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2. Introduction
Photosynthesis is the most important reaction known to man. It is giving us oxygen to breath
and biomass for food, shelter and energy. The photosynthesis in plants and algae has been
studied for more than 60 years in the hope to gain deeper knowledge about how this clean
way to produce energy and split water into oxygen and hydrogen works.
Photosynthesis takes place inside the chloroplast within the leaf cell. Inside the chloroplast is
a fluid, stroma, and Thylakoid membranes that have stacked regions known as grana. It is in
the thylakoid membrane that the membrane bound protein/pigment-protein complexes exist
that are splitting water (photosystem II), transfer protons and electrons (Cytochrome b6f),
reduce NADP+ to NADPH (nicotinamide adenine dinucleotide phosphate) (photosystem I)
and turn ADP to ATP via ATP-synthase (adenosine-5’-triphosphate synthase). PSII consists o
f several proteins (e.g. D1,D2), some containing redox-active amino acids side chains (Yz,YD)
, molecules (e.g. pigments like chlorophylls and carotenoids, quinones (QA, QB), hydrogen
carbonate) and metal cofactors such as the non-heme iron and the Manganese-OxygenCalcium cluster (figure 1). It is in the Mn4O5Ca-cluster that the water oxidizing occurs in the
so-called Kok cycle. Further description of the Kok-cycle see chapter 3.
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Figure 1. Structure of plant PSII with all extrinsic proteins, Manganese cluster and central proteins. The black
arrows indicate the electron flow and red arrows indicate the light and subsequent excitation energy transfer.
(Shevela and Messinger, 2011)

In this study, photosystem II from spinach has been studied using the Clark electrode, the
Joliot electrode and membrane inlet mass spectrometry. Two types of PSII samples were
used: thylakoid membranes and PSII membrane fragments (BBY). They are called BBY after
the authors that published the procedure to prepare them from spinach, Berthold, Babcock
and Yocum. (Berthold et al,1981)
The aim of this study is to characterize some different features of these PSII samples. To test
the effect of the pH on oxygen release, the latter was measured with the Clark electrode,
both under acidic and slightly basic conditions, and also with different electron acceptors.
With the Joliot electrode, a potential temperature and concentration dependence of the
oxygen release was studied. In the last part of the study, carbon dioxide release from BBY
samples was examined. This part belongs to the Membrane-Inlet-Mass Spectrometry (MIMS)
and is an extension of the experiment performed by Shevela et. al (2008).
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3. Material and methods
3.1 Thylakoid and BBY sample preparation
According to the Berkley-protocol, four different buffers are used for isolation of PSII
membrane fragments: One grinding buffer (Buffer 1), one washing buffer (Buffer 2), one
resuspension/incubation buffer (Buffer 3) and a sucrose buffer (Buffer 4) (Composition see
table 1.)
Table 1. Composition of buffers used in the preparation of BBY and Thylakoid membrane samples.

Buffer

Buffer 1

Buffer 2

Buffer 3

pH Volume L Contents

Concentration [mM]

7.5 1

EDTA
HEPES
MgCl2
NaCl
Sodium Ascorbate
BSA

1
50
4
400
5
2 mg/ml

6.0 0.5

MES
MgCl2
NaCl

50
10
150

6.1 1

MES
MgCl2
CaCl2
NaCl

50
10
5
15

MES
MgCl2
CaCl2
NaCl
Sucrose

50
5
5
15
400

Buffer 4* 6.1

*Buffer provided by supervisor

After preparation of the buffers 1-3 according to table 1, the buffers were adjusted with 3 M
NaOH to pH=7.5 (buffer 1) and pH=6.1 (buffer 2 and 3) in normal room temperature except
buffer 1 that had a temperature of 11°C, and then put in the cold room. The pH in 5 °C was
calculated with equation 1 that has been simplified to equation 2, using the difference in pKa
value for the different temperature. Buffer 1 is a HEPES buffer with pKa=7.55 at 20°C and a
ΔpKa/10 °C =0.14. Buffer 2 and 3 are MES buffers with pKa=6.15 at 20°C and ΔpKa/10 °C
=0.11.
[𝐴− ]

𝑝𝐻 = 𝑝𝐾𝑎 + log [𝐻𝐴]

(1)

𝑝𝐻 = 𝑝𝐾𝑎 + 𝑥

(2)

Buffer 1 at 11 °C:
Buffer 1 at 5 °C:

𝑝𝐻 = 7.5 = (7.55 − 0.14) + 𝑥 => 𝑥 = 0.09
𝑝𝐻 = (7.55 − 0.21) + 0.09 = 7.43
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Buffer 2 and 3 at 20 °C:

𝑝𝐻 = 6.1 = 6.15 + 𝑥 => 𝑥 = −0.05

Buffer 2 and 3 at 5 °C:

