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ARTICLE INFO ABSTRACT

Keywords: In cyanobacteria, Glu-244 and Tyr-246 of the Photosystem II (PS II) D1 protein are hydrogen bonded to two
Bicarbonate water molecules that are part of a hydrogen-bond network between the bicarbonate ligand to a non-heme iron
Bioenergetics and the cytosol. Ala substitutions were introduced in Synechocystis sp. PCC 6803 to investigate the roles of these
D1 prf)tein residues and the hydrogen-bond network on electron transfer between the primary plastoquinone acceptor, Qa,
Elf(izsynthesis and the secondary plastoquinone acceptor, Qg, of the quinone-Fe-acceptor complex. All mutants assembled PS II;
Photosystem II however, an increase in the PSII to PS I ratio was apparent, particularly in the E244A:Y246A double mutant. The
Cyanobacteria mutants also showed impaired oxygen evolution and retarded chlorophyll a fluorescence decays following single

turnover actinic flashes, which appeared to be primarily due to reduced Qg binding in the E244A strain and an
enhanced back reaction with the S2 state of the oxygen-evolving complex in the Y246A mutant. Impaired PS II in
the Y246A and E244A:Y246A mutants resulted in inactivation of the psbA gene encoding D1. The Y246A and
E244A:Y246A mutants also showed high light sensitivity whereas the E244A mutant showed enhanced resilience
towards photodamage. Unlike the control strain, all of the mutants were insensitive to the addition of formate or
bicarbonate in assays following chlorophyll decay kinetics that reflect electron transfer between Q, and Qg,
suggesting the bicarbonate binding environment was perturbed. Our data also indicate that waters W582 and
W622 (PDB: 4UB6) have essential roles in maintaining the architecture of the acceptor side of PS II.

1. Introduction

Photosystem II (PS II) catalyzes the splitting of water and reduction
of plastoquinone in oxygenic photosynthesis [1,2]. This light-driven
reaction transfers an electron from the P680 chlorophyll cluster of the
PS 1II reaction center to a bound quinone acceptor (Q,): this electron is
then passed to a mobile quinone (Qg) that is bound as Qg~. Subse-
quently, a second electron is transferred from P680 leading to the for-
mation of plastoquinol (QgH,) which then exchanges with an oxidized

quinone from the plastoquinone pool in the thylakoid membrane [3,4].
The electrons that are transferred to Qg are replenished by the splitting
of water that is catalyzed by a Mn4CaOs cluster or oxygen-evolving
complex (OEC) that cycles through 5 oxidation state (So to S4) with
oxygen released on the S, to S, transition [5,6].

The oxidative chemistry of water splitting can lead to damage to the
protein environment, and particularly to the D1 reaction center subunit
that contributes ligands to the OEC, P680 and the Qg binding site [3,7].
Damage to PS II is exacerbated if either electron transfer from the OEC
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CP47, 47 kDa chlorophyll-binding core antenna protein; DCMU, 3,4-dichloro-1,1-dimethyl urea; DMBQ, 2,5-dimethyl-1,4-benzoquinone; D1, the psbA-encoded
reaction center protein subunit; D2, the psbD-encoded reaction center protein subunit; EPR, electron paramagnetic resonance; F, fluorescence level; F,,, maximum
fluorescence level; F,, initial fluorescence level; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; MES, 2-(N-morpholino)ethanesulfonic acid; OEC,
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Fig. 1. (A) Diagram of the bicarbonate-binding environment of Photosystem II. (B) View of the bicarbonate-binding environment rotated 90° with respect to panel A
with D1-H252, D1-S264, W616 and W624 omitted for clarity. The non-heme iron is shown as the orange ball. The Q4 and Qg quinones are shown in green. D1
residues are shown in blue, D2 residues are shown in yellow. A CP43 residue is shown in magenta and numbered according to PDB 4UB6. Red spheres indicate waters
and BCR is bicarbonate. Oxygen atoms in the amino acids, quinones and bicarbonate are shown in red. Nitrogen atoms are shown in blue. Black dashed lines
represent hydrogen bonds with distances of 3.3 A or less; however, the distances between waters W616 and W624 and D1-H252 were 4.5 and 4.3 A, respectively. The
backbone residues have been omitted for clarity unless they participate in the hydrogen-bond network. The figure was draw using PyMOL [14] and PDB 4UB6 [12].

to P680 is impaired (resulting in long-lived P680™ ") or the plastoqui-
none pool becomes fully reduced leading to the generation of reactive
oxygen species (ROS) [8,9]. Photodamaged protein resulting from these
processes can be replaced but photoinhibition occurs when the rate of
damage exceeds the rate of PS II repair [10].

Located between the Q, and Qg electron acceptors is a non-heme
iron ligated by His ligands from D1 and the neighboring D2 reaction
center subunit. In addition, a bicarbonate ion serves as a bidentate li-
gand to the iron [11,12] and electron transport between QA and Qg is
slowed when PS II is depleted of bicarbonate [13]. It has been hy-
pothesized that the bicarbonate is involved in the protonation of Qg as
it appears to participate in a hydrogen-bond network which connects
the bicarbonate to the cytosol (or stroma in chloroplasts) (Fig. 1)
[15,16]. Evidence obtained with PS II-enriched thylakoids from spinach
has shown that the ligation of the bicarbonate to the non-heme iron is
able to modulate the redox midpoint potential of the Q4/Qa~ couple
[17]. This has led to a proposed role for bicarbonate in photoprotection
whereby accumulation of Q5 ~ under photoinhibitory conditions results
in release of bound bicarbonate bringing about a lowering of the redox
potential of Qa/Q,~ that in turn favors a back reaction with P680™ "
that avoids production of 10, [17,18].

