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The multiplicity of roles for (bi)carbonate in photosystem II operation in
the hypercarbonate-requiring cyanobacterium Arthrospira maxima*

sk * ok * kK 4
5 s

G. ANANYEV" , C. GATES ', and G.C. DISMUKES

The Waksman Institute of Microbiology™ and Department of Chemistry and Chemical Biology™, Rutgers University,
Piscataway, NJ 08854, USA

Abstract

Arthrospira maxima is unique among cyanobacteria, growing at alkaline pH (<11) in concentrated (bi)carbonate (1.2 M
saturated) and lacking carbonic anhydrases. We investigated dissolved inorganic carbon (DIC) roles within PSII of
A. maxima cells oximetrically and fluorometrically, monitoring the light reactions on the donor and acceptor sides of PSII.
We developed new methods for removing DIC based on a (bi)carbonate chelator and magnesium for (bi)carbonate ion-
pairing. We established relative affinities of three sites: the water-oxidizing complex (WOC), non-heme iron/Qa", and
solvent-accessible arginines throughout PSII. Full reversibility is achieved but (bi)carbonate uptake requires light. DIC
depletion at the non-heme iron site and solvent-accessible arginines greatly reduces the yield of O, due to O, uptake, but
accelerates the PSII-WOC cycle, specifically the S2—S3 and S3—S0 transitions. DIC removal from the WOC site
abolishes water oxidation and appears to influence free energy stabilization of the WOC from a site between CP43-R357
and Ca?'.

Additional key words: bicarbonate depletion; dissolved inorganic carbon; oxygen-evolving complex; redox tuning; water-oxidizing
complex.

Introduction

The vast majority of oxygenic photosynthesis in the
biosphere takes place under atmospheric, CO,-limited
conditions, using no more than the current 400 ppm CO,
(Drake et al. 1997). Most phototrophs grow poorly or not
at all in concentrated CO, gas, and in the case of aquatic
phototrophs, concentrated dissolved inorganic carbon
(DIC, often as bicarbonate). In contrast to most oxygenic
phototrophs, the cyanobacterium Arthrospira maxima
(formerly Spirulina maxima) is capable of sustained
growth under the highest possible DIC concentrations,
ranging from atmospheric conditions to 1.2 M total
bicarbonate in its native alkaline lake habitats (Vonshak
and Tomaselli 2000). In evolving this strong alkaline

tolerance (growth at pH 11.5 can occur), A. maxima shed
the genes for carbonic anhydrases involved in carbon-
concentrating mechanisms (Hillier et al. 2006). It has
adapted a specificity for (bi)carbonate uptake rather than
carbon dioxide, utilizing bicarbonate transporters to
control its distribution in cells and store energy as ion
gradient. 4. maxima is widely used for biomass pro-
duction, as it grows quickly, reaching yields up to 3 g L',
can be grown on flue gas-enriched carbonate media,
exhibits robust stress tolerance, and the pH of medium is
toxic to many parasites and fungi (Carrieri ef al. 2007). It
is a unique prokaryotic photoautotroph for studies of the
multiplicity of roles that DIC has in metabolism.
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Here we focused on the roles of (bi)carbonate in PSII
operation of A. maxima.

PSII is the water oxidizing enzyme that produces O, as
byproduct while delivering 4 H atoms to plastoquinone. It
is easily photodamaged and can act as a source of reactive
oxygen species formed by donor and acceptor side
reactions; it is therefore highly regulated. Scheme 1
provides a map of the locations and summarizes the
purported functional roles of five of the DIC-affected
targets in PSIIs and during biogenesis of the CaMn4Os core
comprising the water-oxidizing complex (WOC) by the
process known as photoassembly (also known as
photoactivation). The functional roles of DIC within PSII
have been studied since the earliest (disproven) speculated
role for bicarbonate as the electron donor and source of
evolved O, by Otto Warburg. A thorough history has been
given by Shevela ef al. (2012).

(Bi)carbonate has been consistently found coordinated
to the non-heme iron atom located between the first (Qa)
and second (Qg) plastoquinone electron carriers (Ferreira
et al. 2004, Shen 2015). The non-heme iron ligating site of
(bi)carbonate was first qualitatively identified by
Govindjee and coworkers and has been extensively
demonstrated and further localized by his group and others
(Wydrzynski and Govindjee 1975, Vermaas and
Rutherford 1984, Diner et al. 1991). The dissociation
constant of bicarbonate from the non-heme iron site was
recently established to be pH-dependent (van Rensen et al.
1999, Koroidov et al. 2014, Brinkert et al. 2016). The
specific function it influences, transfer of electrons from
Qa to Qg, was elucidated by Govindjee ef al. (Govindjee
and van Rensen 1993) and subsequently confirmed in
(Snel and van Rensen 1984). This led to the hypothesis for
a possible regulatory role (Govindjee and van Rensen
1993, van Rensen et al. 1999). A further function of

bicarbonate as a “proton shuttle” for delivery to reduced
Qg via non-heme iron has been proposed (Govindjee and
van Rensen 1993). Until recently bicarbonate was believed
to be irreplaceable at this site (Roach er al 2013).
Recently, DIC depletion was shown to shift the electro-
chemical reduction potential of the Qa/Qa couple by
+75 mV in vitro (Brinkert et al. 2016), though the location
of the site(s) involved were not established.

