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In plants, algae and cyanobacteria, Photosystem II (PSII) catalyzes the light-driven 23 

splitting of water at a protein-bound Mn4CaO5-cluster, the water-oxidizing complex 24 

(WOC). In the photosynthetic organisms, the light-driven formation of the WOC from 25 

dissolved metal ions is a key process because it is essential in both initial activation and 26 

continuous repair of PSII. Structural information is required for understanding of this 27 

chaperone-free metal-cluster assembly. For the first time, we obtained a structure of 28 

PSII from Thermosynechococcus elongatus without the Mn4CaO5-cluster. Surprisingly, 29 

cluster-removal leaves the positions of all coordinating amino acid residues and most 30 

nearby water molecules largely unaffected, resulting in a pre-organized ligand shell for 31 

kinetically competent and error-free photo-assembly of the Mn4CaO5-cluster. First 32 

experiments initiating (i) partial disassembly and (ii) partial re-assembly after complete 33 

depletion of the Mn4CaO5-cluster agree with a specific bi-manganese cluster, likely a di-34 

µ-oxo bridged pair of Mn(III) ions, as an assembly intermediate.   35 
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INTRODUCTION 36 

The global oxygen, carbon and nitrogen cycles are driven by complex metalloenzymes. In 37 

oxygenic photosynthesis, carried out by plants, algae and cyanobacteria, transformation of 38 

light into chemical energy takes place in Photosystem I and Photosystem II (PSII). The latter 39 

harbors the water-oxidizing complex (WOC), which is responsible for oxygen evolution 40 

(Barber, 2009; Cox & Messinger, 2013; Dau et al, 2012; McEvoy & Brudvig, 2006; Shen, 41 

2015; Yano & Yachandra, 2014). In the last decade, X-ray crystal structures of the dimeric 42 

PSII core complexes (dPSIIcc) from the thermophilic cyanobacteria Thermosynechococcus 43 

elongatus (T. elongatus) (Ferreira et al, 2004; Guskov et al, 2009; Hellmich et al, 2014; Loll 44 

et al, 2005; Zouni et al, 2000) and Thermosynechococcus vulcanus (T. vulcanus) (Suga et al, 45 

2015; Umena et al, 2011) showed that each monomer contains at least 20 protein subunits 46 

including nearly 100 cofactors and an inorganic metal-cluster, designated as the Mn4CaO5-47 

cluster, which catalyzes the oxidation of two molecules of water yielding molecular oxygen, 48 

four protons and four 'energized' electrons (Barber, 2009; Cox & Messinger, 2013; Dau et al, 49 

2012; McEvoy & Brudvig, 2006; Shen, 2015; Yano & Yachandra, 2014). The electrons are 50 

transferred from water to the final electron acceptor, a mobile plastoquinone, called QB (Müh 51 

et al, 2012). In cyanobacteria, three membrane-extrinsic subunits are located at the lumenal 52 

side of the thylakoid membrane: PsbO (33 kDa), PsbV (cyt c-550) and PsbU (12 kDa) (Figure 53 

1B). They interact with intrinsic membrane proteins and stabilize the Mn4CaO5-cluster 54 

(Bricker et al, 2012; Nickelsen & Rengstl, 2013). 55 

At present, the atomic-resolution structure at 1.9 Å of dPSIIcc from T. vulcanus enables a 56 

detailed geometry of the Mn4CaO5-cluster (Tanaka et al, 2017; Umena et al, 2011). The shape 57 

of the Mn4CaO5-cluster was described as a “distorted chair”. A Mn3CaO4 heterocuban cluster 58 

(“chair base”) with an additional Mn (Mn4) in exo, is connected to the cuban by two µ-oxo-59 

bridges (“backrest”) (Umena et al, 2011). Further, four water molecules are directly ligated to 60 
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the Mn4CaO5-cluster, two (W1, W2) at Mn4 and the other two (W3, W4) at Ca
2+

. The whole 61 

cluster is coordinated by six amino acids from the D1 subunit (PsbA) and one form the CP43 62 

protein (PsbC).  63 

The mechanism of the PSII repair is important to determine plant productivity and, 64 

consequently, a hot spot of physiological research with a research intensity clearly exceeding 65 

that of basic research on photosynthetic water oxidation. In the recent research, different 66 

models about this mechanism have been proposed (Jarvi et al, 2015). Nickelson and Rengstl 67 

(2013) (Nickelsen & Rengstl, 2013) have compared two de novo assembly models for both 68 

plants and cyanobacteria exhibiting the common main disassembly phases during the repair 69 

(see reviews for more details (Bao & Burnap, 2016; Becker et al, 2011; Heinz et al, 2016; 70 

Nixon et al, 2010)). For the light-driven assembly of the Mn4CaO5-cluster (photo-activation), 71 

its mechanism has remained elusive, despite the recent progress in the structure elucidation 72 

and mechanistic PSII research in general. The process of photo-activation involves the 73 

stepwise incorporation of the Mn and Ca ions into the 'apo-PSIIcc', that is, the dimeric PSII 74 

core complex without any metal ions bound at the WOC site. The initial steps of the photo-75 

activation process can be illustrated in the so-called two quantum model (Bao & Burnap, 2016; 76 

Becker et al, 2011; Cheniae & Martin, 1971; Dasgupta et al, 2008): First, a Mn(II) ion binds 77 

in the dark at the high-affinity side of the apo-PSIIcc and is oxidized after absorption of a first 78 

light quantum forming an unstable Mn(III) intermediate. This step is followed by a light-79 

independent rearrangement. Then a second light quantum drives the oxidation of a second 80 

Mn(II) ion resulting in a next assembly intermediate, a binuclear Mn complex, possibly 81 

involving two di-µ-oxo bridged Mn(III) ions (Barra et al, 2006). The incorporation of the 82 

other two missing Mn ions to complete the metal-cluster has not been kinetically resolved.  83 

In this study, we focus on the determination of the structure of apo-PSIIcc. We used T. 84 

elongatus PSII crystals described in Hellmich et al. (2014) (Hellmich et al, 2014), where 85 
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octaethyleneglycolmonododecylether (C12E8) detergent-solubilized PSII is crystallized 86 

followed by a partial removal of the detergent. This structure consists of a CP43/CP47 and 87 

PsbO interlinked row of dimers, packing akin to that in the native thylakoid membrane. The 88 

complete depletion of the Mn4CaO5-cluster was achieved by employing a mixture of NH2OH 89 

as a reducing agent of the Mn-ions and ethylenediaminetetraacetic acid (EDTA), a chelator 90 

for Mn
2+

 as well as Ca
2+

 ions. We performed a systematic study of determining optimal 91 

conditions for a complete depletion of the Mn4CaO5-cluster in dPSIIcc solutions and crystals, 92 

by using electron paramagnetic resonance (EPR) spectroscopy. Interestingly, the incubation 93 

of dPSIIcc with NH2OH/EDTA in solution not only caused the loss of all the three extrinsic 94 

subunits (PsbU, PsbV and PsbO), but also a dissociation of dimeric into monomeric PSIIcc. 95 

These results motivated us to develop a new protocol for depletion of the Mn4CaO5-cluster in 96 

C12E8-dPSIIcc crystals. For the first time, we obtained a crystal structure of PSII fully 97 

depleted of the Mn4CaO5-cluster, at 2.55 Å resolution (Figure 1). Surprisingly, we found that 98 

all 20 protein subunits and cofactors remained largely unaffected in the absence of the metal-99 

cluster. Small changes in apo-PSIIcc are limited to residues in the vicinity of the cluster and a 100 

destabilization of the PsbU subunit. Based on the apo-PSIIcc, initial experiments aiming for a 101 

reconstitution of the Mn4CaO5-cluster were pursued in this study, that paves the road for 102 

future structural investigation of assembly intermediates.  103 

RESULTS AND DISCUSSION 104 

Mn4CaO5-cluster depletion performed on dPSIIcc solutions. We investigated Mn4CaO5-105 

cluster depletion of PSII in solution using various combinations of NH2OH and/or EDTA, as 106 

suggested in earlier studies (Cheniae & Martin, 1971; Sugiura & Inoue, 1999). When we 107 

treated dPSIIcc solutions with NH2OH, they lost O2 evolution activity (Supplementary Table 108 

