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Abstract

Fe(II) cations bind with high efficiency and specificity at the high-affinity (HA), Mn-binding site (termed the “blocking effect”
since Fe blocks further electron donation to the site) of the oxygen-evolving complex (OEC) in Mn-depleted, photosystem II
(PSII) membrane fragments (Semin et al. in Biochemistry 41:5854, 2002). Furthermore, Fe(I) cations can substitute for 1 or
2Mn cations (pH dependent) in Ca-depleted PSII membranes (Semin et al. in Journal of Bioenergetics and Biomembranes
48:227,2016; Semin et al. in Journal of Photochemistry and Photobiology B 178:192, 2018). In the current study, we exam-
ined the effect of Ca®>* cations on the interaction of Fe(II) ions with Mn-depleted [PSII(-Mn)] and Ca-depleted [PSII(-Ca)]
photosystem I membranes. We found that Ca** cations (about 50 mM) inhibit the light-dependent oxidation of Fe(II) (5 uM)
by about 25% in PSII(-Mn) membranes, whereas inhibition of the blocking process is greater at about 40%. Blocking of the
HA site by Fe cations also decreases the rate of charge recombination between Q,~ and Y,** from #,,,=30 ms to 46 ms.
However, Ca?* does not affect the rate during the blocking process. An Fe(II) cation (20 uM) replaces 1Mn cation in the
Mn,CaOjs catalytic cluster of PSII(-Ca) membranes at pH 5.7 but 2 Mn cations at pH 6.5. In the presence of Ca’* (10 mM)
during the substitution process, Fe(Il) is not able to extract Mn at pH 5.7 and extracts only 1Mn at pH 6.5 (instead of two
without Ca*"). Measurements of fluorescence induction kinetics support these observations. Inhibition of Mn substitution
with Fe(II) cations in the OEC only occurs with Ca*>* and Sr’>* cations, which are also able to restore oxygen evolution in
PSII(-Ca) samples. Nonactive cations like La**, Ni**, Cd**, and Mg?* have no influence on the replacement of Mn with Fe.
These results show that the location and/or ligand composition of one Mn cation in the Mn,CaOj; cluster is strongly affected
by calcium depletion or rebinding and that bound calcium affects the redox potential of the extractable Mn4 cation in the
OEC, making it resistant to reduction.
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PSII(-Ca) Ca2+—depleted PSII membranes with 4
Mn cations in the OEC

PSII(-Mn) Mn-depleted PSII membranes

PSII(-Mn,+Fe) PSII(-Mn) membranes blocked by an

iron cation at the high-affinity Mn-bind-

ing site
RC Reaction center
TMB 3,3",5,5'-Tetramethylbenzidine
Tris Tris(hydroxymethyl)aminomethane
Introduction

Oxygen in the atmosphere is generated during the light-
dependent oxidation of water, which is catalyzed by the
photosynthetic O,-evolving complex (OEC) of photosys-
tem II (PSII) in plants, algae, and cyanobacteria. The cata-
lytic center of the OEC is the inorganic cluster, Mn,CaOs
(Umena et al. 2011). It synthetizes the molecular bond link-
ing the oxygen atoms of two water molecules and operates
continuously by cycling through five redox states (the ‘Kok
cycle’). During this cycle, the OEC extracts water protons
and electrons that are used to drive ATP and NADPH for-
mation. Molecular oxygen is released into biosphere as the
byproduct of the cycle. Understanding of the Mn,CaOj
catalyst structure has rapidly advanced over the past few
years due to novel X-ray crystallography technology. Umena
et al. (Umena et al. 2011) performed X-ray diffraction analy-
sis at a resolution of 1.9 A on PSII core preparations from
Thermosynechococcus vulcanus (a thermophilic cyanobac-
terium) in the dark-stable S1-state. Such high resolution
allowed them to determine the structure of the cluster, to
reveal four molecules of water (W1-W4) within the cluster
(they provide ligands to Mn4 and Ca) and to identify a num-
ber of polypeptide ligands to Mn4 and Ca. The Mn,CaOj
cluster is a distorted cube formed by 3Mn cations and 1Ca
cation connected by oxygen bridges, and the 4th Mn cation
is bound to the cluster by two oxygen bridges labeled O4
and O5. Recently, a “radiation-damage-free” structure of
PSII, which eliminates the X-ray-induced reduction of the
Mn cations during the measurements, was determined using
X-ray pulses of femtosecond duration (Suga et al. 2015).
Furthermore, the OEC structure of in higher S states than
the dark-stable S1-state has also been investigated using an
X-ray laser source at room temperature (Suga et al. 2017;
Kern et al. 2018). Nevertheless, the exact mechanism of the
PSII water-splitting reaction remains unclear despite the
availability of an atomic structure of the OEC.

