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Abstract Oxygenic photosynthesis efficiency at increasing
solar flux is limited by light-induced damage (photoinhibi-
tion) of Photosystem II (PSII), primarily targeting the D1
reaction center subunit. Some cyanobacteria contain two
natural isoforms of D1 that function better under low light
(D1:1) or high light (D1:2). Herein, rates and yields of pho-
toassembly of the MnyCaQO5 water-oxidizing complex (WOC)
from the free inorganic cofactors (Mn”, Ca2+, water, electron
acceptor) and apo-WOC-PSII are shown to differ signifi-
cantly: D1:1 apo-WOC-PSII exhibits a 2.3-fold faster rate-
limiting step of photoassembly and up to seven-fold faster rate
to the first light-stable Mn" intermediate, IM, *, but with a
much higher rate of photoinhibition than D1:2. Conversely,
D1:2 apo-WOC-PSII assembles slower but has up to seven-
fold higher yield, achieved by a higher quantum yield of
charge separation and slower photoinhibition rate. These
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results confirm and extend previous observations of the two
holoenzymes: D1:2-PSII has a greater quantum yield of pri-
mary charge separation, faster [Pggo" Q] charge recombina-
tion and less photoinhibition that results in a slower rate and
higher yield of photoassembly of its apo-WOC-PSII complex.
In contrast, D1:1-PSII has a lower quantum yield of primary
charge separation, a slower [PssoTOR] charge recombination
rate, and faster photoinhibition that together result in higher
rate but lower yield of photoassembly at higher light intensi-
ties. Cyanobacterial PSII reaction centers that contain the
high- and low-light D1 isoforms can tailor performance to
optimize photosynthesis at varying light conditions, with
similar consequences on their photoassembly kinetics and
yield. These different efficiencies of photoassembly versus
photoinhibition impose differential costs for biosynthesis as a
function of light intensity.

Keywords Photosystem II - Oxygen evolution -
Water-oxidizing complex - Photo-assembly -
Photosynthetic efficiency

Introduction

The membrane-embedded Photosystem II (PSII) reaction
center acts as a water-plastoquinone oxidoreductase in the
light reactions of oxygenic photosynthesis (McEvoy and
Brudvig 2006; Muh and Zouni 2011; Vinyard et al. 2013a).
The active site for water oxidation (known as the water-
oxidizing complex (WOC)) is a MnyCa;Os hetero-cubane
structure that is stabilized by various amino acid residues
mainly from the DI reaction center subunit (Umena et al.
2011). The WOC is assembled from free Mn?t, Ca",
HCOs5, water, and a terminal electron acceptor in the apo-
WOC-PSIT  complex through a process termed
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Fig. 1 Top steps involved in removal of cofactors and photoassembly of PSIL. Botfom sequence of kinetic intermediates during photoassembly

photoassembly (also known as photoactivation, Fig. 1)
(Tamura and Cheniae 1987; Dasgupta et al. 2008; Chen
et al. 1995). Photoassembly can be experimentally probed
by detecting oxygen (the terminal product of the fully
assembled WOC) using short flashes of light at varying flash
frequencies. This technique has enabled determination of the
stoichiometry of the metal ions (Ananyev and Dismukes
1996; Zaltsman et al. 1997) and the average oxidation state
of the manganese ions (number of flashes needed to produce
0,) (Zaltsman et al. 1997; Kolling et al. 2012). In spinach
and cyanobacteria, the kinetic sequence and chemical
mechanism of photoassembly have been elucidated as fol-
lows (Fig. 1, reviewed in (Burnap 2004; Dasgupta et al.
2008)): Apo-WOC-PSII plus inorganic cofactors (IMg) form
the first light-induced Mn** intermediate (IM;) upon one-
electron photooxidation of a Mn** and release of a proton;
this step occurs with a quantum yield of only 0.25-0.75 %
in vitro (Baranov et al. 2004). Next, a slow (rate-determin-
ing) dark rearrangement step occurs in which Ca** binds
within the ligand field of the high affinity Mn®", forming
intermediate IM;*. IM, is next formed following one-elec-
tron photo-oxidation of a second Mn*", and is rapidly
converted to a functional WOC when exposed to additional
light and the necessary cofactors. In spinach, the rate of
formation of IM; is approximately ten-fold faster than the
subsequent dark step that forms IM;* (Ananyev et al. 1999;
Zaltsman et al. 1997). Non-functional photoassembly inter-
mediates form reversibly with the above productive path-
way, leading to lower yields of active PSII-WOC, thus
indicating careful coordination of cofactor availability and
photon utilization is essential in vivo.