The evidence for multiple DIC functions supporting
donor-side reactions is extensive, although this complexity
and low binding affinity has led to less clear consensus on
the number and location of DIC sites of action (Shevela et
al. 2012). Here we single out three in Scheme 1C and 1D.
While (bi)carbonate has been excluded as a potential
electron donor to the WOC (Clausen et al. 2005, Hillier et
al. 2006), evidence consistently indicates DIC interacts
with various small lumenal subunits of PSII that aid in
photoprotection of the WOC (Klimov and Baranov 2001).
Additionally, (bi)carbonate anions can associate speci-
fically with positively charged arginine groups via
combined ion-pairing and hydrogen-bonding forces. There
are over one hundred arginines distributed throughout the
inner and outer surfaces of PSII that are potential binding
sites for carbonate. Their role in proton conduction is
described below. Bicarbonate is the terminal base for
neutralization of protons released during water oxidation
in some strains, notably Arthrospira maxima, Scheme 1C,
Egs. 1 and 2 (Carrieri et al. 2007, Shevela et al. 2008).
Evidence indicates this proton neutralization function may
account for the significantly faster O, evolution rate (4x)
at light saturation by Arthrospira maxima vs. conventional
oxygenic phototrophs (Ananyev and Dismukes 2005,
Ananyev et al. 2016).

CP43-arginine357 is located in the second coordi-
nation shell of the WOC and the mutant replacing positive
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1) Buffering of WOC-generated protons:
H* + HCO; = H,0 + CO,

2) CP43-R357*Cl ¢ CP43-R357*HCO; € CP43-R357°CO%
3) Photoassembly from apo-PSII:
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Scheme 1. Current map of HCO;3™ action sites within PSII involving electron and proton transfer steps, cofactor electrochemical

potentials and photoassembly of the WOC. Stromal-side reactions: (A), (B), and (D); lumenal-side reactions: (C) and (E).
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arginine with neutral serine exhibits a 50% decrease in
(bi)carbonate-dependent O, evolution (Ananyev et al.
2005, Hwang et al. 2007). CP43-arginine357 was origi-
nally suggested to bind (bi)carbonate, reported in the 0.35
nm resolution PSII crystal structure by Ferreira et al
(2004), but not supported in later higher resolution
structures by others (Shen 2015). An important feature of
carbonate—guanidinium (Arg) ion pairing is the distincti-
vely increased molar conductivity at high dilutions stem-
ming from the strong basicity of liberated COs*>" which
dissociates into OH™ and HCOs™ (Scheme 1C, Eq. 2, 1E)
(Khorobrykh et al. 2013). The extremely high conductance
of the liberated OH™ in water via proton tautomerism is the
main benefit of this mechanism relative to the minor
contribution from spontaneous water dissociation. In this
way, rapid neutralization of protons released at distant
sites, potentially from the water oxidation site, can occur
to the numerous carbonate—guanidinium sites throughout
PSII. Light-driven changes in electrostatic forces or
conformational changes accompanying S-state transitions
may serve to liberate CO;>~ from Arg to initiate this rapid
proton neutralization mechanism.

Another function of the high (bi)carbonate buffering
afforded by Arg and Lys residues in PSII is its postulated
source of neutral CO, molecules for carbon fixation by
Rubisco (Hillier et al. 2006). CO; is released during both
proton neutralization (Scheme 1C, Eq. 1) and spontaneous
dissociation (Scheme 1D), often termed carbonic anhyd-
rase activity. The resulting neutral CO, molecule has a
larger diffusion constant and lower energy barrier to cross
membranes than do the charged forms.

The DIC buffer in the luminal space has been shown to

Materials and methods

Arthrospira (Spirulina) maxima (CS-328) was obtained
from the Tasmanian CSIRO Collection of Living
Microalgae and grown at 30°C in batch culture in 2.8-L
Fernbach flasks containing 500 mL of standard Zarrouk's
medium (Zarrouk 1966) (initial pH 9.5) supplemented
with 200 mM NaHCOs. Cultures were illuminated by cool
fluorescent lamps in 12-h light/dark cycles. Light intensity
was 16 umol(photon) m2 s!. Samples for experiments
were taken in mid-exponential growth phase (three-day-
old culture).

(B)CARBONATE AFFINITY AND ROLES IN PSII

be indispensable for photoassembly of the CaMn4Os
cluster from the free inorganic cofactors and apo-WOC—
PSII complex during biogenesis and repair (Baranov et al.
2004, Dasgupta et al. 2008, Ananyev et al. 2017). Two
roles have been identified for (bi)carbonate during
photoassembly of the PSII-WOC. First, these anions pair
with positively charged residues of apo-WOC-PSII
resulting in electrostatic steering of Mn** to the apo-WOC
site that accelerates the rate and increases the yield of
recovery of O evolution. Second, hyperfine coupling from
13C-labeled bicarbonate shows that it coordinates to Mn2*
in forming the first photoassembly intermediate (Dasgupta
et al. 2010), which electrochemically stabilizes photooxi-
dation to Mn?" and forms the binding site for the next Mn2".

