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The photosystem II core complex is the water:plastoquinone oxidoreductase of oxygenic photosynthesis
situated in the thylakoid membrane of cyanobacteria, algae and plants. It catalyzes the light-induced transfer of
electrons from water to plastoquinone accompanied by the net transport of protons from the cytoplasm
(stroma) to the lumen, the production of molecular oxygen and the release of plastoquinol into the membrane
phase. In this review, we outline our present knowledge about the “acceptor side” of the photosystem II core
complex covering the reaction center with focus on the primary (Q4) and secondary (Qg) quinones situated
around the non-heme iron with bound (bi)carbonate and a comparison with the reaction center of purple
bacteria. Related topics addressed are quinone diffusion channels for plastoquinone/plastoquinol exchange, the
newly discovered third quinone Qc, the relevance of lipids, the interactions of quinones with the still enigmatic
cytochrome b559 and the role of Q4 in photoinhibition and photoprotection mechanisms. This article is part of a
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1. Introduction

In the last decade, our knowledge about the spatial structure of key
enzymes participating in the electron transfer (ET) processes of
oxygenic photosynthesis (Fig. 1A) has advanced considerably [1-12].
The crystal structures are a prerequisite for a ripe understanding of these
enzymes, but as a milestone, they mark the beginning rather than the
end of a long way. In the case of photosystem II (PSII), the light-driven
water:plastoquinone oxidoreductase that enables cyanobacteria, algae
and plants to use just water as electron source [13,14], crystal structures

Abbreviations: ATP, adenosine triphosphate; BChl, bacteriochlorophyll, BNT, 2-bromo-
3-methyl-6-isopropyl-4-nitrophenol; bRC, bacterial reaction center (purple bacteria);
DM, n-dodecyl-3-D-maltoside; Car, B-carotene; Chl a, chlorophyll a; CL, cardiolipin; CS,
charge separation; cyt, cytochrome; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea;
DGDG, digalactosyldiacylglycerol; EET, excitation energy transfer; ELDOR, electron-
electron double resonance; ENDOR, electron nuclear double resonance; EPR, electron
paramagnetic resonance; ESEEM, electron spin echo envelope modulation; ET, electron
transfer; FNR, ferredoxin:NADP* reductase; FTIR, Fourier transform infrared; HP, high
potential; HTG, n-heptyl-3-D-thioglucoside; IP, intermediate potential; LMW, low
molecular weight; LP, low potential; MGDG, monogalactosyldiacylglycerol; MQ, menaqui-
none; NADPH, nicotinamide adenine dinucleotide phosphate; NHI, non-heme iron; PG,
phosphatidylglycerol; Pheo, pheophytin; PQ, plastoquinone; PQH,, plastoquinol; PSI,
photosystem I; PSlicc, photosystem Il core complex; PT, proton transfer; RC, reaction center;
ROS, reactive oxygen species; S;, redox state of the WOC; SOD, superoxidase dismutase;
SO0, superoxide oxidase; SOR, superoxide reductase; SQDG, sulfoquinovosyldiacylglycerol;
TL, thermoluminescence; TMH, transmembrane helix; UQ, ubiquinone; VLP, very low
potential; WOC, water oxidizing complex
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have been obtained with resolutions between 3.8 and 2.9 A [15], and
very recently improved to 1.9 A resolution [ 16]. These structures feature
a rich variety of details that have to be linked to function, a likewise
fascinating and challenging task.

The photosynthetic reaction center (RC) of PSII (PSII-RC) is of type ],
i.e, it binds at its “acceptor side” two quinones, Q4 and Qg, that are
arranged in a symmetry-related manner around a non-heme iron
(Fig. 2A). Qg is the reductase substrate. This motif is a common property
of PSII-RC and the RC of purple bacteria (bRC). The structure of the latter
was determined earlier in the groundbreaking work of Michel and
Deisenhofer [17-22] for Blastochloris (formerly Rhodopseudomonas)
viridis and later by Allen and Feher for Rhodobacter (formerly
Rhodopseudomonas) sphaeroides [23-31]. Despite the large homology
of PSII-RC and bRC, there are distinctive features. The first and most
obvious is, that PSII-RC is linked at its “donor side” to the water
oxidizing complex (WOC) catalyzing the cleavage of water (Fig. 2) and
being able to store oxidation equivalents in order to connect the one-
electron processes in the RC to the four-electron process of forming
dioxygen (Fig. 3A). We note that the present review does not contain
any detailed information concerning the WOC, which has been given
elsewhere [13-15,32-36]. The second is, that PSII-RC is embedded in
the PSII core complex (PSllcc) being composed of at least 20 different
protein subunits. Thus, a quinol leaving the Qg pocket will inevitably
experience a different chemical environment than its counterpart in
bRC before reaching the membrane phase. Third, the Qg site is closer to
the protein surface in PSII-RC than in bRC because the former lacks the
cytoplasmic extension of the latter [22,31]. Finally, the chemical details
of cofactors are different (e.g., chlorophyll (Chl) a versus bacteriochlo-
rophyll (BChl) a or b, plastoquinone (PQ) versus ubiquinone (UQ)),
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Fig. 1. (A) Overview of ET pathways and proton translocation across the thylakoid membrane in oxygenic photosynthesis: PSII from T. elongatus (PDB ID: 3BZ1 [11]), cyt bef from
C. reinhardtii (PDB ID: 1Q90 [5]), plastocyanin from Synechococcus sp. PCC 7942 (PDB ID: 1BXV [43]), PSI from T. elongatus (PDB ID: 1JB0 [1]), ferredoxin from T. elongatus (PDB ID: 1CJN
[47]), and FNR from Anabaena PCC 7119 (PDB ID: 1QUE [49]). For simplicity, only monomers are shown as backbone cartoons with distinct colors for different protein subunits.
(B) Structure of one PSlicc monomer at 2.9 A resolution [11] viewed along the membrane plane. Small subunits are labeled according to their one-letter code. Small membrane-intrinsic
subunits visible are PsbE and F (cyt b559) as well as PsbH, J, K, X, Y, and Z. Za, Zb refer to the two TMH of PsbZ. Chl a (green) and Car (yellow) pigments are shown as stick models. The
positions of the WOC and a Ca>* ion bound to PsbK are indicated. (C) Same as in B, but viewed from the opposite side. The visible small membrane-intrinsic subunits are Psbl, L, M, T, Z and
the N-terminus of PsbH. The positions of the WOC and a Ca®* ion bound to PsbO are indicated. Crystal structures were visualized with VMD [354].

which is a consequence of adaption to different light conditions and
required redox potentials.

In this review, we outline our present knowledge of the light-
dependent quinone reductase activity of PSlicc based on the 2.9 A
resolution crystal structure [11] (see Section 10 for information
regarding the 1.9 A resolution structure [16]) along with a comparison
to bRC (mainly R. sphaeroides). The review also covers other aspects of
the acceptor side such as the role of integral lipids, cytochrome (cyt)
b559 and the role of quinones in photoinhibition.

2. Location and overall structure of photosystem II
2.1. Thylakoid membrane and photosynthetic membrane proteins

The biochemical processes of photosynthesis can be devided into
two groups: the light reactions, in which solar energy is used to
synthesize the cellular energy currency adenosine triphosphate (ATP)
and to bind electrons and protons in the form of reduced nicotinamide
adenine dinucleotide phosphate (NADPH), and the dark reactions, in
which carbon dioxide (CO,) is fixed and converted to carbohydrates
under consumption of ATP and NADPH [37-39]. The majority of light
reactions is catalyzed by protein complexes harbored in the thylakoid
membrane (Fig. 1A). PSII utilizes the electrons taken from water to
reduce plastoquinone (PQ) to plastoquinol (PQH,), which diffuses
into the membrane and is replaced by fresh PQ. The PQ and PQH,
molecules accumulated in the thylakoid membrane are referred to as
quinone pool [40]. PQH, becomes reoxidized at the cyt bgf complex

[4,5,41,42], which transfers the electrons to the water-soluble carrier
plastocyanin (PC), a copper-binding protein [43] (or cyt cs, a heme
protein [44]) at the lumenal side of the membrane. PC delivers the
electrons to photosystem I (PSI), a light-driven plastocyanin:ferredoxin
oxidoreductase [45], which is composed of 12 different polypeptides
and binds, among other cofactors, three iron-sulfur clusters of the
[4Fe-4S] type inits ET system [1,46]. PSIreduces the soluble [2Fe-2S]
protein ferredoxin [47] (or flavodoxin) at the cytoplasmic side of
the membrane [48], which in turn supplies the soluble flavoprotein
ferredoxin:NADP™ reductase (FNR [49,50]) with electrons for NADPH
formation [51]. The combined activity of the membrane proteins
involved in this reaction sequence results in a net transport of
protons from the cytoplasmic to the lumenal side of the membrane
(Fig. 1A), creating an electrochemical potential difference, which is
used by the FoF;-ATP synthase (not shown) for the formation of ATP
[52-56].

2.2. Protein subunits and cofactors of photosystem I

PSII from the cyanobacterium Thermosynechococcus elongatus can
be isolated as a monomeric or a dimeric PSllcc, which both are active
in light-induced water oxidation [57,58]. The first crystals of active
PSlicc have been obtained from the dimeric form [59] and allowed to
determine the 3D-structure to 3.8 A resolution [6]. The structure could
be refined to a resolution of 2.9 A [11,15]. Recently, crystallization of the
monomeric form could be accomplished, and a first structure at 3.6 A
resolution was determined [12]. Crystallization of dimeric PSllcc was
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Fig. 2. Arrangement of cofactors in and around the RC of PSllcc according to the 2.9 A
resolution structure [11]. Red arrows indicate ET steps along with their transfer time,
detailing the rough scheme in Fig. 3A. Blue arrows denote possible side-path ET
processes. Figure made with VMD [354]. (B) Schematic representation of the cofactor
arrangement in (A) along with edge-to-edge distances given in A.

also performed with the cyanobacterium T. vulcanus, resulting in a 3.7 A
resolution structure [7], and the red algae Cyanidium caldarium, where
the structure eludication is still at an early stage [60]. Very recently,
crystallization of dimeric PSllcc from higher plants (Nicotiana tabacum)
was accomplished with crystals diffracting up to 7.0 A resolution [61],
and a crystal structure of dimeric PSlicc from T. vulcanus with a
resolution of 1.9 A was published [16].

