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Abstract  

 

The Mn4Ca oxygen-evolving complex (OEC) in Photosystem II (PSII) is assembled in 
situ from free Mn2+, Ca2+, and water. In an early light-driven step, Mn2+ in a protein high-
affinity site is oxidized to Mn3+. Using dual-mode electron paramagnetic resonance 
spectroscopy, we observed that Mn3+ accumulation increases as chloride concentration 
increases in spinach PSII membranes depleted of all extrinsic subunits. At 
physiologically relevant pH values, this effect requires the presence of calcium. When 
combined with pH studies, we conclude that the first Mn2+ oxidation event in OEC 
assembly requires a deprotonation that is facilitated by chloride. 
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Introduction  
  
Water oxidation in Photosystem II (PSII) occurs at a Mn4Ca cluster known as the 
oxygen-evolving complex (Shen 2015, Vinyard and Brudvig 2017). This active site is 
assembled in situ without the use of chaperones. During the photo-assembly process, 

Mn2+ is oxidized to Mn3+ or Mn4+ and water molecules are deprotonated to form -oxo 

or -hydroxo bridging ligands (Dasgupta et al. 2008, Bao and Burnap 2016). 
  
As illustrated in Figure 1, OEC photo-assembly begins with Mn2+ binding to a “high-

affinity site” with an equilibrium Kd of approximately 40 M (Tyryshkin et al. 
2006). Ca2+ is either already present near the high-affinity site or binds subsequently to 
Mn2+ (Miller and Brudvig 1989, Chen et al. 1995). As first described by Radmer and 
Cheniae (1971), the first oxidation event (Figure 1, A to B) is light dependent and highly 
reversible. The conversion of B to C does not require light and represents the rate-
limiting step of photo-assembly. Once C is formed, it is oxidized in a light-dependent 
process to D, which rapidly and efficiently is assembled into a functional OEC.  
  

 Figure 1. Current model of OEC photo-assembly. The vacant high-affinity site, intermediate 0, 

is occupied by Mn2+ and likely Ca2+ to form intermediate A. Light-induced oxidation results in the 
formation of transient intermediate B. Following a slow light-independent event (represented by 
conversion of circles to squares), C is formed, and the remaining steps occur rapidly. This study 

examines the events leading to the formation of intermediate B.  
  
Recently, we used kinetics and photo-assembly yields to show that equilibrium-
controlled steps leading to the formation of intermediate C display an inverse H/D 
isotope effect that is chloride dependent. We interpreted our results to suggest that 
these processes involve one or more deprotonation events that are facilitated by 
chloride (Vinyard et al. 2019). In this model, chloride serves a similar function in OEC 
photo-assembly as it does during OEC catalytic turnover (Pokhrel et al. 2011).  
 
Here, we refine and extend this model using data from electron paramagnetic 
resonance (EPR) spectroscopy. Intermediate B contains one Mn3+ center (S = 2) that 
can be observed using parallel polarization EPR (Campbell et al. 2000). In PSII samples 
from plants, Dismukes and coworkers observed that the yield of intermediate B induced 
by low-temperature illumination increases with increasing pH (Tyryshkin et al. 2006, 
Dasgupta et al. 2009). This result is surprising given the acidic nature of the thylakoid 
lumen. Here, we show that the addition of chloride and calcium facilitates 
Mn3+ formation at physiologically relevant pH values. The likely mechanism involves a 
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deprotonation event of a primary Mn ligand that makes the Mn3+/Mn2+ reduction 
potential more favorable.  
  
Methods  
  
Apo-OEC-PSII membranes were prepared using identical methods as previously 
reported (Vinyard et al. 2019). These CaCl2 and hydroxylamine treated preparations are 
fully depleted of manganese and the extrinsic subunits PsbO, PsbP, and PsbQ.  
  
For photo-assembly experiments, apo-OEC-PSII membranes were washed twice then 
resuspended at 7 mg Chl mL-1 in a buffer containing 20 mM MES-NaOH, pH 6.0, 20 mM 
NaCl, 8 mM NaHCO3, 40 mM CaCl2, 160 µM MnCl2, 400 mM sucrose, and 
10 µM dichlorophenolindophenol. We did not vary bicarbonate concentration in this 
study and chose to use a constant concentration of 8 mM to ensure that the non-heme 
iron on the acceptor side of PSII had the correct ligand environment (Brinkert et al. 
2016). Aliquots for each EPR sample were spun down and resuspended in the same 
buffer. Stock solutions containing 5 M NaCl and 500 mM MES-NaOH at pH 5.5, 6.0, 
6.5, and 7.0 were added to vary [Cl-] and pH. The final chlorophyll concentration was 5 
mg mL-1. Final pH values were measured as 5.6, 6.0, 6.3, and 6.6, 
respectively. Samples were loaded into quartz EPR tubes, purged with argon, sealed, 
and frozen in liquid nitrogen.  
  