𝑝𝐻 = (6.15 − 0.165) − 0.05 = 5.94

In a cold room with a temperature of 5-7 ̊C and in very dim light the footstalks from two kg of
fresh spinach were removed and the spinach was washed in distilled water. The footstalks
contain only negligible amounts of PSII, and their removal facilitates grinding and ensures an
overall better quality of the sample.
The spinach was ground in a blender (Waring Blender, USA) with buffer 1, three times á 15
seconds. The slurry was then filtered twice through four layers of cheesecloth with a pore
size of ca. 20 µm. After centrifugation of the filtrate (10 min at 8000 rpm, JA-10 rotor, Avanti
centrifuge, Beckmann CoulterTM), the pellet obtained was carefully resuspended in buffer 2,
homogenized on ice and again centrifuged (10 min at 8000 rpm, JA-10 rotor). After
resuspension of the pellet in buffer 4, the extracted Thylakoid membranes were flash-frozen
to small beads in liquid nitrogen and stored at -80 ̊C until further use.
The chlorophyll concentration of the thylakoid membrane was measured with a
spectrophotometer at wavelengths 646.6 nm, 663.6 nm and 750 nm. 20 µl of sample were
diluted into 10 ml of 80% NaH2PO4/Na2HPO4∙ H2O buffered acetone solution with a pH of 7.8.
The now diluted samples were shaken by hand to extract the pigments from the sample
before centrifuging. Four times 1 ml of diluted sample were put in Eppendorf tubes to
centrifuge for 60 seconds at 10000 ∙ g (eppendorf centrifuge 5804 R, F45-30-11 rotor). The
supernatant from the samples was measured in the spectrophotometer in plastic cuvettes
(table 2). All steps were done according to the Messinger group’s protocol for BBY
preparation.
One half of the thylakoid membrane sample was diluted from 1.38 mg/ml to 1 mg/ml of
Chlorophyll, 150 ml sample were diluted to 210 ml with buffer 3. Thereafter, 16.5 ml of Buffer
3 with 6.5 g of Triton X-100 were drop wise added in the middle of the beaker under constant
stirring. The beaker was then left for 20 min in the dark. The sample was then centrifuged (15
min at 15000 rpm, JA-20 rotor, Avanti centrifuge, Beckmann CoulterTM ). There was no starch
that could be seen on the pellet. The pellet was resuspended and homogenized in buffer 3. It
was again centrifuged (2 min at 2500 rpm, JA-20 rotor) and the supernatant was saved and
centrifuged (30 min at 15000 rpm, JA-20 rotor). The resulting pellet was resuspended in
buffer 4 to prevent freeze damage of the BBY. It was then centrifuged 12 min at 12000 rpm
(JA-20 rotor). This step was repeated twice. Thereafter, the BBY-particles were flash frozen
in liquid nitrogen for storage at -80 ̊C.
The chlorophyll concentration of the BBY-particles was measured the same way as the
Thylakoid, but with more replicates and at two different times to confirm the result (table 3).
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3.2 Clark electrode
The Clark electrode is one of two types of amperometric devices that are used for measuring
oxygen evolution in photosynthesis research.
The Clark electrode contains a Pt-cathode and an Ag-anode (figure 2). To protect the Pt
surface of the cathode from other compounds that can poison it, there is a semi-permeable
membrane between the sample and the cathode. The membrane (Teflon) prevents water and
other chemicals to come in contact with the cathode, but allows O2 to diffuse from the sample
to the cathode surface. As electrolyte, 3M KCl is used, and the electrolyte bridge is made of
cigarette paper. The electrolyte is on the electrode base and the electrolyte bridge is located
above, just between the membrane and the electrode base. The sample is put in the
incubation chamber.
The following reactions are taking place in the Clark
electrode:
Cathode: O2 + 2H2O + 4e- → 4OHAnode: 4Ag + 4Cl- → 4AgCl + 4eTotal: 4Ag + O2 + 2H2O → 4OH- + 4AgCl
To obtain a linear response to the O2 concentration, the
system is working in the range of the diffusion limited
electric current. On the cathode a polarization voltage of
-0.7 V is applied. (Renger and Hanssum, 2009)
In use with biological samples as BBY particles and Figure 2. Scheme of the Clark electrode setup.
Thylakoid membrane from spinach, there is need for an (Digital Model 10 and model 20 Controller,
Operating Manual, Rank Brothers Ltd)
electron acceptor, otherwise would the electrons produced
by the WOC inhibit the oxygen evolution thus they have
nowhere to go. This is usually a combination of K3[Fe(CN)6] (FeCy) and phenylparabenzoquinone (PPBQ) or FeCy and di-chloro-benzoquinone (DCBQ). In this study, the
oxygen evolution was measured with these combinations of electron acceptors (EA) and with
only one type of EA under different pH conditions. The oxygen was measured in a Clark
electrode sample chamber with a total volume of 1 ml at concentrations of 20 µg chlorophyll
/ml, 200 µM PPBQ or DCBQ and 1 mM of FeCy. DCBQ and PPBQ were dissolved in DMSO
and FeCy in H2O. To induce oxygen evolution, a continuous wave light source (slide
projector) was used to saturate the sample with light. For Thylakoid membranes the
uncoupler NH4Cl (1 mM) was used to prevent acidification of the lumen (Rumberg and
Siggel, 1969). All experiments were conducted in a buffer consisting of: 50 mM MES (pH 5.5)
or HEPES (pH 7.6), 5 mM MgCl2, 5 mM CaCl2 and 15 mM NaCl at a fixed temperature of
20 ̊C.
For measuring the oxygen evolution, the samples were taken from the freezer to melt in the
dark on ice. After establishing a stable baseline with air saturated water, the water was removed and both the buffer and the electron acceptor as well as, if needed, the uncoupler
were added. The buffer was then de-gassed with N2, and when the signal had reached a
stable level, the sample was added, light was turned on and the oxygen evolution was
7

measured for at least 60 seconds (table 3 and 4). The Clark electrode used was a Rank Brot
hers Digital Model 10.
The standard deviation was calculated from n test with Microsoft Excel function STDEV.
∑(𝑥−𝑥̅ )2

𝑆𝐷 = √

(𝑛−1)

where n is the sample size and x is the sample and 𝑥̅ is the average(Internet

source 2).