Due to similarities between the redox and atomic proper-
ties of manganese and iron cations, Fe(II) cations under oxi-
dizing conditions can bind to unoccupied Mn-binding sites
[as Fe(IlI)] with very high specificity and affinity in Mn-
depleted, PSII membrane fragments [PSII(-Mn), hereafter]
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when they are illuminated (Semin et al. 2002; Semin and
Seibert 2004, 2006). Interaction of Fe(II) cations with the
donor side of the PSII(-Mn) membrane is reminiscent in fact
of the Mn-photoligation steps of the photoactivation process
(Tamura and Cheniae 1987; Ananyev and Dismukes 1996).
An Fe(II) cation binds to the high-affinity (HA), Mn-binding
site at micromolar concentrations, and the bound cation is
oxidized by Y,** under weak illumination since light is a
necessary factor for cation ligation (Semin et al. 2002). The
resultant Fe(III) cation blocks the HA site (i.e., prevents the
interaction of additional added Mn(II) cations with the site),
but 4-5 Fe(II) cations must be oxidized in order to observe
the blocking effect (Semin and Seibert 2004). The bound
Fe(III) cation is coordinated at the HA site by a carboxylic
group (Semin and Seibert 2006). All these results demon-
strate the high specificity of Fe cation interactions with OEC
Mn-binding sites.

In addition to the above method of Mn substitution with
Fe, the binding of Fe cations at Mn-binding sites in the
OEC can be accomplished using another simple method.
Ca-depleted PSII (PSII[-Ca]) membranes contain the Mn
cluster but lack two of the three extrinsic proteins (PsbP
and PsbQ, Ghanotakis et al. 1984a) that normally cover and
protect the Mn cluster from destruction. As a result, the Mn
cluster is open to reduction by exogenous reductants (Gha-
notakis et al. 1984b). If a Mn(II) cation is reduced, it is rap-
idly released from its binding site. If exogenous Fe(II) cati-
ons are the reductant, Fe(IIl) forms and occupies the empty
Mn site, because Fe has a higher specific affinity for the HA
Mn-binding site than Mn itself. Using such an approach, we
found that Fe(II) cations can substitute for 2Mn cations in
PSII(-Ca) membranes at pH 6.5 (Semin and Seibert 2016)
and 1Mn ion at pH 5.7 (Semin et al. 2018). Another metal
cation essential in the OEC for the water-splitting reaction
is the redox-inactive metal, Ca** (see Najafpour et al. 2016,
for a review). Although its role has not been fully eluci-
dated, there have been several recent structural and func-
tional hypotheses. Brudvig and his co-workers proposed that
Ca’* acts as a Lewis acid, binding a water substrate mol-
ecule and hence tuning its reactivity (Vrettos et al. 2001a).
Kim and Debus (2017), using FTIR difference spectroscopy,
identified water molecule, W3, bound to a Ca cation, as the
substrate becoming part of the O—O bond of the O, released
from the OEC during a water-splitting cycle. Recently Tsui
and Agapie (2013) found a linear dependence between the
heterometallic metal-oxido cluster potential and the Lewis
acidity of redox-inactive metal cations. They suggested that
this correlation provides evidence for the role of the Ca2*
ion in modulating redox potential of the manganese cluster.
Taking this into account, we investigated the interaction of
Ca- and Mn-binding sites and the effect of Ca** cations on
Fe cation substitution for Mn, based on the reduction of Mn
by Fe cations.
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Materials and methods

Spinach PSII-enriched membranes were prepared accord-
ing to Ghanotakis and Babcock (1983). The rates of O,
evolution (450-550 pmol O, mg chlorophyll (Chl)~' h™)
were measured polarographically with 0.2 mM
2,6-dichloro-1,4-benzoquinone as the exogenous elec-
tron acceptor. Samples were stored at — 80 °C in 50 mM
2-(N-morpholino)-ethanesulfonic acid (MES) at pH 6.5,
15 mM NaCl, and 400 mM sucrose (buffer A). Chlorophyll
concentrations were measured in 80% acetone (Porra et al.
1989).

The photoreduction rate of the exogenous electron
acceptor 2,6-dichlorophenolindophenol (DCPIP) was
determined spectrophotometrically from the change
in absorbance at 600 nm, using the molar extinc-
tion coefficient for the deprotonated form of DCPIP
(e=21.8 mM~! cm™! Armstrong 1964).