Each PSlicc-monomer consists of at least 20 different polypeptide
chains, with the majority of subunits (17) being membrane-spanning
and o-helical (Fig. 1B, C) [62]. Two of these intrinsic subunits, PsbA
(D1) and PsbD (D2) with five transmembrane helices (TMH) each,
form the RC of PSllcc harboring most redox-active cofactors. The PSII-
RC is structurally homologous to bRC [21,22,31,63] and thus contains
two symmetry-related branches of cofactors (Fig. 2): The two closely
interacting Chl a, Pp; and Pp,, the two Chl a, Chlp; and Chlp,, two
pheophytins a, Pheop; and Pheop,, as well as two PQ, Qa and Qsg.
Situated between Qs and Qg is a non-heme iron, to which a (bi)
carbonate anion is ligated. In addition, there are two Chl a in the
periphery of the RC, Chlzp; and Chlzp,. The 2.9 A structure [11] also
revealed a third PQ (Qc) being present in the crystallized dimeric PSIlcc.
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Fig. 3. (A) Schematic presentation of ET in PSlicc (light green) embedded in the thylakoid
membrane (blue). Excitation by sunlight (4 hv) (or EET from outer antennae) creates
quanta of excitation energy (4 ex) in the Chl of the core antenna system. The excitons are
transferred to the RC, where they initiate charge separation and electron (4 e ™) transfer.
At the “acceptor side” of the RC, the electrons are taken up by the PQ substrate in the Qg
pocket to form PQH,. At the “donor side”, electrons are extracted from the WOC. In total,
two PQH, are formed per one O,. Water oxidation and quinone reduction result in the
net transport of 4 H* per O, from the cytoplasm to the lumen. (B) Arrangement of
chlorin pigments in PSlicc and time constants of EET between the core antennae and
RC in a simplified “three-compartment model” based on simulations by Raszewski and
Renger [82].

Following the approximate C,-symmetry of the RC, the two
subunits PsbB (CP47) and PsbC (CP43), each with six TMHs, bind 16
and 13 Chl q, respectively, serving as light-harvesting pigments that
transfer excitation energy to the RC (Fig. 3) [62]. In the 2.9A
resolution crystal structure all 35 Chl a could be completely modeled
for the first time. Besides their role as antenna proteins PsbB and PsbC,
with their large membrane extrinsic loops at the lumenal side, are
important for assembly and stabilization of the whole PSllcc and the
WOC [13,16,64-66].

Carotenoids fulfill a number of functions in photosynthetic proteins
[67,68] including light-harvesting, regulation of excitation energy
transfer (EET) [69], quenching of Chl triplet states, scavenging of singlet
oxygen, ET [70] and structure stabilization. There are 12 (3-carotene
(Car) molecules per monomeric PSllcc, one (Carys) being only found
at 2.9 A resolution [11]. The particular roles of the Cars in PSlicc still
have to be elucidated, but most of them likely serve as light-harvesting
pigments or triplet quenchers and help to stabilize the PSllcc
structure [71].

PSllcc has a high content of integral lipids. Besides the 14 lipid
molecules modeled for the first time at 3.0 A resolution [10], eleven
new lipids were found at 2.9 A [11]. The lipid composition of PSllcc
roughly reflects that of the thylakoid membrane [72], but the
distribution is asymmetric. The head groups of negatively charged
phosphatidylglycerol (PG) and sulfoquinovosyldiacylglycerol (SQDG)
are exclusively located at the cytoplasmic side, those of uncharged
digalactosyldiacylglycerol (DGDG) at the lumenal side and those of
monogalactosyldiacylglycerol (MGDG) at both sides. In addition,
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seven detergent molecules n-dodecyl-B-p-maltoside (BDM) per
monomer could be identified which may have replaced galactolipids
(DGDG or MGDG) during the isolation procedure, because of their
similar sugar head groups. It is thus possible that there are even more
integral lipids bound to native PSllcc (see also Section 10). The most
remarkable structural feature is a cluster of eight lipid molecules
(containing all types of lipids), which forms a shallow isolated bilayer
within PSlIcc [11,15]. In the monomeric PSllcc crystal structure, the
lipid inventory was found to be essentially the same as that of the
PSlicc dimer. The lipid bilayer at the PQ/PQH, exchange cavity found
in the PSIlcc dimer was also observed in the monomer, but lacking one
MGDG molecule. Therefore, the possible shielding function of MGDG
is missing and the Qg pocket might be more accessible for molecules
from the aqueous phase, explaining the substitution of Qg with a
buffer molecule in the monomeric PSlIcc structure [12].

The remaining membrane-intrinsic subunits of PSllcc are small
and have only one or two TMH. Structure and function of these low
molecular weight (LMW ) peptides have been reviewed [62,73,74]. Of
particular interest from the structural point of view is the three-helix
bundle formed by PsbL, PsbM and PsbT at the monomer-monomer
interface of the PSllcc dimer. A genetic deletion of PsbM (the sole
direct protein-protein contact between the monomers) in cyanobac-
teria resulted in a somewhat reduced abundance of PSllcc dimers, but
dimers are still formed [75,76]. Thus, PsbM does not entirely deter-
mine dimer formation of PSllcc and other contacts between the
monomers contribute to stabilize the dimer, probably mediated by
lipids. However, deletion of both, PsbM and PsbT, results in complete
prevention of dimer formation, while strains lacking PsbL assemble
neither complete dimers nor monomers [75].

Besides Mg2™ (part of Chl a) and the four Mn and one Ca%™ ions of
the WOC, there are other metals bound to PSllcc. According to the
2.9 A resolution crystal structure [11], two additional calcium binding
sites exist. One is located at the characteristic hook-shaped N-
terminal part of PsbK (Ca2"-PsbK, Fig. 1B), and the other resides on
top of the pB-barrel-like structure of PsbO (Ca®*-PsbO, Fig. 1C). Both
Ca* ions likely serve to stabilize the protein structure. The remaining
important metal of PSllcc is iron. It occurs in the form of one non-
heme iron (Fig. 2, Subsection 4.1) and the two hemes of cyt b559
(bound to PsbE/PsbF) and cyt ¢550 (in the extrinsic subunit PsbV; see
Figs. 1 and 2). The latter heme is absent in green algae and plants
[77,78], and its function in cyanobacterial PSllcc is presently
unknown. Cyt b559 is further discussed in Section 7.

3. Excitation energy transfer and charge separation
3.1. Excitation energy transfer

The properties of light-absorbing pigments in natural photosyn-
thetic systems are modulated by their protein environment in such a
way as to enable them to either promote EET, in which only excitation
energy but no matter is transported, or ET, in which electrons are
shifted and the pigments change their redox state. The latter process
takes place in the RC involving a small number of specialized
pigments. The number of pigments performing EET is significantly
larger so that they can effectively “harvest” photons in order to deliver
them to the RC (light-harvesting or antenna pigments). Besides the
antenna Chl bound to PsbB and PsbC in PSlicc, there are additional
light-harvesting proteins associated with PSII, the amount of which
relative to the core complex can be varied in response to changes in
the light conditions and which differ in structure and location
between types of organisms [79,80].

Whereas EET from the outer antennae to the core complex is fast
(atleast in plants, where it occurs in the sub 10 ps time range [14,81]),
EET within PSllcc from the antenna Chl to the RC is slower taking
about 40-50 ps (Fig. 3B) [14,62,82,83]. The reason for this delay is the
relatively large distance between antenna Chl and RC in PSllcc. Since

charge separation in the RC is again fast, the transfer of excitation
energy to the RC is the rate-limiting step for the “trapping” of energy
in PSllcc. We note that there is still some debate on this issue
[62,84,85]. The excited state formed in the RC, P*, is predominantly
localized on Chlp; at cryogenic temperatures, but distributed to a
certain extent over all six chlorin pigments under physiological
conditions [14,83]. In contrast, the lowest excited state P* in bRC is
localized on the “special pair” PPy, [86], the counterpart of the Pp;—
Ppz-dimer, because of strong wavefunction overlap between the two
BChl and a resulting coupling of the excited state to charge-transfer
(CT) states [87].

3.2. Charge separation

The various experimental and theoretical evidences supporting our
current view of charge separation (CS) in PSII-RC have been reviewed
very recently [14,83,88], so that we shall give only a brief sketch here:
Since the first excited state of the RC is strongly localized on Chlp,, it is
assumed that CS starts from this pigment by transfer of an electron to
Pheop, in 0.6-3.0 ps (Fig. 2A). The second radical pair, Py Pheopy, is
formed in 6-11 ps, where Pp7 is the strong oxidant needed for water
oxidation. CS is stabilized in the third step by formation of Pp{Qa~ in
about 300 ps (Subsection 4.2). This mechanism of primary CS is in
contrast to that of bRC, where the P -Py-dimer is the primary electron
donor and By, the counterpart of Chlp,, is the primary electron acceptor
[86]. However, there is a discussion about the validity of the CS
mechanism. Experiments using single-molecule spectroscopy suggest
that protein-bound chromophores occur with a distribution of
electronic energy levels [89]. Thus, if the distribution is wider than the
energy differences between states, multiple pathways of EET or CS can
principally be operative. It has been proposed that actually two differ-
ent CS mechanisms are possible in PSII-RC [90]: One follows the
path Chlj{ Pheop; — Ppi Pheop; and the other the path Py Chlpy —
PhiPheopy, so that Pp; and Pheop; are always electron donor and
acceptor, respectively, but Chlp; can act as both. Another problem is
the experimental finding that CS and ET leading to water oxidation
can be induced with photons of wavelengths as long as 800 nm,
suggesting the presence of extremely low-lying excited states of
PSII-RC [91-93]. At present, nature and function of these “red Chl” in
PSllcc are unknown.

4. The iron-quinone acceptor complex
4.1. Non-heme iron and bicarbonate

A characteristic feature of type-II RC is the presence of a non-heme
iron (NHI) at the acceptor side. This metal center is a hexacoordinate
Fe" with a distorted octahedral geometry. Four vertices of the
octahedron are occupied by the N.-atoms of histidyl ligands, two
from each of the two major subunits constituting the RC (Fig. 4). One
of the histidines on each side is engaged in hydrogen bonding with the
respective quinone. The remaining two ligand positions are taken
over by the oxygen atoms of a bidentate ligand, which is bicarbonate
(or carbonate, see below) in PSII-RC (Fig. 4A) and a glutamate residue
of the M-subunit (Glu M234) in the case of bRC (Fig. 4B).

An important property of the NHI site is the redox midpoint potential
of the Fe"'/Fe' couple, E,,(Fe'//Fe'). Earlier work on spinach chloroplasts
indicated the presence of a redox active component between Q4 and Qg
with a midpoint potential of 360 mV at pH 7.8 [94]. Later, this
component was shown to have a pH-dependent redox potential varying
linearly from 450 to 350 mV between pH 6 and 8 [95], and it was
identified as the iron of the iron-quinone acceptor complex by means of
electron paramagnetic resonance (EPR) and Mdssbauer spectroscopy
[96]. The pH-dependence of the potential can be explained by
electrostatic coupling to a network of protonatable amino acid residues
as shown by structure-based calculations [97]. The redox potential of
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Fig. 4. Ligand environment of the NHI (Fe) in (A) PSII-RC of T. elongatus (PDB ID: 3BZ1
[11], BCT = bicarbonate) and (B) bRC of R. sphaeroides (PDB ID: 2UWU [63]). The dotted
lines indicate putative hydrogen bonds. Figures made with VMD [354].

the NHI is too high for a participation in native ET between the quinones.
However, it could be demonstrated that exogenous quinones, when
brought into the semiquinone form by a normal turnover of the RC (i.e.,
via Q47), can oxidize the iron, which in turn can be re-reduced by Qx~
[98,99]. Thus, manipulations of the acceptor side can activate redox
reactions of the NHI. In contrast, experimental evidence for oxidation of
the NHI in bRC has not been reported yet.