Little is known about how variations in PSII subunit
content affect WOC photoassembly. Several groups have
reported significant variations in PSII-WOC activity (O,
evolution) as a function of natural variations in the
cyanobacterial reaction center D1 subunit (coded for by the
psbA gene) (Vinyard et al. 2013b; Sugiura and Boussac
2014; Mulo et al. 2012). For example, in the cyanobacterium
Synechococcus elongatus PCC 7942, two isoforms, DI:1
and D1:2, differ by 25 out of 360 amino acids (Golden et al.
1986) and are differentially expressed based on
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environmental conditions (Schaefer and Golden 1989a, b).
D1:1 is expressed at low light and contains a Gln at position
130 that hydrogen bonds to the primary electron acceptor,
pheophytin (Umena et al. 2011). D1:1 has more efficient
WOC cycling at very low light intensities due to slower
charge recombination reactions (Vinyard et al. 2013b).
D1:2, which contains a Glu at position 130, is expressed at
high light intensity, has faster charge recombination, and is
significantly less sensitive to photoinhibition (Campbell
et al. 1998; Clarke et al. 1993; Kulkarni and Golden 1994,
Ogami et al. 2012; Sander et al. 2010; Tichy et al. 2003). By
expressing D1:1 during normal growth conditions (low or
moderate light intensities) and DI1:2 during high light
intensities, Synechococcus 7942 can maximize photosyn-
thetic function in diverse light environments (Clarke et al.
1993; Vinyard et al. 2013b). In addition to D1:1 and D1:2,
other D1 isoforms are present in various cyanobacteria
including D1,, (expressed under normal growth conditions
in Synechocystis sp. PCC 6803) and D1’ (expressed under
low oxygen conditions) (reviewed in Mulo et al. 2009;
Sugiura and Boussac 2014).

We previously introduced the approach of expressing
D1:1 or DI1:2 from Synechococcus 7942 in a transgenic
psbA-deficient strain of the green alga Chlamydomonas
reinhardtii (Gimpel and Mayfield 2013; Vinyard et al.
2013b). In our previous studies, the choice of a Chlamy-
domonas background eliminated interference from phyco-
biliproteins and Photosystem I-associated chlorophylls in
fluorescence studies. We found that the phenotypes
exhibited by D1:1- or D1:2-PSII in Synechococcus 7942
were faithfully reproduced in the green algal system
(Vinyard et al. 2013b). Seven additional D1 point mutants
were constructed in these backgrounds that exhibited sys-
tematic variations between these native isoforms, con-
firming the robustness of these variations in vivo (Vinyard
et al. 2014). With these strains in hand, we hypothesized
that D1 isoforms may also affect the rate and/or yield of
WOC photoassembly. Using flash oximetry experiments,
we show that the presence of D1:1 leads to a faster rate of
photoassembled WOC, while the presence of D1:2 leads to
a higher final yield of photoassembled WOC at higher
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intensities. Implications for photosynthetic efficiency are
discussed.

