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2 Abbreviations
Chl
DCIP
DMSO
EDTA
EPR
FeCy
HO
IMi
LHC
LO
MES
MIMS
OEC
PPBQ
PSII
QA
QB/PQ
Si states
YD
YZ

Chlorophyll
2,6-Dichlorophenolindophenol
Dimethyl sulfoxide
Ethylenediaminetetraacetic acid
Electron paramagnetic resonance
K3Fe(CN)6
High oxidation; corresponds to the formal oxidation state MnIV(MnIII)3
in the S0-state of the water oxidation cycle
Photoassembly intermediates
Light harvesting complex
Low oxidation; corresponds to the formal oxidation state (MnIII)3MnII
in the S0-state of the water oxidation cycle
2-(N-morpholino)ethanesulfonic acid
Membrane-inlet mass spectrometry
oxygen evolving complex
Phenyl-p-benzoquinone
Photosystem II
Primary quinone electron acceptor in PSII
Secondary quinone electron acceptor in PSII
Oxidation states of the OEC in the water-splitting cycle
Redox-active tyrosine residue D2-Tyr160
Redox-active tyrosine residue D1-Tyr161

IV

3 Introduction
3.1 Photosystem II
In higher plants, chloroplasts are the places of light energy conversion to stable chemical forms.
This process involves the splitting of water by the oxygen evolving complex (OEC) in
photosystem II (PSII). PSII is a large membrane-bound multi-subunit complex located in the
thylakoid membrane. The polypeptides D1 and D2 form the heterodimeric reaction center (RC)
of PSII. The core antenna proteins, CP43 and CP47, that transfer light energy from light
harvesting complexes (LHCs) to the RC are located around PSII. D1 and D2 bind the primary
electron donor P680, the intermediate electron acceptor to P680, pheophytin (Pheo), and the
primary (QA) and secondary plastoquinone (QB) as well as a non-heme iron. The symmetryrelated redox active tyrosines YZ (D1-Tyr161) and YD (D2-Tyr161) are located on the donor
side of PSII on D1 and D2 protein subunits, respectively. Another important component in PSII
is Cytochrome b559 (Cyt b559) which is formed by coordinating a heme with one histidine
residue of both PsbE and PsbF. The exact function of Cyt b559 is still unclear. It is proposed that
it protects PSII from photoinhibition and participates in the cyclic electron transfer around PSII
(reviewed in Pospíšil, 2011).

Fig 3.1 A schematic view of PSII in higher plants. Only the core proteins are visualized. The smaller intrinsic
protein subunits are not shown. The direction of the linear electron transfer is indicated by the grey arrows. The
labelled polypeptides and cofactors are described in the text. The figure was adapted from Shevela et al. (2012).
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3.2 Photosynthetic water-splitting: The Kok model
Photosynthetic water-splitting takes place in the oxygen evolving complex on the luminal side
of PSII. The active site is an inorganic core, the Mn4CaO5 cluster. Illuminating chloroplasts
with a sequence of saturating single turnover flashes, Joliot and co-workers found that the
formation of O2 occurs with a characteristic periodicity of four (Joliot et al., 1969).
Furthermore, it was observed that the maximum yield of O2 occurs on the third flash rather than
the fourth, and that the O2 oscillation was damped after several cycles. Kok and colleagues
developed the widely accepted model of water-splitting based on these findings (Kok et al.,
1970). In this model, the OEC cycles through a series of intermediate Si states, where i
represents the number stored oxidizing equivalents. The oxidized P680˙+ subtracts one electron
from YZ, which leads to the oxidized form of YZ that can subtract one electron from the OEC.
In doing so, electrons are successively subtracted from the OEC and it cycles through the redox
states. O2 is released during the S4-S0-transition. The Kok model assumes that practically all
centers are in the S1 state after long dark adaptation of the sample to explain the maximum O2
yield for the third flash. Indeed, the S0, S2 and S3 states were confirmed to be meta-stable and
convert to S1, whereby the half-times strongly depend on the pH and temperature (Vaas et al.,
1990; Vass & Styring, 1991; Messinger et al., 1993; Messinger & Renger, 1994). The oxidized
form of YD is oxidizing the S0 state to the S1 state in the tens of minutes range. The S2 and S3
decay can proceed via the reduced form of YD (Vermaas et al., 1984; Nugent et al., 1987;
Styring & Rutherford, 1987) and via recombination with electrons from the acceptor side
(Diner, 1977; Rutherford et al., 1982; Robinson and Crofts, 1983; Rutherford & Inoue, 1984).
The introduction of ‘miss’ (α) and ‘double-hit’ (β) probabilities could explain the damping in
the O2 oscillation pattern. While the OEC remains in the same S state on a miss, it is excited
twice on a double-hit on a single flash. The α-value is expected to be dependent on the redox
equilibria on the acceptor and donor side of PSII (Renger and Hanssum,1988; Shinkarev &
Wraight, 1993). The β parameter was shown to depend on the rate of QA- reoxidation
(Messinger et al., 1993) and on the flash profile (Kok et al., 1970; Forbush et al., 1971; Jursinic,
1981). Both miss and double-hit probabilities are highly dependent on pH and temperature
(Messinger et al., 1993; Messinger & Renger, 1994).
Advanced Kok models include additional effects: (i) back reactions of S2 and S3 states due to
YD as mentioned above; (ii) inactivation of active centers caused by photoinhibition or limited
acceptor pool size (Kebekus et al., 1995; Messinger et al., 1997); (iii) photoassembly
intermediates (Kolling et al., 2012) or ‘super-reduced’ Si states that are reduced below the S0
2

state (S-1-S-5) (reviewed in Debus, 1992; Sarrou et al., 2003); and (iv) higher double-hit
probabilities on the first and following flashes because of electron acceptors like FeCy which
oxidize the non-heme iron in PSII (Diner & Petrouleas, 1987). The miss parameter is often
assumed to be Si state independent as the precise determination of the dependence is difficult
to measure (Hillier & Messinger, 2005; Messinger & Renger; 2008).