Tris-HCI extraction of manganese [PSII(-Mn) samples]
from the OEC. PSII membranes (0.5 mg Chl ml™!) were
incubated in a 1 M Tris-HCI buffer (pH 9.4), containing
0.4 M sucrose, for 30 min at 4 °C under room (fluorescent)
light (Preston and Seibert 1991). The pelleted membranes
were washed twice with buffer A and resuspended in the
same buffer. The functional manganese cluster and the
three extrinsic polypeptides (17, 23, and 33 kDa) required
for photosynthetic oxygen evolution were removed by this
treatment (Ghirardi et al. 1996).

Ca-depleted PSII [PSII(-Ca)] membranes were pre-
pared by incubating PSII membranes in buffer, contain-
ing 2 M NaCl, 0.4 M sucrose, and 25 mM MES (pH 6.5)
(Ono and Inoue 1990). The preparations were incubated
in the buffer for 15 min at room temperature under low
illumination (4-5 pE m~2 s~!, room fluorescent light). The
resulting material was then washed twice with buffer A.
Besides, Ca’>" PSII(-Ca) membranes lack the PsbQ and
PsbP extrinsic proteins, which prevent exogenous reducing
agents from attacking the Mn/Ca cluster.

PSII samples with the HA Mn-binding site blocked by
Fe cations [PSII(-Mn,+Fe)] were obtained according to
the method described in Semin et al. (2002). PSII(-Mn)
membranes (25 pg Chl ml~!) were incubated in buffer A
(pH 6.5) containing 5 pM Fe(II) for 3 min under low light
(5 uE m~?s7!) and constant stirring. After incubation, the
preparations were precipitated by centrifugation, washed,
and resuspended in buffer A.

PSII preparations with a heterogeneous 2Mn—2Fe
cluster in the OEC [PSII(2Mn,2Fe)] were obtained by the
method developed by Semin and Seibert (2016). PSII(-
Ca) membranes (100 pg Chl ml~!) were incubated with
ferrous sulfate (20 pM) in buffer A (pH 6.5) for 120 min
at 4 °C in the dark. After incubation, the membranes were

precipitated by centrifugation, washed, and resuspended
in buffer A. The resulting membrane fragments contained
precisely two Mn cations and two Fe(III) cations per reac-
tion center in every center (Semin and Seibert 2016).

Flash-probe fluorescence (for measurement of the flash-
induced Chl fluorescence decay kinetics) was monitored
at 22 °C using a lab-built apparatus (Ghirardi et al. 1996).
Membrane suspensions (25 pg Chl ml~! in buffer A) were
excited with a saturating actinic, single-turnover xenon
flash (3 ps) passed through a Corion LS-650 low-bandpass
filter. Weak monitoring flashes were provided by an array
of Hewlett-Packard light-emitting diodes. Dark-adapted
samples contained 40 pM DCMU. Fluorescence emission
(F), normalized to the fluorescence emitted by the samples
due to weak monitoring flashes prior to excitation with
a saturating flash (the fluorescence termed F ), was rep-
resented in the figures as the ratio (F — F)/F, (Ghirardi
et al. 1996).

Mn concentrations in different samples were measured
as described in a previous publication (Semin and Seibert
2009). Samples (100 pg Chl) were suspended in 1 ml of
buffer A and then incubated with 50 mM CacCl, for 2 min
in the dark at 5 °C. After incubation, the samples were
microfuged to remove any non-specifically bound Mn. The
membrane pellet was resuspended in 90 pl of 0.6 N HCI
(pellet volume, about 10 pl) to solubilize the functional
Mn remaining in the pellet. Next, 0.9 ml of deionized/
glass-distilled water was added to the membrane suspen-
sion, and finally, the microfuge tube was centrifuged for
3 min at 15,000xg (22 °C). The supernatant (0.9 ml) was
filtered through a 13-mm Acrodisc syringe filter contain-
ing a 0.2 pm nylon membrane (Pall Life Sciences, Ann
Arbor, USA). The filtrate (in a 1-ml glass/quartz cuvette)
was mixed consecutively according to Serrat (1998)
with 40 pl of 2 M NaOH, 40 pl of a stock solution of
3,3",5,5'-tetramethylbenzidine (TMB) (100 mg TMB in
100 ml of 0.1 M hydrochloric acid), and 40 pl of 5.3 M
phosphoric acid. The absorbance at 450 nm was used to
calculate Mn(II) concentrations (extinction coefficient of
34mM~!cm™!) in the samples (Serrat 1998). PSII reaction
center (RC) concentrations were calculated in pM using
250 molecules of Chl/RC in the PSII samples (Ghanotakis
et al. 1984c; Xu and Bricker 1992).