Materials and methods

Chlamydomonas reinhardtii strains in which the native
psbA copies have been interrupted and DI1:1 and DI1:2
isoforms from Synechococcus elongatus PCC 7942
heterologously expressed were available from a previous
study (Gimpel and Mayfield 2013; Vinyard et al. 2013b,
2014). These strains were generated from wild-type CC-
125 (137c, mth), which was used as a control. The three
strains used in this study (D1:1, D1:2, and CC-125) have
D1 proteins with identical C-terminal domains (after
Ala344) to avoid differences in post-translational process-
ing. Photoautotrophic cultures were maintained in HS
medium (Sueoka 1960) with 5 mM HCOj3 and thylakoid
membrane fragments were isolated, as previously descri-
bed (Vinyard et al. 2013b). Briefly, cells were lysed using a
BeadBeater (Bartlesville, OK) with zirconia beads and
thylakoid membranes were isolated by centrifugation.
Thylakoid membranes were resuspended in Buffer B
(20 mM MES, pH 6.0, 15 mM NaCl, 5 mM MgCl,, and
5 mM EDTA) and 25 % Triton X-100 was slowly added to
a final Triton X-100/Chl ratio of 20:1 and a Chl concen-
tration of 2.0 mg mL™'. After 25 min. of slow stirring,
thylakoid membrane fragments were washed three times in
Buffer B, and resuspended at ~2 mg Chl mL™" in 25 %
glycerol, 300 mM sucrose, 50 mM MES, pH 6.0, and
35 mM NaCl. Aliquots were flash frozen in liquid N, and
stored at 77 K.

Apo-WOC-PSII was generated by first incubating C.
reinhardtii whole cells in a reducing agent, 1 mM
hydroxylamine (NH,OH), in darkness for 1 min before cell
lysis (Tamura and Cheniae 1987; Cheniae and Martin
1971; Hwang and Burnap 2005). After thylakoid mem-
brane fragments were isolated, NH,OH-treated samples
were sequentially incubated with 200 mM MgCl, in alka-
line CHES buffer (20 mM, pH 9.4) for 1 min at room
temperature to release Mn>* and Ca®* and the extrinsic
PSII subunits. Bound PsbO slows photoassembly by hin-
dering Mn*" accessibility to PSII (Miyao and Murata
1984), as well as hindering complete Mn*>" release from
the WOC during Mn depletion (Kuwabaraa et al. 1985).
Two volumes of 50 mM MES and 1 mM EDTA were then
added to quench the alkaline treatment and chelate released
Mn?* (modified from Hunziker et al. 1987). This opti-
mized protocol eliminates O, evolution below detection
limit, while allowing high yields of photoassembly.

Chlorophyll was extracted in methanol and quantified
using extinction coefficients from Porra (Porra et al. 1989).
The concentration of PSII reaction centers was determined

by electron paramagnetic resonance (EPR) detection of
tyrosine-D radical (Yp). Samples were illuminated with a
red LED (Jpmax = 623 nm, 500 pE m~2 s™') for 30 s at
0 °C, dark adapted for 10 min at O °C, and then quench
cooled in liquid nitrogen in darkness. The double integral
of the Yp signal was quantified against a standard curve of
Fremy’s salt (Babcock et al. 1983). Manganese content in
each sample was also assessed via EPR. 100 puL of each
sample at 1.5 mg Chl mL~" was digested with 400 pL
concentrated nitric acid (trace metal analysis grade, Sigma
Aldrich, St. Louis, MO) and incubated for 1 h at room
temperature. Samples were spun down at 15,000xg and
200 pL of supernatant was loaded into quartz EPR tubes.
The peak-to-trough height of the first (low-field) feature of
the six-line Mn>" signal was quantified to compare relative
Mn?* content.

Flash O, yield was measured using a homemade mem-
brane-covered O, electrode described previously (Ananyev
and Dismukes 1996). The electrode was equipped with a
pulsed LED light source (4,.x = 660 nm, 85 pE m2 572)
that was used to generate flashes of variable duration
(5-60 ms) and flash frequency (0.1-1 Hz, 10-1 s dark time
between flashes).