3.3 Assembly of the Mn Cluster
The Mn4CaO5 cluster is not chemically stable. It must be assembled during the biogenesis of
PSII centers and during the repair of damaged PSII centers (reviewed in Vinyard et al., 2013).
Damage to PSII occurs frequently and would limit the photosynthetic productivity without a
repair mechanism. The damaged PSII complexes can be recycled by replacement of damaged
protein subunits followed by the reassembly of the OEC. This latter process, which requires the
incorporation of manganese, calcium and chloride, can be mimicked in vitro and is then referred
to as photoassembly or photoactivation. Photoassembly studies provide a deeper understanding
of the synthesis of the water-splitting machinery.
Many studies provide insight into the photoassembly process, including the necessary cofactors,
the protein environment and the experimental conditions, such as pH, light intensity and
exogenous electron acceptors (reviewed in Becker et al., 2011). Photoassembly studies with
PSII membranes are favored because chloroplasts and thylakoids are at risk of a restricted
accessibility of the soluble cofactors and PSII cores are more vulnerable to photoinhibition
(Debus, 1996).
The photoassembly process was found to have a high complexity and up to now, there is no
completed model for this process. However, Cheniae and Martin suggested a ‘two-quantum
model’ for the first steps of photoassembly (Cheniae & Martin, 1971), which was successively
confirmed (Ananyev & Dismukes, 1996a,b; Zaltsman et al., 1997; Hwang & Burnap, 2005). In
this model, the first step of photoassembly consists of the binding of one Mn2+ at a high affinity
site. That represents the initial intermediate (IM0) (Fig 3.2). The first photooxidation produces
Mn3+ by oxidizing the Mn2+ (IM1) and a light independent rearrangement occurs (IM1*). This
rearrangement is probably induced by the incorporation of Ca2+ (Zaltsman et al., 1997; Chen et
al., 1995) and is accompanied by the binding of the second Mn2+. It is expected that the next
photooxidation leads to a Mn(III)2 complex (Miller & Brudvig, 1990). The next binding steps
of the two missing manganese ions and photooxidations could not be kinetically resolved
because of the fast cooperative binding to the Mn(III)2 complex (Tamura & Cheniae, 1987).
3
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Fig 3.2 Photoassembly model with photoassembly (IMi) and Kok (Si) intermediates. Parameters of the LO (solid
line), and HO (dotted line) models are indicated. Kinetic steps leading to the formation of IM1* are shown (k1 and
k2). These transitions are not included in the photoassembly modeling. Adapted from Kolling et al. (2012).

The cofactor HCO3- was found to increase the rate and yield of photoassembly by enhancing
the binding of the first Mn2+, stimulating the first photooxidation and suppressing the decay of
IM1 (Baranov et al., 2000; Baranov et al., 2004). The rate limiting step of photoassembly was
found to be the conversion of IM1 to IM1* by a light independent rearrangement (Zaltsman et
al., 1997; Miller & Brudvig, 1989; Tamura & Cheniae, 1987). The ratio of Mn2+ to Ca2+ was
found to be important for a high yield of photoassembly because there is strong evidence that
Ca2+ competes with Mn2+ for the high affinity site (Zaltsman et al., 1997; Ono & Inoue, 1983;
Tamura & Cheniae, 1986). However, Ca2+ is essential for photoassembly and needed to prevent
unspecific binding of Mn2+ to the PSII donor site (Chen et al., 1995).
EPR spectroscopy proved to be a powerful tool for detecting changes during photoassembly
(Vinyard et al., 2013). At the same time, the Clark-type measurements were used to study the
interactions of the different cofactors and experimental conditions, but was highly restricted
due to the insensitivity of the commercial Clark-type electrodes. The development of a homebuilt microcell Clark-type electrode by Ananyev and Dismukes overcame some limitations
which enabled the examination of early photoassembly intermediates (Ananyev & Dismukes,
1996a). Furthermore, it was possible to count the number of flashes needed to assemble the
Mn4CaO5 cluster, starting from free Mn2+ and Mn-depleted OEC (Kolling et al., 2012).
Although, the oxidizing equivalents were counted and the oxidation states determined, they are
still under debates. Another technique with high sensitivity of oxygen detection is the
membrane-inlet mass spectrometry (MIMS) (reviewed in Shevela & Messinger, 2013). This
technique has been successfully applied for the study of water exchange in the Mn4CaO5 cluster
(Messinger et al., 1995). For this purpose, labelled water, usually H218O, is used. An isotopic
composition of the product O2 (16,16O2,

16,18

O2,

18,18

O2) is formed upon water-splitting. The
4

gaseous isotopes are sucked into the high vacuum of the MIMS through a semipermeable
membrane that separates the high vacuum from the liquid sample. They pass a cooling trap and
reach the ion source, where they are ionized. Then, the ions are separated according to their m/z
ratios by a magnetic field in the sector field analyzer that allows simultaneous detection by
individual collector cups. It is not possible to resolve the oxygen produced on each single flash
when using 2 Hz due to the long response time.