Research on the role of bicarbonate in PSlicc has a long history as
reviewed by van Rensen et al. [100]. There is experimental evidence
that PSII activity requires bicarbonate: Flushing of samples with
nitrogen gas or CO,-depleted air in the presence of high concen-
trations of formate or acetate results in a significant decrease of ET
rates that can be restored to the original values by bicarbonate only.
Other bicarbonate-reversible inhibitors are azide, nitrite, nitrate,
fluoride [101] or nitric oxide (NO) [102]. Evidence was reported for
an influence of bicarbonate on both, the donor and the acceptor side
of PSllcc. Donor side effects will not be further discussed in this
review.

The only bicarbonate molecule identified so far in crystallography
of PSlIcc is the ligand to the NHI, which is most likely responsible for
the acceptor side “bicarbonate effect” [100]. Independent support for
the assignment of this ligand comes from earlier spectroscopic work.
Petrouleas and Diner [102] provided evidence for ligation of NO to the
NHI based on EPR and Mdossbauer spectroscopy. The concomitant
slowing of ET between Qa and Qg is reversed and the characteristic
EPR signal of the Fe"-NO adduct is diminished by the addition of
NaHCOs, indicating that HCO3™ displaces NO as ligand to the NHI and
in this position promotes acceptor side ET [103]. Hienerwadel and
Berthomieu [104] performed Fourier transform infrared (FTIR)
Fe'l/Fe' difference spectroscopy on isotope labeled PSII membranes
and concluded that (i) bicarbonate (and not carbonate) is a bidentate
ligand to the NHI in the Fe! redox state, (ii) the bicarbonate ligand
does not deprotonate upon iron oxidation, but turns into a mono-
dentate ligand, and (iii) a histidyl ligand to the NHI deprotonates upon

iron oxidation. The latter process was proposed to determine the pH
dependence of E,,(Fe'/Fe'). However, the electrostatic computations
of Ishikita and Knapp [97] suggest that pK, shifts of groups outside the
first coordination shell of iron can well account for the pH dependence
of the redox potential.

The role of the NHI in type-II RC in general is unknown. In the case
of PSII-RC, the bicarbonate effect suggests a role of the NHI as
regulator of acceptor side ET, although the precise mechanism of this
process needs clarification. The physiological role of such a control
mechanism has been discussed [105,106] and is related to a down
regulation of O, production in cases of low CO,/HCO3™ concentrations
to suppress the wasteful reaction of ribulose-1,5-bisphosphate with
0, instead of CO, (photorespiration [107]). There have been proposals
that the NHI might fulfill a protective function against reactive oxygen
species (ROS) [106,108]. Indeed, the NHI site of PSllcc is reminiscent
of the active site of superoxide reductase (SOR, catalyzing the reaction
03~ +2H" + e~ —H,0,), in particular, a nearby Lys residue [109]. It
is conceivable that a similar reaction takes place in PSllcc, if 05~
displaces the bicarbonate. Superoxide may be formed by side
reactions at the acceptor side of PSllcc as reviewed by Pospisil [110].
On the other hand, there are structural differences between the NHI
sites in SOR and PSII-RC that could allow for different reactions to
occur in the latter case. Evidence has been reported for photogenera-
tion of hydroxyl radicals (OH") in PSllcc with a likely involvement of
the NHI [111]. In this case, the NHI would contribute to the formation
of ROS rather than to their degradation.

4.2.Qa

The primary electron acceptor quinone, Qa, is located between the
acceptor pheophytin (Pheop, or its purple bacterial counterpart Hp)
and the NHI (Fig. 2), where it functions as one-electron transmitter
ultimately delivering electrons for the reduction of the substrate
quinone, Qg (see Section 5). PQ bound to the Q4 site of PSII-RC and UQ
bound to the bRC of R. sphaeroides are 1,4-benzoquinone derivatives.
Other bRC bind menaquinone (MQ), a 1,4-naphthoquinone deriva-
tive, in the Qa site (e.g., B. viridis [112,113]). While the quinone
molecule as a whole is mainly bound to the protein by van der Waals
interaction between the isoprenoid tail and its largely unpolar protein
environment, the position of the head group is fixed by two hydrogen
bonds and a kind of m-stacking interaction to a Trp residue (Fig. 5).
The hydrogen bonds are between the keto oxygens of the quinone and
the Ns-atom of one histidyl ligand to the NHI on one side and to a
backbone amide group on the other side (dotted lines in Fig. 5). The -
stacking of PQ or UQ with Trp is in an offset-stacked geometry [114]
with a slight tilt of the m-planes against each other. In B. viridis, the
binding geometry of MQ is similarly offset-stacked, but with parallel
n-planes (see, e.g., PDB ID: 1PRC [112]). In all cases, the Trp side
chain is stabilized by a hydrogen bond to a Thr residue (D217 in
T. elongatus and M222 in R. sphaeroides, see Fig. 5; M220 in B. viridis,
not shown).

In bRC of R. sphaeroides, the reduction of Q4 by Hy~ occurs in ~200 ps
at room temperature [115]. For the corresponding reaction between
Pheop; and Qa in PSII-RC, values between 200 and 500 ps have been
reported [116-121]. A difficulty in assigning these numbers is that the
formed state Ph7Qa~ is subject to energetic relaxation processes and
does not attain a true thermodynamic equilibrium during its life time
[122,123]. The influence of Trp M252 and Thr M222 in R. sphaeroides was
studied by employing site-directed mutagenesis [124]. Replacing the
former with Tyr or Phe or exchanging the latter to Val causes a
destabilization of Q4 in its binding pocket in accordance with the idea
that m-stacking with Trp M252 along with a proper orientation of its side
chain is important for quinone binding. The time constant of ET from Hp
to Qa was found essentially unaffected by the T(M222)V mutant, but
increased considerably to 600 and 900 ps, respectively, in W(M252)Y
and W(M252)F indicating an important role of Trp M252. Such a role
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Fig. 5. Protein environment of Q4 in (A) PSII-RC of T. elongatus (PDB ID: 3BZ1 [11]) and
(B) bRC of R. sphaeroides (PDB ID: 2UWU [63]). The dotted lines indicate putative
hydrogen bonds with distances given in A. C1 and C4 label the carbonyl carbons of the
quinones. Figures made with VMD [354].

was predicted earlier based on quantum chemical calculations [125]
suggesting that the electronic coupling between Hu and Q4 is increased
due to interaction with the m-system of the Trp side chain (super-
exchange coupling). Later molecular dynamics (MD) simulations
[126,127] indicated several electron tunneling pathways that may be
subject to constructive or destructive interference depending on the
protein conformation, so that dynamics is crucial for a deeper
understanding of how the protein tunes ET. In the case of PSII-RC,
mutagenesis experiments aiming at Trp D253 did not yield a conclusive
picture so far. It was merely reported that PSllcc from the mutant W
(D253)L in Synechocystis 6803 is highly unstable and it was suggested
that this is due to impairment of Q4 binding [128].

In R. sphaeroides, the native UQ can be removed from the Q4 pocket
[129,130] and the RC can be reconstituted with other quinones having a
different redox potential [131,132]. As a consequence, the free energy of
the state P°TQx~ is varied and its relationship to ET rates can be
analyzed. From these experiments, the quantum yield for the formation
of P""Qa~ was found to exhibit a bell-shaped dependence on the free
energy change AG® for the ET from Hx~ to Q4 and to approach unity for
— AG®~600 meV [133]. This result implies that a significant fraction of
the photon energy absorbed by the RC (~1.4 eV) is thermalized in order
to stabilize the charge-separated state. Taking into account the
additional energy dissipation associated with ET starting from P* (the
free energy level of P *Qa ™ is ~850-900 meV below P* [134-137]) and
the energy loss accompanying the further ET to Qg (~50 meV [138]),
only about 33% of the photon energy is retained in the state P" Qg ™. The
formation of P°*Qa~ is the mostly energy consuming step. A
significantly smaller energy loss has been estimated for PSII-RC, where
PhTQA~ is ~300-360 meV below Pp{ Pheopy [139,140]. The value for the
free energy difference between P* and Pp{ Q4 is ~500 meV [141]. We
note that a larger value of 770 meV was given for cyanobacterial PSllcc
[142]. A part of the difference is likely due to Mn-depletion of the used
samples. The photon energy is higher (~1.8 eV) in PSII-RC compared to
bRC, so that about 70% of this energy is finally stored in the charge-
separated state.

Earlier work on bRC resulted in different conclusions concerning a
possible pH-dependence of the free energy of P"*Qa~ and the redox
potential Er,(Qa/Qa ) [135,143-145]. More recent experiments suggest
no or a weak pH-dependence consistent with substoichiometric proton
uptake at the acceptor side [136,137,146]. In the case of PSII-RC, the
determination of E.,(Qa/Qa~) was complicated by the apparent
existence of two conformations with strongly different potentials.
Based on careful experiments, Krieger et al. [147] assigned a value of
Em(Qa/Qa~ )=~ —80 mV to intact PSlicc and E;,,(Qa/Qa~ ) = + 65 mV to
samples made inactive in O,-evolution by low-pH treatment. Notably,
the potential in both forms is pH-independent between pH 5.5 and 7.5
[147]. Furthermore, Johnson et al. [148] could demonstrate that
photoassembly of the WOC shifts Q4 back from the high to the low
potential form. These results indicate a conformational connection
between donor and acceptor side in PSII-RC. The potential shift of Qa
was suggested to be part of a photoprotection mechanism (Section 8).

Structure-based computations revealed that the Qa binding
pocket is designed to stabilize a negative surplus charge on the
quinone in bRC [149]. In particular, several polar residues, including
Thr M222 (Fig. 5B), rearrange their hydroxyl dipoles to stabilize the
charge. The same was found for the analogous Thr D217 in PSII-RC
and was proposed to be related to the observed redox potential
shifts of Q4 [150]. Because of their outstanding importance for an
understanding of the energetics of protein-cofactor interactions,
polar hydrogens, and especially hydrogen bonding interactions of
Qa, were in the focus of numerous spectroscopic studies. In this
respect, a suitable technique is FTIR spectroscopy. In bRC, bands at
1660 and 1601 cm™~ ! have been assigned to the C=0 stretching
vibrations at C1 and C4, respectively (Fig. 5B), indicating a
significant asymmetry [151,152]. Different numbering schemes for
quinones are in use [132]. Here, we use the convention, that C1 is
the carbonyl carbon proximal to the isoprenoid chain, for both UQ
and PQ. As discussed in greater detail by Wraight and Gunner [132],
there is presently no clear explanation for the downshift of the
C4=0 stretching vibration, but it is not necessarily due to an
asymmetry in hydrogen bonding interactions. In the state Qa—, the
C=0 bands are no longer independent, but strongly coupled to
each other and to C=C modes [132,151,152], making an analysis of
specific hydrogen bonding interactions difficult. FTIR spectroscopy
was applied to Qs in PSII-RC prior to the crystal structure
elucidation and indicated hydrogen bonding to a His residue
analogous to bRC [153].