Each flash O, run was performed with 0.5 pM PSII as
thylakoid membrane fragments in a total volume of 13 pL.
All experiments included 50 mM MES, pH 6.0, 300 mM
sucrose, 35 mM NaCl, and 2 mM K;Fe(CN)g. For pho-
toassembly experiments, 10 mM CaCl,, 0.1 mM MnCl,,
and 10 mM NaHCO; were added (complete photoassem-
bly buffer).

As previously described (Baranov et al. 2004), experi-
mental kinetics of reconstitution of O, evolution by pho-
toassembly exhibit lag and growth phases that were fit to a
biexponential model, Eq. 1:

Y(t) = Yo, + Aje™™ — Ae™, (1)

where Y(¢) is the ensemble population of all O, evolving
centers at time f, Yo, is the maximum (steady-state) pop-
ulation at the end of photoassembly, and A, and A, rep-
resent the relative amplitudes of the lag (4;) and growth
(4») phases of Y(¢), respectively. This kinetic equation
represents a three-step microscopic process in which a fast
reversible light-induced step (k;/k_;) is followed by a
much slower (rate-limiting) dark step (k;), and all subse-
quent steps leading to an active center are fast and unre-
solved. At all conditions of the photoassembly experiments
conducted herein, k; >> k,, and the analytical solution to
Eq. (1) simplifies to A; = (k; + k_;) and A, = koky/
(ky + k_,) (Baranov et al. 2004).

Data represent the ensemble averages of three inde-
pendent experiments. The averaged data were fit to Eq. 1,
and error is reported as uncertainty in fits.
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Results

We elected to work with isolated thylakoid membranes
instead of detergent-solubilized PSII particles to ensure
results would describe native PSII centers and by avoiding
possible differential detergent solubilization Kkinetics
(unanticipated). Isolated thylakoid membrane samples
(holo-WOC-PSII) exhibited steady-state O, evolution rate
at saturating light intensity of 267 pumol O, (mg Chl) ' h™!
for CC-125, 161 pmol O, (mg Chl)~' h™' for D1:1-PSII,
and 188 pmol O, (mg Chl)~' h™' for D1:2-PSII as mea-
sured in the standard buffer (40 mM MES, pH 6.0,
200 mM sucrose, 10 mM NaCl, 10 mM CaCl,, 10 mM
MgCl,, 0.1 mM DCBQ, and 2 mM K3Fe(CN)g). The Yp
radical EPR signal in holo-WOC-PSII samples was mea-
sured and quantified against a standard curve of Fremy’s
salt to determine absolute PSII concentrations (Fig. 2). The
ratio of Chl to Yp (Chl/PSII) was determined to be 356 for
CC-125, 487 for D1:1, and 546 for D1:2, in agreement with
our previous study (Vinyard et al. 2013b).

An optimal flash duration that produces adequate O,
signal and low photoinhibition was determined for intact
thylakoid membranes and found to be 30 ms (Fig. 3). This
duration was used for all subsequent experiments. It is
essentially the same duration flash as found for native
spinach thylakoid membranes (Ananyev and Dismukes
1996). Shorter flashes produce insufficient time for Mn*"
binding and photooxidation, as seen by the lower yield of
O, and the greater number of flashes required to reach the
steady state (see 5 vs. 15 and 30 ms). Longer flash dura-
tions are less effective in restoring O, evolution on the first
flash, and all subsequent flashes inhibit further by a

bimolecular process that increases with the Mn>"
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Fig. 2 Left EPR signals from Fremy’s salt standards were integrated
twice and used to generate a quantitative standard curve for spin
concentration. Right the EPR spectra of Yp in thylakoid membrane
fragments were used to determine the PSII concentrations for
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concentration. This Mn-dependent inhibition by long pulses
arises from photooxidation of additional Mn®* at non-
functional site(s) that block native assembly (Ananyev et al.
2001; Chen et al. 1995). This bimolecular inhibition process
is known to be reduced by Ca2+, and on this basis has been
assigned to the binding and photooxidation of Mn?* at the
Ca®" effector site to from a misfolded protein or misas-
sembled cluster (Ananyev et al. 2001; Chen et al. 1995).
Confirmation that a previously developed method for
cofactor extraction (NH,OH incubation followed by alka-
line salt washing and final EDTA washing of thylakoid
membrane fragments) also works well for C. reinhardtii
thylakoid fragments was performed in two ways: EPR
analysis of Mn”" content, and O, evolution of the depleted
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Fig. 3 Holo-WOC-PSII from CC-125 was used to optimize the LED
flash duration. Flash rate from 0.33 Hz. 0.5 uM PSII was suspended
in 50 mM MES, pH 6.0, 300 mM sucrose, 35 mM NaCl, and 2 mM
K5Fe(CN)g
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T T T T T T 1
3250 3300 3350 3400
Magnetic Field, G
normalization of photoassembly data. All samples were analyzed at

