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Glossary 

AD Analogue-to-digital 

BBY PSII enriched membrane particles, named after Berthold, Babcock and Yocum 

Chl Chlorophyll 

DAQ Data acquisition  

DCBQ 2,6-Dichloro-1,4-benzoquinone 

DF Delayed chlorophyll fluorescence 

Ea Activation energy 

Ea
H Enthalpy of activation 

Ea
S Entropy of activation 

EEC Enthalpy-entropy compensation  

EPR Electron paramagnetic resonance  

FTIR Fourier-transform infrared  

FWHM Full-width at half-maximum  

G Gibbs free energy 

KM Michaelis  constant 

LHC Light harvesting complex 

NADP Nicotinamide adenine dinucleotide phosphate  

OEC Oxygen evolving complex  

OP Time-resolved oxygen polarography 

P680 Primary electron donor of PSII 

P700 Primary electron donor of PSI 

PF Prompt chlorophyll fluorescence 

Phe Pheophytin 

PSI Photosystem I 

PSII  Photosystem II 
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QA Primary quinone acceptor of PSII 

QB Secondary quinone acceptor of PSII 

QM/MM Quantum mechanics/molecular mechanics  

RC Reaction centre 

Syn. Synechococcus  

T. elongatus  Thermosynechococcus elongatus 

TST Transition state theory 

TTL Transistor-transistor-logic  

WT Wild-type 

XFEL X-ray free electron laser  

YD Tyrosine D (D2-Tyr160) of PSII 

YZ Tyrosine Z (D1-Tyr161) of PSII 
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Chapter 1 Introduction 

Where does the oxygen in the atmosphere come from? And how fast does the nature produce oxygen 

molecule? This is a very old topic dating back to almost three billion years ago when the atmosphere 

was changed from an anaerobic to an aerobic one, first by cyanobacteria and then later on additionally 

by algae and plants.  

Generations after generations of scientists make enormous efforts digging into the details of the 

mechanisms of photosynthesis in order to reveal the secrets of this photochemical reaction (Dau & 

Zaharieva, 2009; Vinyard & Brudvig, 2017). The whole process of photosynthesis is found to be very 

complicated, thus it could take decades (or even centuries) to discover the fine details. One of the 

essential steps is the oxidation of water in the protein complex photosystem II (PSII), where oxygen 

is produced from water, driven by absorption of solar radiation. Luckily, PSII is not as unreachable as 

a black hole. This means that it can be approached by a number of modern techniques and in the end, 

all its functions and key questions are likely to be solved in the foreseeable future.  

In this study the goal of the research described in the following was to explore the function of PSII, 

focusing on (1) the water oxidation process, by understanding the O-O bond formation, specifically 

from the kinetic and energetic point of view; and (2) the co-solvent effects, as an approach for new 

insight into the electron and protonation dynamics. Currently, a set of well-developed high profile 

methods form a solid base to study PSII. The basic background knowledge of this topic is to be 

introduced in the following sections.  

 

1.1 Photosynthesis 

Photosynthesis is a process of transforming light energy into chemical energy and producing the sugar 

needed in all living species. It takes place in the thylakoid membrane of cyanobacteria, algae and 

plants. The main protein complexes are photosystem II (PSII), cytochrome b6f, photosystem I (PSI) 

and adenosine triphosphate (ATP) synthase, which, together with further electron carriers, compose 

the electron transfer chain (Figure 1.1). Photosynthesis includes energy-fixing (light reactions) and 

carbon-fixing reactions (dark reactions). In the energy fixing-reaction, water is transformed into 

oxygen, nicotinamide adenine dinucleotide phosphate (NADP) into NADPH and ADP into ATP 

respectively; while in the carbon fixing reactions carbon dioxide is essential to sugar formation. The 

overall equation of the photosynthesis can be expressed as  
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solar	energy	൅	6H2O	൅	6CO2	→	6O2	൅	C6H12O6	. 

First of all, the photon energy is taken up by the reaction centre chlorophylls (P680), a special pair of 

chlorophylls in PSII. This photochemical reaction initiates charge separation that the primary electron 

transfer takes place from the oxidation of P680 to reduction of a specific pheophytin, followed by the 

reduction of a quinone molecule. The flow of electrons runs through cytochrome b6f to PSI in which 

the reaction centre (P700) is excited by photon energy, initiating another chain of electron transfer 

processes that reduces NADP into NADPH. The released electron from P680 is substituted by the one 

generated from water oxidation in the oxygen evolving complex (OEC). The protons released from 

water oxidation within the OEC together with those from the PQH2 pool form a transmembrane proton 

gradient and thus power the synthesis of ATP from ADP (Figure 1.1).   

The very central system of this study is PSII, the catalyst allowing for oxygen evolution by water 

oxidation. This protein complex is a dimer composed of at least 20 protein subunits and is introduced 

in the following section.   

 

Figure 1.1. Light-dependent reactions of photosynthesis at the thylakoid membrane (Somepics, 2018). For further 

details of the shown compounds of the photosynthetic electron transfer chain, see (Blankenship, 2002).  
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1.2 Photosystem II  

PSII is located in the thylakoid membrane of the grana particles, which are embedded in the cells of 

cyanobacteria, green algae and plants. A high resolution crystal structure of PSII protein has been 

resolved in a resolution of 1.9 Å (Figure 1.2) (Umena et al., 2011). Nearly each of the atom positions 

is well defined (aside from the protons). 

 

Figure 1.2. Photosystem II structure based on Protein Data Base entry 3ARC (Umena et al., 2011) with indication 

of the key redox cofactors and dimensions of the PSII complex.  The red arrows connect the redox cofactors of the 

electron transfer chain from the donor side including Mn-complex, a redox-active tyrosine (YZ) and the primary 

electron donor (P680) to the acceptor side containing the primary pheophytin acceptor (Phe), the primary (QA) and 

secondary (QB) quinone acceptors. See further details in (Dau et al., 2012).  
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It is a dimeric protein complex containing at least 20 subunits, including membrane-extrinsic and -

intrinsic proteins. Among the intrinsic ones, the D1, D2, CP43 and CP47 (also called PsbA, PsbD, 

PsbC and PsbB) proteins function as the central core of the complex and facilitate photosynthetic water 

oxidation. In each monomer of PSII the functionality is supported by a number of cofactors, including 

for instance, 35 chlorophylls, 11 ß-cartotenoids, 2 pheophytin, 2 plastoquinones, 2 heme irons, 1 non-

heme iron, 4 manganese atoms, 3 to 4 calcium atoms, 1 bicarbonate, 3 chloride, 23 lipids and more 

than 1,300 water molecules (Umena et al., 2011).  

 

1.2.1 Photochemical Reaction and Electron Transfer  

Photoabsorption by one of the roughly 200 chlorophylls in the light-harvesting complex (LHC) of PSII 

in plants results in formation of an equilibrated excited state (Chl200*) and is followed by P680 

chlorophyll oxidation (formation of P680
+) with a quantum efficiency close to unity (Dau & Zaharieva, 

2009). This special pair of Chl-a is named P680, since it absorbs maximally at a wavelength of 680 nm, 

thus its excited state energy is equivalent to 1.83 eV following   

ܧ ൌ ݄ܿ/λ	, (1.1) 

where E is the energy in unit of eV, h is the Planck constant, c is the speed of light in vacuum and λ is 

the wavelength of a photon.  

At the electron acceptor side, the photochemical reaction initiated by the photon absorption is an 

electron transfer from P680 to pheophytin (Phe), forming the radical pair of P680
+Phe- within 3 ps (Dau, 

1994; Dau et al., 2012). And the electron transfer proceeds further to a firmly bound QA within 300 ps 

thus forming P680
+QA

- (Dau, 1994; Dau et al., 2012). The QA is subsequently oxidized by the QB 

supported by a loosely bound heme iron ion. After accumulation of two electrons at the QB side, two 

protons from the protein environment bind, forming QBH2. QBH2 leaves the PSII as shown in the 

scheme of Figure 1.2. See also the scheme in Figure 1.3 for simplicity.  
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Figure 1.3. Simplified scheme of the electron transfer path from the donor to the acceptor side within photosystem 

II (Dau et al., 2012).  

At the donor side, the P680
+ is reduced by a redox-active tyrosine residue, denoted as YZ, within about 

100 ns. And the Yz gets reduced by the catalytic Mn-complex within 40 µs to 2 ms, depending on the 

oxidation states of the complex. Up to date, the precise structure of the OEC in specific states is still 

one of the most important unsolved questions.  

 

1.2.2 Oxygen Evolving Complex and Water Oxidation 

The oxygen evolving complex (OEC) contains tyrosine Z (YZ), several highly conserved amino acids 

of the D1 and the CP43 protein, which ligate the inorganic metal cluster (Mn4CaO5). The metal ions 

are coordinated to four water molecules, one histidine and carboxylate ligands (Figure 1.4). The Mn-

complex functions as a catalyst and facilitates the water oxidation by accumulating four oxidation 

states after four photons absorption events, resulting in the splitting of two water molecules into four 

protons and electrons (reducing equivalents) as well as one di-oxygen molecule as byproduct: 

2H2O  4H+ + 4e- + O2 . 
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Figure 1.4. Water-oxidizing manganese complex and redox-active tyrosine of photosystem II (PSII). The Mn4Ca(μ-

O)5 core of the Mn-complex is bound to amino acid residues of the D1 and of the CP43 protein (Klauss, Sikora, et 

al., 2012).  

For decades the scientific community has been dealing with the challenge of understanding the 

mechanism of this catalytic centre. One of the breakthroughs was back in 1970 when it was discovered 

that the oxidation states of the OEC follow a quaternary periodic pattern in a damped oscillation with 

maxima at the 3rd and the 7th and minima at the 1st and the 5th saturating light flashes (Kok et al., 1970). 

This oscillation cycle was interpreted as 5 semi-stable states, Si (i = 0 - 4) by taking into account also 

an intermediate state, nominated as S4, which is a transiently formed state prior to oxygen formation. 

The dynamics of proton and electron transfer within the cycle were further extensively investigated 

and discussed, for instance, as can be seen in Figure 1.5 (Klauss, Haumann, et al., 2012). Up to date, 

progress has been achieved by resolving possible structures of the individual states (S0 to S2) (Askerka 

et al., 2017), for instance, by X-ray diffraction (Umena et al., 2011),  X-ray free electron laser 

crystallography (XFEL) (Young et al., 2016) and extensive quantum mechanics/molecular mechanics 

(QM/MM) calculations (Shen, 2015). However, the structure of the S4 state, from which one could get 

insight into the O-O bond formation, is still poorly understood (Vinyard & Brudvig, 2017).   
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Figure 1.5. Extended Kok cycle presenting alternating protonation and electron transfer between each S-state 

transition. The subscripts indicate the number of oxidation equivalents accumulated at the Mn-complex (starting 

from S0) while the superscripts indicate the charge relative to the dark-stable S1 state (+, positive; n, neutral) 

(Klauss, Haumann, et al., 2012).  

A cycle of four S-state transition can be summarized as follows (Dau & Haumann, 2008; Vinyard & 

Brudvig, 2017): 

(i) S0 to S1 

S0 is the most reduced state, containing (Mn3+)3Mn4+. DFT and QM/MM studies suggest that, the 

oxidation states pattern for Mn1, Mn2, Mn3 and Mn4 are III, IV, III and III respectively (Pal et al., 

2013; Siegbahn, 2013). See Figure 1.4 for atom numbering. The charge separation of P680 induces the 

oxidation of YZ, forming YZ
+, which oxidizes S0 to S1

+, specifically oxidizing Mn3 from Mn3+ to Mn4+. 

This change decreases the pKa of O5 dramatically, and thus is followed by a deprotonation from O5, 

forming S1
n with the oxidation states pattern as III, IV, IV and III (Koulougliotis et al., 1992).  

 

(ii) S1 to S2  

This transition involves only an electron transfer step but no proton release, i.e. the oxidation of one 

Mn3+ to Mn4+, forming S2
+. The S2 state has been intensively studied, for instance by electron 
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paramagnetic resonance (EPR) spectroscopy (Haddy, 2007; Pokhrel & Brudvig, 2014). It contains two 

spin isomers: 

1) A g = 4 EPR signal with a ground state of S = 5/2 with a Mn oxidation states pattern as IV, IV, 

IV and III as a closed cubane where the dangler Mn4 is a five coordinate Mn3+ center and 

weakly bound to the other three Mn ions; 

2) A g = 2 EPR signal with a ground state of S = 1/2 with a Mn oxidation states pattern as III, IV, 

IV and IV as an open cubane, where the Mn1 is a five coordinate Mn3+ center and all Mn ions 

are connected by di-µ-oxo bridges (Haddy, 2007; Pantazis et al., 2012). 

 

 (iii) S2 to S3 

An external water molecule is added to the OEC in this step, which involves deprotonation, Mn 

oxidation and water coordination (Klauss, Haumann, et al., 2012) and finally forming a Mn oxidation 

states pattern as IV, IV, IV and IV, i.e. (Mn4+)4. However, the mechanism of this transition is still under 

debate, mainly among three models.  

Starting from an open cubane, an external water molecule is added to Mn1 as an additional ligand. This 

is proposed by DFT calculation and confirmed by EPR experiment (Cox et al., 2014; Siegbahn, 2013).  

Alternatively, starting from a closed cubane, W3 moves to Mn4 followed by a water molecule (from 

the OEC external surrounding) taking the previous site of W3, proposed by computational calculations 

(Bovi et al., 2013; Krewald et al., 2016; Shoji, Isobe, & Yamaguchi, 2015). In another perspective, a 

water molecule from the second sphere, couples to the Mn4 as a direct ligand by altering the position 

of W1 and W2 (Capone et al., 2016; Retegan et al., 2016).  

 

(iv) S3  S4 to S0 

This is the most complex transition. It involves a proton and an electron transfer, forming an 

intermediate S4 state with O-O bond formation, followed by oxygen release and water binding, and 

another proton transfer to form the S0 state. The detail processes are introduced in the next section.  
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1.2.3 O-O Bond Formation 

This is the energetically most demanding step of water oxidation, in which the Mn-complex advances 

from S3 to the S0 state via the transient S3YZ
ox and S4 states (S3 → S3YZ

ox → S4 → S0 transition)  (Kern 

et al., 2014). In this step two substrate water molecules are oxidized by the OEC followed by the 

evolution of an O2 molecule.  

The mechanism of the O-O bond formation is not yet fully understood or verified. However, two 

conceivable mechanisms are suggested and supported by a number of experimental evidences and 

computations, namely oxo-oxyl radical coupling and nucleophilic water attack mechanisms, 

respectively; see review paper (Vinyard & Brudvig, 2017). Recently it was reported based on DFT 

calculations that the latter mechanism (nucleophilic water attack) is impossible due to the high 

energetic barrier (23.1 kcal/mol) in comparison to the efficient oxo-oxyl mechanism with a barrier of 

only 6.2 kcal/mol (Siegbahn, 2017).   

The O-O bond formation has been probed by substrate and enzyme modifications, targeting to reveal 

the impact on kinetic and thermodynamic parameters. In the case of substrate modifications, substrate 

analogues and inhibitors were used. Typical analogues and cosolvents applied in the study of O-O 

bond formation have been reported, for instance (here only comparably recent references are cited):  

(i) methanol (Dixon et al., 2012; Ho & Styring, 2008; Noring et al., 2008a, 2008b; Su et al., 

2011),  

(ii) ethanol (Åhrling et al., 2004), 

(iii) ammonia (Dau et al., 1995; Hou et al., 2011; Navarro et al., 2013; Vinyard et al., 2016; 

Vinyard & Brudvig, 2015) and  

(iv) glycerol (Dashnau et al., 2006; Fang et al., 2005; Gekko & Timasheff, 1981; Hussels & 

Brecht, 2011a, 2011b; Vagenende et al., 2009a, 2009b). 

For example, in a recent crystallographic study ammonia was applied as a substrate analogue (Young 

et al., 2016). From the resolved atomic structure and combined data with EPR and oxygen evolving 

activity, it was suggested that ammonia may replace W2 from the Mn4, but without inhibition of 

oxygen evolution. This led to the conclusion that W2 likely is not a substrate water. Accordingly, all 

the mechanisms involving W2 that explained the O-O formation are disfavored. This evidence helps 

to address the likelihood of the mechanism of O-O formation, even though it may contradict some 

other experimental findings and computations.  
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Regarding the enzyme modifications, natural PSII variants from different species or site-directed 

mutations of PSII have been used in comparative studies (Bao & Burnap, 2015; Cox et al., 2011; 

Rappaport et al., 2011). All these inspire the idea to probe the kinetics of O-O formation by substrate 

analogues/cosolvents (ammonia in Chapter 3 and glycerol in Chapter 4) as well as to compare the 

activation energy among different species (in Chapter 5), so that the impact factors for the O-O 

formation can be understood in a further step.  

 

1.3 Activation Energy and Transition State Theory 

1.3.1 Catalytic (Enzymatic) Mechanism and Activation Energy 

In each chemical reaction, a certain energetic barrier has to be crossed in order to achieve a transiently 

formed higher energetic state (transition state), followed by a downhill reaction to generate the product 

(Figure 1.6). According to the transition state theory, the required effort to overcome this barrier is 

defined as activation energy. In a reaction an enzyme is able to accelerate the reaction rate by lowering 

the barrier, consequently initiating the reaction, for example, hundreds of times faster.  

 

Figure 1.6. Simplified scheme on transition state theory. Starting with the reactant, a chemical reaction happens by 

crossing an energetic barrier (Ea) thereby passing a transition state, which is followed by a downhill reaction to 

generate the product. 
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1.3.2 Enthalpy Entropy Compensation 

Enthalpy-entropy compensation (EEC) refers to a situation, where a change of enthalpy 

(decrease/increase) is compensated by an increase /decrease of entropy. It is a fundamental 

phenomenon, existing in chemical reactions from micro- to macro-molecular levels. See examples of 

EEC in certain proteins (Borsarelli & Braslavsky, 1998; Chodera & Mobley, 2013; Ferrante & Gorski, 

2012; Losi et al., 2001). Nevertheless, it is under debate, because the reported EEC effects were often 

criticized to be the contribution from experimental errors and limitations (Chodera & Mobley, 2013).  

Specifically in a protein environment, EEC has been widely and intensively investigated in both 

experimental and theoretical studies. In recent years, studies of protein-ligand associations have 

suggested certain forms of EEC effects to explain protein thermodynamics. However, it is still 

experimentally one of the biggest challenges to quantify the change of enthalpy and entropy precisely. 

One of the profound methods applied, for instance in PSII studies, is the photoacoustic technique, by 

which the enthalpy variation of the protein might be probed, but often protein volume changes 

dominate the signals and render the determination of the reaction enthalpy problematic (Hou & 

Mauzerall, 2011; Klauss et al., 2009; Krivanek et al., 2008). However, even if successful, these studies 

reveal only the total enthalpy and entropy of the reaction, which are not the enthalpy/entropy of 

activation that matter in transition state theory (TST).  

Alternatively, the Arrhenius and Eyring plots are often used to express the correlation between the rate 

constant and temperature dependence of a specific chemical reaction. The details of these two 

approaches are presented in the next section.  

  

1.3.3 Mathematical Method of Determining Activation Energy 

1.3.3.1 Arrhenius Equation 

The Arrhenius equation was firstly proposed by Svante Arrhenius back in the year 1889, based on the 

Van’t Hoff’s equation developed in 1884. The equation addresses the correlations between the rate 

constant of a chemical reaction and the temperature  

 ݇ ൌ  , (1.2)	ாೌ/௞ಳ்ି݁ܣ
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where k is the rate constant, A the pre-exponential factor, Ea the activation energy of a reaction, kB the 

Boltzmann constant and T the absolute temperature (in Kelvin). This leads to an alternative form in 

terms of natural logarithm on both sides of the equation, giving  

 lnሺ݇ሻ ൌ െܧ௔ ቀ
ଵ

௞ಳ்
ቁ ൅ ln	ሺܣሻ. (1.3) 

A plot of ln(k) versus 1/T yields a curve that can be fitted with a linear regression, of the form “y = 

ax+b”, from which the slope (a) and intercept (b) can be applied to determine the values of Ea and A 

respectively:  

௔ܧ ൌ െ݇஻
݈݀݊ሺ݇ሻ

݀ ቀ
1
ܶቁ

ൎ ݇஻ ଴ܶ
ଶ ݈݀݊ሺ݇ሻ

݀ሺܶሻ
	, (1.4) 

for temperatures in the vicinity of T0; and   

ܣ ൌ ݁௕	. (1.5) 

1.3.3.2 Transition State Theory and Eyring Equation 

For a chemical reaction, the transition state theory (TST) can be further well described by the Eyring 

Equation, which was developed by Henry Eyring in 1935 based on TST and the Arrhenius equation, 

correlating reaction rates to the temperature. The Equation is given by 

 
݇ ൌ

݇஻ܶ
݄

݁
ି ∆ீ
௞ಳ் ൌ

݇஻ܶ
݄

݁
ି ∆ு
௞ಳ்	݁

∆ௌ
௞ಳ		,	 (1.6) 

where k is the rate constant, kB the Boltzmann constant and T the absolute temperature (in Kelvin), h 

the Planck constant, H the enthalpy of activation, S the entropy of activation and the Gibbs energy 

of activation ∆ܩ	ሺൌ ܪ∆ െ ܶ∆ܵሻ. Accordingly, by taking the natural logarithm on both sides, it gives: 

 
lnሺ݇ሻ ൌ lnሺܶሻ ൅ lnሺ

݇஻
݄
ሻ ൅

∆ܵ
݇஻

െ
ܪ∆
݇஻ܶ

		 (1.7) 
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݈݀݊ሺ݇ሻ

݀ሺܶሻ
ൌ
1
ܶ
൅
1
ܶଶ

ܪ∆
݇஻
	. (1.8) 

Eq. (1.8) is based on the derivative of k to T from Eq. (1.7). The combination of Eq. (1.4) and (1.8) 

gives the correlation between activation energy and enthalpy for a specific temperature  

௔ܧ ൌ ܪ∆ ൅ ݇஻ ଴ܶ	. (1.9) 

The value of kBT0 is about 25.3 meV at room temperature (20 oC).  

The combination of Eq. (1.3) and (1.7) yields: 
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Therefore, the entropy can be expressed as 

∆ܵ ൌ ݇஻ln ൬
݄ܣ
݇஻ܶ

൰ െ ݇஻	. (1.11) 

This means that the analysis of a plot of ln(k) versus 1/T by linear regression yields a slope and an 

intercept, from which one can determine the values of H and S, respectively.  

 

1.4 Goal of This Study  

Regarding the functionality of PSII there are still various open questions that need to be answered in 

order to understand such a complex system in full detail. One of the central challenges is to understand 

the mechanism of O-O bond formation in water oxidation, for instance, from a kinetic and energetic 

point of view. In this study three main perspectives are under investigation: 

(i) Ammonia - identification of the substrate water 

Ammonia, as a water analogue, has been used to probe the substrate water in PSII study for decades. 

Controversial evidence has been reported about whether ammonia inhibits the oxygen evolving 

activity or not. If yes, which place can be the binding site? (Andréasson et al., 1988; Andréasson & 
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Lindberg, 1992; Beck et al., 1986; Boussac et al., 1990; Oyala et al., 2015; Velthuys, 1975; Vinyard 

et al., 2016; Vinyard & Brudvig, 2015) 

(ii) Glycerol - kinetic influence on proton and electron transfer  

Glycerol, commonly used as a cyroprotectant and cosolvent in protein preparation, was resolved in the 

crystal structure of PSII. How does it affect the kinetics of proton and electron transfer in the water 

oxidation process as well as the O-O bond formation?     

(iii) Activation energy of O-O bond formation - comparison among different species 

Last but not least, the O-O bond formation from S3 to S0 transition is not yet fully understood from a 

thermodynamic point of view. Is the reaction driven by enthalpic or entropic factors? The comparison 

of activation enthalpy and entropy in this process among different species can supply more information 

to understand the mechanism.  
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Chapter 2 Material and Methods 

2.1 Biological Samples  

First of all, it is necessary and worthwhile to appreciate that the PSII preparations from various 

biological sources are a joint effort, from spinach specifically including Monika Fünning, Philipp 

Simon, Dr. Matthias Schönborn, Dr. Ivelina Zaharieva, Dr. Petko Chernev and Jan Köhne while from 

cyanobacteria by a group of specialists in molecular biology headed by Dr. Yvonne Zilliges, 

constituted of Rebecca Christiana, Janis Hantke, Elena Laufer, Valentina Teresa Tovazzi and Hannah 

Davis to the best knowledge of the author.  