In this study mutagenesis of the D1 protein in the cyanobacterium
Synechocystis sp. PCC 6803 (hereafter Synechocystis 6803) has been
employed to investigate the roles of D1-Glu244 and D1-Tyr246 that
participate in the network of hydrogen bonds linking the cytosol to
bicarbonate (Fig. 1) [7,16,19].

2. Materials and methods
2.1. Strains and culture conditions

The Synechocystis 6803 wild type for the present study was the
glucose-tolerant GT-O1 strain [20,21]. To construct mutants with sub-
stitutions in the D1 protein a deletion strain was used in which the pshA
genes found in Synechocystis 6803 had been deleted and mutations were
introduced into the psbA2 copy employing kanamycin as a selectable
marker [22]. Mutagenesis plasmids were constructed using the Quik-
change II kit (Agilent, Santa Clara, CA, U.S.A.) and the cells were
transformed and mutants verified according to Eaton-Rye [23].

Four strains were constructed: a control strain, carrying an

unmodified copy of pshbA2 but possessing the selectable marker, two
single mutants, E244A and Y246A, and the E244A:Y246A double mu-
tant. The phenotype of the control strain, carrying the introduced ka-
namycin-resistance cassette downstream of psbA2, was found to be si-
milar to wild type [22]. All strains were maintained on BG-11 media
agar plates containing 5mM glucose, 20 uM atrazine, 10 mM TES-
NaOH (pH8.2) and 0.3% sodium thiosulfate. Liquid cultures were
grown mixotrophically in BG-11 media containing 5mM glucose. In
both solid and liquid media 25 pg mL ™! kanamycin was added. Cultures
were maintained at 30°C under constant illumination at 30 pE

m~2s7 L

2.2. Photoautotrophic growth

Cells were washed with BG-11 three times and re-suspended to an
optical density at 730 nm (OD73¢ nm) of 0.05 in BG-11. The cells were
grown photoautotrophically at 30 °C, with constant bubbling with air,
at 30 uE m ™25~ ! for low light growth curves or at 200 uE m ™25~ ! for
high light growth curves. The OD;3¢ ,,, Wwas measured either every 12h
(low light) or every 24 h (high light).

2.3. Oxygen evolution assays

Cells were washed and re-suspended in BG-11 (pH 7.5) to a chlor-
ophyll concentration of 5ugmL~! and incubated on a shaker at
120 rpm under constant illumination at 30 uE m~2?s~' and 30°C.
Oxygen evolution was measured with a Clark-type electrode
(Hansatech, King's Lynn, U.K.) at 30 °C using 0.2 mM 2,5-dimethyl-1,4-
benzoquinone (DMBQ) and 1 mM K3Fe(CN)g. Saturating actinic light
@2mEm~2s71) was provided by an FLS1 light source (Hansatech,
King's Lynn, U.K.) passed through a Melis Griot OG 590 sharp cutoff red
glass filter. High light treatments for photodamage assays were per-
formed with 1.5mEm™~2s~! white light from a Kodak Ektalite 1000
slide projector (Kodak, Rochester, NY, U.S.A.). Chlorophyll concentra-
tions were determined according to MacKinney [24].

2.4. Low-temperature (77 K) chlorophyll a fluorescence emission
spectroscopy

Cells, prepared as above, were diluted to a chlorophyll
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concentration of 2.5 ug mL ™" in BG-11 pH 7.5 and snap frozen in liquid
nitrogen. Fluorescence emission spectra between 600 and 780 nm were
measured on a MPF-3L fluorescence spectrophotometer (Perkins Elmer,
Waltham, MA, U.S.A.) at 77 K. Spectra were collected using a scan rate
of 2nms~! with excitation wavelengths of 440 nm (12 nm excitation
slit width) and 580 nm (8 nm excitation slit width).

2.5. Variable chlorophyll a fluorescence decay measurements

Cells were washed and re-suspended in BG-11 (pH 7.5) to a chlor-
ophyll concentration of 5ugmL~! and incubated on a shaker at
120 rpm under constant illumination at 30 pE m~2s™! at 30°C for
45 min. The cells were then dark adapted at room temperature for
2 min, prior to addition of reagents. Upon addition of the reagent the
chlorophyll concentration was diluted to 2 ug mL ™' and the sample was
then further incubated for 3 min. Decay kinetics of the variable chlor-
ophyll fluorescence yield following a single actinic flash or multiple
actinic flashes were measured with a double modulation kinetic fluo-
rometer (PSI Instruments, Brno, Czech Republic) using a blue 455 nm
measuring light. The F, state in dark-adapted samples was measured by
a series of three measuring flashes taken at 200 ps intervals prior to a
single 30 ps saturating actinic flash or a series of actinic flashes sepa-
rated by 250 ms (4 Hz), followed by a sequence of measuring pulses
beginning 127 ps after the last actinic flash. The saturating light in-
tensity was set to 100% and measuring voltage to 80%. When present,
NaHCO, was at 25mM, NaHCO; was at 15mM, and 3-(3,4-di-
chlorophenyl)-1,1-dimethylurea (DCMU) was at 40 puM.

2.6. Variable chlorophyll a fluorescence induction

Cells were prepared as described above for the chlorophyll fluor-
escence decay assays and measurements were performed using the
same fluorometer. Cells were illuminated under actinic light over a
period of 5s and measured using a blue 455 nm measuring light. The
actinic voltage was set to 50% for all samples and the measuring light
voltage was set to 80%. When present, the DCMU concentration was
40 M.

