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Environmental pH and a Glu364 to GIn mutation in the
chlorophyll-binding CP47 protein affect redox-active TyrD
and charge recombination in Photosystem I
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In Photosystem II, loop E of the chlorophyll-binding CP47 protein is located
near a redox-active tyrosine, Yp, forming a symmetrical analog to loop E in
CP43, which provides a ligand to the oxygen-evolving complex (OEC). A
Glu364 to GIn substitution in CP47, near Yp, does not affect growth in the
cyanobacterium Synechocystis sp. PCC 6803; however, deletion of the extrin-
sic protein PsbV in this mutant leads to a strain displaying a pH-sensitive
phenotype. Using thermoluminescence, chlorophyll fluorescence, and flash-
induced oxygen evolution analyses, we demonstrate that Glu364 influences
the stability of Yp and the redox state of the OEC, and highlight the effects
of external pH on photosynthetic electron transfer in intact cyanobacterial
cells.
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Photosystem II (PS II) is a light-driven water-plasto-
quinone oxidoreductase. In PS II, excitation of the
four-chlorophyll Pggo reaction center (RC) initiates a
series of electron transfer steps via pheophytin to the
primary and secondary plastoquinone acceptors (Qa
and Qg, respectively) forming plastoquinol (QgH»):
these reactions are accompanied by the sequential
extraction of electrons from water to fill the hole on
Psgo via a bound MnyCaOs oxygen-evolving complex
(OEC) [1]. The PS II core complex includes the chloro-
phyll-binding antenna proteins CP43 and CP47 which
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are found adjacent to the RC proteins DI and D2,
respectively. In cyanobacteria, the PS II core is sur-
rounded by 13 low molecular weight, membrane-span-
ning subunits and capped by up to four hydrophilic
subunits on the lumenal face of the photosystem [2-4].
A similar arrangement among the peripheral subunits
is found in eukaryotic organisms and the PS II core is
conserved [5,6].

Two redox-active tyrosine residues, Yz (D1 Tyrl61)
and Yp (D2 Tyrl60), are located in symmetrical posi-
tions around Pgg [1,7]. During photosynthetic electron

CAPS, 3-(cyclohexylamino)-1-propanesulfonic acid; CP43, 43-kDa chlorophyll-binding core antenna protein; CP47, 47-kDa chlorophyll-binding
core antenna protein; D1, PsbA reaction center protein; D2, PsbD reaction center protein; DCMU, 3,4-dichloro-1,1-dimethyl urea; F, fluores-
cence; Fo, dark-adapted (minimum) fluorescence; Fy,, maximum level of fluorescence; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; Hisp, His189 of D2; Hisz, His190 of D1; OEC, oxygen-evolving complex; Pego, reaction center chlorophylls of PS Il; P5q0, reaction center
chlorophylls of PS I; PCC, Pasteur Culture Collection; PS II, Photosystem II; Qa primary plastoquinone electron acceptor of PS II; PS |, Photosys-
tem |; Qg, secondary plastoquinone electron acceptor of PS IlI; Sp-S,4, oxidation states of the OEC; Synechocystis 6803, Synechocystis sp. PCC
6803; TL, thermoluminescence; Y4/Y3, ratio of the O, yield on flash 4 to the O, yield on flash 3; YD(OX', oxidized form of Yy, (either Yp™ or the neu-
tral radical Yp); Yp, redox-active Tyr160 of the D2 protein; Yz, redox-active Tyr161 of the D1 protein.
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transfer, Y, forms a neutral radical by movement of
the phenolic proton toward a nearby His residue,
called Hisz (D1 His190). Although an analogous His
residue is found adjacent to Yp (Hisp or D2 His189)
the formation of the neutral Yp radical is mediated
through a water molecule that is thought to connect to
a proton exit pathway involving D2 Argl80 [8-10].
Upon excitation of PS II, Yz is oxidized by Pggo and
then rapidly reduced (within ps) by the OEC through
a series of S state transitions (where So—S,; denote oxi-
dation states of the OEC); in contrast, oxidized Yp
(Yp©) is stable for minutes and is not involved in
water oxidation directly, but is involved in charge
equilibrium with the OEC [1,10-13]. Although Sq is
the most reduced OEC state, S; is the dark-stable
state, due to the reduction of Yp© to yield S;Yp
OEC centers [10,14].