All steps of the preparations, handling and storage of the PSII samples were done under dim green 

light in a cool room (4 oC) or in an icy cold container. Therefore, the activity of the biological samples 

is preserved as far as possible by preventing their degradation and keeping the particles in the dark-

adapted state. The composition of the relevant buffer are attached in Appendix A.  

 

2.1.1 PSII-enriched Membrane Preparation from Spinach  

PSII is enriched in grana stacks of thylakoid membrane inside the chloroplast of plants such as spinach. 

The method of extracting PSII-enriched membrane particles from spinach was established by Berthold, 

Babcock and Yocum (Berthold et al., 1981), thereafter short-named as BBY. The preparation was later 

on improved by Dau and co-workers (Schiller & Dau, 2000) by adding 1M Betaine in order to increase 

protein stability and thus achieve higher oxygen evolution activity (now commonly used in a number 

of laboratories in the PSII research community). To isolate the grana, the thylakoid membrane is 

required to be extracted by disrupting the chloroplasts. The preparation consists of mechanical 

chloroplasts disruption, detergent treatment and several rounds of differential centrifugations, with 

more details in the following:   

Step I: mechanical cell breakage and chlorophyll isolation.  

The spinach leaves (from organic farm) were gently washed in demineralized water and then put into 

a blender (containing buffer A). A mechanic approach was applied by breaking the cells in order to 

access the chlorophyll. The unbroken leaf tissues and the cellular debris were removed by filtering and 

differential centrifugation (in buffer A).   
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Step II: chloroplast breakage.  

Osmotic shock by using a buffer containing 0.4M sucrose (buffer B).  

Step III: thylakoid membrane isolation.  

The thylakoid membrane embedded in the chloroplasts of the leaves was extracted with the help of 

differential centrifugation (in buffer B).  

Step IV: separation of stacked PSII-enriched membrane particles from unstacked PSI. 

The PSI-enriched membrane particles (as well as cytochrome b6f) were dissolved in the detergent 

Triton-X100 (in buffer C) and removed by differential centrifugation. The process time of detergent 

treatment is critical due to its defragmentation of the insolubilized parts.  

Step V: purification of PSII-enriched membrane particles from starch.  

Finally, three to five centrifugation steps were applied (in buffer D) until the starches was completely 

removed from the pellet, giving the product of the PSII enriched membrane particles. The resulting 

activity was 1,000 - 1,200 µmol O2 (mg Chl h)-1 (at 25 oC, pH 6.2) with a chlorophyll concentration of 

about 2 mg/mL while Chl-a to Chl-b ratio was about 2.5. The sample was aliquoted into individual 

reaction tubes and stored in the dark in a -80 oC fridge. 

2.1.2 Thylakoid Membrane Preparation from Cyanobacteria   

The key procedures in principle were similar to the preparation from spinach. Cyanobacterial strains, 

namely Thermosynechococcus elongatus BP-1 (wild-type and PsbA3, also called ∆psbA1+2) and 

Synechococcus sp. PCC 7002 (wild-type, ΔpsbA1 and ΔpsbA2 mutants) were grown 

photoautotrophically in BG11 medium (Rippka, 1988) and in A+ medium (Stevens & Porter, 1980) in 

48°C and 38°C respectively, supplemented with CO2-enriched air (1 % v/v) and continuous white light 

of 80 μE·m−2·s−1. See details of the mutation and protein preparation in (Schuth et al., 2017).  

 

2.1.3 Sample Handling before Measurement 

Before every experiment, the sample, i.e. PSII membrane particles (0.5 mL to 2 mL in reaction tubes) 

were taken from the -80 oC fridge and thawed on ice for one hour. The sample was then centrifuged in 

30 mL control buffer (see Table 2-1) at 4 oC and 50,000 g (Rotor Sorvall SS-34, RPM 20,500) for 12 



17 Material and Methods

 

17 

 

minutes, unless otherwise specified. Ice-cold buffer was used in this step in order to minimize 

denaturation of the protein. After centrifugation, the supernatant was discarded, thereby removing 

broken particles due to long time storage at low temperature. The pellet was resuspended in 1 mL to 2 

mL of the same buffer and the chlorophyll concentration was measured. The sample solution was then 

calibrated into a chlorophyll concentration between 40 µg/mL to 130 µg/mL and kept on ice as a stock 

solution until measurement. The actual concentration depended on the corresponding detection system, 

experimental design and conditions. 

Table 2-1 A list of the control buffers used for the different chapters of this study, with the key difference at pH and 

in salt (NaCl) concentration. The samples denoted as BBY are the PSII enriched membrane particles from spinach, 

while cyano T. el. and Syn. 7002 are the thylakoid membrane particles from cyanobacterial Thermosynechococcus 

elongates BP-1 and synechococcus sp. PCC 7002 respectively. PF stands for prompt fluorescence, DF for delayed 

fluorescence and OP for oxygen polarography, the details of which are to be introduced in the following sections of 

this chapter. Full composition of all buffers are listed in Appendix A.  

Chapter sample buffer pH NaCl [mM] Method 

3: Ammonia Binding to the 

Water-oxidizing Manganese 

Complex of PSII  

BBY, Cyano 

T.el. and Syn. 

7002  

NaCl 7.5 150 PF, DF, OP 

4: Glycerol Effects in 

Kinetics of Protonation and 

Electron Transfer of PSII 

BBY D 6.2 15 PF, DF 

5: Activation Energy of O-

O Bond Formation in PSII  

BBY, Cyano 

T.el. and Syn. 

7002 

ternary 6.2 150 PF, DF, OP 

 

2.2 Determination of Chlorophyll Concentration  

For each measurement, 40 µL of membrane particles were dissolved into 10 mL of an acetone/water 

mixture (80%, 20%, v/v). The solvent was then centrifuged at 1,200 g (3,000 RPM) at room 

temperature for 4 minutes in a table centrifuge*1 (see Table 2-2) in order to separate, for example, 

starch from the particles and thus obtain a fully transparent solution without side effects from light 
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scattering due to turbidity. The absorbance of the remaining solution (i.e. the supernatant) was 

measured in a cuvette (1 cm optical path length) in a spectrometer*2 (see Table 2-2) at 646 nm and 

663 nm, which correspond to the maximum absorption wavelength of Chlorophyll a and b respectively. 

The chlorophyll concentration was then determined with the following equations (Lichtenthaler, 

1987): 

                     Chla [mg/mL] = 0.25 * [12.21 * A663 - 2.81 * A646] ; (2.1) 

and   

                      Chlb [mg/mL] = 0.25 * [20.21 * A646 - 5.03 * A663] , (2.2) 

where A646 and A663 denote the absorbance measured at 646 nm and 663 nm, respectively.  

Table 2-2 Supplementary information of experimental setup in determination of chlorophyll concentration. 

Experimental setup Type 

*1 Table centrifuge Rotofix 32, Hettich 

*2 Spectrometer Spectrometer, Varian Cary 50 UV-Vis spectrophotometer 

 

2.3 Prompt Fluorescence 

The fluorescence emission follows a probability distribution from different fluorophores. So the 

distribution can be reconstructed by counting the emitting photons as a function of time, since the time 

course of each individual fluorophore follows an exponential decay. Based on this, the identification 

of the life time of the corresponding fluorophores can be determined (in terms of the rate constant) by 

curve fitting (Keith Wilson, 2010).  

Fluorescence measurement is commonly used specifically in the study of biology to understand the 

physiological condition of the plants. In the research of photosystem the detection of variable 

fluorescence yield, denoted prompt fluorescence (PF) hereafter, has been applied in many PSII 

laboratories (Ananyev et al., 2005; de Grooth & van Gorkom, 1981; Goltsev et al., 2012; Sander et al., 

2010; Thapper et al., 2009). The experimental setup has been commercialized, thus can be easily 

applied in vitro and vivo studies.  
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2.3.1 Principle of Prompt Fluorescence 

Fluorescence emission that takes place within nano seconds after photoabsorption by a chlorophyll 

(Chl) molecule is called prompt fluorescence, which was first reported by Kautsky and Hirsch. Since 

then, this technique is commonly used in a few laboratories of photosynthesis research and has been 

summarized in extensive reviews (Dau, 1994; Papageorgiou & Govindjee, 2011; Shinkarev & 

Govindjee, 1993; Shinkarev et al., 1997).  

Following each absorption of a photon and excitation of a Chl, there are three ways to distribute the 

energy (Figure 2.1) in terms of  

(1) photochemical reaction followed by charge separation, forming radical pair of [P680
+Phe-] and 

[P680
+QA

-] in a further step, 

(2) non-radiative energy loss as heat dissipation, and  

(3) decaying back to the ground state in terms of photoemission, i.e. fluorescence. 

 

Figure 2.1. Scheme of the energy distribution after photon absorption by chlorophyll, modified from reference 

figure in (Baker, 2008). Following each photoabsorption by a special pair of chlorophylls P680 in photosystem II, 

there are three ways to distribute the energy terms of chlorophyll fluorescence (red arrow), heat (dark red arrow) 

and photochemical reaction (black arrow).  

The fluorescence takes place only within about 20 ns, since it is limited by the life time of the excited 

state of P680 (Dau, 1994). This is a relatively fast process, therefore, it is called prompt fluorescence. 

It can be used as an indication of the redox state of the primary quinone (QA). Within approximately 

300 ps after photon absorption and chlorophyll excitation, the QA is reduced by an electron from P680 

via Pheophytin, as can be seen later in Figure 2.2. The yield of chlorophyll fluorescence is proportional 

to the population of reduced QA, thus the resulting PF signal makes the redox state of QA visible (Dau, 
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1994). Therefore, the status of the QA/QA
- can be approached by the PF signal. The PF signal is 

dominated by PSII, because the contribution of Photosystem I to the fluorescence emission is evaluated 

less than 5% at room temperature (Roelofs et al., 1992). It is thus especially useful in the study of PSII.  

 

2.3.2 Data Acquisition of Prompt Fluorescence 

The PF in this study was detected by a pump-probe technique, in which the PSII particles were 

pumped, i.e. excited by saturating (single turn-over) laser flashes through the S-state cycle. Between 

each individual S-state, the PSII particles were probed by a weak excitation light (625 nm). The 

measured intensity was correlated to the redox state of QA. The correlation between PF signal and the 

population of reduced QA, noted as [QA
-] has been well studied in the past. See details in an intensive 

review (Dau, 1994).  

Alternatively, instead of measuring the fluorescence intensity directly, the variable yield of PF was 

detected by a commercial fluorometer*1 (see Table 2-3), in which a pair of LEDs probed the PSII 

samples by weak modulated excitation LED light*2 (see Table 2-3) as a non-actinic excitation source 

without initiating the charge separation. When the QA is reduced, the P680 is blocked in such a way that 

the reaction center is not available to absorb a photon and to initiate charge separation. In contrast, if 

the QA is oxidized, then the center is open and ready to absorb the incoming photon. So by using a 

non-actinic excitation light to probe PSII, fluorescence was induced and detected by a photodiode. The 

detailed introduction of this technique and setup can be found on the website of the fluorometer 

producer (http://www.psi.cz/).  

Before the PSII dark-adapted particles were excited by a signal turn-over flash from a pulsed laser*3 

(see Table 2-3) from the top side of the cuvette, they were probed from two side windows five times 

in a spacing of 200 µs, giving an intensity of F0 which refers to the status of fully oxidized QA. 

Subsequently, all the PSII particles were excited by a saturating flash, reducing all the QA molecules 

and yielding a maximum intensity value, denoted as FM. Therefore, the population of reduced QA can 

be expressed as  

  
0
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The probe pulses were generated from 100 µs to 700 ms after the laser flash with an evenly distributed 

time spacing on a logarithmic scale, giving 6 pulses for each order of decay, thus 23 data points in 

total.  

For temperature control, the cuvette holder was thermally regulated by a commercial circulator*4 (see 

Table 2-3). The measurement started only after the sample temperature was thermally stabilized, which 

was observed by dipping a thermal sensor into the buffer in a sampling rate of 1 Hz, with precision of 

0.1 oC.  The overall thermal deviation through the detection was estimated to be less than  1 oC.  

Table 2-3 Supplementary information of experimental setup of prompt fluorescence.  

Experimental setup Type 

*1 Fluorometer FL-3000, Photon System Instruments, by Czech Republic 

*2 LED light 615 nm, HLMP-DH08, by Hewlett Packard 

*3 Pulse laser 532 nm, Nd:YAG laser, by Continuum Minilite II 

*4 Circulator Haake, DC50 

 

2.3.3 Data Analysis  

The PF decay is a multiphasic process, which is at least a tri-phasic decay (de Wijn & van Gorkom, 

2001), including: 

(1) a fast phase (τ < 1 ms), refers to the electron transfer from QA
- to QB / QB

- when the QB is 

present in site and firmly bound; 

(2) a medium phase (1 ms to 10 ms), associated with the binding process of QB to the reaction 

centers followed by its reduction, and is dependent on the binding affinity of QB / QB
- to its 

own domain in PSII; 

(3) a slow phase (τ > 10 ms), connected to the charge recombination between the reduced QA and 

oxidized factor, for example P680
+ at the donor side.  

Accordingly, the time course of PF is simulated by a sum of three exponential functions, which works 

as a base for the ‘QA correction’ of the delayed fluorescence decay (to be introduced in the next 

section):   





22 Material and Methods

 

22 

 

 
	 	, (2.4) 

where A is the amplitude, τ the time constant, i.e. the reciprocal of the rate constant and c the constant 

of the amplitude offset.  

Consequently the rate constant (or half decay time, noted as τ1/2) of the electron transfer from QA to 

QB / QB
- is accessible.  

 

2.4 Delayed Fluorescence  

The delayed fluorescence (DF), also called recombination fluorescence, refers to the fluorescence 

signal induced later than 20 ns after photon excitation because the rate constant of fluorescence 

emission of the excited chlorophyll in PSII antenna system is about 5*107 s-1 at room temperature 

(Dau, 1994). DF has been commonly used in photosynthesis research (Barber et al., 1977; Buchta et 

al., 2007; de Grooth & van Gorkom, 1981; Goltsev et al., 2009; Karge et al., 2014; Turzó et al., 2000; 

Van Gorkom et al., 1976; Venediktov et al., 1980). It was first reported in the 1950s (Strehler & 

Arnold, 1951) and then further analyzed and reviewed, for example by Govindjee and co-workers 

(Jursinic & Govindjee, 1977; Rutherford et al., 1984). Due to its sensitivity to the donor site of PSII, 

DF is an important tool to study the electron and proton movements kinetically and energetically 

(Buchta et al., 2007; Grabolle & Dau, 2005, 2007; Zaharieva et al., 2013).  

 

2.4.1 Principle of Delayed Fluorescence 

The delayed fluorescence (DF) is caused by the photon emission by the excited pigment P680 due to 

charge recombination (back reaction of electron transfer). The emission spectrum of DF is highly 

similar to the one of PF (Dau & Sauer, 1996; Grabolle, 2005; Tsamaloukas, 2001) and peaks around 

683 nm with a half width of 20 nm at room temperature (Dau, 1994). This suggests that both DF and 

PF are emitted from the same source, i.e. the same excited state(s) of the Chlorophyll a (denoted as 

Chl*) from the PSII antenna system. Whenever the Chl* population is increased due to a 

recombination process from the radical pairs, there are three possible ways the energy can be 

distributed (as introduced in Section 2.3.1).  
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i

i 







 



)/exp()(
3

1





23 Material and Methods

 

23 

 

The DF can be delayed on a time scale of ns to seconds after photon absorption by the antenna system. 

The repopulation of the Chl* in principle is governed by the differences of free energy between Chl* 

and different radical pair states, giving the DF intensity 

 	
* /RP BG k T

DF S e  	, (2.5) 

where S is a time independent sensitivity factor, determined by the amplification of the fluorescence 

detection system and the rate constant of fluorescence emission of the Chlorophyll (Grabolle & Dau, 

2005);  refers to the Gibbs free energy difference between the given radical pair and excited 

chlorophyll (see scheme in Figure 2.2); kB is the Boltzmann constant; and T is the absolute temperature 

in Kelvin. Therefore, the free energy difference between any two radical pair states can be resolved 

kinetically.  

 

Figure 2.2. The free-energy changes (ΔG) and time constants of the electron transfer reactions in PSII. Forward 

reactions are indicated by black arrows and charge recombination, as red-brown dotted lines. The ΔG-axis indicates 

the individual decays of all radical pair states formed after P680* formation, in terms of free energy. The inset shows 

the arrangement of essential redox factors imbedded in the D1 and D2 protein subunits of PSII schematically, for 

details see (Dau et al., 2012).    

 

*
RPG



24 Material and Methods

 

24 

 

The intensity of DF signal can be expressed approximately by the population of oxidized P680 and 

reduced QA: 

 	
* /

680
RP BG k T

D AF S e P Q           		,	 (2.6) 

where refers to the Gibbs free energy difference between the radical pair, P680
+QA

- and the excited 

chlorophyll state. 

 

2.4.2 Data Acquisition of Delayed Fluorescence 

For a delayed fluorescence (DF) measurement, the PSII sample particles (diluted in buffer) were 

pipetted into a cuvette and excited by saturating pulsed laser flash*1 (see Table 2-4) with an intensity 

of 2 mJ/cm2, a wavelength of 532 nm, and a full-width at half-maximum (FWHM) of 5 ns. The laser 

beam was aligned and widened by a group of lenses, yielding a homogeneous excitation area of 1 cm2. 

The pulse intensity was determined and calibrated by a power meter*2 (see Table 2-4).  

The DF of highly active PSII membrane particles was measured in the time domain from 10 μs to 60 

ms after each flash of a series of nanosecond laser pulses. Compared to the prompt fluorescence, the 

DF basically has the same emission spectrum, but a factor of about 100 lower in intensity (Buchta et 

al., 2007). The relatively strong PF emission is a fast process within less than 1 µs.  Therefore, to avoid 

and filter the contribution from the PF in the detection system, a gated photomultiplier*3 (see Table 

2-4) was applied to detect the weakly delayed fluorescence signal. The shutter of the photomultiplier 

was in an open status but closed from 7 µs before to 3 µs after the laser flash during the detection. 

Possible scattered laser light was filtered by two long-pass filters*4 (see Table 2-4), with a cut-off 

wavelength of 600 nm and 632 nm respectively. 

*G
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Figure 2.3.  Simplified scheme of delayed fluorescence setup. The PSII membrane particles (diluted in buffer with 

supplementary electron acceptor) were placed into a cuvette holder and excited by saturating pulsed laser flash 

with an energy of 2 mJ/cm2, a wavelength of 532 nm, and a full-width at half-maximum (FWHM) of 5 ns. The laser 

beam was aligned and widened by a group of lenses, yielding a homogeneous excitation area. The delayed 

fluorescence was detected by a gated photomultiplier followed by an amplifier and data acquisition.  

It turned out to be a challenge to perform the analogue-to-digital (AD) conversion within the resolution 

limit, since the DF signal decayed by a factor of about 105 from 10 µs to 56 ms. To cross this barrier, 

the signal was distributed into two channels, one (namely the slow channel) was guided through a 

preamplifier with an amplification factor of 30. See details of this solution in (Grabolle, 2005). Then 

both channels were coupled into an oscilloscope*5 (see Table 2-4) and amplified. It was sampled at 1 

MHz by a 12 bit PC card*6 (see Table 2-4) from 200 ms before to 56 ms after the laser flash. The 

sampling rate resulted in a time resolution of 1 µs. Both channels were then merged into one decay, in 

which the range before 500 µs was from the fast channel while the one after 500 µs was from the slow 

channel. To reduce the number of data points, the size of the data file and the noise level, the decay 

was logarithmic averaged during the data acquisition process by a home-made program. The averaging 

resulted in a series of data points with constant spacing on a logarithmic time scale, giving 18 points 

per order of the signal decay. Specifically, 12 points from 200 ms to 5 µs before the laser flash, 15 

points from 6 µs before to 10 µs after the laser flash and 70 points from 11 µs to 60 ms were acquired, 

resulting in a total number of 97 data points. It is worthwhile to note that, in the given detection 
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resolution the DF signal after 10 ms was strongly interfered by 50 Hz noise, which likely came from 

the electricity power network.  

Table 2-4. Supplementary information of experimental setup of delayed fluorescence.  

Experimental setup Type 

*1 Laser Continuum Minilite II 

*2 Power meter Ophir Photonics, PE25-C 

*3 Gated photomultiplier Hamamatsu R2066; PMT gated socket assembly C1392-55; Anode 

1,000 V and Gating 250 V 

*4 Long-pass filters DT-red and DT-magenta by Linos photonics 

*5 Oscilloscope Tektronix AM502 

*6 PC card Adlink, PCI 9812 

 

2.4.3 Data Analysis of Delayed Fluorescence 

Scattering laser or strong PF emission from PSII particles can induce an additional fluorescence signal 

from the glass and cathode material of the photomultiplier. This additional signal was subtracted from 

the acquired DF transients, in a so called laser artefact correction as described in (Buchta et al., 2007; 

Grabolle & Dau, 2005).   

In addition, according to Eq. (2.6) the decay of DF intensity was proportional to the population of P680
+ 

and QA
-. Nevertheless, in the time range from 10 µs to 10 ms, the DF signal decays about three orders 

of magnitude while the PF decays only less than a factor of 4. It means that in the given time range, 

the DF signal was dominated by P680
+. Equivalently, the contribution of QA

- was smaller but not 

negligible. Hence a QA-correction was performed so that the decreased population of QA
- was taken 

into account with the following equation, as developed earlier in (Buchta et al., 2007; Karge et al., 

2014):  
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where FM is the maximum and F0 is the minimum of the PF signal. The QA corrected DF signal is 

equivalent to  
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 * /
680( ) RP BG k Tcorr

DF t Se P      . (2.8) 

To access the flash pattern, which was an indication of the oscillation cycle of S-state transition, the 

DF signal was analyzed at 2 ms (averaged from 1 ms to 3 ms). During the oxygen-formation step in 

the dark adapted samples induced by the third flash, the formation of an S4 intermediate is a 

multiphasic process, coupled with proton movements from the manganese complex of PSII to the 

aqueous bulk phase and followed by the onset of O-O bond formation. To model the multiphasic 

process of the S3  S4  S0 transition which involved three or more likely sequential steps, the DF 

time course excited by the third applied flash was simulated by a sum of three exponential functions 

by a least-square fit as following 
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The mean time constant of the transition S3 to S4, which is assigned to the deprotonation process 

(Haumann et al., 2005), is calculated as in (Buchta et al., 2007). 
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while the Gibbs free energy of which, is calculated as  
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The time constant τ3 is related to the electron transfer of the transition of S4 to S0, which is equivalent 

to the process of O-O bond formation, thus denoted as τox. Therefore, this method can provide, inter 

alia, quantitative insights in the functionally important inner-protein proton movements and electron 

transfer, which are coupled to a decrease of the free energy level, especially to the kinetics of the O-O 

bond formation step. In the end, by analyzing the prompt and delayed chlorophyll fluorescence, certain 

kinetics of the acceptor and donor sides as well as the free energy level between radical pairs (or 

intermediate states) can be resolved, see details in (Buchta et al., 2007). 
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2.5 Time-resolved Oxygen Polarography 

Polarography is a common technique, invented by Jaroslav Heyrovsky from the Czech Republic back 

in 1922 and was rewarded with a Nobel prize in 1959 (Zoski, 2007). It can be classified as a branch of 

voltammetry, in which the characteristics of electrolysis between two electrodes can be studied by 

applying a polarized voltage and detecting the redox current.   

 

2.5.1 Principle of Time-resolved Oxygen Polarography 

In the current research methods, there are a few approaches to detect the oxygen yield (Renger & 

Hanssum, 2009). The ones used nowadays in the photosynthesis community can be classified into two 

types.   