Analysis of the Q, site by EPR spectroscopy is complicated by the
magnetic interaction between the Qa~ radical anion and the NHI. The
EPR spectrum of the Q4 Fe" complex in bRC was analyzed by Butler et
al. [154] and is characterized by a broad absorption peak at g=1.8. In
PSII-RC, a similar, but not identical, signal is observed peaking atg=1.9
[155,156]. Treatment with formate, which displaces the bicarbonate
(Section 4.1), turns the signal into a g= 1.8 form nearly identical to its
counterpart in bRC [157,158]. The shift to g= 1.9 in native PSII-RC was
ascribed to an influence of bicarbonate on the first coordination sphere
of the NHI [156]. Recently, this signal was reinvestigated and simulated
[159]. On the basis of these simulations, it was proposed that the ligand
to the NHI is carbonate rather than bicarbonate in contrast to
interpretations of FTIR data [104] (Section 4.1).

In bRC, the NHI site can be reconstituted with different metals
[160,161]. Also, some bacteria incorporate Mn?" instead of Fe?™"
under appropriate growth conditions [162]. Of particular interest is
the exchange to Zn?", which allows for unperturbed EPR studies of
the Qa~ radical anion [163]. Using EPR and related techniques such as
electron nuclear double resonance (ENDOR) and electron spin echo
envelope modulation (ESEEM), it could be demonstrated that the
hydrogen bonding of Qs is indeed asymmetric with the C4=0
carbonyl being more strongly bonded to His M219 than the C1=0 to
Ala M260 [132]. Another important aspect related to EPR concerns the
structural relaxation of Q4 upon reduction. Earlier experiments on the
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temperature dependence of ET between the quinones (Section 5) also
revealed, that the recombination of the radical pair P°TQa~ to the
ground state PQ, is slower in RC frozen under continuous illumination
than in RC frozen in the dark, and thus provided direct evidence for
conformational changes leading to a stabilization of the charge-
separated state [164]. The data were analyzed by assuming a change
of the donor-acceptor distance. This could be due to a position shift of
either P"* or Qa~. However, FTIR [151,152] and EPR data [163] argue
against a significant change of the position of Q4 at least with respect
to the hydrogen bond donors. In addition, time-resolved EPR
experiments indicated that the distance between P** and Q™ is not
changed upon freezing RC under illumination [165]. The absence of a
significant repositioning of Q, after reduction was confirmed by X-ray
crystallography [166,167] and very recently by a combination of
ENDOR and electron-electron double resonance (ELDOR) spectros-
copy [168].

Several techniques have been applied to uncouple the Q4™ radical
anion from the NHI in PSII-RC: (i) substitution of Fe>* with Zn?* as in
bRC [169,170], (ii) iron-depletion by mild trypsin treatment [171],
(iii) treatment with CN™ to displace the bicarbonate and change the
spin state of the NHI [169,170,172], or (iv) high-pH treatment [173]. An
FTIR study was performed on PSII membrane samples treated according
to methods (ii)-(iv) and compared with untreated material. It was
concluded that the hydrogen bonding interactions of Qa~ remain
virtually unaffected by method (ii), but are drastically changed by the
other two methods [174]. Nonetheless, there is a consensus that the
hydrogen bonding interaction of Q4™ is asymmetric, with the C4=0
group making a stronger bond to His D214 than the C1=0 group to the
peptide backbone as in the case of purple bacteria.

4.3. Qs

A characteristic of the secondary quinone, Qg, is that it is a substrate
and not a tightly bound redox mediator. Consequently, it is more easily
lost during sample preparation and can give rise to incomplete
occupancy of the Qg site [22]. Allen et al. [25,28] were the first to report
a complete structure of native UQ in bRC from R. sphaeroides in a position
symmetry-related to Qa, which is nowadays referred to as “proximal”
position (Fig. 6B). Later, other bRC structures of R. sphaeroides strains
were published that showed Qg in a variety of different positions
[162,175-177]. With the aim to clarify the problem of light-induced
structural changes [164], Stowell et al. [178] performed X-ray
crystallography on RC frozen in the dark and frozen in the light (thus
in the state P**Qg ™). In their “dark structure”, UQ is mainly found in a
position very similar, but not identical, to that reported by Ermler et al.
[177], which is referred to as the “distal” position (see Fig. 6C for a later
variant [63]). The “light structure” features Qg in the proximal position.
However, this strict correlation between illumination and movement to
the proximal position was not confirmed in later studies on B. viridis
[179,180]. In R. sphaeroides, the distribution between the two positions
in the dark was shown to depend on temperature and cryoprotectant
[181]. A recent study found UQ in a rather balanced distribution
between proximal and distal positions in R. sphaeroides both in the dark
and in the light with a pH-dependent occupancy of the proximal site
between 35% and 70% [63]. A comprehensive list of quinone positions in
the various PDB structure files of bRC with resolutions <2.8 A is given by
Wraight and Gunner [132].

Similarly to bRC, it was not possible to model Qg in the first three-
dimensional crystal structure of PSIlcc [6], but it was readily assigned
in later refinements [8,10,11,16] in a position corresponding to the
proximal site in bRC (Figs. 2 and 6A). So far, there is no evidence for a
distal position being occupied by PQ in PSllcc. We note that Qc is
located at a different site (Sections 4.4 and 6). It could be demon-
strated by studies on PSllcc-preparations from T. elongatus that
besides Qa and Qg at least one additional functional PQ is present in
solubilized and crystallized core complexes [57,182,183].
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Fig. 6. Protein environment of Qg: (A) Position of Qg in PSII-RC of T. elongatus (PDB ID:
3BZ1 [11], BCT = bicarbonate). (B) Proximal position in bRC of R. sphaeroides (PDB ID:
2UWU [63]). (C) Distal position in bRC of R. sphaeroides [63]. The dotted lines indicate
putative hydrogen bonds, and the red spheres represent water molecules. Figures made
with VMD [354].

In the proximal position, Qg forms two hydrogen bonds similar to
Qa, one to a histidyl ligand of the NHI (A215 in PSII-RC, L190 in bRC)
and the other to the peptide backbone (NH of Phe A265 in PSII-RC, Ile
L244 in bRC). A conserved serine residue (A264, L223) is believed to
form an additional hydrogen bond after reduction of Qg (Section 5). In
contrast to Qa, Qg is surrounded by a number of protonatable groups.
Glu 1212 in bRC is of particular importance for an understanding of
proton-coupled ET (Section 5), but is not conserved in PSII-RC (Fig. 6).
Another key residue is Asp L213 in bRC, replaced by His A252 in PSII-
RC, which is likely involved in proton transfer to Qg. Also, protein-
bound water molecules play a role, of which two are shown in Figs. 6B
and C (see also Section 10).

In the distal position, the quinone is able to retain its hydrogen bond
to the peptide backbone of Ile L224, but the one to the histidyl ligand of
the NHI is inevitably broken (Fig. 6C). Instead, there is a m-stacking
interaction with the side chain of Phe L216 in an offset-stacked
geometry similar to the interaction between Q4 and Trp M252. Support
for the idea, that this m-stacking stabilizes the UQ-headgroup, comes
from a study on a herbicide-resistant mutant of B. viridis, in which Phe
1216 is replaced with Ser. The mutation decreases the affinity of bRC for
UQ [184]. This result suggests that occupation of the distal position is an
important intermediate step in substrate binding to the quinone-
reductase part of type-II RC. Indeed, the phenylalanine is conserved in
PSII-RC, viz. Phe A255 (Fig. 6A).
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In the original work of Stowell et al. [ 178] the Qg movement from the
distal to the proximal site was accompanied by a 180° propeller twist of
the quinone head group. A later analysis based on data with a higher
resolution found the electron density of Qg not well enough defined to
decide about such a rotation [185]. A similar problem occurred in the
most recent study [63], and the Qg movement was modeled without the
twist (Fig. 6B and C) as supported by simulations.

FTIR spectroscopy applied to the neutral Qg in bRC was interpreted in
terms of a symmetric hydrogen bonding situation consistent with the
proximal position [186,187] and unaffected by freezing under illumina-
tion [188]. Other authors reported additional evidence for a subpopula-
tion of a more loosely bound UQ without significant hydrogen bonding
[189]. The researchers agree, that in the state Qg~, the quinone remains
unprotonated and is symmetrically hydrogen bonded in contrast to Qa
[190]. A more symmetric hydrogen bonding arrangement in Qg™
compared to Q4™ is in agreement with ENDOR studies of Q3 on Zn?*-
substituted bRC [163]. Differences in the hydrogen bonding character-
istics between Q4 and Qg™ were also found by FTIR in PSII-RC [191].

4.4. Qc

Fig. 7A shows the unexpected electron density in the Qc site found
at 2.9A resolution in dimeric PSllcc [11,15] to substantiate its
assignment to a PQ molecule. The headgroup of Q¢ is located at a
distance of ~14 A from that of Qg (Fig. 2B). The additional PQ lies in
one of the two putative quinone diffusion pathways discussed in
Section 6 (Fig. 8). Here, we pose the question of how the headgroup of
Qc is stabilized in order to be well enough defined for a crystallo-
graphic detection. The molecule resides in a fairly hydrophobic
environment without any obvious polar contact or m-stacking that
could stabilize the orientation of the headgroup (Fig. 7B). It is likely
held in place mainly by van der Waals interactions with the channel

., SQDG A372
¢

MGDG D359 -/

DGDG C491

Fig. 7. (A) PQ molecule modeled in the Qc site in PSlicc of T. elongatus at 2.9 A resolution
(PDBID: 3BZ1[11]) with electron density (blue mesh) contoured at 1.20 level. Figure made
with PyMOL [355]. (B) Hydrophobic environment of Qc. Figure made with VMD [354].

walls surrounding it. Interestingly, both carbonyl oxygens of Q¢ are
located within a distance of 3.3-3.7 A from methyl groups (C1=0
close to one p-ionylidene ring of Carp,, C4=0 close to the isoprenoid
chain of Qg). This could indicate weakly stabilizing interactions with
CH-fragments. In the recent crystallographic study of monomeric
PSllcc [12], electron density was found at exactly the same position,
but was not well defined and therefore did not allow for a precise
assignment to a quinone headgroup.

5. Proton-coupled electron transfer between the quinones
5.1. First step

The formation of quinol from quinone requires two electrons and
two protons and thus needs two turnovers of the RC. The first step is
the creation of a semiquinone anion radical Qz~, which is likely
stabilized by protonation of nearby amino acid side chains. Note, that
Qg itself is not protonated in this stage as is evident from
spectroscopic studies (Subsection 4.3). It could be shown for bRC
that a network of titratable groups (including Glu L212, Asp L213 and
Glu M234 shown in Fig. 6) has to take up a proton from the cytoplasm
prior to ET, since a negative charge especially around Glu L212 would
destabilize the semiquinone state [122,190,192-194]. Some electro-
static computations suggest that the coupling between these residues
and Qa is strong enough so that proton uptake near Qg could indeed be
triggered by the reduction of Q4 [195-198] and adjust the AG? for ET
from Qa~ to Qg. After arrival of the electron on Qg, further proton uptake
and proton rearrangements occur including a proposed orientational
switch of the hydroxyl group of Ser L223. Calculations suggest that Ser
1223 forms a hydrogen bond to Asp L213 in the state Q4 Qg and to Qg
in the state QaQg~ [122]. This idea is supported by ENDOR spectroscopy
[199], but not by FTIR data [190,200]. Whereas Ser L223 is conserved in
PSlicc, Glu 1212 and Asp L213 are not (Fig. 6B, C). Structure-based
computations suggest that His A252 could take over the role of Asp L213
[150]. However, it is not clear at present, how the absence of an analog of
Glu L212 is compensated for in PSIL

In bRC, the ET from Q3 to Qg has the following characteristics:
(i) It is heterogeneous and has to be described with at least three time
constants of ~10 ps, ~100 ps, and ~1 ms [122]. (ii) It is dependent on
the water content of samples [201,202]. (iii) The two larger time
constants in (i) are independent of the driving force for ET as shown
by substituting quinones with different redox potentials for the native
UQ in the Qa site [203,204]. (iv) The ET rates at cryogenic tem-
peratures differ significantly depending on whether the RC are frozen
in the light or in the dark [164]. These results were interpreted in
terms of a “gating mechanism”: not ET is rate-limiting, but other
processes that likely require an activation energy and are triggered
by light-induced Q4 reduction. The possible processes discussed to be
involved in the gating mechanism are proton transfer and reorgani-
zation events as discussed above, protein conformational changes
[205,206] and/or a movement of Qg from the distal to the proximal
binding site [178]. Also, the possibility of a redox intermediate
between Qa and Qg is debated [207-209].

