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We performed spectroscopic and functional characterization on cyanobacterium Synechocystis PCC6803 with
mutations of charged residues of the cytoplasmic side of cytochrome (Cyt) bssg in photosystem II (PSII). All of
the mutant cells grew photoautotrophically and assembled stable PSII. However, R7Eo, R17Eo and R17L3 mu-
tant cells grew significantly slower and were more susceptible to photoinhibition than wild-type cells. The ad-
verse effects of the arginine mutations on the activity and the stability of PSIl were in the following order
(R17L3>R7Ea>R17Ea and R17Aa). All these arginine mutants exhibited normal period-four oscillation in ox-
ygen yield. Thermoluminescence characteristics indicated a slight decrease in the stability of the S3Qg /S2Qs
charge pairs in the R7Ea and R17L3 mutant cells. R7Eoc and R17L3 PSII core complexes contained predominantly
the low potential form of Cyt bsse. EPR results indicated the displacement of one of the two axial ligands to the
heme of Cyt bssg in R7Ecx and R17L3 mutant reaction centers. Our results demonstrate that the electrostatic in-
teractions between these arginine residues and the heme propionates of Cyt bssg are important to the structure
and redox properties of Cyt bsse. In addition, the blue light-induced nonphotochemical quenching was signifi-
cantly attenuated and its recovery was accelerated in the R7Lac and R17L{3 mutant cells. Furthermore, ultra per-
formance liquid chromatography-mass spectrometry results showed that the PQ pool was more reduced in the
R7Eo and R17L3 mutant cells than wild-type cells in the dark. Our data support a functional role of Cyt bssg in
protection of PSII under photoinhibition conditions in vivo.
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—— - . o 1. Introduction
Abbreviations: AL, actinic light; Cyt, cytochrome; Em, erythromycin; E’,,, mid-point

redox potential; EPR, electron paramagnetic resonance; F,, the maximal fluorescence

yield; Frpdark, the maximal fluorescence yield in the dark; F,, the dark fluorescence
yield; F,/Fp, the maximal PSII quantum yield [with F, = (F,, — F,)]; FTIR, Fourier trans-
form infrared; HP, high potential; IP, intermediate potential; LP, low potential; NPQ,
nonphotochemical quenching; OCP, orange carotenoid proteins; PQ, plastoquinone;
Qa, the primary quinone electron acceptor in PSII; Qg, the secondary quinone electron
acceptor in PSII; PSII, photosystem II; ROS, reactive oxygen species; UPLC-APCI-QTOFMS,
ultra performance liquid chromatography-atmospheric pressure chemical ionization-
quadrupole time-of-flight mass spectrometry; Wild-type, control Synechocystis strain
constructed in the same manner as site-directed mutants but with no mutation; TL,
thermoluminescence
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Photosystem II (PSII) is a large membrane protein complex in the
thylakoid membrane of plants and cyanobacteria [1-3]. It utilizes light
energy to oxidize water on the lumen side and to reduce plastoquinone
(PQ) on the stromal-side of the thylakoid membrane [ 1-3]. Cytochrome
(Cyt) bssg is one of the essential PSII proteins and is composed of o and
3 heme-bridged heterodimer proteins (encoded by psbE and psbF
genes, respectively) [1-4]. Previous studies have proposed that Cyt
bssg participates in secondary electron transfers that protect PSII from
photoinhibition forming a cyclic electron-transfer pathway within PSII
[5-13]. In these models, Cyt bssg is thought to donate its electron, via
a R-carotene molecule (Carp,), to reduce highly oxidized chlorophyll
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radicals generated in PSII reaction centers under donor-side photo-
inhibitory conditions [5-10]. On the other hand, Cyt bss9 may accept
an electron from the acceptor side of PSII [Qg or PQ] to prevent the
formation of damaging singlet oxygen species under acceptor-side
photoinhibitory conditions [10-14]. In addition, Cyt bssg displays differ-
ent redox potential forms depending on the type of PSII preparation and
treatment: a high potential form (HP) with a mid-point redox potential
(E'm) around + 390 mV; an intermediate potential form (IP) with an E',,
around +230 mV and a low potential form (LP) with an E’, about —
150-0 mV [5,15,16]. Moreover, recent studies showed that Cyt bssg
in tris-treated PSII had superoxide oxidase and reductase activities
[17,18]. Furthermore, the recent 2.9 A resolution PSII crystal structure
provided evidence that a novel quinone-binding site (Qc) was located
in proximity to Cyt bssg [3]. The occupancy of this Qc site could modulate
the redox equilibration between Cyt bssg and the PQ pool [19,20] or be
involved in the exchange of PQ on the Qg site [3]. Despite the recent
progress in understanding the structure and function of PSII, the exact
function of Cyt bssg in PSII remains elusive.

Previous target mutagenesis studies demonstrated no stable PSII
reaction centers assembled in the absence of either Cyt bssg subunit
[21-26]. In addition, an early site-directed mutagenesis study with
Synechocystis PCC6803 showed that replacing either of the heme axial
ligands (His22 of the a- or p-subunit) with Leu severely diminished
PSII assembly or stability [27]. Furthermore, another site-directed mu-
tagenesis study with Chlamydomonas reinhardtii showed that the Cyt
bsse o subunit mutants His22Tyr and His22Met accumulated 10-15%
of PSII (compared to wild-type cells), were sensitive to photoinhibition,
and lacked the heme of Cyt bssg, while still retaining significant
amounts of O, evolution activity [28]. This study concluded that a
redox role for the Cyt bssg heme was not required for O, evolution
[28]. In our early study, we constructed a set of site-directed mutants
of the Cyt bssg heme ligands (His22 of the a- or p-subunit) with
Synechocystis PCC6803 cells [29]. Only the H22Ka mutant grew photo-
autotrophically and accumulated stable PSII reaction centers [29]. Spec-
troscopic and functional characterization of the H22Ka and Y18Sa
Cyt bsso mutant cells showed that both mutants assembled stable PSII
and exhibited the normal period-four oscillation in oxygen yield [30].
However, both mutants showed distinct chlorophyll a fluorescence
characteristics and were more susceptible to photoinhibition than the
wild-type [30]. EPR results indicated the displacement of one of the
two axial ligands to the heme of Cyt bssg in H22Ko mutant reaction cen-
ters. In addition, the Y18Sa and H22Ka mutant PSII core complexes
predominantly contained the LP form of Cyt bssg [30]. When the Cyt
bssg mutations were placed in a D1-D170A genetic background that
prevents Mn cluster assembly, PSIl accumulation was almost completely
abolished [30]. The results support a functional role of Cyt bssg in protec-
tion of PSII under photoinhibitory conditions in vivo.