Fluorescence induction kinetics (FIK) were measured
under constant saturating (1200 pE m~2 s~!) light using a
Hansatech Instruments, Ltd. (England), Plant Efficiency
Analyzer. LEDs (with 4, at 650 nm and a spectral range
of 580-710 nm) were used as the source of excitation light.
The fluorescence signal, measured 50 ps after switching
on the steady light source, was used as the F, value. The
sample was illuminated for 2 s. A common logarithmic
scale was used to construct the FIK graphs.
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Results and Discussion

Ca?* effects on the interaction of Fe(ll) cations
with the HA Mn-binding site in the OEC

The HA Mn-binding site contains a carboxylic group ligand
(amino acid residue, D1-D170 Nixon and Diner 1992).
According to X-ray diffraction analysis (Umena et al. 2011),
the HA site in intact membranes is occupied by a Mn cation
denoted as Mn4. D1-E333 also participates in the coordina-
tion of Mn,. The same carboxylic group(s) participate in the
ligation of either manganese or iron. Interestingly, aspartic
acid (D1-D170) also provides a ligand to a Ca>* cation and
is also the bridge between these two cations (Umena et al.
2011). Therefore, we suggest the existence of a Ca>*-cation
effect on the interaction of Fe(II) with the HA site.

The blocking process of the HA site by iron cation(s) in
PSII(-Mn) membranes commences with the weak binding
of an Fe(Il) to the HA Mn-binding site; the weakly bound
Fe(11) cation is then oxidized by a light-induced Y,** radi-
cal (Semin et al. 2002). This is the first step of blocking
process. The efficiency of Fe(Il) oxidation at the HA site can
be measured separately using the flash-probe fluorescence
method. While only one Fe(III) cation blocks the HA site,
the oxidation of 4-5 Fe(Il) cations is required to complete
the blocking process (Semin and Seibert 2004). This bound
Fe(III) as mentioned above prevents the further interaction of
exogenous Mn(II) cations with this site and hence the dona-
tion of electrons to Y,** via this site. This is the second step
of the blocking process. Completion of both steps is termed
the entire blocking process. The efficiency of blocking can
also be estimated by measuring electron donation efficiency
of via the HA site by Mn(II) cations after blocking. Taking
this mechanism of blocking into account, we studied the
effect of Ca®* cations on the donation of electrons by Fe(II)
cations to ¥,** during the light-dependent oxidation process
and then on the entire blocking process of the HA sites by
Fe(III) cations. Donation of electrons was monitored using
flash-probe fluorescence (Ghirardi et al. 1996). The F,,,, and
Fy, values were used to determine the efficiency of donation,
using the equation, [(F, ., — Fg)/Fad T — [(F0 —
Fi )/F o TF) (Semin et al. 2002). Here, Fy, is the final
fluorescence yield detected after decay of the flash-induced
F,.x and F .. is the maximum fluorescence yield following
actinic flash excitation. Ca** inhibition of the flash-induced
donation of electrons by Fe(Il) cations (5 uM) to Y,* is
shown in Fig. 1 (curve 1). The results show the inhibition
of Fe(II) oxidation, which reaches a maximum level of 25%
at rather high Ca®" concentration (about 25 mM, where the
Ca/Fe ratio is equal to 5000).

The Ca** concentration dependence on the entire block-
ing process [electron donation plus tight binding of the
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Fig. 1 Effect of Ca®* concentration on the donation to (first step in
the text) and blocking of (second step in the text) PSII(-Mn) mem-
branes by iron as determined by the flash-probe fluorescence method.
1 Ca”" inhibition of flash-induced donation of electrons by exogenous
Fe(IT) cations (5 uM) in PSII(-Mn) membranes to Y,**. 2 Ca®* inhi-
bition of the entire blocking process (see text) associated with the
HA site: PSII(-Mn) membranes (25 pg Chl ml™!) were incubated in
buffer A with FeSO, (5 }1M)+Ca2+ under room light (4 pE m2s™)
for 3 min. The samples were then pelleted and resuspended in buffer
A (at 25 pg Chl ml™"), and the flash-fluorescence decay profile was
measured in the presence of 40 uM DCMU. The level of blocking in
% was determined by estimating Fe(Il) (10 uM) donation in blocked
membranes, using the equation noted in the text, relative to the 100%
control (donation in non-blocked PSII(-Mn) membranes). Data are
average of three independent experiments