Herein we apply a new method for more complete and
selective removal of DIC to intact cells of A. maxima that
combines two strategies: a (bi)carbonate-chelating agent
(arginine) together with Mg?" to induce release of CO,
from bicarbonate (Scheme 1D). Key observations for
intact cells are: (/) 99% of PSII charge separation and
water-oxidation activity can be prevented in intact cells;
(2) complete reconstitution of PSII activity by back
titration with bicarbonate; (3) three distinguishable DIC
action sites are revealed; and (4) comprehensive measure-
ments of the electron transfer times for water oxidation
(the WOC S-states), charge recombination, and Qa~
reoxidation are reported. We identified a new role for DIC,
distinct from previous reports, which is required for
primary charge separation in the PSII reaction center and
is revealed by inhibition of chlorophyll (Chl) variable
fluorescence.

Removal of DIC: Treatment of A. maxima cells to remove
DIC was examined using three reaction mixtures: a variant
on the previously reported formate treatment used in
almost all examinations of bicarbonate depletion in PSII to
date (Govindjee and van Rensen 1993, Klimov et al. 1995,
Brinkert et al. 2016) and two novel approaches reliant on
arginine as the primary depleting agent. The goal was to
minimize the remaining flash O, yield and maximize
oxygen recovery after re-addition of HCO;™ to the initial
concentration.

Mixture #1 formate

Mixture #2  NaCl+chelator

L-arginine
Mixture #3 MgCL+#2

L-arginine; 100 mM MgClz

Standard Zarrouk’s medium without HCO3™,
supplemented with 100 mM sodium formate

Standard Zarrouk’s medium without HCOs™,
supplemented with 400 mM NaCl, 10 mM

Standard Zarrouk’s medium without HCOs™,
supplemented with 400 mM NaCl, 10 mM

ACS grade; pH 7.8
Fisher Scientific

USP grade; pH 7.8
Amresco

USP grade; pH 7.15
Amresco
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All samples treated with a reaction mixture were
washed four times with that reaction mixture. Between
treatments, the supernatant was removed by centrifugation
at 14,000 x g for 20 s each. All treatments were done under
low light [<1 umol(photon) m2 s™!] conditions. Prior to
measurements, samples were incubated in total darkness
for at least 1 h. For Mixture #3, the incubation time was
4 h. Alterations to incubation times are specified where
made. The effectiveness of individual treatments is given
in Table 1S (supplement available online).

Reconstitution with bicarbonate was carried out by
washing DIC-depleted cultures twice in Zarrouk’s medium
supplemented with the desired amount of NaHCO:;.
Between washes, supernatant was removed by centri-
fugation at 14,000 x g for 20 s. Washes were done under
low light [<1 pmol(photon) ms™'] conditions and kept in
darkness unless otherwise specified.

Measurement of flash Oz by thin layer micro-cell/Clark
electrode: O, production per flash in cells was measured
in an aerobic “wet” chamber capable of regulating
physiological conditions over the life of experiments, as
previously described (Ananyev et al. 2016). Humidity,
CO; and O; concentrations in the chamber were controlled.
The membrane-bound Pt/Ir electrode has a sensitivity of
about 1 x 107! mol(O,) s™' and time resolution of 100 ms.
Flashes were generated using a 5-W light-emitting diode
at wavelength 660 nm and light intensity of 32,000
umol(photon) m2 s!. The time required for a single
turnover flash was determined to be 50 ps (Ananyev et al.
2016). A flash frequency of 0.5 Hz was used for all
measurements.

Chl fluorescence measurements were taken using a
home-built laser fast repetition rate (FRR) fluorometer
with Peltier temperature-controlled cuvette previously
described in Ananyev and Dismukes (2005). The variable
Chl emission yield, F,/Fm, was calculated from Fo and Fy,
as F, = F,— Fy. Oscillations in F,/F,, were produced using
a GaAs laser that generated pulses of single-turnover
flashes of 20 ps duration and 80,000 pmol(photon) m= s~
intensity (equivalent photon flux as delivered for oxygen
evolution). This fluorometer is capable of delivering
saturating flashes at all frequencies examined.

The flash induced oscillations of O, yield and F./Fp,

Results

Optimization of treatment by different reaction
mixtures: The purpose of the extraction experiments was
to determine the effectiveness of three methods for
removal of DIC and their reversibility upon reconstitution
with NaHCOj3. Table 1S lists the content of the extraction
mixtures and protocols. All samples were in equilibrium
with atmospheric CO,. Treated culture samples were
investigated for PSII operation via FRR fluorescence at
100 Hz (Fig. 14) and flash oxygen yield at 0.5 Hz
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were analyzed by model-dependent nonlinear least-
squares fitting using an advanced WOC cycle model
denoted VZAD, as described in prior work (Vinyard ef al.
2013, Ananyev et al. 2016). VZAD accuracy was
confirmed by root-mean-squares deviation of the theore-
tical fit to the experimental oscillation pattern.