Both CP43 and CP47 possess six membrane-span-
ning helices joined by hydrophilic loops (loops A-E).
In both proteins loop E is a large lumenal loop,
comprising ~ 130 amino acids in CP43 and ~ 190
residues in CP47 [15]. While Glu354 and Arg357 of
Loop E from CP43 are in the first and second coor-
dination spheres of the OEC, respectively, a con-
served Phe362-Phe363-Glu364 region in loop E of
CP47 contributes to a hydrophobic pocket around
Yp [3]. This hydrophobic pocket (Fig. 1) is thought
to be important for the formation of the hydrogen
bond network surrounding Yp that permits electron
transfer from Yp to Pego™; accordingly, the
hydrophobic pocket may also reduce damaging
charge recombination from the PS II acceptor side
(via the Pggg RC) to the Yp  radical, because of the
lack of an available proton [9,10]. Glu364 is within
H-bonding distance (~ 2.8 A) to D2 Arg294, which
coordinates Hisp [10,16], and this residue might
therefore be important for the release of the phenolic
proton of Yp to the available water [8,9,17]. How-
ever, in the cyanobacterium Synechocystis sp. PCC
6803 (hereafter Synechocystis 6803), CP47 Glu364 to
GlIn or Glu364 to Gly substitutions produced strains
similar to the wild-type, in contrast to severely
impaired growth in a Phe363 to Arg mutant [18-21].
Loop E of CP47 extends into the thylakoid lumen
and is involved in binding of the cyanobacterial PS
IT extrinsic subunit PsbO, which, along with the
PsbU, PsbV, and possibly CyanoQ proteins, protects
the OEC and Yp from the reductive environment of
the lumen and is necessary for maximal rates of oxy-
gen evolution [2,22]. Deletion of PsbV in the CP47
E364Q mutant of Synechocystis 6803 resulted in a
strain displaying a pH-sensitive phenotype, in which
PS II function and assembly were reduced and
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Fig. 1. Putative hydrogen bond network associated with Yp of
Photosystem . The hydrophobic pocket surrounded by D2 Phe
residues and Phe362 and Phe363 of CP47 is also depicted. The
hypothesized hydrogen bond between CP47 Glu364 and D2
Arg294 is shown. The red spheres are the proximal and distal
positions (with respect to the phenolic group of Yp) of a single
water located in the pocket. This water has been suggested to
participate in proton coupled electron transfer when Yp is oxidized
by transferring the proton to D2 Arg180 [8,9]. The figure was
drawn using PyMOL [52] and PDB 4UB6 [16].

photoautotrophic growth was not possible at pH 7.5;
however, pH 10.0 rescued growth and PS II function
[23,24].

A number of pH-sensitive PS II mutants of Syne-
chocystis 6803 carrying deletions in PS II extrinsic
proteins have been reported [23-27], despite the
physical separation of the thylakoid Iumen from
changes in environmental pH. To investigate possible
mechanisms for this phenomenon [28], and with
recent studies highlighting Glu364 as an important
residue in the Yp pocket [9,17,29], we were
prompted to look again at the E364Q mutant in the
context of possible redox perturbations around Yp.
In the case of the pH 7.5 nonphotoautotrophic
E364Q:APsbV strain, we hypothesized that an altered
environment around Yp at pH 7.5 compounds the
contribution of PsbV removal to pH sensitivity.
Thus, we investigated PS II activity in the E364Q
and E364Q:APsbV mutants, compared to wild-type
and the APsbV strain. By determination of ther-
moluminescence (TL), chlorophyll « (hereafter
chlorophyll) fluorescence decay measurements, and
flash-induced oxygen production, we demonstrate
that CP47 Glu364 is important for charge recombi-
nation in PS II, and suggest a mechanism by which
altered Yp oxidation contributes to the pH-sensitivity
of the E364Q:APsbV mutant.
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Materials and methods

Strains and culture conditions

Glucose-tolerant Synechocystis 6803 strains used in this
work are listed in Table 1, and were grown using BG-11 lig-
uid and solid media [30] in the presence of 5 mm glucose
(unless indicated otherwise) and appropriate antibiotics, and
maintained at 30 °C under continuous ~ 40 pE-m~2s~ " illu-
mination as described previously [31]. For physiological
measurements, liquid cultures in mid-late logarithmic
growth phase were harvested by centrifugation at ~ 2500 g,
washed twice with BG-11, and resuspended in BG-11 media
buffered with either 25 mm HEPES-NaOH pH 7.5 or
25 mm CAPS-NaOH pH 10.0. Cells were incubated at
5 pg chlorophyll-mL ! until the initiation of measurements,
after 8 or 24 h, as appropriate to the experiment. For some
measurements of flash-induced oxygen evolution, 5 mm glu-
cose was added during the incubation period.

Physiological measurements

Measurement of TL was carried out using a custom-built
machine [32,33]. For determination of TL, cells were sub-
jected to 30 s of 250 uE-m~2s~" illumination at 20 °C and
3 min dark adaptation at 20 °C prior to cooling to —20 °C,
whereupon a single-turnover actinic flash was provided by a
xenon flash bulb. Samples were cooled to —40 °C, and subse-
quently warmed to 80 °C at a rate of 20 °C-min~ ", during
which time the TL photon yield was measured. Measure-
ments were made in the presence and absence of 20 pm
3,4-dichloro-1,1-dimethyl urea (DCMU), which was applied
during the dark adaptation period. Data were analyzed by
curve fitting to determine peak amplitude and peak tempera-
tures using custom-made software, as in Ref. [34].