1). In the dark-stable S1-state of PSII, the WOC is a high valent Mn complex (Mn
III

2 Mn
IV

2). 109 

The addition of NH2OH reduces the Mn ions to Mn
2+

, which is no longer stably bound to the 110 
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PSII apo-protein. Thus, the Mn4CaO5-cluster is lost, inactivating light-driven O2 evolution. A 111 

combination of NH2OH and EDTA in dPSIIcc solutions caused dissociation of all three 112 

extrinsic subunits, PsbU, PsbV and PsbO, whereas all other protein subunits remained bound 113 

to PSII (Figure 1 – figure supplementary 1A for larger PSII subunits; Supplementary Table 2 114 

for smaller PSII subunits). In addition, the absence of PsbO could destabilize the monomer-115 

monomer interaction in the PSII core dimer (Boekema et al, 2000; Komenda et al, 2010), 116 

leading to a monomerization (Figure 1 – figure supplementary 1B). Consequently, a 117 

NH2OH/EDTA treated solution of dPSIIcc in C12E8 lacks the extrinsic subunits mediating 118 

crystal contacts in all known high-resolution dPSIIcc crystals.  119 

To further understand the disassembly process, we also treated the dPSIIcc solution only with 120 

EDTA at 50 mM. Under this condition, only the PsbU subunit was removed. This result 121 

indicates that PsbU is comparatively loosely bound in the PSII and thus, it is released first 122 

during disassembly. A destabilization of PsbU is also confirmed by the structural data 123 

discussed in the later section. 124 

Mn4CaO5-cluster depletion performed on C12E8 dPSIIcc microcrystals. The optimal 125 

concentration of NH2OH/EDTA was determined by EPR studies. The results show 126 

that >30 mM NH2OH are needed in C12E8 dPSIIcc microcrystals to reduce all the Mn ions 127 

within the WOC (Figure 2 – figure supplementary 1C), in contrast to PSII in solution, where 128 

20 mM NH2OH are sufficient (Figure 2 – figure supplementary 1 A and B). In the following 129 

experiments, we use 50 mM NH2OH as the final concentration (Figure 2, purple trace). 130 

Compared to the spectrum of 'free' Mn
2+ 

(MnCl2 solution; Figure 2, green trace), the Mn
2+

 131 

signal resulting from reduction of the Mn4CaO5 complex by NH2OH has narrower bands and 132 

shows modified hyperfine features. In the symmetric hexaaquo coordination in solution, 133 

[Mn(H2O)6]
2+

, we observe a typical six-line EPR signal that arises from the interaction of the 134 

electron spin with the 
55

Mn nuclear spin (I = 5/2) such that each line represents five almost 135 
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degenerate spin transitions. In cases where Mn
2+

 is bound in an asymmetric environment, like 136 

in a protein, a broader signal is observed due to the separation of the different ms levels, and 137 

the orientation-dependence of the transitions among them. However, in some cases (Figure 2, 138 

purple trace) only one of the transitions (ms 1/2  -1/2) remain resolvable and we observe a 139 

six-line EPR signal with reduced intensity and narrower spectral width compared to that of 140 

the [Mn(H2O)6]
2+

 (Figure 2, green trace). Further, washing with 50 mM EDTA ensures that 141 

all the Mn
2+

 and Ca
2+

 ions inside PSII are removed as evident from the red trace in Figure 2 142 

that shows a Mn
2+ 

free EPR spectrum. (It should be noted that the characteristic TyrD
●
 signal 143 

of EDTA washed dPSIIcc solutions is significantly weaker than the signal of the untreated 144 

sample since the TyrD
●
 radical is reduced after addition of NH2OH.) In summary, the EPR 145 

analysis of Mn depletion in single PSII microcrystals established the standard conditions used 146 

in the subsequently described crystallographic investigation, namely Mn depletion of C12E8 147 

dPSIIcc crystals by treatment with 50 mM NH2OH/EDTA 148 

Comparison between the structures of the Mn4CaO5-cluster depleted dPSIIcc and intact 149 

dPSIIcc. Data were collected on a single crystal of 100*80*60 µm
3
 treated with 50 mM 150 

NH2OH/EDTA and integrated to 2.55 Å following the I/sigma(I) > 2 convention. Additional 151 

resolution shells extending to 2.2 Å were included in refinement. The structure was build 152 

based on the WOC-bound structure at 2.44 Å resolution previously obtained under the same 153 

crystallization conditions (PDB entry 4PJ0 (Hellmich et al, 2014)), which along with the 154 

1.9 Å structure (PDB entry 3WU2 (Umena et al, 2011)) we used for comparison. The overall 155 

structures are highly similar and Cα atoms could be superimposed to 4PJ0 with 0.209/0.225 Å 156 

rmsd (for the two PSII monomers) and 0.218/0.191 Å (for the two D1 subunits), and to 3WU2 157 

with 0.333/0.257 Å (monomers) and 0.246/0.242 Å (D1). These differences are however 158 

consistent with Cα rmsd difference between the two reference structures and may reflect 159 

experimental differences such as buffer composition and pH, crystal packing and resolution. 160 
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700 water molecules were placed, representing a quarter of those observed at higher 161 

resolution in line with expectations (Weichenberger et al, 2015). Waters are predominantly 162 

located within the membrane extrinsic subunits and in channels and cavities leading up to the 163 

cluster. They occupy similar positions compared to the high resolution structure (Figure 4B; 164 

overlays are shown in Figure 4 – figure supplementary 1A and B); but in the apo-PSII 165 

structure we did not observe water molecules in place of the W1-4 oxo-ligands otherwise 166 

coordinating Mn4 and Ca.  167 

Removal of the Mn4CaO5-cluster did not result in any discernible movement of subunits or 168 

domains, neither at the PSII donor side nor in the region of the membrane spanning helices or 169 

at the acceptor side, as illustrated by an overlay of the Cα atoms in D1 (Figure 3 – figure 170 

supplementary 1). However, the extrinsic PsbU subunit in the monomer not involved in a 171 

crystal contact appeared destabilized (Figure 3), in line with lability of PsbU binding to 172 

PSIIcc in solution in the presence of NH2OH/EDTA as discussed above. Structures of 173 

thermophilic PSII presented to date share the same P212121 space group and crystal packing 174 

while dehydration (Umena et al, 2011) or detergent depletion (Hellmich et al, 2014) have 175 

resulted in different unit cell size. In both cases, crystal packing relies on contacts between 176 

PsbU and PsbV. The crystal contact between the extrinsic subunits PsbU and PsbV acts as a 177 

pivot between adjacent PSII dimers (Figure 3A, inset). Within PSII, PsbU acts as a lid which 178 

extends from its closest point (Tyr 103), 14 Å away from the WOC metal-cluster, to 50 Å 179 

away. In the crystal packing the two monomers differ as in one monomer PsbU interacts with 180 

PsbV’ of a symmetry related PSII dimer in the crystal (locked monomer) while the other 181 

monomer (unlocked monomer) does not show this crystal contact between PsbU and PsbV’. 182 

While PsbU of both monomers is well resolved, the electron density map of PsbU in the 183 

unlocked monomer (which is not stabilized by a crystal contact) is noticeably perturbed in the 184 

present structure and apparently more mobile, as judged by atomic B-factors (Figure 3A). The 185 

increased disorder follows through the entire subunit in the one monomer and is translated 186 
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into the WOC binding site by an interaction of the C-terminal loop of PsbU at Tyr103 which 187 

stacks against Pro340 in the C-terminal loop of D1 (see Figure 3B inset; Figure 3 – figure 188 

supplementary 2). This D1 loop connects His337 (µ-oxo-bridge binding), His332, Glu333, 189 

Asp342 and the Ala344 carboxyl-terminus which are all ligands to Mn1-4 and Ca. The 190 

aromatic structure of Tyr103 in the PsbU protein of red algal PSII has been shown to be 191 

important for the optimal function of the WOC (Okumura et al, 2007). In the recent cryo-EM 192 

structure of spinach PSII, a loop from PsbP takes the place (and it may be speculated that the 193 

loop fulfills the same function.) of the PsbU C-terminus (Wei et al, 2016). At the WOC 194 

binding site, all cluster-ligating side chains, with the exception of Asp170 (located at the 195 

opposite side of the WOC site), are more disordered in the unlocked monomer than in the 196 

locked monomer even though the cluster is absent in both. From the B-factor analysis (Figure 197 