To determine S-state decay lifetimes, a dark-
acclimated culture was advanced to the desired state using
single-turnover flashes, followed by dark incubation in this
state, then rapidly advanced to oxygen evolution via
further flashes (Babcock et al. 1989, Ananyev et al. 2016,
Gates et al. 2016). The populations on any given flash
were corrected using the WOC inefficiency parameters
listed in Table 1.

S-state transition times (Si — Si+1) were measured
from the change of F, emission intensity using a train of
flashes and the above FRR fluorometer. Samples were
dark-adapted for 3 min to populate the dark-stable S-states,
then exposed to a train of 1,000 “quarter-turnover” 5-us
flashes at 10-ps intervals (10-ms duration). Samples were
subsequently incubated for 3 s in darkness to reoxidize the
acceptor side of PSII while retaining scrambled S-states,
after which another identical train of 1,000 flashes was
applied. The fluorescence yield of the “scrambled” S-states
was subtracted from that of the “dark-stable” S-states.
Inflections in the plot of this difference represent transi-
tions between redox states on the donor or acceptor side of
PSII that cause different F, intensities.

The reoxidation time of Qa~ was measured using the
same fluorometer. A single saturating flash was delivered
to a dark-incubated culture sample to fully reduce Qa, after
which the sample was left in darkness for a variable time
before a second saturating flash was then delivered. The F,
fluorescence amplitude of the first flash represents the
maximal photoreduction of the Qa population. The
difference between F., of the first flash and Fo of the
second flash gives the population of oxidized Qa
remaining after the variable time. (Fil — Fo2)/(Fml — Fol)
therefore equals percent reoxidation of Qa. This method
differs from the pulse amplitude modulation method
(Kolber et al. 1998) by not using subsaturating probe
flashes which induce secondary charge separation events
and contaminate results.

(Fig. 1C), representing standard measurement conditions
for each technique. For all treatments, the decline in
oxygen yield (PSII linear electron flow) was at least one
order of magnitude greater than the corresponding
decrease in F./F,, (PSII primary charge separation).
Extraction with Mixtures 1 (formate), 2 (NaCl+chelator),
and 3 (MgCl,+ NaCl+chelator) inhibited PSII activity with
increasing effectiveness: the percentage of F,/Fp, retained
was 83, 74, and 53%, respectively, while the steady-state
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Fig. 1. Effect of different extraction methods for DIC from
Arthrospira maxima cells in vivo on Fyv/Fm at (4) 100 Hz and (B)
0.5 Hz flash rate. (C) Effect of same treatments on flash oxygen
yield (relative units, samples of equal cell density) at 0.5 Hz.
Curves shifted to avoid overlap (see Fig. 1S for improved
resolution). Average percent activity given at right of each train
in (4) and above traces in (C). All kinetics shown are the average
of 20 flash trains.

yield of O, evolution (Yss) retained was 3.8, 3.5, and
1.1%, respectively (see Table 1S). Mixture 3 produced the
deepest extraction of DIC, as judged by Yss and a
complete loss of oscillations in F,/Fn, indicating full
shutdown of the WOC cycle. Table 1 gives fits of the O,
oscillations to the WOC cycle model (VZAD).

In order to test if the extraction methods were

(B)CARBONATE AFFINITY AND ROLES IN PSII

reversible, treated culture samples were resupplied with
native concentrations (200 mM) of NaHCOs; and incubated
for two hours under soft light (Fig. 2, also see Fig. 2S,
supplement available online). After treatment with each
reaction mixture, approximately full return of Yss was
observed (Table 1S). In the case of Mixture 2, the oxygen
yield increased above the control level to 110% and
oscillations were fully restored, indicating photoassembly
(photoactivation) of some inactive PSII centers. Samples
treated with the Mixture 3 recovered to 96% of initial Yss,
but oscillation quality visibly decreased, indicating altered
population of S-states in the dark. The WOC cycle
inefficiency parameters derived from fitting to the VZAD
model are given in Table 1.

DIC influence on DMBQ-dependent O: production:
Prior experiments have shown that the electron acceptor
DMBQ diminishes both oxygen evolution yield and WOC
cycle efficiency in A. maxima, in contrast to its usual
beneficial effect on all other phototrophs (Ananyev et al.
2016). To determine the extent to which this unusual loss
of activity is influenced by DIC, DIC-depleted samples
were supplemented with DMBQ and flash oxygen yields
measured (Fig. 3B). In samples treated with Mixture 2,
DMBQ insignificantly influenced only the dark S-state
populations. However, change in Yss improved oscillation
quality (hence, influencing only the dark S-state
populations). However, more thorough depletion of DIC
with Mixture 3 resulted in a beneficial effect of DMBQ
addition, causing more than 50% increase in Yss, oscil-
lations more pronounced in amplitude and extended
further along the flash train. This shows that thorough DIC
extraction (>96% of loss of oxygen yield) results in a
positive influence of DMBQ addition on activity.

To examine time-dependent consequences of DIC
depletion, Chl fluorescence kinetics were measured after a
shorter treatment with Mixture 3, which allowed retention
of some residual DIC (Fig. 4). Under DIC-repleted condi-
tions, an activation of F./Fp, is observed during the flash
train, when using slow flash rate (0.5 Hz), that is not
visible at high flash rate (100 Hz) (Fig. 44) or without DIC
present (Fig. 4B). Under both conditions, Yss is markedly
higher at lower frequency. The higher Yss is normal, as the
acceptor side clears faster by two orders of magnitude
compared to S-state recombination. The higher flash
frequency suppresses detection of recombination and the
oscillation amplitudes are thus larger. However, under DIC-
depleted conditions, the gap between Yss at the two flash
frequencies is three times as large as under repleted
conditions.