Flash-induced oxygen evolution was determined using a
custom-built Joliot-type electrode [35] as described previ-
ously [36]. Briefly, intact cells (equivalent to 2.5 pg chloro-
phyll) were dark adapted for 5 min in direct contact with a
bare platinum cathode and illuminated with saturating sin-
gle-turnover actinic flashes provided by a 617 nm LED
array. Twenty flashes at 4 Hz were used, with a flash width
of 4-8 ps.

Table 1. Synechocystis sp. PCC 6803 strains used in this work.

Antibiotics added to

Strain References BG-11 plate culture
Wild-type GT-O1 [53,54] -

E364Q [20] Kanamycin 25 pg-mL™"
APsbV [20] Erythromycin 25 pg-mL~"
E364Q:APsbV [20] Kanamycin 25 pg-mL~" and

Erythromycin 25 pg-mL~"

Details about the creation of mutant strains and the GT-O1 wild-
type are available in the references indicated.
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Room temperature chlorophyll fluorescence decay and
induction measurements using cells dark adapted for 5 min
prior to measurements were made using an FL-3000 dou-
ble-modulation fluorimeter (Photon Systems Instruments,
Brno, Czech Republic) using parameters previously
described [37]. Fluorescence decay measurements were
made in the presence and absence of 20 ym DCMU added
in the dark adaptation period, and fluorescence decay data
were analyzed using the software oriGIN 2017 (OriginLab,
MA, USA), using a fitting algorithm previously described
[34,38].

The PS I oxidation state in cells was determined by P7qg-
dependent absorbance changes in the near-infrared
(Ag75 nm—Ag30 nm) induced by illumination with 635 nm
actinic light (~ 1000 pE-m~2s!) [39] using a Dual-PAM-
100 measuring system (Walz, Effeltrich, Germany). Cells
were dark adapted for 5 min prior to measurements, and
data were baseline corrected and normalized to the Pqo "
oxidation state maxima.

Results

pH, and the Glu364 to GIn substitution, affects
thermoluminescence yield and C band stability

To assess the effects of the Glu364 to Gln mutation
and pH on charge recombination in PS II, Synechocys-
tis 6803 strains were incubated under photoau-
totrophic conditions at pH 7.5 and pH 10.0 for 8 h,
and the TL from these strains was determined. In
dark-adapted PS II following a single-turnover actinic
flash, charge recombination produces characteristic TL
bands from S,Qg~ (B band), S;Qa~ (Q band—occurs
in the presence of DCMU), and Yp©YQx~ (C band—
may occur whether DCMU is present or not) charge
pairs [32,34,40,41]. The wild-type and the APsbV,
E364Q, and E364Q:APsbV strains typically displayed
enhanced TL yield from B and Q bands at pH 7.5
compared to pH 10.0, and increased C band yield (in
the presence and absence of DCMU) at pH 10.0 com-
pared to pH 7.5, indicating increased charge recombi-
nation between the quinone acceptors and the OEC at
low pH and increased recombination between Yp©¥
and Q4 at higher pH (Fig. 2, Table 2). However, the
B band TL yield was similar at both pH values for
wild-type and the B band yield was larger at pH 10
than pH 7.5 in E364Q cells (Fig. 2A; Table 2). In
addition, in the presence of DCMU, the intensity of
the C band in the APsbV strain was somewhat larger
at pH 7.5 than at pH 10 while the C band was similar
at both pH values in E364Q:APsbV cells (Fig. 2D,
Table 2). Strikingly, the E364Q mutant emitted B, Q,
and C band TL at a much greater level than wild-type
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cells, and both mutants lacking PsbV had reduced TL
yield, likely due to reduced PS II levels in these strains
[23]. Moreover, C band yield was enhanced in E364Q:
APsbV cells in the presence of DCMU compared to
APsbV cells, indicating an increased population of
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Fig. 2. Thermoluminescence from
Synechocystis sp. PCC 6803 strains
incubated for 8 h in pH 7.5 (dashed lines)
or pH 10.0 (solid lines) under
photoautotrophic conditions.
Measurements were made in the absence
(panels A and B) and presence (panels C
and D) of DCMU. Traces represent the
mean photon count from three to five

== independent measurements. (A, C) Wild-

30
Temp. ("C)

70 type - black, E364Q — red. (B, D)
APsbV = blue, and E364Q:APsbV = green.

Yp®QA " in these mutants. Furthermore, the temper-
atures of TL peak maxima (7Ty,.,, which indicates the
activation energy required to cause charge recombina-
tion and hence charge pair stability) were similar for B
and Q bands in wild-type, and for the B band in the

Table 2. Temperature of TL peak maxima (Tmay) and relative peak amplitude of Synechocystis sp. PCC 6803 strains.