Fe(II)] is also shown in Fig. 1 (curve 2). Blocking of the
HA site in the presence of different concentrations of Ca®*
was carried out by incubating PSII(-Mn) membranes with
Fe(II) for 3 min under weak light. The efficiency of block-
ing was estimated as the efficiency of donation after block-
ing compared to that before, measured as described above.
The results demonstrate that Ca>* added together with
Fe(II) to PSII(-Mn) samples before incubation decreased
the efficiency of blocking. The maximal level of inhibition
was observed in the same Ca”*" concentration region as
was the case for donation (curve 1), but the efficiency of
inhibition was greater (about 40% compared to 25%). By
comparing the results (inhibition by Ca®* of both Fe(II)
oxidation and Fe(III) blocking), we note the following: (1)
Since the efficiency of these two processes is different, this
means that oxidation of Fe(II) cations at the HA site (first
step of the blocking process, which can be measured in the
absence of the second) is only the initial part of the block-
ing process. (2) The second step of the blocking process
following Fe(Il) oxidation is the strong binding of a newly
generated Fe(III) cation with the Mn-binding site. The effi-
ciency of the inhibition of the second step is about 15%
(40%-25%). (3) The concentration dependence of Fe(II)
oxidation (curve 1) and the entire blocking process by
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Ca?*(curve 2) are similar, saturating at 25-50 mM Ca’".
The same concentration dependence occurs in the case
of the activation of oxygen evolution by Ca®* in PSII(-
Ca) membranes (Tamura et al. 1989; Miyao-Tokutomi and
Inoue 1992). These results suggest that the effect of Ca on
the entire blocking process is the result of conformational
changes induced by the interaction of the Ca?* ion with
its specific binding site, which in turn affects the HA site.

In the above-described experiments, Ca>* was present in
the sample during the blocking process. We also investi-
gated the Ca®* effect when incubation occurred before and
after blocking the PSII(-Mn) membranes (Table 1, rows
4, 5). Ca®* does not change the fluorescence decay curve
very much, if the Ca ions were added after the PSII(-Mn)
membranes were blocked (Fig. 2). Ca** addition to blocked
PSII(-Mn) membranes (Table 1, row 5) also had little effect
on electron donation. Furthermore, the efficiency of Fe(II)
oxidation did not change, if Ca** was added before addition
of Fe(Il) (Table 1, row 4). In this case, membranes were

Table 1 Effect of calcium on blocking of the HA Mn-binding site by
Fe cations

Sample Donation® by Half-time (z,/,, ms) of
Fe(ID) (%) fluorescence decay®

PSII(-Mn) 100+ 1° 31+1
PSII(-Mn)® + 50 mM Ca** 7342 51+1°
PSII(-Mn,+Fe) 8+2 46+2
PSII(-Mn) membranes were incubated with 50 mM Ca**

Before blocking® 4+1 50+1

After blocking" 3405 42+3

*Light-induced electron donation by Fe(Il) cations (10 uM) in each
case was calculated using the equation [(Fu — Fyn)/Frnaxd 00— [(
Foax— Fao) F o) 7@ (Semin et al. 2002)

max.
PFluorescence decay represents charge recombination between Q,~
and Y,**. The half-time is the time constant of the decay kinetics and
reflects the rate of the recombination process

°100% control =0.65 +0.01, no Ca>* added

dCa®* was added to the PSII(-Mn) membranes. Then Fe(Il) cations
were added for measurement of donation. Fluorescence decay for 7/,
determination was measured without Fe(Il) in the presence of Ca™*
cations

°There is a small difference between this value and the value for a
similar sample presented in Fig. 3 (f,, & 57 ms). This difference can
be explained by small differences in the respective preparations as
well as deviations in the pHs of the buffers since the pH dependence
of the ¢/, values in PSII(-Mn) membranes changes rapidly in the pH
region from 6.0 to 8.0 (Semin and Seibert 2004)

fBlocked PSII membranes: PSII(-Mn) membranes (25 pg Chl ml™")
were incubated in buffer A (pH 6.5) containing 5 pM Fe(II) for 3 min
under low light (5 pE m™2 s™"). No Ca>* was added

£PSTI(-Mn) membranes were incubated with Ca>* for 15 min in dark,
and then Ca** was removed by centrifugation before blocking
"PSII(-Mn, + Fe) membranes were incubated with Ca®* in the dark
for 30 min after blocking

233
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Fig.2 Ca®" effects on the charge recombination rate between Q,~
and Y;** in blocked PSII(-Mn) membranes as determined by flash-
probe fluorescence. The concentration of the PSII(-Mn) membranes
was 25 pg Chl ml~! in buffer A. Fluorescence decays were measured
in the presence of 40 uM DCMU without (black curve) or in the
presence of 50 mM CaCl, (red curve). Fluorescence was measured
2-3 min after Ca** addition. No Fe(Il) was present in this experi-
ment. Each fluorescence kinetic trace is an average of three decays

incubated with Ca?* for 15 min to bind a Ca>* ion to the Ca-
binding site, then unbound Ca>* was removed by centrifuga-
tion, and the membranes were washed with buffer A prior
to incubating with Fe(II) to block the HA site. However, the
absence of a tightly bound Ca* ion to Ca-binding site in this
experiment cannot be excluded.

