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ABSTRACT 

 

The O2-evolving Mn4CaO5 cluster in Photosystem II is ligated by six carboxylate residues.  One 

of these is D170 of the D1 subunit.  This carboxylate bridges between one Mn ion (Mn4) and the 

Ca ion.  A second carboxylate ligand is D342 of the D1 subunit.  This carboxylate bridges 

between two Mn ions (Mn1 and Mn2).  D170 and D342 are located on opposite sides of the 

Mn4CaO5 cluster.  Recently, it was shown that the D170E mutation perturbs both the intricate 

networks of H-bonds that surround the Mn4CaO5 cluster and the equilibrium between different 

conformers of the cluster in two of its lower oxidation states, S1 and S2, while still supporting O2 

evolution at approx. 50% the rate of wild-type.  In this study, we show that the D342E mutation 

produces much the same alterations to the cluster’s FTIR and EPR spectra as D170E, while still 

supporting O2 evolution at approx. 20% the rate of wild-type.  Furthermore, the double mutation, 

D170E+D342E, behaves similarly to the two single mutations.  We conclude that D342E alters 

the equilibrium between different conformers of the cluster in its S1 and S2 states in the same 

manner as D170E and perturbs the H-bond networks in a similar fashion.  This is the second 

identification of a Mn4CaO5 metal ligand whose mutation influences the equilibrium between the 

different conformers of the S1 and S2 states without eliminating O2 evolution.  This finding has 

implications for our understanding of the mechanism of O2 formation in terms of catalytically 

active/inactive conformations of the Mn4CaO5 cluster in its lower oxidation states.    
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INTRODUCTION 

Oxygenic photosynthesis is the only process in nature that stores solar energy on a global 

scale, incorporating atmospheric carbon dioxide into organic compounds and oxidizing water to 

provide the molecular oxygen that sustains all aerobic life (1).  The catalytic site of water 

oxidation is the Mn4CaO5 cluster of Photosystem II (PSII).  PSII is a large dimeric pigment-

protein complex that spans the thylakoid membranes of cyanobacteria, green algae, and plants.  

Each monomer of PSII contains approx. 20 subunits and over 60 cofactors and has a molecular 

weight of approx. 350 kDa.  Structures of cyanobacterial PSII have been determined to 

resolutions of 1.85 – 1.95 Å with X-ray crystallography (2-4) and cryo-EM (5, 6).  Structures of 

eukaryotic PSII from plants, algae, and diatoms have been determined to resolutions of 2.5 – 5.3 

Å with X-ray crystallography (7) and cryo-EM (8-21).  Our understanding of photosynthetic 

water oxidation has increased dramatically in the last decade because of advances in structural, 

computational, and biophysical methods (for recent reviews, see refs. 22-28).   

At the core of each PSII monomer is a heterodimer of two subunits known as D1 and D2.  

Within the D1/D2 heterodimer are the electron transfer components P680, pheophytin (Pheo), and 

the plastoquinone molecules QA and QB.  Light-induced charge separation between P680 and Pheo 

drives the oxidation of the Mn4CaO5 cluster via the redox-active tyrosine residue, D1-Y161, 

known as YZ.  During each catalytic cycle, four successive charge separations extract four 

electrons from the Mn4CaO5 cluster, advancing the cluster through five oxidation states known 

as Sn, where “n” indicates the number of electrons that have been removed (n = 0 – 4).  The S1 

state is stable in darkness.  The S4 state is a transient intermediate.  Its formation triggers the 

oxidation of two substrate-water-derived metal ligands, releasing O2 as a waste product and 

regenerating the S0 state.  Structures of PSII in the S0, S1, S2, and S3 states, and at a number of 
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time points during the S1 to S2, S2 to S3 and S3 to S0 transitions, have been determined with serial 

femtosecond X-ray crystallography (29-37).  The oxidations of the Mn4CaO5 cluster are coupled 

to the release of protons.  Proton egress and substrate water access are facilitated by extensive 

networks of H-bonds that make up three well-defined pathways that connect the Mn4CaO5 

cluster with the thylakoid lumen.  These are known as the O1, O4, and Cl1 pathways because of 

where they appear to originate on or near the Mn4CaO5 cluster (for recent descriptions of these 

pathways, see refs. 30-43). 

The Mn4CaO5 cluster is ligated by six carboxylate residues, one histidine residue, and four 

water molecules (denoted W1 to W4).  In addition, the metal ions are linked with oxo bridges.  

Most of the carboxylate ligands bridge two metal ions.  The histidyl ligand and all but one of the 

carboxylate ligands are provided by the D1 subunit (see Figure 1) (44).  In at least the S1 (45-50), 

S2 (48, 49, 51-54), and S3 (49, 53-60) states, the Mn4CaO5 cluster exhibits multiple conformers 

having different structures, valence distributions, water ligation, or water ligand protonation.  

Alternate conformers of the S2 state are the most completely characterized.  In this state, a low 

spin conformer exhibits a broad g = 2 EPR signal having many Mn hyperfine lines.  This signal 

is known as the multiline signal.  High spin conformers of the S2 state exhibit broad, featureless 

signals that appear at g = 4.1 to g = 4.9 (48, 49, 51-54, 61, 62) (but see Ref. 63 for an example of 

Mn hyperfine lines on the g = 4.1 signal in partly ordered PSII membranes).  Multiple 

computational studies have concluded that advancement to the S3 state proceeds through a high-

spin conformer of the S2 state (22, 64-69).  These conclusions have received support from EPR 

studies (49, 53-55).   

Alternate conformers of the S1 state have been proposed to differ in the orientation of the 

Jahn-Teller elongation axis on Mn4 (50, 70), one of two Mn(III) ions present in the S1 state (the 
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other being Mn1).  For one conformer (S1
A), the Jahn-Teller axis is oriented to connect the Mn4-

ligating oxygens of D1-D170 and D1-E333 (50).  For the other conformer (S1
B), the Jahn-Teller  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Environment of the Mn4CaO5 cluster in Photosystem II from Synechocytis sp. PCC 

6803 based on the 1.93 Å cryo-EM model of 7N8O (6) showing the relative locations of D1-

D342, D1-D170, and the carboxyl terminus of D1 at A344.  Residues from the D1 and CP43 

subunits are shown in green and pink, respectively.  Red spheres correspond to the oxygen atoms 

of water molecules and the cluster’s μ-oxo bridges.  The residues CP43-E341 and CP43-R344 

are numbered E354 and R357 in other reported structures (see page 142 of ref. 44 for an 

explanation).  

 

axis is oriented to connect the O5 oxo bridge with the Mn4-ligating W1.  The S1
A conformer has 

been proposed to promote Mn4 oxidation during the S1 to S2 transition, producing the low spin 
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conformer of the S2 state that gives rise to the multiline EPR signal (50).  The S1
B conformer has 

been proposed to promote Mn1 oxidation during the S1 to S2 transition, producing a high spin 

conformer of the S2 state (50).  The residue D1-D170 bridges Mn4 with the Ca ion.  Recently, 

the D1-D170E mutation (hereafter D170E) was shown to alter the equilibria between the 

different conformers of the S1 and S2 states so that the illumination of dark-adapted D170E PSII 

substantially alters the S2-S1 FTIR difference spectrum (71) and produces a broad EPR signal 

having a g-value of 3.45 instead of the S2 state multiline EPR signal that is observed in wild-type 

(72).  The alterations of the FTIR difference spectra were interpreted as a stabilization of the S1
B 

conformer (71).  The g = 3.45 EPR signal was identified as a high spin form of the S2 state (72).  