2.7. Thermoluminescence measurements

Flash-induced thermoluminescence (TL) measurements were car-
ried out essentially as described in Cser and Vass [25]. Cells equivalent
to 30 ug of chlorophyll were pre-illuminated for 30s in white light at
room temperature and then cooled in darkness to —20 °C and given a
single actinic flash. The sample was then cooled to —40 °C and subse-
quently heated to 80 °C at a rate of 20 °Cmin ~'. When present, DCMU
was added at 60 uM.

2.8. Thylakoid preparation

Cells were initially washed and re-suspended in BG-11 (pH7.5) to a
chlorophyll concentration of 10 ug mL~! and incubated on a shaker at
120 rpm under constant illumination at 30 pE m~2s™! at 30°C for
45 min. Cell samples (1.5 mL) were spun down at 15,000 X g for 1 min,
the supernatant was discarded and the pellet frozen in liquid nitrogen.

To isolate thylakoid membranes, the cell pellet was thawed on ice
and re-suspended in 0.25mL of 25 mM MES-NaOH at pH 6.5, 10 mM
CaCl,, 10 mM MgCl,, 25% (w/v) glycerol and protease inhibitor cock-
tail (Roche, Basel, Switzerland) (re-suspension buffer) and stored on
ice. An equal volume of pre-chilled glass beads (0.1 mm, Biospec,
Bartlesville, OK, U.S.A.) was added and the cells were broken using
three 20 s bursts with a bead beater (Biospec, Bartlesville, OK, U.S.A.).
The suspension was then spun at 900 X g for 1 min and supernatants
were transferred and spun again at 3000 X g for 1 min, then transferred
again and finally spun at 16000 x g for 15 min. The thylakoid pellets
were re-suspended in 100 uL. of re-suspension buffer and solubilized
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with an equal volume of 2% (v/v) dodecyl-f-D-maltoside; these sam-
ples were then incubated for 1 min on ice and then insoluble material
was pelleted by centrifugation at 16000 x g for 15 min at 4 °C and the
supernatant transferred to a new microfuge tube before loading.

2.9. Protein electrophoresis and analysis

Blue-native polyacrylamide gel electrophoresis (BN-PAGE) was
performed according to Schigger [26]. Solubilized thylakoid mem-
branes containing 1ug of chlorophyll were separated using a 3-12%
polyacrylamide gradient gel. Electrophoresis was performed using a
Protean II cell (Bio-Rad Laboratories, Hercules, CA, U.S.A.) at 4 °C and
150V for 4 h. For immunodetection assays, gels were soaked for 10 min
in SDS-transfer buffer (25mM Tris, 192 mM glycine, 20% methanol,
0.1% SDS) then transferred to polyvinylidene difluoride membrane and
probed with an antibody specific to D1.

3. Results
3.1. Mutant verification

Complete segregation of the mutations introduced into the psbA
deletion mutant of Synechocystis 6803 was verified by PCR.
Additionally, the psbA2 genes of the different strains were sequenced to
confirm the presence of the mutations (data not shown). The locations
of the D1:Glu244 and D1:Tyr246 residues and the surrounding hy-
drogen-bond network are shown in Fig. 1.

3.2. Photoautotrophic growth and assembly

The photoautotrophic doubling times for the control and E244A
strains were 15h and 25h, respectively, and the Y246A and
E244A:Y246A strains exhibited doubling times of 41 h and 47 h, re-
spectively (Fig. 2A). BN-PAGE was performed on isolated thylakoids to
assess the assembly of PS II in the mutants (Fig. 2B). A western blot,
using an antibody specific to the D1 protein, showed similar levels of
the PS II dimer and monomer in the mutants and the control strain
(Fig. 20).

3.3. Low-temperature (77 K) fluorescence emission spectroscopy

To further probe PS II assembly, low-temperature fluorescence
emission spectra were measured following 440 nm excitation (Fig. 3A),
which directly excites chlorophyll a, or 580 nm excitation (Fig. B),
which excites the phycobilisome pigments. Following excitation at
440 nm, the PS II-specific emission peaks at 685 nm and 695 nm were
higher in the mutants than in the control, and when normalized to the
total fluorescence, the PS I-specific peak at 725 nm was lower in the
mutants. The PS II emission at 685nm from the E244A and Y246A
strains increased by 24% and 23%, respectively, compared to the
control, with a similar increase also observed at 695 nm. In the case of
the E244A:Y246A double mutant, the 685 nm emission increased by
approximately 65% relative to the control, also with a similar increase
observed at 695 nm. Conversely, the emission at 725 nm dropped in the
E244A, Y246A and E244A:Y246A mutants to 95%, 93% and 80% of the
control peak for PS I, respectively.

With 580 nm excitation, the low-temperature fluorescence emission
spectra had an increased 695 nm shoulder in the mutants, originating
from PS II, in agreement with the spectra obtained with 440 nm ex-
citation. In addition, a concomitant drop in the 725 nm (PS I) emission
was observed. As seen with 440 nm excitation the most prominent
change in fluorescence emission was from the double mutant which
showed a 17% increase in the 695 nm shoulder relative to the 695 nm
emission from the control strain, while the 730 nm peak fell to 80%.
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Fig. 2. The effects of the D1 point mutations
on photoautotrophic growth and assembly.
(A) Photoautotrophic growth curve de-
termined by light scattering at 730 nm.
Error bars represent the standard error from

