extrinsic proteins, 35 chlorophyll molecules, 2 pheophytin molecules,
2 hemes, 1 non-heme iron, 2 (+ 1) quinones, 4 Mn ions, 1 Ca®>* [1-3]
and at least 1 CI~ [3-5], 12 carotenoid molecules and 25 lipids [3].
Absorption of a photon by a chlorophyll molecule is followed by the
transfer of the exciton to the photochemical trap and the consecutive
formation of a radical pair in which the pheophytin molecule, Pheopy, is
reduced and the chlorophyll molecule, Chlp,, is oxidized [6-8]. The
positive charge is then stabilized on Pggo, a weakly coupled chlorophyll
dimer (see e.g. [9-12] for energetic considerations). Pgso oxidizes a
tyrosine residue of the D1 polypeptide, Tyrz, which in turn oxidizes the
MnyCa-cluster. The pheophytin anion (Pheop;) transfers the electron to
the primary quinone electron acceptor, Q,, which in turn reduces a
second quinone, Qg. Q4 is tightly bound and acts as a one-electron
carrier whereas Qg acts as a two-electron and two-proton acceptor with
a stable semiquinone intermediate, Q. While the Q" semiquinone
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state is tightly bound, its quinone and quinol forms are exchangeable
with the quinone pool in the thylakoid membrane [13-17].

The MnyCa-cluster, a device accumulating the four oxidizing
equivalents required to split water into dioxygen, is the active site for
water oxidation. During the enzyme cycle, the oxidizing side of PSII
goes through five sequential redox states, denoted S,, where n varies
from O to 4 upon the absorption of 4 photons [18,19]. Upon formation
of the S, state two molecules of water are rapidly oxidized, O is
released and the So-state is regenerated.

The main cofactors involved in the function of PSII are borne by D1
and D2 proteins. There are three psbA genes encoding the D1 protein
in the T. elongatus genome [20]. The comparison of the amino-acid
sequence deduced from the psbA; gene to that deduced from the
psbA; and psbA, genes points a difference of 21 and 31 residues,
respectively. In T. elongatus, the acclimation to high light intensities
induces the expression of the psbAs; gene to the detriment of the psbA;
gene [21,22]. We have proposed that this regulation at the
transcription level is not a mere adjustment of the protein synthesis
but rather an acclimation at the functional level whereby the
functional properties of PSII are adjusted to cope with the increased
photon flux [23].

Amongst the 21 amino acids which differ between PsbA1 and PsbA3
like D1-S270A, D1-S153A and D1-Q130E (see [23] for a discussion), the
residue at position 130 has caught much attention. It is a GIn in PsbA1
and a Glu in PsbA3. The GIn to Glu exchange is expected to stabilize the
Pheop; anion radical [24-27] and it has been shown that, accordingly,
the midpoint potential of Pheop, is increased by 17 mV from —522 mV
in PsbA1-PSII [23] to —505 mV in PsbA3-PSII [12]. This increase is about
half that found in the single D1-Q130E site-directed mutant in
Synechocystis PCC 6803 [24-27]. This led us to propose that the effects
of the D1-Q130E substitution could be, at least partly, compensated for
by some of the additional amino-acid changes associated with the PsbA3
for PsbA1 substitution [23]. The electron transfer rate between Pgg, and
Yz was also found faster in PsbA3 than in PsbA1 which suggests a change
in either the midpoint potential of either Y, or Pggo/Psso couple (and
hence that of P58(>)k /Psto) or in the reorganization energy or less likely in
the distance between Pggg and Yz when shifting from PsbA1 to PsbA3. To
assess the possible differences of the Q,/Qg binding sites we have
compared here the binding properties of herbicides to the PsbA1-PSII
and PsbA3-PSIIL

Two different classes of compounds are known to inhibit the
reoxidation of Qs by Qp: urea derivative herbicides such as DCMU and
phenolic herbicides such as bromoxynil. These two types of compounds
have been shown to have opposite consequences on the midpoint
potential of the Qs /Q 4 couple [28,29]. In plant PSII, DCMU increases the
midpoint potential of Q4 /Qa (making it less negative), conversely,
bromoxynil decreases the midpoint potential of Qx /Qa (making it
more negative) [28,29]. The binding of bromoxynil induces a decrease of
the free energy gap between the ![Pg5oQa ] and the '[PgfoPheoi]
radical pairs which favors the formation of the '[Pg5,Pheop; ] by reverse
electron transfer and therefore the formation of the *[PggoPheop;] state
and then 3Pggo. Since 3Pggo can react with oxygen, forming singlet
oxygen, a species likely responsible for photodamage, it has been
proposed that, in plant PSII, phenolic herbicides increase the sensitivity
of PSII to light, while DCMU protects against photodamage [28,29].

In T. elongatus, the relative effects of DCMU and bromoxynil on the
midpoint potential of the Qx /Qa couple in PsbA1-PSII were found
similar to those in plant PSII [23]. In contrast, in PsbA3-PSII the
thermoluminescence of the S,Q’»~ charge recombination and the C=N
vibrational modes of bromoxynil detected in the reduced minus
oxidized non-heme iron FTIR difference spectra supported either two
binding sites or one binding site with two conformations [23].

In the present work, the effects of DCMU and bromoxynil binding
have been studied by EPR and time-resolved UV-visible absorption
spectroscopies in PsbA1-PSII and PsbA3-PSII from T. elongatus. It is
shown that 1) the affinity of DCMU and bromoxynil for PSII in the Qs

state strongly differs, consistent with the respective shifts undergone by
the midpoint potential of Q4 /Q  in the presence of these inhibitors, and
2) the affinity of DCMU and bromoxynil for PSII in the Q AFe"'Qp, state
differs in PsbA1-PSIl and PsbA3-PSII which indicates a different
midpoint potential of the non-heme iron in PsbA1-PSIl and PsbA3-
PSII. Moreover, the observation of a DCMU-induced oxidation of the
non-heme iron strongly suggests that Fe' is the Q. electron acceptor
previously revealed by Joliot and Joliot [30,31].