In PSllcc, the ET from Q4™ to Qg is characterized by the following
findings: (i) It is heterogeneous and has to be described with at least
two time constants of 0.2-0.8ms and 2-3ms [210]. (ii) It is
influenced by pH [210-212], H,0/D,0 exchange [210,213,214], and
dehydration [215,216] suggesting a coupling to proton transfer
and/or water-dependent structural relaxation processes. (iii) It is
coupled to protein dynamics and exhibits a marked temperature
dependence being completely blocked below 200 K [14,182,216,217].
(iv) The overall reaction is much slower than expected from an
analysis of electron tunneling between the quinones, suggesting that
ET is not rate-limiting [14,218]. On the basis of these data, it is
tempting to consider that a similar gating mechanism is operative in
PSllcc as discussed for bRC.
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Fig. 8. Quinone diffusion channels I and Il in PSIicc of T. elongatus identified at 2.9 A resolution (PDB ID: 3BZ1[11]) shown as gray boundary surfaces: (A) Location of Qg, Qc, the heme
group of cyt b559, Carp, (D358), Car J115 and lipids close to the channels. (B) Lipid molecules contributing to the channel walls. (C) Location of the TMH of PsbE and PsbF
(constituting cyt b559) as well as of Psb] and PsbX relative to the channel entrances facing the membrane interior. Also shown are Qg, Qc and the heme group of cyt b559. (D) Amino
acid residues contributing to the channel walls. Hydrophobic residues are shown in green and polar residues in blue with side chain oxygens in red. The numbering of hydrophobic

residues is explained in Table 1. Figures made with PyMOL [355].

5.2. Second step

As illustrated in Scheme 1, the second ET to Qg is coupled to the
delivery of the first proton (H;").

A key question is whether (i) proton transfer (PT) follows ET
(ET/PT mechanism via QaQ3 ~), (ii) ET follows PT (PT/ET mechanism
via Qa QgH), or (iii) ET and PT occur in a concerted manner (CPET
mechanism). This problem was systematically studied by Graige et al.
[219-221] for bRC, applying quinone exchange procedures to vary
redox potentials and pK, values. Their data suggest that the PT/ET
mechanism is valid [192]. This result is reasonable from the viewpoint
of electrostatics, as the highly charged species QaQZ ~ constitutes a
higher energetic barrier than the intermediate Q4 QgH. Consequently,
a similar PT/ET reaction sequence is assumed for PSII-RC [106,222].

In bRC, the first proton (H;") is delivered via Ser L223, which takes
up a proton from Asp L213 [192]. The second proton (Hj") enters via

QL Qy

Hy

Qi 0H T 0.0 ,H"

Glu L212, which is substantiated by the finding that in the mutant E
(L212)Q the last step in the reaction sequence of Scheme 1 is blocked
[223,224]. By analogy, we can assume that in PSII-RC, the first proton
is delivered via His A252 and Ser A264. However, we face the problem
that there is no counterpart to Glu L212. Instead, it has been suggested
that the (bi)carbonate ligand to the NHI could be involved in proton
delivery to Qg [159,225].

6. Lipid-quinone interactions and transport channels
6.1. Channel environment

In the course of electron transport, the doubly reduced and doubly
protonated mobile carrier PQH; has to be replaced from the Qg site by

fresh PQ from the quinone pool located in the thylakoid membrane.
For the exchange of these hydrophobic molecules, pathways are

——> 0.0

H,
—— > Q,Q:H,

Scheme 1. Possible reaction sequences for transport of the second electron and two protons to Qg.
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needed which connect the Qg site with the membrane phase, as the Qg
site is buried inside the PSllcc. The structural model of T. elongatus at
2.9 A resolution [11] revealed two possible pathways for PQ/PQH,
exchange termed channels I and II. These channels are located in
subunit PsbA and converge in the Qg cavity, which is located close to
the cytoplasmic side. The hydrophobic isoprenoid tail of Qg is situated
in channel II, whereas channel I is occupied by the newly observed Q¢
molecule. Each channel is formed by amino acid residues, phytyl
chains of chlorins and fatty acid chains of lipids, building a flexible and
hydrophobic environment which is a prerequisite for PQ/PQH,
diffusion. A closer look on the amino acid residues and cofactors
that are involved in channel formation is given in Table 1, and they are
visualized in Fig. 8.

The opening of channel I is surrounded by the TMHs of PsbE and
PsbF (a- and B-subunit, respectively, of cyt b559) and Psb], while the
opening of channel II is flanked by the TMH of PsbE, PsbF and PsbX
(Fig. 8C). Both channels, with dimensions of 10x20 A2 (channel I)
and 10x12 A2 (channel II) [226], end directly in the fatty acid
environment of the membrane interior. The high lipophilicity of the
channels is achieved by the phytyl chains of Chlp,, Chlzp, and Pheop,
as well as by Carp, (Car D358) and Car J115 (Table 1 and Fig. 8A).
Several lipids (Table 1), namely PG A371, SQDG A372, PG A374 and
MGDG E218 at the cytoplasmic side and MGDG D359, DGDG (€490,
DGDG (491 and MGDG (€492 at the lumenal side, form a bilayer
structure within PSlIcc close to channel 1. Those lipids of the bilayer
that are closest to channel I are shown in Fig. 8B to illustrate that their
fatty acid chains are involved in building the channel walls. The fatty
acid chains of the channel forming lipids are not completely resolved
due to their flexibility and the limited resolution of the structural data.
The channel walls are also endowed with amino acids side chains,
mostly hydrophobic phenylalanine and leucine. Towards the channel
exits, polar amino acid residues like serine and threonine are located
(Table 1, Fig. 8D). Interestingly, the reoxidation of PQH, at cyt bgf
takes place in a similar cavity also formed by lipids and thus featuring
a suitable region for quinone diffusion [226].

6.2. Mechanisms of quinone diffusion

The hydrophobic quinone electron shuttle has to cross the PSllicc
interior and the membrane phase. Three different mechanisms are
considered for the exchange of PQ and PQH, so far [11,15]. They
include the two quinone transfer channels I and II, and the Qc binding
site. In the “alternating mechanism” the two channels are alternately
used for entry and exit of quinone and quinol molecules. In the
“wriggling mechanism” the entry of the quinone proceeds through
channel I and the exit of the quinol through channel II exclusively. In

Table 1

the “single channel mechanism” the quinone makes only use of
channel II for reduction and protonation, whereas Qc is not involved
in PQ/PQH, exchange. At present, it cannot be decided, which
mechanism applies. A key question in this respect is, whether Qc is
a PQ in a “waiting position” to enter the Qg site or is involved in other
redox reactions (Section 7).

Another important point is that the head group of PQH, is more
polar than that of PQ and is therefore supposed to occupy more polar
membrane regions, i.e., closer to the membrane surface [227]. A closer
look at the openings of channels I and II reveals that they are not
equivalent: The opening of channel I is located in the center of the
membrane and that of channel II is slightly closer to the cytoplasmic
surface. This can be seen from the positions of amino acid residues of
PsbJ and PsbX flanking the channels (Table 1, Fig. 8C, D): Those of Psb]
(channel I) are positioned in the center of the TMH, those of PsbX are
closer to the cytoplasmic end of the TMH. If this difference is
significant, it would suggest that channel I is designed to take up the
more unpolar PQ from the central region of the membrane (PQ inlet
channel), whereas channel Il is optimized to direct PQH, towards the
more polar membrane region (PQH, outlet channel). This interpre-
tation would favor the “wriggling mechanism” and assign to Q¢ the
role of a waiting quinone that has just entered the inlet channel.

6.3. Anionic lipids close to the Qg site

Numerous studies were performed in order to investigate the
functional and structural role of lipids that influence photosynthetic
ET [228,229]. The neutral lipids MGDG and DGDG are considered to
function rather as structural lipids, whereas the anionic PG and SQDG
are discussed to be directly involved in the functionality of the acceptor
side.

Although the crystal structures of PSllcc did not reveal PG close to the
Qg site until the 2.9 A resolution became available [11], biochemical data
already pointed to a special role for this lipid [228,230-232]. The
manipulation of PG and SQDG led to an impairment of oxygen evolution
in most cases ([233] and references therein]. In PSlicc from T. vulcanus,
treatment with phospholipase A,, reducing the content of PG, led to a
decrease of oxygen evolution by about 40%. In contrast, a diminished
content of MGDG due to the addition of lipase caused only an in-
significant reduction of oxygen evolution [234]. This finding also
indicates that PG plays a crucial role for the function of the ET at the
acceptor side compared to the neutral lipids. Possible effects on the
donor side are discussed elsewhere [235]. Cells of Synechocystis sp.
PCC6803, which are defective in phosphatidylglycerolphosphate
synthase and therefore incapable of synthesizing PG, show a debilitation
of the functionality of Qg [236]. It was demonstrated that PG deprivation

Amino acid residues and cofactors flanking the quinone diffusion pathways in PSIlcc. Residues with polar side chains pointing towards the channels are marked in bold-italics.

Numbers in parentheses refer to the numbering of residues in Fig. 8D.

Channel [

Channel II

PsbA Phe A211 (1), Met A214 (2), Leu A218 (3),
lle A259 (4), Ala A263 (5), Phe A265 (6),
Leu A271 (7), Phe A274 (8), Trp A278 (9)

PsbD -

PsbE Trp E20 (13), Ser E24, lle E27 (14),
Pro E28 (15), Phe E31 (16)

PsbF Thr F30, lle F31 (17), Leu F34 (18)

Psb) Val J16 (22), AlaJ17 (23), Gly 18 (24),
Gly J20 (25), Val J21 (26), Val J23 (27)

PsbX -

Chlorins Chlp, (phytyl chain)

Carotenoids Carp;, (Car D358), Car J115

Lipids

MDGD E218, SQDG A372, PG A374, DGDG C491, MDGD D359

Phe A211 (1), Met A214 (2), Leu A218 (3),
lle A259 (4), Ala A263 (5), Phe A265 (6),
Leu A271 (7), Phe A274 (8)

Phe D38 (10), Pro D39 (11), Tyr D42,

Leu D43 (12)

Val F21 (19), Ala F22 (20), Thr F25,
Leu F26 (21),

Leu X32 (28), Thr X33, Val X36 (29),
Chlp, (phytyl chain), Pheop,, Chlzp,

MDGD E218, SQDG F224, DGDG D362




54 F. Miih et al. / Biochimica et Biophysica Acta 1817 (2012) 44-65

specifically inactivates Qg by a suggested structural alteration at the Qg
site and assumed PG to be an intrinsic structural component required for
the proper function of the ET. These observations were supported by
continuative studies on other cyanobacteria and plants, showing an
inhibition of the electron transfer from Qa to Qg due to a reduced content
of PG [72,234-236]. For the latest review on lipid-PSII interactions, see
[71].