Influence of DIC on S-state transition times: To investi-
gate any S-state specific influence of DIC, the S-state
transition times were measured from their influence on Chl
variable fluorescence. F,, measurements were carried out
at several temperatures in order to constrain DIC diffusion
and to investigate possible correlation with the thermal-
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Table 1. WOC cycle parameters from fits of the flash oxygen yields at 0.5 Hz using the VZAD model.

with 200 mM NaHCO:s after DIC depletion.

Recovered samples were treated

Control Fig. 24, recovered Fig. 2B, recovered Fig. 34, no DIC Fig. 34, no DIC
from Mixture 2 from Mixture 3 + DMBQ
Alpha 0.171 0.150 0.222 0.174 0.123
Beta 0.021 0.028 0.017 0.0223 0.036
Delta 0 0 0 0 0
Epsilon  0.041 0.016 0.038 0.039 0.0087
SO 0 0.0316 0 0 0.321
S1 0.858 0.817 0.919 0.840 0.594
S2 0.142 0.152 0.081 0.160 0.085
S3 0 0 0 0 0
Period  4.44 437 4.78 4.50 4.28
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Fig. 2. Recovery of flash oxygen evolution over 2 h under white 0 10 20 30 40 50

light of 9 umol(photon) m2 s~! from soft fluorescent bulbs after
DIC removal by (4) Mixture 2; and (B) Mixture 3. Control
culture contains 200 mM DIC. All measurements were taken at
0.5 Hz flash frequency using samples of equivalent biomass as
determined by OD730. Kinetics of recovery are given in Fig. 28S.

dependent phase of Fy, (the J step in the induction of Fy,
called the Kautsky induction curve), which may correlate
with the terminal step of oxygen release (Stirbet and
Govindjee 2011.

Fig. 54 shows the dark-scrambled F, difference
kinetics vs. time from 10 to 10,000 ps measured at 25°C.
Data are plotted logarithmically for the control sample
grown in 200 mM HCOs and an identical sample treated
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Fig. 3. Influence of 2,5-dimethylbenzoquinone (DMBQ) on flash
O2 production from Arthrospira maxima cells that have been
DIC-depleted using (4) Mixture 2 and (B) Mixture 3. In (B),
control was scaled down 30-fold for comparison and control and
+DMBQ were offset by 100 and 50 relative units, respectively,
for clarity. Control culture contains 200 mM DIC. All
measurements were taken at 0.5 Hz flash frequency.

with Mixture 2. This 10-ms interval is theoretically
sufficient time to induce 2-3 full WOC cycles. The Fil
trace was taken after 3 min in the dark and corresponds to
“dark” S-state population (obtained from the VZAD model
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Fig. 6. Dependence of lifetime of S2 and S3 states (charge
recombination time constants) on the DIC concentration in
Arthrospira maxima cells measured by flash O: yield. Insets
show fitting parameters from biexponential decay fits to data. (4)
DIC-depleted (by Mixture 2); and (B) control culture.

fit of the flash O, data; see Table 1). The F,,2 trace was
taken 3 s after the dark trace, which is short compared to
decay of S2 and S3 (Fig. 6) and so is labelled as
“scrambled” populations. Removal of DIC reduces the
differential fluorescence amplitude (proportional to the
number of PSIIs that can do charge separation) by
approximately two thirds and broadens the peak features.
When additional NaHCOs is added to the media to 1 M,
approaching the saturation limit found in A. maxima’s
native environment, the maximum Fy, difference ampli-
tude increases by 16% (from 0.69 to 0.8 units; Fig. 3S4,
supplement available online). Relative to this value, the
DIC-depleted sample amplitude is four-fold lower, which
is consistent with the foregoing DIC-depletion data
showing DIC-depletion reduces F./Fi, only when a rapid
flash rate is used (Fig. 4).

Three regions are resolved in the first 2-ms interval
shown in Fig. 54. The logarithmic plot format converts
single exponential changes into linear regions and is
convenient for deconvolution, as shown by the straight
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lines. The fluorescence rises from the initial dark state,
mainly S1 (Table 1), linearly in log(time) corresponding to
the induction of the S2 state (196 ps), followed by a plateau
corresponding to formation of S3 (1.1 ms), followed by a
linear decay to a minimum, corresponding to the formation
of SO (3.5 ms). The individual S-state transition times are
listed in Table 2S (supplement available online). The
corresponding transition times in ps for the DIC depleted
sample are (S1’—S2¢) 200, (S2°—S3°) 530, and
(S3’—>80°) 2,300, with a total transit time of 3.0 ms.

To aid in deconvoluting the changes, we showed in
Fig. 5B two previously established general effects of
temperature on the WOC cycle transitions: (/) at the
lowest temperature (5°C), where the WOC cycle is
blocked from advancing past S3 in 4. maxima, the
characteristic collapse of the S2 peak as this transition
slows and the initial dark populations change; (2) as the
temperature increases to 15°C the full WOC cycle occurs
within 3.9 ms and 35°C it accelerates to 2.1 ms.