3.3 Joliot electrode
The Joliot electrode is the complementary method to the Clark electrode. It also consists of a
Pt-cathode and an Ag-anode. The setup of a Joliot-type electrode can be seen in Fig. 3. The
electrode has two parts of stainless steel, which have a space inside for cooling liquid. In the
top part, the anode is hermetically closed by a glass window providing an entry path for the
light. The light source is a Xenon lamp. Under the window, there is the anode, which has a
central cavity filled with buffer. This buffer is constantly renewed by a slow steady flow to
keep gas (O2) and ion conditions stable. The dialysis membrane stops a direct contact of the
buffer with the sample, but allows gas and ion transfer and thereby also electric current. The
cathode lies in the lower part, and the sample (BBY or thylakoid membrane) is resting directly
on the cathode surface.

Figure 3. Scheme of a Joliot-type electrode. (Regner and Hanssum, 2009)
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In the Joliot-type electrode, there is no need for an electron acceptor thus the sample is lying
directly on the cathode surface. This drastically increases the sensitivity and time resolution
of the Joliot electrode as compared to the Clark electrode.
The Joliot electrode was first introduced in 1967 by Joliot and colleagues. In 1970, Kok and
colleagues presented the Kok cycle based on the work with the Joliot electrode (Renger and
Hanssum, 2009). The principle of the Kok-cycle is that the water oxidizing complex (WOC)
has five different oxidization states, S0 – S4 (figure 4). In the Joliot-type electrode, the sample
is illuminated with a sequence of s flashes. These flashes oxidize the WOC to the next Sstate via charge separations in the PSII reaction center.
To measure oxygen evolution with the Joliot type electrode, the sample was melted in the
dark on ice and then vortexed before putting 10 µl on the cathode surface. When the sample
was on the cathode surface, a 120 second waiting time was started to let the sample
sediment on the surface. After 80 seconds of the waiting time had passed, the polarization of
the cathode was started. When the waiting time was up, 16 flashes with a frequency of 2 Hz
were used to oxidize the WOC through the Kok cycle and release oxygen. The buffer used
for the experiment was of the same composition and concentration as the one used for the
Clark electrode measurement. No preflash was used.

Figure 4. (a) The maximum oxygen yield is obtained at flash number three and then comes again in a period of
four flashes. (b) The Kok cycle with the five S states, with the oxygen release after flash number 3. In every flash,
one electron is released. (Shevela and Messinger, 2011)
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3.4 Membrane Inlet Mass Spectrometry
Every mass spectrometer measures the mass-to-charge ratio (m/z). For that, it first has to
ionize the sample. For ion generation, electron impact (EI) ionization is sufficient for small
organic molecules and gases (Beckman et. al, 2009). The electrons that are ionizing the
sample are coming from a filament. The electrons are first accelerated through 70 V before
interacting with sample molecules. The ions are then separated in a magnetic field, due to
theirs different mass-to-charge ratios and are then hitting the detector Faraday cups (Harris,
2010). Inside the mass spectrometer a high vacuum, around 3 ∙ 10−8 bar is required to
perform the measurements.
The masses that are being followed are: mass 32 (16,16O2), mass 34 (16,18O2), mass 36
(18,18O2), mass 40( 40Ar), mass 44 (12C16,16O2), mass 46 (12C16,18O2) and mass 48 (12C18,18O2).
There can also be some contribution in mass 36 from 36Ar.
The MS measurements were perfomed by the isotope-ratio mass spectrometer (Thermo
Finnigan DELTAplus XP) in a modified Clark electrode cell (MIMS cell), in which a membrane
inlet system replaces the disc containing the electrodes. Samples were handled under dim
green light and the temperature of 20 ̊C. The samples inside of the MIMS cell were
continuously stirred at 1000 rpm.The cell was separated from the high vacuum of mass
spectrometer by a silicone membrane (Mempro MEM-213) resting on a porous support.
There was a cooling trap consisting of dry ice and ethanol between the cell and the mass
spectrometer. The working volume of the MIMS cell was 500 µl. The buffer that was in the
cell was 1 M NaHCO2- (sodium formate) adjusted to pH of 3.1. Before the measurements 15
µl of H218O (with enrichment of 97.6%) was added to give a final 18O-enrichment of 3%. The
total volume was then adjusted to exactly 500 µl by sucking up 15 µl from the buffer using a
syringe, and the whole cell was degassed until the level of unmarked CO2 (mass 44) reached
100 mV. The sample aliquots were then added.
The BBY sample was stirred for 20 min at room temperature to ensure air saturation before it
was injected into the MIMS cell. Per experimental run, 50 µl of BBY sample suspension were
injected.
The blank runs were the same buffer as the BBY samples were dispersed in. The blank
sample had a pH of 6.37 and consisted of 25 mM MES, 15 mM NaCl, 2.5 mM MgCl2 and 0.3
M sucrose. The buffer containing the BBY samples were slightly more acidic with a pH of
6.34. The BBY samples injected were measured at the chlorophyll concentration of 1.6
mg/ml to give a final concentration of 0.15 mg/ml inside the cell. The samples were provided
from the group of V. Klimov (Institute of Basic Biological Problems, RAS, Pushchino).
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4. Results
4.1 Chlorophyll concentration in BBY particles and Thylakoid membrane
Table 2 and 3 show the absorption of the chlorophyll in the Thylakoid membrane and BBY
particles, and the calculated total chlorophyll concentration which was calculated with
equation 3 (Porra et.al,1989).
[17.75(𝐴646.6 𝑛𝑚 − 𝐴750 𝑛𝑚 ) + 7.34(𝐴663.6 𝑛𝑚 − 𝐴750 𝑛𝑚 )]𝑘 = [𝐶ℎ𝑙𝑡𝑜𝑡𝑎𝑙 ] [µ