— bCMU

+ DCMU

C band Tax (°C)

Q band Tpax (°C)

C band Trax (°C)

Growth B band Tayx (°C)
Strain pH (amplitude) (amplitude) (amplitude) (amplitude)
Wild-type pH 7.5 30.25 £ 2.2 51.7 £ 2.4 20.2 £ 0.5 52.65 + 0.2
(8060 + 1669) (1549 + 737) (10451 + 288) (1750 + 263)
pH 10.0 322 +1.7 5415 £ 0.9 20.0 £ 1.7 53.15 + 0.89
(7810 + 682) (2397 £+ 1170) (9212 + 461) (3296 + 1183)
E364Q pH 7.5 32+ 1.1 50.1 £ 0.9 21.7 £ 0.7 50.5 + 1.6
(11065 + 9266) (5257 + 3553) (29990 + 7604) (6925 + 1413)
pH 10.0 343 + 1.7 B5.1 £ 4.7 25.3 £ 0.9 3.8 + 4.6
(15082 4 1755) (6312 £ 2520) (19401 + 8550) (7224 + 4798)
APsbV pH 7.5 29.8% (3070) 48.1% (550) 23.0% (6474) 48.77 (2329)
pH 10.0 29.7% (2481) 49.2% (901) 26.6 + 4.8 (3894 + 969) 51.8 4+ 3.8 (1846 + 1046)
E364Q:APsbV pH 7.5 28.7 £ 0.2 49.65 + 1.6 26.91 £ 0.8 46.6 + 1
(3831 £ 1189) (986 + 115 (5599 + 2024) (2931 + 673)
pH 10.0 37.1 £ 6.8 51.42 295+ 1.0 46.4 + 0.7
(2133 + 840) (1547) (3774 £ 1579) (2936 + 1451)

Growth conditions: strains were assayed after 8 h in pH 7.5/pH 10.0 photoautotrophic conditions in the absence and presence of DCMU
(mean £ SEM, n = 3-5). Fit based on a single curve due to signal to noise in these cells.
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APsbV strain, between pH levels, but both mutants
carrying the Glu364 to GlIn substitution showed
enhanced B and Q band stability at pH 10.0. Com-
pared to the wild-type, all mutants showed enhanced
Q band Ty (S2Qa~ stability), with an apparent addi-
tive effect from the Glu364 to Gln substitution and
removal of PsbV in the E364Q:APsbV double mutant.
Similar to TL yield, the C band T,.x was generally
enhanced at pH 10.0 in the presence and absence of
DCMU, indicating an increase in Yp®YQa~ stability
at higher pH.

The Glu364 to GIn substitution impairs back
reactions of PS Il independently of the PsbV
deletion

Chlorophyll fluorescence decay following a single-turn-
over actinic flash can be used to probe reoxidation of
QA in PS II by Qg or by the OEC [34,42], and was
measured in tandem with TL (Fig. 3, Table 3). In
wild-type cells, the chlorophyll decay kinetics consist
of a fast phase (us) reflecting the oxidation of Q5 by
bound Qgp, a medium phase (ms) that is thought to

External pH and CP47:Glu364 affect TyrD of PS Il

arise from Q4 oxidation in centers where Qp was not
bound before the actinic flash and a slow phase (s)
which corresponds to the back reaction with the S,
state of the OEC [38]. At pH 7.5 the fast phase of the
fluorescence decay was slightly slowed in the E364Q
cells when compared to wild-type but the medium
phase was similar, suggesting the Qg binding site prop-
erties were also similar in wild-type and the E364Q
mutant. In contrast, the slow phase in the E364Q
strain exhibited a #,, of 9.5 s compared to 1.3 s in the
wild-type although both had similar amplitudes
(Table 3). A similar trend was seen between these two
strains when the chlorophyll decay was measured in
cells grown and measured at pH 10.0 but in this
instance the amplitude of the slow phase increased
from 15% to 18% in the E364Q cells while it
decreased in wild-type to 11%.

The chlorophyll fluorescence decay kinetics in the
APsbV strain also exhibited slowed fast and slow com-
ponents relative to wild-type; however, the APsbV
strain also had a slowed middle phase (e.g., from
1.5 ms in wild-type to 5.1 ms in APsbV cells at pH 7.5
and a similar change was evident at pH 10.0; Table 3).

1.0

Fig. 3. Fluorescence decay following a
single-turnover actinic flash in
Synechocystis sp. PCC 6803 strains
incubated for 8 h in pH 7.5 (dashed lines)
or pH 10.0 (solid lines) under
photoautotrophic conditions.
Measurements were made in the absence
(panels A and B) and presence (panels C
and D) of DCMU. Traces represent the
mean of three to five independent

Fluorescence (F~F)/(F,—F,) © Fluorescence (F-F,)/(F,—F)) *

0.0

measurements. (A, C) Wild-type = black,
E364Q = red. (B, D) APsbV = blue, and
E364Q:APsbV = green.
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Table 3. Kinetics of single-turnover flash-induced chlorophyll fluorescence decay in Synechocystis sp. PCC 6803 strains.