A spontaneously-generated mutant from Synechocystis PCC6803
wild-type cells grown in BG-11 agar plates containing 5 mM glucose
and 10 uM DCMU was identified as carrying an R7L mutation on the
a-subunit of Cyt bssg in PSII [31]. This mutant grew at about the same
rate as the wild-type cells under photoautotrophical conditions but
faster under photoheterotrophical conditions [31]. In addition, the
energy delivery from the phycobilisomes to PSII reaction centers was
partially inhibited or uncoupled in this mutant. We proposed that the
Arg7Leu mutation on the ai-subunit of Cyt bssg alters the interaction be-
tween the allophycocyanin core complex and PSII reaction centers,
which reduces energy delivery from the antenna to the reaction center
and thus protects mutant cells from DCMU-induced photo-oxidative
stress [31].

To gain more insights into the structure and function of Cyt bssg in
PSII, we performed spectroscopic and functional characterization on
Synechocystis mutants which carried a mutation on conserved charged
residues of the cytoplasmic side of Cyt bssg in PSIL The implications of
our findings on the structure and physiological functions of Cyt bssg in
PSII will be discussed.

2. Material and methods
2.1. Growth and preparation of Synechocystis PCC6803 cells

Cyt bssg mutant and wild-type Synechocystis cells were photoautotro-
phically grown in BG-11 medium. Cultures were propagated at 30 °C
under growth-light conditions with intensity of ~30 uE m~2 s~ . Cul-
tures were continuously bubbled with sterile, humidified air. Liquid
cultures in exponential growth (OD730 0.7-1.2) were harvested and
used for biochemical and functional analysis.

2.2. Construction of Cyt bssg mutants

The cytoplasmic-side mutation was introduced into the plasmid
PAC559EMR by oligonucleotide-directed mutagenesis according to refer-
ence [29]. Each Cyt bssg mutant was constructed by transformation of
the mutant plasmid into the host strain (ApsbEFLJ) [29]. Mutants were
selected on solid media containing the antibiotic Em (0.1 pg mL™1)
until their mutated gene was completely segregated. Complete segrega-
tion of the mutated gene in these mutant cells was verified by PCR.

2.3. Measurement of photosynthetic oxygen evolution

Steady-state rates of oxygen-evolution were measured with a
Clark-type oxygen electrode (YSI model 5331 oxygen probe) fitted
with a water-jacketed cell as described previously [29]. Oxygen evolu-
tion of cells (10 pg of chlorophyll mL™!) was measured in growth
medium and in the presence of 2 mM 2,6-dichloro-p-benzoquinone
(DCBQ) and 2 mM potassium ferricyanide as electron acceptor. Oxygen
evolution of PSII core complexes was measured in 50 mM MES, pH 6.5,
25 mM CaCl,, 10 mM NaCl, 1 M Sucrose, and in the presence of 1 mM
potassium ferricyanide and 0.4 mM DCBQ. Saturating illumination
was provided from both sides of the water-jacketed cell by two
fiber-optic illuminators (Dolan-Jenner model MI 150).

2.4. Measurement of chlorophyll a fluorescence at 295 K

Chlorophyll a fluorescence measurements at 295 K were performed
with a Dual PAM (pulse-amplitude-modulation) fluorometer (Walz,
Germany). The relative PSII content of cells on a chlorophyll basis was
estimated from the total yield of variable chlorophyll a fluorescence
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Fig. 1. The kinetics of charge recombination between Qa and PSII electron donors in re-
sponse to a saturating flash given to the wild-type (black trace), R7Ex (green trace),
R17Ex (blue trace) and R17L3 Cyt bssg mutant cells (red trace) in the presence of
DCMU, by chlorophyll a fluorescence measurement. Conditions: 20 pg of chlorophyll in
2 mL of BG-11 medium. Samples were incubated in darkness for 5 min before DCMU
was added to the final concentration of 40 uM. The levels of Fo and Fm were normalized.
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(Fn—Fp) measured in the presence of DCMU and hydroxylamine,
according to reference [32]. Experimental conditions for measurements
of time-dependent flash-induced transients of PSII fluorescence yield,
kinetics of charge recombination between Q4 and the Mn cluster, and
electron transfer from Q4 to Qg in response to a saturating flash given
to the wild-type and mutant cells are described in figure legends. Kinet-
ics of chlorophyll a fluorescence decay curves was analyzed using the
Microcal Origin 8.1 software implementing two exponential decay
fitting [ExpDec2, Equation y=A1xexp(—x/T1)+A2«exp(—x/T2)]
of the data in Fig. 1 and three exponential decay fitting [ExpDec3, Equa-
tion y=Alxexp(—x/T1)+A2+exp(—x/T2)+A3xexp(—x/T3)] of
the data in Fig. 2.

2.5. Thermoluminescence measurements

Thermoluminescence (TL) glow curves of Synechocystis PCC6803
cells were measured using a home-built apparatus as described earlier
[33-35]. Typically, cyanobacterial suspensions were dark-incubated
for 3 min at 30 °C, then cooled to 0 °C for 1 min and illuminated at
the end of this period with different numbers of saturating single
turn-over flashes (separated by 1 s) of white light through an optic
fiber. Luminescence emission was recorded while warming samples
from 0 °C to 70 °C at a heating rate of 0.5 °C/s. The instrument was
driven by a personal computer, with a specially developed acquisition
program [36]. Signal analysis and graphical simulation were performed
as previously described [33-35]. Statistical analysis of data was done
using the Microcal Origin 6.0 software implementing a t-test of the
data (see Table 4 and Supplement materials).

2.6. Polarographic measurements of O, evolution

Measurement of flash number dependent O, yields and O, release
kinetics was performed with isolated thylakoid membranes using a
bare platinum electrode that allows for the deposition of samples by
centrifugation as described previously [37-40]. For each measurement
a sample of thylakoid membranes containing 3 pg of chlorophyll was
added to 500 pL of 50 mM MES-NaOH (pH 6.5), 1 M sucrose, 200 mM
NaCl and 10 mM CaCl,. Samples were centrifuged onto the electrode
surface at 10,000 xg for 10 min at 25 °C in a Sorvall HB-4 swing out
rotor. The temperature of the electrode was regulated, by circulating
thermostatted water through a copper jacket that surrounds the elec-
trode. Acquisition of the data and the control of the instrumentation
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Fig. 2. The kinetics of electron transfer from Qa to Qg and Qg in response to a saturat-
ing flash given to the wild-type (black trace), R7Ex (green trace), R17Ex (blue trace)
and R17LQ Cyt bssg mutant cells (red trace) by chlorophyll a fluorescence measure-
ment. Conditions: 20 pg of chlorophyll in 2 mL of BG-11 medium. Samples were incu-
bated in darkness for 1 min. The levels of Fo and Fm were normalized.

were implemented using a plug-in data acquisition circuitry and
LabView software (National Instruments) that permitted timing and
coordination of the flash illumination and data acquisition.

2.7. Measurement of fluorescence at 77 K

Fluorescence emission spectra were recorded with a fluorescence
spectrometer (Jasco model FP-6500). All the measurements were
carried out at 77 K, using cell suspensions at a chlorophyll concentra-
tion of 20 ug mL ™. The excitation light wavelength used for exciting
chlorophyll was 435 nm (excitation band width 5 nm, emission band
width 1 nm). The excitation light wavelength used for phycobilisomes
was 600 nm (excitation band width 3 nm, emission band width 1 nm).