𝑔
]
𝑚𝑙

(3)

The k value used was 500 thus the sample of 20 µl was diluted in 10 ml which gives ≈ 500
times dilution. For the four Thylakoid measurements, an average total chlorophyll
concentration of 1.388 mg/ml was calculated but with error the concentration was set to 1.4
mg/ml (table 2). The average total chlorophyll concentration for the BBY particles resulting
from ten measurements accomplished from two independent sets was with 1.196 mg/ml
slightly lower. Considering the error range the concentration was rounded to 1.2 mg/ml (table
3).
Table 2. Measured absorption of Thylakoid membrane at three different wavelengths and calculated Chlorophyll
concentration.

646.6 nm 663.6 nm 750 nm
0.080
0.191
0.002
0.078
0.188
0.000
0.080
0.189
0.001
0.080
0.186
0.000
Average Total Chlorophyll concentration: 1.4 mg/ml

Tot Chl mg/ml
1.386
1.382
1.391
1.393

Table 3. Measured absorption of BBY particles a at three different wavelengths and calculated
Chlorophyll concentration.

646.6 nm 663.6 nm 750 nm
0.074
0.149
0.001
0.075
0.152
0.001
0.075
0.15
0.002
0.074
0.15
0.001
0.078
0.155
0.006
0.080
0.156
0.006
0.078
0.154
0.005
0.078
0.156
0.003
0.077
0.156
0.007
0.074
0.152
0.002
Average Total Chlorophyll concentration: 1.2 mg/ml

Tot Chl mg/ml
1.191
1.211
1.191
1.195
1.186
1.207
1.195
1.227
1.168
1.190
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4.2 Oxygen evolution in Clark electrode
Table 3 shows the result from the experiment with BBY membrane fragments. For FeCy,
there is no significant difference in oxygen activity (OA) between the different pH values. Also
seen in table 3 is that FeCy as electron acceptor (EA) gives the lowest OA of the different
types of EA. For DCBQ there is a pH difference because the standard deviation does not
intersect. With PPBQ the average value is higher for pH 7.6 than for pH 5.5, but the standard
deviation is so big in pH 7.6 that it cannot be said whether there is an actual difference in
oxygen activity at the two pH values. In the experiment with FeCy and DCBQ the oxygen
activity is different depending on the pH, with the highest OA measured for pH 5.5.
The activity measured at pH 7.6 does not differ a lot between different EAs, except for FeCy.
The OA in pH 5.5 differs for all EA except between FeCy + DCBQ and FeCy + PPBQ where
the high standard deviation cannot tell them apart.
The OA has been calculated by equation 4 where z stands for the slope from the Clark
electrode diagram.

𝑂𝑥𝑦𝑔𝑒𝑛 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =

𝑧

𝜇𝑀
𝑠
∙3600
𝑠
ℎ
𝜇𝑔 𝐶ℎ𝑙
20
𝑚𝑙

=

𝑧

𝜇𝑚𝑜𝑙
𝑠
∙3600
𝑙∙𝑠
ℎ
𝑚𝑔 𝐶ℎ𝑙
20
𝑙

𝜇𝑚𝑜𝑙

= 𝑧 ∙ 180 𝑚𝑔 𝐶ℎ𝑙 ∙ℎ

(4)

Table 3. BBY particles, no uncoupler. The oxygen activity is displayed in µmol O2 per mg Chl and hour.
Standard deviation was calculated from n samples for the different EAs.

pH
FeCy
DCBQ
PPBQ
FeCy+DCBQ
FeCy+PPBQ

5.5
Oxygen activity ± SD n
113±4
150±30*
200±30
275±4
320±50

5
4
3
2
2

7.6
Oxygen activity ± SD n
120±20
270±30
284±60
210±10
263±10

3
2
3
2
2

*

one point was removed from the result as it was to inconsistent with the other values.