9.45 GHz frequency, 0.1 mW power, 2 G modulation amplitude at
10 £ 1 K for 32 scans
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Fig. 4 a—c EPR analysis of the Mn?" signal intensity reveals that
~60 % of the Mn>* was removed from apo-WOC-PSII samples.
Samples were analyzed at 9.36 GHz frequency, 0.25 mW power (a
and b) or 0.5 mW power (c¢), and 15 G modulation amplitude at

thylakoid membrane fragments with incomplete cofactor
addition. EPR analysis of the residual Mn®" content of apo
membrane fragments is similar: apo/holo ratios of 0.367 in
CC-125, 0.392 in D1:1, and 0.420 in D1:2 (Fig. 4). The
~40 % residual population of Mn*" in the apo-WOC-PSII
thylakoids is consistent with earlier papers by Cheniae
(1980), Blankenship and Sauer (1974), and with our prior
results using spinach thylakoids membranes. The flash O,
yields of apo-WOC-PSII membranes were below the
detection limit in blank buffer (50 mM MES, pH 6.0,
300 mM sucrose, 35 mM NaCl, 2 mM Kj3Fe(CN)g) and
when either 0.1 mM Mn*" or 10 mM Ca’" was added
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12 £ 1 K. d-f Flash O, yields (Yo,) of apo-WOC-PSII and holo-
WOC-PSII samples. All samples contained 0.5 pM PSII in 50 mM
MES, pH 6.0, 300 mM sucrose, 35 mM NaCl, and 2 mM K;Fe(CN)g.
10 mM CaCl, or 0.1 mM MnCl, was added as indicated

(Fig. 4). These controls demonstrate that the WOC is not
functional in apo-samples, and that the residual Mn content
in thylakoids is not available to reconstitute O, evolution
capacity, neither with added Mn®" nor added Ca®" alone.