Fast phase Medium phase Slow phase

Strain Growth pH +/— DCMU ti2 (us) [amp (%)] ti2 (Ms) [amp (%)] ti2 (s) lamp (%)]
Wild-type 7.5 - 174 £ 17 (60 £ 4.9) 1.5+ 0.4 (35 £ 5.9) 1.3 +£0.11 (15 £ 1.9)
10.0 — 213 +£ 16 (59 + 1.4) 1.7 £ 0.1 (30 + 2.5) 4.3 +£1.28 (11 £ 2.1)
7.5 + 25+ 0.9(23 £ 0.4) 0.6 + 0.04 (98 + 0.4)
10.0 i 1.3 +£03(3.1£1.1) 0.6 £ 0.04 (97 + 1.1)
E364Q 7.5 - 253 + 18 (54 + 3.8) 21 +£0.2(31+£238) 9.6 £ 3.99 (15 + 2.6)
10.0 - 2562 + 20 (49 £ 3.7) 1.9 £ 0.3 (32 + 2.5) 7.0 £3.49 (18 £ 1.8)
7.5 3 41 +£23(29+1.7) 1.1 £ 0.08 (97 £ 1.7)
10.0 3 0.5+ 0.2 (2.1 +£0.4) 1.2 + 0.03 (98 + 0.4)
APsbV 7.5 - 288 + 14 (68 + 3.4) 51+20(19 £5.2) 7.1 +£4.82 (12 £ 3.0
10.0 — 259 £ 56 (567 + 7.8) 45+ 1.6 (24 £ 9.4) 6.1 +2.47 (19 + 7.9)
7.5 I 53+4.9 (5.2 +22) 1.0 £ 0.09 (95 + 2.2)
10.0 3 5.1 £ 3.3 (8.9 + 6.6) 1.0 &£ 0.01 (91 £ 6.6)
E364Q:APsbV 7.5 - 216 + 31 (40 £ 8.7) 1.6 £ 0.5 (36 + 6.6) 25+093(24 £78)
10.0 — 165 + 21 (46 + 6.5) 1.3+ 0.2 (43 £ 9.0 1.6 £+ 0.27 (10 + 3.6)
7.5 + 0.2 £ 0.1 (8.8 £ 2.5) 1.3 £ 0.11 (91 £ 2.1)
10.0 i 0.7 £ 03 (7.1 £ 2.7) 1.5+ 0.19 (93 £ 2.7)

Growth conditions: strains were grown to mid-late log-phase, incubated for 8 h in pH 7.5/photoautotrophic or pH 10.0/photoautotrophic con-
ditions, and assayed in the absence and presence of DCMU (shaded rows). In the absence of DCMU, fast phase decay occurs due to Qa~
to Qg electron transfer in the presence of bound Qg, medium phase decay represents Qs to Qg electron transfer where Qg was not
bound, and slow phase decay is due to charge recombination of S;QA7/Qg~. Fluorescence decay in the presence of DCMU, due to occupa-
tion of the Qg site by DCMU, primarily occurs due to charge recombination of S,Qa~. Half times (t;,2) and amplitudes (amp) were deter-

mined by curve fitting and are the average (+ SEM) of three to five independent measurements.

Strikingly the E364Q:APsbV double mutant exhibited
kinetics more closely resembling the wild-type than
either single mutant although the slow component at
pH 7.5 had an elevated amplitude (24% in E364Q:
APsbV cells; 15% in wild-type) and there was a corre-
sponding decrease in the amplitude of the fast compo-
nent in the E364Q:APsbV strain (Table 3).

In the presence of DCMU, the decay of chlorophyll
fluorescence can be fit by a millisecond component
and a slow seconds component [38]. In Table 3, the
slow component is extended by approximately a factor
of 2 relative to wild-type in all mutants and a slowed
decay is observed in Fig. 3C,D. A large pH effect on
the fast phase, however, was evident in E364Q cells
[4.1 ms (3%) at pH 7.5 and 0.5 ms (2%) at pH 10.0].
The millisecond component in wild-type by compar-
ison was 2.5 ms (2%) at pH 7.5 and 1.3 ms (3%) at
pH 10.0, while in the APsbV strain it remained con-
stant at approximately 5 ms but with a slightly
increased amplitude at pH 10.0 (Table 3). Interest-
ingly, in the case of the E364Q:APsbV double mutant,
the millisecond component more closely resembled the
rate observed at pH 10.0 for the E364Q strain
(Table 3). In addition, when PsbV was absent, the
chlorophyll decays did not reach zero and this effect
was most pronounced in the E364Q:APsbV mutant in
the presence of DCMU at pH 7.5 (Fig. 3B,D). This

suggests a reduced dark S; stable fraction of the OEC
in APsbV and E364Q:APsbV cells.