S2 and S3 state lifetimes: To study the effect of DIC on
the lifetimes of the S2 and S3 states, we measured the loss
of flash oxygen yield over a variable dark period following
population of S2 and S3 by one and two pre-flashes,
respectively, using a previously described method

Discussion

Sites of DIC removal: The three reaction mixtures used
for DIC depletion were selected to remove (bi)carbonate
bound to PSII with varying affinities. A loss of PSII
activity and restoration upon reconstitution was observed
for all three treatments. Mixture 1 (formate) is a well-
known inhibitor of bicarbonate stimulation of PSII-
dependent O, evolution, “the bicarbonate effect” (Stemler
1980, Brinkert et al. 2016). This is the weakest of the three
DIC depletion treatments. Using FRR fluorometry and
flash O; yield as in Figs. 1 and 4, we were able to further
elucidate its function. The 96% decrease in O, yield
(measured at 0.5 Hz flash rate) without corresponding loss
in F,/Fp, or their oscillations (96% retained at 0.5 Hz, 83%
retained at 100 Hz) indicates that essentially all PSII—
WOCs remain fully active in charge separation between
P680 and Qa at low flash rates and progressively lose
activity at increasing flash rates. Increasing flash rates
correspond to higher continuous light intensities used in
historical measurements. While period-four oscillations in
F./Fm are retained in proportion to their steady-state
values, O, evolution is nearly zero, 3.8% at flash rate
0.5 Hz. The retention of F./F, steady-state level and
period-four oscillation amplitude at low flash rate in DIC-
depleted samples indicates that primary charge separation
and coupling to the water-oxidation cycle are unaffected.
At higher flash rates, the steady-state F,/F. decreases,
owing to decline in Fy,, while the oscillation amplitude is
unaffected or even improves at 100 Hz (Fig. 4), indicating
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(Rutherford et al. 1984, Ananyev et al. 2016, Gates et al.
2016). In addition to the previously demonstrated negative
effect of DIC depletion on oxygen yield, several shifts in
decay kinetics were observed (Fig. 6). After DIC depletion
the bi-exponential fits of S2 population decay showed
approximately 20-25% slower decay constants but the
quicker feature became more dominant. Minimal change
in the S3 decay time constants was seen upon DIC
depletion, and the quicker feature became slightly more
dominant. The dark populations of the S-states after full
decay of S2 and S3 were identical whether observed by
flash oxygen or Chl fluorescence measurements (Fig. 4,
Table 1).

Qa4 reoxidation time: As the role of DIC at the non-heme
iron/Qx site is well-known, we attempted to investigate
DIC depletion on the yield of Qs and its reoxidation
kinetics. Fig. 4S (supplement available online) shows the
reoxidation rate under DIC-repleted conditions in
A. maxima is exceptionally slow, but in the absence of
DIC, the fast component of reoxidation takes about 35%
less time on average and is responsible for a slightly larger
fraction of overall decay. As expected, no Qa~ is retained
beyond the measurement time of 6 ms (full reoxidation
occurs).

that the electron acceptor capacity is reduced as the flash
rate increases [size of the plastoquinone (PQ) pool or its
kinetics of filling]. The major loss of F,/Fy, occurs on flash
#2, indicating that the reoxidation of Q™ is rate-limiting
(Qa Qs — QaQp). This interpretation is consistent with
the consensus view that formate treatment slows this step
by removal of bicarbonate from coordination to the non-
heme iron (Scheme 14). Removal of (bi)carbonate from
this site in vitro was shown to shift the electrochemical
reduction potential of the Qa/Qa~ couple by +75 mV in
vitro (Brinkert et al. 2016), though the location of the
site(s) involved was not established. This shift was shown
to protect PSII from photodamage in vitro by reducing the
yield of singlet oxygen formation ('O,). These authors
postulated that redox tuning of Qa/Qa~ could be necessary
for in vivo photoprotection. Specifically, the authors
suggest that population of Qa~ (as occurs when Qg and the
PQH, pool are reduced) could enhance HCOs; loss,
resulting in Qa redox tuning in vivo and lower 'O,
formation.

The nearly complete loss of O, evolution was observed
at low flash rates following formate treatment which
occurs without loss of period-four oscillations in F,/Fy,.
Thus the PSII-WOC works fine and another DIC site must
be responsible. The absence of O, detection may stem
from various mechanisms: 1) uptake of O, by increased
cellular respiration, 2) increased consumption of PSII-
generated O, by the Mehler reaction (PSI-dependent



reduction of O,), or 3) possibly by an altered WOC cycle
that produces two H,O, molecules rather than O,
(chemically least likely). The cause for loss of O,
evolution is a subject for future research.