The results from measuring the OA from the Thylakoid membrane, using 5 different EA either
with or without uncoupler, are displayed in table 4. For FeCy in pH 5.5, results from
measuring with and without the uncoupler do not differ. In pH 7.6, however, the uncoupler did
make a difference. Furthermore, there is also a difference between pH for FeCy. At pH 7.6
the OA is higher than for pH 5.5, both with or without uncoupler. A small difference for the
uncoupler was seen for DCBQ in pH 5.5. At pH 7.6 the uncoupler made a difference, acting
as an inhibitor, thus it decreased the OA. The highest OA without uncoupler for DCBQ was
seen at pH 7.6.
With only PPBQ present as EA in pH 7.6, the activity was the highest for all PSII samples,
independent of uncoupler or not. In pH 5.5 the uncoupler strongly affected OA. For Thylakoid
membrane, less OA was measured for PPBQ than for DCBQ in pH 5.5 - the direct opposite
for what was seen under the same conditions in the BBY experiment. With a mixture of FeCy
and PPBQ, the OA is increased in comparison with only PPBQ at pH 5.5 for the test with
uncoupler. Without uncoupler there is no difference between PPBQ and FeCy + PPBQ.
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There is a difference between samples with and without the uncoupler and not at pH 5.5 with
FeCy + PPBQ as EA. In pH 7.6 the uncoupler did not make a difference for the OA. But in
contrast to pH 5.5, the OA is decreased in comparison to only PPBQ when both FeCy and
PPBQ act as an electron acceptor. For FeCy + DCBQ there is a difference between samples
with and without uncoupler at pH 5.5 and also between the different pH conditions for the
uncoupled test. The OA for this EA is higher at pH 5.5 than for pH 7.6. The test with DCBQ
and without uncoupler was forgotten during the experimental section. With uncoupler there is
a difference between DCBQ and FeCy + DCBQ where the latter had the higher OA. The best
conditions to measure BBY is with FeCy and PPBQ/DCBQ in a lower pH than neutral. In
Schiller and Dau, 2000 that the maximum OA is at pH 6.3 so the OA is lower at other pH. For
Thylakoid membrane the best conditions is with PPBQ in a slightly basic conditions with a
uncoupler. This can be for that the in the stroma the pH is more neutral and so the activity is
increased. Furthermore is PPBQ that give the highest OA perhaps because of the
resemblance to plastoquinone that is naturally in Thylakoid membrane.
When comparing BBY and Thylakoid with each other is it seen that for BBY can the highest
OA be found in pH 5.5 compared to pH 7.6 for Thylakoid. But the Thylakoid does not contain
as much PSII as BBY because some chlorophyll is also connected to the PSI which do not
produce O2. Meaning here that the BBY preparation was not so good and/or the preparation
of the Thylakoid better than average because the highest OA was observed for Thylakoid.
The BBY should produce more O2 due that PSII is more concentrated with not so much PSI
as Thylakoid.
The optimal condition for measuring the OA from BBY is in a slightly acidic solution with both
FeCy + DCBQ/PPBQ as electron acceptors. For Thylakoid is it in a more neutral solution with
PPBQ as EA, than a use of uncoupler is not necessary.

Table 4. Thylakoid membrane, n=2. The oxygen activity is in µmol O2 per mg Chl and hour.

Oxygen activity ± SD
pH
FeCy
DCBQ
PPBQ
FeCy+PPBQ
FeCy+DCBQ

5.5

7.6

no uncoupler

uncoupler

no uncoupler

uncoupler

130±0
170±10
144±3
160±15
170±10

140±10
190±10
240±40
280±6
220±10

170±40
210±6
400±20
300±60
-

270±50
185±3
410±20
350±20
140±20

4.3 Flash induced oxygen pattern in Joliot electrode
Figure 5 shows two Flash Induced Oxygen-Evolution Patterns (FIOPs) with the one on the
left side for BBY sample and the one on the right for Thylakoid membrane. The sharp
artifacts caused by the flash-lamp have been removed from the graph. The figure is showing
that the oxygen yield is more than three times higher with Thylakoid membrane than with
BBY in this flash induced oxygen-experiment. One reason for this is that the BBY particles
do, as a result of their small size, not sediment very well on the Pt surface. This leads to a
13

decrease of the electrode’s sensitivity. The periodicity lasts longer for Thylakoid membranes,
see at flash number 7 in both figure 5A and 5B. That flash gave the second highest oxygen
yield in 5B (Thylakoid membrane), but in 5A (BBY) it did not give the second highest oxygen
yield.

Figure 5. A is a graph of the raw data from the first experiment with BBY sample with a chlorophyll concentration
of 0.6 mg/ml. B is a graph of the raw data from the first experiment with Thylakoid membrane with a chlorophyll
concentration of 0.7 mg/ml. Both experiments were conducted under the same conditions: pH 7.6 and T=15 ̊C

Figure 6 shows the experimental values from the raw data for the two experiments in Figure
5 together with calculated values from Prof. Messinger’s excel spreadsheet. The calculated
values are fitted to the experimental values by changing some parameters (see below). The
result of these calculations is shown in table 5.
The equation used for calculating the parameters in the Excel spreadsheet is a matrix
equation, Sn=TSn-1. S is the state matrix and T is the state transition matrix.

[Si]n= the population probability of the Si state after n flashes. 𝛼 + 𝛽 + 𝛾 = 1, α is the miss
probability, β is the double hit probability and γ is the single hit probability. All three add up to
one for all S states. This simplification was made by Kok in 1970 and is still the most used
one. The matrix equation and equation 5 could not be solved otherwise (Renger and
Hassum, 2009). The matrix equation is only valid for when there is no loss of active PSII
during the illumination sequence. In the equation used, the loss of active PSII is accounted
for by including a damping factor.
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The oxygen yield for n flashes is calculated with this equation
𝑌𝑛 = (1 − 𝛼3 )[𝑆3 ]𝑛−1 + 𝛽2 [𝑆2 ]𝑛−1

(5)

This oxygen yield calculated by (5) is fitted against the experimental values in figure 6 with α,
β,γ calculated from the matrix equation plus the damping factor, d.