One is the Clark-type electrode, which was invented in 1953 (Renger & Hanssum, 2009); a recent 

detailed introduction can be found in (Baranov et al., 2004). It detects the absolute amount of oxygen 

molecules (after calibration, for instance taking reference from the oxygen diffusion in water) by a 

charged bare platinum electrode through a semi-permeable membrane which let through the oxygen 

but isolate the protein particles and the highly reduction active electrode surface. This is typically used 

in the detection of oxygen activity of the PSII membrane and core particles after preparation, also in 

this study mentioned in Sections 2.1.1 and 2.1.2. However, the time resolution is limited to the 

second(s) range (Baranov et al., 2004; Clausen et al., 2004; Renger & Hanssum, 2009).   

Another one, the Joliot-type electrode (Joliot & Joliot, 1968) is able to detect the oxygen in a higher 

time resolution, functioning in a reaction rate of micro seconds (Lavorel, 1992) even though lacking 

the information of the absolute scale of oxygen yield (Bao & Burnap, 2015; Clausen et al., 2004; 

Dilbeck et al., 2012). Accordingly, from the time-resolved oxygen signal, the kinetics in sub milli-

second range among intermediate states could be identified. The platinum (Pt), working as cathode, 

reduces the oxygen at the surface following 

 .4OH   4e + O2H + O  --
22   (2.12) 

While the silver (Ag), working as anode, where the oxidation reaction takes place in a buffer solution 

with chloride irons and complete the second half of the chemical reaction cycle, according to  
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 .e  AgCl   Cl + Ag --    (2.13) 

So the full reaction could be expressed as  

 .4OH  4AgCl  O2H + O  4Cl + 4Ag  -
22

-   (2.14) 

The reduction rate on the platinum is sufficiently fast given a potential voltage (-0.60 to -0.95 V) 

relatively to the anode and the oxygen yield is proportional to the accumulating electron charges (Hoff 

& Amesz, 1995). So the rate of oxygen yield is proportional to the floating and thereafter detecting 

redox current, i.e.  

 
I

t
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O

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
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 2  . (2.15) 

 

2.5.2 Data Acquisition of Time-resolved Oxygen Polarography 

The experimental setup was designed and engineered by Jung-Soo Kim in 2009, coordinated by Prof. 

Dau and constructed mainly in the workshop of physics department in Freie University Berlin. It was 

later on improved and optimised by Oliver Karge, Nils Schuth and Matthias Schönborn in the research 

group.  

As shown in Figure 2.4, the flash was passed through an optical long pass filter*1 and a liquid-light-

guide*2 in 3 meter length, with transmission close to 80% in the visible light range, i.e. between 400 

nm to 700 nm from a Xenon flash lamp*3 with maximum intensity of 4.5 J per flash and FWHM of 

10 µs, and excited the PSII membrane particles which were deposited on top of the electrode surface 

after centrifugation in a swing bucket rotor*4.  

The polarization voltage was supplied and the redox current was detected by a home-made potentiostat 

through a higher pass filter (with two optional time constants, 0.1 and 1 second respectively), trigger 

by a Transistor-transistor-logic (TTL) pulse. See details of electronic layout in the diploma thesis of 

Kim Jung-Soo 2009 in physics department, FUB. At the output of the potentiostat, the signal was 

optionally amplified by a factor of 1 to 10 followed by a low-pass filter ranging from 0.1 kHz to 5 kHz 

and then analogue to digital processed by a multi-function data acquisition (DAQ)*5 and recorded 

through a Labview program into the computer. From the program, certain key variable factors could 

be chosen as a specific value based on the individual experimental settings, such as the number of flash 
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cycles, polarization time before measurement, recorded time before flash and additional time before 

specific flash number. The data was recorded in the rate of 1 MHz and then averaged over every 40 

points, giving a resolution of 40 µs. Therefore, the reoxidation kinetics of the sub-millisecond to 

milliseconds range could be well resolved.  

 

Figure 2.4. Scheme of oxygen polarography setup. A layer of PSII membrane particles is deposited on the surface 

of a platinum/silver electrode by centrifugation. The electrode is placed onto the holder and connected to the 

potentiostat, from which a polarized voltage of -0.95 V is applied (platinum as cathode). The PSII is excited by a 

Xenon flash lamp through a Lightguide, which is positioned on top of the electrode. The electrode is covered by an 

Aluminium housing, which is thermally regulated by a pair of peltiers coupled with circulating cooling water. A 

sensor of thermal meter is placed within the buffer so that the real-time temperature of the PSII layer can be 

observed. The operational function is controlled by a Labview program, in which the trigger of flash lamp as well 

as the data acquisition is processed.  

The electrode was covered by an aluminium housing which is thermally synchronized by a pair of 

peltier elements*6 with a precision of 0.1 oC coupled with a thermal sensor which was dipped into the 

buffer solution on top of the membrane particles without blocking the flash. Therefore, the temperature 

control and fluctuation of the sample could be observed during the whole experimental process. The 

final temperature uncertainty was estimated to be within 0.3 oC. And thanks to the closed 

environment and sufficient thermal conductivity between the electrode and peltier elements, the 

sample temperature could be regulated between -10 oC to 45 oC.  

For each measurement, the PSII membrane particles were deposited in a platinum silver electrode by 

centrifugation (12,000 g, 12 minutes, 4 oC) forming a homogeneous thin layer (thickness in 

micrometres range) on top of the platinum and silver surface in order to minimize the diffusion time. 


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In this way, the kinetics could be resolved, without limited by the diffusion factor. A polarized voltage 

(-0.95 V) was applied onto the electrode 15 seconds prior to the trigger of flash in order to reduce all 

the containing oxygen molecules within the buffer. And then the sample was exposed to a series of 

single turnover flashes in a time spacing of 900 ms (otherwise specified). The data was recorded 20 

ms before (as a baseline of the following signal) and 480 ms after the individual flashes respectively. 

A Gaussian function was fitted into each transient, giving a maximum value of the peak, which was 

proportional to the oxygen yield, therefore, resulting an oscillation pattern as a function of the flash 

number. Hence, by comparing the maximum value of the transient, for example after the third flash, 

the capability of oxygen production could be estimated.  

The resulting data was labelled as arbitrary unit amplifying from converting the current that was 

proportional to the production rate of the oxygen (from water oxidation) into the voltage. Therefore, 

the corresponding oxygen volume produced equalled to the integral of the whole transient. Meanwhile, 

the peak of the transient is proportional to the scale of the volume. Kinetically, by having the time-

resolved oxygen transients, one could get more insight into the multi-process from the S3 to S0, in 

which the deprotonation and electron transfer steps are coupled, relating to the most critical step, i.e. 

O-O bond formation.  

 

Table 2-5. Supplementary information of experimental setup of time-resolved oxygen polarography.  

Experimental setup Type 

*1 Filter OG 570, by ITOS, Germany 

*2 Liquid-lightguide Serie 380, by Lumatec, Germany 

*3 Xeon flash lamp FX 134, by EG&G Heimann Optoelectronics, Germany 

*4 Rotor HB-4, Sorvall, by Thermo scientific, USA 

*5 DAQ USB-6251 BNC, by National Instrument, USA 

*6 Peltier element PKE 72 A 0021, by Peltron, Germany 
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2.5.3 Data analysis of Time-resolved Oxygen Polarography 

To resolve the kinetics, the individual transient was fitted by a home-made simulation program, namely 

‘O2 diffusion’ program written by Dr. Ivelina Zaharieva with brief introduction in a previous study 

(Dilbeck et al., 2012). The interface of the program is shown in Figure 2.5. 

 

Figure 2.5. Interface of the oxygen diffusion program, simulating the transient detected from the oxygen 

polarography. 

Briefly, in this program a mathematical model (Lavorel, 1976, 1992) was implemented by dividing 

the sample volume (containing both PSII membranes and buffer) into discrete layers (thickness of dx) 

and taking into account:  

(i) oxygen production from the PSII membrane layer; 

(ii) oxygen diffusion in both PSII membrane and buffer layers (whole aqueous volume); and 

(iii) oxygen consumption by the electrode from the very closest PSII membrane layer to the 

electrode surface.  

The three processes above are then described by the following differential equations and then solved 

by numerically integration.  
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Firstly, after each single turn-over flash, the oxygen evolution is the result of water splitting through 

the S3 – S4 – S0 transition as a function of time  
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where k1 is the rate constant between S3 to S4;  

k2 is the rate constant between S4 to S0;  

[S3
0] is the population of the PSII in S3 state at t = 0;  

τlag is the time delay of the onset; and 

∆t is the time discrete put into simulation, chosen to be 40 µs in this study.  

Secondly, the oxygen concentration in the bottom layer (x = 0) is calculated by considering the 

diffusion from the layer above (x = 1)  
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Thirdly, the oxygen at the bottom layer consumed by the electrode  
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where Rel refers to the characteristic speed of oxygen reduction of the electrode.  

As a result, by combining the three equations above, the oxygen concentration at the bottom layer 

could be summed up as 
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This simulation model applied to the oxygen transients of wild-type (WT) and mutants gave a very 

reasonable fitting results in previous investigations (Bao & Burnap, 2015; Dilbeck et al., 2012; Ishikita 
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et al., 2006) and the study herein. Consequently, six key variables in total were taken into account for 

further analysis, including: 

(1) Rox, population of the [S3
0], equivalent to the scale of oxygen evolution yield, proportional to 

the peak value of the transient; 

(2) Rel, oxygen reduction rate of the electrode; 

(3) d [µm], thickness of the PSII membrane; 

(4) τlag [ms], the time delay of the onset; 

(5) τpre  [ms], equivalent to 1/k1; and  

(6) τox [ms], equivalent to 1/k2. 

It is noteworthy that in order to simplify the simulation process and minimize the degree of variables, 

the oxygen diffusion in water was assigned to be 2.2 x 10-5 cm2 s-1 as a constant in this study, even 

though the actual value is relatively temperature-dependent, for example, ranging from 0.95 x 10-5 cm2 

s-1 to 3.05 x 10-5 cm2 s-1 in the temperature between 0 oC to 45 oC (given 2.2 x 10-5 cm2 s-1 in 30 oC) 

(Han & Bartels, 1996). Nevertheless, this value was compensated and thus reflected by the oxygen 

reduction rate of electrode, i.e. Rel in the given simulation model. The fit error was determined by the 

sum of squares deviation between the experimental data and the fit. It was a solid reference of the 

quality of the fitting results.  
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Chapter 3 Ammonia Binding to the Water-oxidizing 

Manganese Complex of PSII  

Complemented by additional information this entire chapter has been published as:  

“Inhibitory and Non-Inhibitory NH3 Binding at the Water- Oxidizing Manganese Complex of 

Photosystem II Suggests Possible Sites and a Rearrangement Mode of Substrate Water Molecules”. 

Nils Schuth#, Zhiyong Liang#, Matthias Schönborn, André Kussicke, Ricardo Assunção, Ivelina 

Zaharieva, Yvonne Zilliges, and Holger Dau (2017), Biochemistry 56(47):6240-6256. 

# These authors contributed equally.  

http://pubs.acs.org/doi/abs/10.1021/acs.biochem.7b00743 

Reprinted (adapted) with permission from Copyright (2017) American Chemical Society. 

N. S. and Z. L. performed oxygen polarography experiments; 

Z. L., performed fluorescence experiments; 

M. S. and A. K. performed FTIR experiments; 

R. A. performed Clark electrode experiments; 

I. Z. wrote the simulation program of oxygen diffusion model; 

Y. Z. performed cyanobacteria mutagenesis; and 

N. S., Z. L., M. S., Y. Z. and H. D. co-wrote the article.  

 

In the process of photosynthetic water oxidation, four accumulative oxidation states of the manganese 

complex are formed before the O-O bond formation and finally one dioxygen molecule is evolved. In 

the complex, one of the highly probable candidates as O-donor is oxygen five (O5) and either water 

one or two (W1 or W2) is likely to be the second donor. See Figure 1.4 in Section 1.2.2 for details. 

Because ammonia has similar electronic and structural characteristics as water, it is often used as a 

tool to study the catalysis of water oxidation in PSII. The atomic structure models of both ammonia 

and water can be seen in Figure 3.1. 
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Figure 3.1. Atomic structure model of (A) ammonia and (B) water molecule (C3H8O3). The nitrogen atom is in blue, 

hydrogen in white and oxygen in red.     

Relevant studies have been reported since the 1970s, of which some show that ammonia inhibits the 

oxygen activity in PSII, while other studies show the opposite. Even though the detailed mechanism 

of ammonia-binding is not yet understood and it is unclear, whether ammonia or ammonium plays a 

bigger role. How does the binding affect the OEC and specifically the O-O bond formation kinetics? 

When does the binding take place and what is the binding site? Does the binding have an inhibiting or 

non-inhibiting effect on the oxygen evolution?  

Some previous studies suggested, for instance, the oxygen inhibition by ammonia for various 

wavenumber ranges in an Fourier-transform infrared spectroscopy study (FTIR) (Tsuno et al., 2011), 

specific binding sites to the OEC at either O5 or W1 by NH3 (Navarro et al., 2013), a competitive 

binding in the chloride ion in the second sphere and then in the first sphere (Vinyard et al., 2016), 

binding to either W1 or W2 studied by X-ray free electron laser (XFEL) (Young et al., 2016). 

Therefore, to understand the details in further step and answer the relevant open questions, the 

ammonia effects were investigated by time-resolved oxygen polarography (see details in Section 2.5), 

in which the kinetics of the O-O bond formation were observed in the range of micro- to milliseconds 

and the oxygen yield was compared numerically giving the same amount of the PSII centres.  

In addition, to gain more insight about both the acceptor and donor sites, the variable prompt 

fluorescence (PF) and recombination delayed fluorescence (DF) techniques were also applied. See 

technical details in Chapter 2 Material and Methods. The reoxidation state and kinetics of both QA and 

QB (for instance electron transfer from QA to QB) as well as the charge recombination due to the 

gradient energy difference from various radical pairs were resolved.  
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3.1 Experimental Details  

The PSII sample was stored on ice in NaCl buffer. The PSII sample, additional NaCl buffer and 

ammonium buffer of equal pH (see detail composition in Appendix A.2) were pipetted onto the 

electrode right before the centrifugation (12000 g, 12 min, 4 °C) in a total volume of 375 µl. The 

amounts of both buffers were such that a chlorophyll concentration of 270 µg/ml (for O2 polarography) 

or 10 µg/ml (for PF and DF) as well as the required ammonium concentration (0 - 120 mM) was 

achieved. 

The PSII membrane particles were deposited on a bare platinum electrode by centrifugation of a Pt/Ag-

electrode assembly, which was previously filled with PSII particles suspended in aqueous buffers 

containing NH4Cl and NaCl at various molar ratios. The concentrations of NH4Cl and NaCl were 

varied such that the sum concentration equaled 150 mM, resulting in a constant ionic strength and 

constant chloride concentration (of 170 mM chloride). For ensuring optimal intactness and long-term 

stability of the PSII particles, all buffers contained 1 M glycine betaine and all measurements were 

performed at 10 °C. 

 

3.2 Results and Discussion  

In previous studies, the inhibition of photosynthetic water oxidation by ammonium often had been 

investigated by detection of the rate of O2 formation upon continuous illumination with light of 

saturating intensity. This approach did not allow for a discrimination between gradual inhibition 

resulting from slowing down of the O2-formation step (increase in the time constant of O2-formation, 

which typically is close to 2 ms), decreased S-state transition efficiencies (increased miss factor) and 

complete on/off inhibition of the photosystems. Moreover, the reactions of both QA and QB at the 

acceptor side of PSII also could affect the O2-formation rates detected under continuous illumination 

in a potentially misleading way. To overcome those problems, I employed time-resolved O2-

polarography for excitation of PSII membrane particles by a sequence of saturating light flashes. 
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3.2.1 Ammonia Inhibition by Time-Resolved Oxygen Polarography 

Since high-salt treatment has been used for removal of extrinsic PSII polypeptides and Mn depletion 

of PSII particles (Allakhverdiev et al., 1994; Blankenship et al., 1975), I performed in a series of 

control experiments to verify the absence of any deleterious effects of suspending PSII membrane 

particles in the buffer solutions of comparably high ionic strength and long storage time (Figure 3.2). 

It should be noted that a concentration of 150 mM NaCl corresponds to the concentration of 

monovalent salts that facilitates optimal functioning of PSII membrane particles, whereas lower or 

higher NaCl concentrations resulted in a moderate reduction of the quantum efficiency (increased Kok-

cyle miss factor), a minor slow-down of O2-formation at the PSII donor side, and significantly slower 

quinone oxidation at the PSII acceptor side (Karge et al., 2014). 

 

Figure 3.2. The impact of high-salt and long-storage time on PSII oxygen evolution activity. It is compared in terms 

of flash patterns of the DF intensity at 2 ms (averaged from 1 ms to 3 ms after application of the saturating laser 

flash). The plant PSII membrane particles were stored either in low-salt, standard pH buffer (15 mM NaCl, pH 6.2) 

or high-salt, high-pH buffer (150 mM NaCl, pH 7.5) for 10 minutes or 4.5 hours respectively. The sample were 

stored on ice (ca. at 4 °C) in the dark and measured at 10 °C. The period-of-four oscillations were essentially 

identical verifying the absence of PSII degradation by prolonged storage in the high-salt buffers. 

Dark-adapted PSIIs were exposed to a sequence of saturating microsecond flashes of visible light 

spaced by 900 ms (provided by a Xenon flash lamp). Starting in the dark-stable S1-state, a maximum 

of the O2-formation yield ideally is observed on the 3rd, 7th, and 11th flash, due to synchronous cycling 

of the PSII donor side through its reaction cycle.  
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In the data shown in Figure 3.3B, the O2-evolution maxima on the 7th and 11th are largely invisible 

because of exhaustion of the electron-acceptor pool of native plastoquinone molecules which are 

present in the preparation of PSII membrane particles (employment of an artificial electron acceptor 

is critical because of redox reactions at the bare metal electrodes). Figure 3.3A shows that (i) there is 

a clear ammonium inhibition and (ii) a major fraction of PSII (around 45%) remain uninhibited even 

at an ammonium concentration of 100 mM. The inhibition relates exclusively to the amplitude (or 

area) of the O2-signal, whereas the time constant of dioxygen formation remains unaffected 

(unchanged rise time of the O2-signal, Figure 3.3A). The partial inhibition effect might be explainable 

by (i) two different binding sites, with one inhibit and another one non-inhibit; (ii) differential binding, 

such that different binding effects at different time-points of S-state transition due to changing 

configurations of the OEC. 
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Figure 3.3. Time-resolved detection of O2-formation for PSII membrane particles driven through the water-

oxidation cycle (S-state cycle) by sequences of saturating light flashes. (A) O2-transients in the absence (control, 

black line) and presence (100 mM NH4Cl, red line) of ammonium. Ammonium exposure reduces the amplitude of 

the shown 3rd flash transient; for visual comparison of the rise times, a rescaled transient is shown (blue line). (B) 

Amplitudes of the O2 transients (reached at about 10 ms, see A) for flash sequences detected in the absence (black) 

and presence (red) of ammonium. To facilitate comparison of the damping of Kok-cycle oscillations of the O2-

formation yield, the amplitudes detected in the presence of 100 mM NH4Cl are also shown after rescaling (blue). 

Differential binding of ammonium to PSII in different S-state has been reported before, typically based 

on flash-sequence experiments with variations of the time period between flashes. In reference 

(Boussac et al., 1990), for instance, non-inhibitory ammonium binding in the S2-state of the Mn-

complex, clearly slower inhibitory binding in the S3-state, and ammonium unbinding in the S1-state 

was suggested, similar to results obtained in an earlier study (Velthuys, 1975). To assess whether slow 

ammonium binding affects the results of Figure 3.3, the flash spacing was varied from 150 ms to 30 s, 
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for all flashes or individually for PSII poised either in the S2-state or in the S3-state (Figure 3.4). See 

corresponding flash pattern and oxygen transients in Figure 0.1 in Appendix. The influence of the 

increased flash spacing on the extent of ammonium inhibition is found to be insignificant. It suggests 

that, for the herein used experimental conditions and PSII preparation, inhibitory ammonium binding 

either is completed within clearly less than 1 s, with a characteristic time constant below 150 ms, or 

occurs already in the dark-adapted PSII (S1-state). 
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Figure 3.4.  Time-resolved detection of O2-formation for PSII membrane particles driven through the water-

oxidation cycle (S-state cycle) by sequences of saturating light flashes. Fraction of uninhibited PSII (at 100 mM 

NH4
+) for variation of the flash spacing from 150 ms to 30 s. To minimize the influence of miss events, the O2-signal 

amplitudes were averaged from 3rd to 6th flash (and normalized to the averaged amplitudes detected in the absence 

of ammonium for the same flash protocol). The colored bars indicate experiments where the flash spacing was 

increased specifically before the 2nd flash (S2-state enriched, red) and before the 3rd flash (S3-state enriched, green), 

but was 900 ms for all other flashes. 

 

3.2.2 Absence of Ammonium Influence on PSII Acceptor Side 

The rate of oxygen evolution is affected not only by donor side processes, but also by the reaction 

kinetics of QA and QB at the acceptor side of PSII. However, in past research the inhibitory effect of 

ammonium often has been assessed using detection of the rate of O2-formation under continuous 

illumination in the presence of an artificial electron acceptor by Clark-type electrode. That limits the 

possibility to distinguish acceptor and donor-side contributions. Therefore, in order to assess the 

acceptor side influence, I recorded changes in the yield of the PSII fluorescence.  
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Upon laser-flash application, the fluorescence signal first rises to a maximum value (FM) followed by 

a multi-exponential decay that reflects the re-oxidation of the primary quinone acceptor, QA, by 

electron transfer to the secondary acceptor, QB, and possibly recombination of QA
- with the 'hole' at 

the PSII donor side in PSII lacking bound QB (at t > 100 ms). For the first flash applied to dark-adapted 

PSII, that QA
- re-oxidation kinetics are not affected by NH4Cl addition, verifying the absence of 

NH4
+/NH3 influences on the PSII acceptor side (Figure 3.5). See Figure 0.2 for the corresponding 2nd 

and 3rd flash data in Appendix C.  
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Figure 3.5. Ammonium influence on acceptor side of PSII membrane particles assessed by detection of the variable 

PSII fluorescence yield (prompt fluorescence, PF). The PSII membrane particles were excited with sequences of 24 

laser flashes spaced by 900 ms in a NaCl /NH4Cl buffer at pH 7.5. The PF time courses, which reflect the kinetics of 

the electron transfer at the PSII acceptor side, detected after the 1st flash applied to dark-adapted PSII.  

 

3.2.3  Ammonium Influence on Delayed Fluorescence 

Time courses of the delayed PSII fluorescence (DF) emitted after laser-flash excitation were recorded 

and analyzed as described in (Buchta et al., 2007; Grabolle & Dau, 2005). In uninhibited PSII, a clear 

period-of-four oscillation pattern is typically observed for the DF intensity record within 0.5 ms to 5 

ms after the laser flash, which is closely related to the flash pattern of oxygen evolution. The typical 

pattern of the 2 ms fluorescence observed in the absence of ammonium (black data points in Figure 

3.6A) is increasingly modified upon exposure to ammonium. Period-of-four oscillations are still 

discernible but superimposed by a continuous rise in the fluorescence intensity that is indicative of 

PSII with a defective donor side. This rise is explainable by accumulation of the oxidized form of the 
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redox-active tyrosine residue, which in PSII with a fully functional OEC is rapidly and completely re-

reduced within milliseconds after laser-flash excitation. To reduce the influence of this rise, the 

difference in the DF level for two subsequent flashes was calculated. In the resulting flash pattern 

(Figure 3.6B) an oscillatory pattern is discernible also at higher flash numbers, but with a reduced 

amplitude suggesting that roughly half of the PSII undergoes S-state transitions also after the third 

flash and thus is not inhibited by ammonium exposure.  

3 7 11 15

0

2 B

Flash number

D
F

2
m

s
 [

a.
u

.]
 x

10
0

A

3 7 11 15

0

3
  control 
  10 mM  
  20 mM
  40 mM
  80 mM
  120 mM


D

2
 m

s
 [

a.
u

.]
 x

10
0

Flash number
 

Figure 3.6.  Ammonium influence on donor side of PSII membrane particles assessed by detection of the 

recombination fluorescence transients (delayed chlorophyll fluorescence, DF). The PSII membrane particles were 

excited with sequences of 24 laser flashes spaced by 900 ms in a NaCl/NH4Cl buffer at pH 7.5. (A) Flash pattern of 

the DF intensity at 2 ms after the laser flash. (B) Differences of the DF intensities of subsequent flashes (vertical 

offset for clarity). 