In cyanobacterial PSllcc from T. elongatus, the charged phosphate
groups of the two PG molecules are located at distances of about 13
and 19 A from the headgroup of Qg (with the latter PG being closer to
Qa) and 17 A from each other [11]. They likely have only an indirect
influence on the redox properties of the quinones (see also
Section 10). By analogy, bRC from R. sphaeroides has a negatively
charged lipid, but instead of PG, a diphosphatidylglycerol named
cardiolipin (CL). This CL is bound at the protein surface about 16 A
away from Qg [63] and at the opposite side of the RC compared to PG
in cyanobacterial PSIlcc. It is probably required to stabilize the protein
structure, which might have a positive impact on ET reactions [237].

7. Cytochrome b559 and side-path electron transfer

The X-ray crystal structure analyses revealed that the heterodimer
formed by subunits PsbE () and PsbF (B) of cyt b559 is located in
close proximity to protein D2 (PsbD) of the RC [6-11,16]. Each of
these subunits contains a single His residue (E23 and F24 in the
sequence numbering of T. elongatus [11,62]) and forms one TMH
[238-242]. The heme iron is axially ligated by the N, atoms of His E23
and F24 and thus bridges the TMH of these subunits (Fig. 8C). Already
earlier spectroscopic analyses indicated that the heme iron is ligated
in its fifth and sixth coordination positions by histidine nitrogens.
Independently of its valence state (ferric or ferrous), cyt b559 was
found to be in a low spin state [240,243,244], except for the high
potential form (defined below), which was inferred to attain a high
spin state based on EPR [245] and Vis absorption data [246].

The heme group of cyt b559 is located near the cytosolic surface of
PSllcc [241,247] and is oriented perpendicular to the membrane plane
[6-8,10,16]. Based on these X-ray crystal structures, the heme iron of
cyt b559 is placed at a distance of about 30 A from the edge of Qg and
55-60 A from the metal ions of the WOC [7,8,10,11,16]. The 2.9 A
resolution structure [11] revealed a more detailed insight into the
environment of cyt b559 compared to previous structures and dem-
onstrated the existence of an additional PQ binding site in agreement
with earlier proposals [248,249]. The heme iron of cyt b559 is located
about ~20 A apart from the head group of Qc. In addition, structural
information is gained from the X-ray data about quinone diffusion
pathways (Section 6) revealing that the heme group of cyt b559 is
located in the vicinity of and between the two channels (Fig. 8A, C).

The light-induced reduction and oxidation of the heme iron is one of
the crucial properties of cyt b559, which is possibly involved in the
regulation of photochemical efficiency of PSII, but does not participate in
the primary ET reactions discussed above [250-252]. Depending on the
structural integrity and composition of the PSII preparations, at least four
different forms of cyt b559 can be distinguished on the basis of redox-
titrations: the high-potential (HP) form with a redox midpoint potential
of E,;,~400 mV, the intermediate-potential (IP) form (E,,~200 mV) and
the low-potential (LP) form (E;,~50 mV) [246,253-258], and the very
low potential (VLP) form (E,,~—45 mV) [259].

The origin of the different redox forms of cyt b559 and their
functional role is not yet clarified. The following possibilities have
been discussed for the modulation of the redox properties of the heme
group: (i) variation of the mutual orientation of the two planes of the
axial histidine ligands of the heme group [240], (ii) modifications of
the protonation and/or hydrogen-bonding pattern of axial ligands
[253,258,260-262], (iii) changes in the polarity of the dielectric
environment of the heme [263], (iv) changes in the nature of heme
coordination [246], or (v) binding of PQ to the Qc site [249]. The

transformation of the HP cyt b559 into the IP or a mixture of the IP and
LP forms are induced by different parameters including temperature
and high pH-values, increased salt and detergent concentrations and
aging [246,253,254,256,264-270].

Inspite of extensive studies in recent decades, the physiological
role of cyt b559 still remains an enigma [251,252,264]. A number of
hypotheses have been put forth to explain the function of cyt b559:
(i) protection against light stress [251], (ii) plastoquinol oxidase
[248,271,272], (iii) superoxide oxidase and reductase [273] and
(iv) role in the assembly of PSII [274-277].

(i) A common view considers the participation of cyt b559 in a
cyclic ET pathway, which contributes to the protection of PSII
against photoinhibition [278]. At cryogenic temperatures, not
only the ET from Q4™ to Qg is inhibited (Section 5), but also the
reduction of Pp{ by the WOC via Y, with half-inhibition
temperatures depending on the redox state of the MnyCa
cluster [279]. In 40-50% of the centers, Y7 can still be oxidized
by Ppi [280], giving rise to characteristic metalloradical EPR
signals of the coupled YzMn4Ca system [281,282]. In the
remaining centers, Ppi is able to extract electrons (albeit at
low rates) from other cofactors in competition to charge
recombination with Qa~, if cyt b559 is already in its oxidized
state. Spectroscopic studies provide evidence that the oxidized
cofactors are Car and/or Chl species, but the identity of these
species is under debate [70,252,283,284]. Recent data suggest
that the oxidized species is mainly Carp, [83], but a redox
equilibrium with other cofactors (e.g., Chlzp,), that depends on
experimental conditions, cannot be excluded. However, when
cyt b559 is in its reduced state, it donates an electron to Carpj
(or Chlzp3 ), so that the latter can no longer be detected. These
findings show that cyt b559 is ultimately able to reduce Ppi
and lend support to a hypothetical protection mechanism, in
which a secondary ET process (blue arrows in Fig. 2A) reduces
the population probability of this potentially harmful oxidant.
Although the heme of cyt b559 is localized close to the electron
acceptor side of PSlicc and far away from the WOC (55-60 A)
[6-11], the molecular states of cyt b559 are influenced by the
integrity of the Mn,Ca cluster [254]. This “long-range influence”
mediated by the protein is reminiscent of the donor side effects
on the midpoint potential of Qa [148] (Section 4.2). The possible
physiological role of the cyt b559 redox forms [285,286] during
the assembly/photoactivation cycle of PSII is discussed in the
literature in detail [287,288]. The effect of illumination on the
redox properties of cyt b559 was studied using PSII membranes
from spinach with different integrity of the PSII donor side
[289], and the role of cyt b559 in the stabilization of oxygen
evolution, during photoactivation and/or as a proton acceptor
during the WOC turnover has been considered [290-292].

In most samples of PSIl membranes deprived of the WOC, the HP
form is converted into the IP and LP forms of cyt b559, but removal
of a functionally competent WOC by gentle treatment does not
seriously affect the HP-form [246,257]. Therefore, a strict relation
between the functional state of the WOC and the redox properties
of cyt b559 does not exist. [llumination of PSIl membranes with an
intact WOC gave rise to a small extent of photoreduction of the HP
form of cyt b559, whereas the IP and the LP forms of cyt b559 were
unaffected. Moreover, the photoreduction of cyt b559 in PSII
membranes with an intact WOC was inhibited by herbicides (e.g.,
DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea)), whereas in
the membranes lacking the WOC, photoreduction and photoox-
idation of cyt b559 were completely diminished by exogenous
superoxidase dismutase (SOD). Interestingly, no effect of SOD on
photoreduction of the heme iron was observed in intact PSII
membranes. Based on these experiments, Sinha et al. [289]
proposed that in PSII membranes with intact WOC the
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photoreduction of the heme iron is mediated by plastoquinol,
whereas in PSII membranes deprived of WOC, photoreduction
and photooxidation are mediated by O3~ formed by PSII (see
below).

Cyt b559 has been proposed to function as a catalyst for the
oxidation of the reduced PQ pool by molecular oxygen
[248,271,272]. It could be demonstrated that plastoquinones
affect the redox state of cyt b559 in a way that suggests the
presence of a PQ binding site distinct from Qg and close to cyt
b559, termed “Q¢” [248]. A similar conclusion was drawn from
the observation that certain herbicides not only block the Qg
site, but apparently influence the redox potential of cyt b559 by
binding at a position different from Qg [249].

It is known from previous studies that oxygen can be reduced
to superoxide by cofactors at the acceptor side prior to Qg
[110,111,273,289,293-295]. Illumination of PSII membranes
deprived of the WOC caused photoreduction and photooxida-
tion of IP and HP forms of cyt b559, respectively. Since the
redox midpoint potential of the IP form of cyt b559 is in the
range of 125-240 mV at pH 7 [249,296-298], the reduction of
the IP form of cyt b559 by plastoquinol is thermodynamically
unfavored. Therefore, it appears to be more likely that another
reductant might provide an electron. The finding, that the
photooxidation and photoreduction of the heme were
completely eliminated by exogenous SOD (see above), suggests
that O3~ serves as reductant and oxidant of cyt b559. Indeed,
recent studies have demonstrated that O3~ interacts with the
heme iron [273]. It has been suggested that the IP form of cyt
b559 serves as superoxide oxidase (SOO) which catalyzes the
oxidation of 05~ to O,. Since the midpoint redox potential of
the 0,/05~ redox couple is —160mV (pH 7) [299], the
reduction of the IP form of cyt b559 by 05~ is thermodynam-
ically possible. Recently, studies of Sinha and coworkers [289]
have demonstrated that the HP form of cyt b559 acts as
superoxide reductase (SOR) known to catalyze the reduction
of 05~ to Hy0,. Assuming that the midpoint redox potential of
the 037 /H0, redox couple is 890 mV (pH 7) [299], the
oxidation of the HP form of cyt b559 by O3~ is thermodynam-
ically favored. Guskov and coworkers have shown in their crystal
structure of PSlicc at 2.9 A resolution [11] that the putative
PQ/PQH, exchange channel [ passes through the Qc site, while
both channels I and II have contact with the Qg site and are close
to cyt b559 (Section 6). It was proposed that these channels
facilitate diffusion of 05~ from the acceptor side prior to Qg
(where it is formed [110]) toward the heme and therefore
promote oxidation of the iron by 05~ [289].