2.8. Preparations of His-tagged PSII core complexes

Oxygen-evolving His-tagged PSII core complexes were isolated by
Ni-NTA affinity chromatography from the wild-type and Cyt bssg mu-
tant cells, which contain a His-tag on their CP47 proteins, as described
previously [30]. Tris-washed samples were prepared, in accordance
with the references cited [30].

2.9. Reduced minus oxidized difference spectra of Cyt bssg in the
wild-type and mutant PSII core complexes

Optical absorption difference measurements were performed on
suspensions of the wild-type and mutant PSII core complexes (20 ng
chlorophyll mL™') in 1 mL MMNB buffer (25 mM MES, 5 mM MgCl,
10 mM Nadl, 1 M glycine betaine, 0.03% (3-DM, pH 5.7) at room tem-
perature, on a Perkin Elmer Lambda 35 UV/VIS spectrophotometer
with band width of 0.5 nm. Four-step redox titration was performed
as described [30]. The sample suspension was oxidized by adding
0.1 mM KsFe(CN)g (from a freshly made 10 mM stock solution) and
the spectrum was recorded and stored as the oxidized spectrum. The
sequential reduction of cytochromes was performed by first adding
hydroquinone (0.3 mM), followed by ascorbate (0.6 mM) and, finally,
a few grains of dithionite.

2.10. Conditions for EPR measurements

EPR spectra were obtained at X-band using a Bruker EMX spectrom-
eter equipped with a Bruker TE102 cavity and an Advanced Research
System continuous-flow cryostat (3.2 K-200 K). The microwave fre-
quency was measured with a Hewlett-Packard 5246L electronic coun-
ter. The instrument settings are shown in the figure legend.

2.11. Liquid chromatography-mass spectrometry analysis

The relative abundance of PQ and PQH, in the wild-type and Cyt bssg
mutant cells was determined by using ultra performance liquid
chromatography-atmospheric pressure chemical ionization-quadrupole
time-of-flight mass spectrometry (UPLC-APCI-QTOFMS) technique in
accordance with the reference cited [41]. The amount of cells equivalent
to 30 mL of OD;30=1.0 culture was collected by centrifugation at
10,000 xg for 2 min and washed with 25 mM HEPES buffer, pH 7.0.
The cells were pelleted in a 2 mL microcentrifuge tube. Tetrahydrofuran
(THF) solvent and glass beads of about 0.1 mm in diameter were added.
Samples were further homogenized for 2 min at 60 Hz in a beadbeater
(BioSpec, USA) at 4 °C. Tubes were centrifuged on a benchtop centrifuge
(14,000xg for 5 min at 4 °C) and 100 pL of supernatant was then
transferred to an appropriate glass vial for immediate UPLC-APCI-
QTOFMS analysis. The LC-MS system consisted of a Waters Acquity
UPLC™ (Waters, USA) coupled to a Waters Synapt HDMS™ system
equipped with an atmospheric pressure chemical ionization (APCI)
source. Prenyllipids were separated on an Acquity BEH C18 column
(50x2.1 mm, 1.7 um) as described previously [41].
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3. Results
3.1. Growth and photosynthetic characteristics of Cyt bssg mutants

A new set of site-directed Cyt bssg mutants, each one carrying a
single amino acid substitution on the charged residues (Glu6, Arg7,
Asp11 and Arg17 of the o subunit and Arg17 of the 3 subunit) situated
on the cytoplasmic side of Cyt bssg, was constructed in the experimen-
tal model cyanobacterium Synechocystis PCC 6803. The light-saturated
oxygen-evolution activity and PSII contents of the mutant strains that
are discussed in this study are listed in Table 1. All these mutant cells
grew photoautotrophically, although the growth rates of the R7Eq,
R17Ea and R17Lp cells were significantly slower than that of the WT
cells. Under photoautotrophic growth conditions, the doubling times
for the wild-type, R7Ea, R17Eax and R17Lp Cyt bssg cells were about
14.2,24.4,19.5 and 30.7 h, respectively.

The maximal oxygen evolution rates and PSII content of the E6Ra,
R7Ea, D11Ra and R17Ea mutant cells were about 57-65% and 53-
75% compared to that of the wild-type cells, respectively (Table 1).
In contrast, the oxygen evolution rates and PSII contents were less af-
fected in the E6Ac, R7Ac, R7La, D11Aa and R17Aa mutant cells (see
Table 1). Therefore, our results indicated that the replacement of the
charged amino acid residue with the oppositely charged residue on
the cytoplasmic side of Cyt bssg mutants had larger impacts on their
PSII stability and activity than replacements with the neutral resi-
dues. Exceptionally, among all the cytoplasmic-side Cyt bssg mutants
in Table 1, the R17L3 mutant cells showed the lowest oxygen evolu-
tion activity (29% compared to that of the wild-type cells) and PSII
content (41% of the wild-type cells). Our results indicated that the
mutation on the R170 residue had the strongest impacts on PSII activ-
ity and stability among all charged residues on the cytoplasmic side of
Cyt b559 in PSIIL

3.2. Measurement of chlorophyll a fluorescence at 295 K

Fig. 1 shows the charge recombination kinetics between Q4 and ox-
idized PSII electron donors in the wild-type, R7Eq, R17Ea and R17Lp
mutant cells as measured by chlorophyll a fluorescence. The decay ki-
netics was analyzed assuming two exponentially decaying components
and listed in Table 2. The charge recombination kinetics of the wild-type
cells exhibited components of T1~0.68 s (50%), T2~2.36 s (50%) and
reflects charge recombination between Q4 and the S, state of the Mn
cluster[32,42]. The R7Ea and R17Ea mutant cells showed similar kinet-
ics of charge recombination compared to that of the wild-type cells.
These results indicate that the Mn cluster and Q, are generally intact
in PSII of these mutant cells. However, the R17L3 mutant cells showed
a slight alteration in relative amplitudes of components [T1~0.59

Table 1
Summary of the properties of cytoplasmic side Cyt bsso mutants.

Strains Oxygen evolution® PSII content”
(% of wild-type) (% of wild-type)
Wild-type 100+7 100+ 10
E6Ac 75+11 86+4
E6Ra 6548 6942
R7Ko 87+5 8942
R7Aa 70+9 72+7
R7La 69+13 8442 Ref. [31]
R7Ea 57+9 5346
D11Ax 9149 98+8
D11Ra 6548 75410
R17Aa 81+9 8641
R17Ex 64+5 6444
R17Kp 61+8 62+11
R17Lp 2941 41+8

Table 2

Kinetics of charge recombination between Qa and oxidized PSII electron donors in re-
sponse to a saturating flash given to the wild-type and Cyt bsso mutant cells in the
presence of DCMU.

Strain Fast phase Slow phase

T1 (s)/Amp (%) T2 (s)/Amp (%)
Wild-type 0.684-0.02/50 2.364:0.03/50
R7Ea 0.5940.01/48 2.42+0.03/52
R17Ea 0.56+0.01/45 2.26 +0.02/55
R17L3 0.5940.02/38 2.5740.03/62

The data were obtained from the analysis of the fluorescence relaxation curves shown
in Fig. 1 by using the function described in the Material and methods.