Nevertheless, we do note that Ca>* ions significantly
affect the rate of fluorescence decay, representing the charge
recombination between 0,~ and Y,**. The half-time (¢,),)
of fluorescence decay is a time constant that reflects the rate
of the recombination process. It is equal to 31 + 1 ms in
control PSII(-Mn) membranes, but Ca>* addition decreases
the recombination rate to 51+ 1 ms (Table 1, rows 1 and
2). This is understandable since the Ca-binding site is close
to Yz, and water molecule, W4 (a ligand to Ca), forms a
hydrogen bond with Y,. Also, another water molecule, W3
bound to a Ca ion, is connected to Y, via water molecule,
W7 (Kawakami et al. 2011). The saturation of this effect is
observed beginning at a Ca** concentration of about 10 mM
(Fig. 3). It should be noted that the 7,,, for a Ca** concentra-
tion of 50 mM is about 57 ms (the Ca>* saturation level in
Fig. 3). There is some difference (about 10-12%) between
this value and the value for a similar sample presented in
Table 1 (51 1 ms). Possible reasons for this difference are
noted in a footnote of Table 1. Interestingly, blocking of the
HA site with iron also increases the rate fluorescence decay
(to 46 +2 ms) as in the case with Ca®* (Table 1, compare
row 1 with rows 2 and 3). The HA site is also close to Y,
and Mn,, the latter of which occupies the site in native PSII
membranes. Mn, also interacts with Y, via the hydrogen
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65 Table 2 Effect of Ca’* ions on the extraction of Mn cations from the
OEC by Fe(Il) at different pHs
60 - o o
® Sample Mn/RC
55 (]
pH 5.7 pH 6.5
50 4
2 PSII(-Ca) without Fe(II) treatment 4.0+0.2 4.0+0.2
“é 451 PSII(-Ca) after incubation with Fe(IT) 29+0.2 2.0+0.1
40 - PSII(-Ca) after incubation with Fe(II) in 3.9+0.2 3.1+£0.2
the presence of 10 mM Ca?*
35
Treatment with Fe(II): PSII(-Ca) samples (100 pg Chl ml™!) were
301 incubated with 20 uM FeSO,
25 i i i for 120 min in dark at 4 °C. After incubation, the membranes were

0 20 40 60

Concentration of Ca®*, mM

Fig.3 Ca’" effect on the rate of fluorescence decay in PSII(-Mn)
membranes (25 pg Chl ml~! in buffer A). Flash-probe fluorescence
kinetics were measured in the presence of 40 pM DCMU. No Fe(II)
was present in this experiment. Data are average of three independent
experiments

bond net, including water molecules W2 (ligand to Mn,), W3
(ligand to Ca*), and W5-W7 (Kawakami et al. 2011). How-
ever, in the case of simultaneous application of both metal
cations [Fe(Il) and Ca”*], the decrease in the recombination
rate is not the sum of the two effects but corresponds only
to effect of one cation. So, for example, addition of Ca’ to
PSII(-Mn,+ Fe) membranes does not significantly influence
the recombination rate (¢;,,=42+3 ms vs. 46 +2 ms). We
have found that the pH dependence of ¢, values in PSII(-
Mn) membranes (Semin and Seibert 2004) changes rapidly
in the pH region from 6.0 to 8.0.

Ca?* effects on the substitution of Mn cations
in the OEC with Fe cations

Incubation of PSII(-Ca) membranes with Fe(II) cations in
the dark is accompanied by the substitution of one (at pH
5.7) or two (at pH 6.5) Mn ions with Fe cation(s) (Semin
and Seibert 2016; Semin et al. 2018). Fe(II) cations chemi-
cally reduce available Mn cations in the Mn cluster; reduced
Mn(II) cations are released from their binding site(s), and
Fe(III) cation(s) formed by the oxidation of the Fe(II) cations
occupy the vacant Mn site(s). Using this model of substitu-
tion (Semin and Seibert 2016; Semin et al. 2018), we inves-
tigated the effect of Ca>* cations on the Fe for Mn exchange
process. Table 2 clearly shows that Ca®* ions prevent the
substitution of 1Mn ion at pH 5.7 [the residual quantity of
Mn after treatment with Fe(II) is 4Mn/reaction center (RC)]
and also 1Mn ion at pH 6.5 [the residual quantity of Mn
after treatment with Fe(I) is 3Mn/RC]. This effect is specific
since it is observed not only for Ca’** cations but also for
Sr?* cations (see Table 3). It is known that Sr’>* is the only
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pelleted, washed in buffer A, and then resuspended in buffer A for
determination of the Mn contents