Deeper depletion of DIC sites: Compared to formate
treatment, Mixture 2 (NaCl + chelator) was developed to
remove more aggressively (bi)carbonate bound to arginine
residues in PSII by chelating the (bi)carbonate ion to the
guanidinium side chain of added arginine. It results in a
lower steady-state yield of F./Fi, (74% at 100 Hz) with
oscillations somewhat clearer (extending to higher flash
number), and the O, yield is eliminated to the same extent
as formate treatment (3.5%). Mixture 2 seems to
accomplish the same outcome, but with greater depletion
of DIC from PSII centers.

There are 102 arginine residues in PSII core complexes
of A. maxima, the majority located near the lumenal and
stromal surfaces where they can exchange (bi)carbonate
ligands (Scheme 2). The guanidinium cation is an
especially good chelator of HCO;~and COs%", owing to the
combination of bidentate H-bonding and ion-pairing
interactions (Scheme 2). Arginine/carbonate ion pairs are
frequently found in the crystal structures of proteins
(Ippolito et al. 1990). The free energy of guanidinium—
carbonate ion pair formation is —16 kJ mol™ in dimethyl
sulfoxide/water (80:20) (Armstrong et al. 2016). This
value corresponds to a formation constant of 500 M.
(Bi)carbonate anions have even stronger affinity for
guanidinium cations in more hydrophobic environments
such as the interior of membrane-bound proteins.
(Bi)carbonate has even stronger affinity for arginine than
for guanidinium, which enables Arg to take up DIC from
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solution into cells. An important feature of (bi)carbonate—
guanidinium ion pairing is the distinctively increased
molar conductivity at high dilutions (Hunger et al. 2013).
This results from dissociation of CO3>~ from the ion pair,
thus liberating a strong base that spontaneously hydrolyzes
to form OH™ and HCO;. The well-known anomalously
high conductivity of hydroxide and hydronium ion occurs
because neither relies on bulk diffusion through water, but
rather proton tautomerism of the solvent water. We
propose that the numerous arginines found on the luminal
surface of PSII use this mechanism to achieve unusually
rapid proton neutralization by liberating COs> during
water oxidation in hypercarbonate-requiring strains like
A. maxima [PSII-WOC turnover is 4-5 fold faster in
A. maxima than other conventional oxygenic phototrophs
(Khorobrykh et al. 2013)]. To dissociate carbonate from
arginine, other anions such as CI™ are likely candidates
(Scheme 2).

Mixture 3 (MgCl, + chelator) is made by adding MgCl,
to Mixture 2. It was developed to include the possibility of
removing CO, by shifting the equilibrium in the reaction:
Mg?" + 2HCO5~ — Mg?"'CO3* + CO, + H,0 (Scheme 1D)
to favor formation of volatile CO, via ion-pairing of Mg?>*
and carbonate. This treatment causes a complete loss of
both O, evolution and oscillations in F./Fy (at high
frequency), and greatly reduces the high yield of the first
flash F./Fy, characteristic of a fully oxidized Qa population
(Ananyev and Dismukes 2005). Mixture 3 is therefore able
to remove DIC from an additional site(s) resulting in loss
of both donor side reactions that drive water oxidation and
the acceptor side electron/proton transport. The acceptor-
side influence is further seen in Fig. S4, where of the three
treatments only Mixture 3 caused a significant change

HCO;"

light 7\ /

(lumen) Mg?* (Arg* HCO,

< €O, +H,0
) (Arg* Coaz— Mg2+)
5

v

(Arg* Cl') CO4* +H,0 —> HCO; + OH-

Low High

Scheme 2. Proposed ligand-ligand exchange in PSII at multiple sites, including the WOC region, the non-heme iron, and the solvent-
exposed arginine residues. Arginine residues in PSII dimer depicted in black (102 in total, located on both lumenal and stromal sides).
Proposed functions of (bi)carbonate shown for WOC-region, Fe(I1)/Qa, general lumenal and general stromal sites.
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in Qa reoxidation kinetics. Magnesium is transported
from the lumen into the stroma across the thylakoid
membrane during photosynthetic electron transport (PET),
where it is known to activate the CO; fixation activity of
Rubisco (Kuriata ef al. 2014). We postulate that in addition
to this well-known activation of Rubisco, PET-elevated
magnesium in the stroma enables synchronized conversion
of bicarbonate into carbon dioxide by the reaction: HCO3~
+Mg?* + stromal-Arg"(HCO;) — CO, + Arg*(CO; )Mg?*
(Scheme 2). The liberated CO, is then in the correct
chemical form that Rubisco can use for carboxylation.

Flash rate dependence of DIC-depletion effects: Unlike
the case of complete DIC depletion, the first flash F,/Fy,
yield is not decreased when the treatment with Mixture 3
is shortened to avoid removal of the most tightly bound
DIC associated with the donor side (Fig. 4). Thus, the
donor side works and Q4 can be maximally photoreduced.
However, at 100 Hz flash rate the second flash occurs
10 ms later and the yield is greatly suppressed, indicating
that Qa~ reoxidation by Qg is slowed or blocked.
Accordingly, we attribute the DIC site that blocks PET in
vivo to be either the non-heme iron site, which has been
shown to lose bicarbonate in vitro (Brinkert et al. 2016),
or alternatively, a site that blocks the transfer of protons to
Qs (van Rensen et al. 1988).