(38%) and T2~2.57 s (62%)] compared to those of the wild-type cells.
In addition, the flash-induced yields of variable chlorophyll a fluores-
cence in the R7Ea, R17Ea and R17L3 mutant cells were about 92%,
88% and 68% of the wild-type cells, respectively (see Fig. 1). Fig. 2 and
Table 3 show kinetics of Q4 oxidation in response to a saturating flash
given to the wild-type and Cyt bsso mutant cells in the absence of
DCMU. The fast phase, which contributes to ~52% of the total decay
with T1~0.44 ms in the wild-type cells (Table 3), reflects the electron
transfer from Q, to Qg (or Qg ) with occupied PQ binding site [43,44].
The middle phase [T2~2.8 ms (41%)] reflects the electron transfer
from Qa to Qg with the empty PQ binding site [43,44]. The slow phase
[T3~71 ms (7%)] may reflect that the site is temporarily blocked by
the presence of QgH, [43]. The slower time constant of the fast and mid-
dle phases in the R7Ea and R17L mutant cells indicates slower elec-
tron transfer from Q, to Qg in their PSIL In addition, the time constant
(T3~510 ms) of the slow phase in the R17L3 mutant cells was much
slower relative to wild-type and could be attributed to S,Qa charge re-
combination [42-44]. The relative amplitude of the slow phase (~19%)
in R17Lp3 cells was also larger than that of wild-type (~9%). Our results
suggest that the R17L3 mutant cells may contain a significant fraction of
inactive PSIl reaction centers. The other mutant cells, listed in Table 1, all
showed similar electron transfer from Q4 to Qg and Qg as for the
wild-type cells (data not shown).

3.3. Thermoluminescence characteristics

Excitation of cell suspensions of WT and Cyt bssg mutants with a
series of saturating single turn-over flashes at 0 °C induced the ap-
pearance of very complex TL glow curves. The light emission curves
obtained after illumination with two flashes were the greatest of
the series and are shown in Fig. 3. These TL signals could be well sim-
ulated by two decomposition components that we assigned to the B1
and B2 bands originating from the recombination of S3Qg and S,Qg
charge pairs, respectively [45]. The results show that the amplitude
of the signals of the B-bands (SsQgz/S,Qg) of the R7La, R7Ec,
R17Aa and R17L@3 mutants is smaller than that of wild-type, especial-
ly of the R7Ea and R17L{ mutants. The results are roughly correlated
with the estimated PSII contents in these mutant cells by variable
chlorophyll a fluorescence measurement in Table 1, although the
yield of TL is complicated by other factors [45,46]. In addition, the
Tmax Of the B1 and B2 bands for the wild-type and the different

Table 3
Kinetics of Q4 oxidation in response to a saturating flash given to the wild-type and Cyt
bsso mutant cells in the absence of DCMU.

Strain Fast phase Middle phase Slow phase
T1 (ms)/Amp (%) T2 (ms)/Amp (%) T3 (ms)/Amp (%)
Wild-type 0.4440.01/52 2.7940.02/41 71+£1/7
R7Ea 0.6640.01/68 6.5240.05/24 161+£4/8
R17Ea 0.5240.01/54 3.45+0.02/37 1044+1/9
R17L3 0.784+0.01/63 5.90+0.09/18 5134+16/19

? The average O, evolution rate of wild-type cells was 518 + 38 pmol O,mg Chl~"h~ ",
b Estimated from the total yield of variable chlorophyll a fluorescence (E,, —F,).

The data were obtained from the analysis of the fluorescence relaxation curves shown
in Fig. 2 by using the function described in the Material and methods.
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Fig. 3. Thermoluminescence glow curves (B bands) of the (A) wild-type, (B) R7La, (C) R7Eq, (D) R17Aq, and (E) R17Lp Cyt bsso mutant cells recorded after two flashes. The dashed
lines represent the simulation components (B1-band and B2-band) corresponding to the best fit (see Material and methods). All measurements were carried out using cells
centrifuged and resuspended in a 40 mM MES (pH 6.5) buffer at a chlorophyll concentration of 50 pg mL™".

mutants were calculated (Table 4). For the R7La and R17Aac mutants
these values were very similar to that of the wild-type cells (Tpax at
31 °C for B1-band and 43 °C for B2-band). However, the T,.x of the
B1-band (S3Qg ) and B2-band (S,Qg ) of the R7Ea and R17L3 mutants
show a small but significant downshift (2-3 °C) in comparison to
that of the wild-type cells (see statistical analysis in Supplement

Table 4

The peak position of the B-bands in the wild-type, R7La, R7Ec, R17Aac and R17Lp cells.
Each value is the average of the estimated values from the TL curves of 7-11 indepen-
dent experiments.

Wild-type  R7La R7Ea R17Ac R17LB
Blband  3142°C 3142°C  2943°C  3042°C  29+42°C
B2band  43+1°C 42+41°C  4041°C  4242°C  4042°C

materials). The small down-shift of the Ty,.x of B-bands in the R7Ea
and R17LP3 mutant cells indicates a slight decrease in the stability of
the S3Qg /S,Qp charge pairs in these mutant cells. Since the Ty« of
both B1 and B2 bands change in the same direction and the two re-
combination pairs have the same acceptor (Qg ) and different donor
(S3 and S;) components, our results suggested that the R7Ea and
R17Lp mutations exerted a small but significant effect on the acceptor
side of PSII (Qg ). Furthermore, there was no significant change in the
oscillation patterns of the B-band amplitude with the number of flash
in these Cyt bssg mutant cells (see Fig. S1). However, we cannot
exclude the possibility that the small changes in the extent of the
B-band shift might also reflect alterations in the frequency of occupa-
tion of reduced PQ in the Qg site during the measurements due to
differences in the redox level of the PQ pool in these mutants (see
below).
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3.4. Oxygen-flash yield experiment

Fig. 4 shows the patterns of flash number dependent oxygen yield
on the dark-adapted Cyt bssg mutant and wild-type thylakoid mem-
branes which were measured on a bare platinum electrode under a
sequence of saturating, single-turnover flashes given at a frequency
of 4 Hz. All mutants exhibited the fairly normal period-four oscillation
in oxygen yield (Fig. 4). The oscillatory patterns were analyzed using
an eigenvector method to estimate the parameters o, 3, and v,
which correspond to misses, hits, and double hits, respectively.
These results are summarized in Table 5. Our results showed that
only relatively small alterations in the transition probabilities in
these Cyt bssg mutant cells were detected with this analysis again in-
dicating that the mutations have minimal impact upon the donor
side of PSII.