3A) we suggest that accessibility and stability of the WOC of PSII treated with reducing and 198 

chelating agents may be influenced by a crystal contact involving PsbU. In the locked 199 

monomer, the WOC is well protected by the intact PsbU subunit (see crystal contact discussed 200 

above in Figure 3A, inset, right) whereas in the unlocked monomer the WOC is easier 201 

accessible due to the more flexible, perturbed PsbU (no crystal contact in Figure 3A, inset, 202 

left). Thus, crystal packing may have a direct effect on the WOC site. Also in the 2.44 Å 203 

resolution structure of the dPSIIcc with fully assembled WOC (Hellmich et al, 2014), both 204 

monomers differ slightly in the PsbU structure (Figure 3 – figure supplementary 2E), albeit 205 

more subtle than the two monomers of apo-PSII. Similarly, the XFEL data from Young et al. 206 

(2016) (Young et al, 2016), showed a small difference between the two monomers. These 207 

results differ from the conclusions drawn by Tanaka et al. (2017) (Tanaka et al, 2017) based 208 

on their high-resolution structures of PSII, where a difference between the WOC in the two 209 

monomers was also observed; they interpreted that the crystal packing most likely does not 210 

have an effect, and the structural differences between the two monomers were likely 211 

originated from different S-states of the WOC. In the following section, we discuss the 212 
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structure of the better ordered apo-PSII of the locked monomer (for structures of the unlocked 213 

monomer, see Supplementary).  214 

The structure of PSII treated with 50 mM NH2OH/EDTA in the presence of 100 mM 215 

(NH4)2SO4, 100 mM Tris-HCl, pH 7.5, and 35 % PEG 5000 MME, but in the absence of 216 

calcium, magnesium or manganese ions displays a clear lack of defined electron density at the 217 

site of the WOC (Figure 4B and C, Figure 4 – figure supplementary 1; see also Figure 4 – 218 

figure supplementary 2 and 3 for stereo views). Cluster-coordinating protein side chains 219 

nevertheless are found in positions very similar to the native structure. Rotation of side chain 220 

carboxyl and imidazol moieties are observed, but their new rotameric positions are only 221 

partially defined. In the WOC-bound dPSIIcc (Umena et al, 2011), the cluster is coordinated 222 

by six carboxylates - most of which act as ligand to two metal ions – and a single histidine. 223 

Mn1 and Mn2 are bound by three protein ligands, the central Mn3 by two protein ligands, and 224 

Mn4 and Ca by two protein and two water ligands each. In the apo-WOC structure, those 225 

protein side chains largely retain their orientation, within the limits of accuracy of the present 226 

2.55 Å structure (Figure 5). Only Glu354, coordinating Mn2 and Mn3 and contributed by 227 

CP43, is no longer defined in the electron density and presumably assumes a number of 228 

alternative positions. 229 

The TyrZ—His moiety neighboring the active-site metal-cluster. The electron transfer (ET) 230 

from a redox-active tyrosine residue (D1-Tyr161), denoted as TyrZ, to the chlorophyll cation 231 

radical, P680
+
, which was created by primary charge separation, is coupled to movement of a 232 

proton to a neighboring histidine residue (D1-His190). This proton-coupled ET step has been 233 

found to be strongly slowed down upon Mn depletion and its rate becomes pH dependent 234 

(Styring et al, 2012). One conceivable explanation is breakage of the TyrZ-His190 hydrogen 235 

bond upon Mn depletion. A strong hydrogen bond of 2.4 Å length (Umena et al, 2011) 236 

connects the redox active TyrZ and a histidine in D1 in PSII with assembled metal-cluster, 237 
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whereas for the apo-PSII we determine a distance of 2.8 Å (and of 2.6 Å in the second, 238 

unlocked PSII monomer). Yet this observation does not represent evidence for a real change 239 

in the TyrZ-O—N-His190 distance, because of the limited resolution of the apo-PSII structure. 240 

In conclusion, the TyrZ-O-H—N-His190 H-bond clearly is maintained in the apo-PSII, at 241 

least at the proton activity present in the crystals (pH around 7.0-7.5). Structural models at 242 

higher resolution are required to answer the question whether the H-bond becomes weakened 243 

by removal of the metal-cluster. 244 

What is there in place of the protein-bound Mn4CaO5-cluster and how could it promote 245 

photo-activation? In each monomer, two peaks in the electron density map were observed in 246 

the absence of the WOC and these have been tentatively assigned as water molecules. They 247 

are approximately located at the positions of the two oxygen atoms (O2 and O3) that bridge 248 

between Mn2 and Mn3 in the intact complex (Figure 4B, Figure 4 – figure supplementary 2, 249 

Figure 5 – figure supplementary 1D). (The electron densities also might relate to ammonium 250 

or sodium ions from the crystallization buffer or from remaining manganese or calcium ions 251 

at low occupancy; yet binding of these cations to the previous O
2-

 positions is unlikely.) 252 

Inspection of a space-filling model of the emptied WOC site suggests that the gaps between 253 

Van-der-Waals spheres do not exceed 3 Å (Figure 5 – figure supplementary 1), suggesting 254 

that two water molecules could be already sufficient to replace the 10 atoms of the Mn4CaO5 255 

core of the assembled metal-cluster. Although on a first glance surprising, this is 256 

understandable: the two water molecules as well as the ligand atoms of the formerly metal-257 

binding residues cover clearly more space in the emptied WOC site because they are not 258 

interconnected by coordination bonds; the sum of their Van-der-Waals radii (2 x RO equals 259 

about 3.1 Å) exceeds the metal-ligand bonding distance significantly (typical Mn
III/IV

—O 260 

bond length of 1.9 Å). Figure 5B shows that after removal of the Mn4CaO5-cluster, several 261 

formerly coordinating carboxylate side chains are at H-bonding distances to each other (≤ 3 Å; 262 
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His332—Glu189—Asp342; (His337)—Asp342—OCO/Ala344), implying that one 263 

carboxylate of each H-bond pair is protonated. Since histidine residues in H-bonding distance 264 

to a carboxylate sidechain are most likely protonated, the protonation-state pattern indicated 265 

in Figure. 5B is plausible. Assuming that in PSII with fully assembled metal-cluster as well as 266 

in the apo-PSII the overall net charge of the metal-cluster site is similar, presumably 2-3 267 

further carboxylate residues (Glu/Asp) will be protonated in the apo-PSII. In conclusion, 268 

removal of the five metal ions does not create spatial gaps that would need to be filled by 269 

rearrangement of neighboring protein groups. Instead the arrangement of the metal-270 

coordinating residues with and without the metal-cluster is largely the same. Consequently, 271 

the apo-PSII, which likely represents the starting state for metal-cluster (re-)assembly, is 272 

characterized by pre-formed manganese binding sites, set up to facilitate correct assembly of 273 

the Mn4CaO5-cluster. This chelate effect may be especially strong for Mn1 and Mn2 because 274 

there are three coordinating protein groups (versus two for Mn3 and Mn4). All in all, the 275 

above structural information points towards an intriguing mode of incorporation of Mn1 and 276 

Mn2 into the PSII apo-protein. Namely, deprotonation of the four H-bonding pairs allows for 277 

charge-compensated coordination of two Mn cations to the respective residues without any 278 

major movement of the coordinating imidazole and carboxylate sidechains. 279 

Possible intermediates of disassembly and photo-activation. After manganese depletion of 280 

the dPSIIcc crystals, we achieved partial reassembly of the metal cluster (see also 281 

Supplementary). The corresponding crystallographic data at 4.5 Å resolution revealed 282 

electron density centered between the Mn1 and Mn2 binding site (Figure 6A and Figure 6 – 283 

figure supplementary 1A), compatible with manganese binding at these two sites. For partial 284 

disassembly of the metal-cluster, the electron density obtained at 4.0 Å resolution is centered 285 

around the Mn1 and Mn2 site (Figure 6B and Figure 6 – figure supplementary 1B). Due to the 286 

low resolution, it remains uncertain whether a single Mn ion binds between the Mn1 and the 287 
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Mn2 site or whether the Mn1 and Mn2 sites are both occupied by one manganese ion each. 288 