2. Materials and methods

The biological material used was His-tagged PSII core complexes
purified from 1) T. elongatus WT* cells, a strain in which both the
psbA; and psbA, genes have been deleted and which therefore only
expresses psbAs [32], 2) 43H cells [33] which express the psbA; gene
[23,34] and 3) the D2-Y160F cells [35] which are expected to also
express the psbA; gene. PSII purification was done as previously
described [23,32].

Absorption changes were measured with a lab-built spectropho-
tometer [36] where the absorption changes are sampled at discrete
times by short flashes. These flashes were provided by a neodymium:
yttrium-aluminum garnet (Nd:YAG, 355 nm) pumped optical para-
metric oscillator, which produces monochromatic flashes (1 nm full-
width at half-maximum) with a duration of 5 ns. Excitation was
provided by a dye laser (685 nm, 10-15 mJ) pumped by the second
harmonic of a Nd:YAG laser. The path length of the cuvette was
2.5mm. PSIl was used at 25 g of Chiml~! in 10% glycerol, 1 M
betaine, 15 mM CaCl,, 15 mM MgCl,, and 40 mM MES (pH 6.5). PSII
were dark-adapted for ~1 h at room temperature (20-22 °C) before
the addition of either 0.1 mM phenyl-p-benzoquinone (PPBQ,
dissolved in ethanol) or 0.1 mM DCMU or 0.1 mM bromoxynil
(dissolved in ethanol).

Cw-EPR spectra were recorded using a standard ER 4102 (Bruker)
X-band resonator with a Bruker Elexsys 500 X-band spectrometer
equipped with an Oxford Instruments cryostat (ESR 900). Flash
illumination at room temperature was provided by a Nd:YAG laser
(532 nm, 550 mJ, 8 ns Spectra Physics GCR-230-10). PSII samples at
1.1 mg of Chl ml™ ' were loaded in the dark into quartz EPR tubes and
further dark-adapted for 1 h at room temperature before being frozen
in the dark to 198 K in a dry-ice ethanol bath and then transferred to
and stored in liquid N,. Prior to the measurements, the samples were
transferred in the dark at 198 K in a dry-ice ethanol bath and degassed
as already described [37]. The addition of PPBQ (0.5 mM, final
concentration), DCMU and bromoxynil, dissolved in ethanol 95%
was done in the dark. For the experiments reported in Figs. 1 and 2,
the additions were done after the recording of the dark spectra. For
the experiments reported in Figs. 3 to 9, the additions were done after
the dark-adaptation. The DCMU and bromoxynil concentrations in
stock solutions were adjusted so that the final ethanol concentration
was <3% in all the conditions studied.

3. Results

Fig. 1 illustrates in detail the protocol used in this study. The spectra
were recorded in PsbA3-PSII at 4.2 K in the absence (a, black spectrum)
and presence (b, red spectrum) of PPBQ (Fig. 1A), of DCMU (Fig. 1B) and
of bromoxynil (Fig. 1C). Spectra c (in blue) are the difference spectra
spectrum b-minus-spectrum a in each corresponding panel.

In addition to the spectroscopic features sensitive to the addition
of quinone analogues or herbicides which will be described below, the
spectrum of the dark-adapted samples shows the following features:
i) the g, and g, resonances of Cytcssg and to a less extent of Cytbssg at
~2230G and ~2920G, respectively [38-40], which are strongly
saturated owing to the temperature and the microwave power
conditions used here, ii) a signal at g=4.3 (=~ 1600 G) and at g values
>5 (between 500 and 1500 G) from contaminants Fe'" (which should
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Fig. 1. EPR spectra recorded in PsbA3-PSII at 4.2 K. Effect of the addition of PPBQ (panel A),
of DCMU (panel B), and of bromoxynil (panel C). Spectra a (black spectra) were recorded
in dark-adapted PSII, spectra b (red spectra) were recorded after the addition of either
PPBQ or DCMU or bromoxynil and spectra c (blue spectra) are the difference spectra after-
minus-before the addition. Other instrument settings: [Chl]=1.1 mg ml~!; modulation
amplitude, 25 G; microwave power, 20 mW; microwave frequency, 9.4 GHz; and
modulation frequency, 100 kHz. The Tyrp spectral region at g~ 2 was deleted.
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Fig. 2. EPR spectra recorded in D2-Y160F PSII at 4.2 K. The spectrum shown is the
difference spectrum before-minus-after the addition of PPBQ. The same other
instrument settings as in Fig. 1.

not be mistaken with the non-heme iron signal studied below),
and iii) an out-off-scale narrow signal at g~ 2.0 (=~3400 G) from the
Tyrp which is deleted in the spectra shown. None of these signals were
affected by the addition of the PPBQ or the herbicides.

The addition of PPBQ (Fig. 1A) resulted in the disappearance of the
signal assigned to Fe''Q}", as shown by the negative Fe''Qj ™ signal in
spectrum ¢ between ~3200 G and ~4500 G, indicating that the dark-
adapted PsbA3-PSII contained a significant amount of Q% ". The addition
of PPBQ also induced the appearance of the non-heme Fe'" signal mainly
detected by the two characteristic spectral features at g=5.65
(~1200G) and g="7.5 (=900 G). As discussed in [41-43], the oxidant
of the non-heme Fe" is the semiquinone PPBQ"~ formed upon the
reduction of PPBQ by Qj : Fe'' + PPBQ ™ + 2H ™ — Fe'' + PPBQH,.