Figure 6. A is experimental and calculated values next to each other from the raw data from figure 5 A. B is
experimental and calculated values next to each other from the raw data from figure 5 B. The X-axis is number of
flashes and y-axis is the relative oxygen yield per flash (a.u.).

Table 5 shows all experiments made with the parameters from Prof. Messinger’s excel
worksheet. These parameters are α, the miss parameter that describes how many WOC do
not get to a higher S state. β is the double hit parameter that tells how much of the WOC get
up two states during one flash. d is the damping of the oxygen yield. It tells how much the
average oxygen yield per flash decreases from flash to flash (loss of active centers). S1
describes how much of the WOC starts in the S1 state whereas S0, describes how much of
the WOC is in the S0 state. The last column of table 5 shows the fit quality of the calculated
values on the experimental ones, essentially showing how good all the parameters fit with
reality.
Table 5 shows that for BBY samples at pH 7.6, the miss parameter is almost twice as big as
in pH 5.5 with the same temperature and chlorophyll concentration. β is on almost the same
level for all experiments. The damping is also almost constant independent of temperature,
chlorophyll concentration, pH and sample. All WOC that are not in S1 are in S0, thus both
values always add up to 100%. The S1 state is for most of the samples around 95% but still
they are some that are 100% and some as low as 67%. There is a pH dependency on this
figure as well as sample dependency. The S1 is higher in Thylakoid and in pH 7.6. Only
looking at pH one can draw the conclusion that some samples are being reduced from S1 to
S0 in the acidic pH. If the temperature is taken into account, it is more likely that S3 is reduced
to S2 and S2 to S1 by YD during the flash sequence This may result from the fact that the
sample is not fully light saturated and the program choses to change the initial parameters
instead of the miss parameter in the fitting. The same probably happens when YD reduces
S3 to S2. The fit quality for all experiments lies between 50 and 110 to the power of minus six
, except for a few that had an fq of 25 and 40 and one that was over 200. The miss
parameter, α, is decreased when the temperature is decreased as well.
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Table 5. Data from Joliot type electrode measurement. α is the miss parameter, β is the double hit parameter, d is
the damping, S1 column shows in how many % of the WOC starts in S1 state.S0 column shows how many % of th
e WOC start in S0 state. fq is the fit quality of the calculated curve plotted onto the experimental curve, n=2.

Sample pH

7.6

Temp C [Chl] mg/ml α (%)

S1 (%)

S0 (%)

fq (10-6)

0.6
1.2

26.3±0.8 2.1±0 93.9±0.3 92.5±2
28.1±1.2 2.9±0.2 95.5±0.6 90.6±7.7

7.5±2
9.4±7.7

101.9±4.8
84.3±9.9

15

0.6*
1.2

25.3±0.3 1.9±0.1 94.1±0.2 97.6±0.5
25.6±0.4 2.4±0.1 94.1±0.1 98.1±0.4

2.4±0.5
1.9±0.4

90.8±8.5
91.2±2.4

5

0.6
1.2

22.2±0.8 1.5±1.5 93.9±0 98.1±1.9
23.1±0.2 2.3±0.2 94.2±0.3 100±0

1.9±1.9
0±0

88.3±14.2
76.2±1.2

20

0.12
0.36
0.6

14.5±0.7 2.2±0.4 95.7±0.5 75.5±2
24.5±2
50.8±15.2
13.2±2.5 3±0.2 94.3±0.3 67.3±10.6 32.7±10.6 60.7±9.7
14.6±0.2 3.5±0.2 94.8±0.3 84.7±2
15.3±2
68.2±10.5

15

0.12
0.36
0.6

14.9±0.7 3.3±0.8 96.8±0.5 69±0.7
13.5±1.5 3.7±0.1 95.3±0.6 72.3±8.1
12.7±0.1 3.1±0.1 94.1±0.1 77.7±0.8

31±0.7
27.7±8.1
22.3±0.8

68.8±3.9
236±86
49.7±1.9

5

0.6
1.2

10.8±0.2 1.5±0.1 92.8±0.5 81.8±0.2
11.8±0.1 1.9±0.2 92.4±0.4 81.9±0.3

18.2±0.2
18.1±0.3

88.1±8.9
100.4±8.9

20

0.14
0.35
0.7
1.4

14.3±0.4
14±0.2
13.1±0.2
13.4±0.7

1.2±0
1.8±0.1
1.7±0
2.2±0.5

95.7±0.4
96.6±0.2
96.9±0
96.5±0.1

100±0
96.5±1.1
95.2±0.6
92.2±4.9

0±0
3.5±1.1
4.8±0.6
7.8±4.9

42.4±11.5
28.2±13.6
32±1.9
34.1±7.7

15

0.14
0.35
0.7*
1.4

12.5±1.4
12.6±0.5
12±0.3
12.6±0.2

1±0.4
1.6±0.4
1.5±0.1
1.5±0

95.3±0.2
96.5±0.5
96.6±0.3
95.7±0.2

100±0
97.5±1.1
98.2±2.2
99.8±0.3

0±0
2.5±1.1
1.8±2.2
0.2±0.3

71.5±34.3
25.6±0.9
34.4±4.3
57.2±8

5

0.7
1.4

9.8±0.1 1±0.1 96.1±0.1 100±0
10.3±0.6 1.1±0.1 94.4±0.9 97.9±0.9

0±0
2.1±0.9

80.8±16.6
88.6±10.1

20

0.14
0.35
0.7

14.4±0.3 1.5±0.2 94.2±0.9 90±3.2
11.6±0.1 2.2±0.1 95.8±0 88.3±0.2
12.4±0.8 3.2±0.3 96.5±0 84.5±0.6