3.4 The objective of this work
The goal of this project was to determine minimal number of saturating single turn-over flashes
required until the first oxygen is produced during photoassembly of PSII. This method would
allows to assign Mn oxidation states in the Mn4CaO5 cluster. The proposed oxidation states for
S0 state are following: (MnIII)3MnII, (MnIII)3MnIV and (MnIV)2MnIIIMnII (Carrell et al., 2002;
Kulik et al., 2007; Roelofs et al., 1996; Srinivasen & Sharp, 1986; Bergmann et al., 1998).
Therefore, either three or five photooxidation steps are necessary to advance to S0 state, starting
from free Mn2+, respectively. Thus, two photoassembly models arise, denoted as low oxidation
state (LO)-model and high oxidation state (HO)-model. The oxidation states of the Mn have
major implications for currently discussed mechanisms of photosynthetic water-splitting.
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4 Materials and Methods
4.1 PSII membranes
Oxygen-evolving PSII membranes were prepared using the protocol of Yamamoto et al. (2011).
The PSII membranes were depleted of Mn by NaCl/NH2OH-treatment as described (Ono and
Mino, 1999). These samples were previously characterized and showed the highest
photoassembly yield (Ohde, 2015). Under saturating light condition, the oxygen evolution rate
of the EDTA-washed PSII membranes were ~ 500 μmol (O2) • mg(Chl)-1 • h-1 in the presence
of 250 µM PPBQ and 500 µM FeCy and at pH 6.5. The NaCl/NH2OH-treatment resulted in
PSII membranes that were devoid of Mn as confirmed by EPR and exhibited no residual oxygen
evolution activity as confirmed by O2 evolution measurements by Clark-type electrode.
Furthermore, the treatment resulted in the loss of the extrinsic proteins PsbP and PsbQ as
confirmed by SDS-electrophoresis.

4.2 Assay of oxygen evolving activity
4.2.1 Equipment
-

DW1 Oxygen Electrode, Hansatech Instruments
300 W halogen lamp equipped with a 550 nm Longpass Colored Glass Filter fabricated
from 2 mm thick OG550 Schott Glass

4.2.2 Chemicals
-

PPBQ
K3Fe(CN)6
DMSO
MES
NaCl
Milli-Q Water
Sucrose

4.2.3 Oxygen evolving activity
The oxygen evolving activity was determined polarographically using the Clark-type oxygen
electrode (Hansatech). The assay buffer contained 25 mM MES/NaOH pH 6.5, 0.4 M Sucrose,
6

250 mM PPBQ, 500 µM K3Fe(CN)6 and 40 mM Cl-. NaCl supplied the Cl-. The measurements
were perfomed at 10 µg (Chl)/ml and 20 °C. The baseline was recorded in the dark and the
activity under continuous illumination with saturating light conditions.

4.3 Continuous light photoassembly
4.3.1 Equipment
-

3 W white LED, LUXEON III Star LXHL-LW3C, Luxeon Star LEDs
QRT1 Quantitherm, Hansatech Instruments

4.3.2 Chemicals
-

CaCl2
DCIP
PPBQ
FeCy
MES
Milli-Q Water
MnCl2
NaCl
NaHCO3
Sucrose

4.3.3 Optimized photoassembly procedure
Mn-depleted membranes were diluted in reaction tubes to 250 µg (Chl)/ml in MES/NaOH and
sucrose, pH 6.5 at final concentrations of 25 mM and 0.4 M, respectively, supplemented with
DCIP, MnCl2, CaCl2, NaHCO3 and Cl- by NaCl at desired concentrations. The photoassembly
was performed at 30 µE • m-2 • s-1 for 20 min. The sample was mixed discontinuously every
5 min during illumination. The photon flux was measured inside an empty reaction tube. After
illumination, the sample was kept in darkness at room temperature for 25 min before measuring
the oxygen evolving activity using a Clark-type electrode.
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4.4 Membrane-inlet mass spectrometry
4.4.1 Equipment
-

Hansatech DW1 Electrode Chamber with gas inlet system
Pulsed Xenon FlashPac LS-1130-4, Excelitas Technologies
Delta V™ Isotope Ratio Mass Spectrometer, Thermo Fisher Scientific

4.4.2 Chemicals
-

CaCl2
DCIP
MES
Milli-Q Water
MnCl2
NaCl
PPBQ
H218O (98 % enrichment)
FeCy
NaHCO3
Sucrose
liquid N2

4.4.3 Determination of chlorophylls per reaction center
The Chls per RC were measured in the intact (EDTA-washed) PSII membranes at 50 µg
(Chl)/ml. The assay medium was the same as used for photoassembly by flashes. After a dark
time of around 440 s, 50 flashes at 50 Hz were given. Afterwards, different volumes (5; 10; 15;
20 µl) of air-saturated tap water were separately injected into the reaction chamber. By
measuring the amplitudes of the 16,16O2 signal and creating a calibration curve, the amount of
produced O2 during the 50 flashes was calculated. The Chls per RC estimation was based on
the formula
Chls  Chl F