3.5. Determination of different midpoint potential forms of Cyt bssg in the
wild-type and mutant PSII core complexes

To estimate the potential forms of Cyt bssg in the wild-type and
mutant PSII core complexes, reduced-minus-oxidized optical difference

Table 5

S-state cycling parameters. Estimation of S-state parameters was performed using a
four state model as previously described [47,48]. Each value is the average of the esti-
mated values from the fits of three individual measurements. All standard deviations
are less than 6%.

spectra of the Cyt bssg heme in the wild-type and Cyt bssg mutant
oxygen-evolving PSII core complexes were measured (Fig. S2). The
HP and IP forms of Cyt bssg were estimated by the hydroquinone-
reduced minus ferricyanide-oxidized and the ascorbate-reduced mi-
nus hydroquinone-oxidized absorption difference spectra, respectively.
Dithionite-reduced minus ascorbate-oxidized absorption difference
spectra contain both the LP forms of Cyt bssg and Cyt cs5o (Fig. S3).
Because Cyt csso does not contribute significantly at 559.5 nm of the
difference spectra, we used the amplitude of dithionite-reduced minus
ascorbate-oxidized absorption difference spectra at 559.5 nm to esti-
mate the content of the LP form of Cyt bsse. The wild-type PSII core com-
plexes contained ~8% HP form, ~78% IP form and ~14% LP form of Cyt
bsso (see Table 6 and Fig. S2A). In contrast, the R7Ea and R17L3 PSII
core complexes contained predominantly LP form (72% and 78%, respec-
tively) and less IP form and HP form of Cyt bssg (see Table 6; Fig. S2B and
S2E). In the R17Aa and R17Ex PSII core complexes, the amount of IP
form (~49%) of Cyt bssg was slightly higher than that of LP form (~46%
and ~41%, respectively) of Cyt bssg (see Table 6; Fig. S2C and S2D). Our
results demonstrated that the proportion of the different redox potential
forms of Cyt bssg was significantly altered in these mutant PSII core com-
plexes, presenting the R7Ex and R1713 mutations of Cyt bssg the
greatest effect.

Table 6
Summary of properties of Cyt bssg mutant PSII core complexes.

Strains Oxygen evolution Redox potential forms
—1R—1
Strain S Sy S, S Misses,a Hits,p Double hits, d (umol 0, mg Chl™"h™") HP 1P Lp
Wild-type 214 66.6 120 0.0 103 87.7 2.0 Wild-type 3010 8% 78% 14%
R7La 235 611 127 2.7 11.8 86.2 2.0 R7Ex 1500 6% 22% 72%
R7Ea 250 65.1 98 0.2 10.7 87.3 2.0 R17Aa 2910 5% 49% 46%
R17Aa 284 595 121 0.0 120 86.0 2.0 R17Ea 2250 10% 49% 41%
R17L3 199 69.8 103 00 123 85.7 2.0 R17L3 1300 0% 22% 78%
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Fig. 5. The EPR spectra of Cyt bss9 heme in the oxygen-evolving (A) wild-type, (B) R7Eq, (C) R17Aq, and (D) R17L{3 mutant PSII core complexes. EPR conditions: microwave fre-
quency, 9.54 GHz; modulation amplitude, 20 G at 100 kHz; temperature, about 10 K; microwave power, 20 mW.

3.6. EPR spectroscopy

Fig. 5 shows EPR spectra of Cyt bssg from the oxygen-evolving
R7Ea, R17Aa and R17L mutant PSII core complexes. The wild-type
PSII core complexes gave rise to EPR signals of the low-spin heme of
cytochromes (g,=2.92; g,=2.26), which were contributed from
both Cyt bssg and Cyt cs59 [29,30]. In contrast, the R7Ea, R17Ax
and R17Lp mutant PSII core complexes gave rise to EPR signals
which are characteristic for both the low-spin heme of cytochromes
(g,~2.94; gy=2.26) and also the high-spin heme of Cyt bssg (g,~6.10;
gy~5.92) [29,30]. Moreover, under 77 K illumination, the wild-type
PSII core complexes gave rise to additional EPR signals (g,=3.05;
gy =2.17) that were contributed from photooxidation of HP and some
IP form of Cyt bssg (data not shown) [29,30]. In contrast, there are no
significant light-induced EPR signals for photo-oxidization of HP or IP
form of Cyt bssg in the R7Eq, R17Ac and R1713 mutant PSII core com-
plexes under 77 K illumination (data not shown). Continuous-wave-
EPR spectral characterizations of Cyt bssg from the Tris-washed PSII
core complexes of the (A) wild-type, (B) R7Ea, (C) R17Aq, and (D)
R17Lp Cyt bsso mutants were shown in Fig. S4. The Tris-washed PSII
core complexes were depleted of manganese ions and extrinsic poly-
peptides, including Cyt csso [30]. EPR signals characteristic of the low
spin heme of Cyt bssg (g,=2.98; g,=2.25) were obtained for the
Tris-washed wild-type PSII core complexes. In contrast, the Tris-washed
R7Ea and R17L mutant PSII core complexes gave rise to EPR signals for
the high spin heme of Cyt bssq (g,~6.10; g, = 5.89) and the Tris-washed
R17Aa mutant PSII core complexes showed signals for both the low
(g,=2.92; g,=2.26) and the high (g,=6.11; g,=5.89) spin heme of
Cyt bsso.

3.7. 77 K-fluorescence emission spectra

Fig. 6A shows the 77 K-fluorescence emission spectra recorded
from cells that were excited at 600 nm, where phycobilin pigments
preferentially absorb. The wild-type cells gave rise to the emission
peaks at ~648 nm (from phycocyanin), ~655 nm (from allophy-
cocyanin) and at ~690 nm (from PSII) [49-51]. In the spectra of the
R7Eq, R17Aq, R17Ea and R17LB Cyt bssg mutant cells, the emission
peak from allophycocyanin was significantly shifted to ~656 nm
and the other peak was strongly enhanced and shifted to ~686 nm.
The emission peaks at ~686 nm originated from terminal phycobilin
emitters (ApcE). Therefore, the enhancement of emission peaks at
686 nm in the R7Ea, R17Aa,, R17Ea and R17LR3 Cyt bssg mutant
cells indicated that the energy transfer from the phycobilisomes to
PSII reaction centers was significantly inhibited or uncoupled in
these mutant cells.