L E244A:Y246A
. control
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o

OD at 730 nm

0.01 +——

at least 3 independent experiments. Control
(black filled circles), E244A (black empty
circles), Y246A (blue filled circles),
E244A:Y246A (blue empty circles). (B) Blue-
native PAGE with 1 pg of solubilized thyla-
koid membranes from E244A (lane 1),
Y246A (lane 2), E244A:Y246A (lane 3),
control (lane 4). (C) Western blot of the
blue-native PAGE gel from panel B obtained
with an antibody to D1.
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3.4. Steady-state PS II activity

Photosystem II activity was determined by measuring oxygen evo-
lution in the presence of DMBQ (Fig. 4A). The rates of oxygen evolution
in the Y246A and E244A:Y246A mutants dropped to 35% and 42% of
the control rate, respectively, while the rate for the E244A strain
dropped to 65%. Since the reduced oxygen evolution capacity was
likely due to an impaired acceptor side in the mutants, variable chlor-
ophyll fluorescence induction assays were performed, in the presence
and absence of the PS II-specific herbicide DCMU, to assess the extent of
inhibition. In the absence of DCMU (Fig. 4B), the control strain ex-
hibited a characteristic fluorescence induction curve, made up of an
initial rise to the J-level, due to QA reduction, followed by a rise from an
inflection (I) to a maximum P level as the available electron acceptors
became reduced. The fluorescence then declined as a result of the ac-
tivation of the Calvin-Benson cycle along with various quenching me-
chanisms [27]. When compared to the control strain, all of the mutants
exhibited an increased O-J rise; however, while the Y246A cells reached
a similar P level to control cells both the E224A mutant and the
E244A:Y246A double mutant displayed an elevated P peak.

When DCMU was added (Fig. 4C) fluorescence rapidly rose to F,, in
all strains due to the inhibition of forward electron transfer from Q.
The variable fluorescence yield in the presence of DCMU is typically
indicative of the number of active PS II centers present. Interestingly,
the fluorescence yield from the mutants exceeded that of the control
strain by different amounts. The Y246A mutant showed an F,, only
slightly above that of the control strain; however, the fluorescence yield
for E244A cells was ~25% above the control trace and the fluorescence
yield from the E244A:Y246A double mutant was ~50% higher than
observed with the control cells.

3.5. Decay of variable chlorophyll a fluorescence

To further probe the acceptor side, the decay of variable fluores-
cence following a single actinic flash was measured in the presence and
absence of DCMU (Fig. 5). In the absence of DCMU the mutants all
exhibited an increased variable fluorescence yield and retarded decay
kinetics compared to the control, in agreement with the fluorescence
induction results (Fig. 5A, B). The variable fluorescence decay can be
divided into three kinetically distinct components: a fast (us) phase,

Fig. 3. 77K fluorescence emission spectra. (A)

440nm excitation and (B) 580nm excitation for
control (black solid line), E244A (black dashed line),
Y246A (blue solid line), E244A:Y246A (blue dashed
line). Spectra are the average of at least three in-
dependent experiments and are normalized to the
total area under the spectra to reveal the ratio of the
emission from PS I and PS II in each strain.
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Fig. 4. (A) Oxygen evolution traces for control (black solid line), E244A (black
dashed line), Y246A (blue solid line), E244A:Y246A (blue dashed line). The
cells were treated with 200 uyM DMBQ and 1 mM K3Fe(CN)g added 90 s before
the light was switched on. All cells were at a chlorophyll concentration of
5ug mL ™. (B) Variable chlorophyll fluorescence induction with 455 nm actinic
light and measured with blue measuring flashes (455 nm). The strains were
control (filled black symbols), E244A (empty black symbols), Y246A (filled blue
symbols), E244A:Y246A (empty blue symbols). (C) Variable chlorophyll
fluorescence induction as shown in panel B but with addition of 40 uM DCMU
2 min prior to measurement. For clarity, only selected data points are shown in
panels B and C. In panel A the traces are the average of 3 independent ex-
periments. In panels B and C the data displayed are the average of at least 4
independent experiments.

ascribed to oxidation of Qs~ by Qp, an intermediate (ms) phase, as-
cribed to Qg binding and subsequent oxidation of Q4 , and a slow (s)
phase, corresponding to the back reaction of Q4~ with the S,-state of
the OEC [28]. The kinetic analysis for Fig. 5 is shown in Table 1.

The E244A mutant demonstrated minor changes in the fast and slow
phases of its fluorescence decay with a slight increase in the fast phase
half time (t;,»: 290 us in control; 339 us in E244A cells) and a small
decrease in the slow phase amplitude (10% in control; 7% in the E244A
strain). However, the t;,» of the intermediate phase for the E244A
mutant exhibited an approximate 14-fold increase relative to the con-
trol (t;2: 5.5 ms in control; 74.3 ms in E244A cells); but there was only
a small increase in the amplitude (Table 1).

The Y246A mutant demonstrated an approximate three-fold increase in
the fast phase rate (t;,,: 923 s in Y246A cells) while the fast phase am-
plitude dropped to approximately half that of the control (68% in control;
29% in the Y246A strain). This coincides with an approximate six-fold de-
crease in the slow phase half time (t; »: 8.1 s in control; 1.4 s in the Y246A
strain) along with a rise in the slow phase amplitude (10% in control; 59%
in the Y246A mutant). The decay of the intermediate phase for the Y246
mutant (t; »: 16.6 ms in Y246A cells) demonstrated a proportionally similar
increase to the fast phase while the amplitude of the intermediate phase also
decreased (22% in the control; 12% in Y246A cells) (Table 1).