The addition of DCMU (Fig. 1B) also resulted in the disappearance of
the signal assigned to Q% . In addition, it induced the appearance of
several features (at 3700-4000 G, see spectrum c) which reflect the
formation of Q)4 at the expense of Qp in agreement with the finding
that DCMU shifts to the right hand term the following equilibria:
QaFe'"Q5 + DCMU — Q3 Fe'Qg -+ DCMU «— Q4 Fe"DCMU + Qj [17,44],
see also case (2) in Chart 1. The difference spectrum in the spectral range
of the non-heme Fe'"' includes a derivative shaped signal which reflects
the well-known DCMU-induced changes of the zero-field splitting
parameter of the S =5/2 state of the non-heme Fe'" [43]. As such, this
signal shows that the non-heme iron is oxidized in a low proportion of
dark-adapted PsbA3-PSII even in the absence of any addition.

Although one would expect that the addition of bromoxynil
(Fig. 1C) induces as well a modification of non-heme Fe'" signal, these
changes were smaller than those observed upon the addition of DCMU
(compare spectra in Fig. 1C and B) and this will be addressed below.
The spectral changes detected in the quinone region between ~3200 G
and ~4500 G upon the addition of bromoxynil are of smaller amplitude
than the DCMU-induced ones. Moreover, we observed that the addition
of ethanol alone resulted in similar spectral changes (not shown) so
that we assign the spectral changes in Fig. 1C in the 3200-4500 G region
to a solvent effect rather than to a displacement of the QaFe'QF +
bromoxynil — Qs Fe"Qg + bromoxynil — Q’x Fe"bromoxynil + Qg equi-
libria. Consistent with this, bromoxynil addition induced no significant
spectroscopic changes attributable to the formation of Q4 suggesting that
bromoxynil does not bind to PsbA3-PSII in which the Q" state is present.

The out-of-scale signal from the TyrD" radical overlaps with the signal
arising from the Fe'"Q™ and thus precludes its full characterization. We
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Fig. 3. EPR spectra recorded in PsbA3-PSII at 4.2 K. Spectra were recorded in the
presence of 3% ethanol (panel A), in the presence of DCMU (panel B), and in the
presence of bromoxynil (panel C). Spectra were recorded in dark-adapted samples (a,
black spectra) and after one flash given at room temperature (b, red spectra). Spectra ¢
(blue spectra) are the difference spectra after-minus-before the addition. The same
other instrument settings as in Fig. 1. The Tyrp spectral region at g~ 2 was deleted.
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Fig. 4. EPR spectra recorded in PsbA3-PSII at 8.6 K. Spectra were first recorded in dark-
adapted samples and then after one flash given at room temperature. The spectra
shown are the light-minus-dark spectra in the presence of 3% ethanol (a), of DCMU (b),
and of bromoxynil (c). The same other instrument settings as in Fig. 1. The Tyrp, spectral
region at g~2 was deleted.

thus repeated the same experiment (Fig. 2) as the one shown in Fig. 1A
with the D2-Y160F mutant [35]. In these conditions, the difference
spectrum before-minus-after the addition of PPBQ (spectrum c) exhibits
the complete Fe''Q~ EPR signal which is detectable from =~3000 to
=~ 5000 G. This signal will be described with more details by Sedoud et al.
(manuscript submitted).

At this stage two major conclusions can be drawn: i) a signifi-
cant fraction of PsbA3-PSIl is in the Q  state in the dark, ii) whereas
DCMU binding induces the formation of Q)4 at the expense of Qf,
bromoxynil does not at least up to a concentration of 200 pM. These
conclusions may be further validated by measuring the flash-induced
changes in the redox state of the various electron carriers in the PSII
acceptor side, as illustrated in Fig. 3 which shows the flash-induced
EPR spectra in the presence of ethanol (the solvent used here) (Fig. 3A)
or DCMU (Fig. 3B) or bromoxynil (Fig. 3C). After addition of these
chemicals, the spectra were recorded at 4.2 K prior to (spectra a) and
after (spectra b) the illumination by 1 flash at room temperature.
Spectra c are the difference spectra after-minus-before the flash
illumination. Although the flash illumination should also induce the
formation of the S,-state, this one is strongly saturated, owing to the
temperature and the microwave power conditions used here, which
prevents an accurate estimation of its amplitude in these conditions.

In the presence of ethanol (Fig. 3A), we hardly detected any spectral
changes between 3200 and 4500 G upon the flash illumination other
than the strongly saturated S, multiline signal. This suggests that the
proportion of the centers in the Fe''Q% ™ state was not modified by the
flash illumination, or that, in other words, there was approximately 50%
of PsbA3-PSII with Fe''Q% in the dark-adapted state. The lack of Qs Fe''
formation in the absence of any artificial electron acceptor is in
agreement with previous estimates in which at least 2 or 3 Qg molecules
are present per reaction center in PSII from T. elongatus [3,45-47]. We
noted above that a fraction of PSII centers are in the non-heme Fe'' state,
even in the absence of any addition. Expectedly, the light-induced
charge separation leads to the reduction of the non-heme Fe'' as
witnessed by the negative non-heme Fe'" signal with negative features
at g=>5.65 (~1200 G) and g=7.5 (=900 G) in spectrum c in Fig. 3A.