Fig. 6B shows the 77 K-fluorescence emission spectra recorded
from cells excited at 435 nm, where the chlorophyll molecule prefer-
entially absorbs. In the spectra of the wild-type and Cyt bssg mutant
cells, preferential excitation of chlorophyll at 435 nm resulted in
three emission peaks: at ~685, ~693 and ~720 nm. According to pre-
vious studies, the emission peak at ~685 nm is originated from CP43
or from terminal phycobilin emitters (ApcE) [49-52] and the peaks at
~693 nm and ~720 nm are derived from functional PSII and PSI reac-
tion centers, respectively ([49-52] and the references therein). There-
fore, the diminishment of the emission peaks at ~693 nm in the
spectra of the R7Ea, R17Ea and R17Lp Cyt bssg mutant cells was cor-
related with their lower content of PSIl compared to the wild-type
and R17Aa mutant cells (see Table 1).
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Fig. 6. 77 K-fluorescence emission spectra from the wild-type, R7Ea, R17Ac, R17Ea
and R17LP mutant cells. (A) Excited phycobilisomes at 600 nm (the spectra were nor-
malized at 656 nm). (B) Excited chlorophyll at 435 nm (the spectra were normalized
at 720 nm). All measurements were carried out at 77 K, using cell suspensions at a
chlorophyll concentration of 20 ug mL™ ",

3.8. PSII fluorescence yield in the presence and absence of actinic light

The R7Eq, R17Ea and R17L3 mutant cells showed very distinct
time-dependent flash-induced transients of PSII fluorescence yield
in the presence and absence of actinic light as compared with the
wild-type cells (see Fig. 7). The wild-type cells showed the lowest
F, (0.13+£0.01) and the highest F,/Finqark (0.42 £ 0.04). The F,/Fdark
parameter is a measure of maximal PSIl quantum yield in dark-
adapted cells (with F,=Fqyqark—Fo). In contrast, all mutant cells
showed the high F, (0.25+0.02 for R7Ea;; 0.18 +0.04 for R17Ec;
0.25+0.02 for R171R3) and low F,/Fygark Vvalues (0.2740.02 for
R7Ea; 0.3240.07 for R17E; 0.1540.01 for R17LR) as compared
with the wild-type cells. In addition, the maximal fluorescence yield
(Fm) induced by periodic saturating pulses in Cyt bssg mutant cells
was significantly increased during the actinic light illumination and
then decreased after the actinic light was turned off. In contrast, the
Fm, value for the wild-type cells remained almost constant before,
during, and after actinic light illumination. The results can be attribut-
ed to the changes in maximal fluorescence yield that accompany with
state transitions ([53,54] and the references therein) and the fluores-
cence emission from uncoupled phycobilisomes in mutant cells.

In the dark-adapted wild-type cells, the fluorescence yield decayed
back to the F, level rapidly after the excitation of the multiple-
turnover saturating pulse. In contrast, in the dark-adapted R7Eq,
R17Ea and R17L3 mutant cells, the fluorescence yield decayed back to
the F, level initially and then rose to a level slightly higher than F, and
decayed back again to F,. This effect was not observed in the R7Ea,
R17Ea and R17L3 mutant cells under the actinic light (Fig. 7) or
under the far-red light (see Fig. S5).

Furthermore, the maximal PSII quantum yield (F,/F,) after the ac-
tinic light illumination was significantly decreased compared to the
Fy/Fmdark in the R7Ea, R17Eac and R17L3 mutant cells. In contrast,
the F,/Fy, value after the actinic light illumination was about the
same as the F,/Fqari Value in the wild-type cells (Fig. 7). Our results
suggested that a significant fraction of PSII were photo-inhibited in
the R7Ea, R17Ea and R17L3 mutant cells but not in the wild-type
cells under our experimental conditions. Moreover, the steady-state
oxygen-evolution rates were also decreased faster in these mutant
cells than in the wild-type under the high light condition (Fig. S6).

Fig. 8 shows the effects of blue light-induced nonphotochemical
quenching (NPQ) in the wild-type and Cyt bssg mutant cells. When
the wild-type cells were illuminated with 220 iE m ™2 s~ ! blue actinic
light, a strong quenching in their fluorescence yields was induced and
the steady-state fluorescence (Fs) levels dropped below the F, level dur-
ing the blue actinic light illumination (Fig. 8A). Once blue actinic light
was turned off, the F,,’ and F,’ recovered slowly back to the initial
level in the dark. In contrast, the effects of blue light-induced NPQ
were less apparent in the R7Lac and R17L3 mutant cells under the
same experimental conditions (Fig. 8B, C). When the higher intensity
(~350 pE m~2 s~ 1) of the blue actinic light was applied, the effects of
blue light-induced NPQ were further enhanced in the wild-type cells
(Fig. 8D). Under the high blue light illumination (~350 pE m™2 s~ 1),
the R7La and R1713 mutant cells also showed significant blue-
light-induced NPQ (Fig. 8E and F). Interestingly, when the blue actinic
light was turned off, the recovery of NPQ in the R7La and R17L3 mutant
cells was significantly faster than that of wild-type cells. After the blue
light was turned off for 300 s, the Fy,’ and F,’ values in both the R7La
and R17L3 mutant cells almost returned to their initial levels (Fqark
and F,), whereas the F;,’ and F,’ values for the wild-type cells were
still significantly lower than the Fy,4a1c and F, values. Our results indi-
cated that the effects of blue light-induced NPQ were significantly at-
tenuated and the recovery of blue light-induced NPQ was accelerated
in the R7Lac and R17LP Cyt bsso mutant cells.

3.9. The redox state of PQ pool

To determine the redox state of PQ pool in the wild-type and Cyt
bss9 mutant cells, we used the UPLC-APCI-QTOFMS method to measure
the relative abundance of PQ and PQH; [41]. This method was devel-
oped recently for the rapid and simultaneous profiling of prenylqui-
nones in plant tissues by ultra-high pressure liquid chromatography-
mass spectrometry [41]. We found that the PQH,/PQ, ratio was
about 0.38 4-0.04 for the dark-adapted wild-type cells (see Fig. 9 and
Fig. S7). In contrast, the PQH,/PQy ratio was about 0.51+0.02 and
about 0.61+0.01 for the dark-adapted R7Ea and R17L3 Cyt bssg mu-
tant cells, respectively (see Fig. 9). Our results demonstrated that the
redox state of PQ pool in the dark was more reduced in the R7Ea and
R17Lp Cyt bssg mutant cells than in the wild-type cell.

4. Discussion

4.1. Cytoplasmic-side arginine residues are important to the structure
and redox properties of Cyt bssg in PSII

In this work, we performed spectroscopic and functional charac-
terization on Cyt bssg mutants which carried a mutation on the
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Fig. 7. Time-dependent flash-induced fluorescence yield of the (A) wild-type, (B) R7Eq, (C) R17E«, and (D) R17L mutant cells in the presence and absence of red actinic light. The

intensity of the red actinic light was about 40-50 pE m~2 s~ 1.