In the current study, we examine the influence of the D1-D342E mutation (hereafter D342E) on 

the equilibria between the different conformers of the S1 and S2 states.  The residue D1-D342 

bridges Mn1 and Mn2, across the Mn4CaO5 cluster from D1-D170.  We find that that the D342E 

mutation alters the S2-S1 FTIR difference spectrum in much the same manner as D170E and that 

illumination of dark-adapted D342E PSII also produces a broad high spin EPR signal, but one 

which exhibits different g-values from that that produced in D170E.  In addition, the double 

mutant, D170E+D342E, behaves similarly to D342E, but the high spin EPR signal produced by 

the double mutant exhibits different g-values from those produced by either single mutation. 

 

MATERIALS AND METHODS 

Construction of Mutants and Purification of PSII Core Complexes.  Construction of the 

D342E mutation in Synechocystis sp. PCC 6803 was described previously (73).  Construction of 

the D170E+D342E double mutation was accomplished by replacing a 594 bp BstEII/BstEII 

fragment of psbA-2 on the plasmid containing the D342E mutation with the corresponding 
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fragment of the plasmid containing the D170E mutation (71, 74).  The mutation-containing 

plasmids were transformed into a host strain of Synechocystis that contains no psbA genes but 

contains a hexahistidine tag at the C-terminus of CP47 (75).  The wild-type strain for this study 

was constructed in the same manner as the mutation-bearing strains except that the plasmid that 

was transformed into the Synechocystis host strain carried no mutation.  Synechocystis cultures 

were propagated as described previously (76).  For experiments with isotopically labeled D1-

A344, large-scale cultures were supplemented with 0.5 mM L-[1-13C]alanine (99% 13C 

enrichment, Cambridge Isotope Laboratories, Andover, MA) (77, 78).  PSII core complexes were 

purified at 4 °C under dim green light by absorption/elution from a 5-cm-diameter, 40 mL 

column of Ni-NTA superflow affinity resin (Qiagen, Valencia, CA) as described previously (76).  

The purification buffer contained 1.2 M betaine, 10% (v/v) glycerol, 50 mM MES-NaOH (pH 

6.0), 20 mM CaCl2, 5 mM MgCl2, 50 mM histidine, 1 mM EDTA, and 0.03 % (w/v) n-dodecyl 

β-D-maltoside.  The purified PSII core complexes were concentrated to approx. 1 mg of Chl per 

mL by ultrafiltration in stirred cells (Amicon model 2000 followed by Amicon model 8400, each 

fitted with a YM-100 membrane) followed by Amicon Ultra-4 100 K centrifugal filter units 

(MilliporeSigma, Burlington, MA).  The concentrated samples were then flash-frozen in liquid 

N2, and stored at −80 °C.   

Verification of Mutations.  The presence of the desired mutations was confirmed by (1) 

sequencing the relevant portion of the psbA-2 gene after PCR amplification of genomic DNA 

isolated from aliquots of each large-scale culture (74) and (2) by LC-MS/MS mass spectrometry 

of tryptic peptides of D1 subunits obtained from purified PSII core complexes.  DNA sequencing 

detected no trace of the wild-type codon in any of the mutant cultures.  For LC-MS/MS, WT and 

D342E PSII core complexes were extracted of lipids and pigments with methanol and ethyl 
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acetate, then denatured with 5.2% lithium lauryl sulfate in the presence of 172 mM Tris-HCl (pH 

8.0) and 40 mM dithiothreitol (79).  The denatured subunits were separated by SDS-PAGE in 

20% acrylamide gels containing 6 M urea.  The band corresponding to the D1 subunit was 

excised, cut into small cubes, destained thoroughly, then reduced and alkylated in-gel with 

dithiothreitol and iodoacetamide, respectively.  The processed subunit was subsequently digested 

in-gel with trypsin (Promega) at an enzyme/substrate ratio of 1:100 in 50 mM ammonium 

bicarbonate (pH 8.5) at 37˚C overnight.  The digested peptides were extracted from the gel with 

a solution containing 5% acetic acid in an equal volume mixture of acetonitrile and H2O.  The 

resulting peptide mixture was subsequently dried, suspended in 0.1% formic acid in H2O, 

desalted with OMIX C18 pipet tips, then dried and stored at -80 °C.  Subsequently, the digested 

peptides were suspended in 0.1% formic acid in H2O, separated by nano-LC, and analyzed by 

on-line electrospray tandem mass spectrometry [EASY-nLC 1200 system (Thermo Scientific] 

coupled to a quadrupole Orbitrap Fusion Tribrid Mass Spectrometer equipped with an EASY-

Spray ion source).  The mass spectrometer was operated in data-dependent mode to switch 

automatically between MS and MS/MS acquisitions.  MS spectra (m/z 375-1500) were acquired 

with a mass resolution of 60K.  High energy collisional dissociation (HCD) was employed for 

recording MS/MS spectra.  Raw data were processed and analysed with MaxQuant (Version 

2.1.4.0) with an in-house database containing the D1 subunit and its mutants.  At least 99% of 

the relevant peptide from D342E contained the desired mutation (See Figures S1 and S2).  

Preparation of FTIR samples.  For FTIR analyses, purified PSII core complexes were 

exchanged into a buffer containing 40 mM sucrose, 10 mM MES-NaOH (pH 6.0), 5 mM CaCl2, 

5 mM NaCl, 0.06% (w/v) n-dodecyl β-D-maltoside by passage through a centrifugal gel 

filtration column at 50g (71, 76).  They were then concentrated to approx. 3.3 mg of Chl/mL in 
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100 K Amicon Ultra 0.5 centrifugal filter units (MilliporeSigma, Burlington, MA).  Approx. 6 

μL of the concentrated sample was then mixed with 1/10 volume of fresh 100 mM potassium 

ferricyanide and spread in the center 13 mm of a 25 mm diameter BaF2 window.  The samples 

were dried lightly with N2 gas to remove excess bulk water.  To maintain the sample humidity at 

99% RH (80), six 1 µL droplets of 20% (v/v) glycerol were placed around the sample’s 

periphery.  A second window was placed over the first, spaced with a 23 x 1 mm nitrile O-ring, 

and the two-window assembly was inserted into a custom-built holder and tightened (76).  The 

sealed samples were equilibrated in the sample compartment of the FTIR spectrometer at 0°C in 

darkness for 1.5 h.  They were then given six pre-flashes at 13 s intervals and dark-adapted for an 

additional 30 min before measurement (71, 76).  For each sample, the absorbance of the amide I 

band at 1657 cm-1 was 0.7 − 1.1. 