The results in Fig. 3B show that after the addition of DCMU the
flash illumination induced the formation of a signal with a feature at
g~1.9 (~3500 G) which is characteristic of Q’s Fe'. The semiquinone
radical is magnetically coupled to the high spin (S=2) non-heme
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Fig. 5. EPR spectra recorded in PsbA3-PSII at 4.2 K (panel A) and at 8.6 K (panel B).
Spectra were recorded in the presence of 3% ethanol (spectra a), in the presence of
DCMU (spectra b), and in the presence of bromoxynil (spectra c). Spectra were
recorded in dark-adapted samples and after a 198 K illumination. The spectra shown
are the light-induced spectra. The same other instrument settings as in Fig. 1. The Tyrp
spectral region at g~2 was deleted.

ferrous ion which is located between Q 5 and Qg [1-3] which gives rise
to the broad EPR signals with turning points around g~1.8 and 1.9,
e.g. [45] and references therein. In principle, this signal can serve as a
marker of the fraction of PSII centers with an oxidized Qg before
the addition of DCMU, since DCMU binding induces the formation of
Q’~ Fe'' in the dark in those centers in the Qj state before addition.
Yet, the picture may be slightly more complicated than that. Indeed,
spectrum c in Fig. 3B shows that the negative signal in the non-heme Fe'!
region was larger in the presence of DCMU than in its absence. This
indicates that the fraction of centers in the non-heme Fe' state in the
dark is larger when DCMU is bound or that, in other terms, in addition to
the QaFe"Qy 4+ DCMU — Qa Fe''Qg +DCMU — Q7 Fe'DCMU + Qg
equilibria, the following equilibria Q AFe"Q% + DCMU «— Q sFe'QgH, +
DCMU «— Q AFe"DCMU + QgH, might occur in PsbA3-PSII.

The results in Fig. 3C show that, in the presence of bromoxynil, the
flash-induced signal assigned to Qi Fe was smaller than in the
presence of DCMU. Moreover, in contrast to the DCMU case, the
negative signal in the non-heme Fe'" region was similar in the presence
of bromoxynil than in its absence. This indicates that bromoxynil
binding does not affect the redox state of the non-heme iron. Thus,
at variance with DCMU, bromoxynil does not shift the equilibria

0- UL | T T LR |

0.1 1 10 100 1000
Time (ms)

10000

Fig. 6. Kinetics of the absorption changes at 320 nm in PsbA3-PSII. Black circles were
recorded after the first saturating flash. For the red circles, measurements were done
500 ps and 6 ms after the first flash then a second saturating flash was given 100 ms
after the first one. The continuous blue line is the decay after the second flash
normalized to the same time scale and the same amplitude as that of the first flash. The
samples (Chl=25 pg ml~ ') were dark-adapted for 1 h at room temperature before the
addition of 100 pM DCMU.

QAFe''Qy + herbicide — Q AFe"Q gH, + herbicide — Q sFe"herbicide +
Q3Hs to the right, suggesting that bromoxynil has a lower affinity than
DCMU for the centers in the Q sFe" state. All the results above and below
are summarized in Chart 2.

All the spectra shown above were recorded at 4.2 K, a temperature
which allows the detection of the non-heme iron signal and that of the
quinone-Fe'" signals with almost no overlapping from the S, multiline
signal. Yet, the S, multiline signal, being extremely specific of the
advancement of the S-state cycle, is a reliable way to quantify the
fraction of PSII centers in which a charge separation has occurred. By
doing so, one can quantify the fraction of PSII centers in the Qs state
prior to the flash and assess this quantity in the presence of either
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Fig. 7. Kinetics of the absorption changes at 552 nm in PsbA3-PSII after the first
saturating flash of a sequence. The Y-axis is the difference between the amplitude of the
Al/I measured at the indicated time after the first and second flases divided by the
amplitude of the AI/I measured 100 ms after the second flash. The samples
(Chl=25 pg ml~ ') were dark-adapted for 1 h at room temperature before the addition
of 100 uM DCMU. The fit was done with an exponential decay with an offset with
OriginPro software (OriginLab Corporation).
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relation: [PSII-bromoxynil] = (AI/1'® ¥y omox — AT ™Sy o) /(A H o ox). The
samples (Chl=25pg ml~'=0.8 uM) were dark-adapted for 1 h at room temperature
before the addition of bromoxynil at the indicated concentrations. The fitting procedure
was done with OriginPro software assuming a single binding site with the dissociation
constant Ky =[PS ]gee|l]free/[PSI-I] with I for bromoxynil. After the straightforward
substitutions we have: Kd*[PSII-I] = ([PSH]iotar ™ [Ttotar) — ([PSH]totar * [PSU-I]) — ([T]eotar ®
[PSII-T]) + [PSI-TJ2.

DCMU or bromoxynil. We thus recorded the spectra at 8.6 K, with a
microwave power of 20 mW, to detect the S, multiline signal in
T. elongatus PSIL. This signal is centered at g =2 with at least 18 lines
spaced by ~90G from ~2500 to =~4500G and arises from an
electronic spin S=1/2 ground state in magnetic interaction with the
nuclear spin [=5/2 of the 4 Mn ions [48-50].

Fig. 4 shows the light-minus-dark spectra recorded in PsbA3-PSII at
8.6 K after a flash illumination in the presence of ethanol (spectrum a), in
the presence of DCMU (spectrum b) or bromoxynil (spectrum c). As for
the spectra measured at 4.2 K, the spectra measured at 8.6 K show that
the non-heme Fe' signal which disappeared upon the flash illumination

g value
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a
b
C
0 1000 2000 3000 4000
Magnetic Field (gauss)

Fig. 9. EPR spectra recorded in PsbA1-PSII at 8.6 K. Spectra were first recorded in dark-
adapted samples and then after one flash given at room temperature. The spectra
shown are the light-minus-dark spectra in the presence of 3% ethanol (a), of DCMU (b),
and of bromoxynil (c). The same other instrument settings as in Fig. 1. The Tyrp, spectral
region at g~2 was deleted.