RC
O2  4

(4.1)

where, [O2] is the change of the 16,16O2 concentration during the flash illumination, F equals the
number of analyzed flashes, and [Chl] is the concentration of Chl.
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4.4.4 Photoassembly flash induced oxygen pattern
Flash induced photoassembly was performed at 50 µg (Chl)/ml in the Mn-depleted PSII
membranes. The assay medium consisted of 25 mM MES/NaOH, 0.4 M sucrose, pH 6.5,
supplemented with 375 µM PPBQ, 750 µM FeCy, 1 mM MnCl2, 40 mM CaCl2, 2 mM NaHCO3
and NaCl to a final concentration of 900 mM Cl-. The H218O enrichment was 10 % (v/v).
The optimal flash sequence contained a preincubation of 200 s in the chamber. Afterwards,
50 flashes at 50 Hz (denoted as “preflash”) were given. A fixed dark time of 240 s was set
between the preflash and the variable number of following flashes. These flashes were given at
2 Hz.

4.4.5 Analysis of the membrane-inlet mass spectrometry data
The data was processed by fitting the

40

Ar signal to the oxygen signal with the 2-parameter

equation (f(x) = ax+b) using the Solver of MS Excel 2013 (Fig. 4.1 A). The amplitude was
measured on the difference of the oxygen signal and the fitted 40Ar signal with Origin 9.0 Pro
(Fig. 4.1 B).
B

A

20

O2 signal (mV)

1

750

10

16.18

Isotope signal (mV)

1000

Beginning of the
flash sequence

Beginning of the
flash sequence

500

2
3
400

440

Time (s)

480

0
400

440

480

Time (s)

Fig. 4.1 Exemplary step-by-step analysis of MIMS data. (A1) unprocessed 40Ar; (A2) unprocessed 18,18O2 signal;
(A3) modified 40Ar signal by fitting it to the unprocessed 16,18O2 signal with the 2-parameter equation
(f(x) = a*x+b); (B) processed 16,18O2 signal (A3). The final amplitude represents the O2 yield for the full flash
sequence after the dark time.

The oxygen calibration for the Chl per RC determination was processed with Origin 9.0 Pro.
For this, the provided fitting function was used for the water injections. The amplitudes of the
16,18

O2 signals of the water injections were used for the calibration curve.
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4.5 Modeling photoassembly
The O2 yield per flash data were analyzed as Makarov chain within the framework of an
extended Kok model using MS Excel 2013 spreadsheet (Delrieu, 1974; Messinger et al., 1991).
The first photoassembly transitions IM0 to IM1 and IM1 to IM1* were not included in the
calculations because of the long preflash.
The fit program was based on the formulas

Sn = K Sn-1 1   

(4.2)

Yn = 1- α  S3 n-1   S2 n-1

(4.3)

and

where, Sn-1 and Sn are vectors of the photoassembly intermerdiate population and Si state
population before and after the nth flash of the flash sequence, K is the matrix containing the
Kok parameters α and β, ε is an activity parameter that compensates for changes in the number
of active PSII centers during the flash sequence, Yn is the oxygen yield of the nth flash, [S2]n-1
and [S3]n-1 are the population of the redox states S2 and S3 before the nth flash, respectively.
The LO model was described with two photoassembly intermediates (IM1* and IM2) and the
HO model with four photoassembly intermediates (IM1*, IM2, IM3, IM4) below the S0 state.
The misses of the photoassembly intermediates for the LO model (α1, α2) and HO model (α1,
α2, α3, α4) were either set to be the same as the miss probability of the S i states (α) or to be
dependent on the transition, respectively. The double-hit probability (β) and inactivation
probability (ε) were set to be the same for all transitions.

LO:

Sn

 IM1* 


 IM 2 
 S 
=  0 
 S1 
 S 
 2 
 S3  n

and

α1
γ
 1
β
K= 
0
0

0

0
α2
γ2
β
0
0

0
0
α
γ
β
0

0
0
0
α
γ
β

0
β
0
0
α
γ

0
γ 
β

0
0

α

(4.4)
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HO:

Sn

 IM1* 


 IM 2 
 IM 3 


IM 4 

=
 S 
 0 
 S1 
 S 
 2 
 S3  n

and

α1 0
γ α
2
 1
 β γ2

0 β
K= 
0 0

0 0
0 0

 0 0

0
0
α3
γ3
β
0
0
0

0
0
0
α4
γ4
β
0
0

0
0
0
0
α
γ
β
0

0
0
0
0
0
α
γ
β

0
0
0
0
β
0
α
γ

0
0 
0

0
γ

β
0

α 

(4.5)

where, γ is the single hit probability ( α  β  γ  1 ). The normalization is given by
3

LO:

 S   1
i

(4.6)