10±3.2
11.7±0.2
15.5±0.6

69.4±19.2
37.7±0.7
51.4±4.8

15

0.14
0.35
0.7
1.4

10.6±0.1
11±0.2
11.2±0.1
10.6±0.1

0.1±0
1.4±0.1
2.5±0.2
1.9±0.2

94.2±1.6
93.1±0.7
88.1±1.3
90.7±0.5

5.8±1.6
6.9±0.7
11.9±1.3
9.3±0.5

52.4±23.8
48.8±4.4
34.4±0.3
54±3.6

5

0.7
1.4

9.6±0
11±0.1

0.8±0.1 93.4±0.2 92.3±0.4
1.5±0.5 93.3±0.7 89.5±1.4

7.7±0.4
10.5±1.4

110.2±4.8
43.3±6.5

7.6

Thy

5.5

d (%)

20

BBY

5.5

β (%)

89.9±0
94.6±0.1
95.2±0.1
95.5±0.3

*

these are the experiments shown in figure 5 and 6
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4.4 Carbon dioxide release from PSII
Figure 7 shows release of CO2 (detected at the m/z=48 as C18O18O) upon the injection of
BBY suspension (signal a), buffer (signal b), and the difference (a minus b) signal c into the
sodium-formate solution (pH 3.1). The average signals out of two independent repeats are
shown. All the signals have the same baseline but are separated to give a better picture.

Figure 7. (a) is the averaged signal from air-saturated BBY, (b) is the averaged signal from injection of air
saturated buffer, (c) is BBY signal subtracted with signal from buffer.

The data shown in Figure 7 were used for an estimation of the amount of released CO2 per
PSII RC with the following assumptions:
1.
2.
3.
4.

200 chlorophyll molecules per PSII
Only chlorophyll a in PSII
390 ppm CO2 in air
The sample was air saturated in room temperature (20°C).

Calculation of number of mol PSII in 50 µl with assumptions 1 and 2.
𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 1.6

𝑚𝑔
𝑚𝑔
= 0.0016
𝑚𝑙
𝜇𝑙

𝑀𝑜𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝐴 = 893.49

𝑔
𝑚𝑜𝑙
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𝑚𝑔
𝑚𝑜𝑙
𝜇𝑙
−9
𝑀𝑜𝑙 𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑝𝑒𝑟 µ𝑙 =
𝑚𝑔 = 1.79 ∙ 10
𝜇𝑙
893490
𝑚𝑜𝑙
0.0016

𝑀𝑜𝑙 𝑐ℎ𝑙 𝑖𝑛 50 𝜇𝑙 = 1.79 ∙ 10−9

𝑀𝑜𝑙 𝑃𝑆𝐼𝐼 𝑖𝑛 50 𝜇𝑙 =

𝑚𝑜𝑙
∙ 50 𝜇𝑙 = 8.95 ∙ 10−8 𝑚𝑜𝑙
𝜇𝑙

2.698.95 ∙ 10−8 𝑚𝑜𝑙
= 4.47 ∙ 10−10 𝑚𝑜𝑙
200 𝐶ℎ𝑙/𝑃𝑆𝐼𝐼

Calculation of number of mol CO2(aq) and HCO3-(aq) (inorganic carbon, Ci) in 50 µl water
using assumptions 3 and 4 (see above). The solubility of CO2 given from SI Chemical Data.
Used Henry’s Law to calculate the solubility of CO2 from the atmosphere.
𝑆𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝐶𝑂2 (𝑔)𝑓𝑟𝑜𝑚 𝑎𝑖𝑟 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟 𝑎𝑡 20℃ = 0.669

𝑚𝑔
𝑔
= 6.69 ∙ 10−10
𝑙
𝜇𝑙

𝑀𝑜𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝐶𝑂2 = 44.01 𝑔/𝑚𝑜𝑙
𝑀𝑜𝑙 𝐶𝑂2 𝑝𝑒𝑟 𝜇𝑙 =

6.69 ∙ 10−10
𝑔
44.01
𝑚𝑜𝑙

𝑀𝑜𝑙 𝐶𝑂2 𝑖𝑛 50 𝜇𝑙 = 1.52 ∙ 10−11

𝑔
𝜇𝑙

= 1.52 ∙ 10−11

𝑚𝑜𝑙
𝜇𝑙

𝑚𝑜𝑙
∙ 50 𝜇𝑙 = 7.6 ∙ 10−10 𝑚𝑜𝑙
𝜇𝑙

[𝐶𝑂2 (𝑎𝑞)] = [𝐻2 𝐶𝑂3 (𝑎𝑞)]
𝑝𝐻 = 𝑝𝐾𝑎 + 𝑙𝑔

[𝐻𝐶𝑂3− ]
[𝐻2 𝐶𝑂3 ]