had similar amplitude in the presence of bromoxynil and ethanol but a
larger one in the presence of DCMU. The flash-induced S,-multiline
signal in the presence of DCMU and bromoxynil was approximately half
that in the presence of ethanol alone. This is straightforwardly explained
in the DCMU case since =~ 50% of the PsbA3-PSII centers are in the closed
Q'a Fe''DCMU state before the flash illumination. In the bromoxynil case,
we have shown above that the fate of the centers in the Q \Fe''Q3 ™ case
(which we estimated to be ~50%) differs. Indeed, Fig. 1C showed that
bromoxynil addition does not result in the formation of the Q' Fe' state
at the expense of Q AFe''Q5™ and that the relative amount of the latter
stays unchanged. Thus one would expect to observe the formation of the
S,-state in the majority of the centers, if not all. However, we also noted
earlier, that the relative amount of Qs Fe'' formed by the flash
illumination (Fig. 3) is smaller in the presence of bromoxynil than in
the presence of DCMU, suggesting that, under the conditions of the
experiment, charge recombination occurs and leads to a decrease of the
detectable amount of S,Q’4 state. In a recent work, we have shown that
the charge recombination between S, and Qs Fe'" in the presence of
bromoxynil at room temperature occurs in the second time range in
PsbA3-PSII [23]. The dark time between the flash illumination and the
freezing of the sample (=~1-2s) is thus long enough to allow the
occurrence of the S,Qx Fe'' charge recombination in a significant
proportion of the centers. The data shown below shows that such is
indeed the case.

Fig. 5 shows the light-minus-dark spectra recorded in PsbA3-PSII at
4.2 K (panel A) and at 8.6 K (panel B) after a 198 K illumination in the
presence of either ethanol (spectra a), or DCMU (spectra b) or
bromoxynil (spectra c). For reason of clarity, the spectral range shown
from 2500 to 5000 G is focused on that including the S,-multiline
signal and the semiquinone signals.

The spectra recorded at 4.2 K (panel A) will be described in first. In
the presence of ethanol only (spectrum a), the light-induced signal
exhibited a large feature centered at g~1.6 (=~4200G) which is
characteristic of the Q’s Fe''Q} state e.g. [45,51]. This signal was formed
in the centers with the QFe"QjF state present before the 198 K
illumination since the electron transfer from Q 5 to Qp is blocked at such
a temperature. The Qs Fe''Qjy state, which is expected to be formed in
the other centers, is also detected at g~1.9 (3500-3600G) e.g.
[45,51,52]. Nevertheless the small amplitude of the Qs Fe'' signal in
these EPR conditions together with the overlapping of the Q’s Fe''Q%3"
signal which is intrinsically much more intense makes the detection of
the Q4 Fe signal difficult. In the presence of DCMU (spectrum b) only
the formation Q’s Fe"' signal at g~1.9 was detected (with the main
feature between 3500 and 3700 G), showing that there were no
remaining centers in the QaFe"'Q™ prior to the 198 K illumination. In
the presence of bromoxynil (spectrum c) the light-induced g=1.6
signal from Q’s Fe'"Q™ had a similar amplitude to that recorded in the
absence of the herbicide (spectrum a). This again shows that in the
centers with the Q AFe"'Q~ state before the addition of bromoxynil, the
addition of this herbicide did not result in the formation of the Qs Fe'
bromoxynil state. The Qs Fe"' signal in spectrum c arises from centers in
the Q AFe"'Qy state prior to the 198 K illumination.

Panel B in Fig. 5 shows the difference spectra induced by the 198 K
illumination and recorded at 8.6 K. In the absence of herbicide
(spectrum a) the S,-multiline signal is now fully detected in addition
to the Q'x Fe''Qy™ signal. In the presence of DCMU (spectrum b) the
amplitude of the S,-multiline signal was approximately half of that in
spectrum a consistent with the estimate above that ~50% of the
centers were in the Q's Fe"DCMU state before the 198 K illumination.
In the presence of bromoxynil (spectrum c), the amplitudes of both the
QA Fe''Qy signal and the S,-multiline signal were similar to those
observed in the absence of the herbicide, showing that the smaller
amplitude of the S,-multiline signal in the experiment after illu-
mination by one flash and shown in Fig. 3 was due to a fast S,Qx
charge recombination which is prevented in the 198 K illumination
procedure.
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Chart 1. Thermodynamic equilibria describing the cases 1, 2 and 3 discussed in the text.

We have shown above that the non-heme iron, which is a potential
electron acceptor in the Fe'" state, is oxidized in a small proportion of
PsbA3-PSII and that this proportion increases in the presence of
DCMU. This effect of DCMU was further investigated in the
experiment reported in Fig. 6.

In Fig. 6, the absorption change in PsbA3-PSII was followed after the
first and second saturating flashes given after the addition of DCMU to
the dark-adapted sample. The measurement was done at 320 nm a
wavelength which corresponds to a maximum in the Q4 -minus-Qa
difference spectrum and at which the S,-minus-S; difference spectrum
also contributes e.g. [53-57]. The filled black circles show the decay of
the light-induced absorption change after the first flash. The first point

50% S,Q,Fel'Qg*
(50-x)% S,Q, Fel'Qy
x% S,Q,FeQ,

+DCMU +Bromoxynil

(50-x)% S,Q,Fel/DCMU
(x+y)% S,Q,Fe'/DCMU
(50-y)% S,Q,*FelyDCMU

50% S,Q,Fel'Qg*
(50-x)% S,Q ,Fel'/Bromox
x% S,Q,FeQ,

(50-x)% S,Q,*Fel/DCMU
(x+y)% S,Q,Fel/DCMU
(50-y)% $,Q,* Fe!l/DCMU
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(50-x)% S,Q," Fel/Bromox
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(50-x)% S,Q,* Fe'/Bromox