 S   1

(4.7)

i2
3

HO:

i

i4

The computer minimizes the expression


 F
dy    Ynexp  Yn   Ynexp
n 1 
 n1
F

2
n


Yn  

n 1

F

2

(4.8)

exp

where, Yn is the relative O2 yield of the nth flash and F equals the number of analyzed flashes.
The fit quality fp was calculated by

dyn2
fq 
F P

(4.9)

where, P is the number of free parameters used in the simulation.
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5 Results
5.1 Optimizing the photoassembly procedure
In the previous work (Ohde, 2015), the Mn-depleted PSII membranes were obtained and
characterized. Furthermore, a first try of photoassembly was carried out with continuous light
illumination under saturated condition. This resulted in a photoassembly yield of around 6 % at
1 mM Mn2+, 20 mM Ca2+, 10 mM HCO3- and 82 mM Cl- in 20 mM MES/NaOH, 0.4 M sucrose
pH 6.5. The activity of the intact (EDTA-washed) PSII membranes was measured according to
the modified O2 evolving activity assay (25 mM MES/NaOH, 0.4 M sucrose, 40 mM Cl-, pH
6.5) and resulted in ~ 470 μmol (O2) • mg(Chl)-1 • h-1. This value was used to calculate the
photoassembly yields.
In this work, the photoassembly procedure was optimized to produce a maximum yield of
reassembled PSII centers. The first step was the introduction of a weak light illumination before
measuring the activity of the reassembled centers. The highest photoassembly yields were
achieved by illuminating the sample for 20 min at 30 µE • m-2 • s-1. There were no significant
differences in varying incubation times up to 40 min after illumination. The optimal ratio of
Mn2+ to Ca2+ ions is already well studied and should be between 1:500 and 1:20 (Miyao &
Inoue, 1991; Baranov et al., 2004). Here, the highest photoassembly yields were achieved at a
ratio of 1:40 by increasing the Ca2+ concentration to 40 mM. Two other concentrations, 30 mM
and 50 mM, were testes and resulted in 6 % and 12 % lower photoassembly yield, respectively.
Further optimizations included varying the concentration of Cl- and HCO3- as shown in Fig. 5.1
and 5.2, respectively.
As seen in Fig. 5.1, the chloride demand showed a saturation behavior and reached the highest
photoassembly yield above 500 mM. The photoassembly yield increased for HCO3- until
3.0 mM and then, suddenly dropped. The highest obtained photoassembly yield corresponds to
52.5 % of the activity of intact (EDTA-washed) PSII membranes.

12
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Fig. 5.1 Effect of Cl- on the photoassembly yield in NaCl/NH2OH-treated PSII membranes under continuous light
illumination. NaCl/NH2OH-treated membranes were suspended at 250 µg of Chl/ml in 1 mM Mn2+, 40 mM Ca2+,
2 mM HCO3- and 100 µM DCIP. The chloride ions were provided by addition of NaCl. Averages and standard
deviations of two measurements are presented. 100 % corresponds to the activity of EDTA-washed PSII
membranes.

Photoassembly yield (%)

55

50

45

40
0

1
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Fig. 5.2 Effect of HCO3- on the photoassembly yield in NaCl/NH2OH-treated PSII membranes under continuous
light illumination. NaCl/NH2OH-treated membranes were suspended at 250 µg of Chl/ml in 1 mM Mn2+, 40 mM
Ca2+, 900 mM Cl- and 100 µM DCIP. Averages and standard deviations of two measurements are presented. 100 %
corresponds to the activity of EDTA-washed PSII membranes.
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5.2 Choosing the optimal parameters for photoassembly by flashes
The light saturation was tested by determination of the chlorophylls per RC. The concentration
of 50 µg of Chl/ml resulted in around 270 chlorophylls per RC. This value is in the normal
range (~ 250 Chl per RC) of PSII membranes (Buser et al., 1990), which means that the flashes
were light saturating for this Chl concentration. Therefore, this concentration was used for the
flash photoassembly.
The flash regime was adapted from the work of Kolling and coworkers (Kolling et al., 2012).
There, a preincubation time of 5 min was used before the initial 1 s flash sequence, which
consisted of 100 60-µs laser flashes at 100 Hz and was denoted as ‘preflash’. The conversion
from IM0 to IM1 has a low quantum yield. Therefore, the long preflash was used to advance a
significant number of centers to IM1. It was shown that only few centers advanced past IM1
(2 %) because of the slow dark rearrangement process (k2 ~ 70 s). A dark time of 240 s was set
before the next flashes, allowing the dark rearrangement process. The next flashes were given
as flash trains with 5 x 60 µs flashes. The flash trains were separated by three seconds.
Here, the preincubation time was set to 200 s, allowing for the oxidation of the plastoquinone
pool. Afterwards, the sample was illuminated with 50 short Xenon flashes at 50 Hz. The
frequency of these flashes was limited by the maximum frequency of the flash lamp. The
photoassembly yield increased by 18 % when the dark time was increased from 100 s to 200 s
in an early not yet optimized photoassembly procedure. The dark time was finally set to 240 s,
confirming the previous stated correlation of the photoassembly yield and dark time. After the
dark time, single-turnover flashes were given at 2 Hz as 0.33 Hz produced slightly lower signals
under the probed conditions.

5.3 O2 flash pattern during photoassembly
The O2 signal per flash sequence was obtained using the optimal parameters for photoassembly
by flashes. Fig. 5.3 shows the O2 signal of the flash sequences up to nine flashes of one data
set. The O2 yields per flash were obtained by subtracting the amplitudes of the O2 signals of
consecutive flash sequences as illustrated for the 9th flash in Fig. 5.3. The response time of the
MIMS was always around three second as seen by the lag time between the beginning of the
flash illumination and the first detectable O2 response.
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Fig 5.3 Flash 16,18O2 yields of flash sequences consisting of different number of flashes on photoassembly. The
flashes were given at 2 Hz after a one second preflash, consisting of 50 flashes at 50 Hz, and a 240 s dark time
(not shown).