The inhibition KM-values determined for this rise after the 2nd flash and after the 24th flash are (30 ± 6) 

mM and (22 ± 2) mM (Figure 3.7A and B), evaluated by curve-fitting of the transients based on the 

standard equation for non-cooperative ligand binding (see Equation 0.1 in Appendix D). An 

ammonium influence is detectable already at 10 µs after the 1st laser flash and thus clearly before onset 

of the S1-state to S2-state transition (Figure 3.7C). This observation supports NH4
+/NH3 binding 

already in the dark-stable S1-state, albeit possibly with reduced affinity. A binding constant (KM) of 

(120 ± 50) mM is formally obtained. Note that, as opposed to the other KM values determined in this 
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study, the value of 120 mM is highly uncertain as indicated by the large 1-confidence interval (67% 

likelihood) of ± 50 mM (2 interval for 95% likelihood of ± 100 mM). 
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Figure 3.7. Ammonium influence on donor side of PSII membrane particles assessed by detection of the 

recombination fluorescence transients (delayed chlorophyll fluorescence, DF). The PSII membrane particles were 

excited with sequences of 24 laser flashes spaced by 900 ms in a NaCl/NH4Cl buffer at pH 7.5. (A and B) Increase 

in DF at 2 ms after the 2nd and 24th flash with KM values of 30 ± 6 mM and 22 ± 2 mM, respectively. (C) DF at 10 µs 

after the 1st laser flash (KM of 120 ± 50 mM).  

The DF data facilitates the following conclusions:  

(i) Not only in the time-resolved O2-evolution experiment, but also for the changed experimental 

conditions of the DF experiment (film of highly concentrated PSII on bare platinum electrode versus 

highly diluted PSII particles in solution; with and without artificial electron acceptor), partial inhibition 

of advancement in the S-state cycle is observed; the KM of this partial inhibition is close to 25 mM in 

both experiments. Note that, the KM determined from the data of O2-evolution is not shown herein, but 

with details in the published results (Schuth et al., 2017).  
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(ii) The rise of the DF intensity after the 2nd flash demonstrates that this transition is affected by 

ammonium exposure, even though the extent of electron transfer from the OEC to the tyrosine residue 

is unchanged.  

(iii) The clear ammonium influence on the DF intensity detected 10 µs after the first flash suggests 

that either ammonium (or ammonia) binds already in the S1-state to the OEC or the binding occurs 

within clearly less than 10 µs after the laser flash initiating the S1 to S2 transition.  

 

3.2.4 Time-resolved O2-evolution for Cyanobacteria with D1 Protein Variants  

Recently, the ammonium binding has been investigated by advanced EPR spectroscopy combined with 

computational chemistry for PSII core complexes from Thermosynechococcus elongatus, for which 

crystallographic models of the PSII structure have been obtained (for T. elongatus or the closely related 

T. vulcanus) (Ferreira et al., 2004; Suga et al., 2017; Umena et al., 2011; Young et al., 2016; Zouni et 

al., 2001). The rate of substrate water exchange had been compared between control and ammonium-

treated PSII by mass spectroscopic detection of the evolved dioxygen (Navarro et al., 2013), which 

has not provided any indications for a significant inhibitory effect of ammonium treatment. The 

contrasting results prompted me to compare ammonium binding in plant and cyanobacterial PSII.  

I investigated the flash-induced O2-formation for thylakoid membranes prepared from T. elongatus 

and a mesophilic cyanobacterium (Synechococcus PCC 7002), where I analyzed the wild-type PSII 

and genetic variants containing only two of three D1 isoforms. In this series of measurements, the level 

of inhibition in the presence of 120 mM NH4Cl (at pH 7.5) was consistently close to the level observed 

in PSII particles prepared from spinach (Figure 3.8). In conclusion, partial inhibition of O2-formation 

is observable for PSII from several organisms and also for various D1 isoforms of the cyanobacterial 

PSII.   
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Figure 3.8. Fraction of PSII from plants and various cyanobacteria that is not inhibited by 120 mM ammonium (at 

pH 7.5 and 10°C). To illustrate the extent of reproducibility, 6 replicas are shown for PSII from spinach, 4 replicas 

for a mesophilic cyanobacterium (Synechococcus sp. PCC 7002), 2x2 replicas for genetic variants of PCC 7002 

lacking either the psbA1 or the psbA2 genes (multiple gene copies of the D1 protein of PSII), and 6 replicas for the 

thermophilic cyanobacterium Thermosynechococcus elongatus BP-1. After averaging the amplitudes of the O2-

evolution transients of the 3rd to 6th flash, the resulting values for PSII in 120 mM NH4Cl buffer were divided by the 

corresponding value in the absence of ammonium (in 120 mM NaCl buffer), to obtain the percentage of non-

inhibited PSII for each investigated species.  

 

3.2.5 Anti-Cooperative Ammonia Binding Sites 

The KM-values for inhibitory NH4
+/NH3 binding are around 25 mM, but only about half of the PSII is 

inhibited at 120 mM ammonium. In addition, the FTIR experiment indicates non-inhibitory binding 

with a similar KM-value, data not shown, with details in the work of M.S. (Schuth et al., 2017). To 

explain both partial inhibition and very similar KM-values for inhibitory and non-inhibitory NH4
+/NH3 

binding, an anti-cooperative binding mechanism is proposed. In a way that binding occurs either to the 

inhibitory site or to the non-inhibitory site, but within the herein considered range of ammonium 

concentrations, never to both sites simultaneously. The anti-cooperative binding model predicts one 

joint (identical) KM-value for both sites; pronounced dissimilarities in the rate constants of binding to 

the individual sites would result in predominance of binding to one of the two sites and thus render the 

anti-cooperative binding experimentally undetectable. This model of anti-cooperative binding thus can 

explain the experimental findings only, if the two binding sites are similar regarding the rate constants 

for NH4
+/NH3 binding and unbinding. 
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Figure 3.9. Proposed model of anti-cooperative ammonia binding to the 'dangler manganese' (Mn4) of the Mn4Ca-

oxo cluster of photosystem II. Ammonia binds by replacing a water molecule either at the W1 site or at the W2 site. 

(In the upper scheme, the third ammonia hydrogen is hidden behind the nitrogen atom and thus not visible for the 

here used viewing angle.) The branching factor, , may depend strongly on experimental details, but was found, in 

the present investigation, to be always close to 50%. Binding at the W1-site (or W2-site) does not inhibit O2-

formation (non-inhibitory binding site), whereas binding at the W2-site (or W1-site) results in a complete blockage 

of the reaction cycle after reaching the S3-state (inhibitory binding site). It is still unclear whether W1 or W2 

represents the non-inhibitory ammonia binding site, but the balance of evidence is (slightly) inclined towards the 

W1-site. 

Spectroscopic, crystallographic and computational investigations support ammonia binding at either 

the W1 or the W2 site, both being water molecules (or hydroxide) coordinated to the same manganese 

ion, i.e. the 'dangler manganese' denoted as Mn4 (see Figure 3.9) (Navarro et al., 2013; Oyala et al., 

2015; Schraut & Kaupp, 2014; Young et al., 2016). When comparing potential ammonia binding sites 

of the Mn4Ca cluster, anti-cooperative binding and similar binding kinetics are especially plausible for 

ammonia binding at the W1 and W2 site. Indeed, the calculated ammonia binding energies of these 

two sites are similar (Schraut & Kaupp, 2014). 

Whether this assignment is fully robust against all conceivable complexities remains to be shown, 

especially in the light of the herein proposed anti-cooperative ammonia binding to the W1 and W2 

site. In conclusion, the non-inhibitory ammonia binding to the W1 site is favoured by spectroscopic 

results, but assignment of W2 to the non-inhibitory binding site cannot be excluded fully definitively.  
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Diverging conclusion have been drawn regarding the inhibition of O2-formation by NH3 binding. 

Herein I report that for PSII membrane particles from spinach and thylakoid membranes from 

cyanobacteria with various copies of the D1 protein, consistently 55-65% of the PSII are inhibited by 

about 100 mM NH4Cl at pH 7.5 with a KM for inhibitory ammonium binding well below 100 mM. The 

proposed model of anti-cooperative ammonia binding renders it plausible that also comparably minor 

changes in experimental conditions (e.g. buffer composition and temperature, all the experiments were 

done at 10°C) could shift the ratio between inhibitory and non-inhibitory ammonia binding towards 

either less extensive or more complete inhibition, in close analogy (and possibly related) to variations 

of the equilibrium between the g2-form (Mn1 is a five-coordinate Mn3+ ion) and g4-form (Mn4 is a 

five-coordinate Mn3+ ion) of the Mn4Ca-oxo cluster in its S2-state. 

 

3.3 Summary 

The results and discussion presented in this chapter suggest that there may exist two anti-cooperative 

binding sites for ammonia to W1 and W2. Assuming only one of the water molecules is a possible 

candidate for the substrate water, this alternative binding mechanism would result in a partially 

inhibiting and partially non-inhibiting effect on the oxygen evolution activity (Figure 3.9).  

In conclusion, the anti-cooperative binding model explains the herein reported results and reconciles 

many aspects of the large body of experimental results on ammonia binding to PSII reported since 

1975. Several facets of the rich phenomenology are not covered by this two-binding-sites model. Also 

the relation of the two here discussed inhibitory and non-inhibitory binding sites to the four or even 

six NH4
+/NH3 sites suggested in early EPR studies remains partially unclear. Nonetheless, taking into 

account the complexity of the situation, also inhibitory ammonia binding at the W1 site cannot be 

excluded definitively at the present stage.  

The above discussion implies that either W1 or W2, but not both, could be a substrate water molecule 

participating in O-O bond formation. However, also more intricate scenarios than the simple exchange 

of either W1 or W2 by NH3 may be of relevance. A specific alternative option for non-inhibitory 

ammonia binding has been proposed by Brudvig, Batista and coworkers, inter alia supported by 

computational chemistry (Askerka et al., 2015; Vinyard et al., 2016).  

All in all, the mechanism of O-O bond formation is one of the most challenging tasks in PSII study. 

The methods presented here do not yet fully cover all the possible perspectives in clarifying the details 
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of the oxygen formation process. Thus, further studies are presented in the following chapters.  In 

Chapter 4, glycerol is used as a hydrophilic cosolvent for PSII, to gain further insight, while in Chapter 

5 the kinetics as well as the activation enthalpy of the O-O bond formation are discussed and compared 

among various species. 
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Chapter 4 Glycerol Effects in Kinetics of Protonation 

and Electron Transfer of PSII  

In protein dynamics, the folding and unfolding equilibrium in aqueous solution is affected by the 

addition of small organic molecules, such as methanol, ethanol and glycerol, which are known as 

cosolvents (Canchi & Garcia, 2013). Glycerol is often used in protein stabilization and prevention 

from aggregation (during refolding), while it orientates at the protein surface due to electrostatic 

interaction and thus slightly decreases the surface tension of water (Gekko & Timasheff, 1981). The 

atomic structure model of a glycerol molecule can be seen in Figure 4.1. The addition of glycerol into 

the protein environment may also affect the conformational coordinates and free energy level 

(Vagenende et al., 2009a). Glycerol is often used as a cryoprotectant, for instance during PSII 

purification procedures, to protect the protein from freezing damage due to ice formation and to 

preserve its activity of water oxidation. In the ground-breaking PSII crystal structure of Shen and 

coworkers, a few protein-internal glycerol molecules were resolved (Figure 4.2), in which the 

concentration of glycerol was 25% in the final buffer of their post-crystallization dehydration 

procedure (Umena et al., 2011).  

 

Figure 4.1 Atomic structure model of a glycerol molecule (C3H8O3). The carbon atom is in brown, hydrogen in white 

and oxygen in red.  

An electron paramagnetic resonance (EPR) study has suggested that glycerol can interact with the 

manganese cluster in intact PSII. Addition of glycerol caused a change in the spin state of the Mn 

cluster (Zimmermann & Rutherford, 1986). Increasing the viscosity, due to the addition of glycerol, 

has the potential to slow the rate of chemical reactions that are diffusion limited or involve large scale 

translational motion (Heimann et al., 2000). However, there is no electron or proton transfer reaction 

in PSII that is known to involve such a large-scale translational motion. Therefore, it is unlikely that 

an increase in viscosity alone can account for the decrease in PSII activity. Another study suggested 
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that a glycerol content of more than 30% could cause inhibition of oxygen evoluting activity in intact 

PSII (Sachs et al., 2003). Surprisingly, in photosystem I (PSI) glycerol is able to directly bind inside 

the protein, thus interfering with the protein function (Hussels & Brecht, 2011b). In another PSI study, 

it was shown that the protein prepared in glycerol/buffer mixtures yields a high homogeneity for all 

chromophores. This indicates a more compact protein conformation but less structural variability 

(Hussels & Brecht, 2011a).  This poses the question whether the same effect could be observed in 

PSII. 

 

Figure 4.2. PSII crystal structure and glycerol molecules resolved at 1.9 Å resolution (Umena et al., 2011). Crucial 

redox cofactors are indicated, including the primary electron donor (P680), the primary pheophytin acceptor (Phe), 

the primary (QA) and secondary (QB) quinone acceptors, and at the electron donor side, a redox-active tyrosine 

(YZ), the inorganic Mn4Ca(µ-O)n core of the protein-bound Mn-complex. Additional Ca ions (light green) are also 

shown. Water molecules resolved in the crystallographic model are shown as blue spheres. The glycerol molecules 

are presented with two colors: light blue (carbon atoms) and red (oxygen atoms).  

Therefore, it is of fundamental interest to understand how glycerol may affect individual reaction steps 

in PSII, especially in the water oxidation process. It could help discover more details of the O-O bond 

formation.  
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In this study,  I investigated how the glycerol affects individual reaction steps in PSII by analyzing 

time courses (after ns-laser flash excitation) of delayed fluorescence (10 µs - 10 ms, DF) and by 

analyzing the prompt fluorescence yield (100 µs - 700 ms, PF). The PSII membrane particles were 

isolated from spinach and supplemented by DCBQ as electron acceptor. The study focuses on:  

(1) the oxygen evolution step (S3  S4  S0 + O2) at the donor side, and 

(2) the electron transfer between QA and QB at the acceptor side of PSII. 

 

4.1 Experimental Details of Sample Preparation 

As introduced in Section 2.1.3, the PSII particles (namely BBY) were calibrated into a chlorophyll 

concentration of 100 µg/ml as stock solution in the control buffer (buffer D) and stored on ice until 

used for the fluorescence measurements. Right before the measurement, the particles were diluted to 

10 µg/mL chlorophyll in an optical one-way cuvette (optical length of 1 cm) using a mixture of buffer 

D and glycerol buffer (67% v/v, see table of buffer composition in Appendix A.2.1) and supplemented 

with artificial electron acceptor DCBQ (20 µM). The content of glycerol in the buffers was varied, 

resulting in glycerol/buffer ratios of 0 to 50% (v/v) with an increment of 5%. It should be noted that 

the glycerol buffer has the same composition as buffer D, but with additional glycerol content. The 

DCBQ was dissolved in DMSO in a stock concentration of 4 mM and stored in 1 mL reaction tubes 

in -20 oC fridge up until one hour before starting the measurement.  

 

4.2 Results and Discussion 

4.2.1 Kinetics of Protonation and Electron Transfer Affected by Glycerol on 

Donor Side 

The PSII enriched thylakoid membrane fragments (BBY) were detected by both prompt fluorescence 

(PF) and delayed fluorescence (DF) measurements in a buffer solution containing 0 to 50% glycerol 

at pH 6.2 at room temperature (20 oC ± 1 oC) after saturating laser flashes. It is worthwhile to note that 

higher concentrations of glycerol were also tested (up to 60% glycerol, data not shown) but it was hard 

to fully dissolve DCBQ in those solutions with the given approach. 
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The resulting time courses of the DF intensity from the first to the fourth flash respectively are shown 

in Figure 4.3, in which only the control (0%) and 50% glycerol conditions are plotted in order to 

highlight the differences between both extreme conditions. Starting from 10 µs, the DF intensity is 

increased by the glycerol treatment for all four flashes.  

 

Figure 4.3. The time course of DF decay on a double logarithmic scale of PSII enriched membrane fragments after 

the first to fourth (panel A to D) saturating laser flash (pH 6.2, 20 oC). The data points are shown in black, the fit of 

the control, i.e. 0% glycerol in blue and the fit of the 50% glycerol sample in red. All shown data are the average of 

six repeated measurements.   

For the first and forth flash, the DF decays of the glycerol treated and the glycerol free PSII are quite 

similar to each other kinetically (Figure 4.3A and D). These two decays correspond to the S1 to S2 and 

S0 to S1 transitions of the Kok cycle. However, the kinetics are strongly affected after the second and 

third flash, which correspond to the S2 to S3 and S3 to S0 transitions, respectively. The mechanisms of 

these two steps, i.e. S2 to S3 to S0 are still highly under debate, since the crystal structures of individual 

states are not yet well resolved. Nevertheless, two favourable mechanisms are highly discussed as 

introduced in Sections 1.2.2 and 1.2.3. Therein the Kok cycle is introduced, presenting both of the S2 
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to S3 and S3 to S0 transitions, which cycle through alternative proton and electron transfer. Therefore, 

these significant kinetic effects from the treatment of glycerol may help to further understand the 

protonation and electron dynamics in the corresponding critical steps.  

In order to highlight the effects from glycerol in the S3 to S0 transition, the DF decay after the third 

saturating flash is presented in Figure 4.4, including the treatments in all glycerol concentrations 

performed in this study, i.e. from 0 to 50% with an increment of 5%. 

   

Figure 4.4. The time course of DF decay (10 µs to 10 ms) on a double logarithmic scale after the third laser flash 

(pH 6.2, 20 oC), simulated with a sum of three decaying exponential functions. The gradient blue and red colors 

refer to the detected DF intensity in various glycerol concentration treated PSII particles (from 0 to 50%, left to 

right orientation following dark blue, light blue, light red to dark red), while the cyan dotted curve is the simulation 

of the control measurement (0% of glycerol) and green ones stand for the fit function of each exponential factor 

plus the constant offset. The dotted black lines are the assignments to the corresponding intermediate radical pairs 

state following the free energy decay. The signals are averaged over six repeated measurements in each condition.  

In Figure 4.4, the presence of glycerol alters the time course of the DF transients significantly with a 

gradient concentration dependence from 0 to 50%. The Gibbs free energy can be seen from the DF 

decay by dropping approximately two orders of magnitude during the transition YZ
+S3

+
  YZ

+S4. To 

evaluate the kinetics of the fast (denoted as τmean) and slow phase (τox) quantitatively, a tri-exponential 

function is fitted to the time courses, as introduced in Section 2.3.3. The fit parameters from the fitting 
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functions are listed in Table 0-1 (Appendix D). The two fast phases correspond to the free energy 

difference between the Yz
+S3 and YZ

+S4 state while the slow phase refers to the one between YZ
+S4 

and YZS0 state.  

In the kinetics of the control sample (glycerol free), a value for τmean of 42 µs and for τox of 1.72 ms 

were obtained (Figure 4.5). Both values are in line with previous studies, in which they were reported 

as 41 - 49 µs and 1.7 ms respectively for spinach PSII (Grabolle, 2005; Zaharieva et al., 2013). The 

τmean is a mean weighted valued life time calculated according to Eq. (2.10) taking into account both 

fast phases from the tri-exponential function. It corresponds to the deprotonation step (Buchta et al., 

2007). The deprotonation process is linearly decelerated by increasing glycerol concentration from 42 

µs (in control) to 91 µs (in 50% glycerol). It suggests that the glycerol, as a co-solvent, may perturb 

the water molecules, for instance in the second sphere around the manganese complex, thus altering 

the proton channel(s). This is likely because in aqueous form, all three hydroxyl groups of glycerol are 

involved in intramolecular hydrogen bonding (Mario Pagliaro, 2010). For detail studies of the proton 

channels, see examples in (Shoji, Isobe, Yamanaka, et al., 2015; Wraight, 2006).  

Alternatively, the observed decelerated deprotonation process may come from the modified protein-

protein interaction by glycerol, as suggested in a study in which the oscillation pattern of proton release 

(in core particles) is enhanced by addition of glycerol (Haumann et al., 1997). The glycerol addition 

causes a change in protonation dynamics even in small concentrations (for example 5% of glycerol) 

likely due to high sensitivity of PSII core particles compared to BBY. This is a sign that the proton 

path is more sensitive to the hydration of the protein in the aqueous environment, as a result of the 

change of hydration state by glycerol (Davis-Searles et al., 2001).  

In contrast to τmean, τox refers to the electron transfer coupling to the O-O bond formation. It stays at a 

relatively consistent level (ca. 1.7 ± 0.1 ms) up to 30% glycerol, though starts to decelerate in higher 

glycerol concentration, for example up to 2.2 ms in 50% glycerol (Figure 4.5B). It suggests that the 

O-O bond formation is stabilized and even stimulated within 30% glycerol, but in contrast, it is 

inhibited at higher concentration. This biphasic behaviour is reported in the study of glycerol effects 

on PSII oxygen evolution, in which the transition point is also 30% glycerol, as determined by steady 

state oxygen activity (Sachs et al., 2003).  
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Figure 4.5. The time constants of τmean and τox as a function of glycerol concentration. The shown data are simulation 

results based on a tri-exponential function from Figure 4.4. (A) The mean time constant of the two fast phases 

correlating to the S3 to S4 transition and (B) the time constant of the slow phase, correlating to the S4 to S0 transition. 

The error bars represent the standard deviations of the repeated measurements.  

It is worthy to address that the deprotonation process prior to the formation of intermediate state S4 is 

found to have a life time of up to 200 µs, as determined by various approaches (Gerencser & Dau, 

2010; Haumann et al., 2005). Comparably, the time constant τmean discussed in this section and 

determined as 40 µs is not the deprotonation life time, but highly correlated to it.   

Even though the kinetics of the proton and electron transfers are decelerated in presence of glycerol, 

the efficiency of the S-state transition is not highly affected even by 50% glycerol (Figure 4.6). Panel 

A of Figure 4.6 shows a flash pattern of the DF intensity at 2 ms (by averaging from 1 to 3 ms), a time 

scale at which the pattern reflects the redox state of the Mn-complex. The quaternary damping 

oscillation pattern of the control (0% glycerol) represents a typical Kok cycle with maximum at the 

3rd, 7th, and 11th flashes respectively. It indicates a reasonable good level of efficiency, i.e. low miss 

factor (Karge et al., 2014). Assuming no double hit, a constant miss factor between each state transition 

and the distribution of S0 and S1 states in the dark-adapted PSII, the patterns are fitted by a matrix 

model as introduced in Section 1.2.2. It results in a series of miss factors in each glycerol condition 

with a minimum miss factor of 9%. Prior to the first flash, the initial population of S1 state is close to 

100% compared to the negligibly small population of S0 state. Experimentally, in dark-adapted 

conditions, all OECs are presumably in the S1 state since the S2 and S3 states are reduced by both 
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tyrosine D, YD from D2 protein (fast phase) and QB
- from acceptor side (slow phase) while S0 is 

oxidised by YD
ox to S1 state (Messinger et al., 1993; Rutherford et al., 1984; Styring & Rutherford, 

1987). The high population of the fully dark-stable S1 state, can be attributed to extensive dark 

adaptation during preparation of PSII membrane particles and washing-steps in low-salt buffer 

solutions. This is in line with a previous fluorescence study where the dark-adapted PSII particles were 

mostly in the S1 state (Karge et al., 2014). The miss factors and initial populations of S0 and S1 states 

from the fit parameters can be seen in Table 0-2 (Appendix D). Accordingly, the quantum efficiency 

(η) of the S-state transition was determined by subtracting the miss factor (α) from unity, i.e. η = 1 - α 

(Figure 4.6B).  