Taking into account the pre-formed Mn1 and Mn2 binding sites detected in the apo-PSII, the 289 

latter option is more plausible. From these low-resolution crystallographic experiments alone, 290 

the precise position, ligation, or occupancy of individual atoms could not be reliably 291 

determined. Previous experimental findings supporting a bi-manganese unit as an 292 

intermediate in the cluster assembly have been presented (see (Bao & Burnap, 2016) for 293 

review). Investigations involving X-ray absorption spectroscopy (XAS) support a di-µ-oxo 294 

bridged pair of Mn(III) ions as an intermediate in the heat-induced disassembly (Pospíšil et al, 295 

2003), or as an intermediate state during photo-activation (Barra et al, 2006). The joint 296 

evidence from these earlier investigations and our structural data render it plausible that a 297 

partially (dis)assembled state of the metal-cluster is formed where the Mn1 and Mn2 site are 298 

occupied and interconnected by two bridging oxides (Mn1-(µ-O)2-Mn2) in the same way as 299 

they are in the fully assembled Mn4CaO5-cluster. It is disputed whether the calcium ion binds 300 

at an early or late photo-activation stage (Bao & Burnap, 2016). We do not see evidence for 301 

significant occupancy of the calcium site in the partially assembled metal-cluster, favoring 302 

calcium binding at a later stage.  303 

Recently, strong evidence based on pulsed EPR spectroscopy has been presented that a first 304 

step of the photo-activation process is the high-affinity binding of a Mn
2+

 ion occurring 305 

already in the dark (before onset of illumination) by coordination to two specific axial ligands, 306 

Asp170 and Glu333, and thus at the Mn4 site (Asada & Mino, 2015), in line with earlier 307 

findings reviewed in (Bao & Burnap, 2016). Only Mn4 is coordinated by two carboxylates in 308 

trans position and we now find that this distinctive arrangement of Asp170 and Glu333 is 309 

maintained upon disassembly of the metal complex. This pre-organized binding site with two 310 

axial carboxylate ligands and room for four water ligands in the equatorial plane likely 311 

facilitates high-affinity binding of Mn
2+

 ions in an octahedral geometry. As suggested by (Bao 312 

& Burnap, 2016), Mn may initially bind at the Mn4 site, before it relocates to the Mn1 or Mn2 313 
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site. The latter is in line with our observations. Here, we propose a possible model of the 314 

initial WOC-reassembly (Figure 6C) based on our partial assembly data. The movement of 315 

the Mn ion initially bound to the Mn4 site towards the Mn1 site could relate to the dark 316 

rearrangement step in the two-quantum model of photo-activation (Bao & Burnap, 2016; 317 

Becker et al, 2011; Cheniae & Martin, 1971; Dasgupta et al, 2008). 318 

Comparison with other metalloenzymes. The structure of the metal-cluster site is largely 319 

identical when comparing fully functional PSII and apo-PSII, in remarkable contrast to many 320 

other metalloenzymes. For example, a crystal structure in which the insertion of the catalytic 321 

[Mo-7Fe-9S-C] cluster (Spatzal et al, 2011) of MoFe-containing nitrogenase was interrupted 322 

differs remarkably from the holo-protein and shows substantial conformational re-modeling in 323 

one of its three subunits whereby a positively charged funnel is created along which the 324 

cofactor may be inserted (Schmid et al, 2002). Furthermore, several side and main chain 325 

conformations around the cluster cavity vary between cofactor-free and –bound nitrogenase 326 

(Schmid et al, 2002). A similar situation was reported for FeFe-hydrogenase, where the 327 

insertion of the 2Fe sub-cluster to form the H cluster, where the 2Fe sub-cluster is linked to a 328 

[4Fe4S]-cluster (Nicolet et al, 1999; Peters et al, 1998), is helped by conformational changes 329 

including the formation of a positively charged tunnel from the surface to the active site 330 

(Mulder et al, 2010). Although dPSIIcc also contains a complex heterometal-cluster, we 331 

observed only minor conformational differences between WOC-containing and -free form. As 332 

the WOC-free state was generated in the crystal, the absence of conformational changes in 333 

PSII may be due to crystal lattice forces, which can not only restrain the dissociation of 334 

subunits (PsbU, PsbV and PsbO) but also larger conformational changes near the WOC-335 

binding site. However, local conformational changes in the cavity of the WOC are not 336 

restrained by the crystal packing as the residues are directed into a solvent filled cavity. Yet, 337 

the side chains do not move.  338 
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The dissimilarity with respect to the assembly of other complex metal sites likely roots in the 339 

fact that the WOC is a pentanuclear metal complex with a unique assembly pathway. In 340 

contrast to other complex metalloenzymes, whose metal-clusters are assembled on accessory 341 

scaffold proteins before being inserted into the target protein, the WOC is assembled in situ, 342 

in a multi-step process involving the oxidation of Mn ions at the metal binding site by the 343 

tyrosine radical (TyrZ
●
) formed under illumination (Bao & Burnap, 2016; Becker et al, 2011; 344 

Cheniae & Martin, 1971; Dasgupta et al, 2008). We now find that in the apo-PSII, the ligand 345 

shell of the Mn4Ca-oxo core is pre-organized in a configuration that is surprisingly close to 346 

that of the fully assembled metal complex. This almost perfectly pre-organized ligand shell 347 

likely facilitates kinetically competent and error-free formation of the metal complex upon 348 

light-driven oxidation of Mn ions. Interestingly, although the WOC is unique regarding 349 

structural complexity of the Mn4Ca metal site and light-driven Mn oxidation during assembly 350 

of the metal complex, binuclear Fe or Mn sites found in other proteins not only share similar 351 

coordinating residues and bridging ligands, but may also share a similar mode of oxidative 352 

self-assembly (Griese et al, 2014). 353 

CONCLUDING REMARKS 354 

We obtained the PSII structure for crystals completely depleted of the Mn4CaO5-cluster. This 355 

structure serves as a basis to understand the mechanism of WOC assembly/disassembly in 356 

PSII. Our new apo-PSII structure showed a pre-organized ligand shell, including protein 357 

sidechains and water molecules assisting the stepwise auto-assembly of the active WOC by 358 

offering a structuring template, directing metals and waters to places where they can be photo-359 

activated/oxidized with minimal restructuring. Moreover, we observed metal binding at the 360 

Mn1 and Mn2 site in the partially disassembled and partially reassembled metal-cluster and 361 

tentatively assign this assembly intermediate to the di-µ-oxo bridged Mn(III)2 cluster (Mn1-362 

(µ-O)2-Mn2) previously detected by X-ray absorption spectroscopy (XAS) (Barra et al, 2006; 363 
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Pospíšil et al, 2003). Our observations are thus in line with the XAS data in PSII solutions and 364 

compatible with the two-quantum model of photo-activation (Bao & Burnap, 2016; Becker et 365 

al, 2011; Cheniae & Martin, 1971; Dasgupta et al, 2008). Many facets of the light-driven 366 

formation of the Mn4CaO5-cluster remain enigmatic, yet the herein described approach of 367 

partial (and full) disassembly and reassembly in dPSIIcc crystals paves the road for detailed 368 

structural characterization of assembly intermediates at high resolution. 369 

MATERIALS AND METHODS 370 

Protein purification and crystallization. Cells and thylakoid membranes of T. elongatus 371 

were prepared according to Kern et al. (2005) (Kern et al, 2005). The C12E8 PSII extract and 372 

its purification by means of three sequent anion exchange chromatographic columns were 373 

performed as described in (Hellmich et al, 2014); see Supplementary for more details). 374 

According to the crystallization protocol described in (Hellmich et al, 2014), C12E8 crystals 375 

were obtained using microbatch 96 Well IMP@CT
TM

 Plates (Greiner Bio-One, 376 

Frickenhausen, Germany). The dimeric C12E8 PSIIcc at 2 mM Chl. solubilized in buffer 377 

containing 0.02 M MES/NaOH, pH 6.0, 0.01 M CaCl2, 0.5 M Betaine and 0.013 % C12E8 378 