other metal cation besides Ca** that can restore O,-evolving
activity in the Ca-depleted PSII membranes (to about 40%
of the control O,-evolution activity at saturating light inten-
sity Ghanotakis et al. 1984a). According to Vrettos et al.
(2001b), the ability of Sr** to substitute for Ca** in the OEC
is the result of similarities in the pKa of the aqua ion bound
to the cations and ionic radius of cations (see Table 3).

The effect of inhibition by Ca** on the substitution of
1Mn cation in the OEC with Fe(Il) is also supported by
measurements of fluorescence induction kinetics (Fig. 4).
The FIK of the native PSII preparations (Fig. 4, curve
1) increases from the minimum level of O to the P level
(maximum) due to the reduction of Q, and Qg by electrons
coming from the OEC (Lazar 1999). Extraction of a Ca®*
cation from the OEC results in almost complete inhibition
of oxygen release; however, the reduction of the exogenous

Table 3 The ability of different metal cations to prevent the extrac-
tion of a Mn ion from the Mn cluster by Fe(II) cations

Ton* Content of Mn/RC® pK of the aqua Radius (A)°
ion®
+La*t 1.8+0.1 8.82 1.02
+Cd* 1.8+0.1 9.00 0.97
+Ni?* 1.7+0.1 9.40 0.69
+Mg?* 2.0+0.1 11.42 0.66
+Ca* 3.1+0.2 12.80 0.99
+Sr7* 3.1+0.2 13.18 1.12

2Control contents of Mn/RC in the PSII(-Ca) membranes without
treatment and after treatment of PSII(-Ca) membranes with only
Fe(II) cations (without addition of any ions) are presented in Table 2

"Treatment with Fe(I): PSII(-Ca) samples (100 pug Chl ml™') were
incubated with 20 uM FeSO, in the presence of 10 mM of the indi-
cated metal cation for 120 min in dark at +4 °C in buffer A (pH 6.5).
After incubation, the membranes were pelleted, washed in buffer A,
and resuspended in buffer A for determination of the Mn content. See
Table 2, row 2 for the control Mn/RC content for the experiment in
row 5 above as measured in the absence of added Ca>*

‘Data from (Dean 1985)
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Fig.4 Fluorescence induction curves of chlorophyll a in different
membrane preparations of PSIT (25 pg Chl ml~!) measured in buffer
A at pH 6.5. 1 PSII [the rate of DCPIP reduction was 132+5 pmol
DCPIP mg Chl™' h™! (100%)]; 2 PSII(-Ca) membrane preparations
(DCPIP reduction, 69+3%); 3 PSII(3Mn,1Fe) sample prepared by
incubation of PSII(-Ca) membranes (100 ug Chl ml™!) with 20 uM
Fe(I) and 10 mM Ca’* at pH 6.5 (DCPIP reduction, 22 +3%); 4 PSII
(2Mn,2Fe) prepared at pH 6.5 (DCPIP reduction, 17+2%); 5 PSIL
(-Mn) (DCPIP reduction, 5 + 1%)

electron acceptor, DCPIP, is inhibited much less efficiently
(the remaining activity is about 70% Semin et al. 2008).
This effect was termed decoupling (Semin et al. 2008). The
study of the mechanism behind this (“decoupling” effect,
not related to the uncoupling of ATP) has shown that elec-
tron transport in the absence of oxygen release is due to
incomplete oxidation of water, which only proceeds to H,O,
instead of O, (i.e., the oxidation of water to H,O, ensures
the generation of electrons in PSII(-Ca) preparations for
donations to Q, and Qp) (Semin et al. 2013). The presence
of electron flow in the PSII(-Ca) samples is shown by the
FIK of this sample (Fig. 4, curve 2), which is similar to the
fluorescence kinetics of intact PSII membranes (Semin et al.
2008). Substitution of 2 or 1Mn ions with Fe ions inhibits
electron transport (DCPIP reduction) but not completely.
Note in Fig. 4 that the sample with 3Mn/RC is more active
than the sample with 2Mn/RC (Semin and Seibert 2016;
Semin et al. 2018). Electron-transport activity after total Mn
extraction by Tris treatment is absent (Semin and Seibert
2016; Semin et al. 2018). We measured the FIK curve of
PSII(2Mn,2Fe) samples in Fig. 4, curve 4. The maximum P
(F a0 Of this curve is significantly lower than that of curve
2 for PSII(-Ca) samples. Furthermore, if the sample contains
3Mn/1Fe (Table 2, row 3, pH 6.5), the fluorescence curve
(Fig. 4, curve 3) has a larger F,,,, than that seen in curve 4,
but similar to FIK curve 2 in PSII(-Ca) membranes. These
results show that the electron-transport activity of this sam-
ple is higher than the activity of the PSII(2Mn,2Fe) sample
[i.e., during incubation with Fe(I) together with Ca** at pH