Chart 2. Schematic events following the first flash given on a dark-adapted PSII in the
presence of either DCMU or bromoxynil. Centers in the Sy state are not considered but
they likely behave like those in the S; state.

was measured 500 ps after the flash. The red filled circles show the
absorption changes measured 500 ps and 6 ms after a first flash and then
the decay was followed after the second flash. The continuous blue line
is the decay recorded after the second flash (red points) but with a time
scale and amplitude scale rescaled to that recorded after the first flash.
The kinetics of the decay after the second flash was similar to that after
the first flash. The S,Q’a” charge recombination in the presence of either
DCMU or bromoxynil was recently studied in detail in both PsbA3-PSII
and PsbA1-PSII [23]. Therefore, for the present purpose we will focus
mainly on the amplitudes and less on the kinetics. The main difference
between the black and red traces is the amplitude of the signal which is
larger after the second flash than after the first flash. In the context of the
model proposed above (see Chart 2) the results in Fig. 6 suggest that Q’y
is formed in all the centers after the first flash and reoxidized in less than
500 ps by the non-heme iron in the fraction of the centers in the Fe'
state prior to the flash illumination. In plant PSII, the half-time of this
kinetics was measured to be =25 ps [42] but is unknown in T. elongatus
samples. Therefore, this kinetics was measured in our sample and the
result is shown in Fig. 7.

In Fig. 7, Qa formation and reoxidation was followed at 552 nm in
PsbA3-PSII as in [42]. This wavelength corresponds to the trough of
the pheophytin band shift observed upon Q4 reduction [58-60] and is
almost free from other spectral contributions, which is not the case at
320 nm [53-57]. The amplitude measured 10 ps after the flash of the
signal was similar to that measured after the second one (not shown).
This shows that Q’s is indeed formed in all the centers after one
saturating flash. Nevertheless, whereas the signal did not decay in the
hundred ps time scale after the second flash, the signal decayed with a
half-time close to 55 s in = 20% of the centers after the first flash, and
we assign this decay to the Qx Fe'"DCMU — Q sFe"'DCMU reaction.

It is shown above that the binding of bromoxynil only occurred in
centers in the Q,Qp state. To estimate the dissociation constant of
bromoxynil for the Qg pocket in PsbA3-PSIl we have carried out the
following experiment. The absorption changes were measured at
552 nm (asin Fig. 7,[42]) 10 ps and 10 ms after one flash. The amplitude
at 10 ps corresponded to the maximum amount of Q’s induced by one
flash and was similar for all the bromoxynil concentrations used (not
shown). From 10 ps to 10 ms the signal decayed in centers in which
bromoxynil was not bound. This decay is due to the electron transfer
from Q4 to Qg. The proportion of centers in which bromoxynil was
bound was therefore estimated by the following relation: [PSII-
bromoxynil] = (AI/Iw uSerromox - Al/llo ms+ bromox) / (Al/lm IJS+ bromox)-
Fig. 8, filled circles, shows the [PSII-bromoxynil] concentrations as
estimated above versus the total bromoxynil concentration together
with a fit (continuous line) assuming one binding site. The PSII
concentration was 25 pg Chl ml~! which is equivalent to 0.8 uM. The
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fitting procedure resulted in a dissociation constant equal to 2.3 pM and a
binding of bromoxynil in = 70% of the centers which suggests that in this
experiment Qp~ was present in ~30% of the centers.

All the results shown above were obtained in PsbA3-PSIl. The
results below now deal with PsbA1-PSIL. In the experiment reported
in Fig. 9, the PsbA1-PSII samples were illuminated by one flash at
room temperature in the presence of either ethanol (spectrum a) or
DCMU (spectrum b) or bromoxynil (spectrum c). Spectra were
recorded at 8.6 K. It is noteworthy that the S,Q’a bromoxynil charge
recombination is slower in PsbA1-PSII than in PsbA3-PSII [23] so that,
as shown below, it was unnecessary to decrease the temperature at
which the samples were illuminated to avoid charge recombination.
The amplitudes of the S,-multiline signal induced by one flash given at
room temperature with and without bromoxynil were similar
whereas the S,-multiline signal was approximately half in the
presence of DCMU. This shows that as for PsbA3-PSII, bromoxynil is
unable to bind in centers in the Qs Fe' state in PsbA1-PSIL This is
further supported by the similar amplitude of the Fe''Q™ EPR signal in
PsbA1-PSII before and after the addition of bromoxynil (not shown).
Comparison of the amplitude of the S,-multiline signal in the presence
of DCMU with that in the two other conditions indicates that Fe"Q~
was also present in ~50% of dark-adapted PsbA1-PSIL.

Fig. 9 also shows that the amplitude of the non-heme Fe' EPR
signal which disappears upon flash illumination is similar in the 3
samples. This indicates that 1) as in PsbA3-PSI], there is a proportion
of centers with an oxidized non-heme iron in the dark-adapted state
in the absence of any addition but 2) in contrast to PsbA3-PSII, the
addition of DCMU to PsbA1-PSII did not induce a further increase in
the proportion of non-heme Fe'. All the results obtained in the
PsbA1-PSII were also obtained in the D2-Y160F sample (not shown)
which is expected to express the psbAl gene under our growth
conditions since it was constructed in a strain with the 3 psbA genes.