As seen in the Y246A mutant, the E244A:Y246A strain also demon-
strated a slowing down of the fast phase, although to a lesser extent than in
the Y246A mutant (t; »: 669 ps in E244A:Y246A cells) while the amplitude
also dropped to approximately half of that in the control. The
E244A:Y246A strain also demonstrated an acceleration in the slow phase
(t1/2: 2.3 s in E244A:Y246A cells) and an increase in the slow phase am-
plitude was apparent. The decay of the intermediate phase of the
E244A:Y246A mutant increased to a similar extent to the fast phase, de-
monstrating approximately a two-fold increase (t;»: 13.8ms in
E244A:Y246A cells), while the amplitude of the intermediate phase re-
mained unchanged relative to the control. It is interesting to note that the
double mutant lacked the slowed intermediate phase seen in the E244A
single mutant, while the amplitude shift favoring the slow phase over the
fast phase in the Y246A mutant was also less pronounced in the
E244A:Y246A mutant than in the Y246A strain.

In the presence of DCMU (Fig. 5C), the mutant strains exhibit in-
creased variable fluorescence compared to the control, with the E244A,
Y246A and E244A:Y246A strains showing Fy, levels approximately 25%,
15% and 50% higher than the control, respectively, while possessing
relatively similar F, levels. The increase in variable fluorescence was
consistent with the observed fluorescence induction and low-tempera-
ture fluorescence emission results (Figs. 3 and 4B, C). When normalized
to Fp,, (Fig. 5D) it is apparent that the E244A and E244A:Y246A mutants
have a slower decay of variable fluorescence in the presence of DCMU
(Fig. 5D and Table 1). In the presence of DCMU, QA to Qg electron
transfer is blocked and the decay kinetics exhibit an intermediate (ms)
phase most likely arising from recombination with P680" " and a slow (s)
component, arising from recombination with S, [28].

The slow phase for the Y246A mutant was similar to the control rate
when DCMU was present, with only a small change in amplitude (92%
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1.00 Fig. 5. Variable chlorophyll fluorescence relaxation
B following a single turnover actinic flash. For clarity
only selected data points are shown. The strains are:
—~1.0 A control (filled black symbols), E244A (empty black
LLO ’ symbols), Y246A (filled blue symbols),
' E244A:Y246A (empty blue symbols). Cells were dark
£ y Y
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in control; 96% in the Y246A strain). The intermediate phase was also control; 2.2 s in E244A cells; and 1.9 s in the E244A:Y246A mutant), but

similar (t;,»: 6.6 ms in control; 5.8 ms in Y246A cells). In contrast, both the corresponding amplitudes remained similar (Table 1). Likewise, the
the E244A and E244A:Y246A mutants exhibited an approximate two- intermediate phase of the E244A and E244A:Y246A mutants demon-
fold increase in the slow phase relative to the control (t;,»: 0.8s in strated an approximate two-fold increase in rate (t; ,»: 6.6 ms in control;
Table 1
Decay kinetics of flash-induced variable fluorescence after a single turnover flash in the presence or absence of DCMU®.
Strain Treatment Fast component Intermediate component Slow component
Rate (ti,2 = us) Amplitude (%) Rate (t;2 = ms) Amplitude (%) Rate (t;2 = s) Amplitude (%)
Control No treatment 290 + 21 68.0 = 1.3 55 * 1.8 222 + 1.6 81+ 13 9.8 + 0.6
+DCMU 6.6 £ 0.3 5.6 = 0.3 0.8 = 0.1 92.3 = 0.3
E244A No treatment 339 + 11 66.8 + 0.3 74.3 + 8.4 26.4 + 0.1 7.4 =09 6.8 + 0.2
+DCMU 12.4 + 45 3.1 £ 0.2 22+ 0.1 96.7 = 0.3
Y246A No treatment 923 + 31 28.9 + 0.6 16.6 = 2.5 12.0 = 0.5 1.4 * 0.1 59.1 + 0.9
+DCMU 5.8 + 0.7 3.2+ 07 0.9 = 0.1 95.8 + 0.2
E244A:Y246A No treatment 669 + 15 33.9 = 0.6 13.8 + 0.3 229 = 0.1 23 +0.1 43.1 = 0.7
+DCMU 11.9 + 2.8 2.1 + 0.2 1.9 * 0.1 97.8 + 0.2

@ The Synechocystis sp. PCC 6803 cells were either untreated or treatment with 40 uM DCMU. The fluorescence decays were analyzed according to Vass et al. [28].
Standard errors for the calculated rates and amplitudes are shown.
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Fig. 6. Thermoluminescence emission from Synechocystis sp. PCC 6803 cells. The measured emission curves are shown in solid lines while the derived individual
components which make up with total emission are shown in dashed lines. Strains were the untreated control (A), E244A (B), Y246A (C); or the control (D), E244A
(E), Y246A (F) treated with 40 uM DCMU. Data displayed are the average of 3 independent experiments.

12.4 ms in E244A cells; 11.9ms in E244A:Y246A cells), while the am-
plitudes only varied slightly in accordance with the variation in the
amplitudes of the slow component (Table 1).

3.6. Thermoluminescence

To investigate the impact of the mutations in the E244A and Y246A
mutants on charge recombination in PS II, TL assays were performed.
Excitation of the control strain by a single flash yielded two TL peaks
(Fig. 6A); a large peak at 31°C and a smaller peak at 56 °C which
correspond to the B and C bands, arising from S,3)Qs~ and Tyr-
D®YQ,~ recombination, respectively. The E244A mutant (Fig. 6B)
showed a slight temperature increase in the B band and a drop in the C
band to 32.5 °C and 55 °C, respectively. In the case of the Y246A mutant
(Fig. 6C), the B band was replaced by a peak at 17.5 °C, which corre-
sponds to a Q band arising from the recombination of S;Qs . In

addition, the C band exhibited a temperature shift to 50 °C.