(MCB) buffer was mixed in 1:1 ratio with the crystallization solution which contained 0.1 M 379 

TRIS/HCl pH 7.5, 0.1 M (NH4)2SO4 (TN buffer) 14-18 % (w/v) polyethylene glycol 5000 380 

monomethyl (PEG 5000 MME). Crystals grew at 20 °C and appeared after 2-3 day having a 381 

size between 50-250 µm. 382 

Complete and partial Mn4CaO5-cluster depletion on dPSIIcc crystals. For complete 383 

depletion, the dPSIIcc crystals were incubated in TN buffer, 15-20 % PEG 5000 MME at RT 384 

for 60 minutes in darkness. After incubation, initial buffer was exchanged by TN buffer with 385 

20 % PEG 5000 MME, 50 mM NH2OH, 50 mM EDTA for 30 minutes to release Mn. The 386 

Mn4CaO5-cluster depleted dPSIIcc crystals were washed three times in TN buffer, 20 % 387 
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PEG 5000 MME without NH2OH and EDTA. From this step, the PEG concentration was 388 

stepwise increased (5 % steps, 15 minutes)  following the dehydration protocol described in 389 

(Hellmich et al, 2014). The final TN buffer contained 35-40 % (w/v) PEG 5000 MME. For 390 

partial depletion, various concentrations of NH2OH/EDTA from 30 mM to 40 mM were used 391 

and the incubation time in NH2OH/EDTA containing buffer was reduced down to 10 minutes. 392 

Reconstitution of the Mn4CaO5-cluster. Before reconstitution, the experimental procedure 393 

of complete Mn4CaO5-cluster depletion as described above took place. After washing the 394 

Mn4CaO5-cluster completely depleted crystals in a NH2OH and EDTA free buffer for three 395 

times, the reconstitution was carried out in a buffer containing 10 mM MnCl2, 10 mM 396 

NaHCO3, 5 mM CaCl2, 0.1 M TRIS/HCl pH 7.5, 0.1 M (NH4)2SO4, 20 % PEG 5000 MME 397 

(reconstitution buffer). The entire Mn4CaO5-cluster depleted dPSIIcc crystals before 398 

dehydration were transferred into the reconstitution buffer and incubated at RT for 20 minutes 399 

in the dark. After dark incubation, the crystals were transferred into the TN buffer with 20 % 400 

PEG 5000 MME and washed three times in order to remove excess Mn. Afterwards, the 401 

dehydration procedure was conducted as described in (Hellmich et al, 2014). During buffer 402 

exchange, the dPSIIcc crystals were illuminated with dark-green light (0.5 - 2.0 µE/m
2
/s) 403 

under the microscope for maximal 5 minutes. 404 

EPR measurements. Prior to measurements, both dPSIIcc solutions and microcrystals were 405 

incubated in MCB buffer using higher C12E8 concentration at 0.02 % and various NH2OH 406 

concentrations of 1 mM, 5 mM, 10 mM, 20 mM, 30 mM, 50 mM, 100 mM were added to 407 

reduce Mn ions. The incubation was performed at RT for 10-15 minutes in darkness. The final 408 

Chl concentration was approximately 1.5 mM for solutions and ~0.3-0.4 mM for 409 

microcrystals. 410 

Low temperature X-band EPR spectra were recorded using a Varian E109 EPR spectrometer 411 

equipped with a model 102 microwave bridge. Sample temperature was maintained at 20 K 412 
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using an Air Products LTR liquid helium cryostat. Spectrometer conditions were as follows: 413 

microwave frequency, 9.22 GHz; field modulation amplitude, 32 G at 100 kHz; microwave 414 

power, 1 milliwatt. After measurement of each sample in the respective NH2OH concentration, 415 

the samples were then brought to 100 mM NH2OH concentration and measured again. The 416 

measurements after 100 mM NH2OH treatment were used to quantify the total Mn (II) content 417 

in the samples and were further used for normalization. 418 

For Mn-reassembly measurements, a final concentration of 10 mM MnCl2 was added to the 419 

Mn-depleted PSIIcc solution samples. The samples were incubated in the dark for 10 minutes, 420 

followed by washing the samples three times with buffer (20 mM MES pH 6.0, 0.5 M Betaine 421 

and 0.02 % C12E8) containing 10 mM CaCl2 and without CaCl2. 422 

X-ray diffraction data collection and analysis. Experiments were performed at beamline 423 

14.1 operated by the Helmholtz-Zentrum Berlin (HZB) at the BESSY II electron storage ring 424 

(Berlin-Adlershof, Germany) (Mueller et al, 2012). Data were collected from a 425 

100*80*60 µm
3
 crystal using a 50 µm diameter beam at 0.91841 Å X-ray wavelength. Data 426 

were integrated to 2.2 Å maximum resolution with XDS (Kabsch, 2010) and XDSAPP (Krug 427 

et al, 2012). At 2.55 Å resolution, the signal reached its limit (1.85) by mean I/sigma(I) > 2 428 

convention. While paired refinement (Karplus & Diederichs, 2012) including progressive 429 

resolution shells did not give a clear indication of useful resolution, the extended resolution 430 

allowed the placement of additional water molecules without detrimental effects on model 431 

geometry and only modest increase in R/Rfree against the 2.55 Å data. We thus call this a 432 

2.55 Å resolution structure for comparability but include the additional resolution shells to 433 

2.2 Å resolution (CC1/2 = 13 %) in refinement and data submitted to the PDB. Table 1 shows 434 

statistics for both data cut-offs. 435 

Refinement and model building followed that of Hellmich et al. (2014) (Hellmich et al, 2014) 436 

(PDB entry 4PJ0) and both structures were superimposable with 0.253 Å rmsd. The model 437 
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was fitted to the electron density using iterative cycles of hand building in COOT (Emsley et 438 

al, 2010) and automated refinement in phenix.refine (Afonine et al, 2012). Distances from 439 

metals (in chlorophyll, heme and the none-heme iron) to coordinating residues were restrained 440 

to dictionary values and those from the bicarbonate to the non-heme iron and Tyr244 (D2) 441 

and Glu244 (D1) were restrained to values from PDB entry 3WU2. The quality of the protein 442 

model was confirmed with MolProbity (Chen et al, 2010). 96 % of backbone torsion angles 443 

were in favored regions of the Ramachandran plot, 0.3 % were outliers and the remaining 444 

residues were in additionally allowed regions.  445 

The final model was deposited in the protein data bank (PDB: 5MX2). 446 

For the partial dis- and reassembly experiments, crystals having the sizes between 50 and 447 

100 µm length were tested. For partial disassembly, data were collected at the BESSY using 448 

the same equipment as described above. For reconstitution, data were collected at the 449 

Advanced Light Source (ALS), beamline 5.0.2. using a 20 µm diameter beam. 450 
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 610 

 611 

Figure 1. T. elongatus dPSIIcc dimers viewed A) from the cytoplasmic side and B) from the 612 

membrane. The reaction centre transmembrane subunits D1/D2, the internal antennae 613 

(CP43/CP47, omitted in the left monomer) and the membrane extrinsic subunits PsbU/V/O 614 

are highlighted in color. Small transmembrane subunits comprising a single α-helix (two for 615 

PsbZ) are indicated by single letter referring to the PsbH-Y proteins and ycf12. QA/B denote 616 

the plastoquinone cofactor, Fe the non-heme iron. The site of the water-oxidizing complex 617 

(WOC, Mn4CaO5) within each monomer is shown by the black box. C) Electron density map 618 

(1σ 2Fo-Fc) at the depleted WOC site (shown for the locked dimer, discussed below). Free 619 
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coordinating residues from the D1 subunit (cream) and CP43 (green) are shown alongside 620 

Arg357(CP43) and His 337(D1), which are within hydrogen-bond distance to cluster oxygen 621 

atoms in (Umena et al, 2011), (PDB:3WU2).  622 
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 623 

Figure 2. Influence of EDTA added to NH2OH treated C12E8 dPSIIcc solutions. EPR spectra 624 

of untreated dPSIIcc samples (blue trace), 50 mM NH2OH treated dPSIIcc (purple trace), 625 