The dark S state population of PS Il is altered by
the removal of PsbV and the Glu364 to Gin
substitution

In order to assess the redox state of the PS II OEC
following dark adaptation, measurements of flash-
induced oxygen evolution were made using a Joliot-
type electrode. In one experiment, wild-type and
mutant cells were incubated for 24 h in pH 7.5 mixo-
trophic conditions permissive for growth in all strains
(Fig. 4A). Charge recombination during 5 min of dark
adaptation leads to a population of PS II with mixed
OEC S states of around 25% SoYp®/75% S,Yp [14];
thus, a distinct peak in oxygen evolution occurs fol-
lowing three single-turnover flashes (from OEC centers
in an initial dark S; state), and a somewhat reduced
4th flash yield (initial S, state). In wild-type, a typical
flash-induced oxygen evolution pattern was observed.
However, a shift in the relative oxygen evolution
favoring 4th flash oxygen evolution in cells lacking
PsbV was observed with an increase in the Sy popula-
tion observed in both APsbV and E364Q:APsbV cells
relative to wild-type and the E364Q strain, respectively
(Table 4). Impaired photoautotrophic growth and
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Fig. 4. Flash-induced oxygen evolution (panels A and B), fluorescence induction (panel C), and P;oo oxidation state (panel D) of
Synechocystis sp. PCC 6803 strains. Cells were incubated for 24 h (panel A) and 8 h (panels C and D) in pH 7.5 (dashed lines) or pH 10.0
(solid lines) under mixotrophic conditions, or incubated for 24 h in pH 7.5 in photoautotrophic conditions (panel B). (A, B) Flash-induced
oxygen evolution during exposure of dark-adapted cells to 20 saturating, single-turnover actinic flashes at 617 nm/4 Hz. A representative
trace following three to four independent measurements is shown; data were normalized to the first flash value. Flash-induced oxygen
evolution was not measured for APsbV and E364Q:APsbV cells under photoautotrophic conditions. In panel A, the data for the first 13
flashes are plotted for the APsbV mutant due to the noise arising as a result of the reduced number of PS Il centers in these cells. (C)
Fluorescence induction following the exposure of dark-adapted cells to actinic 639-nm light; traces represent the mean of three to four
independent measurements. (D) P5oo oxidation was induced after 0.5 s by exposure of dark-adapted cells to actinic 635-nm light; values
reflect absorbance change in the near-infrared (Ag7s nm—Ag30 nm), @and were normalized to the signal maxima (~ 100% P-00") and represent
the mean of three to four independent measurements. In all panels the strains are: wild-type (black), E364Q (red), APsbV (blue), and E364Q:
APsbV (green). In panel A and B the symbols are: wild-type, black circles; E364Q, red squares; APsbV, blue diamonds, and E364Q:APsbV,

green triangles. In panel B empty symbols are pH 7.5 and filled symbols are pH 10.

oxygen evolution in strains lacking the PsbV protein
meant that flash oxygen yield comparisons in pH 7.5/
10.0 photoautotrophic conditions were made only in
the wild-type and E364Q strains in a subsequent exper-
iment (Fig. 4B). As in the case of mixotrophic growth,
flash oxygen yields were somewhat reduced in the
E364Q mutant compared to wild-type, in particular at
pH 10.0. Although the normalized 4th flash/3rd flash
yield from the wild-type was similar between pH levels,
the yield from the E364Q strain compared to wild-type
was apparently more variable, reduced at pH 7.5, and
elevated at pH 10.0 (Table 4). In comparison to wild-
type, the S, state was also increased in E364Q cells at
both pH values (Table 4) revealing an increased popu-
lation of a dark S, state in the E364Q mutant, rather
than S,.

The analysis of the oxygen evolution parameters in
Table 4 additionally found the level of misses and
double hits to be similar between the strains under
mixotrophic conditions; however, under photoau-
totrophic conditions, E364Q cells exhibited a reduc-
tion in misses at pH 7.5 and an increase in double

hits at pH 10.0. Furthermore, the number of active
PS II centers in the dark-adapted cells, in any of the
strains, was reduced relative to wild-type in the
mixotrophically grown cells and the number of active
centers at pH 10.0 relative to pH 7.5 in both wild-
type and the E364Q strain declined. It should be
noted that steady-state oxygen evolution and PS II
assembly have been shown to be similar in wild-type
and E364Q cells at pH 7.5 and pH 10.0 but the
removal of PsbV (in cells grown at pH 7.5 or in
unbuffered BG-11) in either background reduced the
number of PS II centers by approximately 55% and
65%, respectively [20,23,27].