6.5, the OEC in PSII(-Ca) membranes lose only 1Mn, not 2,
supporting results presented in Table 2].

Other cations (La**, Cd**, Ni**, and Mg?*) do not pre-
vent the extraction of Mn cations in the OEC by Fe(II)
(Table 3). It has been suggested that the value of the pK of
the aqua metal cation is important for the ability of the cat-
ion to restore O,-evolution function in PSII(-Ca) membranes
(Vrettos et al. 2001b). However, according to Table 3, the
atomic radius of the cation may also be a factor. Our results
show that one Mn cation in the cluster is under rather effec-
tive Ca>" control. A bound Ca cation increases the resist-
ance of this Mn cation to chemical reduction by exogenous
reductants. In our previous work, we have shown that in
the case of the substitution of 2Mn ions with Fe (at pH 6.5)
(Semin and Seibert 2016), one of the extracted Mn is bound
to the HA site (Mn4). The sensitivity of one of the Mn cati-
ons to Ca’* action at both pH 5.7 and 6.5 (Table 2) allows
us to conclude that this Mn binds to the HA site since there
is structural proximity of the Ca-binding site. Both sites (for
Mn4 and Ca?*) interact with each other via direct hydrogen
bonds between water molecules, W2 (ligand to Mn4) and
W3 (ligand to Ca), as well as with the hydrogen bond net,
including the W5-W7 water molecules (Kawakami et al.
2011). Moreover, these two metal cations are mutually con-
nected via the carboxylic group of D1-D170 and the oxy-
gen bridge, O35, in native PSII preparations (Kawakami et al.
2011). However, it should be noted that such a tight interac-
tion between Mn and Ca** cations via hydrogen bonds and
ligands can occur only in the intact PSII. In our work, we
used mainly PSII(-Mn) and Ca-depleted PSII membranes. It
can be assumed that in Mn-depleted and Ca-depleted mem-
branes, these hydrogen bonds are broken. In this regard,
we note that the Zouni group (Zhang et al. 2017) recently
found that extraction of the Mn/Ca cluster by hydroxylamine
from PSII crystals (prepared from native PSII cores) leaves
the positions of all the coordinating residues and most of
the nearby water molecules largely unaffected. However,
recently Gisriel et al. (2020) using cryo-EM methods have
shown that the configuration of ligands coordinating the
Mn,CaOjs cluster in apo-PSII from Syrnechocystis sp. PCC
6803 differs from the ligand sphere configuration in the
native PSII. These results were supported by data obtained
by Zabret et al. (2020) and Tokano et al. (2020). Apparently,
the absence of changes in the ligand positions (after extrac-
tion of the OEC cluster by hydroxylamine from crystals of
PSII) may be due to stabilization of the structure by crystal
packing forces (Gisriel et al. 2020; Zabret et al. 2020). Tak-
ing these data into account, we suggest that in PSII(-Mn)
membranes, the Ca>* effect on Fe(II) oxidation/blocking is
most likely due to competition of Fe and Ca cations for nega-
tively charged amino acids, D1-D170 and D1-E333 associ-
ated with the Mn-binding HA site. In the case of PSII(-Ca)
membranes, the situation is most likely different. Although
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a Ca’* cation is extracted from the OEC, the Ca-binding site
is still functional since it can bind a Ca** cation, and this
binding is accompanied by the restoration of O,-evolution
activity (Ghanotakis et al. 1984a). Therefore, Ca’* effects
on the substitution of Mn by Fe can be explained by the
interaction of a bound Ca** cation with Mn ions through the
OEC ligands and/or hydrogen bond net. Our results demon-
strate that exogenous Ca>* prevents the extraction of 1Mn
cation (by Fe[IlI]) from the OEC at both pH 5.7 and pH 6.5
(Table 2). Since extraction of Mn from the OEC results from
the reduction of Mn cations in the structure and their subse-
quent release, we also conclude that the bound calcium ion
probably changes the redox potential of the extractable Mn
cation (Mn4), making it resistant to reduction.
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