The kinetics of photoassembly exhibit an observable lag
phase prior to a mono-exponential growth phase to maxi-
mum yield and, and in some cases, light-dependent decay
of the maximum yield occurs (negative slope following
maximum) (Fig. 5). The latter decay is due to photoinhi-
bition (Ananyev et al. 2001; Baranov et al. 2004). The
photoinhibition contribution was typically small or zero
during the photoassembly period and could be removed by
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linear extrapolation of the negative slope following the
peak in photoassembly to zero time (dashed line in Fig. 5).
This correction for photoinhibition was always larger in
CC-125-PSII and D1:1-PSII than in D1:2-PSII samples.
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Fig. 5 Apo-WOC-PSII samples for CC-125 (a), D1:1 (b), and D1:2
(c) were compared at the flash frequencies which gives the highest
observed photoassembly yields (0.2 and 0.33 s, respectively).
0.5 uM of holo-WOC-PSII (black lines) or apo-WOC-PSII (gray
traces) was suspended in complete photoassembly buffer. PSII was
quantified using Yp content (Fig. 2). The maximal flash oxygen yield
was corrected for photoinhibition by linear extrapolation of the post
maximum decay (dashed lines)
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The flash frequency was varied from 0.1 Hz to 1 Hz in
steps to simulate the transition from low to high light
intensities, and the steady-state O, yields were determined.
As illustrated in Fig. 5, after approximately 400 flashes, a
steady-state yield is reached and CC-125-PSII and D1:2-
PSII produce significantly more O, than D1:1-PSII at the
chosen flash rate. Comparison of the flash rate dependence
of Yo,, given in Fig. 6a, shows that DI:2-PSII pho-
toassembles a higher yield of centers when using faster
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Fig. 6 D1:1 apo-WOC-PSII (closed symbols) or D1:2 apo-WOC-
PSII (open symbols) was photoassembled using 30 ms flashes applied
at 0.1-1 Hz (resulting in 10-1 s dark time between flashes) in
complete photoassembly buffer. a steady-state photoassembly yield,
b rate constant 1, representing the rate-limiting assembly step, and
¢ kik, (=114,) representing the product of forward rate constants from
M to IM*
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flash frequencies (>0.33 Hz), while D1:1-PSII exhibits its
maximal O, yield at slower flash frequencies, from 0.2 Hz
and below. The maximum ratio of photoassembled O,
yield (Yo,) between D1:2 and D1:1 is 7:1 at 0.5 Hz and 1:2
at 0.1 Hz flash rate, respectively (Fig. 6a), indicating a
strong dependence on the average light intensity. For
comparison, at high light intensity, the D1:2-PSII holoen-
zyme has been previously shown to have a 16—40% higher
steady-state turnover frequency for O, production than
D1:1-PSII holoenzyme in vitro (Sugiura et al. 2008; Vin-
yard et al. 2013b) and a 50-70 % higher primary charge
separation efficiency (equal to the primary photochemical
quantum yield, @) in vivo (Vinyard et al. 2014). These
differences in relative photochemical rate for the holoen-
zymes versus the photoassembly reaction follow the same
pattern but quantitatively differ, suggesting other contri-
butions. This should be expected considering the com-
plexity of the photoassembly process which is known to
produce misassembled centers (depending upon the
cofactor concentrations) that do not contribute to O,
recovery initially, but may be reversibly reactivated
(Ananyev et al. 2001; Chen et al. 1995; Dasgupta et al.
2008).

Figure 5 compares the steady-state flash O, yield of
photoassembled apo-WOC-PSII centers to that for the
intact holo-WOC-PSII, prior to cofactor extraction, at the
indicated flash rates. This comparison shows that the final
O, flash yields of the photoassembled centers are approx-
imately 76 % for CC-125, 60 % for D1:2, and 40 % for
DI1:1. These yields are quite high considering that the
absence of the extrinsic PsbO subunit alone lowers the
flash O, yield by approximately 30 % in spinach (Hunziker
et al. 1987; Tamura and Cheniae 1987; Zaltsman et al.
1997). All three extrinsic subunits of PSII are missing from
apo-WOC-PSII samples.

The kinetics of photoassembly exhibit both lag and
growth phases in agreement with previous results from
spinach thylakoids and grana membranes (Ananyev et al.
2001; Baranov et al. 2004). As before, the time-dependent
yield, ¥(#), was fitted to the biexponential expression shown
as Eq. 1. This model provides excellent numerical fits with
low residuals (R in the range 0.923-0.998; Table 1). The
“assembly phase” macroscopic rate constant, 4,, obtained
from these fits is rate-limiting for photoassembly and is
plotted as a function of flash rate in Fig. 6b. For both D1:1-
PSII and D1:2-PSII, the fastest photoassembly rate occurs
at 1 Hz flash rate (the fastest rate examined) and decreases
with decreasing flash frequencies. This trend is as expected
for a light intensity-dependent process of low quantum
yield, and is consistent with earlier behavior seen for spi-
nach (Baranov et al. 2004; Zaltsman et al. 1997). D1:1
assembles at comparable or slightly faster rate than D1:2 at
all flash rates examined below 0.5 Hz (Fig. 6b). As the

flash rate increases to 1 Hz, D1:1 photoassembles at 2.3-
fold faster rate compared to D1:2.