Recent progress in understanding the de novo assembly of
PSlicc suggests a pivotal role for cyt b559 [66]. Evidence for a
PsbDEF (or D2-cyt b559) assembly pre-complex has been
reported for barley etioplasts (chloroplasts that have not been
exposed to light) [276] and Synechocystis sp. PCC 6803 [300].
Studies on PsbE- and PsbEFLJ-deletion mutants indicate that
cyt b559 is required for PSlicc assembly in Chlamydomonas
reinhardtii [274] and for PsbD synthesis and accumulation in
Synechocystis [301], respectively. Also, cyt b559 is able to
accumulate in the membrane in the absence of D1 and D2
[301]. The idea emerges from these data that cyt b559 acts as a
nucleation factor that initiates PSII assembly: First, A D2-cyt
b559 pre-complex is formed [300,301]. After addition of D1 and
Psbl [302] an RC-like pre-complex is constituted [300]. These
processes within the thylakoid membrane might be controlled
by redox reactions. At a later stage of assembly, a complex is
formed, that lacks PsbC (CP43) and the associated LMW as well
as the membrane-extrinsic subunits, and is called the RC47
complex [65,66]. RC47 is able to oxidize Yz, but not water. It is
possible that cyt b559 acts to protect RC47 against unwanted

photochemical reactions initiated by Pp{. However, the
assembly of PSII subunits remains enigmatic.

8. Role of quinones in photoinhibition

Light is not only the essential energy source of photosynthesis, it is
also able to induce destructive processes in all components of the
photosynthetic apparatus. Under high light intensities, it is impossible
for the metabolic processes to keep up with the electron flow
produced by the primary photoreactions and, consequently, the
photosynthetic activity decreases. This light-induced physiological
stress is generally known as photoinhibition and was discovered more
than 100 years ago [303]. It can occur in both photosystems, I and I,
but PSII was found to be the major site of photoinhibition [287,304].

8.1. Photoinhibition in photosystem Il

The D1 subunit of PSII is the main target of photodamage, which
occurs actually at all light intensities. Hence, D1 has the highest turnover
rate of all PSII subunits [305,306]. Photoinhibition happens only when the
repair cycle (for reviews, see [66,304]) of the damaged D1 subunit is not
able to cover the caused damage and thus, D1 is degraded faster than it is
replaced. It is distinguished between three forms of photoinhibition in
PSII: the donor side and the acceptor side induced photodamage and the
low light syndrome. Donor side induced inactivation occurs once the
MnyCa cluster is not functional, due to the removal of Mn and/or Ca%*
([307,308] and references therein). In acceptor side induced photoinhibi-
tion as well as under very low light conditions, highly toxic ROS - such as
singlet oxygen ('0,) - can be formed through charge recombination
processes, thereby creating oxidative damage [309-313]. Here, we
summarize the current knowledge about acceptor side induced photo-
damage leading to photoinhibition and focus on the role of the primary
electron acceptor Qa.

In the mechanism of acceptor side induced photodamage, PQ from
the PQ pool is not sufficiently available, because the subsequent
supply with reoxidized PQ - through secondary metabolic processes —
is not able to keep pace with the electron flow from PSII. Therefore,
the ET from Qa~ to Qg or Qg is slowed down or interrupted due to an
unoccupied Qg site. In this situation, charge separated states can be
formed such as S;Qx~, S;Qp™ or S3Qg™ (S; refers to the redox state of
the WOC [14,35,36]). These states can give rise to the formation of
singlet oxygen, as they can recombine to P{ Q4. From this state,
there are several possible pathways (Fig. 9):

(a) Non-radiative recombination to the ground state via direct
tunneling in about 1.7 ms [314].

(b) Indirect non-radiative recombination: Pp{Qa~ recombines
to PpiPheopy. This state has again several options eventually
producing '0,. (i) The singlet state ![Pp{Pheopt] undergoes
intersystem crossing to the triplet state >[Ph{ Pheopy ], which in
turn recombines to an excited triplet state of the RC, 3Chl (also
referred to as “Pggo”). This latter state is likely 3Chlp, in
equilibrium with 3Pp; [83] and can act as sensitizer to produce
10,. However, 3Chl can also decay non-radiatively into the
ground state in ~800 ps in the absence of oxygen [315].
(ii) '[PpTPheop;] recombines to the ground state (> 1ns
[141,218]). (iii) [PpiPheopy ] recombines to the singlet excited
state 'P* of the RC (P* in Section 3.1). 'P* in turn can transfer
excitation energy back to the antenna system [82,141] or decay
radiatively (fluorescence) or non-radiatively (internal conver-
sion) to the ground state [141,316]. (iv) [Pp{ Pheopy ] donates
an electron to Qs . The doubly reduced quinone may be
protonated and leave the RC [310,317]. Then, forward ET
is blocked and further excitation of the RC yields the state
PpiPheopy that can react as in (i-iii).
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Fig. 9. Scheme for possible charge recombination pathways of the Py} Qx~ state and the influence of the free energy level of Qa. Once the states S;Qs~ recombined to Pp{Qy~, several
pathways are possible (for a detailed description of the steps, see text Section 8.1): (a) Non-radiative recombination of Py} Q4 to the ground state. (b) Indirect non-radiative recombination
of P,{Qx~ via the singlet '[P Pheopy ] or triplet 3[PL{ Pheopy | state of Pp{ Pheopy. The triplet radical pair decays non-radiatively via >Chl to the ground state, thereby producing likely
singlet oxygen 0, upon contact with triplet oxygen 30, (red arrow). The singlet radical pair can also decay non-radiatively via direct recombination or recombine to 'P*, which decays non-
radiatively. (c) Indirect radiative recombination of Py} Q4™ via '[Pp{ Pheop; | to p* which decays to the ground state by light emission. The free energy level of Q4 is different in the LP or HP
form of spinach and in the T4 mutant from B. viridis (white boxes). The addition of the phenolic herbicide bromoxynil (red boxes) shifts the free energy levels of Q4 towards lower values,
thereby decreasing the energy gap between Pp{ Q4 ~and Pi} Pheopy, and favoring charge recombination via the '0, forming way (red arrow). The addition of the urea herbicide DCMU
(purple boxes) has the opposite effect and increases the energy gap between Pyt Qx~and Phi Pheopy, favoring the harmless charge recombination route (a).

(c) Indirect radiative recombination: P57 Qa~ recombines via
1[PhT Pheopy] to 'P*, which decays to the ground state by light
emission (=3 ns, [316] and references therein) or transfers the
excitation energy to antenna Chl that emit light.

Singlet oxygen is very harmful for its protein environment as it
rapidly reacts with carbon-carbon double bonds and also carbon-
sulfur bonds, thereby damaging amino acids, lipids and pigments. The
formation of singlet oxygen through a triplet forming charge recom-
bination way is considered to be one of the main sources for
destruction of the PSII reaction center, drastically decreasing its
photosynthetic activity [287,304,318,319]. Therefore, it is of high
interest to identify the parameters that influence the charge
recombination pathway and determine the yield of the different
routes of electron back flow. In the following the influence of the
midpoint redox potential of the primary quinone Qa will be depicted.

8.2. Influences of the Q4 redox potential on charge recombination pathways

First knowledge about the influence of the Q4 redox potential on
the yield of the different charge recombination pathways was
obtained from studies with bRC. It was observed, that the used
route for charge recombination is determined by the free energy gap
between Hp and Qa [131,320]. Thus, in PSII the pathway of charge
recombination was expected to be influenced by the free energy level
of the involved redox components (Pp;, Pheop;, and Q) in a way
similar to bRC. The redox midpoint potential (E;) of Qs in PSII
membranes (from spinach) was found to be —80 mV [147,321] and
—110mV in PSllcc of T. elongatus [322], both active in oxygen
evolution. The E,, values can vary strongly as a consequence of
(i) changes at the donor side, (ii) herbicide binding to the acceptor
side or (iii) mutations at the Q4 binding site.

8.2.1. Low and high potential form of Qa

So called “low and high potential” (LP and HP) forms of Q4 were
defined by Krieger et al. [147] and were ascribed to the active and
inactive (due to Ca®™ depletion) stage of oxygen evolution of spinach
PSII membranes, respectively. Under a wide variety of conditions, con-
cerning temperature, pH, presence of mediators and oxygen evolving
activity, the Qa~ formation during redox titrations was detected
either by Chl a fluorescence or EPR signals and essentially confirmed
observations already reported in [323]. In a pH range of stable oxygen
evolution activity (pH 5.5—7.5), the E,, value of Q, in active PSII
membranes was determined to be about —80 mV (LP), whereas the E,
value shifted to about 4+65mV (HP) in inactive samples [147].
Therefore, it was assumed that changes at the donor side (depletion
of Ca®™ or loss of Mn4Ca cluster) of the RC cause the Q4 redox potential
shift of 150 mV. In studies similar to [147], a low and high potential
form of Q4 were also found in PSlicc of T. elongatus and were
determined to be —110mV and +60 mV, respectively [322]. The
possible physiological role of the HP and LP form is discussed below.

8.2.2. Effects of herbicides

It has been known for many years, that changes at the Qg site - such
as inhibitor binding - influence the properties of Qa [122,324]. PSII
inhibitors bind with high affinity to the Qg site, competing with the
native quinone molecules, and block the ET from Qa to Qg [325]. It was
shown, that certain types of herbicides are able to shift the redox
potential of Q4 and hence its free energy level [321]. Herbicides are
commercially used PSII inhibitors (for review, see [326]) and were
divided into two groups, according to their orientation in the binding
pocket [327]: classical urea- and triazine-types orienting themselves
towards Ser A264 and phenolic derivatives orienting themselves
towards His A215. Possible explanations for the interaction of herbicides
with specific amino acid residues in the Qg pocket that lead to the
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potential shift and the transmission of the changes to the Qa site, were
provided through FTIR spectroscopy along with density functional
theory calculations [328,329]. The results of these studies indicate that
in the case of abound phenolic herbicide, a change in the hydrogen bond
strength of the NH group of His A215 influences the strength of the
hydrogen bond between His D214 and the C4=0 carbonyl group of Q4
mediated by the NHI [328,329].

Depending on the type of bound herbicide (classical or phenolic), the
photosensivity of PSII was found to be affected in opposite ways. Several
in vitro and in vivo studies with plants, algae and cyanobacteria showed a
stabilizing effect of urea/triazine-type herbicides on PSII and a decreased
photoinhibition, whereas phenolic herbicides destabilize PSII, leading to
an increased sensitivity to light [330-334]. A thermodynamic mechanism
to explain the origin of these opposed effects was proposed by Krieger-
Liszkay and Rutherford [321], based on the found shifts of E,;,(Qa/Qa )
and thermoluminescence (TL) bands reflecting the stability of the
involved charge pairs (for review on TL, see [335]). The redox midpoint
potential of Qa in the presence of the herbicides DCMU, a classical
type, or bromoxynil (3,5-dibromo-4-hydroxybenzonitrile), a phenolic
type, was determined via titration of Chl a fluorescence of spinach
membrane fragments. The same effect was observed for both, the
LP as well as for the HP form: DCMU increases and bromoxynil
decreases the E;,(Qa/Qa~) (see Table 2). In accordance with TL
measurements, a model for charge recombination (Fig. 9) depend-
ing on the free energy gap between PLiQa~ and PpiPheop; was
proposed [321]. As DCMU increases this energy gap, the harmless direct
recombination pathway (a) (see above and Fig. 9) is more likely. On
the other hand, phenolic herbicides decrease the energy difference to
PhiPheop; leading to a higher possibility of charge recombination
via 3Chl formation (b(i)) (Fig. 9) and therefore '0, production. These
findings are considered to explain the higher rate of photoinhibition
of PSII samples in the presence of phenolic herbicides [321].