In the control strain, the addition of DCMU resulted in a Q band at
16.5°C, and a C band at 55 °C (Fig. 6D). In contrast, both TL peaks in
the E244A mutant were at higher temperatures than in the control,
displaying a Q band at 22.5°C and a C band at 56 °C when DCMU was
present (Fig. 6E). Conversely, the Q band of the Y246A mutant in the
presence of DCMU remained similar to the control, appearing at 16 °C,
while the C band peak temperature decreased to 53 °C (Fig. 6F). Hence,
the TL spectra for the Y246A mutant in the presence and absence of
DCMU were similar.

3.7. Influence of formate and bicarbonate on chlorophyll fluorescence
decay kinetics

Since D1:Glu244 and D1:Tyr246 participate in the hydrogen-bond
network involving the bicarbonate bound to the non-heme iron the
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Fig. 7. The effect of bicarbonate and formate addition on the variable chlorophyll fluorescence relaxation following a single turnover actinic flash. The strains are:
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average of at least 3 independent experiments.

addition of bicarbonate was tested to see if it could recover the im-
paired chlorophyll fluorescence decay kinetics observed in the E244A,
Y246A and E244A:Y246A mutants; however, bicarbonate did not re-
verse the observed inhibition (Fig. 7A, B). In the wild type, the addition
of formate resulted in a reduction in the rate of fluorescence decay. This
formate-induced phenotype has been ascribed to competitive binding of
the formate to the non-heme iron, potentially displacing the bicarbo-
nate and resulting in slowed Q5 to Qg electron transfer [13,29,30].
The formate-induced phenotype was observed in wild type and reversed
by bicarbonate addition (Fig. 7C, D) and similar results were obtained
with control cells (not shown). However, all of the mutants were in-
sensitive to both formate and bicarbonate, demonstrating no change in
their fluorescence decay kinetics (Fig. 7B-D). In addition, the E244A
cells remained insensitive to the addition of formate and bicarbonate
after three actinic flashes were given to turnover the two-electron gate

(Fig. 8A, B): and similarly the impact of formate and bicarbonate was
slight in the Y246A and E244A:Y246A mutants following three actinic
flashes (Fig. 8C, D).

3.8. High light sensitivity

The acceptor side of PS II is frequently damaged in high light con-
ditions, and previous studies have observed increased high light sen-
sitivity in acceptor side mutants [9,31]. Consequently, the tolerance of
the mutant strains to high light was determined with a high light (200
uE m~2s~ ') photoautotrophic growth curve (Fig. 9A). The control and
the E244A strain grew with a doubling time of 10h and 11 h, respec-
tively, while the Y246A and E244A:Y246A mutants were unable to
grow photoautotrophically in the high light conditions.

To investigate the high light sensitivity of the mutants on a shorter
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time scale, the PS II activity of the mutants was determined by mea-
suring oxygen evolution during a high light treatment followed by a low
light recovery period (Fig. 9B). The rate of oxygen evolution in the
control strain remained constant during the high light treatment;
however, during the low light recovery the rate of oxygen evolution in
the control strain rose to approximately 130% of the initial rate. The
E244A mutant was also able to tolerate the high light, as the rate of
oxygen evolution consistently rose during the high light treatment,
eventually peaking at 40 min into the low light recovery at approxi-
mately 150% of the initial rate of oxygen evolution. In contrast, the
Y246A mutant exhibited sensitivity to high light, rapidly losing oxygen-
evolving capacity in high light that dropped to approximately 20% of
the initial rate during the high light treatment, before recovering to
approximately the initial rate over the course of the recovery period. In
contrast, the E244A:Y246A mutant was less sensitive to the high light
than the Y246A mutant, with oxygen-evolving activity dropping to
approximately 45% of the initial rate during the high light treatment.
However, the recovery of oxygen-evolving activity in the E244A:Y246A
mutant was less than in the Y246A mutant, rising to only 60% of the
initial rate during the low light recovery period.

The susceptibility of control cells and the E244A and Y246A mu-
tants to high light was compared in the presence of lincomycin to block
protein synthesis. In Fig. 10A, E244A cells were found to be more re-
sistant to high-light-induced damage than the control while Y246 cells
were more sensitive. In the case of Y246A cells, a slight protein-
synthesis-independent recovery was also apparent following the tran-
sition from high to low light. In addition, the observed recovery of the
Y246A mutant in Fig. 9B was blocked by the addition of lincomycin
following the high light treatment (Fig. 10B).

3.9. Spontaneous loss of PS II activity

Over the course of this study, both the Y246A and E244A:Y246A
mutants lost their ability to grow photoautotrophically due to the in-
troduction of suppressor mutations. Phenotypic analysis demonstrated
a complete loss of variable fluorescence in these strains (Fig. 11A). Low-
temperature fluorescence spectroscopy following 440 nm excitation
(Fig. 11B), showed a loss of the 695 nm peak in both mutants with a
concomitant increase in the 685nm peak. Using 580 nm excitation,
both strains exhibited increased emission at 685 nm compared to their
original phenotypes (Fig. 11C). Together these results indicated an

10

80 120

Time (min)

absence of assembled PS II centers in both strains. The Y246A strain
displaying this new phenotype was renamed Y246A%"P and the
E244A:Y246A strain displaying this new phenotype was renamed
E244A:Y246A°"P.

The genomes of the Y246A'P and E244A:Y246A°"P strains were
sequenced. Analysis revealed a single nucleotide polymorphism in the
Y246A°"P strain resulting in a mutation within the codon for Leu91 in
the psbA2 gene coding for a stop codon. In the case of the
E244A:Y246A"P mutant, the psbA2 gene contained an 8 bp insertion
703 bp into the 1100 bp psbA2 open reading frame, resulting in a fra-
meshift mutation. These results are summarized in Fig. S1.