The value of A, the “lag phase” macroscopic rate
constant, is approximately 7-9-fold faster than A,, while its
amplitude (A;) contributes only a small fraction (11.5%
average) of the total signal (A; is 8- to 13-fold smaller than
A, over the range of flash frequencies studied; Table 1).
This outcome is by choice as we deliberately used high
concentrations of Mn®*" and Ca®" relative to the apo-
WOC-PSII concentration to ensure high photoassembly
yields and low photoinhibition rates (Baranov et al. 2004).
High Mn”** and Ca®" concentrations directly contribute to
shortening the lag phase in spinach thylakoids and grana
membranes, making it difficult to measure with precision
(Baranov et al. 2004). Under these conditions, the precision
of measuring A, is insufficient to allow a statistically sig-
nificant difference between DI1:1 and DI:2 to be
determined.

Discussion

The data show that the two natural D1 isoforms offer clear
advantages at different light intensities for assembling
active PSII-WOC centers capable of supporting photo-
synthesis through water oxidation. This process provides
the primary energy equivalents for cellular growth in the
form of reducing equivalents (electrons) and proton gra-
dient. D1:1-PSII assembles more WOC centers at low light
flux, while D1:2-PSII assembles more WOC centers at high
light flux. D1:1 assembles at rates equal to or faster than
DI1:2 at all measured light intensities, while becoming
significantly faster at higher light intensities (1 Hz) where
the rate of photooxidation to form Mn** in IM; (given by
microscopic rate constant k;, Fig. 1) dominates over the
dark charge recombination reaction (microscopic rate
constant k_;). However, at these high light intensities,
D1:1 suffers from faster photoinhibition than does D1:2,
significantly limiting is overall yield of activated centers.
The kinetic parameters 4, and 4, in Eq. 1 can be used to
obtain the microscopic rate constants k; and k, in the
reaction model (Fig. 1) as described above. Here we see
that the two isoforms are kinetically indistinguishable in
terms of their forward product fluxes at flash rates of
0.5 Hz and slower. From these expressions, we obtain the
product of the forward rate constants, k1k, = 414,, which is
plotted as a function of flash rate in Fig. 6¢c. This product
may also be thought of as the inverse of the product of
transit times required to go from IM, to IM;* without any
recombination. Hence, the only explanation for the greater
final yield of photoassembled D1:1-PSII-WOC centers at
these slower flash rates is because of a slower charge
recombination rate (k_;). This interpretation of the
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Table 1 Kinetic fitting parameters of photoassembly at varying flash frequencies

Yo A A A x 1073 Ay Ay Jo x 1073 R? I X Ay x 1073
%) (s (%) (s7H s
DI:1
1 Hz 413+ 04 59+22 11.7 113 £ 44.1 —449 £ 1.6 883 12.4 £+ 0.650 0.9480 1.40 £ 0.553
0.5 Hz 43.8 + 1.6 14.0 £ 7.0 199 274 + 125 —56.3 + 6.1 80.1 6.48 + 1.00 0.9780 0.177 £ 0.0854
033 Hz 713409 11.9 £ 40 124 21.5 £ 10.1 —84.6 £+ 3.7 87.6 3.97 + 0.252 0.9844  0.0854 £ 0.0405
0.2 Hz 140.0 &£ 0.5 11.6 £37 73 37.2 £ 203 —1484 £ 1.3 92.7 2.29 +£0.0391 0.9913  0.0852 4+ 0.0466
0.1 Hz 1202 £ 04 173+ 19 113 14.4 £ 3.11 —136.0 £ 1.6 88.7 1.97 + 0.0344 0.9977 0.0283 £ 0.00615
D1:2
1 Hz 149.9 + 0.5 19.1 £ 1.9 10.1 403 £ 7.35 —169.0 £ 1.6 89.9 5.54 £ 0.0912 0.9956 0.223 + 0.0409
05Hz 33484+ 12 552448 124 439 £ 7.6 —390.1 £+ 3.8 87.9 5.40 £ 0.0921 0.9966 0.237 £+ 0.0412
033 Hz 1540403 206430 10.5 27.6 £ 7.91 —1762 £ 24 895 3.54 + 0.0541 0.9901 0.0975 £+ 0.0280
0.2 Hz 974 + 185 7577 6.7 613 £ 374 —104.2 £ 16.7 933 1.17 £ 0.325 0.9225 0.0717 £ 0.0480
0.1 Hz 62.0 £ 0.2 104 £ 2.0 12.6 598 + 1.81 —722 £2.06 87.4 1.15 £ 0.0341  0.9900 0.00688 + 0.00209