50 mM NH2OH/EDTA treated dPSIIcc (red trace) and 1 mM dissolved MnCl2 in dPSIIcc 626 

(green trace). dPSIIcc solutions were incubated in the presence of 50 mM NH2OH (purple 627 

trace) for 10-15 minutes at RT in dark. The sample was further washed with 50 mM EDTA 628 

(red trace). Samples were measured at 20 K (microwave frequency, 9.22 GHz; field 629 

modulation amplitude, 32 G at 100 kHz; microwave power, 1 mW).   630 
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 631 

Figure 3. Comparison between the locked and unlocked monomer. A) Locked (right) and 632 

flexible, unlocked monomer (left). Atomic B-factors are shown using the indicated color 633 

coding. The inset shows the crystal contacts acting on PsbU in the right monomer. B) A slice 634 

through the unlocked PSII monomer showing D1 and extrinsic, manganese stabilizing 635 

subunits PsbU, PsbV, PsbO (the 147-193 loop and the position of the external β-barrel). The 636 

inset shows the WOC-binding site and C-terminal loops of both PsbU and D1 including, 637 

residues involved in their interaction (Tyr103 and Pro340) and residues involved in cluster 638 

binding in intact PSII. 639 
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 640 

Figure 4. Comparison of intact WOC site and Mn-depleted site. A) Coordination of the intact 641 

WOC by side chains from the D1 subunit (cream) and CP43 (green) and four water molecules 642 

(W1-W4). Arg357(CP43) and His 337(D1) form hydrogen bonds to WOC oxygen atoms 643 

(Umena et al, 2011). B) Model of sidechains and electron density map (1 sigma 2Fo-Fc, grey) 644 

of the apo-WOC and electron density (0.8-1.5 sigma 2Fo-Fc, blue) tentatively modeled as 645 
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waters at the site of the WOC and surrounding water molecules (blue). Multiple contour lines 646 

indicate a stronger (more defined) peak in the electron density map (e.g. waters at Asp170), 647 

while fewer lines show a weaker signal (e.g. the water at the WOC O2 site). C) Overlay of 648 

apo-WOC model (green) with two holo-PSII models at a similar (PDB: 4PJ0, (Hellmich et al, 649 

2014), light grey) and higher resolution (PDB: 3WU2, (Umena et al, 2011), dark grey).  650 
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 651 

Figure 5. Comparison of intact WOC site and Mn-depleted site. A) Intact WOC: Distances 652 

(Å) between O/N atoms of residues coordinated to the same metal ion. B) Apo-WOC: 653 

Distances (Å) between O/N atoms which are likely connected by H-bonds. In B, also 654 

estimates for likely protonation states are shown. Boxed numbers indicate to which metal ion 655 

(Mn1 to Mn4; Ca) the respective O/N binds in the intact WOC. The His337 is H-bonded to a 656 

µ3-oxo bridge between Mn1, Mn2, and Mn3. Positions of Glu354 and Ala344 have higher 657 

uncertainty or mobility (see also Figure 1C and 4C).   658 
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 659 

Figure 6. Partially (dis)assembled WOC. A) Difference electron density obtained for the 660 

partially reconstituted and B) partially disassembled WOC. Grey spheres indicate the position 661 

of manganese atoms in 3WU2 when D1 Cα atoms are superimposed. Green mesh indicates 662 

4.5 σ Fo-Fo(apo) maps at 4.5 Å (A) and 4 Å (B) resolution. C) Possible Model describing the 663 

initial reassembly of the WOC based on the structural data for the partially reconstituted 664 

WOC. The scheme represents the binding and the light driven relocation/oxidation of the first 665 

two Mn ions into the apo-PSII. The first Mn
2+

 (light orange) moves to the Mn4 position of the 666 

apo-PSII (green) and binds at this high affinity site (1). After light driven oxidation with low 667 

quantum efficiency a rearrangement takes place where the oxidized Mn
3+

 (orange) migrates 668 

from the Mn4 position to the Mn1 position (2). The same rearrangement also applies to the 669 

second Mn
2+

 which binds at the Mn4 position and then relocates as the oxidized Mn
3+

 to the 670 

Mn2 position (3, 4). Both Mn
3+ 

ions form a stable Mn1-(µ-O)2-Mn2 assembly intermediate 671 

(4), as shown in A. Binding of the two remaining Mn ions and the Ca ion (blue) into the apo-672 

WOC has not been resolved yet (5).  673 
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Table 1. Data collection and refinement statistics  674 

 

2.55 Å data extended 2.2 Å data  

Data collection     

Wavelength 0.9184 0.9184 

Resolution range 

49.65  - 2.55 

 (2.641  - 2.55) 

49.65  - 2.197 

 (2.276  - 2.197) 

Space group P 21 21 21 P 21 21 21 

Unit cell (Å, °) 

116.33, 219.62, 304.04  

 90, 90, 90 

116.33, 219.62, 304.04 

 90, 90, 90 

Total reflections 3348095 (259200) 4094682 (131257) 

Unique reflections 252839 (25073) 364603 (25404) 

Multiplicity 13.2 (10.3) 11.2 (5.2) 

Completeness (%) 1.00 (1.00) 0.93 (0.65) 

Mean I/sigma(I) 13.10 (1.85) 9.34 (0.44) 

Wilson B-factor 36.00 37.11 

R-merge 0.208 (1.211) 0.2500 (3.270) 

R-meas 0.2163 (1.275) 0.2621 (3.629) 

CC1/2 0.996 (0.752) 0.993 (0.1320) 

Refinement     

R-work 0.1912 (0.2890) 0.2115 (0.3998) 

R-free 0.2414 (0.3250) 0.2596 (0.4298) 

Number of non-H atoms   50407 

           macromolecules   41206 

           ligands   8498 

Protein residues   5428 

RMS(bonds)   0.012 

RMS(angles)   1.17 

Ramachandran favored (%)   96 

Ramachandran outliers (%)   0.33 

Rotamer outliers (%)   1 

Clashscore   7.99 

Average B-factor   36.05 

          macromolecules   36.76 

          ligands   33.11 

          solvent   30.15 

 675 

Values in parentheses refer to the highest resolution shell 676 

R-meas: Redundancy-independent merging R-factor (Diederichs & Karplus, 1997)  677 

CC1/2: Pearson correlation coefficient of half data sets (Karplus & Diederichs, 2012) 678 
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Supplementary Figures 1 

 2 
Figure 1 – figure supplementary 1. Effect of NH2OH-EDTA treatment performed on dPSIcc 3 

solutions. A: SDS-PAGE profiles showing the completeness of large PSII subunits in C12E8 4 

dPSIIcc solutions before (lane 1) and after (lane 2, lane 3 and lane 4) size exclusion 5 

chromatography. The dPSIIcc samples were incubated with variable NH2OH/EDTA 6 

concentrations in darkness at 4°C for 1-2 h and then washed 3 times with MCB buffer without 7 

CaCl2. The samples were treated with 0 mM (lane 1, lane 2), 20 mM (lane 3) and 50 mM 8 

(lane 4) NH2OH/EDTA. After the treatment as described above PSII samples at 0 mM, 9 

20 mM and 50 mM NH2OH/EDTA were eluted from a size exclusion column shown in lane 2, 10 

3 and 4. B: Gel filtration chromatogram showing the effect of NH2OH/EDTA (50 mM) 11 

treatment on monomerization of C12E8 dPSIIcc solution (left panel). Untreated C12E8 dPSIIcc 12 

(red, dotted line) and ßDM PSII monomer (blue, dotted line) are used as references. The 13 

treated C12E8 dPSIIcc solution using 50 mM NH2OH-EDTA is represented in black. BN-14 

PAGE profiles using the same sample were obtained after gel filtration (right panel).  15 
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 16 