FTIR Spectroscopy.  Spectra were recorded with a Bruker Vertex 70 spectrometer (Bruker 

Optics, Billerica, MA).  The detector was a pre-amplified, midrange D317 photovoltaic MCT 

device (Kolmar Technologies, Inc., Newburyport, MA).  Actinic flashes (∼16 mJ/flash, ∼7 ns 

fwhm) were provided by a frequency-doubled Q-switched Nd:YAG laser (BRIO, Quantel USA, 

Bozeman, MT).  After samples had been pre-flashed and dark adapted, they were given six 

flashes at 13 s intervals.  Two transmission spectra were recorded before the first flash and one 

transmission spectrum was recorded starting 0.33 s after the first and subsequent flashes (each 

transmission spectrum consisted of 100 scans).  The 0.33 s delay was included to allow the 

oxidation of QA
•─ by the ferricyanide.  Difference spectra of the successive S-state transitions 

(i.e., Sn+1–minus–Sn difference spectra, hereafter Sn+1−Sn), were obtained by dividing the 

transmission spectrum obtained after the nth flash by the transmission spectrum obtained before 

the nth flash, then converting the ratio to units of absorption.  Baseline stability and the level of 
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background noise were obtained by dividing the second pre-flash transmission spectrum by the 

first and converting the ratio to units of absorption (these spectra are labeled “dark−dark” in 

each figure – these are control difference spectra that were obtained in the presence of the sample 

but without a flash being given).  The samples were then dark-adapted for 30 min and the cycle 

was repeated.  For each sample, the illumination cycle was repeated 15 times.  The spectra of 11-

26 samples were averaged (see figure legends).  The amplitudes of the D342E and 

D170E+D342E difference spectra were multiplied to normalize the amplitudes of the peaks 

corresponding to the reduction of ferricyanide to ferrocyanide by QA
•– (at 2115 and 2037 cm-1, 

respectively) to those in the corresponding wild-type spectra (this procedure normalizes the 

spectra to the extent of the flash-induced formation of QA
•─ after charge separation).  The 

multiplication factors are given in the figure legends. 

Preparation of EPR Samples.  Samples (0.5 mg of Chl) were concentrated in 100 K Amicon 

Ultra 0.5 centrifugal filter units (MilliporeSigma, Burlington, MA) until only 60 μL remained.  

The concentrated samples were diluted with EPR buffer [50 mM MES-NaOH (pH 6.0), 20 mM 

CaCl2, 5 mM MgCl2, 1.2 M betaine, 10% (v/v) glycerol, 10 mM sodium formate and 0.03 % 

(w/v) n-dodecyl β-D-maltoside] to final volumes of 1 mL.  They were then concentrated to 60 

μL again, then diluted with 1 mL of EPR buffer containing 1 mM DCMU (added from a stock 

solution of 100 mM DCMU in DMSO), concentrated to approx. 200 μL, and then transferred to 

quartz EPR tubes under dim green light.  The EPR tubes were dark-adapted for 60-75 min in ice 

in total darkness, then frozen in liquid N2.  The sodium formate was included to maintain the 

non-heme Fe ion in the QA-Fe-QB complex in its ferrous state during sample manipulation and 

dark-adaptation (81, 82) (we thank Brandon Russell and David Vinyard for pointing us toward 

this literature).  Maintaining the non-heme Fe in its ferrous state prevents the formation of non-
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heme Fe(III) that subsequently would be reduced by QA
•‒ during illumination, producing signals 

that interfere with high-spin signals from the Mn4CaO5 cluster (72).  The DCMU was included to 

limit PSII core complexes to a single charge separation when illuminated at non-cryogenic 

temperatures (by preventing the oxidation of QA
•‒ by QB).  Illumination was performed with a 

focused, heat-filtered, 350 W Radiac light source, either at 195 K in an ethanol/dry ice bath for 2 

– 8 min or at 273 K in a non-silvered Dewar filled with ice/water for 30 s, before being rapidly 

frozen in liquid N2.   

Electron Paramagnetic Resonance Spectroscopy.  CW-EPR spectra were collected with a 

Bruker EMX CW-EPR spectrometer operating at X-band (9.3-9.9 GHz) using Xenon acquisition 

software and an ER 4116DM Dual Mode resonator tuned to perpendicular mode (≈ 9.6 GHz) or 

parallel mode (≈ 9.4 GHz).  Temperature control was achieved using an Oxford Instruments 

ESR900 helium flow cryostat and an ITC503 temperature controller.  To avoid any ambiguity in 

distinguishing broad, high spin S2 state signals from potential overlapping signals corresponding 

to triplet O2 (S = 1), condensed O2 was excluded from samples by filling the frozen EPR sample 

tubes with liquid nitrogen and then warming briefly to vent all condensed gasses, followed by 

rapid capping of the open EPR tubes with tight-fitting rubber septa.  The absence of condensed 

O2 was confirmed by measuring CW-EPR collected in parallel mode to confirm the absence of 

any significant signals from O2, for which parallel-mode detection is particularly sensitive (see 

Figure S3).  EPR simulations were performed using the Easyspin (ver. 5.2.35) toolbox for 

Matlab (R2022a) (83). 

Other Procedures.  The concentration of Chl and the initial rates of steady-state O2 evolution 

produced by saturating actinic illumination were measured as described previously (84) 
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RESULTS 

Cells of the D342E and D170E+D342E mutants evolved O2 at rates of 160 ± 22 μmol O2 (mg 

of Chl)-1 h-1 and 146 ± 10 μmol O2 (mg of Chl)-1 h-1under light-saturating conditions, 

respectively, compared to 800 ± 50 μmol O2 (mg of Chl)-1 h-1 for wild-type.  The activity of the 

D342E cells (20 ± 3 % compared to wild-type) was the same as reported previously (20 ± 4 % 

compared to wild-type) (73).  The activity of the D170E+D342E cells (18 ± 2 % compared to 

wild-type) has not been reported previously, but evidently the presence of the D1-D170E 

mutation in the D1-D342E background did not significantly decrease the activity further.  The 

fraction of D1-D342E PSII centers containing Mn4CaO5 clusters in vivo has been estimated to be 

69-78% (73). Because the O2 evolving activity of D1-D342E cells is substantially less than the 

fraction of PSII centers containing Mn4CaO5 clusters, the efficiency of O2 formation in D1-

D342E must be substantially less than in wild-type in vivo.  The same must be true for 

D170E+D342E.  The D342E and D170E/D342E PSII core complexes evolved O2 at rates of 

1051 ± 94 μmol O2 (mg of Chl)-1 h-1 and 895 ± 85 μmol O2 (mg of Chl)-1 h-1, respectively, under 

light-saturated conditions compared to 5,730 ± 325 μmol O2 (mg of Chl)-1 h-1 for wild-type.  

These activities (18 ± 2 % and 16 ± 2 % for D342E and D170E/D342E respectively, compared to 

wild-type) correlate with the O2-evolving activity of the mutant cells, showing that the mutation-

bearing PSII core complexes were not damaged significantly during purification.  