 

Figure 4.6. Quantum efficiency of the S-state transitions in presence of glycerol. (A) Flash number dependence of 

DF intensity at 2 ms phase (by averaging from 1 to 3 ms) after saturating flashes were applied to the dark adapted 

PSII membrane particles. The dots are the experimental data while the lines are the fit. The data were fitted from 

the 3rd to 23rd flash applying a matrix model by considering a double hit rate of zero and initial populations of S0 

and S1 in the dark-adapted state. The model details are introduced in Section 1.2.2. (B) Glycerol concentration 

dependence of the S-state transition efficiency, which is equivalent to subtracting the miss factor (obtained from the 

fitted oscillation pattern in panel A) from unity.  

The control (0% glycerol) shows an efficiency of about 91%, equivalent to a miss factor of 9%, which 

is consistent with the best known performance of PSII membrane particles with a miss factor of 8 - 

10% (Buchta et al., 2007; Isgandarova et al., 2003; Karge et al., 2014). The factor is highly dependent 

on, amongst others, the protein environment, temperature, pH value and cosolvents. The efficiency of 

the S-state transition is still as high as about 85% in 50% of glycerol, which suggests that although the 

high concentration of glycerol may further perturb the water molecules around the Mn-complex, thus 

decelerating both proton and electron transfer, it does not significantly inhibit the redox reactions of 

the Tyrosine Z (YZ) (Figure 4.3). In comparison, the efficiency of oxygen evolution can be highly 
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decreased down to 50% in 50% glycerol when the 18- and 24-kDa extrinsic proteins are lost (e.g. by 

washing in high salt buffer), as a result of increasing access of glycerol to the catalytic site (Halverson 

& Barry, 2003). See detail protein structure in Figure 1.2 of introduction section.  

It is noteworthy to address that the miss factor is strictly S-state dependent, specifically with higher 

misses in S2 to S3 and S3 to S0 transitions compared to lower values in the other two transitions (Pham 

& Messinger, 2016). It may because of higher energetic barriers when two substrate water binds to the 

Mn-complex during S2 to S3 and S3 to S0 transitions, respectively. However, it is not the focus of this 

study, since the glycerol has no strong impact on the miss factor.  

In addition to the quantum efficiency of S-state transitions, the free energy level is also influenced by 

glycerol treatment. It can be seen in Figure 4.4 that starting at 10 µs after photoexcitation the DF 

intensity is altered by the glycerol treatment. This fluorescence intensity correlates to the the free 

energy level of the recombination of the radical state of QA
-Yz

+S3
+. Since the DF mechanism is based 

on Boltzmann distribution between various free energy levels formed by different radical pairs, it is 

important to address that not only the kinetics but also the Gibbs free energy levels (of intermediate 

formation) are slightly affected by glycerol treatment (Figure 4.7). It suggests that the glycerol 

potentially alters the interior protein environment and likely shifts the free energy level of the radical 

pair state QA
-Yz

+S3 thus increasing the probability of charge recombination. Even though the glycerol 

influence on the exterior protein environment cannot be excluded fully definitively. 
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Figure 4.7. The glycerol concentration dependence of the Gibbs free energy between the radical pair states QA
-YZ

+S3 

and YZ
+S4. The free energy is determined based on (2.11). (A) The Gibbs free energy, fitted in a parabolic function 

(red line). (B) The difference of Gibbs free energy compared to the control (glycerol-free PSII), fitted in a linear 

regression. 

The free energy difference between the intermediate states QA
-Yz

+S3 and YZ
+S4, is determined based 

on Eq. (2.11). The biphasic phenomenon with a transition point at 30% glycerol also fits the one of the 

electron transfer (Figure 4.4B). The energy level is only slightly altered from -102 to -108 meV in 0% 

and 50% glycerol respectively (Figure 4.7A).  The given value in the control condition is in line with 

the previous study, in which, a value of -104 meV is determined at pH 6.4 at room temperature 

(Grabolle, 2005; Haumann et al., 2005).  

In addition to the most critical step of S3 to S0 transition, the dynamics of proton and electron transfers 

of the S2 to S3 transition after the second flash are also significantly decelerated due to glycerol addition 

(Figure 4.8). The deprotonation is followed by an electron transfer with a life time of about 30 µs and 

300 µs respectively (Klauss, Haumann, et al., 2012). Similar to the approach discussed in the S3 to S0 

transition (Figure 4.4, page 53), a sum of three exponential functions is fitted to the time courses of 

Figure 4.8 but from 0.01 ms to 2 ms, since the kinetics of the transfers are about five times faster than 

the S3 to S0 transition (fitted from 0.01 ms to 10 ms). The fit parameters from the fitting functions are 

listed in Table 0-3 (Appendix D). Both the fast and slow phases are linearly decelerated by the 

increasing addition of glycerol (Figure 4.9).  
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Figure 4.8 The time course of DF decay in presence of glycerol (10 µs to 10 ms) on a double logarithmic scale after 

the second laser flash (pH 6.2, 20 oC). The gradient blue color refers to the experimental data of various glycerol 

concentrations (v/v from 0 to 50%, blue to right orientation following the arrow). 
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Figure 4.9. The time constants of τmean and τ3 as a function of glycerol concentration. The shown data are simulation 

results from the DF transients after the second saturating flash as shown in Figure 4.8. (A) the mean time constant 

of the deprotonation and (B) the time constant of the electron transfer in the S2 to S3 transition. The error bars 

represent the standard deviations of the repeated measurements.   
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4.2.2 Kinetics of Electron Transfer Affected by Glycerol on Acceptor Side 

In addition to the donor side, the acceptor side plays also an important role in the kinetics of protonation 

and electron transfer. The primary and secondary quinones (QA and QB) couple the electron transfer 

from P680 through Pheophytin to QA and then through a non-heme iron ion (Fe2+/ Fe3+) to the QB. After 

two accumulative reduction processes, the QB
2- binds two protons and forms QBH2, which diffuses to 

the quinone pool.  

To further understand and approach the redox state of the primary quinone, the prompt fluorescence 

(PF) of PSII enriched membrane particles was detected from 0.1 ms to 700 ms after a series of 32 

saturating laser flashes with a flash spacing of 700 ms (Figure 4.10). The PF intensity can be 

characterized by three major parameters: 

(1) F0, the relative fluorescence yield prior to the saturating flash. It corresponds to the open state 

of the reaction centre (RC) P680 with fully oxidized QA.   

(2) Fmax, the maximum of the relative fluorescence yield after the saturating flash. It refers to the 

closed state of the reaction centre P680 with fully reduced QA. 

(3) Fmin, the minimum relative fluorescence yield after the saturating flash and before the next 

excitation. It indicates the reoxidation level of the QA
- in a time interval. In the given study, 

Fmin is the fluorescence yield 700 ms after the induced flash.  

As can be seen in Figure 4.10A and C, the addition of glycerol reshapes the patterns, which in a way 

is comparable to measurements without addition of electron acceptors (data not shown), indicating 

accumulative QB
2-. Due to the fact that the reduced form of QA, i.e. P680

+QA
-, has a stronger electrostatic 

effect that electrons will be transferred back to the primary donor, thus generating a higher amount of 

fluorescence. The addition of glycerol does not affect the dark-adapted oxidation state of the QA (F0), 

however it increases the maxima of the PF intensity (Fm) after each saturating flash, (Figure 4.11A 

and B). It may alter the quantum efficiency of the photochemical reaction (see Fv/Fm in Figure 4.11 

C), where Fv is the difference between Fm and F0. 
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Figure 4.10. The time course of PF decay of spinach PSII were detected from 0.1 ms to 700 ms after a series of 32 

saturating laser flashes respectively (pH 6.2, 20 oC). (A) Control buffer of 50% glycerol (in red); (B) of 30% glycerol 

(in magenta) and (C) of 0% glycerol treatment (in blue). They were averaged over six repeated measurements. 
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Figure 4.11. The prompt fluorescence intensity of Figure 4.10 as a function of glycerol concentration dependence. 

(A) F0, is the relative fluorescence yield prior to the saturating flash. (B) Fm is the maximum of the relative 

fluorescence yield after the saturating flash. (C) Fv/Fm is a normalized ratio representing the quantum efficiency of 

photochemical reaction of the PSII.  

 



62 Glycerol Effects in Kinetics of Protonation and Electron Transfer of PSII

 

62 

 

In previous study, it was reported that high intensity of photo damage can partially blocked or strongly 

delayed the electron transfer between QA and QB even though the exact reason was not yet known 

(Lazar, 1999). Accordingly, this portion of blocked QB limits the S-state transitions, thus malfunctions 

the water oxidation, i.e. the oxygen evolution. The ratio of blocked QB, denoted as [QB]blocked is 

determined according to  

  
0

0min

FF

FF
Q

m
blockedB 


  , (4.1) 

where Fmin is the minimum fluorescence right before the next photoexcitation.  

As shown in Figure 4.12, the fraction of the blocked centres stays at the level of 14% of the control 

sample, close to the minimum fraction reported before (Grabolle, 2005). It is barely affected by 

addition of up to 30% glycerol when the sample is only excited by a few flashes (see Figure 4.12 for 

an example of 1 and 10 flashes). As more QB
-/QB

2- are accumulated, for instance after 30 flashes, 

stronger effect can be seen. In parallel, a higher content of glycerol may perturb the orientation of QA 

and QB, and could therefore increase the number of blocked centres. This is in line with the previous 

evidences on the donor side, i.e. in Section 4.2.1 that the oxygen activity is not significantly affected 

by addition of 30% glycerol. In contrast, at higher flash numbers, the fraction of blocked QB is affected 

to a higher degree. In order to approach further details of the glycerol effect on the kinetics of electron 

transfer between QA and QB, the PF transients are shown in Figure 4.13.  

It is suggested in Figure 4.13A that the dynamics of electron transfer from not only the donor side (see 

Section 4.2.1) but also from the acceptor side are affected by glycerol content (especially in higher 

concentration). As introduced in Section 2.3, the PF decay is a multiphasic process with at least three 

phases. So in order to access the kinetics, a tri-exponential function was applied to the PF decay and 

the time constant of half decay was obtained, as shown in Figure 4.13B. The half-time, τ1/2, 

corresponds to the electron transfer from QA
- to QB, which is typically 1 ms to 10 ms in plants. The 

variations are caused mainly by the affinity of the QB site and the protein environment, such as pH 

value and hydration levels. The electron transfer from QA
 to QB is relatively unaffected up to 20% 

glycerol (τ1/2 ≈ 5 ms) but decelerated by a higher mixture of glycerol. This glycerol influence is 

comparable to the electron transfer in the S3 to S0 transition. The deceleration is presumably due to the 

perturbation of both quinone-binding sites by higher population of glycerol molecules. It is noted that 

glycerol binding was resolved in the protein crystal structure, locating it approximately at 10 Å 

distance to the QA (Figure 4.2). 
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Figure 4.12.The percentage of blocked QB in spinach PSII detected by prompt fluorescence as a function of glycerol 

concentration dependence, determined based on equation (4.1).  

 

 

Figure 4.13. Prompt fluorescence characteristics of spinach PSII as a function of glycerol concentration dependence 

after the first saturating flash (pH 6.2, 20 oC). The fluorescence intensity correlates to the redox state of the primary 

quinone, QA. (A) The time course of PF transients on a semi-logarithmic scale, from 0.1 ms to 700 ms in glycerol 

concentration from 0 to 50% (dark blue to dark red colour). (B) Time constants of the half decay, which are the 

fitting results by a sum of three exponential functions to the transients in panel A. The error bars represent the 

standard errors from six repeated measurements.  

It is suggested in Figure 4.13A that the dynamics of electron transfer from not only the donor side (see 

Section 4.2.1) but also from the acceptor side are affected by glycerol content (especially in higher 

concentration). As introduced in Section 2.3, the PF decay is a multiphasic process with at least three 
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phases. So in order to access the kinetics, a tri-exponential function was applied to the PF decay and 

the time constant of half decay was obtained, as shown in Figure 4.13B. The half-time, τ1/2, 

corresponds to the electron transfer from QA
- to QB, which is typically 1 ms to 10 ms in plants. The 

variations are caused mainly by the affinity of the QB site and the protein environment, such as pH 

value and hydration levels. The electron transfer from QA
 to QB is relatively unaffected up to 20% 

glycerol (τ1/2 ≈ 5 ms) but decelerated by a higher mixture of glycerol. This glycerol influence is 

comparable to the electron transfer in the S3 to S0 transition. The deceleration is presumably due to the 

perturbation of both quinone-binding sites by higher population of glycerol molecules. It is noted that 

glycerol binding was resolved in the protein crystal structure, locating it approximately at 10 Å 

distance to the QA (Figure 4.2).  

As discussed from the here reported results (Figure 4.3 to Figure 4.13), the PSII activity was decreased 

along with decelerated dynamics in presence of glycerol. The following points could be an explanation 

for these findings: 

(i) Higher viscosity can slow down the chemical reactions which are diffusion limited or contain large 

scale translational motion (e.g. 40 Å) (Heimann et al., 2000), however, no such a large scale motion 

in PSII regarding to the proton or electron transfer has been observed. Therefore, this is unlikely to 

play a role in this study.   

(ii) Protein hydration (Davis-Searles et al., 2001) and ‘solvophobic effect’ in which glycerol may move 

from nonpolar regions into the bulk solvent (Arakawa & Timasheff, 1982). Further level in hydration 

can increase the destabilization of the certain PSII subunits which are functional associated.  

 (iii) Glycerol binds to the Mn cluster, suggested by comparing the inhibition effect of oxygen activity 

by glycerol in intact and salt-washed (i.e. without extrinsic subunits) PSII (Halverson & Barry, 2003), 

since the removal of the extrinsic subunits increases the access to the Mn cluster (Ghanotakis et al., 

1984; Tamura et al., 1989). 

(iv) Alteration of the surface tension cannot be neglected. In aqueous environments, protein – 

conformational flexibility, has a wide range of hydration states. The activity of water within its 

microenvironment is one of the important factors that determines the equilibrium between these states 

(Parsegian, 2002).  

(v) Modification of the protein-protein interaction can also be an issue since the oscillation pattern of 

proton release is restored by addition of glycerol, as shown with evidence in PSII core complex 

(Haumann et al., 1997).  
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4.2.3 Glycerol Effect on Activation Energy of O-O Bond Formation 

The kinetics of proton and electron dynamics in PSII are clearly decelerated with increasing content 

of glycerol. This raises the question whether it affects the O-O bond formation specifically by altering 

the energetic barrier. Higher concentration of glycerol in the buffer (˃30%) inhibits the oxygen 

activity, as suggested in the steady-state rate of oxygen production (Halverson & Barry, 2003). In 

contrast, low content of glycerol shows hardly any effect on the kinetics. Therefore, a content of 30% 

glycerol was chosen in this study, so that the kinetics of the electron transfer between S3 and S4 state 

were hardly affected.  

Based on the transition state theory and Arrhenius equation, the activation energy of a specific 

chemical reaction is determined from the rate constant as a function of temperature, as introduced in 

Section 1.3.3.1. The measurements were performed from 0 oC to 30 oC with an increment of 2.5 oC. 

Detection in a wider range of temperatures turned out to be difficult, since the thermal conductivity 

was limited by the transparent plastic cuvette, which was used in the experiment. The cuvette was 

placed within a copper holder in a half-open setup allowing the access of the excitation area (about 2 

cm2) from the laser flash on one side and the detection area on another side. The DF transients in the 

range between 1 ms to 11 ms are shown in Figure 4.14. This is to highlight the kinetics of the slow 

phase, which have a time constant of about 2 ms at ambient temperature (Cox et al., 2014; Siegbahn, 

2017; Vinyard et al., 2015).  
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Figure 4.14. DF signal of PSII enriched membrane fragments after the third saturating flash from 5 oC to 30 oC, 

with 5 oC increment. (A) in control buffer (glycerol-free) and (B) in 30% of glycerol (v/v). The amplitude is 

normalized to [1, 0] from 1 ms to 11 ms.  

By applying the universal fitting of a tri-exponential function (from 10 µs to 11 ms) as introduced in 

Section 2.4.3 and discussed in Section 4.2.2, the slow phase which correlates to the rate constants of 

the electron transfer (after the third saturating flash) could be resolved. The fitting parameters are listed 

in Table 0-4 and Table 0-5 for 0% and 30% glycerol, respectively (Appendix D).  

The slow phase, τox, is plotted as a function of the 1/kBT based on the Arrhenius equation, which is 

commonly referred to as an Arrhenius plot (Figure 4.15). As introduced in Section 1.3.3, the slope of 

the semi-linear fit is proportional to the activation energy, resulting in a value of 230 meV in the 

control. This value is in line with earlier studies (Buchta et al., 2007; Grabolle, 2005; Grabolle & Dau, 

2005), even though it may vary from preparation and methods (Isgandarova et al., 2003). Surprisingly, 

for PSII in 30% glycerol, the activation energy was determined to be 160 meV, which is significantly 

lower (70 meV ± 10 meV) than the control. This effect is similar to the functionality of enzyme, which 

is to lower the energetic barrier of a chemical reaction, e.g. by breaking a chemical bond and promoting 

a faster rate constant, or alternatively, accelerating a chemical reaction. So in comparison, it raises the 

question whether glycerol has similar characteristics as an enzymes in this regard. If not, what kind of 

role glycerol may play. To answer this question, further investigation has been performed by 

comparing the activation energy among different PSII variants in the next chapter.  
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Figure 4.15. Time constants of the slow phase, τox, in the S4 to S0 transition as a function of temperature from 0 oC 

to 30 oC on a semi-logarithmic plot comparing the control glycerol-free buffer condition (in black) and 30% glycerol 

buffer (in red). The linear line is a fit based on the Arrhenius equation. The bars are the standard errors. The fit 

parameters are listed in Appendix F. 

 

4.3 Summary 

In this chapter, the kinetics of proton and electron transfers at the electron donor side of PSII (water 

oxidation) and at its acceptor side (QA reduction) were observed after laser-flash excitation in the time 

domain of 10 μs to 10 ms (by DF) and 100 μs to 700 ms (by PF), respectively. By variation of the 

glycerol content (from 0% to 50%) in the otherwise aqueous buffer, a pronounced influence of glycerol 

on electron and proton transfer steps in water oxidation and QA/QB reduction was detected.  

The deprotonation step prior to O-O bond formation is found to be strongly affected by glycerol in the 

aqueous buffer even at relatively low concentration, while the rate constant of oxygen evolution and 

the quantum efficiency of S-state transitions is affected only at high glycerol concentration (above 

30% volume percent). From the acceptor side, the electron transfer from QA
- to QB is also decelerated 

by glycerol addition.  

It has been reported that addition of glycerol would weaken the hydrogen bonding among water 

molecules (Dashnau et al., 2006). Consequently, as a network like this the proton and electron transfer 

is slower (Polander & Barry, 2012). It is worthwhile to mention that glycerol has high viscosity 
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compared to pure water, thus is known to slow down the chemical reactions which are diffusion limited 

or large scale translational motion (Heimann et al., 2000). However, no such a large scale motion in 

PSII has ever reported regarding to the proton or electron transfer. Therefore, the herein discussed 

glycerol effects causing the deceleration of both proton and electron transfer cannot be simply 

explained by the contribution of viscosity.  

Moreover, first indications that activation enthalpies are strongly modified by the increasing glycerol 

concentrations have been reported. An analysis from the Arrhenius plot reveals that the activation 

enthalpy of oxygen evolution is strongly decreased in 30% glycerol buffer, whereas the influence on 

the rate constant at room temperature is negligibly small. With and without glycerol, the activation 

enthalpies are significantly lower than the energetic barriers obtained from a quantum chemical 

calculation (Siegbahn, 2013). The glycerol influence may result from disturbed protonation dynamics 

by specific binding of glycerol molecules within PSII. This is a surprising result which leads me to 

consider the possible reasons. Therefore, the following chapter investigates the activation energy of 

O-O bond formation of PSII from different species.  
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Chapter 5 Activation Energy of O-O Bond Formation 

in PSII variants 

Based on the knowledge from complete genomes and available databases, the evolution of 

oxyphotosynthetic organisms is known to be developed from prokaryotes (such as cyanobacteria) to 

unicellular eukaryotes (such as green algae) and multicellular plants, progressing from the process of 

primary endosymbiosis (De Las Rivas et al., 2004). During the time course of evolution, the major 

component of the intrinsic core complexes of PSII in all oxyphotosynthetic organisms remained highly 

conserved, especially the ligands bounding to the first coordination sphere of oxygen evolving centres 

(OEC) are conserved (Amunts et al., 2007; Glockner et al., 2013; Nield et al., 2000).  

The comparative study of the functional difference between species is one of the most important topics 

in biophysics, for instance, from the evolutionary point of view, to develop insights by addressing the 

differences among cyanobacteria, green algae and plants. Regarding the essential function of water 

oxidation in PSII, it may provide more clues to understand this critical process by investigating the 

activation barrier difference in the O-O bond formation.  

Several studies have been performed in which the kinetics of oxygen evolution were analyzed and 

where the activation energy was discussed. This has been done, e.g., for the D1-D61N and D1-V185N 

mutations at the second sphere of the Mn-complex of Synechocystis sp. PCC 6803 (Bao & Burnap, 

2015). In addition, a comparison of cyanobacterial Thermosynechococcus elongatus to plant spinach 

was reported in (Isgandarova et al., 2003).  

 

5.1 Experimental Details 

The PSII particles (BBY from spinach and thylakoid membrane particles from cyanobacteria) were 

calibrated into a chlorophyll (Chl) concentration of 200 µg/ml (spinach) and 40 µg/ml (cyanobacterial 

PSII extracts), respectively, as stock samples and stored on ice until used (as introduced in Section 

2.1). For each measurement, quantitative PSII sample (equivalent to 75 µg of Chl) was added onto 

each electrode and centrifuged at 4 oC for 12 minutes in a Sorvall HB-4 swing rotor. The sample was 

centrifuged at 20 oC for measurement conditions above 25 oC, in order to minimize the heating time 
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and to achieve a better thermal stability. A control measurement confirms that the sample activity or 

kinetics are not affected by centrifugation at either 4 oC or 20 oC in the given time (data not shown).  

As introduced in Section 2.5.1 of material and methods, the kinetics of the oxygen evolution from PSII 

can be determined by time-resolved oxygen polarography. For each measurement, the PSII particles 

of plant were excited by a series of 20 saturating flashes, while those of cyanobacteria were excited by 

52 flashes. As can be seen in Figure 5.1, a series of 204 saturating flashes has been applied to the 

cyanobacterial thylakoid membranes, however, the oxygen-evolving activity starts to decrease 

significantly after about 30 to 50 flashes, presumably due to the competing photosynthetic and 

respiratory activities on the plastoquinone pool (Mullineaux, 2014). 
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Figure 5.1. Temperature dependence of oxygen evolution as a function of saturating flash number. The thylakoid 

membranes of Thermosynechococcus elongatus BP-1 (wild-type), were excited by 204 saturating flashes at 0 oC, 20 
oC and 40 oC (in blue, light and dark red respectively). The O2 signal was determined by the maximum of individual 

oxygen transients from polarography. 

In order to increase the signal to noise ratio and analyze the kinetics, the oxygen transients of T. 

elongatus were averaged from the 3rd to the 52nd flash. As can be seen in Figure 5.2, the averaged 

transient is consistent with the individual transient (e.g. the 3rd flash). This means that the accumulative 

flashes do not accelerate or decelerate the kinetics, thus the process of normalization and averaging 

data does not affect the kinetics. It helps to increase the signal to noise ratio by a factor of 7 

approximately.  
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Figure 5.2. Oxygen transients of thylakoid membrane of Thermosynechococcus elongatus BP-1 (wild-type).  The 

membrane was excited by the 3rd saturating flash (in blue) and averaged over 50 flashes (from the 3rd to the 52nd) at 

pH 6.2 at 20 oC, detected by oxygen polarography.  

 

5.2 Results and Discussion 

In the given study three species were compared, namely spinach as well as Synechococcus sp. PCC 

7002 and Thermosynechococcus elongatus BP-1 (wild type and PsbA3). The basic characteristic of 

the species can be seen in Table 5-1, including the growth type, isolation place and time, genome size 

and difficulty-level of genetic manipulation. 