Figure 2 – figure supplementary 1. EPR spectra after addition of NH2OH using different 17 

concentrations from (A) 0 mM up to 20 mM and from (B) 20 mM up to 100 mM performed 18 

on C12E8 dPSIIcc solutions, from (C) 0 mM to 100 mM performed on C12E8 dPSIIcc 19 

microcrystals. EPR spectra (D) of added Mn
2+

 with apo-WOC-PSIIcc using 10 mM MnCl2 20 

washed with buffers (20 mM MES pH 6.0, 0.5 M betaine and 0.02 % C12E8) with (black trace) 21 

and without CaCl2 (blue trace). Samples were measured at 20 K (microwave frequency, 22 

9.22 GHz; field modulation amplitude, 32 G at 100 kHz; microwave power, 1 mW).  23 

Panel A: PSII solutions were treated with no NH2OH (red trace), 1 mM NH2OH (blue trace), 24 

5 mM NH2OH (blue-green trace), 10 mM NH2OH (black trace) and 20 mM NH2OH (pink 25 

trace) and incubated for 10-15 minutes at RT in dark. Panel B: Samples were treated with 26 

20 mM NH2OH (black trace), 30 mM NH2OH (blue-green trace), 50 mM NH2OH (red trace), 27 

100 mM NH2OH (blue trace) and incubated for 10-15 minutes at RT in dark. Panel C: 28 

Microcrystals were treated with no NH2OH (yellow trace), 20 mM NH2OH (blue-green trace), 29 

30 mM NH2OH (pink trace), 40 mM NH2OH (blue trace), 50 mM NH2OH (red trace), 30 

100 mM NH2OH (black trace) and incubated for 10-15 minutes at RT in dark.  31 
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 32 
 33 

Figure 2 – figure supplementary 2. EPR spectra of added Mn
2+

 with apo-WOC-PSIIcc 34 

using 10 mM MnCl2 washed with buffers with CaCl2. Spectrometer conditions were as 35 

follows: microwave frequency, 9.22 GHz; field modulation amplitude, 32 G at 100 kHz; 36 

microwave power, 5 milliwatts.   37 
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 38 

Figure 3 – figure supplementary 1. Overlay of Cα atoms (spheres) of D1 residues between 39 

the WOC site and the acceptor site (Fe, QA, QB). The present structure is shown in green, the 40 

reference structure from the same crystal system but not treated with NH2OH and EDTA 41 

(PDB: 4PJ0) is shown in blue. D1 Helices are labeled according to (Zouni et al, 2000). No 42 

consistent changes were observed in helices D and E connecting donor and acceptor site or at 43 

the acceptor site itself. We do not detect any major rearrangements that could explain 44 

observations linking the redox potential of the primary quinone acceptor, QA, to Ca and/or Mn 45 

depletion of the PSII donor side (Allakhverdiev et al, 2011; Brinkert et al, 2016; Krieger & 46 

Rutherford, 1997). But this does not preclude more subtle structural changes from asserting 47 

such effect. We note that the side chain of Lys264 is insufficiently resolved in order to 48 

determine the distance from its Nζ to the carbonate species. The same ambiguity existed in 49 

earlier structures and it was unclear if Lys264 was a determinant of the protonation state of 50 

bicarbonate at the none-heme iron (discussed in (Brinkert et al, 2016)). 51 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted March 20, 2017. ; https://doi.org/10.1101/118661doi: bioRxiv preprint 

https://doi.org/10.1101/118661
http://creativecommons.org/licenses/by/4.0/


Zhang et al. 
 

5 
 

 52 

Figure 3 – figure supplementary 2. Increase in B-factors (blue, less flexible to red, more 53 

flexible) between PsbU and the WOC site in the unlocked (left) monomer, but much less so in 54 

the monomer locked by a crystal contact (right). A) Side chains binding the WOC in intact 55 

PSII, TyrZ and His190. B) Slice through PSII as oriented in (D). Thick ribbons show the C-56 

terminal loop of D1 and PsbU. C) PSII viewed from the lumenal side compared to untreated 57 

PSII (E). D) Contacts from symmetry related PSII molecules (grey) in the crystal. 58 
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 59 

Figure 4 – figure supplementary 1. (A/B) Overlay of residues coordinating the WOC (thin 60 

lines) in two reference structures (4Pj0 Hellmich et al. and 3WU2 Umena et al.) with the 61 

same residues in apo-PSII (green). (C) The same residues in apo-PSII. Residues formerly 62 

coordinating Mn/Ca are shown in sand (D1) and green (CP43), those within hydrogen-bond 63 

distance to μ-oxo bridges in grey. 1 σ 2Fo-Fc map surrounding the side chains is shown as 64 

blue mesh. Position of the WOC in 3WU2 is indicated as thin black lines.   65 
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 66 

Figure 4 – figure supplementary 2. Stereo view of the WOC binding site as shown in Figure 67 

4 but with the 0.8-1.5 σ 2Fo-Fc electron density map (blue) shown at water positions (blue 68 

spheres) and chloride positions (emerald spheres) only. Grey spheres indicate water positions 69 

in the high-resolution reference structure 3WU2.  70 
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 71 

Figure 4 – figure supplementary 3. Stereo view comparing water positions at the WOC site 72 

in apo-PSII (green) with those in 3WU2 (purple). Chloride ions are shown in emerald for apo-73 

PSII only.   74 
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 75 

Figure 5 – figure supplementary 1. Packing of water molecules in apo-PSII and μ-oxo-76 

bridges in intact PSII. Proximal side chain atoms are shown as van-der-Waals radii. (A, B) 77 

two peaks in the electron density map (circled in D along with 0.8-1.5 σ 2Fo-Fc map) 78 

tentatively modeled as waters are shown in blue and plainly present the simplest model. The 79 

waters are sufficient to fill the cavity left by the WOC and no further van-der-Waals sphere 80 

would fit between them. The right peak is present in both monomers and is located at what 81 

appears to be within a short distance (2.3 Å) of His332, while the left peak differs between 82 

monomers. Such a short distance may indicate presence of a metal at low occupancy, but the 83 

coordinating side chain would share such low occupancy and we would not expect to be able 84 

to discern its true position and thus distance in the electron density map. We note that the 85 

water structure at the WOC site appears less well defined than surrounding waters (Figure 4 – 86 

figure supplementary 3). This may indicate the presence of multiple states or ions in different 87 

PSII molecules within the crystal. (C) Van-der-Waals radii of Mn-complexing O1-O5 and 88 

W1-W4 alone represent an ideal packing of spheres in the intact WOC (3WU2).   89 
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 90 

Figure 6 – figure supplementary 1. A) Partially reconstituted and B) partially disassembled 91 

WOC as shown in Figure 6 (right) alongside the unlocked monomer (left). Grey spheres 92 

indicate the position of manganese atoms in 3WU2 when D1 Cα atoms are superimposed. 93 

Green mesh indicates 4.5 σ Fo-Fo(apo) maps at 4.5 Å (A) and 4 Å (B) resolution. As a result 94 

of the limited resolution, it is uncertain if the electron density results from one or more atoms 95 

(e.g. Mn1 and Mn2 or a single atom positioned in between in B).  96 
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Supplementary Tables 97 

Supplementary Table 1. Effect of NH2OH on inhibition of oxygen evolution rates in intact 98 

C12E8-dPSIIcc.  99 

Concentration 

of NH2OH 

[mM] 

[µmol of O2 h
-1 

(mg of Chl)
-1

]* 

activity after  dilution and 30 s 

incubation with different 

amounts of NH2OH 

C12E8 dPSIIcc (%)
†
 

0 2669±454 (100) 

0.01 1395±58 (52) 

0.05 1073±26 (40) 

0.1 945±20 (35) 

0.5 732±34 (27) 

1 325±35 (12) 

2 137±98 (5) 

 100 

*The rates are the averages of at least three repeated measurements. 101 

†
The percentage of control rates are given in parentheses.  102 
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Supplementary Table 2. Completeness of PSII subunits after NH2OH/EDTA treatment. 103 

  C12E8-dPSIIcc 

standard 

with 50 mM 

NH2OH/EDTA 

treated C12E8-

dPSIIcc 

 

Subunit cyanobase 

number 

calculated 

masses 

unprocessed 

form [M+H]
+
 

in Da 

calculated 

masses 

unprocessed 

form [M+H]
+
 in 

Da 

experimental 

determined 

masses in m/z 

[M+H]
+
±𝜎 

PsbT tsr1531 3896.6 3903.9 3906±4 

PsbM tsl2052 3938.6 3937.8 4011±2 

PsbJ tsr1544 4014.0 4026.9 4017±2 

PsbK tsl0176 4101.8 4101.1 4103±4 

PsbX tsr2013 4190.7 4190.2 4192±4 

PsbL tsr1543 4300.0 4307.0 4301±4 

PsbI tsr1074 4436.2 4443.6 4437±4 

PsbY tsl0836 4616.6 4631.8 4617±4 

PsbF tsr1542 4979.3 4978.8 4981±5 

ycf12 tsr1242 5068.8 5084.4 5068±2 

PsbZ tsr1967 6797.5 6804.9 6798±5 

PsbH tsl1386 7205.1 7204.7 7227±5 

PsbE tsr1541 9445.1 9445.0 9446±6 

PsbU tll2409 11645.8  

n.d. 