4. Discussion

4.1. D1-Glu244 and D1-Tyr246 are involved in a hydrogen-bond network
between bicarbonate and the cytosol

Protein structures of PS II from Thermosynechococcus elongatus and
T. vulcanus have established that bicarbonate is a bidentate ligand to
the non-heme iron (Fig. 1) [7,12,32]. Bicarbonate participates in a
hydrogen-bond network that connects bicarbonate to the cytosol and it
has been hypothesized that this network could supply protons for
proton-coupled electron transfer between Q4 and Qg [7]. One scenario
is that Qg™ could be protonated via a hydrogen-bond network in-
corporating D1-His252 and D1-Ser264 while the second proton,
forming the fully reduced quinol, could be supplied from bicarbonate
via D1-His215 [16,33]. The suggestion that the first proton is delivered
via D1-His252 and the second via bicarbonate through D1-His215 has
been supported by QM/MM calculations [15].

Two key waters in the hydrogen-bond network from the cytosol to
bicarbonate are waters W582 and W622 in PDB 4UB6. Water W582 is
distal to bicarbonate and hydrogen bonds with water W623 (in proxi-
mity to the cytosol (Fig. 1)), as well as to D2-Thr243, D1-Glu244 and
water W622. Water W622 also forms hydrogen bonds with bicarbonate,
D1-Ser268 and D1-Tyr246. In this study we have introduced Ala sub-
stitutions at D1-Glu244 and D1-Tyr246 to evaluate the in vivo impact of
disrupting the hydrogen-bond network on the reactions forming
Qs (H™), QgH; and the exchange of QgH, with the plastoquinol pool in
the thylakoid membrane.
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Fig. 11. Comparison of E244A:Y246A (full black circles or black line), Y246A
(full blue circles or blue line), E244A:Y246A°"P (empty black circles or dashed
black line), Y246A°"P (empty blue circles or dashed blue line). (A) Variable
chlorophyll fluorescence relaxation following a single turnover actinic flash. (B)
77 K fluorescence emission spectra after excitation at 440 nm and normalized to
PS I emission at 725 nm. (C) 77 K fluorescence emission spectra after excitation
at 580 nm and normalized to phycocyanin emission at 660 nm. Data displayed
are the average of at least 3 independent experiments.

4.2. The E244A mutant assembles PS II with altered Qg binding and is
tolerant of high light

Photoautotrophic growth of the E244A mutant and PS II assembly in
this strain were similar to the control (Fig. 2). In addition, the E244A
cells were less susceptible to high-light-induced photoinhibition or
photodamage (Figs. 9 and 10) and exhibited relative oxygen-evolving
activity above control cells in response to the high light treatment when
supported by DMBQ (Figs. 9B and 10B). Dark-adapted cells of the
E244A mutant, however, exhibited an approximate 14-fold increase in
the rate of the intermediate component for the decay of chlorophyll
fluorescence following a single actinic flash, indicative of an altered Qg-
binding environment (Fig. 5A, B). The fraction of centers undergoing an
apparent back reaction with S2, however, was similar to that seen in
control cells (Table 1) although an increase of 6 °C for the TL Q-band
was observed (Fig. 6D, E). The stabilization of Q ~, implied by these TL
data, was consistent with the slowed kinetics of the fluorescence decay
in the mutant in the presence of DCMU (Fig. 5D and Table 1). While the
loss of the hydrogen bond between D1-Glu244 and water W582 in the
E224A mutant most likely contributes to the disordered acceptor side
the impact is potentially amplified by the loss of a stabilizing interac-
tion between D1-Glu244 and D2-Lys264 (Fig. 1).

Low-temperature fluorescence emission spectroscopy revealed an
apparent increase in the relative amount of PS II in the E244A mutant
that was not evident in the BN-PAGE data. This suggests the western
blot signal with the D1 antibody was saturated whereas the sensitivity
of the low temperature fluorescence emission measurements was able
to determine the variation between the strains. This apparent alteration
of the PS II to PS I ratio in the mutant was also evident in the room
temperature fluorescence induction data in Fig. 4B, C; however, despite
the apparent increase in PS II centers, on a chlorophyll basis, the E244A
mutant exhibited a reduced capacity for oxygen evolution (Fig. 4A). It
appears that the Ala substitution at D1-Glu244 perturbed the Qg-
binding site and altered the Q5 /Qa redox potential, particularly in the
presence of bound DCMU. The increased temperature for the TL Q band
and stabilized recombination kinetics for the fluorescence decay
(Fig. 5D) are consistent with a positive shift in the midpoint potential
for the Qo™ /Qa couple. An increase in the midpoint potential for the
QA /Qa couple is thought to reduce back reactions giving rise to 3Chl-
mediated 'O, formation and thus may confer a degree of photo-
protection [34-36]. Such a shift in the midpoint potential might arise
indirectly from a conformation change but also it would be predicted if
the introduced mutation destabilized the binding of bicarbonate [17]. It
was expected that disrupting the pathway(s) for delivering protons to
reduced Qg would result in impaired forward decay kinetics following a
third actinic flash in the E244A mutant, since an increased fraction of
Q3% ~(H™) would be evident as a result of retarded quinol exchange at
the Qg site. This, however, was not seen, with the chlorophyll decay
kinetics following three actinic flashes at 4 Hz (Fig. 8) resembling the
kinetics after the first flash and the observed decays were insensitive to
additions of bicarbonate or formate (Figs. 7 and 8).
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4.3. The Y246A mutant assembles PS II but exhibits an increased fraction of
centers undergoing a back reaction in the absence of DCMU and is sensitive
to high light