The O2 yields per flash are shown in Fig. 5.4 as well as the first simulations of the LO and HO
model. The kinetic steps of forming IM1* were not included in the simulations because it was
expected that only the centers that formed IM1* and centers that progressed past IM1* during
the preflash were measurable because of the limiting dark rearrangement. Only inefficient
photoassembly can take place during flash illumination and it was shown that this process is
not measurable until about the 40th when using 60 µs laser flashes at 0.33 Hz (Kolling et al.,
2012). This was not examined for this photoassembly. It is expected that centers that progressed
past IM1*, but did not fully assemble, decay back to IM0 from IM1 or IM1*. The centers that
completely assemble are expected to decay to S1 with possible remaining centers in S0.
Furthermore, possible decays of intermediates during the flash illumination, the effect of YD
on the Si states and a higher initial double-hit probability due to the electron acceptor were not
included in the simulations.
The simulation for IM1* = 100 % in both LO and HO models resulted in unrealistic high miss
and double-hit probabilities (Fig. 5.4). Furthermore, the HO model by itself cannot explain the
oxygen signal on the third flash after IM1* (fourth flash when starting from IM0) as both doubleand triple-hits would be necessary. This could indicate that a significant number of centers
progressed past IM1* during the preflash.
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Fig. 5.4 O2 yields per flash recovered during photoassembly of Mn-depleted PSII retaining the 33 kDa protein
using the flash sequence described in the text. The preflash is included in the figure and denoted as the first flash,
but is not included in the simulation. Averages and deviations of two measurements per point are present.
Parameters used for the LO model (2 IM) simulation (solid line): α ~ 69 %, β ~ 30 %, γ ~ 1 %, ε = 0.02 % (fixed),
IM1* = 100 % (fixed), IM2 = 0 % (fixed). Parameters used for the HO model (4 IM) simulation (dashed line):
transition independent α ~ 44 %, β ~ 54 %, γ ~ 2 %, ε = 0.02 % (fixed), IM1* = 100 % (fixed), IM2 = 0 % (fixed),
IM3 = 0 % (fixed), IM4 = 0 % (fixed). The fit quality for LO and HO model were 158 x10-6 and 295 x10-6,
respectively.

Next, the miss and double-hit probabilities were set to 34 % and 9 %, respectively. These were
chosen because they were estimated under similar conditions in the work of Kolling et al.
(2012). The S0 and S1 states as well as the intermediates were set to free parameters in the next
simulations (Fig. 5.5).
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Fig. 5.5 O2 yields per flash recovered during photoassembly of Mn-depleted PSII retaining the 33 kDa protein
using the flash sequence described in the text. The preflash is denoted as the first flash. Averages and deviations
of two measurements per point are present. Parameters used for the LO model (2 IM) simulation (solid line): IM1*
~ 62 %, IM2 ~ 0 %, S0 ~ 33 %, S1 ~ 5 %. Parameters used for the HO model (4 IM) simulation (dashed line): IM1*
~ 48 %, IM2 ~ 0 %, IM3 ~ 0 %, IM4 ~ 20 %, S0 ~ 31 %, S1 ~ 1 %. Shared parameters for the LO and HO simulation:
transition independent α = 34 % (fixed), β = 9 % (fixed), γ = 57 % (fixed), ε = 0.02 % (fixed). The fit quality for
LO and HO model were 337 x10-6 and 158 x10-6, respectively.

16

The simulation for these fixed miss and double-hit probabilities in the photoassembly revealed
that ~ 40 % and ~ 60 % of the centers progressed past IM1* for the LO and HO models during
the long preflash, respectively. This would mean that the assumption is wrong that only very
few centers can photoassemble during flashing light. The experimental data showed a slight
oscillation which is simulated by the HO model, whereas the LO simulation did not reflect this
oscillation. The fit quality improved for the HO model and got worse for the LO model.
Surprisingly, the most centers that progressed past IM1* were calculated to be in the S0 state
despite the 240 s dark time.
The calculated amount of centers that progress past IM1* during the preflash decreases when
using independent misses for the intermediate transitions (Fig.5.6). Then, around 80 % and
60 % of the centers after the preflash are in the IM1* state for the LO and HO model,
respectively. The α2 value with around 90 % was extremely high for the LO model in this
simulation. The dependent misses in the HO model were more reasonable with up to 60 % for
the IM5 to S0 transition.

O2 yield per flash (mV)

8

6

4

2

0
5

10

15

Flash no.