charged residues (Glu6, Arg7, Asp11 and Arg17 of the o subunit and
Arg17 of the 3 subunit) on the cytoplasmic side of Cyt bssg in the cy-
anobacterium Synechocystis PCC6803. These charged residues on the
cytoplasmic side of Cyt bssg are highly conserved in higher plants
and cyanobacteria [55]. Mutations at Arg7 and Arg17 of the o subunit
and Arg17 of the B subunit on the cytoplasmic side had a relatively
large effect on the activity and stability of PSII in the mutant cells, es-
pecially with R7Eq, R17Ea, and R17L mutations (see Table 1). The
R7Ea, R17Ea, and R17Lf3 mutant cells still retained the ability to
grow photoautotrophically, but their photosynthetic growth and oxy-
gen evolution rates were significantly slower than the wild-type cells.
The high resolution crystal structure of PSII revealed that the side
chain of R17p lies close enough to form a hydrogen bond or salt
bridge with the D-propionate of the heme in Cyt bsso; the side chains
of R7a and R17a may interact with the A-propionate of the heme in
Cyt bssg [1,3]. These arginine residues may also function to modulate
the ionization state of the nearby heme propionate and influence the
redox potential of the heme [56]. Therefore, these conserved arginine
residues on the a- and B-subunits of Cyt bssg may play important
roles in the structure and redox properties of the heme in Cyt bssg. In
addition, the impact of these arginine mutations on the structure and
stability of PSII was generally in the order of R17L3>R7Ea>R17Ex
and R17Aa. Because both the side chains of the Arg 7 and Arg17 resi-
dues on the a-subunit of Cyt bssg interact with the A-propionate of
the heme in Cyt bssg, these two Arg residues may be able to partially
compensate each other on the electrostatic interactions with the
heme propionate in Cyt bssg mutant cells. In contrast, the side chain of
the Argl7 residue on the B-subunit of Cyt bssg interacts alone with
the D-propionate of the heme in Cyt bsso. Therefore, mutation of the
Arg17 residue on the p-subunit of Cyt bssg may have larger impacts
on the structure and stability of PSII.

The R7Eq, R17Aa and R17L3 Cyt bssg mutant cells showed normal
S state transition by both oxygen-flash yield and TL measurements. In
addition, most of these Cyt bssg mutant cells (except for R17L3 mu-
tant cells) showed similar kinetics of S, Q4 recombination compared
to that of the wild-type cells. These results indicate that the Mn clus-
ter and Qa are generally intact in PSII of these mutant cells. Further-
more, fluorescence decay kinetics indicates slower electron transfer
from Qa to Qg in PSII of the R7Ea and R17L3 mutant cells. Moreover,
the small down-shift of the Ty,.x of B-bands in the R7Ea and R17L3
mutant cells indicated that the equilibrium between Qg and Q4 was
slightly altered in these mutant cells. R7Ea and R17L{3 mutation
may have induced a small but significant structural perturbation to
the structure and redox properties of the Qg site in PSIL.

The finding that the R7Ea, R17Aa and R17L3 PSII core complexes
gave rise to high-spin signals (g~6.10 and g~5.91) is intriguing. The
high spin state (S=5/2) is believed to correspond to a five-coordinate
complex of Fe"PorL ([57] and the references therein). Therefore, our
results indicate the displacement of one of the axial ligands to the
heme of Cyt bssg in these mutant reaction centers. The high-spin EPR sig-
nals (g~6.10 and g~5.91) were observed previously in the R7La and
H22Ka Cyt bssg mutant PSII core complexes [30,31]. Our results demon-
strated that the electrostatic interactions between these Arg residues
and the heme propionates of Cyt bssg play an important role in stability
of the axial ligand ligations in the heme of Cyt bssg. In addition, our
four-step redox titration results showed that the R7Ea and R17L3 PSII
core complexes predominantly contain the LP form of Cyt bssg and the
R17Ea PSII core complexes contain similar amounts of IP and LP forms.
In contrast, the wild-type PSII core complexes predominantly contained
the IP form of Cyt bsse. Overall, our results demonstrate that these argi-
nine residues on the cytoplasmic-side of Cyt bssg are important to the
structure and redox properties of Cyt bsso. One previous FTIR study
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Fig. 8. Time-dependent flash-induced fluorescence yield of the wild-type (A, D), R7La (B, E) and R17L3 (C, F) mutant cells in the presence and absence of high-intensity blue actinic
light. The intensity of the blue actinic light was (A) to (C) ~220 iE m~2 s~ ! and (D) to (F) ~350 uE m~2 s~ . The other conditions were the same as in Fig. 7.

proposed a change in environment of one histidine ligand and a
propionic group of the heme for the LP form (or IP form) of Cyt bssg as
compared with the HP form [58]. Our results are consistent with this
proposal.

An early site-directed mutagenesis study with C. reinhardtii showed
that the Cyt bssg a-subunit mutants R18G and R18E had about 60% of
oxygen-evolution activity as compared with wild-type cells and were
sensitive to photoinhibition at high light conditions [59]. This study
suggested that Arg18 played a significant role in helping Cyt bssg main-
tain the structure of the PSII complex and its activity [59]. The other
site-directed mutagenesis study using Thermosynechococcus elongatus
showed that the R18Sa Cyt bssg mutant cells grew photoautotrophically
but were sensitive to high light [60]. In addition, R18Sc Cyt bssg mutant
PSII preparations contained ~20% of the HP form and ~80% of the IP form
of Cyt bsse, whereas wild-type PSII preparations contained ~85% of the

HP form and ~15% of the IP form of Cyt bsse. The previous TL results
also showed that the R18Sa Cyt bssg mutant cells had a decreased
amount of active PSII complexes and significant alterations in the So/S;
state ratio and/or redox state of PQ pool in the dark [60]. Taken together,
Cyt bsso mutant studies [59,60 and this study] support that these argi-
nine residues of the cytoplasmic-side of Cyt bssg are important in the
structure and redox properties of Cyt bsso and the stability of PSII
complexes.

4.2. Blue light-induced NPQ is altered in Cyt bsso mutant cells

Our findings that blue-light-induced NPQ was significantly attenuat-
ed and its recovery was accelerated in the R7La and R17LB Cyt bssg mu-
tant cells were also very intriguing. To our knowledge, this is the first
report on PSII reaction center mutants altering the blue-light-induced
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NPQ in cyanobacteria. Previous studies have showed that orange
carotenoid proteins (OCP) absorb blue light and undergo structural
changes leading to the formation of a red active form ([61] and the
references therein). The activated red form of OCP interacts with the
phycobilisome and induces NPQ in cyanobacteria. In addition, the re-
covery of blue light-induced NPQ is assisted by a fluorescence recovery
protein (SIr1964 gene product) in Synechocystis PCC6803 ([61] and the
references therein). The interaction site for the OCP was proposed to be
on one of the central allophycocyanin disks of the base cylinders [62,63].
On the other hand, previous studies predicted possible docking sites for
the phycobilisomes on the PSII reaction centers [64,65]. The cytoplasmic
side of Cyt bssg is located within the predicted contact sites in PSII for
the APC core complex [65]. Furthermore, our previous mutant results
suggest that the Arg7Leu mutation on the a-subunit of Cyt bssg alters
the interaction between the APC core complex and PSII reaction centers,
which reduces energy delivery from the antenna to the reaction center
and thus protects mutant cells from DCMU-induced photo-oxidative
stress [31]. Taken together, we propose that the mutation on these argi-
nine residues of the cytoplasmic side of Cyt bssg may induce conforma-
tional changes that influence the interaction of the APC core complex
with the OCP, thereby altering the OCP-induced NPQ and its recovery
in cyanobacteria. Alternatively, the alteration of the blue light-induced
NPQ effect and its recovery rate in the R7La and R17L3 Cyt bssg mutant
cells may be originated from uncoupled phycobilisomes in these mu-
tant cells. 77 K-fluorescence results suggested that a significant fraction
of phycobilisomes were uncoupled to the PSII reaction centers in the
R7La and R17L3 mutant cells. These uncoupled phycobilisomes may
have distinct properties on the blue-light-induced NPQ which may ex-
plain our observations.