Mid-Frequency Region.  The mid-frequency FTIR difference spectra produced by six actinic 

flashes applied to D342E PSII core complexes are compared to the corresponding spectra of 

wild-type in Figure 2.  In wild-type, the first and fifth flashes produce primarily the S2-S1 

difference spectrum, the second and sixth flashes produce primarily the S3-S2 difference 
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spectrum, and the third and fourth flashes produce primarily the S0-S3 and S1-S0 difference 

spectra, respectively (85-88).  The features in the D342E difference spectra are substantially  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  The FTIR difference spectra of D342E PSII core complexes in the mid-frequency 

region produced by six successive flash illuminations in comparison to wild-type.  For the wild-

type spectra, 24 samples (40,700 scans) were averaged.  For the D342E spectra, 26 samples 

(40,100 scans) were averaged.  To normalize the wild-type and mutant spectra to the extent of 

QA
•─ formation, the mutant spectra were multiplied by factors of 1.8, 3.0, 5.0, 6.0, 6.7, and 6.8 

for flashes 1 through 6, respectively.  The dark-dark control trace of the mutant (lower traces) 

was multiplied by a factor of 3.0 to better compare with the mutant spectra produced by the first 

and second flashes.     
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weaker than in the corresponding wild-type spectra despite normalization to the extent of flash-

induced formation of QA
•─.   

The spectra produced by the first flash shows that the D342E mutation substantially alters the 

S2-S1 difference spectrum.  In the carbonyl stretching [ν(C=O)] region, the negative feature at 

1747 cm-1 was eliminated.  In the amide I region, the 1680(-) cm-1 feature was replaced with a 

positive feature at 1677 cm-1, the 1651(+) cm-1 feature was diminished, and the 1640(-) cm-1, 

1634(+) cm-1, and 1623(+) cm-1 features were substantially diminished or eliminated, being 

replaced by a negative feature at 1629 cm-1.  In the overlapping asymmetric carboxylate 

stretching [νasym(COO–)] and amide II region, the 1586(+) cm-1 and 1561(-) cm-1 features were 

substantially diminished or eliminated, the 1543(-) cm-1 feature was substantially diminished, the 

1531(+)/1523(-) cm-1 derivative feature was eliminated, and the 1509(+) cm-1 feature was 

diminished.  The 1586(+) cm-1 and 1561(-) cm-1 features are νasym(COO–) modes because both 

shift in 13C-labeled PSII (89-91) but not in 15N-labeled PSII (89-93).  The 1543(-) cm-1, 1531(+) 

cm-1, and 1523(-) cm-1 features are amide II modes because they shift in both 13C labeled PSII 

(89-91) and 15N labeled PSII (89-93).  The 1509(+) cm-1 feature is comprised of overlapping 

amide II and νasym(COO−) modes (92).  In the symmetric carboxylate stretching [νsym(COO–)] 

region, the 1434(+) cm-1 feature was replaced by a weak negative feature at 1436 cm-1, the 

intense negative feature at 1416 cm-1 was replaced by a weak positive feature at 1416 cm-1, the 

intense negative feature at 1400 cm-1 appeared shifted to 1402 cm-1, a 1387(+)/1377(-) cm-1 

derivative feature appeared, the intense positive feature at 1364(+) cm-1 was substantially 

diminished or eliminated, the 1352(-) cm-1 feature was replaced by an intense negative feature at 

1343 cm-1, and the strong 1325(+) cm-1 feature appeared shifted to 1318 cm-1.     
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Most of the features produced by the second through sixth flashes applied to D342E are very 

weak.  Some of these features resemble those produced by the first flash, but the presence of 

small 1706(-)/1700(+) cm-1 and 1552(+)/1541(-) cm-1 derivative features and a small 1501-

1507(+) feature in each of the corresponding Sn+1-Sn spectra suggests that a small amount of YD
• 

(94-97) is produced by each flash.   

Many of the alterations to the first-flash spectrum produced by D342E resemble those 

produced by the D170E mutation (71).  In particular, both mutations substantially diminish or 

eliminate the positive νasym(COO−) feature at 1586 cm-1, the negative νasym(COO−) feature at 

1561 cm-1, and the positive νsym(COO−) feature at 1364 cm-1.  To determine if the simultaneous 

presence of both mutations would cause additional alterations to the FTIR difference spectra, we 

analyzed PSII core complexes from the double mutant, D170E+D342E.  The mid-frequency 

FTIR difference spectra produced by six actinic flashes applied to D170E+D342E PSII core 

complexes are compared to the corresponding spectra of wild-type in Figure 3.  In the first-flash 

spectrum, most of the alterations observed in D170E+D342E resemble those observed in D342E.  

Exceptions are shifts of the 1629(-) cm-1, 1343(-) cm-1, and 1361(+) cm-1 features in D342E to 

1638(-) cm-1, 1346(-) cm-1, and 1321(+) cm-1, respectively, in D170E+D342E.   

As was observed with D342E, most of the features produced by the second through sixth 

flashes applied to D170E+D342E are very weak and resemble those produced by the first flash.  

Also, as was observed with D342E, the presence of small 1706(-)/1700(+) cm-1 and 

1552(+)/1541(-) cm-1 derivative features and a small 1501-1507(+) feature in each of the 

corresponding Sn+1-Sn spectra suggests that a small amount of YD
• (94-97) is produced by each 

flash. 
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Figure 3.  The FTIR difference spectra of D170E+D342E PSII core complexes in the mid-

frequency region produced by six successive flash illuminations in comparison to wild-type.  For 

the wild-type spectra, 24 samples (40,700 scans) were averaged.  For the D170E+D342E spectra, 

19 samples (28,500 scans) were averaged.  To normalize the wild-type and mutant spectra to the 

extent of QA
•─ formation, the mutant spectra were multiplied by factors of 1.9, 3.1, 6.3, 9.1, 11, 

and 11 for flashes 1 through 6, respectively.  The dark-dark control trace of the mutant (lower 

traces) was multiplied by a factor of 3.1 to better compare with the mutant spectra produced by 

the first and second flashes.     
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To display more clearly the features in the first flash (S2-S1) spectrum that are altered by the 

mutations and to compare them to the alterations caused by D170E (71), WT-minus-mutant 

double difference spectra were calculated for the first-flash spectra of D342E, D170E+D342E, 

and D170E (Figure 4).  These spectra show that D342E, D170E, and the double mutant  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Double difference spectrum (WT-minus-mutant) obtained by subtracting the FTIR 

difference spectra of mutant PSII core complexes produced by the first flash from the 

corresponding spectrum of wild-type PSII core complexes.  Top panel: WT-minus-(D1-D342E).  

Middle panel:  WT-minus-(D1-D170E+D1-D342E).  Bottom panel:  WT-minus-(D1-D170E).  

The D1-D170E data are reproduced from Ref. 71.    
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D170E+D342E cause similar alterations in the S2-S1 spectrum in the amide, ν(C=O), and 

νasym(COO−) regions.  These alterations include the substantial or total elimination of the positive 

νasym(COO−) feature at 1587 cm-1 and the negative νasym(COO−) feature near 1564 cm-1.  These 

spectra also show that the D342E mutation, either alone (Figure 4, top panel), or in combination 

with D170E (Figure 4, middle panel) causes substantially more changes to the νsym(COO−) 

region than the D170E mutation alone (Figure 4, bottom panel), although the positive 

νsym(COO−) feature near 1364 cm-1 is substantially or totally eliminated in all three double 

difference spectra.    