For calcium-depleted samples, aliquots were washed twice with the buffer above except 
CaCl2 was omitted and NaCl was increased to 100 mM. The samples were then 
resuspended in this buffer and total chloride was adjusted using a 5 M 
NaCl stock solution if necessary. The final chlorophyll concentration was 5 mg mL-1.  
  
EPR spectra were measured at X-band using a Bruker EMX spectrometer equipped 
with an ER4116DM dual mode resonator and an Oxford ESR-900 helium flow 
cryostat. Temperature was maintained at 5.0 ± 0.1 K for all experiments. For Mn2+ 
detection in perpendicular mode, experimental parameters were microwave frequency, 
9.63 GHz; modulation frequency, 100 kHz; modulation amplitude, 9.8 G; sweep time, 60 
s; conversion time, 65 ms; time constant, 164 ms; microwave power, 5 µW. For Mn3+ 
detection in parallel mode, experimental parameters were microwave frequency, 9.37 
GHz; modulation frequency, 100 kHz; modulation amplitude, 9.8 G; sweep time, 60 s; 
conversion time, 109 ms; time constant, 164 ms; microwave power, 25 mW.  
  
For each sample, an initial perpendicular mode scan in darkness was acquired. 
Samples were then transferred to a 90% ethylene glycol, 10% ethanol, dry ice bath 
maintained at -20°C (Jensen and Lee 2000) and illuminated for 30 minutes with a red 

LED (max = 623 nm, 4-5 W optical power, ThorLabs). EPR tubes were first transferred 
to liquid nitrogen then the EPR cryostat. Both perpendicular and parallel mode scans 
were performed on each illuminated sample.  
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Relative Mn3+ concentrations were determined by the peak-to-trough height of the fourth 
hyperfine feature (around 850 G, (Tao et al. 2018)). Simulations were performed 
using EasySpin 5.2 (Stoll and Schweiger 2006). 
  
Data represent the average of two biological replicates and were normalized to the 
highest observed signal.  
  
Results  
  
Based on methods developed by Miller and Brudvig (1990) and previously utilized by 
the groups of Britt (Campbell et al. 2000) and Dismukes (Tyryshkin et al. 2006, 
Dasgupta et al. 2009), Mn2+ is oxidized in apo-OEC-PSII samples when illuminated at 
moderately low temperatures such as -20°C. As illustrated in Figure 2, the intensity of 
the six-line Mn2+ EPR spectrum using perpendicular polarization decreases following 
illumination. For these extrinsics-depleted PSII membrane samples, 100 mM chloride 
(Figure 2A) is sub-saturating for optimal photo-assembly rates and yields while 500 mM 
chloride (Figure 2B) is saturating (Miyao and Inoue 1991, Vinyard et al. 2019). 
  

Figure 2. Mn2+ EPR spectra using perpendicular polarization before (black) and after (red) 

illumination at -20°C. Samples were prepared with 25 M apo-OEC-PSII and 160 M Mn2+ at 
pH 6.0 with either 100 mM total chloride (left) or 500 mM total chloride (right). Both samples 

contained 40 mM Ca2+. EPR parameters are described in Methods. 
  
As further illustrated by the complete set of spectra in Figure S1, both pH and chloride 
concentration affect the quantity of free symmetric Mn2+ in the dark that contributes to 
the six-line signal. Qualitatively, the decrease in the Mn2+ EPR signal after illumination is 
greater at higher pH values and higher chloride concentrations.  
 
While the need for high chloride concentrations and high pH is consistent with earlier 
work, the latter condition is at odds with the thylakoid lumen environment where photo-
assembly occurs (pH 5.8 – 6.5, (Kramer et al. 1999)) and motivated further analysis. 
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Using parallel polarization, a six-line signal centered at g = 8.1 is observed after 

illumination at moderately low temperatures (-20C) as previously shown (Figure 
3) (Campbell et al. 2000, Tyryshkin et al. 2006, Dasgupta et al. 2009). This feature is an 
axial component of a broad EPR spectrum centered at g = 2 (Campbell et al. 2000). At 
the physiologically relevant pH value of 6.0, we observed that the intensity of the six-line 
feature increased as chloride concentration increased (Figure 3, upper panel).  