4.3. Implications for the physiological functions of Cyt bssg

Despite extensive studies in the last three decades, the exact func-
tion of Cyt bssg is still not clear. A number of proposals have aimed to
explain the function of Cyt bssg: (1) roles in secondary electron trans-
fers [5-10], (2) plastoquinol oxidase [11-14], (3) superoxide oxidase
and reductase [17,18], (4) role in the assembly of PSII [21-27].

Several previous studies have proposed that bssg participates in
secondary electron transfers that protect PSII from photoinhibition
[5-13]. In these models, Cyt bssg is thought to donate its electron, via
a B-carotene molecule (Carpy), to reduce highly oxidized chlorophyll
radicals generated in the PSII reaction centers under donor-side photo-
inhibitory conditions [5-10]. Our results showed that the R7Eq, and

R17LB Cyt bssg mutant core complexes contained predominantly LP
forms. In addition, we found no significant light-induced EPR signals
for photo-oxidization of the HP or IP form of Cyt bssg in the R7Eq,
R17Aa and R17L3 mutant PSII core complexes under 77 K-illumination.
Therefore, Cyt bssg in these mutant cells may have been predominantly
oxidized and unable to donate its electron efficiently, via Carp,, to re-
duce highly oxidized chlorophyll radicals generated in the PSII reaction
centers under donor-side photoinhibitory conditions. In addition,
whether the oxidized LP form of Cyt bss¢ in mutant cells can accept
an electron from a reduced PQ on the acceptor side of PSII under
acceptor-side photoinhibitory conditions is unknown. Therefore, im-
paired secondary electron transfer pathways in these Cyt bssg mutant
cells may explain their high susceptibility to photo-inhibition even
under growth light conditions. Our data support a functional role of
Cyt bssg in protecting PSII under photoinhibition conditions in vivo.

Our UPLC-APCI-QTOFMS results demonstrated that the PQ pool
was more reduced in the R7Ex and R17LB3 Cyt bssg mutant than
wild-type cells in the dark. In addition, in the dark-adapted R7Ec,
R17Ea and R17L3 Cyt bssg mutant cells, the chlorophyll a fluores-
cence induced by a multiple-turnover saturating light pulse decayed
to the Fy level initially and then increased to a higher fluorescence
level and decayed back to the Fy (see Fig. 7). In contrast, this effect
was not apparent under red actinic light or far-red light illumination
(see Fig. 7 and Fig. S5). We observed the same effect in the H22Ka
and Y18Sa Cyt bssg mutant cells [30]. A similar but much stronger ef-
fect was observed in a previous study of the ApsbL tobacco mutant
[66]. The authors of this study attributed their results to the back elec-
tron flow from plastoquinol in the ApsbL tobacco mutant [66]. The
back electron flow from plastoquinol to PSII enhances the formation
of singlet oxygen and causes light-induced damage to PSII, which is
typical of acceptor-side photoinhibition [67]. Therefore, our results
suggest that Cyt bssg may function to ensure unidirectional forward
electron flow from Q4 to the PQ pool. From chlorophyll a fluorescence
and TL results, Krieger-Liszkay and co-workers demonstrated that the
PQ pool was significantly over-reduced in the tobacco F26SP Cyt bssg
mutant [13]. The mature leaves of the mutant showed higher suscepti-
bility to photoinhibition and greater production of singlet oxygen [14].
The authors proposed that Cyt bssg may function as a PQH, oxidase to
keep the PQ pool and the acceptor-side of PSII oxidized in the dark,
which protects PSII against the acceptor-side photoinhibition [13,14].
Molecular oxygen was suggested as the terminal electron acceptor in
this process [13,14]. Our results agree with this proposal.

In the 2.9 A resolution X-ray crystallographic structural models of
PSII, a novel PQ (Qc) binding site were located in proximity to Cyt bssg
[3]. The head group of Qc is placed at a distance about 20 A to the
heme iron of Cyt bsse. The occupancy of this Qc site by PQ was pro-
posed to be involved in exchange of PQ on the Qg site from the pool
[3] or to modulate the redox equilibration between Cyt bssg and the
PQ pool [3,19,20]. Particularly, the Qc site could be the catalytic site
for PQH, oxidase activity of Cyt bssg [3,18] and the switch for conver-
sion of different redox forms of Cyt bssg [19,20]. However, occupancy
of the Q¢ site was not observed in the 1.9 A resolution crystal struc-
tural models of PSII [1]. Future studies are needed to verify the dis-
crepancy about the Qc site and determine the exact Q¢ function.

Previous studies showed that illumination of Tris-washed PSIl mem-
branes induced photoreduction and photooxidation of IP and HP forms
of Cyt bssg, respectively [17,18]. It have been proposed that the IP form
of Cyt bssg serves as superoxide oxidase (SOO) which catalyzes the
oxidation of superoxide to O, and also that the HP form of Cyt bssg
serves as superoxide reductase (SOR) which catalyzes the reduction of
superoxide to H,0,. Since these arginine mutant PSII reaction centers
contained predominantly LP form of Cyt bssg, it will be important to de-
termine whether the SOO and SOR functions are defective in these mu-
tant PSII reaction centers and their physiological significances.

Previous mutant studies clearly demonstrated that Cyt bssg was very
important to the assembly and stability of the PSII reaction centers (|5]


image of Fig.�9

518 Y.-F. Chiu et al. / Biochimica et Biophysica Acta 1827 (2013) 507-519

and the references therein). For examples, among all the site-directed
mutants constructed on the Cyt bssg heme ligands (His22 of the a- or
B-subunit) with Synechocystis PCC6803 cells, only the H22Ka mutant
grew photoautotrophically and accumulated stable PSII reaction centers
[29]. In contrast, these arginine Cyt bssg mutant cells were able to grow
photoautotrophically, assemble stable PSII reaction centers and show
the normal period-four oscillation in oxygen yield. In addition, all
these mutant PSII core complexes retained the heme of Cyt bssg and
had distinct spectroscopic and redox properties. Therefore, these Cyt
bsso mutants and their reaction centers appear suitable to study the
functional roles of Cyt bssg in PSIL For examples, one previous FTIR
study suggested the involvement of one protonated heme propionic
group for the photooxidation of the LP form or IP form of Cyt bssg [58].
These arginine Cyt bssg mutants would be useful in FTIR studies to verify
this proposal.

In conclusion, our data support a functional role of Cyt bssg in
protecting PSII from the photoinactivation under photoinhibition
conditions in vivo. In addition, we demonstrate that the electrostatic
interactions between the cytoplasmic side arginine residues and the
heme propionates of Cyt bssg are important to the structure and
redox properties of Cyt bssg and the stability of PSII complexes. Future
spectroscopic and function characterization of these Cyt bssg mutants
and reaction centers will provide further insights into the physiolog-
ical functions of Cyt bssg in PSII.
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