To further analyze the alterations to the νsym(COO−) region caused by the D342E and D170E 

mutations, the first-flash (S2-S1) difference spectra of both mutants were compared directly 

(Figure 5).  An overlay of both difference spectra (Figure 5, upper panel) shows that the 1412(-) 

cm-1, 1355(-) cm-1, and 1341(+) cm-1 features in D170E appear to shift to 1402(-) cm-1, 1343(-) 

cm-1, and 1318(+) cm-1, respectively, in D342E.  The D170E-minus-D342E double difference 

spectrum (Figure 5, lower panel) confirms that a 1414(-) cm-1 feature in D170E shifts to 1399(-) 

cm-1 in D342E, that a 1356(-) cm-1 feature in D170E shifts to 1342(-) cm-1 in D342E, and that a 

1342(+) cm-1 feature in D170E shifts to between 1318 and 1309 cm-1 in D342E.   

α-COO‒ group of D1-A344.  The C-terminus of the D1 subunit is provided by D1-A344.  

The α-COO‒ group of D1-A344 coordinates to the same Mn ion as D1-D342 (Figure 1).  To 

determine if the D342E mutation alters the carboxylate stretching modes of D1-A344, wild-type 

and D342E PSII core complexes were specifically labeled with L-[1-13C]alanine (71, 77, 98).  A 

comparison of the unlabeled and L-[1-13C]alanine-labeled first-flash (S2-S1) difference spectra of  
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Figure 5.  Comparison of the S2-S1 (first flash) double difference spectra of D170E and D342E 

PSII core complexes in the νsym(COO‒) region (upper panel).  The double difference spectrum 

(D170E-minus-D342E) that was obtained by directly subtracting the FTIR difference spectra 

shown in the upper panel is shown in the lower panel.  The D170E data is reproduced from ref. 

71.   

 

wild-type and D342E is shown in Figure 6 (left panels).  As observed previously(71, 77, 98), the 

incorporation of L-[1-13C]alanine shifts modes in the νsym(COO–) region.  To display the shifted 

modes more clearly, the 12C-minus-13C double difference spectra of wild-type and D342E 

between 1380 and 1280 cm-1 are compared in Figure 6 (right panel). The data show that the 

D342E mutation shifts the unlabeled νsym(COO–) mode of D1-A344 from 1354 cm-1 to 1345 cm-
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1 in the S1 state and from 1340 cm-1 to 1317 cm-1 in the S2 state (both modes appear downshifted  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  The FTIR difference spectra of unlabeled and L-[1-13C]alanine-labeled D342E PSII 

core complexes in the mid-frequency region produced by the first flash (lower left panel) in 

comparison to wild-type (upper left panel).  The spectrum of unlabeled D342E PSII is 

reproduced from Figure 2.  The spectra of wild-type are reproduced from ref. 71.  For the L-[1-

13C]alanine-labeled D342E spectrum, 11 samples (16,500 scans) were averaged.  To facilitate 

comparison, the 12C-Ala and 13C-Ala spectra have been normalized to maximize overlap between 

1450 and 1360 cm-1.  The right panel shows the double-difference spectra, 12C-minus-13C, of 

D342E in comparison with WT (the spectra shown in the left panels were subtracted directly).  

Only the 1385 – 1260 cm-1 region is shown. 
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by 33-35 cm-1 by 13C).  (Note that the assignment of the 1340 cm-1 feature to the unlabeled mode 

in the S2 state correlates with an earlier QM/MM study (99)).  

Weakly H-Bonded O−H Stretching Region.  Changes in the O–H stretching vibrations of 

weakly H-bonded O-H groups of water molecules appear as mostly negative features between 

3700 and 3500 cm-1 (85-88, 100, 101).  This region of the first-flash (S2-S1) FTIR difference 

spectra of D342E and D170E+D342E is compared with that of wild-type in Figure 7 (left and  

 

 

 

 

 

 

 

 

Figure 7.  The FTIR difference spectra of D342E and D170E+D342E PSII core complexes in 

the weakly H-bonded O–H stretching region produced by a single flash in comparison to wild-

type.  The D342E spectrum and its dark-dark control (left panel) were collected simultaneously 

with the first-flash and control spectra shown in Figure 2.  Both mutant spectra were multiplied 

by a factor of 1.8 to normalize to the extent of QA
•─ formation in wild-type and facilitate 

comparison.  The D170E+D342E spectrum and its dark-dark control (right panel) were collected 

simultaneously with the first-flash and control spectra shown in Figure 3.  Both mutant spectra 

were multiplied by a factor of 1.9 to normalize to the extent of QA
•─ formation in wild-type and 

facilitate comparison.     
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right panels, respectively).  Both D342E and D170E+D342E eliminate the small negative feature 

at 3663 cm-1 and the broad positive feature that is centered at 3617 cm-1, replacing the latter with 

a broad negative feature that is centered near 3630 cm-1.   

  

 

 

 

 

 

 

 

 

 

Figure 8.  The FTIR difference spectra of D342E and D170E+D342E PSII core complexes in 

the strongly H-bonded O–H stretching region produced by a single flash in comparison to wild-

type.  The D342E spectrum and its dark-dark control (left panel) were collected simultaneously 

with the first-flash and control spectra shown in Figure 2.  Both mutant spectra were multiplied 

by a factor of 1.8 to normalize to the extent of QA
•─ formation in wild-type and facilitate 

comparison.  The D170E+D342E spectrum and its dark-dark control (right panel) were collected 

simultaneously with the first-flash and control spectra shown in Figure 3.  Both mutant spectra 

were multiplied by a factor of 1.9 to normalize to the extent of QA
•─ formation in wild-type and 

facilitate comparison.  Residual atmospheric CO2 is responsible for the sharp feature in the 

D342E spectra at 2350 cm-1.    
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Strongly H-Bonded O−H Stretching Region.  Changes in the O–H stretching vibrations of 

strongly H-bonded O-H groups of water molecules appear as very broad positive features  

between 3200 and 2300 cm-1 (85-88, 100, 101).  This region of the first-flash (S2-S1) FTIR 

difference spectra of D342E and D170E+D342E is compared with wild-type in Figure 8 (left and 

right panels, respectively).  The wild-type S2-S1 spectrum (upper traces, black) shows a broad 

feature extending from 3100 cm-1 to approx. 2600 cm-1.  The intensity of this broad feature is 

diminished in the D342E and D170E+D342E spectra, as seen most obviously between 3000 and 

2650 cm-1 (upper traces, red).  The wild-type spectrum is overlain with numerous sharp, positive 

peaks that correspond to Fermi resonance peaks from coupling between the H-bonded His N-H 

stretching modes and combinations/overtones of imidazole ring modes (102, 103) from D1-H337 

(103) and possibly from D1-H332 (104).  In both mutant spectra, the intensities of the sharp 

features at 2914 cm-1, 2838 cm-1, 2805 cm-1, and 2687 cm-1 are diminished substantially.   