Fig. 5.6 O2 yields per flash recovered during photoassembly of Mn-depleted PSII retaining the 33 kDa protein
using the flash sequence described in the text. The preflash is denoted as the first flash. Averages and deviations
of two measurements per point are present. The simulations include transition intermediate transition dependent
misses (α1 and α2 for the LO model and α1-α4 for the HO model). Parameters used for the LO model (2 IM)
simulation (solid line): α1 ~ 0, α2 ~ 90 %, IM1* ~ 81 %, IM2 = 0 % (fixed), S0 ~ 14 %, S1 ~ 5 %. Parameters used
for the HO model (4 IM) simulation (dashed line): α1 ~ 0, α2 ~ 58 %, α3 ~ 43, α4 ~ 46 %, IM1* ~ 56 %, IM2 = 0 %
(fixed), IM3 = 0 % (fixed), IM4 = 0 % (fixed), S0 ~ 44 %, S1 ~ 0 %. Shared parameters for the LO and HO
simulation: α = 34 % (fixed), β = 9 % (fixed), γ = 57 % (fixed), ε = 0.02 % (fixed). The fit quality for LO and HO
model were 154 x10-6 and 198 x10-6, respectively.
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Tab. 5.1 shows the distribution of photoassembly and the Si state populations with lower fixed
miss and double-hit probabilities. An inclusion of more photoassembly intermediates into the
simulation improved the fit quality. The amount of centers that assembled during the preflash
was 36 % in the simulation with two intermediates. In the other three simulations, that included
3, 4, and 5 intermediates, the amount of the assembled centers was found within the range of
20-24 %.
Tab. 5.1 Comparison of different fit approaches for photoassembly O 2 pattern of Mn-depleted PSII
membranes retaining the 33 kDa protein. Parameters used for the simulations: transition independent α =
14 % (fixed), β = 2 % (fixed), ε = 0 % (fixed).

S1

S0

IM4

IM3

IM2

IM1*

IM0

Fit quality

(%)

(%)

(%)

(%)

(%)

(%)

(%)

x10-6

2 Intermediates

13

23

-

-

28

36

-

550

3 Intermediates

8

16

-

34

15

28

-

453

4 Intermediates

10

10

25

24

0

31

-

313

5 Intermediates

10

12

21

18

9

6

24

266
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6 Discussion
6.1 Effect of Cl- on photoassembly
Chloride ions exhibited the effect to increase the O2 activity of photoassembled PSII. However,
Cl- is considered to be only essential for O2 activity in PSII, but not for photoassembly
(Dasgupta et al., 2008). The Cl- demand showed a saturation behavior and reached the highest
yields above 500 mM. This correlates with previous studies, where the highest yields were
reached above 300 mM in similar NaCl/NH2OH-treated PSII membranes (Miyao & Inoue,
1991). Furthermore, they showed that the requirement of Cl- is dependent on the extrinsic
proteins as the removal lead to a higher Cl- requirement. Miyao and Inoue (1991) proposed that
Cl- stabilizes the photoassembly intermediate IM1* and has a protective role against high
concentrations of Mn2+. Moreover, it was reported that the effect of Cl- to increase the quantum
yield disappears at Mn2+ concentrations lower 0.1 mM (Miyao & Inoue, 1991). That correlates
with the high efficient photoassembly in vivo at physiological concentrations of Mn2+.
However, the photoassembly in vivo cannot be fully compared with the photoassembly in
isolated Mn-depleted PSII membranes as the Mn-depleted PSII membranes are, for example,
more limited in their electron acceptor pool and more vulnerable to photoinhibition.
Furthermore, the extrinsic subunits are lost during the Mn removal.
The requirement of concentrated Cl- for an efficient photoassembly implies that concentrated
Na+ has no inhibitory effect on photoassembly as NaCl mostly provided the Cl-. This contradicts
the fact that concentrated Na+ is known to inhibit the binding of divalent cations (Waggoner et
al., 1989). Another possibility would be that the Na+ is inhibitory, but the activating effect of
Cl- appears to be larger. Interestingly, Miyao and Inoue (1991) suggested that Na+ contributes
to the increase in photoassembly yield by lowering the affinity for Ca2+ of the Mn2+ binding site
as Ca2+ is also a competitive inhibitor for Mn2+ binding.

6.2 Effect of HCO3- on photoassembly
It was shown that the cofactor HCO3- increased the photoassembly yield until about 3 mM
where the highest photoassembly yield was achieved. The decrease in photoassembly yield over
the optimum concentration of HCO3- could be attributed to a change in the pH as the carbonate
was added to the photoassembly mixture separately to the buffer. It was proposed that HCO3is enhancing the binding of the first Mn2+ (IM0), stimulating the formation of IM1 and
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suppressing its decay as well as suppressing photoinhibition. (Baranov et al., 2000; Baranov et
al., 2004). Additionally, it was shown that HCO3- has no influence on the Ca2+ effector site that
is responsible for the dark rearrangement step. (Baranov et al., 2000). Therefore, the HCO3concentration would be most important before and during the preflash in the flash-induced
photoassembly.