Figure 3. Mn3+ EPR spectra using parallel polarization after illumination at -20°C. In the upper 
panel, chloride concentration was varied from 100-1000 mM at pH 6.0 in samples containing 40 
mM Ca2+.  Simulation parameters are described in the text. In the lower panel, Ca2+ was omitted 

from the sample buffer. EPR parameters are described in Methods. 
  
The observed Mn3+ parallel polarization spectrum was simulated using 
parameters similar to previous reports (Campbell et al. 2000, Tyryshkin et al. 2006, 
Dasgupta et al. 2009). The simulation in the upper panel of Figure 3 used A// = 33.5 G, 
D = -2.4 cm-1, E/D = 0.092, and line broadening with HStrain (Stoll and Schweiger 
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2006). No change in hyperfine magnitude was observed between the samples 
analyzed. 
  
To expand upon the data shown above, we prepared samples at pH values of 5.6, 6.0, 
6.3, and 6.6, with total chloride concentrations of 100, 250, 500 and 1000 mM. Two 
biological replicates were analyzed. A heat map representing the averaged 
and normalized Mn3+ parallel polarization EPR signal intensity is shown in Figure 4 and 
complete data are shown in Figure S2. More Mn3+ is accumulated following illumination 
at higher pH values and higher chloride concentrations. This result is qualitatively 
consistent with the Mn2+ data in Figure S1. 

 Figure 4. Mn3+ parallel polarization EPR signal intensity as a function of chloride concentration 
and pH. The heat map was generated from 16 data points with pH values of 5.6, 6.0, 6.3, and 

6.6, and chloride concentrations of 100, 250, 500 and 1000 mM.  

  
Prior work has implicated a role for calcium in the formation of intermediate B in OEC 
photo-assembly (Tyryshkin et al. 2006). To test whether calcium was a factor in the 
observed chloride effect, calcium was omitted and NaCl was added to samples at pH 
6.0 at sub-saturating (100 mM) and saturating (500 mM) chloride concentrations. As 
shown in the lower panel of Figure 3, the Mn3+ parallel polarization EPR signal was not 
observed above the noise level at either chloride concentration when calcium was 
removed from the sample buffer. 
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Discussion 
 
To assemble a PSII OEC active site, Mn2+ must first bind to the protein matrix (0 to A in 
Figure 1). This association is fairly weak with an equilibrium (dark) Kd of 40-50 µM. 
Once Mn2+ is bound and light is provided, Mn2+ is oxidized with a low quantum yield (A 
to B in Figure 1). In the slowest step of photo-assembly, something happens 
independent of light to stabilize the resulting Mn3+ intermediate (B to C in Figure 1). The 
remaining steps (C to a functional OEC) are first order with respect to C. Determining 
the mechanisms of the early photo-assembly steps that lead to intermediate C is critical 
for understanding this overall process and motivated the current work. 
 
We previously showed that chloride facilitates one or more deprotonation events in OEC 
photo-assembly (Vinyard et al. 2019). Those results indicate that chloride increases the 
yield of the overall process by increasing the equilibrium concentration of intermediate C 
and that chloride increases the rate of the rate-determining step (presumably B to C). 
Here, we show that chloride is specifically involved in the accumulation of the first Mn3+ 
intermediate (B). Interestingly, this reaction requires calcium and is favored at higher pH 
values. 
 
The spinach PSII membrane samples used here were fully depleted of all extrinsic 
subunits, including PsbO. This treatment facilitates OEC photo-assembly by providing a 
more open protein conformation (Burnap et al. 1996, Roose and Pakrasi 2008, Avramov 
et al. 2020) but dramatically decreases the binding affinity of chloride (Miyao and Inoue 
1991, Vinyard et al. 2019). Earlier work on spinach PSII membranes showed very little 
observable Mn3+ formation (Tyryshkin et al. 2006, Dasgupta et al. 2009) at the 
physiologically relevant pH range of 5.8-6.5 (Kramer et al. 1999). 
 