EPR Spectrocopy.  X-band CW-EPR spectra were collected for extensively dark-adapted 

samples of WT, D342E, and D170E+D342E, all of which show the typical signals associated 

with non-Mn4CaO5 related paramagnetic species present in PSII core complexes from 

Synechocystis sp. PCC 6803 (see Figure 9 and Figure S4).  These are (1) an intense, narrow 

signal at 343 mT (g = 2.0) arising from the persistent tyrosine radical YD
•, (2) a rhombic signal at 

160 mT (g = 4.3) which arises from adventitious bound high spin (S = 5/2) Fe(III) in a low 

symmetry ligand geometry environment, (3) a broad, positive feature with two peaks centered at  
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Figure 9.  Dark-subtracted X-band perpendicular-mode CW-EPR spectra of WT, D342E, and 

D170E+D342E PSII core complexes (black traces) with spectral simulations of the high spin (S 

= 5/2) S2 signals overlaid in red. Arrows indicate g-values of individual turning points of the HS 

S2 signals.  Acquisition parameters: Temperature = 5 K, MW frequency = 9.636-9.638 GHz, 

Modulation Amplitude = 0.8 mT, Conversion Time = 20 ms, MW power = 2.2 mW.  Simulation 

parameters: D342E: S = 5/2, giso = 2.07, D = 0.40 cm-1, E/D = 0.200, isotropic Voigtian linewidth 

= 15 mT; DStrain = 0.25*D. D170E+D342E: S = 5/2, giso = 2.08, D = 0.40 cm-1, E/D = 0.175, 

isotropic Voigtian linewidth = 15 mT; DStrain = 0.25*D. 
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114 mT (g = 6.11 and 5.90) corresponding to the high-spin Fe(III) heme of cyt b559, and (4) a 

broad, rhombic signal with principal intensity at 234 and 304 mT (g = 2.93 and 2.27,  

respectively), corresponding to gz and gy of the low-spin Fe(III) heme of the aforementioned cyt 

b559, which has a reported g-tensor of g = [2.95, 2.26, 1.52] (105).  In addition to these signals, an  

intense axial signal ranging from 360-420 mT is observed.   This signal corresponds to the QA
-•-

Fe(II) semiquinone-iron complex and is a result of including 10 mM sodium formate in the 

sample buffer (106, 107).  As previously mentioned in the Methods section, the inclusion of 

formate causes the non-heme Fe(II) ion in the QA-Fe-QB complex on the acceptor side of PSII to 

persist its ferrous state during sample manipulation, dark-adaptation, and irradiation at 273 K 

(81, 82).  Noteably, this is the only non-Mn4CaO5 associated signal which changed appreciably 

after illumination, and did so in similar proportions for all PSII variants, reflecting QA
-• 

formation.  Importantly, no high spin signals associated with the QAFe(III) complex were 

generated because of this inclusion of formate. 

For intact WT PSII preparations from all organisms, illumination with white light at 195 K 

produces the S2 state in high yield.  At this temperature, advancement to the S3 state is blocked.  

For our WT samples, a two minute illumination at 195 K produced a typical S2 state g = 2 

multiline signal arising from the low spin (S = ½) S2 state of the Mn4CaO5 cluster.  However, all 

attempts (e.g., 2 to 8 min illuminations) to generate S2 state EPR signals at 195 K in D342E and 

D170E+D342E were unsuccessful, consistent with previous studies of D170E.  As an alternative, 

we performed shorter, 30 second illuminations in a water-ice bath at 273 K using the same light 

source followed by rapid freezing in liquid nitrogen (< 1 second).  For WT, illumination at 273 K 

produced a significant yield of the typical multiline signal centered around g = 2 (Figure 9, upper 

trace).  No significant amount of this g = 2 multiline signal was observed for D342E or 
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D170E+D342E (Figure 9, middle and lower traces, respectively).  Instead, new broad signals 

ranging from 60-270 mT were observed in both mutants, consistent with formation of a high spin 

(S = 5/2) conformation of the S2 state.  

The high spin signals for the D342E and D170E+D342E mutants appear to be distinct from 

one another, with D342E exhibiting a more isotropic primary signal centered at g = 4.12 (Figure 

9, middle trace) and D170E+D342E exhibiting a more axial signal with turning points at g = 

5.24 and g = 3.65 (Figure 9, lower trace), reminiscent of the high-spin S2 signal observed 

previously for the D170E mutant (72).  

 

DISCUSSION 

The apparent lack of advancement of D342E through the S state cycle in response to a series 

of saturating flashes (Figure 2) was unexpected because of the significant steady-state rates of O2 

evolution observed in D342E cells and PSII core complexes (18-20% compared to wild-type).  

One possibility is that the features in the FTIR difference spectra of D342E, other than S2-S1, are 

much less intense than in wild-type.  Such a situation was observed in D170E for the S0-S3 and 

S1-S0 transitions (71).  Another possibility is that the S2 state is less stable in D342E compared to 

wild-type: in D342E cells, charge recombination between QA
•‒ and the S2 state is dominated by a 

phase that is more rapid than the rate in wild-type cells (73).  This is in contrast to D170E cells, 

where the S2 state is slightly stabilized with respect to wild-type (74, 108).  Lower stability of the 

S2 state in D342E may increase the miss parameter under the conditions of the FTIR experiments 

that are reported here.   

Network of H-bonds – Mid-frequency region.  The carboxylate group of D1-D342 and the 

α-COO‒ group of D1-A344 both coordinate to Mn2 and both interact with a number of water 
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molecules in the O1 network of H-bonds that connects the Mn4CaO5 cluster with the thylakoid 

lumen.  Consequently, the D342E mutation would be expected to perturb the O1 network both 

directly and indirectly through this mutation’s influence on the α-COO‒ group of D1-A344.  Our 

FTIR data confirm this expectation.   

The D342E-induced alterations to the S2-S1 spectrum in the ν(C=O) and νasym(COO‒)/amide II 

regions (Figure 2) resemble those produced by the mutation of many other residues located in the 

networks of H-bonds that originate at the Mn4CaO5 cluster (for a compendium of such 

mutations, see Table 1 of ref. 71).  These alterations include the substantial decrease or complete 

elimination of the ν(C=O) feature at 1747(-) cm-1, the νasym(COO‒) feature at 1586(+) cm-1, the 

amide II features at 1552(+) cm-1 and 1543(-) cm-1, the derivative amide II feature at  

1531(+)/1522(-) cm-1, and the νasym(COO‒)/amide II feature at 1509(+) cm-1.  The resemblance of 

these D342E-induced alterations to those induced by many other mutations shows that D342E 

perturbs the same extensive networks of H-bonds that are perturbed by the other mutations.   

Network of H-bonds – Weakly H-bonded O-H stretching region.  The weakly H-bonded 

O-H stretching modes of water molecules that are coupled to the Mn4CaO5 cluster appear 

between 3700 cm-1 and 3500 cm-1 (85-88, 100, 101).  The D342E-induced elimination of the 

3663(-) cm-1 and 3617(+) cm-1 features in the S2-S1 spectrum and the replacement of the 3617(+) 

cm-1 feature by a broad negative feature centered at 3630 cm-1 (Figure 7) resemble the alterations 

that are produced by many other mutations (see Table 1 of ref. 71).  This resemblance also shows 

that D342E perturbs the same extensive networks of H-bonds that are perturbed by the other 

mutations. 