6.3 The MIMS procedure for measuring the O2 yield per flash
It was shown that a significant number PSII centers advanced past IM1* as only reasonable
simulations of the LO and HO models could be obtained when allowing other transition states
as free parameters. The simulations would clearly improve by reducing the amount of leaked
centers and designing a method to better compensate for the leaked centers.
The crucial step of the photoassembly procedure is the formation of IM1* by the 1 s preflash
consisting of 50 flashes at 50 Hz. This preflash could be changed to a single flash, which would
make it impossible that fully assembled centers form. The disadvantage of this change would
be that the O2 signals would be much weaker, and maybe, the critical first O2 signals could no
longer be detectable. This problem could be compensated with the use of a higher labelled water
enrichment, but that would also be more expensive.
An additional approach would be the compensation of leaked centers by subtracting the
theoretical O2 oscillation pattern of fully photoassembled PSII membranes (Kolling et al.,
2012). In this case, the oscillation pattern needs to be scaled to fit the O2 response of the third
flash during photoassembly. Obtaining the oscillation pattern of fully photoassembled PSII
membranes would also allow calculating the miss and double-hit probabilities as they should
be very similar to the ones during photoassembly as the general conditions would be the same.
The approach of measuring the O2 yield per flash with MIMS has some disadvantages. Firstly,
it is not possible to resolve every O2 yield per flash in a flash sequence in one measurement.
That is due to the long response time. With the current approach every single O2 yield per flash
had to be measured separately, which makes the approach more vulnerable to deviations
between measurements. The response time could be minimized by decreasing the chamber
volume. This is only possible by changing the geometry of the measuring chamber similar to
the approach of Bader and colleagues. They build a chamber that had a liquid space of 1.7 mm
and only a small gas space, which allowed practically instant gas exchange (details in Bader et
al., 1993). This could allow obtaining multiple data points during one measurement. Yet,
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allowing for a higher gas exchange enhances the second problem of the MIMS approach, the
HCO3- concentration. The HCO3- concentration will decrease over time due to the decreasing
CO2 concentration as both form an equilibrium. The result of increasing the gas exchange would
be that the HCO3- concentration decreases much faster. HCO3- is an important cofactor for
efficient photoassembly as shown and discussed. Interestingly, the photoassembly yield did not
decrease by increasing the dark time for the IM1 to IM1* transition. A reason for that could be
that the yield is more influenced by the dark rearrangement than the decreasing HCO3concentration. Furthermore, it is not assumed that HCO3- is necessary for later photoassembly
steps. Since the time of the preincubation of this comparison was the same, the HCO3concentration should be the same for the first photooxidation of IM0, too, which is influenced
by HCO3- as discussed.

6.4 LO vs HO model
The LO and HO model simulations showed high percentages of centers that progressed past
IM1*. By introducing transition dependent misses the leaked centers reduced to around 20 %
for the LO model, but resulted in a miss probability of around 90 % on the transition of IM2 to
S0. The α-value reflects the turnover efficiency, which is reduced in photoassembled samples
due to the absence of extrinsic PSII subunits and limited reconstitution yield. Therefore, it
should be correct that the α-value is higher in photoassembled samples as in intact samples.
Nevertheless, this extent seems unreasonable. The misses in the corresponding HO simulation
were much more reasonable, but the simulation showed also more leaked centers. When using
the lower miss and double-hit probabilities, the fit quality improved by setting more
photoassembly intermediates as free parameters. This is an indication for the HO model.
However, the fit qualities did not improve enough to justify more free parameters. The general
rule is that the value for fit quality should halve by including one free parameter more into the
simulation.
In general, the huge amount of leaked centers in the simulation seems to contradict Kolling and
colleagues estimation that only around 2 % of the centers fully assemble during the preflash.
However, the experimental conditions were different in both studies. The flash frequency was,
for example, much lower in our work. In addition, Xenon flashes were used compared to laser
flashes. The factors influence the miss and double-hit probabilities. Furthermore, the
concentrations of the cofactors for photoassembly were different. Therefore, different
simulation approaches were tested. Surprisingly, most of the fully assembled centers were
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calculated to be in the S0 state and not the S1 state despite the long dark time as seen in the
simulation in Fig 5.5 and 5.6. This cannot be readily explained. Normally, one would expect
that the fully assembled centers decay to the S1 state after 240 s.
At this point, it can only be speculated what the actual values for these parameters are. The next
logical step would be refining the photoassembly procedure as discussed and obtaining the αand β-values of the photoassembled sample. It cannot be completely determined, which of the
oxidation models is the correct one with the data presented. Yet, the HO model could fit the
oscillation better and had better fit qualities. Thus, the HO model is given a slight preference.
This would be contrary to the previous photoassembly simulation (Kolling et al., 2012), but
would compare well with the most recent atomic structure of the OEC by femtosecond X-ray
free electron laser, where the S1 state was calculated to be in the HO state (Suga et al., 2015).
However, refining the photoassembly procedure could easily change the preference.
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7 Summary
The Mn4CaO5 cluster that catalyzes photosynthetic oxygen production from water in the OEC
of photosystem II was removed by NaCl/NH2OH treatment. The reconstitution of the cluster,
known as photoassembly, requires light and the cofactors Mn2+, Ca2+, HCO3-, Cl- as well as
exogenous electron acceptors for efficient reassembly. In the present work, the photoassembly
procedure was optimized under continuous light with 2,6-Dichlorophenolindophenol as
exogenous electron acceptor. It was shown that efficient photoassembly requires more than
500 mM chloride ions, and a certain concentration of HCO3-. The effect of both cofactors was
discussed in detail. Conditions optimized by polarographic measurements were applied to flashinduced O2 assays performed by membrane-inlet mass spectrometry. The Mn oxidation states
in the Mn4CaO5 cluster can be assigned by determining the minimal number of saturating single
turn-over flashes required until the first oxygen is produced during photoassembly of PSII. The
results obtained favor the high oxidation state model, where the S0 state has the formal oxidation
state MnIV(MnIII)3.The information about the oxidation state of the manganese in the specific
states has major implication for revealing the mechanism of water-splitting and oxygen
evolution.
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