The kinetics of oxygen evolution from each species were determined by oxygen polarography in 

temperatures ranging from -10 oC to 45 oC with an increment of 5 oC (only from 0 oC to 45 oC for 

PsbA3). In the following sections, the individual species are discussed, by presenting the oxygen 

transients, the fitting quality from the oxygen diffusion model, the key fit parameters and finally an 

Arrhenius plot summing up both fast and slow phases of the oxygen evolution from these species.  
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Table 5-1. Characteristic of cyanobacterial Synechococcus sp. PCC 7002, Thermosynechococcus elongatus BP-1 and 

Synechocystis sp. PCC 6803, comparing the growth type, isolation place and time, genome size and difficulty level 

of genetic manipulation.  

Species / 

Characteristic 

Synechococcus sp. 

PCC 7002 

Thermosynechococcus 

elongatus BP-1 

Synechocystis sp. PCC 

6803 

Growth type 

(optimal) 

mesophilic,  

35 oC - 38 oC 

thermophilic,  

55 oC - 60 oC 

mesophilic,  

28 oC - 30 oC 

Isolation place 

and time 

Magueys island, Puerto 

Rico in 1962 

Beppu, Japan in 1978 Oakland, USA in 

1962 

Genome size 3.40 Mb, 3,235 Gene 2.59 Mb, 2,528 Gene 3.96 Mb, 3,725 Gene 

Genetic 

manipulation 

a few molecular 

techniques established 

difficult a few molecular 

techniques established 

 

5.2.1 Oxygen Evolution Transients of Synechococcus sp. PCC 7002 

In order to compare the kinetics in a straightforward approach, the oxygen transients are normalized 

to unity and plotted semi-logarithmically. The data was detected from -10 oC to 45 oC with an 

increment of 5 oC (Figure 5.3). The temperature dependence of the onset delay from 0 ms to 2 ms is 

highlighted in the inset. Each averaged transient was fitted to the oxygen diffusion model in a 

simulation program (as introduced in Section 2.5.3), which gave a good fitting quality (Figure 5.4 and 

Figure 5.5). The fitted transients match the experimental ones to a high extent.  
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Figure 5.3. Temperature dependence of oxygen evolution transients. They represent oxygen release kinetics (S3  

S4  S0+O2) from PSII of thylakoid membrane of Synechococcus sp. PCC 7002, measured at pH 6.2 from -10 oC to 

45 oC (from dark blue to red) with an increment of 5 oC. The signals were averaged from the 3rd to the 52nd flash 

with 4 to 5 repeated measurements and normalized to unity.  
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Figure 5.4 Temperature-dependent transients of oxygen evolution of Synechococcus sp. PCC 7002 from Figure 5.3. 

The experimental data was fitted with the oxygen diffusion model (data in black and fit in red). Exemplary data for 

-10 oC, 20 oC and 45 oC are shown in panels A, B and C respectively. All the other fitted transients are attached in 

Appendix E. 
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Figure 5.5 Temperature-dependent transients of oxygen evolution of Synechococcus sp. PCC 7002 from Figure 5.3. 

The experimental data was fitted with the oxygen diffusion model (data in black and fit in red). Examplary data for 

-10 oC, 20 oC and 45 oC are shown in panels A, B and C respectively. They are presented on a linear scale from 0 to 

20 ms, highlighting the rise time of the transients.  

The obtained results help to gain insight into the oxygen evolution and diffusion processes in PSII. As 

can be seen in Figure 5.6, a list of physical parameters was taken into account in the diffusion model 

(as introduced in Section 2.5.3):  

(i) The effective membrane thickness is theoretically a constant value since the thylakoid 

membrane particles are present in the same amount in each measurement, i.e. 15 µg of 

chlorophyll. However, as can be seen in Figure 5.6A that the thickness tend to be slightly 

thinner at higher temperatures, mainly because this factor highly correlated to the speed of 

the electrode response, thus they both compensate each other. This can be well explained 

by the temperature-dependent diffusion coefficient.  

(ii) The oxygen reduction rate at the platinum surface of the electrode. Its performance is faster 

at higher temperatures, a typical thermal characteristic of electrochemical reactions. 

(iii) The population of the S3 state, stays at about the same level, because the given transients 

are all normalized, i.e. they show the same amount of oxygen evolution.  

(iv) The slow phase of oxygen evolution describes the kinetics of the electron transfer 

correlating to O-O bond formation, the very central parameter of this study. After the 

structural change of the O-O bond formation, the intermedia state S4
+ is formed and a 

dioxygen molecule is released from the PSII particle.  
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(v) The delay time of the electrode response is also temperature dependent. This means the 

reduction rate of the oxygen on the platinum surface is not a constant but it is faster at 

higher temperatures.   

(vi) The pre-phase of oxygen evolution, relates to the deprotonation of the S3
+ to S3

n transition, 

which is a step prior to the oxidation of the Mn-complex.  

(vii) The sum of both lag- and pre-phases (named fast phase) describes the delay of the onset of 

the electrode response and the deprotonation step. This parameter is useful because the 

separation between the strongly correlated lag- and pre-phases cannot be made reliably.  

 

The plots in Figure 5.6viii and ix show parameters of both the slow (kox) and the fast phase (klag+pre) 

from -10 oC to 45 oC, respectively.  The Arrhenius plot of both phases are presented in Figure 5.7, 

fitted with a linear regression, respectively. The fits are based on Arrhenius equation: 

ln(k) = ln(A) – Ea/kBT , 

where k is the rate constant, A is the pre-exponential frequency factor, and Ea is the activation 

energy. A and Ea are determined from the intercept (y-axis) and slope, respectively. See detail fit 

parameters in Table 5-2 and Table 5-3 in Section 5.2.4. 
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Figure 5.6. Fit parameters of the diffusion model, applied to the individual oxygen transients of thylakoids of 

Synechococcus sp. PCC 7002. Orientation from upper left to lower right: (i) thickness of the thylakoid membrane 

layer deposited on the electrode surface; (ii) Rel, electrode constant of the oxygen reduction speed; (iii) Rox, the 

population of the S3 state; (iv) τox, the slow phase of oxygen evolution; (v) τlag, the lag phase of the delay of electrode 

response; (vi) τpre, the pre-phase of the delay of oxygen evolution; (vii) τlag+τpre, sum of the lag- and pre-phases; 

(viii) ln(kox), rate constant of the slow phase on a logarithmic scale; and (ix) ln(klag+pre), rate constant of the sum of 

the lag- and pre-phases on a logarithmic scale.       
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Figure 5.7. Arrhenius plot of the rate constants of the the sum of lag and pre-phase (red) and oxygen phase (black) 

of Synechococcus sp. PCC 7002. Kinetics are resolved from the diffusion model of the simulation. The symbols 

represent the experimental data while the lines in corresponding colour are obtained from a linear fit of the data. 

The plot is based on Arrhenius equation ln(k) = ln(A) – Ea/kBT, where k is the rate constant, A is the pre-exponential 

frequency factor, and Ea is the activation energy. A and Ea are determined from the intercept (y-axis) and slope, 

respectively. See detail fit parameters in Table 5-2 and Table 5-3 in Section 5.2.4.   

 

5.2.2 Oxygen Evolution Transients of Thermosynechococcus elongatus BP-1 

For cyanobaterial Thermosynechococcus elongatus BP-1, oxygen transients were detected from 

polarography analogously to the previous section (Figure 5.8 of PSII-wild type and Figure 5.9 of PSII-

PsbA3). The simulations are similar to those in the previous section. The fitted transients and the fit 

parameters are presented in Appendix E. Each transient was fitted to the oxygen diffusion model as 

presented earlier (in Section 5.2.1). The Arrhenius plot of both fast and slow phases are presented in 

Figure 5.10 and Figure 5.11, where the rate constants, τlpre, τlag+pre and τox, are fitted with a linear 

regression, respectively. See detail fit parameters in Table 5-2 and Table 5-3 in Section 5.2.4. 
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Figure 5.8. Temperature dependence of oxygen evolution transients. They represent oxygen release kinetics (S3  

S4  S0+O2) from PSII of thylakoid membrane of Thermosynechococcus elongatus BP-1 wild-type, measured at pH 

6.2 from -10 oC to 45 oC (only from 0 oC for PsbA3) with an increment of 5 oC. The signals were averaged from the 

3rd to the 52nd flash with 4 - 5 repeated measurements. 

 

Figure 5.9. Temperature dependence of oxygen evolution transients. They represent oxygen release kinetics (S3  

S4  S0+O2) from PSII of thylakoid membrane of Thermosynechococcus elongatus BP-1 PsbA3, measured at pH 6.2 

from 0 oC to 45 oC with an increment of 5 oC.  The signals were averaged from the 3rd to the 52nd flash with 2 - 3 

repeated measurements. 
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Figure 5.10. Arrhenius plot of oxygen release rate constants of the sum of lag and pre-phase (red) and oxygen phase 

(black) of Thermosynechococcus elongatus BP-1 PSII wild-type. Kinetics are resolved from the diffusion model of 

the simulation. The symbols represent the experimental data while the lines in corresponding colour are obtained 

from a linear fit of the data. The plot is based on Arrhenius equation ln(k) = ln(A) – Ea/kBT, where k is the rate 

constant, A is the pre-exponential frequency factor, and Ea is the activation energy. A and Ea are determined from 

the intercept (y-axis) and slope, respectively. See detail fit parameters in Table 5-2 and Table 5-3 in Section 5.2.4. 
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Figure 5.11. Arrhenius plot of oxygen release rate constants of the sum of lag and pre-phase (red) and oxygen phase 

(black) of Thermosynechococcus elongatus BP-1 PSII-PsbA3 isoform. Kinetics are resolved from the diffusion model 

of the simulation. The symbols represent the experimental data while the lines in corresponding colour are obtained 

from a linear fit of the data. The plot is based on Arrhenius equation ln(k) = ln(A) – Ea/kBT, where k is the rate 

constant, A is the pre-exponential frequency factor, and Ea is the activation energy. A and Ea are determined from 

the intercept (y-axis) and slope, respectively. See detail fit parameters in Table 5-2 and Table 5-3 in Section 5.2.4. 
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5.2.3 Oxygen Evolution Transients of Plant Spinach 

In order to compare the oxygen transients in a straightforward way, all the transients are normalized 

to unity and plotted on a semi-logarithmic scale, as shown in Figure 5.12. The fitted transients and the 

fit parameters are presented in Appendix E.  

Each transient was fitted to the oxygen diffusion model as presented earlier (in Section 5.2.1).The 

Arrhenius plot of both fast and slow phases are presented in Figure 5.13, fitted with a linear regression, 

respectively. See detail fit parameters in Table 5-2 and Table 5-3 in Section 5.2.4. 

 

Figure 5.12. Temperature dependence of oxygen evolution transients. They represent oxygen release kinetics (S3  

S4  S0 + O2) from PSII of thylakoid membrane of spinach, measured at pH 6.2 from -10 oC to 45 oC (dark blue to 

red) with an increment of 5 oC. The signals were averaged from the 3rd to the 14th flash and across four repeated 

measurements. 
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Figure 5.13. Arrhenius plot of oxygen release rate constants of the sum of lag- and pre-phase (red) and oxygen phase 

(black) of spinach. Kinetics are resolved from the diffusion model of the simulation. The symbols represent the 

experimental data while the lines in corresponding colour are obtained from a linear fit of the data. The plot is 

based on Arrhenius equation ln(k) = ln(A) - Ea/kBT, where k is the rate constant, A is the pre-exponential frequency 

factor, and Ea is the activation energy. A and Ea are determined from the intercept (y-axis) and slope, respectively. 

See detail fit parameters in Table 5-2 and Table 5-3 in Section 5.2.4. 

 

5.2.4 Comparison of Activation Energy of O-O Formation among PSII variants 

As presented in Sections 5.2.1 to 5.2.3, both the fast and slow phases were kinetically well resolved 

by the analysis of the oxygen diffusion model. The kinetics of oxygen evolution in cyanobacteria and 

spinach differ under the same temperature condition. Detail comparison is necessary in order to 

highlight the kinetic differences among those species, and to enable a comparison of the transients 

measured at 0 oC, 20 oC and 40 oC (Figure 5.14). In comparison, the oxygen evolution of spinach is 

faster at 0 oC but slower at 40 oC than that of T. elongates wild-type. This suggests that the oxygen 

evolution of spinach has smaller change in the same temperature range than the T. elongates wild-type. 

The corresponding Arrhenius plots of the fast and slow phase of each species will be presented in the 

following sections.  
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Figure 5.14. Temperature dependence of oxygen evolution transients of Synechococcus sp. PCC 7002 (blue), 

Thermosynechococcus elongatus BP-1 wild-type and PsbA3 (red and green) and spinach (black). The transients 

were measured at (A) 0 oC, (B) 20 oC and (C) 40 oC respectively, shown from 0 ms to 6 ms or 12 ms in order to 

highlight the rise time.  

 

5.2.4.1 Rate constant of the fast phase 

The classic Arrhenius plot is based on Arrhenius equation ln(k) = ln(A) – Ea/kBT, where k is the rate 

constant, A is the pre-exponential frequency factor, and Ea is the activation energy. A and Ea are 

determined from the intercept (y-axis) and slope, respectively. It shows in the natural logarithm of the 

rate constant versus the reciprocal of temperature in Kelvin (see figures in Appendix G).  

In this section the Arrhenius plots are presented alternatively in a logarithmic scale of the time constant 

versus the reciprocal of temperature in Kelvin (Figure 5.15). The fit parameters are shown in Table 

5-2. The activation energy (or enthalpy) is often reported in the unit of kJ mol-1. In this study, the 

electron volt, i.e. eV, is used. Thus the units from the referenced sources were converted into eV with 

kJ mol-1 = 10.36 meV, so that the energies can be compared on the same scale.  
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Figure 5.15. Arrhenius plot of the time constants of the fast phase (a sum of the lag and pre phases), comparing 

PSIIs from Synechococcus sp. PCC 7002 (blue), Thermosynechococcus elongatus BP-1 wild-type (red) and PsbA3 

(green) and spinach (black) from -10 oC to 45 oC, with increment of 5 oC. The lines are the linear fit of the data sets 

of corresponding colour. The classic Arrhenius plot in terms of rate constant kfast can be found in Appendix G.  

 

Table 5-2. Fit parameters of the Arrhenius plot (in Figure 5.15), comparing spinach, Thermosynechococcus 

elongatus BP-1 PSII-wild-type and PSII-PsbA3 and Synechococcus sp. PCC 7002. τfast is the time constant of the 

fast phase at 20 oC; a and b are the slope and intercept from the linear regression, respectively, and R2 is the fit 

deviation.  

Species τfast at 20 oC [ms] Slope (a) [K·s-1] Intercept (b) [s-1] R2 

Spinach 0.64 0.089 -3.62 0.89 

T. elongatus PSII-wild-tpye 1.36 0.100 -3.85 0.97 

T. elongates PSII-PsbA3 0.91 0.121 -4.82 0.93 

Synechococcus 7002 0.91 0.113 -4.50 0.98 
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Table 5-3. Fit parameters of the Arrhenius plot and the corresponding values of activation energy in comparison of 

Synechococcus sp. PCC 7002, Thermosynechococcus elongatus BP-1 wild-type and psbA3 and spinach. τfast is the 

fast phase measured at 20 oC at (a) pH 6.2 and (b) pH 6.5, A is the pre-exponential factor, Ea is the activation energy, 

H is the enthalpy, TS is the entropic component (where T is absolute temperature in Kelvin), and G is the Gibbs 

free energy. References: a is in this work and b is in (Bao & Burnap, 2015).  

PSII source or 

variant 

τfast at 20 oC 

[ms] 

A [s-1] Ea 

[meV] 

H‡ 

[meV] 

- TS‡ 

[meV] 

G 

[meV] 

Reference 

Spin. 0.64 4.2*106 205±23 180 384 564 a 

Syn. 7002 0.91 3.2*107 261±10 236 333 569 a 

Syn. 6803 0.80 3.2*108 321 297 273 571 b 

D1-V185N 1.90 7.0*107 311 289 309 598 b 

D1-D61N 1.40 9.0*106 250 223 365 588 b 

D1-D61A 1.40 4.9*105 173 148 438 586 b 

T.el. PSII-wt 0.39 7.1*106 230±13 205 371 575 a 

T.el. PSII-

PsbA3 0.90 6.6*107 279±27 254 314 568 

a 
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5.2.4.2 Rate constant of the slow phase 

Using the same approach as for the fast phase, the Arrhenius plot of the slow phase is presented in 

Figure 5.16  and the fit parameters are shown in Table 5-4.  
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Figure 5.16. Arrhenius plot of the time constant of the slow phase, comparing Synechococcus sp. PCC 7002 (blue), 

Thermosynechococcus elongatus BP-1 wild-type (red) and PsbA3 (green) and spinach (black) from -10 oC to 45 oC, 

with increment of 5 oC. The lines are the linear fit of the data sets in corresponding colour. The classic Arrhenius 

plot in terms of rate constant kfast can be found in Appendix G. 

 

Table 5-4. Fit parameters of the Arrhenius plot (in Figure 5.16), comparing Synechococcus sp. PCC 7002, 

Thermosynechococcus elongatus BP-1 wild-type and PsbA3 and spinach. τox is the time constant of the slow phase 

at 20 oC, a and b are the slope and intercept from the linear regression, respectively, and R2 is the fit deviation. 

PSII τox at 20 oC [ms] Slope (a) [K·s-1] Intercept (b) [s-1] R2 

Spinach 1.67 0.067 -2.43 0.93 

T. elongatus PSII-wild-tpye 1.67 0.166 -6.28 0.98 

T. elongates PSII-PsbA3 2.34 0.154 -5.72 0.99 

Synechococcus 7002 1.20 0.099 -3.71 0.99 

 



86 Activation Energy of O-O Bond Formation in PSII variants

 

86 

 

The connection between kinetics and thermodynamics is usually explained by Marcus theory of 

electron transfer process (Marcus, 1993). Nevertheless, taking into account the evidence of this study 

and combining the report of Synechocystis sp. PCC 6803 (wild-type and D1 variants) and Ca-Sr 

exchange of the Thermosynechococcus elongatus, the correlation between activation energy and rate 

constant is not as strong as commonly acknowledged, see Table 5-5 for details. The basic characteristic 

of the cyanobacterial species can be seen in Table 5-1.  

For the site-directed mutants D1-V185N, D61N and D61A the reactions are significantly slowed down 

(43 ms ± 8 ms) compared to the other wild type species (1.8 ms ± 0.6 ms), however, the activation 

enthalpies are relatively small. This suggests that the locally modified mutations affect the activation 

energy in different ways, but quantitatively in the same direction, i.e. they change the entropy 

contribution and lower the activation enthalpy. It is worthwhile to address that for both mesophilic 

cyanobacteria, as can be seen in Table 5-5, the activation energy (Ea) of Synechococcus 7002 in this 

study was determined as 307 meV in comparison to that of  Synechocystis 6803 as 477 meV determined 

in (Bao & Burnap, 2015). This discrepancy is likely due to the different protein treatment of using one 

molar betaine (in Syn. 7002) rather than one molar sucrose (in Syn. 6803) prior to the measurement. 

Since the use of betaine instead of sucrose in the assay buffer was found to be able to increase the 

oxygen evolution activity by up to 40% (Schiller & Dau, 2000). 
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Table 5-5. Fit parameters of the Arrhenius plot and the corresponding values of activation energy comparing 

Synechococcus sp. PCC 7002, Thermosynechococcus elongatus BP-1 wild-type and PsbA3 and spinach. τox is the 

slow phase measured at 20 oC at (a) pH 6.2 and (b) pH 6.5, A is the pre-exponential factor, Ea is the activation 

energy, H is the enthalpy, TS is the entropic component (where T is absolute temperature in Kelvin), and G is 

the Gibbs free energy. References: a is in this work, b is in (Bao & Burnap, 2015), and c is in (Rappaport et al., 

2011).  

PSII 

variants 

τox 

[ms] 

A [s-1] 

 

Ea [meV] H‡ 

[meV] 

- TS‡ 

[meV] 

G 

[meV] 

Ref. Temp. 

range [oC] 

Spin. 1.67  5.2*106 231 ± 13 206 379 584 a -10 - 45 

Spin.+ gly. 1.60  3.4*105 160 ± 13 135 459 594 a 0 - 30 

T.el. PSII-

wt 1.67  1.9*109 383 ± 15 357 229 587 

a -10 - 45 

T.el. PsbA3 2.34  5.3*108 357 ± 12 332 262 593 a 0 - 45 

Syn. 7002 1.20  1.4*108 304 ± 9 279 295 574 a -10 - 45 

Syn. 6803 1.70 5.2*1010 477 453 143 596 b 3 - 30 

D1-V185N 45.4 1.9*105 232 208 458 667 b 7 - 33 

D1-D61N 35.5 1.5*109 460 433 235 668 b 10 - 30 

D1-D61A 50.8 3.3*107 368 341 332 672 b 10 - 30 

T.el. Ca 1.93 1.4*108 317 342 295 586 c 5 - 40 

T.el. Sr ex. 7.22 7.4*106 275 300 369 619 c 5 - 40 

 

It is surprising to find strong differences in the enthalpic and entropic contributions, even though the 

OECs of plants and cyanobacteria are reported to be highly conserved. Alignment of the amino acid 

sequences of the D1 protein subunit revealed a sequence identity of 84.7% (Glockner et al., 2013). 

This high conservation (especially in the vicinity of the OEC) suggests that the discovered variation 
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in the activation enthalpy for the same chemical process of O-O bond formation is unlikely due to the 

structural differences in the subunits (both D1 and CP43). The enthalpy and entropy in different PSII 

variants (Table 5-5) suggest a linear correlation (with slope of -0.99 ± 0.03) between both components 

(∆H and -T∆S) as can be seen in Figure 5.17.  

This means the physiological optimum cold-adapted (or softer) PSIIs have a lower enthalpy and higher 

entropy (in negative sign) than the higher temperature adapted enzymes (e.g. thermophilic ones). This 

phenomenon was also suggested from earlier enzyme study (Siddiqui & Cavicchioli, 2006). As can be 

seen in Table 5-6, the characteristics of PSII species of cyanobacteria and plant presented in this study, 

in comparison with optimal growth temperature, ecosystem and protein treatment. Regarding spinach 

as a terrestrial species, the oxygen diffusion step evolving from PSII can be faster than the one from 

aquatic cyanobacteria, presumably because of the lower pressure from the surrounding water 

molecules.   

0 200 400 600
0

200

400

600

 T.el. wt
 T.el. PsbA3 
 Syn. 7002
 Syn. 6803
 T.el. Ca
 T.el. Sr
 D1-D61A*
 D1-V185N*
 D1-D61N*

 Spin.+ gly.
 Spin.DF

 

 Spin.O2
 

-T


S
 [

m
eV

]

H [meV]
 

Figure 5.17. Correlation of the change of entropic versus enthalpic components (∆H vs. -T∆S) for PSII variants. 

The solid filled symbols represent the data from this study while the other legends are from the recalculated values 

from the reference sources.  
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Table 5-6. Characteristics of PSII species of cyanobacteria and plant, including Thermosynechococcus elongatus 

BP-1, Synechococcus sp. PCC 7002, Synechocystis sp. PCC 6803 and spinach in comparison with optimal growth 

temperature, ecosystem and protein treatment, respectively.   

Characteristics T. elongatus Syn. 7002 Syn. 6803 spinach 

Optimal growth  

temperature 

Thermophilic  

60 oC 

Mesophilic  

38 oC 

Mesophilic  

30 oC 

Mesophilic  

20 oC 

Ecosystem Aquatic Aquatic Aquatic Terrestrial 

Protein 

treatment 

Betaine Betaine Sucrose Betaine 

 

5.3 Summary  

In this chapter, the kinetics of O-O bond formation during the S3 to S0 transition of the different PSII 

variants were approached using the same method (time-resolved oxygen polarography) and measuring 

conditions. This avoids the uncertainties that are caused by comparing results using different 

techniques. Additionally, PSII from spinach (obtained by the same preparation protocol) was analyzed 

with another method (delayed fluorescence) and gave very comparable kinetics and the same 

activation energy. The given results indicate a likely isokinetic behaviour with divergent activation 

enthalpy among different PSII proteins, in such a way that the change of enthalpy is compensated by 

the variation of the entropy. This is defined as enthalpy-entropy compensation (EEC).  