4. Discussion

The binding of a competitive inhibitor to the plastoquinone Qg
pocket requires the latter to be, at least transiently, empty [17,44]. On
the basis of these premises, Lavergne and Velthuys distinguished two
different cases depending on the redox state of Qg in the dark. When Qg
is oxidized (case (1) in Chart 1), the respective binding probabilities of a
plastoquinone and of the inhibitor will be determined by the
competition between these two, i.e. by their respective affinity for the
site and their concentration. The presence of Qg in its semiquinone state
(case (2) in Chart 1) does not prevent the binding of the inhibitor since
the neutral state Qg can be formed via the equilibrium between Q AQ%"
and Q4 Qp, yet it is expected to decrease the apparent affinity of the
inhibitor for its site owing to the uphill character of this equilibrium. The
addition of an inhibitor of the Qp pocket is expected to displace the
equilibrium between Q AQs” and Q’s Qg in favor of the latter and hence
to induce the formation of Q4. These different expectations are
satisfyingly met in the case of DCMU in plant PSII [44].

As discussed in [17,44] and documented in the Supplementary
materials, the apparent dissociation constant of the inhibitor, which
takes into account the competition of the occupancy of the Qg pocket
between plastoquinone and the inhibitor, is expected to depend on the
redox state of Qa. Importantly, this statement holds even when the
intrinsic dissociation constants of the inhibitor, defined according to
cases (1) and (2) as KP*=[Qal[1]/[Qal] and K** =[Q% ][1]/[Qx 1], [1]
being the free herbicide concentration, are equal, or in other terms when
the binding constant of the inhibitor to the empty Qg site does not
depend on the redox state of Q  one obtains: K35, = I(;‘f,% /(14 Ke) (see
Supplementary material).

K. has been estimated to be ~20 [61], so that the dissociation
constant/affinity constant of the inhibitor is expected to be about 20 fold
larger/smaller when Q4 is in its semiquinone state. Whereas this is
indeed the case for DCMU here, as in plant PSII [44], we found that, in the

case of bromoxynil, the decrease in the apparent affinity constant for the
Q’x state is much larger than the above expectation. Indeed, the present
results clearly indicate that in those centers in which Q" is present prior
to the addition of the herbicide, the addition of DCMU results into the
disappearance of the Fe''Q™ EPR signal and into the formation of the EPR
signal characteristic of Qs Fe'. In contrast, upon the addition of
bromoxynil, the Fe''Q3™ EPR signal is not affected and no EPR signal
from Qs Fe' is detected. This indicates that an additional parameter
participates to the modulation of the binding constant of bromoxynil by
the redox state of Q a. As we will now discuss, the bromoxynil-induced
shift of the midpoint potential of the Q’s /Q 4 couple is a likely candidate.
If one now neglects, temporarily and for the sake of simplicity, the
competition between the inhibitor and the quinone binding and only
consider the relationship between the redox state of Q o and the binding
properties of the inhibitor the Qg pocket, one can describe the relevant
equilibria as described in case (3) of Chart 1.

According to such a square diagram, the two midpoint potentials
of the Q’»/Q 4 couple in the presence (E:,) and in the absence (Ey,) of
the herbicide are linked by the following relationship [62,63]:

i RT, (K
1

This relation shows that different affinities of the herbicide for the Q o
or Q4 states respectively should translate into different midpoint
potentials in the presence and absence of herbicides and vice versa. In
addition, it shows that a larger (smaller) affinity for the semiquinone
state than that for the oxidized state translates into an up-shift (down-
shift) of the midpoint potential upon herbicide binding and vice versa.
Krieger and colleagues have shown than DCMU and bromoxynil have
opposite effect in this respect [28,29]. Whereas DCMU binding results in
an up-shifted midpoint potential of the Q’x /Qa couple, bromoxynil
binding induces a down-shift. Assuming at first that the amplitude of the
down-shift is similar in T. elongatus PSII than in spinach PSII, the 45 mV
down-shift would be equivalent to a ~6 fold lower affinity of
bromoxynil for the Qg site in the Q’s state than in the Q4 state. This,
combined with the competition between quinone and bromoxynil
binding, is expected to yield a ~6* 20 =120 fold smaller affinity for the
semiquinone Q4 state. We found here that the dissociation constant for
bromoxynil is ~2.3 uM when Q 4 is oxidized. Thus, assuming a similar
shift in the midpoint potential as the one observed in spinach PSII, the
apparent dissociation constant when Q, is in the semiquinone state
would be ~280 pM. We note that with 200 pM bromoxynil we observed
no detectable binding in the Qs state, so that the down-shift of the
midpoint potential of the Q4 /Qa couple upon the binding of
bromoxynil is probably larger than 45 mV in T. elongatus PSII. It should
be noted that a larger concentration range could not reliably be
investigated owing to solubility problems and to secondary effects of
bromoxynil on the Mny cluster (mainly the appearance of some Mn?™,
not shown). Importantly, the above reasoning should also apply to
DCMU binding. In other words, the reported up-shift of the midpoint
potential of the Q4 /Qa couple observed upon DCMU addition is
expected to translate into a larger affinity for DCMU when Qa4 is in its
semiquinone state. At odds with this expectation, the presence of Qp"
has been found to decrease the apparent binding constant of DCMU and,
as discussed above, this decreased apparent binding constant has been
rationalized by the competition between the binding of quinone and
DCMU. An interesting possibility to account for the apparently
contradictory findings that (i) DCMU binding up-shifts the midpoint
potential of the Q2 /Qa couple (and thus stabilizes the semiquinone
state) and (ii) DCMU binding to PSIl in the Q’s™ state is weaker, is that the
binding constant of quinone to the Qg pocket also depends on the redox
state of Q. If indeed the binding constant of quinone also increases
significantly in the presence of the Q’s", it may compensate the increased
affinity for DCMU.
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The above discussed finding that the binding constant of
bromoxynil is strongly decreased in the presence of Q)4 raises the
issue of the efficiency of this compound as an inhibitor of the Qg
pocket. Indeed, PSII centers in the QaQp state in the dark bind
bromoxynil according to case (1) in Chart 1 with a rather low
dissociation constant (=2.3 uM, see above), but the flash-induced
formation of the semiquinone Q» state may be expected to trigger
the release of bromoxynil and hence open the gate for electron
transfer. To our knowledge the binding and release rates of
bromoxynil have not been determined. It is clear however that the
release of bromoxynil is much slower than the charge recombination
between S, and Qs since otherwise Qx would decay via forward
electron transfer to Qp rather than backward electron transfer to S,.
The fact that such is not the case is supported by several findings such
as the down-shifted thermoluminescence glow curve observed in the
presence of bromoxynil with respect to the DCMU case [23] or the
concomitant decay of S, and Q4 found when comparing kinetic data
monitoring either one of the two partners, this work and [23]. The
S>Q’a charge recombination rate in the presence of bromoxynil being
~0.8 s~ ! at 25 °Cin the PsbA3 PSII [23], if we assume the dissociation
constant to be larger than 250 uM (see above) the binding rate of
bromoxynil (at 100 uM) would be smaller than 0.3s~' in the
presence of Q4 . This figure is smaller than the one found for DCMU
(=55 ! at the same concentration [44]).