Network of H-bonds – Strongly H-bonded O-H stretching region.  Strongly H-bonded O-

H stretching modes of water molecules that are coupled to the Mn4CaO5 cluster appear between 
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3200 cm-1 and 2200 cm-1 (85-88, 100, 101).  In the S2-S1 spectrum, the broad feature is 

dominated by the O-H stretching modes of W1 and W2 (101).  The feature’s positive amplitude 

has been attributed to a strengthening of the H-bonds of W1 and W2 by the increased charge that 

develops on the Mn4CaO5 cluster during the S1 to S2 transition (101).  As was proposed for 

D170E on the basis of similar data (71), the smaller amplitude of this feature in D342E (Figure 

8) implies that the H-bonds of W1 and W2 are weaker in D342E than in wild-type, consistent 

with a smaller charge increase on Mn4 during this transition.  A smaller charge increase on Mn4 

would be consistent with D342E changing the valence distribution of the Mn ions in S2 state, as 

was also proposed for D170E (71) (see below).  The sharp features at 2914 cm-1, 2838 cm-1, and 

2805 cm-1 in the wild-type spectrum correspond to the Nτ-H group of D1-H337 (103), with 

possible contributions from the Nπ-H group of D1-H332 (104).  The Nτ-H group of D1-H337 

donates an H-bond to O3, whereas the Nπ-H group of D1-H332 donates an H-bond to the 

backbone carbonyl of D1-E329.  The much smaller amplitudes of these features in the D342E 

spectrum suggest that the H-bonds involving these N-H groups are altered during the S1 to S2 

transition as was also proposed for D170E (71).     

Metal Coordination – Carboxylate Stretching Modes.  The similarity of many features in 

the D342E first-flash (S2-S1) FTIR difference spectrum to those in the corresponding D170E 

spectrum (71), particularly the substantial or complete elimination of the 1586(+) cm-1, 1561(-) 

cm-1, and 1364(+) cm-1 features, led us to consider whether the D342E mutation alters the 

equilibria between conformers of the Mn4CaO5 cluster in the S1 and S2 states, as observed 

previously for D170E (71, 72).  However, the first-flash spectra of D342E and D170E differ 

considerably in the νsym(COO–) region (e.g., see Figure 5).   

First, we consider the νsym(COO–) region between 1360 cm-1 and 1260 cm-1.  Because D1-
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D342 and the α-COO‒ group of D1-A344 coordinate to the same Mn ion, we used L-[1-

13C]alanine to identify the νsym(COO–) mode of D1-A344 in the S1 and S2 states in D342E 

(Figure 6).  The 12C-minus-13C double difference spectrum (Figure 6, right panel) shows that the 

D342E mutation shifts the νsym(COO–) mode of D1-A344 in the S1 state from 1354 cm-1 (in 

wild-type) to 1345cm-1 (in the mutant) and shifts this mode in the S2 state from 1340 cm-1 (in 

wild-type) to 1317 cm-1 (in the mutant).  These features are visible in the D342E first-flash 

spectrum at 1343(-) cm-1 and 1318(+) cm-1 (Figure 2, upper red trace) and generate the modes 

that appear at 1342(+) cm-1 and centered at 1312 (-) cm-1 in the WT-minus-D342E double 

difference spectrum (Figure 4, upper panel).  The D170E mutation causes little change to the 

νsym(COO–) mode of D1-A344 in unlabeled samples (71).  Consequently, an overlay of the 

D342E and D170E first-flash spectra (Figure 5, upper panel) and the D170E-minus-D342E 

double difference spectrum (Figure 5, lower panel) also show these features within a few 

wavenumbers of the values given above (i.e., at 1342(+) cm-1 and centered at 1314(-) cm-1, 

respectively, in the double difference spectrum).    

Next, we consider the νsym(COO–) region between 1440 cm-1 and 1360 cm-1.  Because D342E 

eliminates the 1416(-) cm-1 and 1410(+) cm-1 features from in the first-flash FTIR difference 

spectrum (Figure 2, upper red trace), we propose that these correspond to the νsym(COO–) mode 

of D1-D342 in the S1 and S2 states, respectively, of wild-type.  An alternative assignment of the 

1434(+) cm-1 feature to this mode in the S2 state (99) seems less likely because this feature is also 

eliminated by the D170E mutation (71).  We further propose that the D342E mutation (1) shifts 

the 1416(-) cm-1 mode to 1402(-) cm-1, (2) shifts the 1410(+) cm-1 mode to 1387(+) cm-1, and (3) 

eliminates the νsym(COO–) mode of D1-D170 that appears at 1400(-) cm-1 in the wild-type S1 

state.  The D342E-induced replacement of the 1416(-) cm-1 and 1410(+) cm-1 modes with modes 
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at 1402(-) cm-1 and 1387(+) cm-1, respectively, would produce three modes in the WT-minus-

D342E double difference spectrum, one near 1416(-) cm-1, one centered between 1410(+) cm-1 

and 1402(+) cm-1 (e.g., at 1406(+) cm-1), and one near 1387(-) cm-1.  The simultaneous loss of 

the 1400(-) cm-1 mode of D1-D170 in D342E would cancel most or all of the 1406(+) cm-1 mode 

in the double difference spectrum, leaving a double difference spectrum showing strong features 

near 1416(-) cm-1 and 1387(-) cm-1 and a weak feature or no feature centered near 1406(+) cm-1.  

This is observed in the WT-minus-D342E and WT-minus-(D170E+D342E) double difference 

spectra (Figure 4, top two panels).  The D170E-minus-D342E double difference (Figure 5, lower 

panel) shows all three modes clearly [i.e., features near 1416(-) cm-1, near 1406(+) cm-1 (actually 

at 1399(+) cm-1) and near 1387(-) cm-1] because the 1400(-) cm-1 mode is not present in D170E 

to obscure the loss of this feature in D342E. 

Metal Coordination – Equilibria between Isoforms of S1 and S2 states – FTIR Data.  On 

the basis of our analysis of the νsym(COO–) region of the first-flash (S2-S1) FTIR difference 

spectrum of D342E (above), we have concluded that the D342E mutation eliminates the 

νsym(COO–) mode of D1-D170 at 1400(-) cm-1and that this elimination is masked by the shift of 

the νsym(COO–) mode of D1-D342 from 1416(-) cm-1 in wild-type to 1402(-) in D342E (see 

previous paragraph).  Consequently, the D342E mutation eliminates the same four carboxylate 

stretching modes of D1-D170 from the S2-S1 spectrum that are eliminated by the D170E 

mutation (71): the νasym(COO–) and νsym(COO–) modes at 1561 cm-1 and 1400 cm-1, respectively, 

in the S1 state and the νasym(COO–) and νsym(COO–) modes at 1586 cm-1 and 1364 cm-1, 

respectively, in the S2 state.  The downshift of the νsym(COO–) mode of D1-D170 (from 1400 cm-

1 to 1364 cm-1) during the S1 to S2 transition in wild-type has been attributed to the loss of Jahn-

Teller elongation along the D170-Mn4-E333 axis when Mn4 undergoes oxidation from Mn(III) 
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to Mn(IV) (50, 71, 109).  This orientation of the Jahn-Teller axis corresponds to the S1
A 

conformer of the S1 state.  Oxidation of the S1
A conformer corresponds to the oxidation of Mn4 

(50).  The loss of Jahn-Teller elongation on Mn4 in response to its oxidation would decrease the 

bond lengths between Mn4 and its ligating oxygens, thereby weakening and downshifting the 

νsym(COO–) modes and upshifting the νasym(COO–) modes.   