The Y246A mutant assembled PS II centers at a comparable level to
that seen in isolated thylakoids from E244A cells as judged by BN-PAGE
(Fig. 2C) and in E244A cells as seen in low-temperature fluorescence
emission spectroscopy (Fig. 3). Variable chlorophyll fluorescence in-
duction measurements in the presence of DCMU also indicated PS II was
assembled in the Y246A mutant at a level comparable to the control but
the amount of variable fluorescence was somewhat below that observed
in the E244A mutant (Fig. 4C). The explanation for the difference in
variable fluorescence between the E244A and Y246A cells has not yet
been established. Despite the apparent wild-type or control level of PS I
in Y246A cells, photoautotrophic growth was retarded in this strain,
and in the E244A:Y246A double mutant (Fig. 2A), and oxygen evolu-
tion was impaired in the Y244A and E244A:Y246A strains to a greater
extent than observed in the E244A mutant (Fig. 4A).

In the presence of the D1-Tyr246 to Ala substitution the chlorophyll
fluorescence decay kinetics reflecting the oxidation of Q4™ were sub-
stantially more impaired than seen in the E244A strain. In the Y246A
mutant the fast and intermediate phases of the decay were slowed by a
factor of three relative to the control in combination with a reduction of
the amplitude for both components but the amplitude for the back re-
action increased six-fold to approximately 60% with the half time
characteristic of the recombination reaction between Q,~ and S,
(Table 1). The TL data in Fig. 6 also suggested an increased fraction of
Q" in the Y246A cells as the apparent B band in the Y246A cells in the
absence of DCMU peaked at 17.5 °C thus resembling the Q band in the
presence of DCMU (Fig. 6C, F). Impaired forward electron transfer from
Qa~ was also evident in the variable chlorophyll fluorescence induction
where Y246A cells exhibited an initial rapid rise to an elevated J level
(Fig. 4B). This suggests that the removal of the hydrogen bonds asso-
ciated with Tyr 246, and both bicarbonate and water W622, introduces
a perturbation of the acceptor side of PS II but does not impair PS II
assembly. As was the case in the E244A mutant, the absence of any
impact of formate and bicarbonate addition to the decay kinetics after a
single actinic flash (Fig. 7) suggests that the structural perturbations
disrupt the putative role of bicarbonate in protonation of reduced Qg
via the hydrogen-bond network connecting bicarbonate to the cytosol;
however, in the presence of the D1-Tyr246 to Ala substation a slight
bicarbonate-reversible effect was seen in the chlorophyll fluorescence
decays following the turnover of the two-electron gate after three fla-
shes (Fig. 8).

An additional distinction between the E244A and Y246A mutants is
the susceptibility of Y246A cells to high light (Figs. 9 and 10). This may
suggest that the Y246A mutant produces increased levels of ROS either
via Fe?"-mediated hydroxyl radical production [37,38] or increased
10, production via the decay of 3[P680* "Pheo™ '] [9]. This putative
increase in ROS in the mutant may explain the observed insertion of the
premature stop codon into psbA in Y246A cells (Fig. S1). The inclusion
of the D1-Glu244 to Ala substitution in the presence of the D1-Tyr246
to Ala substitution in the double mutant appears to offset some of the
observed deleterious effects observed in the Y246A cells. There was a
slight increase in the observed rate of oxygen evolution in the double
mutant (Fig. 4A) while the sensitivity of oxygen-evolving activity in the
E364A:Y246A cells to high light was reduced (Fig. 9B); furthermore,
the impaired decay of variable fluorescence was ameliorated (Fig. 5B,
Table 1). Notably the apparent stabilization of the back reaction in the
presence of DCMU seen in E244A cells was retained in the
E244A:Y246A double mutant (Fig. 5D).

An additional characteristic of the E244A:Y246A double mutant was
the pronounced increase in variable chlorophyll fluorescence yield
arising from an apparent additive effect arising from the two mutations
(Figs. 4B, C and 5A, C). This observation is consistent with the altered
PS II to PS I ratio apparent in the low-temperature fluorescence
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emission spectra (Fig. 3). This might be explained by a more oxidized
plastoquinone pool in the double mutant altering the relative level of
the two photosystems [39,40] or a related effect on the allocation of
chlorophyll to nascent PS I or PS II complexes during biogenesis in this
strain [41-45].

4.4. Conclusion

D1-Glu244 and D1-Tyr246 participate in a hydrogen-bond network
involving several waters and the bicarbonate ligand of the non-heme
iron of PS II. Replacement of these residues with Ala leads to apparent
structural changes resulting in a major impact on the Qgp binding site
(particularly in the E244A mutant) and an increased back reaction with
S2 (particularly in the Y246A mutant). The tolerance of the E244A
strain towards high light is consistent with the suggestion that the
presence of reduced Q, may lead to photoprotection as a result of bi-
carbonate dissociation [17]. The extent of the structural changes in the
mutants, however, appears to disrupt the hydrogen-bond network and
the ability of bicarbonate to participate in the protonation reactions
associated with reduction of Qg to quinol. An increased PS II to PS I
ratio is evident in the mutants, particularly in the E244A:Y246A strain,
most probably as a result of a reduction in the PS I levels. Our data also
suggest that the hydrogen bonds associated with waters W582 and
W622 (PDB 4UB6 and Fig. 1) are important for the operation of the
quinone-Fe-acceptor complex.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbabio.2019.07.009.
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