The present work is in agreement with a previous report which
mentioned that the exchange of phenolic-type and urea-type
herbicides in the Qg site of spinach thylakoids occurred in the second
time range [64] and that the exchange was faster for phenolic
herbicides than for urea-type herbicides. It has also been found that in
spinach thylakoids the dissociation constant of bromoxynil was larger
in reducing conditions (Kq=220 nM) than in oxidizing conditions
(Kq=45nM) [65], despite a factor 10 in K4 values between these
values and those reported here, which are difficult to rationalize
differently than by invoking a species dependence.

In addition to the above conclusion that the binding constant of
bromoxynil and DCMU is affected by the redox state of Q , the present
results show that the addition of DCMU to centers in the Q \Fe''Q} state
induces the formation of the Q \Fe''Qy, state in a fraction of centers, this
fraction being larger in PsbA3-PSII than in PsbA1-PSII (Fig. 3). This
observation can also be explained in the framework of a square
thermodynamic diagram such as the one depicted in case (3) in Chart 1
with the Fe''/Fe!" redox couple in place of the Qx /Qa couple. In this
model, the midpoint potentials, E,, of the Fe'/Fe" couple in the
presence and in the absence of the herbicide are also expected to differ if
indeed the binding constant of DCMU depends on the redox state of the
non-heme iron. In support to this proposal, Wraight found that the
redox state of the non-heme iron modulates the binding of DCMU [66].

The results in Figs. 3 and 4 also show that upon the addition of
DCMU to a PsbA3-PSII sample, the herbicide-induced Fe'" EPR signal
corresponds to a state in which the herbicide is bound whereas no
extra Fe'' EPR signal was induced by the addition of bromoxynil.
Therefore the same reasoning as above leads us to suggest that for the
Fe'/Fe!" couple: Ef, PMU<E; bromox- i pshA3-PSII.

In contrast to PsbA3-PSII, the addition of either DCMU or
bromoxynil to PsbA1-PSII did not result in an extra-oxidation of the
non-heme iron. This suggests that the midpoint potential of the non-
heme iron differs in PsbA3-PSII and PsbA1-PSII being probably more
positive in PsbA1-PSII than in PsbA3-PSII at least when DCMU is
bound. This is an additional difference between PsbA1-PSII and
PsbA3-PSII with respect to those already pointed out [23].

From a structural standpoint, Q is connected to the Qg binding
pocket via a D2-His214-Fe-D1-His215 network through which the
possible structural changes resulting from the occupation of the site
can propagate to Q4 [1-3]. A recent FTIR study has shown that the
frequency of the CO group of Q)4 is down-shifted in the presence of
bromoxynil when compared to DCMU [67]. It is of note however that

the IR bands corresponding to the C=0 stretching modes of the
neutral Q have, until now, remained elusive precluding the
characterization of the likely differential effect of the bromoxynil,
plastoquinone or DCMU on these modes. In any case, in the Q’s~ state,
the phenolate group of the phenolic herbicide forms a relatively
strong H-bond with the NH group of D1-His215. Importantly,
comparative docking calculations of bromoxynil, plastoquinone or
DCMU suggest that the H-bond to this NH groups is stronger with
bromoxynil than with PQ and with PQ than with DCMU [67].
Accordingly, these different occupants of the Qg pocket are expected
to differentially modify the Qa-D2-His214-Fe-D1-His215 network
and hence the midpoint potential of the Qs /Q a couple. Moreover, the
non-heme iron being part of this network it is also likely to undergo a
shift of its midpoint potential, as proposed here, in response to the
weakening of the strength of the H-bond in which the NH group of
D1-His215 is involved, occurring when DCMU replaces plastoquinone.

The last point we would like to discuss is the observation that, by
inducing the oxidation of the non-heme iron, addition of DCMU in the
dark increases the number of potential electron acceptors on the first
flash. This is reminiscent of the results which led Joliot and Joliot
[30,31] to propose the existence of a second electron acceptor Q5 in
addition to Qq, Q; being the other name of Q ». The acceptor Q; has
been shown to have no quinone properties. In the Q;/Q, model, the
existence of an oxidized Q, prior to the illumination prevented the
full reduction of Q;. From the results shown in this work, it seems
likely that Fe'l, the concentration of which increasing upon the
addition of DCMU in PsbA3-DCMU, corresponds to Q5. In plant PSII,
the half-time of the Q% Fe"DCMU — QFe''DCMU reaction was
estimated to be 25 ps [42]. It was estimated here to be ~55 s in
PsbA3-PSIlI in T. elongatus.
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