Remediation of DIC-depletion effects: Although all
three treatments are reversible upon reconstitution with
NaHCQOs, there are some differences in performance of
reactivated PSII-WOCs evident from the quality of
oscillations. This is most clearly revealed by the WOC
cycle parameters obtained from minimized-error fits to the
VZAD model and summarized in Table 1 (Vinyard et al.
2013). Readdition of NaHCO; after treatment with
Mixture 2 resulted in lower misses (alpha) and fewer
inactivations (epsilon), indicating the restored PSII-WOC
is operating somewhat more efficiently than the control
culture. By contrast, readdition after treatment with
Mixture 3 sharply increased misses, resulting in a
lengthening of the cycle period by 0.34 to 4.78. These
changes indicate that the 4-h extraction period using
Mixture 3 can cause damage that is not readily reversed by
NaHCO:s.

Donor-side effect of DIC on S-state transitions: The
most obvious effect of DIC depletion from the acceptor
side DIC site (i.e., using Mixture 2) is the 3-fold loss of
amplitude of Fyl — Fn2, arising from fewer centers
advancing through the cycle. After normalizing the two
curves in Fig. 54 to the same peak amplitude (see Fig. 3SB,
supplement available online) the slopes can provide an
estimate of the relative changes in the individual S-state
transition times, assuming the S-state dependent F,
quantum yield does not change with/without DIC (this is
unknown and may be invalid). The most prominent effect
is the shorter overall transit time to reach the minimum
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(3.0 ms vs. 3.5 ms at 25 °C). The minimum corresponds to
transit through the full cycle with formation of the SO state
in the DIC-replete sample. For the DIC-depleted sample,
we attribute the rise and fall of the Fi,1 — Fin2 signal to the
same S-state transitions but with the lower yield. If this
assignment is correct, at 25°C, the S1°— S2° is unchanged
at 200 ps, while S2°—S3’at 530 ps is 35% faster, and S3°
—S0’ at 2,250 ps is 10% faster.

Distinguishing functions and sites of DIC activity: DIC
removal with Mixture 2 accesses lower-affinity sites,
while Mixture 3 accesses these and a higher affinity site on
the donor side that shuts down water oxidation. The lower
affinity sites include both the classic acceptor-side site at
the non-heme iron and presumably multiple other potential
(bi)carbonate sites associated with the 102 arginine
residues. These sites are still conspicuously occupied in the
active PSIIs even after massive loss of oxygen yield, as
evident by the retention of high first-flash fluorescence
yields and visible oscillations in both oximetric and
fluorometric measurements (Figs. 1-3). However, they
work efficiently only at low flash rates (low light flux)
where residual DIC or alternative pathways independent of
DIC can function. We can posit that this site is one or more
of the 102 solvent-accessible arginines within PSII. This
“arginine network” represents a large potential DIC
reservoir which, under 4. maxima’s native conditions,
would be expected to play multiple roles: a structural role,
a role for HCO5;~ and COs> as proton acceptors on the
luminal surface, and a role as CO, source on the stromal
surface. These roles and the chemical mechanism by which
they act are summarized in Scheme 2 and described above.
As light is necessary to reverse the depletion at these sites,
light-driven proton gradient or ATP production is required
to transport bicarbonate to the site(s) of interest.

The donor-side function of DIC may be linked to the
proton-removal process attributed to chloride. In that
process, the S1-S2 transition, on which no protons are
released, is unaffected by chloride removal (Wincencjusz
et al. 1997), but the S2—S3 and S3—S4-S0 transitions are
delayed. In DIC-depleted samples (Fig. 54), most of the
fluorescence yield is lost, but those centers, which remain
active, have faster transitions through these S-states. We
posit that the site of DIC function on the donor side is
CP43-R357 (Ananyeyv et al. 2005). Furthermore, from this
site, (bi)carbonate would be perfectly positioned to
modulate the position of calcium within the WOC (Zhang
et al. 2002), and in turn the redox potential of the WOC
and individual S-states. The redox tuning effect of Ca?* has
been previously demonstrated (Vogt et al. 2015, Capone
et al. 2016, Gates et al. 2016), and the effects of DIC
removal are consistent with a reshaping effect on the S2
structure of the WOC (Lubitz et al. 2014, Askerka et al.
2015, Capone et al. 2016). Further support for this site
comes from the lack of peroxide detected under partial
depletion of DIC. This is the highest-affinity site, and loss
of functionality at this site is known to induce peroxide



evolution [which is a further indicator of a reshaped S2
structure (Ananyev ef al. 2005, Gates et al. 2016)]. We
posit that this site is not occupied by DIC in high-
resolution crystal structures because the treatment
conditions are comparably harsh compared to our own
DIC removal methods, using extreme concentrations of
chloride (Shen 2015). One notable difference is that
crystallization techniques involve first removing the small
lumenal subunits of PSII, which facilitates diffusion of
small molecules to/from the WOC pocket and removes a
substantial number of arginines which might otherwise
mediate the stress of DIC removal. It is likely that under
these conditions, the local DIC affinity at CP43-R357
becomes lower than that at the non-heme iron site.

Conclusions: To elucidate the multiple roles of (bi)carbo-
nate in PSII, we developed two new methods for DIC
depletion capable of inhibiting oxygen evolution activity
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