In vivo fluorescence and TL studies of PSII photoinhibition in the
cyanobacterium Synechococcus sp. PCC 7942, treated with either
DCMU or BNT (2-bromo-3-methyl-6-isopropyl-4-nitrophenol), sup-
ported the recombination mechanism proposed by Krieger-Liszkay
and Rutherford [321]. A fast photoinhibition and the formation of ROS
was only detectable in the presence of BNT [336].

In order to circumvent the fact, that urea-type and phenolic
herbicides do not bind to the bRC, a T4 mutant of B. viridis, which is
sensitive to these herbicides [184], was used to investigate their
influence on recombination kinetics and the Q redox potential at pH
6.5 [337]. The observed shifts of the E;,,(Qa/Qa~) are very similar to
those in PSII-RC (see Table 2).

8.3. Effects of mutations at the Q4 site

Through a single point mutation in the binding pocket of Q4 in
T. elongatus it was possible to influence the midpoint potential of Q4 and
investigate its impact on charge recombination pathways and photo-
inhibition, independently of the presence of herbicides [338]. Therefore,
possible side effects on the process of photodamage and photoinhibi-
tion, due to the use of herbicides, could be avoided in this study. In the A
(D249)S mutant, Ala D249 which is a residue in the Q4 binding pocket
was changed to serine. Compared to the wild type [338], E,(Qa/Qa )
decreased by 60 mV due to the A(D249)S mutation, similar to the

Table 2
Redox midpoint potential of Q4 (in mV) with and without the addition of herbicides.
Values are taken from [321] for spinach membranes and [337] for the B. viridis T4 mutant.

No addition + DCMU + bromoxynil
PSIL: LP form —804+16 —284+18 —1254+16
PSII: HP form +73+£17 +12345 +24+14
bRC: B. viridis T4 mutant —57+10 +55+£25 —774+35

situation observed in PSII samples treated with a phenolic herbicide. The
influence of the mutation on photoinhibition was detected by
monitoring the changes of the Chl fluorescence yield and the oxygen
evolving activity in both, in vitro and in vivo experiments. After
illumination, the amount of produced oxygen as well as the yield of
fluorescence decreased faster in all samples of the A(D249)S mutant
compared to the wild type. The addition of herbicides amplified (in
the case of bromoxynil) or diminished (in the case of DCMU) this
effect. Besides the increased sensibility to light, a higher amount of
singlet oxygen was also detected in the mutant as shown in spin-
trapping assays using PSII particles. Moreover, TL measurements
revealed a S,Qa~ charge recombination at lower temperatures in the
mutant than in the wild type, indicating a smaller energy gap between
S,Qx~ and Pp{ Pheopy since less energy is required for the back reaction.
The recombination kinetics of the S,Q5~ state were also studied via the
decay of the fluorescence yield and were found to be faster in the mutant
than in the wild type, showing a biphasic behavior [338]. All these
observations support the role of the Qa redox potential in directing the
way of charge recombination (Fig. 9) and therefore photoinhibition as it
was proposed in the model by Krieger-Liszkay and Rutherford [321].

The free energy gap between S,Q4~ and Pp{Pheop; can also be
modified by changing the midpoint potential of the redox compo-
nents Pheop; or Pp; through site-directed mutagenesis as it was
shown in [140,316,339,340]. These changes also influence the kinetics
and routes of charge recombination.

8.4. Protection against photoinhibition by Q4 potential changes

The possibility of modulating the redox potential of Q4 and also
Pheop, provides a way for photosynthetic organisms to protect them-
selves against oxidative stress. With changes in these redox potentials,
the formation of the potentially harmful radical pair states (b(i)) can
be avoided as the harmless non-radiative charge recombination
(a) becomes the dominant pathway (see Fig. 9).

Cyanobacteria possess different gene copies for the D1 subunit,
which are expressed in various yields depending on light condi-
tions [341-343]. The low- and high-light forms of D1 differ in several
amino acid positions, but they all feature the replacement of Glu A130
with GIn under high light intensities. This replacement was shown to
increase the redox potential of Pheop,, leading to an accelerated
charge recombination and a reduced light sensitivity. The latter two
effects were proposed to originate from the decreased recombination
via the triplet forming routes (b(i)) [316,344-346].

By inactivating PSII through the depletion of Ca®™ or loss of the
MngyCa cluster, the potential of Qa is shifted from the LP to the HP
form. This effect presents a direct influence of the donor side situation
on the properties of the acceptor side. This mechanism is supposed to
play an important role in protecting PSII against photodamage during
the assembly of the RC, also by increasing the efficiency of pathway (a)
(Fig. 9) [147,148,347]. The role of E,;,(Qa/Qa ) in active PSII samples in
controlling the charge recombination routes was strongly supported
by the A(D249)S mutant investigated in [338] independently of the
addition of herbicides. Still, it remains interesting to study how
herbicides, which bind at the Qg site, are able to influence the redox
potential of Qa. First prospects were gained through spectroscopic and
theoretical investigations [328,329] and could be supported
recently through the attainment of the first crystal structure of a
PSlicc/terbutryn complex [348].

9. Conclusion and perspectives

The quinone reductase part of PSllcc is often outshined by the huge
interest in the water oxidase part, but it is neither less interesting nor
less complicated. Also, there is a connection between the two parts that
actually prohibits to consider them separately. On the other hand, space
limitations do not allow to treat both aspects with the same rigor in one
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review. Here, we have made an attempt to collect experimental and
theoretical data, concerning quinones in PSllcc, as a basis for an
understanding of the crystal structures and to establish a connection to
topics of physiological interest such as regulation of ET and photo-
inhibition/photoprotection. Much has been learned about the acceptor
side of type-II RC from studies on bRC, but the comparability to PSII-RC is
limited, since the two systems are adapted to a different metabolic
context. This is particularly evident from the binding of (bi)carbonate to
the NHI. We consider the clarification of the role of (bi)carbonate in this
position as one of the key topics of future research as it likely regulates
both ET and PT to Qg. In this respect, the identification of protein-bound
water molecules will be important. Although not possible at 2.9 A
resolution, the crystal structure at 1.9 A resolution [16] provides this
information (Section 10). Other topics of prime interest are the role of
lipids within PSlicc, the relationship between quinone diffusion
pathways and the still elusive function of cyt b559, as well as the
connection between herbicide binding to the Qg site and the relevance
of Qa4 redox potential shifts for photoinhibition. From the viewpoint of
structural biology, progress has been made in these areas by the
identification of new lipid cofactors [10,11,226], the discovery of a novel
quinone binding site Qc [11] and the first elucidation of a PSlIcc crystal
structure with a herbicide bound to the Qg pocket [348]. Future work
along these lines will focus on the questions how the loss of lipids during
the preparation and purification steps of PSllcc can be minimized, how
the presence and position of Qg/Qc depend on experimental conditions
(by analogy to the various Qg positions in bRC) and how different types
of herbicides bind to the Qg site. Finally, the conformational connection
between donor and acceptor side needs further investigation. PSlicc has
two faces, and both are worth a closer look.

10. Addendum: the 1.9 A resolution crystal structure

After completion of the manuscript, Umena at al. [16] published the
crystal structure of dimeric PSlicc from T. vulcanus at 1.9 A resolution
(PDB entry 3ARC). Clearly, the most intriguing aspect is that a reliable
structure of the WOC was obtained, which turns out to be a Mn4CaOs
cluster (for more details as regards the WOC, see the very recent review
by Kawakami et al. [349]). Here, we summarize information from the
new crystal structure concerning the topics of this review.

Not surprisingly, the cofactor inventory observed in the structure at
1.9 A resolution in T. vulcanus is mostly the same as that at 29 A
resolution in T. elongatus, but there are some slight differences: the 3-
carotene Carys identified in T. elongatus is not found at the higher
resolution in T. vulcanus. In the latter structure, there are only 6 MGDG,
5 DGDG, and 4 SQDG per monomer compared to 11, 7, and 5 lipid
molecules, respectively, in the less resolved structure. In contrast, the
PG content in the structure at 1.9 A resolution is higher with 5
molecules per monomer compared to 2 at 2.9 A resolution. Both
structures contain detergent molecules. There are 5 molecules of RBDM
per monomer present in the crystal structure at 1.9 A resolution
compared to 7 at 2.9 A resolution. In addition, the 1.9 A resolution
structure features 8-9 molecules of n-heptyl-B-p-thioglucoside (HTG)
per monomer. This comes somewhat as a surprise, as the use of HTG is
neither reported in reference [16] nor in the cited methods [350,351].
At this point it has to be mentioned, that the use of a different detergent
influences the crystallization behavior and the intramolecular protein
and detergent contacts in the crystal [352]. Therefore, this issue should
also be discussed regarding the highly improved resolution of the
crystal structure. Variations of detergent concentration and composi-
tion used in the different laboratories are most likely a reason for the
disparities in the carotenoid, lipid and detergent content of PSlicc.
Indeed, two of the PDM molecules found in the cytoplasmic
lipid/detergent-layer at the monomer-monomer interface assigned in
the 1.9 A resolution structure seem to replace MDGD found at 2.9 A
resolution. Replacements of this kind are expected due to the similarity
of the sugar headgroups (see Section 2.2.). On the other hand, the three

new PG molecules per monomer found in the structure at 1.9 A
resolution are located at sites occupied by MDGD at 2.9 A resolution.
Possible reasons for this finding could be (i) a misassignment of lipids in
the lower resolution structure or, more likely, (ii) differences in the
lipid composition of PSllcc that could be species-specific and/or
dependent on growth conditions. The latter aspect is of particular
interest, as the phosphate group of one of the new PG molecules is
located at a close distance of about 8 A from Qa [16] and thus could
influence ET reactions to a greater extent than any of the PG molecules
at the Qg side. These problems require further research.

The LMW subunit PsbY, which is located close to cyt b559[11,353],
is not found in the 1.9 A resolution structure [16], because it has
presumably been lost during purification/crystallization as reported
in other crystallographic studies [8,12]. In the 2.9 A resolution crystal
structure, it could only be modeled as poly-Ala due to a poor electron
density in this region [11,15]. So, it remains a challenge for
crystallography to unravel structural details of this subunit and its
interaction with cyt b559. Likewise, Q¢ is not detected in the 1.9 A
resolution structure. Again, this result does not necessarily indicate a
misassignment in the earlier structure, but can rather be taken as a
sign of an ill-defined and preparation-dependent position that would
be expected, if Qc was indeed a substrate quinone.

Another important aspect of the 1.9 A resolution structure is the
localization of more than 1300 water molecules per PSlicc-monomer
[16]. Interestingly, the Qg site is essentially devoid of water molecules,
but there is one interacting with His A252, and two water molecules
bridge Glu A244 and Tyr A246. These waters appear to mark two
proton transfer pathways to each of the two carbonyl groups of the
quinone. By analogy with the bRC (cf. Section 5.2), it is tempting to
presume that the first proton enters via His A252 and Ser A264
(instead of Asp L213 and Ser L223 in bRC), while the second proton
arrives via Tyr A246 (instead of Glu L212, cf. Fig. 6). The route via Tyr
A246 likely involves Glu A244 and is influenced by the presence of the
(bi)carbonate anion (Fig. 4A).
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