In this work, we adopt the same explanation for the absence of the carboxylate stretching 

modes of D1-D170 from the S2-S1 spectrum of D342E that was adopted for the absence of these 

modes from the S2-S1 spectrum of D1-D170E (71): the D342E mutation alters the equilibrium 

between the S1
A and S1

B conformers so that the S1
B conformer is more prevalent in the mutant 

than in wild-type.  Oxidation of the S1
B conformer corresponds to the oxidation of Mn1 (50).  

Oxidation of Mn1 during the S1 to S2 transition would leave the Jahn-Teller elongation of Mn4 

intact (because Mn4 remains a Mn(III) ion), thereby leaving the carboxylate modes of D1-D170 

unaltered so that they contribute nothing to the S2-S1 difference spectrum.  In D170E, features at 

1355(-) cm-1 and 1341(+) cm-1 in the S2-S1 spectrum were attributed to the νsym(COO–) mode of 

D1-E170 in the S1 and S2 states, respectively (71).  The 14 cm-1 downshift was attributed to the 

increased charge that develops on the Mn4CaO5 cluster during the S1 to S2 transition (71).  This 

downshift presumably accounts for the differences observed between D342E and D170E+D342E 

in this region of the S2-S1 spectra (Figures 2 and 3).  The small magnitude of this downshift was 

attributed to the retention of Jahn-Teller elongation on Mn4 during the S1 to S2 transition in 

D170E (71). 

Oxidation of Mn1 instead of Mn4 during the S1 to S2 transition in D342E would also decrease 

the amount of charge that develops on Mn4.  The smaller charge increase on Mn4 would be 

consistent with the lower amplitude of the broad feature in the S2-S1 spectra of D342E and 
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D170E+D342E in the strongly H-bonded stretching region (Figure 8), as was pointed out above 

and previously for D170E (71).   

In contradiction to our interpretation (offered here and in ref. 71), it should be noted that a 

previous study reported that the low spin and high spin conformers of the S2 state exhibit very 

similar S2-S1 FTIR difference spectra (110).  However, the equilibrium between the low spin and 

high spin conformers in ref. 110 was altered by changing the cryoprotectant.  Consequently, 

samples enriched in the high spin conformer also contained a substantial population (approx. 

50%) of low spin conformer.  The S2-S1 FTIR difference spectra of wild-type PSII enriched in 

high spin S2 state conformer should be reexamined at elevated pH values, where higher levels of 

enrichment have been reported (53). 

Metal Coordination – Equilibria between Isoforms of S1 and S2 states – EPR Data.  

Because oxidation of the S1
A conformer corresponds to the oxidation of Mn4, oxidation of PSII 

poised in the S1
A state would produce the low-spin form of the S2 state that exhibits the g = 2 

multiline EPR signal.  In contrast, because oxidation of the S1
B conformer corresponds to the 

oxidation of Mn1, oxidation of PSII poised in the S1
B state would produce a high-spin form of 

the S2 state (50).  Therefore, if the S1
B conformer is more prevalent in D342E (and in 

D170E+D342E) than in wild-type, oxidation of the Mn4CaO5 cluster during the S1 to S2 

transition would preferentially generate a high-spin conformer of the S2 state in these mutants 

(50).  To test this hypothesis, the CW-EPR spectra of wild-type, D342E, and D170E+D342E 

PSII core complexes were compared after illumination to form the S2 state.  Our data (Figure 9) 

show that illumination of dark-adapted D342E and D170E+D342E PSII core complexes does not 

produce any detectable low spin S2 state multiline EPR signal, as was also observed previously 

in D170E PSII core complexes (72), but instead produces broad low field signals with primary 
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turning points at g = 4.12 and g = 3.65, respectively.  In contrast, WT PSII core complexes 

illuminated under the same conditions preferentially exhibit the typical low-spin S2 multiline 

signal.   

Simulations of the low field signals for D342 and D170E+D342E indicate that they both 

correspond to high spin forms of the S2 state with S = 5/2, with similar overall magnitudes of 

zero field splitting (zfs) interaction (D = 0.40 cm-1), but differing slightly in the symmetry of this 

zfs interaction, with E/D values of 0.20 for D342 and 0.175 for D170E+D342E (E/D can range 

from 0 for perfectly axial symmetry to 1/3 for fully rhombic symmetry). These values are 

broadly similar to those determined previously for the high spin S2 signal in D170E (D = 0.41 

cm-1, E/D = 0.18) (72) and in PSII from spinach thylakoid membranes, the latter utilizing 

multifrequency CW-EPR (D = 0.455 cm-1, E/D = 0.25) (111).  We note that simulations using a 

range of D-values between 0.4-1.0 cm-1 produce similarly satisfactory fits of the experimental 

spectra for both mutants (See Figure S5). 

To summarize, our EPR data support the conclusion of our FTIR data that the D342E 

mutation, like the D170E mutation described previously (71), stabilizes alternate conformers of 

both the S1 and S2 states.  Our inability to generate the high spin signals at 195 K may reflect the 

deprotonation that is required for generating the high spin S2 state in wild-type PSII (53).  We 

conclude that D342E alters the equilibrium between different conformers of the cluster in its S1 

and S2 states in the same manner as D170E and perturbs the H-bond network in a similar fashion.   

 

SUMMARY AND CONCLUSIONS 

On the basis of FTIR and EPR data, we conclude that the D1-D342E mutation alters the 

equilibrium between different conformers of the Mn4CaO5 cluster in its S1 and S2 states in the 
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same manner as the D1-D170E mutation and perturbs the H-bond networks in a similar fashion.  

This is the second metal-bridging carboxylate ligand of the Mn4CaO5 cluster whose mutation 

stabilizes altered conformers of the S1 and S2 states without eliminating O2 evolution.  This 

observation has implications for our understanding of the mechanism of O2 formation in terms of 

catalytically active/inactive conformations the Mn4CaO5 cluster’s oxidation states.    
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chlorophyll multimer that serves as the light-induced electron donor in PSII; PSII, photosystem 



Revised March 28, 2024                                                                                          jp-2024-00829v 

36 
 

II; QA, primary plastoquinone electron acceptor; QA, secondary plastoquinone electron acceptor; 

YZ, tyrosine residue that transfers electrons from the Mn4CaO5 cluster to P680•+; YD, tyrosine 

residue that acts as an additional electron donor to P680
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