Intensive DFT calculations have shown that the O-O bond formation is rate limiting with a barrier of 

11.3 kcal/mol (equivalent to 490 meV) from the resting S3
n to the S4

+ state (Siegbahn, 2013) and the 

barrier could be possibly as low as 6.2 kcal/mol (equal to 269 meV) given the most efficient oxyl-oxo 

mechanism (Siegbahn, 2017). In contrast, various experimental evidence from studies of a few species 

as well as PSII-mutants revealed remarkable differences of activation energy (or enthalpy) in O-O 

bond formation; see details in Table 5-5 and Figure 5.17. This leaves an open question: Is it possible 

that this specific formation is not only dependent on the pure energetic barrier chemically, but also 

highly affected by the protein interior, particularly the water clusters? 

The structure of the OEC is well conserved among cyanobacteria, green algae and plants. Therefore, 

the suggested differences in terms of the activation enthalpy or entropy cannot be probed by site-

directed mutagenesis, which disturbs the water clusters by specific amino acid exchange. There may 
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be reasons for those differences that are even more fundamental, especially when it comes to the 

formation of the transition states followed by the O-O bond formation. A hypothesis related to the 

transition state theory is under development and is to be discussed in the next chapter.  
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Chapter 6 Mechanism of Enthalpy-Entropy 

Compensation 

The phenomenon of enthalpy-entropy compensation (EEC) has been reported on micro- and 

macromolecular levels (such as proteins), despite frequent debates about its existence. There are 

several reports that provide experimental and theoretical evidence, for instance studies on protein-

ligand association (Ferrante & Gorski, 2012; Lafont et al., 2007; Qian, 1998; Tzeng & Kalodimos, 

2012). This fundamental thermodynamic behaviour can also be seen in the studies presented and 

discussed in Chapter 5. This brings me the opportunity to challenge and reveal the driving force of 

EEC in biological macro molecules.  

In a recent review about EEC (Chodera & Mobley, 2013) based the calorimetric studies of the 

interaction between small molecules and biomolecular ligands, four basic mechanisms were 

summarized to explain the physical origin of the compensation as following: (i) solvent reorganization 

- a universal source, demonstrating a fundamental property of water-solvent interactions; (ii) 

conformational restriction of bound states, therefore sometimes EEC is not linear or severe; (iii) 

receptor flexibility, since the free energy change on the perturbation of the ligand or protein could be 

small, relative to the significant larger changes in enthalpy and entropy respectively; and (iv) the 

decomposition of free energy.  

Classically, the cause of this phenomenon was analyzed from the thermodynamic quantities of 

enthalpy and entropy derived from either the Arrhenius or Eyring equation, see Section 1.3.3. Based 

on the classic transition state theory (TST), any chemical reaction has to cross a certain energetic 

barrier in order to achieve the transition state before the energetically downhill reaction forming the 

products. This barrier was usually determined by the transitional and vibrational movements (as well 

as the frequencies) of the conformational sub-states. However, there was a certain limitation to the 

accuracy of the classic TST, based on which a slope of an Arrhenius plot is proportional to the 

activation energy of the corresponding reaction kinetics. Even though a non-linear or bi-phasic 

behaviour of the Arrhenius plot was frequently and controversially reported, in which a discontinuity 

in terms of a kink between two temperature ranges (also called a breakpoint behaviour) was interpreted 

as evidence for the existence of an intermediate (Karge et al., 1997; Koike et al., 1987; Renger & 

Hanssum, 1992). 
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With regard to the kinetic and energetic correlation of the O-O bond formation in photosynthetic water 

oxidation, it has been reported as following:  

(i) Altering the protein environment (non-local) by adding a cosolvent, e.g. 30% glycerol, 

resulted in a lower activation enthalpy (at room temperature), but had little effect on the 

kinetics. In Chapter 5, this iso-kinetic behaviour was also observed among different 

species, within which the OEC was highly conserved in the protein structure.  

(ii) Local modifications related to the water cluster, such as Ca-Sr exchange and site-directed 

mutation at the second ligand sphere of the Mn4CaO5 cluster (D1-V185N, D61N and 

D61A), which may induce structural rearrangements, showed a significant lower rate 

constant, and a lower or unaffected enthalpy (Bao & Burnap, 2015).  

This leads to the question whether the activation enthalpy is determined solely by the energetic barrier 

of the O-O bond formation step. If this is the case, any modification (e.g. site-directed mutations close 

to the OEC) that decelerates the reaction should accordingly increase the activation enthalpy. 

However, the enthalpy-entropy compensation was reported with drastic changes in activation enthalpy 

(see examples in Table 5-5), but, in contrast, with little variation of the rate constant around room 

temperature (as e.g. in this study). The following question would be, what could be the driving force 

of this phenomenon? Is this connected to the perturbation of the water clusters in the vicinity of OEC, 

particularly as each formation of oxygen is the contribution from two substrate water molecules (as 

can be seen in earlier Figure 1.4)?  

In protein dynamics a large number of isoenergetic conformational substates could be formed 

following a complex energy landscape (Frauenfelder et al., 1991). Regarding the conformation of 

water clusters, any local or non-local perturbation of the water molecules may reshape the distribution 

of the sub-states, as well as the active conformation of the pre-transition state, called Pre-TS state 

hereafter. The classic scheme of transition state theory (Figure 1.6 in Section 1.3) is yet enough to 

explain the distribution of those conformational changes. Therefore, a semi-quantitative model is 

proposed in the following to explain the Pre-TS state in further details (Figure 6.1).  
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Figure 6.1. A semi-quantitative model of potential energy (enthalpy) in correlation with conformational coordinate 

based on transition state theory. Ea
S is entropy of activation, Estab is the energy between vibrational state and the 

stabilized activation conformation in Pre-TS, TS is transition state, Ea0 is the average internal energy of the reactant 

relative to the TS, α is a coefficient factor of Estab, and Ea
H is enthalpy of activation. More details are listed in Table 

6 1.    

Assume N is the number of isoenergetic conformational sub-states, which are the local minima of the 

vibrational energy profile; Ea0 is the average internal energy of the reactant relative to the TS, EPre-TS 

is the relative energy level of the Pre-TS state, and Estab is the energy difference between the vibrational 

energy and the stabilized Pre-TS state. Then the probability of the active conformation populating the 

Pre-TS state for a given stabilized energy (Estab) is determined by   

 
ܲ ൌ

݁ିఉாುೝ೐ష೅ೄ

	ܰ ∙ ݁ିఉாೌబ ൅ ݁ିఉாುೝ೐ష೅ೄ
 

						ൌ
1

1 ൅ ܰ ∙ ݁ିఉாೞ೟ೌ್
		,															 

(6.1) 

where the thermodynamic beta, β, is equivalent to 1/kBT. The total activation enthalpic barrier Ea
H 

between the Pre-TS and TS state is the sum of Ea0 and α·Estab, where α is a coefficient factor (see Figure 
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6.1 and Table 6-1). Then according to Eq. (1.6) in TST (introduced in Section 1.3) the rate constant of 

the reaction, k, is dependent on the vibrational frequency, activation barrier and the probability of 

achieving the pre-TS as following 

 ݇ ൌ ݂ ∙ ݁ିఉሺாೌబାఈாೞ೟ೌ್ሻ ∙ ܲ 

																																		ൌ ݂ ∙ ݁ିఉሺாೌబାఈாೞ೟ೌ್ሻ ∙
1

1 ൅ ܰ ∙ ݁ିఉாೞ೟ೌ್
	 ,	

(6.2) 

 

where f = kBT/h, ܧ௔ௌ	 = -T∆S, h is the Planck constant, kB is the Boltzmann constant, T is the 

temperature, ∆S is the entropy change to form the transition state. So the rate constant is proportional 

to the Boltzmann distribution of the energy factor and probability of forming the active Pre-TS, which 

are highly dependent on the stabilized energy (an example of the correlations is shown in Figure 6.2). 

This suggests that the kinetics of the O-O bond formation is more complicated than the explanation of 

classic TST. However, a simple semi-quantitative model may help to address this mechanism in a 

reasonable approach.  
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Figure 6.2. An example of the correlation of activation energy factor and probability versus the stabilized energy of 

the activation, based on Eq. (6.1), (6.2), (6.6) and (6.7), assuming N0 = 5*109, c = 0, α = 0.5 and Ea0 = 280 meV. 

The Eyring equation represents the contribution of enthalpic and entropic components of the activation 

energy to the rate constant:  
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 ݇ ൌ ݂ ∙ ݁ିఉ∆ீ 

																						ൌ ݂ ∙ ݁ିఉாೌ
ಹ
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ೄ
		,	

(6.3) 

 

which ∆ܧ= ܩ௔ு ൅  ௔ௌ. Accordingly, taking the natural logarithm of both sides of Eq. (6.3), it givesܧ
 

  lnሺ݇ሻ ൌ ln ሺ݂ሻ െ ௔ுሻܧሺߚ െ  ௔ௌሻܧሺߚ
 

							ൌ lnሺ݂ሻ െ ௔ுሻܧሺߚ ൅
∆ܵ
݇஻
	. 

 

(6.4) 

As introduced in Section 1.3.3, both functions of the enthalpy and entropy could be resolved by doing 

differential calculus of k to β, i.e. d(lnk)/dβ. This gives an expression of both functions where the slope 

is linear to the enthalpy, while the intercept correlates to the frequency factor as well as the entropy. 

The enthalpy of activation can thus be derived by: 

  ݈݀݊ሺ݇ሻ
ߚ݀

ൌ െܧ௔ு	. 
(6.5) 

 
So by combining equations (6.2) and (6.5) it gives 
 

௔ுܧ ൌ െ
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ߚ݀
 

																																			ൌ ሺܧ௔଴ ൅ ௦௧௔௕ሻܧߙ ൅
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(6.6) 

Derived Eq. (6.4) and combining it with Eq. (6.6), gives the entropy of activation  
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(6.7) 

See Table 6-1 for all the parameters with physical definition.  
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Table 6-1. Parameters used in semi-quantitative model based on transition state theory with physical definition and 

numerical value range at ambient temperature. See model scheme in Figure 6.1.  

Parameter Physical definition Numerical value Unit 

Ea0 Average internal energy of the reactant relative 

to the TS 

[100, 400] meV 

Estab Energy between vibrational state to the 

stabilized activation conformation in Pre-TS 

[0, 1000] meV 

α Coefficient factor of Estab [0, 1] - 

P Probability of achieving the Pre-TS [0, 1] - 

N Number of isoenergetic conformational 

substates 

[0, infinite] - 

β thermodynamic beta = 1/kBT meV-1 

f Vibrational frequency 6.2*1012 (at 20 oC) s-1 

Ea
H Enthalpy of activation [0, 1000] meV 

Ea
S Entropy of activation [0, 1000] meV 

∆G Free energy of activation [0, 1000] meV 

∆S The entropy change to form the transition state [0, 4] meV· 

K-1 

 

So in a given isokinetic conformation N, the internal energy of the reactant Ea0 and coefficient factor 

α, the activation energy factor and probability of achieving the Pre-TS  (Figure 6.2) as well as the rate 

constant and the enthalpic and entropic components could be presented as a function of Estab (Figure 

6.3). Highlighted in green in Figure 6.3 is a range of Estab (for this specific example), in which a high 

variation of the enthalpy results only in a small change of the rate constant (about 1.5 times); the same 

is true for variation of the entropy in that range but in the opposite direction. This suggests a 

phenomenon of enthalpy-entropy compensation within the regime (highlighted in green) when the 

stabilized energy is between 520 meV and 600 meV. In this energy range, the correlation between 

enthalpy and entropy is close to a linear regression (WT in Figure 6.4). Regarding locally modified 

mutations, it requires more efforts to form a pre-transition state than in the naturally optimized wild-

type species. The mutants show a bigger number of isoenergetic conformational substates and more 
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stabilized energy is needed to achieve the proper conformation prior to the transition state. The fit 

parameters are listed in Table 6-2.    

This shows that the EEC behavior is very comparable to the experimental findings in Figure 5.17, 

where the thermodynamic components of O-O bond formation are addressed with respect to both non-

local and local alternation of water clusters inside the PSII protein system (wild-type and mutant, 

respectively).   

 

Figure 6.3. An example of the correlation of rate constant, enthalpy and entropy versus the stabilized energy of the 

activation, based on Eq. (6.1), (6.2), (6.6) and (6.7), assuming N = 5*109, α = 0.5 and Ea0 = 280 meV. 
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Figure 6.4. Correlation of the change of entropic versus enthalpic components (Ea
H vs. Ea

S). For wild-type species 

(in black) Estab = 520 meV to 600 meV, where N = 5*109, and Ea0 = 280 meV within the regime highlighted in green 

colour in Figure 6.3. In parallel, for site-directed mutations (in red) Estab = 585 meV to 675 meV, where N = 1*1011, 

and Ea0 = 320 meV. The points indicate a spacing of Estab = 5 meV. A trend line (dotted in blue) with a slope of -1 

shows a linear regression as reference.  

 

Table 6-2. Fit parameters of the proposed model based on transition state theory. The model applies to both PSII 

wild-type and mutant, where N is the number of isoenergetic conformational sub-states, Estab is the energy between 

vibrational state and the stabilized activation conformation in Pre-TS, and Ea0 is the average internal energy of the 

reactant relative to the TS.  

Fit parameter N E
stab 

[meV] E
a0 

[meV] 

Wild-type 5 * 10
9
 520 - 600 270 

Mutant 1 * 10
11

 585 - 675 320 

 

The stabilized energy of approximately 600 meV is equivalent to that needed to break at least three 

hydrogen bonds, since the energy required for breaking the bond is varying between 62 meV to 240 

meV depending on the estimated models (Smith et al., 2004; Suresh & Naik, 2000).  
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This means that during the reconstruction of the water clusters inside the PSII system the O-O bond 

formation takes place after breaking three hydrogen bonds or more. The mutations may decrease the 

stabilized energy enormously and form more isoenergetic states, thus slow down the reaction kinetics 

(with a factor of 20 - 30) compared to the wild type. Nevertheless, for different softness of the protein 

environment, the protein water interaction cannot be fully excluded.  

The model fits the experimental observation in EEC of both the wild-type and mutated PSII species, 

i.e. the non-local and local modification altered protein matrix, respectively. It explains the driving 

force of the EEC from the perspectives of the energy levels and probability in achieving a pre-transition 

state prior to the O-O bond formation. The model suggests that the experimentally observed enthalpy-

entropy compensation may relate to evolutionary optimisation stability of the pre-transition state. A 

qualitatively similar explanation may be applicable to many other enzymatic processes. 
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Chapter 7 Summary and Outlook 

7.1 Summary 

In this thesis, results on the mechanism of O-O bond formation in photosynthetic water oxidation by 

photosystem II (PSII) are reported. The investigations were performed experimentally using three 

time-resolved techniques established previously (by the research group of Prof. Holger Dau). All three 

methods involve the excitation with sequence of light flashes (of nanosecond or microsecond duration) 

and detection of time courses typically in the time domain from about 10 µs to 500 ms that reflect 

functionally crucial processes in PSII. These three investigated "PSII signals" are: (1) variable PSII 

fluorescence (prompt chlorophyll fluorescence), (2) delayed (recombination) fluorescence of PSII, and 

(3) time-resolved oxygen polarography.  

Firstly, in Chapter 3 close to 50% inhibition of oxygen evolving activity was found in both 

cyanobacterial and plant PSII using ammonia as a substrate analogue. Therefore, an anti-cooperative 

binding model was proposed for the first time wherein the ammonia binds at two different potential 

substrate water sites at the oxygen evolving complex (OEC). The model reconciles many aspects of 

the large body of experimental results on ammonia binding to PSII reported since 1975. The results of 

this study were published in the journal Biochemistry in 2017 (as co-first author).  

Secondly, in Chapter 4 glycerol was used as a cosolvent to probe the conformational changes near the 

OEC. The kinetics of proton and electron transfers were significantly affected by the presence of 

glycerol in the assay buffer. O-O bond formation is stabilized within 30% glycerol, but decelerated at 

higher concentration. Investigation of the glycerol influence on the temperature dependence of PSII 

reactions revealed that the activation enthalpy of O-O bond formation was significantly decreased in 

the presence of (30%) glycerol. However, a compensating increase in the activation entropy resulted 

in approximately the same overall rate constant of O-O bond formation. These results motivated the 

investigation into the activation energy of this O-O bond formation step in greater detail. 

Conformational changes induced by glycerol in PSII may be analogous the differences among PSII 

variants derived from several biological and environmental backgrounds.   

Thirdly, in Chapter 5 the activation energy of O-O bond formation was compared among four PSII 

variants: spinach, Synechococcus sp. PCC 7002 and both wild-type and PsbA3 isoform of 

Thermosynechococcus elongatus BP-1. Combining the new findings in Chapter 4 and revisiting the 
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given reports in literature, including the second sphere site-directed mutation and Ca-Sr replacement 

PSII, a phenomenon of enthalpy-entropy compensation (EEC) of O-O bond formation was observed. 

Lastly, based on the experimental evidence for EEC a semi-quantitative model was newly proposed in 

Chapter 6, rooting in transition state theory (Eyring equation). The model fits the experimental 

observation in EEC of both the wild-type and mutated PSII species, i.e. the non-local and local 

modification altered protein matrix, respectively. It explains the driving force of the EEC from the 

perspectives of the energy levels and probability in achieving a pre-transition state prior to the O-O 

bond formation. The model suggests that the experimentally observed enthalpy-entropy compensation 

may relate to evolutionary optimisation stability of the pre-transition state. A qualitatively similar 

explanation may be applicable to many other enzymatic processes.  

 

7.2 Outlook on future research directions 

The presented results of this thesis provide significant new information that supports our mechanistic 

understanding of O-O bond formation in photosynthetic water oxidation. Obviously, this single study 

cannot answer all open questions. But it can open up new windows for future research. Some open 

questions that could be addressed in the coming years are listed in the following.   

(i) What about other cosolvents, with similar molecular structures as glycerol, do they interact with 

the water clusters and thus lower the activation enthalpy in a similar way?  

(ii) Like ammonia, also methanol is a hydrophilic cosolvent, which has been suggested to exhibit direct 

binding to the Mn-complex, therefore affecting O-O bond formation (Noring et al., 2008a; Su et al., 

2011). Can one get more clues from investigation of methanol binding using a similar approach as in 

the ammonia study of Chapter 3?  

(iii) The ammonia binds either to W1 or W2, one of which is likely to be a water substrate. Does 

ammonia binding lower or raise the energetic barrier of O-O bond formation (increase activation 

enthalpy) even though room-temperature rate constant of O-O bond formation is not affected?  

(iv) Is the enthalpy-entropy compensation phenomenon universally observed also for other reactions 

in photosynthesis and in general?  

As introduced in Section 1.2, the PSII community is stepping very close into the crystal structure of 

individual S-state after decades of efforts by countless scientists working together. The protein 
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structure could possibly be resolved without radiation damage by employing pulsed free-electron laser 

(FEL) crystallography. Presumably with well resolved atomic structures of all semi-stable S-states and 

hopefully also of intermediate, only transiently formed states, one could possibly develop a clearer 

idea about the mechanism of the O-O bond formation by distinguishing between the two highly 

debated candidates (the oxo-oxyl radical coupling versus the nucleophilic water attack mechanism) in 

today’s commonly accepted hypothesis. However, there will remain important knowledge gaps: 

(i) Much of our understanding of the O–O bond formation comes from computational studies rooting 

in crystallographic models of the atomic structure. Which experiments could be designed to 

confirm or reject the hypotheses generated from theory? Are structural studies (e.g. femtosecond 

X-ray crystallography) sufficient to understand the role of proton movements and protein 

dynamics? Is the combination of structural studies with computational chemistry sufficient to 

address the role of "rare states" that could be functionally decisive?  

(ii) How can a deeper understanding of the OEC function bridge towards the design of synthetic 

catalysts for artificial water oxidation?  How can one get closer to mimicking the performance of 

the natural system?  

In my opinion, searching for the meaning of life is never easy. It may be equally challenging to 

understand photosynthetic water oxidation in fine detail. It requires not only powerful scientific 

methods, but also researchers with experience, fitness and determination. Note that each beautiful 

journey has an end. But every ending can lead the way into a new world.  

To be continued, in my academic career.  
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Appendix A Buffer Compositions 

A.1 Buffer Used in Protein Purification 

A.1.1 Buffer A 

Chemicals / pH [mM] 

Sucrose 400 

HEPES 25 

NaCl 15 

MgCl2 5 

CaCl2 5 

BSA * 2 g/l 

Na-ascorbate * 5 

pH 7.5 

 *Added one hour before used.  

 

A.1.2 Buffer B 

Chemicals / pH [mM] 

MES 25 

NaCl 150 

MgCl2 5 

pH 6.2 
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A.1.3 Buffer C 

Chemicals / pH [mM] 

Betaine * 1,000 

MES 25 

NaCl 15 

MgCl2 10 

CaCl2 5 

pH 6.2 

* For triton incubation without Betaine. 

 

A.1.4 Buffer D *  

Chemicals / pH [mM] 

Betaine 1,000 

MES 25 

NaCl 15 

MgCl2 5 

CaCl2 5 

pH 6.2 

* Also used in measurement. 