The Glu364 to GIn substitution does not
substantially alter room temperature PS Il
fluorescence induction or low-temperature
fluorescence; pH alters the rate of reduction of
PS |

Variable chlorophyll fluorescence arising from PS II
was induced in dark-adapted cells by actinic light;
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Table 4. Analysis of the S state distribution under different growth conditions and at pH 7.5 or pH 10.0.2

Strain and treatment SoP (%) Sq1 (%) Sy (%) S3 (%) Misses [a] (%) Double hits [B] (%) ):Si,darkb (a.u.) Y4/Y3°
Mixotrophic growth at pH 7.5¢
Wild-type 17.0 83.0 0 0 15.9 3.1 1.00 0.608
APsbV 29.6 70.4 0 0 15.7 2.1 0.24 0.820
E364Q 10.0 90.0 0 0 15.0 2.8 0.59 0.490
E364Q:APsbV 335 66.5 0 0 16.1 2.4 0.20 1.133
Photoautotrophic growth®
Wild-type pH 7.5 16.1 83.9 0 0 14.3 2.0 0.96 0.564
Wild-type pH 10 14.0 86.0 0 0 14.7 2.6 0.70 0.583
E364Q pH 7.5 19.0 81.0 0 0 11.2 2.2 0.78 0.515
E364Q pH 10 24.2 78.8 0 0 141 7.2 0.55 0.660

?0Oxygen evolution parameters were fit by using the matrix formalism of the Joliot-Kok model of O, evolution[11,55] in combination with a
least square minimizing simplex algorithm. ®S...S; is the distribution of the S states in the dark and 2 Si gark is the total number of active
centers in any of the S states in the dark. °Ratio of the O, vyield on flash 4 to the O, yield on flash 3. 9Strains were grown in pH 7.5/mixo-
trophic conditions, and wild-type and E364Q strains grown in photoautotrophic pH 7.5 and pH 10.0 conditions, for 24 h. The comparison of
the fitted flash-induced oxygen evolution data to the experimental measurements is shown for the mixotrophically grown cells in Fig. S1

and for the photoautotrophically grown cells in Fig. S2.

wild-type and E364Q cells showed a typical fluores-
cence induction ‘OJIP’ curve [43,44]. Greater variable
fluorescence was observed in all strains at pH 10.0 rel-
ative to pH 7.5 following 8 h of incubation, particu-
larly in the E364Q mutant (Fig. 4C). Deletion of PsbV
reduced fluorescence yield; this effect was enhanced by
the Glu364 to Gln mutation in the E364Q:APsbV dou-
ble mutant. Measurements of low-temperature (77 K)
fluorescence reflected similar differences between
strains (Fig. S3), wherein fluorescence at pH 7.5 with
440 nm (targeting chlorophyll) and 580 nm (targeting
phycobilisomes) excitation wavelengths reflected a
reduction in assembled PS IT and decreased accessory
pigment coupling, respectively, in APsbV and E364Q:
APsbV cells.

The net effect of PS II function in terms of electron
transport to PS I can be inferred from analysis of P
oxidation kinetics (Fig. 4D). Actinic illumination of
dark-adapted cells results in a prompt change in absor-
bance in the near-infrared due to oxidation of Py,
which appears as a signal increase. Quenching of the
signal then occurs due to a reduction in PS T by elec-
tron transport from PS II and/or cyclic electron trans-
port via the cytochrome bgf complex [39]. At pH 10.0,
enhanced electron transport to PS I was observed in
all strains relative to pH 7.5, with greater and gener-
ally more rapid quenching of P, " after ~0.5s. In
E364Q cells, P;oo" was apparently quenched more
rapidly than in the wild-type, but deletion of PsbV
both slowed and reduced the ability of electron trans-
port to reduce P;o, . This effect was greater in the
E364Q:APsbV double mutant, and it is noted that the
limited variable chlorophyll fluorescence and Psgo "
quenching observed in these experiments both indicate

functional electron transport in this mutant, but this is
presumably insufficient to maintain pH 7.5 photoau-
totrophic growth.

Discussion

The Glu364 to GIn substitution affects PS Il
electron transfer processes, due to an effect
on Yp