In this study, Mn2+ was added to apo-OEC-PSII samples at 0-4°C in darkness during 
which time intermediate 0 was partially converted to intermediate A. To form 
intermediate B, the samples were frozen then illuminated at -20°C where little diffusion 
is expected. The chloride effect observed here may influence the interrelated processes 
of Mn2+ binding affinity, proton release before formation of B, and the reduction potential 
of Mn2+ oxidation to Mn3+. 
 
A recent cryo-EM study of a cyanobacterial apo-OEC-PSII intermediate observed an ion 
in a binding site comprised of D1 residues D170, E189, and H332 (Figure 5 (Zabret et 
al. 2021)). A similar binding site for Mn2+ was determined independently through 
QM/MM and FTIR studies (Sato et al. 2021) starting with an earlier apo-OEC PSII 
structure (Gisriel et al. 2020). In both cases, D1-H332 likely interacts with the ion 
through a bridging water molecule. An ion in this site is 4.5 Å from YZ (Zabret et al. 
2021), which is very similar to the position of Ca2+ in the fully assembled OEC (4.7 Å 
from YZ (Umena et al. 2011)). Chloride binds to a distal position between D1-H332 and 
D2-K317. 
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Figure 5. Local environment of a proposed Mn2+ high-affinity site (HAS). Structures 
from (Zabret et al. 2021) (7NHO, tan colors) and (Gisriel et al. 2020) (6WJ6, cyan 

colors) were overlayed in PyMOL. The purple sphere represents the observed ion in 
7NHO. We propose that the presence of chloride increases the pKa of D1-H332 leading 

to a deprotonation of a Mn2+/3+ aqua ligand. In addition, chloride binding leads to an 
increase in the pKa of D1-D61 which favors more efficient proton release away from the 

active site. 
 
 
Assuming the observed ion in 7NHO (Zabret et al. 2021) is Mn2+, the distance to D1-
H332 is consistent with a bridging water molecule (Sato et al. 2021). Based on Figure 5, 
the pKa of D1-H332 is expected to increase to favor ionic attraction when chloride is 
bound. In turn, such a histidine would lower the pKa of the bridging water molecule. 
Converting a Mn2+-aqua ligand to a Mn2+-hydroxo ligand will make the Mn3+/Mn2+ 
reduction potential more energetically favorable. 
 
Chloride is expected to also increase the pKa of D2-K317 to favor ionic attraction. In the 
absence of chloride, a salt bridge instead forms between D2-K317 and D1-D61 (Pokhrel 
et al. 2011). With chloride bound, the pKa of D1-D61 is a higher value making this 
residue a better Bronstead base. Here, chloride is tuning pKa values of residues to 
promote efficient proton release away from the active site. 
 
While Ca2+ is required for OEC photo-assembly, the specific role remains unclear. Mn3+ 
can be observed in the absence of Ca2+ at high pH (Tyryshkin et al. 2006). However, 
the absence of Ca2+ in intermediate A decreases the rate of electron donation to YZ

• 
(Franzén et al. 1985) and increases the back reaction of B to A (Avramov et al. 2020). 
Dismukes and coworkers proposed a model in which an aqua ligand is deprotonated to 
form a µ-hydroxo ligand bridging Mn3+ and Ca2+ (Tyryshkin et al. 2006). Our work here 
indicates that calcium must be present to accumulate intermediate B (Mn3+) at pH 6.0. 
Where calcium binds in this early stage of photo-assembly remains unclear. However, 
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H332

D61

K317
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affinity 
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H+
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our data do provide information on when calcium binds. Because the samples in Figure 
3 and Figure S2 were prepared by low temperature illumination where diffusion is 
limited, Ca2+ must bind before or with Mn2+. As shown in the lower panel of Figure 3, 
increasing chloride concentration cannot compensate for the absence of calcium at pH 
6.0. 
 
Chloride is an essential PSII cofactor because it tunes the pKa values of other groups 
near the OEC. By removing the lumenal extrinsic subunits, we can exaggerate this 
effect by increasing the Kd of chloride binding. Here, we show that during OEC photo-
assembly, the presence of chloride increases the yield of intermediate B, which would 
otherwise be disfavored at the low pH values of the thylakoid lumen. We propose that B 
increases in the presence of chloride because the reduction potential of Mn3+/Mn2+ is 
more favorable and protons can be more efficiently shuttled away from the active site.  
Chloride then makes the rate-determining step of B to C conversion faster by also 
facilitating deprotonation(s) (Vinyard et al. 2019). These atomic-level mechanistic 
insights improve our understanding of the assembly of this remarkable active site. 
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