11649±8 

PsV tll1285 15747.7 15752±11 

PsbO tll0444 26814.0 26830±30 

 104 

Masses from linear mode MALDI-TOF-MS and assigned to PSIIcc subunits. The calculated 105 

masses are given as average mass for [M+H]
+ 

from the sequence of the full length precursor 106 

protein. 107 

n.d.: not detectable  108 
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Supplementary File 1 109 

Materials and Methods 110 

Protein purification. The cell cultivation and preparation of thylakoid membranes of T. 111 

elongatus were performed as described in (Hellmich et al, 2014; Kern et al, 2005). Thylakoid 112 

membranes were solubilized with 1.2 % (w/w) C12E8 in 0.02 M MES/NaOH, pH 6.0, 0.02 M 113 

CaCl2, 0.01 M MgCl2, 0.5 M Betaine (MCMB) at a chlorophyll (Chl.) concentration of 114 

1.7 mM for 5 minutes at room temperature (RT) in darkness. The incubation was stopped by 115 

adding buffer containing 0.02 M MES/NaOH, pH 6.0, 0.01 M CaCl2, 0.5 M Betaine and 116 

0.013 % C12E8 (MCB) in ratio 1:1. The suspension was centrifuged at 14 000 rpm for 30 117 

minutes at 4°C. The supernatant defined as protein extract was collected for the subsequent 118 

purification. The purification of the extract was implemented according to (Hellmich et al, 119 

2014). PSII extract was loaded onto a Toyopearl DEAE 650 s (Tosoh Bioscience) weak anion 120 

exchange chromatographic column in MCB buffer, and eluted with a linear gradient from 0 to 121 

0.1 M MgSO4. The last step of the purification was to use a MonoQ 10/100 GL (GE 122 

Healthcare) column in MCB buffer, the column was subjected to a linear gradient from 0 to 1 123 

M NaCl. The C12E8 dPSIIcc obtained from the main peak fractions were finally concentrated 124 

using Vivaspin 20 ultrafiltration membranes with 100 kDa cutoff until a final Chl 125 

concentration of 2 mM was reached. All the purification steps were carried out at 4 °C. The 126 

PSII core complexes were stored in liquid nitrogen. 127 

Oxygen-evolution measurements. The oxygen-evolution activities of C12E8 dPSIIcc samples 128 

were measured on a Clark-type electrode under continuous light illumination in the presence 129 

of 1 mM 2.5-Dichloro-1,4-benzoquinone (DCBQ) as the electron acceptor at 2.7 µg Chl per 1 130 

ml in MCMB buffer, pH 6.5. For oxygen inactivation measurements, dPSIIcc samples were 131 

incubated in darkness at 25°C for 30 seconds with 0 mM to 2 mM NH2OH prior to 132 

illumination. 133 
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Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE). To detect the 134 

lager PSII subunits, SDS-PAGE gel at 12 % was used. 20 µg protein of PSIIcc was suspended 135 

in buffer with MCB for C12E8 dPSIIcc, and denatured with the loading buffer in 4:1 ration at 136 

60°C for 10-15 minutes. Afterwards, samples were electrophoresed in an SDS-PAGE with a 137 

12 % gradient gel according to (Laemmli, 1970). 138 

Blue native PAGE (BN-PAGE). BN-PAGE was carried out using Serva Gel™ N 3-12 139 

(Vertical Native Gel 3-12 %). PSII core complexes at 2 mM were mixed in ration 1:1 with 140 

BN-PAGE sample buffer (Serva) before loading. Electrophoresis was run in the cathode 141 

buffer A containing 50 mM Tricine, 7.5 mM Imidazol, 0.02 % Coomassie G250, pH 7.0. 142 

Anode buffer contained 25 mM Imidazol, pH 7.0. After 2/3 of the run, the cathode buffer is 143 

replaced by cathode buffer A with lower Coomassie concentration (0.002 %) in order to gain 144 

clearer visualization of blue bands. 145 

Size exclusion chromatography. To purify the PSII apo protein from any dissociated 146 

subunits after NH2OH/EDTA treatment C12E8 dPSIIcc samples were run on a Superose 6 147 

column (GE Healthcare). MCB buffer without CaCl2, added with 0.05 M MgSO4 was used for 148 

equilibration at a flow rate of 0.3 ml/min. PSII fractions containing dimer or/and monomer 149 

were collected after elution from the column and were concentrated by ultrafiltration using 150 

100 kDa cutoff. UV-absorption was detected at 280 nm. 151 

MALDI-TOF-MS. Protein masses were analysed by matrix-assisted laser desorption 152 

ionization-time of flight mass spectrometry (MALDI-TOF-MS) using an Ultraflex-II 153 

TOF/TOF instrument (Bruker Daltonics, Bremen, Germany) equipped with a 200 Hz solid-154 

state Smart beam™ laser. The mass spectrometer was operated in the positive linear mode. 155 

MS spectra were acquired over an m/z range of 3,00030,000 and data was analyzed using 156 

FlexAnalysis 2.4. software provided with the instrument.  157 
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Sinapinic acid was used as the matrix (saturated solution in acetonitrile / 0.1 % trifluoroacetic 158 

acid 1:2) and samples were spotted undiluted using the dried-droplet technique. If necessary, 159 

samples were diluted in TA33 (33 % acetonitrile/0.1 % trifluoroacetic acid in water). 160 

Supplementary File 2 161 

Data and Discussion 162 

Reassembly experiments performed on dPSIIcc solutions. EPR measurements were 163 

performed on samples using 10 mM MnCl2 with buffers with and without CaCl2 shown in 164 

Figure 2 – figure supplementary 1D. We observe a six-line signal at g ≈ 2 from Mn
2+ 

bound to 165 

protein that is still present after repeated washing. The spectra have similar features as intact 166 

PSII treated with NH2OH. The sample washed with buffer with CaCl2 shows a weaker signal 167 

than the one without as shown in Figure 2 – figure supplementary 1D. After Mn depletion, 168 

apo-PSII core complexes bind Mn
2+ ions with low affinity at nonspecific sites when the 169 

concentration of the MnCl2 used is above the stoichiometric levels and in absence of other 170 

divalent ions like Ca
2+ or Mg

2+
. In presence of an excess of another divalent cation, in our 171 

case Ca
2+

 (from CaCl2), the contribution from the Mn
2+ ions with low binding affinity can be 172 

eliminated (Figure 2 – figure supplementary 1D, black trace). It has been shown before that 173 

Ca
2+

 plays a role in preventing or reversing the binding of this low-affinity nonfunctional 174 

Mn
2+

 (Chen et al, 1995).  175 

In Figure 2 – figure supplementary 2, we see a broad signal centered near g ≈ 2.04 with peak 176 

width of ~ 780 Gauss. In a previous study, this feature was assigned to Mn
2+

, which binds to 177 

apo-PSII at the WOC in the presence of Ca
2+

. Ananyev et al. (Ananyev & Dismukes, 1997) 178 

used a double difference spectrum between the reassembled PSII sample washed with CaCl2 179 

and MgCl2 to assign the multiline type spectrum to the 
55

Mn hyperfine transitions found in 180 
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spin-coupled dimanganese (II,II) centers. Thus the broad peak at g ≈ 2.04 may indicate that 181 

there are pairs of Mn(II) ions in the WOC in the presence of Ca
2+

.  182 
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