Data from three replicates were ensemble averaged and then fit to the function Yo, = yo + Aje ™" — Ae™#

photoassembly kinetics fits precisely with the experimen-
tally measured slower charge recombination rate of the
D1:1-PSII holoenzyme which is dominated by [QaPgso ']
recombination (Vinyard et al. 2013b; Sugiura and Boussac
2014; Vinyard et al. 2014). Figure 6¢ also shows that above
0.5 Hz flash rate, D1:1 has a faster forward flux from IM,
to IM;* than does D1:2 (seven-fold larger at 1 Hz flash
rate), but produces fewer active centers than does D1:2
(Fig. 6a). The only way this can happen is if the high light
flux causes greater photoinhibition in D1:1. Again, this
agrees with the experimentally determined faster photoin-
hibition rate of DI1:1-PSII holoenzyme (Vinyard et al.
2013b; Sugiura and Boussac 2014; Vinyard et al. 2014).

Previous studies in isolated PSII reaction centers from
Thermosynechococcus elongatus BP-1 containing either
D1:1 or D1:2 have revealed that the midpoint potentials of
both Pheo/Pheo™ (Kato et al. 2009; Sugiura et al. 2010) and
0Oa/Qa (Kato et al. 2012; Ogami et al. 2012) are signifi-
cantly more negative in D1:1-PSII. These differences have
been used to explain the higher quantum yield of primary
charge separation in D1:2-PSII (larger free energy gap
between Pzgolpﬁg()_'_ and Pheo/Pheo™) and the slower
recombination events in DI1:1-PSII (dominated by
[OaPgso '] recombination) (Vinyard et al. 2013b; Sugiura
and Boussac 2014; Vinyard et al. 2014). These traits are
likely responsible for the functional advantage in pho-
toassembly kinetics for cells containing D1:1 in low-light
conditions, and cells containing D1:2 in high light condi-
tions (Vinyard et al. 2013b).

While PSII centers containing D1:2 have higher pho-
toassembly yields at high light intensities (Fig. 6a), the rate
of photoassembly is significantly slower than centers con-
taining D1:1 (Fig. 6b, c). We note that maximal photo-
synthetic efficiency would be achieved with both a high
yield and a fast rate. However, in order to maintain efficient

@ Springer

photo-protection in the holoenzyme, the D1:2 isoform pays
the price of slower WOC photoassembly.

In this study, we have extended the knowledge of the
relative advantages of DI1:1 versus DI1:2 to include pho-
toassembly yields and kinetics. The higher photoassembly
yield observed for D1:2-PSII correlates with its higher
quantum yield of charge separation which provides greater
protection against photoinhibition. By contrast, in D1:1-
PSII, WOC assembly is faster at low light intensities due to
slower [QaPgso’] recombination kinetics. We postulate
that a faster rate of photoassembly may provide an evolu-
tionary advantage for cyanobacteria expressing the D1:1
isoform in low-light environments. It is significant to note
that cyanobacteria, that can express these two isoforms of
D1 in response to environmental cues, must pay appre-
ciably different energy costs to assemble the same number
of functional PSII centers at high light intensity where the
substantially faster photoinhibition rate of D1:1 greatly
limits the yield of functional PSII centers. These data
affirm that Nature has developed a mechanism for main-
taining water oxidation capability under varying light
regimens and thus another mechanism for controlling the
efficiency of photosynthesis.
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