Previous studies of loop E in CP47 identified amino
acid residues that are now known to be located
adjacent to Yp [3.4,16] that were important for PS
IT assembly and function [19,45]. Among these a
Glu364 to GIn substitution in CP47 appeared to
produce only a minor phenotype, but the inability of
an E364Q:APsbV double mutant to grow photoau-
totrophically indicated the importance of this residue
[20,21]. Although the Glu364 to GIn substitution did
not substantially affect growth and oxygen evolution
in the earlier studies, this study has unmasked
potentially deleterious changes in PS 1II electron
transfer processes in the E364Q strain, which we
attribute to alterations in the H-bonding network
around Yp (Fig. 1). The striking increase in TL
yield in the E364Q mutant (Fig. 2A,C; Table 2) sug-
gests an increased probability that Pggo* is repopu-
lated during charge recombination in this strain with
the likely consequence that the efficiency of nonra-
diative charge recombination would be reduced [34].
This might arise as a result of a destabilization of
the interaction of D2 Arg294 with D2 Hisl89 in the
E364Q mutant modifying the formation of the neu-
tral radical (Yp'). Such a situation would reduce the
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capacity of Yp to reduce P680" and could increase
C band emission, as well as B and Q band emis-
sions, in the E364Q strain. Certainly, an increased
overall TL emission from E364Q cells compared to
wild-type points to modified redox potentials for
specific S states or for the quinone electron accep-
tors resulting in altered stabilization of the S,Qg '/
S,Qa " states. However, a shift in TL peak tempera-
tures in E364Q cells in both the presence and
absence of DCMU points to a change on the donor
side of PS II rather than an alteration in the vicinity

of Qa or Qg [46].

A perturbed H-bonding network destabilizes Yp
and alters the dark equilibration of the S states

The increased amplitude of the C band indicates the
enhanced formation of Yp©YQA~ by the Glu364 to
Gln substitution. In addition, in the oxygen yield mea-
surements (Fig. 4A,B), an apparent shift toward the S,
state following a brief (~ 5 min) dark adaption in the
photoautotrophically grown E364Q cells and in
the E364Q:APsbV strain was evident, particularly in
the double mutant, and this could also arise from
altered conformation of the Yp pocket by perturba-
tion of the H-bond network that ordinarily links
Glu364 to Hisp (via D2 Arg294), affecting the proton
transfer-coupled formation of Yp  [8-10,17]. This
would lead to an increased fraction of centers in Soyp
after dark adaptation by reduction in the relative pro-
portion of S;Yp in favor of SoYp®®. Or, formation of
an unstable S;Yp would yield OEC centers that
become S,Yp following a flash but that recombine to
S, Yp rapidly, perhaps within the time scale of the
Joliot electrode flash frequency [13]. The enhancement
of TL emission arising from Yp®’Q4~ in the Glu364
to GIn mutants is consistent with this hypothesis;
rapid decay of S, to S; following a flash would yield
an increase in Yp© as the donor side recombination
partner for acceptor side Qn , which cannot recom-
bine with S;. Deletion of PsbV in Thermosynechococ-
cus elongatus also resulted in an increase in the
fraction of centers in the dark S, state in another
study, prompting the suggestion that PsbV binding
might also affect Yp oxidation [47]; this would imply
a twofold effect on Yp in the E364Q:APsbV mutant.

External pH affects electron transfer processes
within PS Il in intact cells

The external pH affected TL, variable chlorophyll flu-
orescence induction, and the chlorophyll fluorescence
decay kinetics following a single actinic flash in all

External pH and CP47:Glu364 affect TyrD of PS Il

Synechocystis 6803 strains, including the wild-type.
Likewise, the combined effect of linear and cyclic elec-
tron transfer on P700" rereduction was enhanced at
pH 10.0 relative to pH 7.5 (Fig. 4D). This is in spite
of the prevailing theory that the thylakoid lumen is
approximately 2 pH units lower than the cytosolic pH
[48,49], which is well buffered, varying between pH
~ 6.8-7.2 in Synechocystis 6803 at an external pH of
8.0-10.0, respectively [50]. In isolated thylakoids, TL
analysis indicates that Yp©YQa~ stability increases
from pH ~ 7.5 to ~ 10.0 [51], and our results indicate
Yp©Q,~ stability was also potentially stabilized in
wild-type, as judged by the increased amplitude for the
C band in the presence of DCMU and an increase in
Tmax 1In the absence of DCMU (Table 2). The impact
of pH on Yp®YQ,~ stability was most evident in
E364Q cells whereupon increasing the pH from 7.5 to
10.0 increased both the T,,,x and amplitude of the C
band both in the presence and absence of DCMU
(Table 2). Additionally, an increase in both the B and
Q band T, values for E364Q and E364Q:APsbV cells
at pH 10.0 also indicates that the external pH can
influenced the stability of both S,Qs~ and S,Qg ™. It is
possible that despite the buffering capacity of the cyto-
sol the thylakoid lumen does become more alkaline
when cells are in pH 10.0 media. This could help
maintain the S;/S,y ratio in the dark to favor a more
stable OEC [10,14]. This might counteract the effects
of the Glu364 to GIn mutation and/or the loss of
PsbV leading to the enhanced rates of electron trans-
port observed in Fig. 4D and the reactivation of
photoautotrophic growth in E364Q:APsbV cells at pH
10.0 [23].
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Fig. S1. Comparison of average experimental and
average fitted flash-induced oxygen evolution data for
mixotrophically grown cells.

Fig. S2. Comparison of average experimental and
average fitted flash-induced oxygen evolution data for
autotrophically grown cells.

Fig. S3. Low-temperature fluorescence emission.
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