A.1.5 Buffer MCMB 

Chemicals / pH [mM] 

Betaine 500 

MES 20 

MgCl2 10 
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CaCl2 20 

pH 6.0 

 

A.1.6 Buffer TSB 

Chemicals / pH [mM] 

Betaine 1,200 

MES-NaOH 50 

glycerol 10% [v/v] 

MgCl2 5 

CaCl2 5 

pH 6.2 

 

A.2 Buffer Used in PSII Treatment Assays 

A.2.1 Glycerol Buffer  

Chemicals / pH [mM] 

Betaine 1,000 

MES 25 

NaCl 15 

MgCl2 5 

CaCl2 5 

Glycerol  67% [v/v] 

pH 6.2 
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A.2.2 Buffer NaCl  

Chemicals / pH [mM] 

Betaine 1,000 

MES 25 

HEPES 25 

HEPPS 25 

NaCl 150 

MgCl2 5 

CaCl2 5 

pH 7.5 

 

A.2.3 Buffer Ammonia 

Chemicals / pH [mM] 

Betaine 1,000 

MES 25 

HEPES 25 

HEPPS 25 

NH4Cl 150 

MgCl2 5 

CaCl2 5 

pH 7.5 

 

A.2.4 Buffer Ternary  

Chemicals / pH [mM] 

Betaine 1,000 
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MES 25 

HEPES 25 

HEPPS 25 

NaCl 150 

MgCl2 5 

CaCl2 5 

pH 6.2 
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Appendix B  Influence of the Time Period between 

Flashes on the Oxygen Evolution Transients  

  

 
  

 

 

Figure 0.1. Influence of the time period between flashes on the oxygen evolution transients (plant PSII membrane 

particles, pH 7.5). The flash spacing for all flashes was varied between 0.15 s and 30 s. In A, B, C, and D, flash-

number dependencies (flash patterns) of the peak amplitudes of O2-transients are shown for the various indicated 

time intervals between laser flashes. In B, C, and D, the flash patterns are normalized to the respective 3rd-flash 
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amplitude. (E) Normalized 3rd-flash O2-signal showing that the rise time (time constant of O2-formation) is 

unaffected by variation of the flash spacing. 
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Appendix C Prompt Chlorophyll Fluorescence Data 

 

 

Figure 0.2. The normalized prompt chlorophyll fluorescence at acceptor side reactions of PSII membrane particles 

from spinach after the 2nd (in A) and 3rd (in B) flash (at pH 7.5). The changes in the multi-exponential decay are 

small suggesting that the QA
- re-oxidation kinetics are not significantly affected by NH4Cl addition (see also Figure 

3.5 for the 1st flash data). The changes on the 2nd and 3rd flash are comparably small, but still larger than those on 

the 1st flash, possibly resulting from modified recombination properties in the ammonium-modified S2 and S3 state. 
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Appendix D Fit Parameters of Delayed Fluorescence 

Transients 

Table 0-1. Fit parameters of amplitudes (A1, A2, A3 and C), time constants (τ1, τ2 and τ3) and fit errors (ɛ2), resulting 

from a sum of three exponential functions to the decays in Figure 4.4. The parameters are averaged from six 

repeated measurements. 

glycerol A1 A2 A3 τ1 τ2 τ3 C ɛ2 
0 % 1.09 0.33 0.02 0.02 0.10 1.73 0.0008 0.03 
5 % 1.06 0.28 0.03 0.03 0.13 1.71 0.0008 0.04 
10 % 1.15 0.29 0.03 0.03 0.14 1.69 0.0007 0.04 
15 % 1.26 0.31 0.03 0.03 0.16 1.63 0.0008 0.05 
20 % 1.26 0.29 0.03 0.03 0.18 1.67 0.0007 0.05 
25 % 1.30 0.32 0.03 0.03 0.21 1.68 0.0007 0.05 
30 % 1.33 0.35 0.03 0.03 0.22 1.72 0.0008 0.04 
35 % 1.38 0.39 0.03 0.03 0.24 1.90 0.0006 0.05 
40 % 1.43 0.41 0.03 0.03 0.25 1.96 0.0005 0.04 
45 % 1.52 0.46 0.03 0.03 0.25 2.05 0.0007 0.04 
50 % 1.35 0.40 0.02 0.03 0.26 2.16 0.0007 0.04 

 

Table 0-2. Fit parameters of the flash pattern in Figure 4.6, in which S0 [%] and S1 [%] are the population 

distribution (in terms of percentage) in the dark-adapted state of PSII.  

glycerol Miss Std. dev. Std. err. Efficiency S0 [%] S1 [%] 
0 % 9.36 0.89 0.36 90.64 0.73 99.27 
5 % 9.04 0.53 0.21 90.96 7.90 92.10 
10 % 9.43 0.59 0.24 90.57 2.68 97.32 
15 % 9.83 0.59 0.24 90.17 1.62 98.38 
20 % 9.66 0.67 0.27 90.34 0.00 100.00 
25 % 10.05 0.58 0.24 89.95 0.18 99.82 
30 % 10.49 0.45 0.19 89.51 1.84 98.16 
35 % 12.04 0.90 0.37 87.96 1.97 98.03 
40 % 12.94 0.88 0.36 87.06 0.63 99.37 
45 % 13.58 1.10 0.45 86.42 0.93 99.07 
50 % 14.47 1.37 0.56 85.53 1.80 98.20 
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Table 0-3. Fit parameters of amplitudes (A1, A2, A3 and C), time constants (τ1, τ2 and τ3) and fit errors (ɛ2), resulting 

from a sum of three exponential functions to the decays in Figure 4.8. The parameters are averaged from six 

repeated measurements. 

glycerol A1 A2 A3 τ1 τ2 τ3 C ɛ2 
0 % 0.74 0.14 0.02 0.02 0.08 0.31 0.0009 0.02 
5 % 0.78 0.16 0.02 0.02 0.08 0.35 0.0008 0.02 
10 % 0.81 0.16 0.03 0.02 0.09 0.37 0.0009 0.02 
15 % 0.88 0.17 0.04 0.02 0.09 0.37 0.0012 0.01 
20 % 0.87 0.18 0.05 0.02 0.09 0.37 0.0010 0.01 
25 % 0.92 0.20 0.07 0.02 0.10 0.39 0.0011 0.01 
30 % 0.91 0.22 0.09 0.02 0.11 0.41 0.0013 0.01 
35 % 1.04 0.26 0.12 0.02 0.10 0.40 0.0017 0.00 
40 % 1.11 0.27 0.14 0.02 0.10 0.42 0.0017 0.00 
45 % 1.13 0.31 0.16 0.02 0.11 0.42 0.0022 0.00 
50 % 0.96 0.29 0.15 0.02 0.11 0.44 0.0025 0.00 

 

Table 0-4. Fit parameters of amplitudes (A1, A2, A3 and C), time constants (τ1, τ2 and τ3) and fit errors (ɛ2), resulting 

from a sum of three exponential functions to the decays in Figure 4.14A (0% glycerol).  

T [oC] A1 τ1 A2 τ2 A3 τ3 Std. err.  C ɛ2 
0.0 0.13 0.03 0.04 0.25 0.00 3.41 0.46 0.0001 0.05 
2.5 1.07 0.02 0.17 0.19 0.01 2.92 0.24 0.0008 0.04 
5.0 0.95 0.02 0.18 0.18 0.01 2.72 0.06 0.0005 0.04 
7.5 0.53 0.02 0.16 0.16 0.01 2.60 0.13 0.0003 0.03 
10.0 0.98 0.02 0.22 0.16 0.02 2.46 0.10 0.0005 0.03 
12.5 0.56 0.03 0.17 0.15 0.01 2.01 0.08 0.0006 0.03 
15.0 1.06 0.02 0.26 0.14 0.02 1.97 0.06 0.0007 0.03 
17.5 0.84 0.02 0.24 0.12 0.02 1.75 0.08 0.0012 0.03 
20.0 1.07 0.02 0.27 0.13 0.02 1.70 0.05 0.0009 0.03 
22.5 0.90 0.03 0.23 0.11 0.02 1.47 0.03 0.0015 0.02 
25.0 1.06 0.02 0.29 0.11 0.03 1.45 0.03 0.0012 0.03 
27.5 0.99 0.02 0.26 0.10 0.03 1.35 0.04 0.0020 0.02 
30.0 1.16 0.02 0.29 0.10 0.03 1.31 0.02 0.0016 0.03 
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Table 0-5. Fit parameters of amplitudes (A1, A2, A3 and C), time constants (τ1, τ2 and τ3) and fit errors (ɛ2), resulting 

from a sum of three exponential functions to the decays in Figure 4.14B (30% glycerol). 

T [oC] A1 τ1 A2 τ2 A3 τ3 Std. err. C ɛ2 
0.0 0.18 0.03 0.05 0.26 0.01 2.79 0.36 0.0001 0.04 
2.5 1.23 0.02 0.18 0.22 0.02 2.42 0.14 0.0007 0.04 
5.0 1.12 0.02 0.19 0.21 0.02 2.32 0.09 0.0005 0.05 
7.5 0.79 0.02 0.18 0.19 0.02 2.15 0.10 0.0004 0.04 
10.0 1.24 0.03 0.23 0.22 0.03 1.97 0.09 0.0005 0.05 
12.5 0.88 0.03 0.20 0.21 0.02 1.87 0.09 0.0005 0.05 
15.0 1.26 0.03 0.24 0.26 0.03 1.67 0.05 0.0003 0.07 
17.5 1.27 0.03 0.27 0.23 0.04 1.57 0.08 0.0010 0.05 
20.0 1.43 0.03 0.31 0.33 0.06 1.60 0.06 0.0011 0.05 
22.5 1.33 0.03 0.30 0.24 0.03 1.47 0.11 0.0012 0.04 
25.0 1.60 0.03 0.43 0.23 0.04 1.50 0.05 0.0015 0.03 
27.5 1.41 0.04 0.36 0.23 0.03 1.39 0.05 0.0018 0.03 
30.0 1.85 0.04 0.47 0.20 0.04 1.47 0.05 0.0018 0.03 

 

 

Equation 0.1. Standard equation for non-cooperative ligand binding based on the Michaelis-Menten equation. Amin 

is the minimum reaction rate when the substrate concentration is zero, Amin is the saturation maximum in Michalis-

Menten kinetics, c is the substrate concentration, and KM is the substrate concentration, at which the reaction rate 

is half of the maximum.  

 
min max min( ) ( )

M

c
A c A A A

c K
  


  .      
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Appendix E Fitted Transients and Parameters of the 

Oxygen Diffusion Model 

E.1 Synechococcus sp. PCC 7002 
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Figure 0.3. Transients of the individual oxygen signal of Synechococcus sp. PCC 7002 from Figure 5.3, fitted by 

oxygen diffusion model (experimental data in black and fit in red), from -10 oC to 45 oC in an increment of 5 oC 

(from upper left to lower right orientation). 
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Figure 0.4. Transients of the individual oxygen signal of Synechococcus sp. PCC 7002 from Figure 5.3, fitted by 

oxygen diffusion model (experimental data in black and fit in red), from -10 oC to 45 oC (from upper left to lower 

right orientation). They are presented in linear scale from 0 to 20 ms, highlighting the rising time of the transients.  
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E.2 Thermosynechococcus elongatus BP-1 
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Figure 0.5. Fit parameters of the diffusion model, applied to the individual transients of Thermosynechococcus 

elongatus BP-1 (wild-type). Orientation from upper left to lower right: (i) PSII thickness of the thylakoid membrane 

layer deposited on the electrode surface; (ii) Rel, electrode constant of the oxygen reduction speed; (iii) Rox, the 

population of the S3 state; (iv) τox, the slow phase of oxygen evolution; (v) τlag, the lag phase of the delay of electrode 

response; (vi) τpre, the pre-phase of the delay of oxygen evolution; (vii) τlag+τpre, sum of the lag- and pre-phases; 
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viii) ln(kox), rate constant of the slow phase of  the in natural logarithmic scale; and (ix) ln(klag+pre), rate constant 

of the sum of the lag- and pre-phases in natural logarithmic scale.     

   

0 20 40
0

5

10

15

20

P
S

II
 t

h
ic

kn
es

s 
[

m
]

0 20 40
0

1

2

R
e

l [
m

s-
1 ]

0 20 40
0

2

4

R
o

x
 [

a.
u

.]

0 20 40
0

5

10

15

 o
x
 [

m
s]

 la
g
 [

m
s]

0 20 40
0

1

2

0 20 40
0

1

2

3

 p
re

 [
m

s]

-10 0 10 20 30 40 50
0

1

2

3

4

ln
(k

o
x
) 

[s
-1
]

-10 0 10 20 30 40 50
4

6

8

10

 la
g


p
re

 [
m

s]

ln
(k

la
g

+
p

re
) 

[s
-1
]

-10 0 10 20 30 40 50
4

6

8

10

Temperature [oC] Temperature [oC]Temperature [oC]
 

Figure 0.6. Fit parameters of the diffusion model, applied to the individual transients of Thermosynechococcus 

elongatus BP-1 (PsbA3). Orientation from upper left to lower right: (i) PSII thickness of the thylakoid membrane 

layer deposited on the electrode surface; (ii) Rel, electrode constant of the oxygen reduction speed; (iii) Rox, the 

population of the S3 state; (iv) τox, the slow phase of oxygen evolution; (v) τlag, the lag phase of the delay of electrode 

response; (vi) τpre, the pre-phase of the delay of oxygen evolution; (vii) τlag+τpre, sum of the lag- and pre-phases; 

viii) ln(kox), rate constant of the slow phase of  the in natural logarithmic scale; and (ix) ln(klag+pre), rate constant 

of the sum of the lag- and pre-phases in natural logarithmic scale.     
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Figure 0.7. Transients of the individual oxygen signal of Thermosynechococcus elongatus BP-1 (wild-type), fitted by 

oxygen diffusion model (experimental data in black and fit in red), from -10 oC to 45 oC (from upper left to lower 

right orientation).  
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Figure 0.8. Transients of the individual oxygen signal of Thermosynechococcus elongatus BP-1 (wild-type), fitted by 

oxygen diffusion model (experimental data in black and fit in red), from -10 oC to 45 oC (from upper left to lower 

right orientation). They are presented in linear scale from 0 to 20 ms, highlighting the rising time of the transients. 
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Figure 0.9. Transients of the individual oxygen signal of Thermosynechococcus elongatus BP-1 (PsbA3), fitted by 

oxygen diffusion model (experimental data in black and fit in red), from 0 oC to 45 oC (from upper left to lower 

right orientation). 
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Figure 0.10. Transients of the individual oxygen signal of Thermosynechococcus elongatus BP-1 (PsbA3), fitted by 

oxygen diffusion model (experimental data in black and fit in red), from 0 oC to 45 oC (from upper left to lower 

right orientation). They are presented in linear scale from 0 to 20 ms, highlighting the rising time of the transients. 
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E.3 Spinach 
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Figure 0.11. Fit parameters of the diffusion model, applied to the individual transients of spinach. Orientation from 

upper left to lower right: (i) PSII thickness of the thylakoid membrane layer deposited on the electrode surface; (ii) 

Rel, electrode constant of the oxygen reduction speed; (iii) Rox, the population of the S3 state; (iv) τox, the slow phase 

of oxygen evolution; (v) τlag, the lag phase of the delay of electrode response; (vi) τpre, the pre-phase of the delay of 

oxygen evolution; (vii) τlag+τpre, sum of the lag- and pre-phases; viii) ln(kox), rate constant of the slow phase of  the 

in natural logarithmic scale; and (ix) ln(klag+pre), rate constant of the sum of the lag- and pre-phases in natural 

logarithmic scale.     
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Figure 0.12. Transients of the individual oxygen signal of spinach, fitted by oxygen diffusion model (experimental 

data in black and fit in red), from -10 oC to 45 oC in an increment of 5 oC (from upper left to lower right orientation). 
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Figure 0.13. Transients of the individual oxygen signal of spinach, fitted by oxygen diffusion model (experimental 

data in black and fit in red), from -10 oC to 45 oC (from upper left to lower right orientation). They are presented 

in linear scale from 0 to 20 ms, highlighting the rising time of the transients. 
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Appendix F Fitted Parameters of Figure 4.15 

 

0% glycerol  
Equation y = a + b*x 
Weight No Weighting 
Residual Sum of Squares 0.00316  
Adj. R-Square 0.98252  
 Value Standard Error 
Intercept -3.80391 0.16437 
Slope 0.10142 0.00408 
 
 
   
30% glycerol  
Equation y = a + b*x 
Weight No Weighting 
Residual Sum of Squares 0.00675  
Adj. R-Square 0.9353  
 Value Standard Error 
Intercept -2.5326 0.21146 
Slope 0.069 0.00522 
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Appendix G Arrhenius Plots of Oxygen Release Rate 

Constants 
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Figure 0.14. Arrhenius plot of the rate constants of the lag phase (red), pre-phase (blue), the sum of lag and pre-

phase (purple) and oxygen phase (black) of Synechococcus sp. PCC 7002. Kinetics are resolved from the diffusion 

model of the simulation. The symbols represent the experimental data while the lines in corresponding colour are 

obtained from a linear fit of the data. The plot is based on Arrhenius equation ln(k) = ln(A) – Ea/kBT, where k is the 

rate constant, A is the pre-exponential frequency factor, and Ea is the activation energy. A and Ea are determined 

from the intercept (y-axis) and slope, respectively. See detail fit parameters in Table 5-2 and Table 5-3 in Section 

5.2.4.   
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Figure 0.15. Arrhenius plot of oxygen release rate constants of lag phase (red), pre-phase (blue), the sum of lag and 

pre-phase (purple) and oxygen phase (black) of Thermosynechococcus elongatus BP-1. (A) PSII wild-tpye and (B) 

PSII-PsbA3. Kinetics are resolved from the diffusion model of the simulation. The symbols represent the 

experimental data while the lines in corresponding colour are obtained from a linear fit of the data. The plot is 

based on Arrhenius equation ln(k) = ln(A) – Ea/kBT, where k is the rate constant, A is the pre-exponential frequency 

factor, and Ea is the activation energy. A and Ea are determined from the intercept (y-axis) and slope, respectively. 

See detail fit parameters in Table 5-2 and Table 5-3 in Section 5.2.4. 
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Figure 0.16. Arrhenius plot of oxygen release rate constants of lag phase (red), pre-phase (blue), the sum of lag and 

pre-phase (purple) and oxygen phase (black) of spinach. Kinetics are resolved from the diffusion model of the 
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simulation. The symbols represent the experimental data while the lines in corresponding colour are obtained from 

a linear fit of the data. The plot is based on Arrhenius equation ln(k) = ln(A) - Ea/kBT, where k is the rate constant, 

A is the pre-exponential frequency factor, and Ea is the activation energy. A and Ea are determined from the 

intercept (y-axis) and slope, respectively. See detail fit parameters in Table 5-2 and Table 5-3 in Section 5.2.4. 
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Figure 0.17. Arrhenius plot of the rate constants of the fast phase (a sum of the lag and pre phases) kox, comparing 

PSIIs from Synechococcus sp. PCC 7002 (blue), Thermosynechococcus elongatus BP-1 wild-type (red) and PsbA3 

(green) and spinach (black) from -10 oC to 45 oC, with increment of 5 oC. The lines are the linear fit of the data sets 

of corresponding colour. 

Table 0-6. Fit parameters of the Arrhenius plot (in Figure 0.17), comparing spinach, Thermosynechococcus 

elongatus BP-1 PSII-wild-type and PSII-PsbA3, and Synechococcus sp. PCC 7002. τfast is the time constant of the 

fast phase at 20 oC, a and b are the slope and intercept from the linear regression, respectively, and R2 is the fit 

deviation.  

Species τfast at 20 oC [ms] Slope (a) [K·s-1] Intercept (b) [s-1] R2 

Spinach 0.64 -2.38 15.25 0.91 

T. elongatus PSII-wild-tpye 1.36 -2.67 15.78 0.97 

T. elongates PSII-PsbA3 0.91 -3.24 18 0.93 

Synechococcus 7002 0.91 -3.03 17.27 0.98 
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Figure 0.18. Arrhenius plot of the rate constant of the slow phase, kox, comparing Synechococcus sp. PCC 7002 

(blue), Thermosynechococcus elongatus BP-1 wild-type (red) and PsbA3 (green) and spinach (black) from -10 oC to 

45 oC, with increment of 5 oC. The lines are the linear fit of the data sets in corresponding colour.  

Table 0-7. Fit parameters of the Arrhenius plot (in Figure 0.18), comparing Synechococcus sp. PCC 7002, 

Thermosynechococcus elongatus BP-1 wild-type and PsbA3 and spinach. τox is the time constant of the slow phase 

at 20 oC, a and b are the slope and intercept from the linear regression, respectively, and R2 is the fit deviation. 

PSII τox at 20 oC [ms] Slope (a) [K·s-1] Intercept (b) [s-1] R2 

Spinach 1.67 -2.68 15.46 0.97 

T. elongatus PSII-wild-tpye 1.67 -4.44 21.37 0.98 

T. elongates PSII-PsbA3 2.34 -4.14 20.09 0.99 

Synechococcus 7002 1.20 -3.53 18.75 0.99 
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Abstract  

Photosynthetic water oxidation is a fundamental process that changed the atmosphere from an 

anaerobic to an aerobic one, first by cyanobacteria and then later on additionally by algae and plants. 

It is in the protein complex photosystem II (PSII) that oxygenic molecules are produced from water, 

driven by photoabsorption of solar radiation. The process is catalysed by a Mn-complex, the 

mechanism of which is still one of the unsolved questions.  

In this thesis, results on the mechanism of O-O bond formation in photosynthetic water oxidation by 

PSII are reported, specifically from the kinetic and energetic point of view. The investigations were 

performed experimentally using three time-resolved techniques established previously, which involve 

the excitation with sequence of light flashes (of nanosecond or microsecond duration) and detection 

of time courses typically in the time domain from about 10 µs to 500 ms that reflect functionally crucial 

processes in PSII. These techniques are: (1) variable PSII fluorescence (prompt chlorophyll 

fluorescence), (2) delayed (recombination) fluorescence of PSII, and (3) time-resolved oxygen 

polarography. 

Partial inhibition of oxygen evolving activity was found in both cyanobacterial and plant PSII using 

ammonia as a substrate analogue of water. Therefore, an anti-cooperative binding model was proposed 

for the first time wherein the ammonia binds at two different potential substrate water sites at the 

oxygen evolving complex (OEC). The model reconciles many aspects of the large body of 

experimental results on ammonia binding to PSII reported since 1975. The results of this study were 

published in the journal Biochemistry (Schuth, Liang, et al., 2017).  

Investigation of the glycerol influence on the temperature dependence of PSII reactions revealed that, 

the activation enthalpy of O-O bond formation was significantly decreased in the presence of (30%) 

glycerol. In addition, the activation energy of O-O bond formation was compared among four PSII 

variants. A phenomenon of enthalpy-entropy compensation (EEC) of O-O bond formation was 

observed. A semi-quantitative model was newly proposed, that fits the experimental observation in 

EEC of both the wild-type and mutated PSII species, i.e. the non-local and local modification altered 

protein matrix, respectively. It explains the driving force of the EEC from the perspectives of the 

energy levels and probability in achieving a pre-transition state prior to the O-O bond formation. The 

model suggests that the experimentally observed enthalpy-entropy compensation may relate to 

evolutionary optimisation stability of the pre-transition state. A qualitatively similar explanation may 

be applicable to many other enzymatic processes.  
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Zusammenfassung 

Photosynthetische Wasseroxidation ist ein fundamentaler Prozess, der zunächst in Cyanobakterien und 

später auch in Algen und Pflanzen dazu führte, dass die einst anaerobe Atmosphäre in eine aerobe 

umgewandelt wurde. Ausgelöst durch die Absorption von Sonnenstrahlung, findet im Proteinkomplex 

Photosystem II (PSII) die Spaltung von Wasser in Sauerstoff und Protonen statt. Dieser Prozess wird 

von einem Mn-Komplex katalysiert, wobei der genaue Mechanismus eine bisher ungelöste 

Fragestellung darstellt. 

In der vorliegenden Arbeit werden neue Erkenntnisse zum Mechanismus der O-O-Bindungsbildung 

in photosynthetischer Wasseroxidation von einem kinetischen sowie energetischen Standpunkt aus 

vorgestellt. Die Untersuchungen wurden mittels drei verschiedener, bereits etablierten, zeitaufgelösten 

Methoden experimentell durchgeführt: (1) variable PSII Fluoreszenz (prompte 

Chlorophyllfluoreszenz), (2) verzögerte (Rekombinations-) Fluoreszenz und (3) zeitaufgelöste 

Polarographie. Alle drei Methoden beinhalten die Anregung mit einer Sequenz von Lichtblitzen (mit 

einer Dauer im Bereich von Nano- bzw. Mikrosekunden) und der zeitaufgelösten Detektion eines 

Signals, welches Informationen über einen für PSII wichtigen Prozess enthält. Die Detektion erfolgte 

jeweils über einen Zeitraum von etwa 10 µs bis 500 ms. 

Sowohl in cyanobakteriellem als auch in pflanzlichem PSII wurde eine partielle Inhibition der 

Sauerstoffproduktion festgestellt, wenn Ammoniak als Substratanalog für Wasser eingesetzt wird. In 

diesem Zusammenhang wurde zum ersten Mal ein anti-kooperatives Bindungsmodell vorgeschlagen, 

laut dem Ammoniak an zwei verschiedenen Bindungsstellen bindet, die potentielle Kandidaten für die 

Substratwasserbindung im Sauerstoff-produzierenden Komplex (OEC) darstellen. Das Modell bietet 

eine Erklärung für viele Aspekte der umfassenden experimentellen Ergebnisse zur Bindung von 

Ammoniak an PSII, welche seit 1975 Gegenstand der Forschung ist. Diese Ergebnisse wurden bereits 

im Biochemistry-Journal publiziert (Schuth, Liang et al., 2017). 

Untersuchungen zum Einfluss von Glycerin auf die Temperaturabhängigkeit der Reaktionen in PSII 

ergaben, dass die Aktivierungsenthalpie der Sauerstoffbindungsbildung mit der Zugabe von 30% 

Glycerin signifikant herabgesetzt wird. Zusätzlich wurde die Aktivierungsenergie der O-O-

Bindungsbildung vier verschiedener PSII-Varianten verglichen, wobei das Phänomen der Enthalpie-

Entropie-Kompensation (EEC) beobachtet wurde. Ein semi-quantitatives Modell formuliert, das eine 

Erklärung für die experimentellen Beobachtungen der EEC liefert. Dies gilt sowohl für die Ergebnisse 

verschiedener Wildtyp-PSII als auch mutierter PSII-Spezies, d.h. für nicht-lokale sowie lokale 

Modifikationen der Proteinmatrix. Das Modell erklärt die treibende Kraft der EEC aus der Perspektive 

von Energieniveaus und der Wahrscheinlichkeit, den Übergangszustand vor der O-O-

Bindungsbildung zu erreichen. Zudem deutet das Modell auf die Möglichkeit hin, dass die observierte 

Enthalpie-Entropie-Kompensation eine Folge der evolutionären Stabilisierung des Übergangszustands 

sein könnte. Qualitativ ähnliche Erklärungen könnten auf zahlreiche andere enzymatische Prozesse 

anwendbar sein. 
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