[𝐻𝐶𝑂3− ] = [𝐻2 𝐶𝑂3 ] ∙ 10𝑝𝐻−𝑝𝐾𝑎 = [𝐶𝑂2 (𝑎𝑞)] ∙ 10𝑝𝐻−𝑝𝐾𝑎
pH=6.37 for the blank sample, pKa=-lg(4.3 ∙ 10 )=6.37 for the reaction 𝐻2 𝐶𝑂3 ↔ 𝐻 + + 𝐻𝐶𝑂3−
𝑚𝑜𝑙
[𝐶𝑂2 (𝑎𝑞)] = [𝐻2 𝐶𝑂3 (𝑎𝑞)] = 1.52 ∙ 10−5
𝑙
-7

[𝐻𝐶𝑂3− ] = 1.52 ∙ 10−5

𝑚𝑜𝑙
𝑚𝑜𝑙
∙ 106.37−6.37 = 1.52 ∙ 10−5
𝑙
𝑙

𝑀𝑜𝑙 𝐶𝑖 𝑖𝑛 50 𝜇𝑙 = 7.6 ∙ 10−10 𝑚𝑜𝑙 𝐶𝑂2 + 1.52 ∙ 10−11

𝑚𝑜𝑙 𝐻𝐶𝑂3−
∙ 50𝜇𝑙 = 1.52 ∙ 10−9 𝑚𝑜𝑙 𝐶𝑖
𝜇𝑙

The data obtained by MIMS are in mV and 218 mV is the difference between the baseline
and maximum in the blank sample (signal b in Fig. 7). Giving that this difference corresponds
to the total Ci in 50µl.
218.351 𝑚𝑉 1.52 ∙ 10−9 𝑚𝑜𝑙 𝐶𝑖 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑎𝑠 𝐶𝑂2

(6)

The 137 mV is the maximum difference between sample and blank (signal c in Fig. 7). With
the relationship from equation 6 can this difference between PSII sample and blank be
evaluated.
137.69 𝑚𝑉  9.58 ∙ 10−10 𝑚𝑜𝑙 𝐶𝑖 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑎𝑠 𝐶𝑂2
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Hydrogen carbonate in the PSII sample (pH=6.34):
[𝐻𝐶𝑂3− ] = 1.52 ∙ 10−5

𝑚𝑜𝑙
𝑚𝑜𝑙
∙ 106.34−6.37 = 1.42 ∙ 10−5
𝑙
𝑙

𝑀𝑜𝑙 𝐻𝐶𝑂3− 𝑖𝑛 50 𝜇𝑙 = 1.42 ∙ 10−11

𝑚𝑜𝑙
∙ 50𝜇𝑙 = 7.1 ∙ 10−10 𝑚𝑜𝑙 𝐻𝐶𝑂3−
𝜇𝑙

𝑇𝑜𝑡𝑎𝑙 𝑚𝑜𝑙 𝐶𝑖 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 7.6 ∙ 10−10 𝑚𝑜𝑙 𝐶𝑂2 (𝑎𝑞) + 7.1 ∙ 10−10 𝑚𝑜𝑙 𝐻𝐶𝑂3− = 1.47 ∙ 10−9 𝑚𝑜𝑙

𝐶𝑂2 𝑝𝑒𝑟 𝑃𝑆𝐼𝐼 =

9.58 ∙ 10−10 𝑚𝑜𝑙 𝐶𝑂2
𝐶𝑂2
= 2.1
−10
4.47 ∙ 10
𝑚𝑜𝑙 𝑃𝑆𝐼𝐼
𝑃𝑆𝐼𝐼

First is the number of mol PSII calculated using the assumptions 1 and 2. Second is the
CO2(aq) and HCO3-(aq) that is dissolved from the air in the buffer calculated. This inorganic
carbon is released in the MIMS and is giving the correlation between the CO2 released and
mV that is the response from the MIMS. The third step is for the BBY sample, here is the first
step also to calculate all the inorganic carbon dissolved from the air, and here is there a
difference between the buffer and sample thus the pH were different between the two. This
small difference is however not taken into account thus the system is to complicated
compared to only buffer. The pH difference and the following difference in Ci would need to
be taken into account when calibrating the MS.
According to these assumptions and calculations about two CO2 molecules were released
from PSII. While one released CO2 can correspond to the already known HCO3- on the
acceptor side(Umena et al. 2011, Loll et al. 2005), another CO2 or HCO3- may be released
from the electron donor side. This result of two CO2/HCO3- was already predicted by
Govindjee et al. 1997.
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5. Discussion
5.1 Preparation of Thylakoid membrane and BBY
Compared to earlier sample preparations (Long, bachelor thesis, 2010), the achieved
chlorophyll concentration was a little too low to be satisfying. To get a more accurate reading
the sample could be more concentrated in the spectrophotometer, in this case approx. four
times. According to Porra et al., the major peak can be between 0.7 and 1 absorption units,
but I would not recommend to change the protocol thus this concentration was low on
chlorophyll but with a chlorophyll concentration twice as high, the absorption would be too
high with a four time concentration. A new test with 80 µl sample could be used to determine
the concentration of chlorophyll in more exact way by increasing the absorption.
Furthermore, the sample was also diluted to 1 mg/ml instead of being concentrated to 2
mg/ml when Triton X-100 was added. The ratio was still the same but the chlorophyll was
diluted which can explain the low chlorophyll concentration.
During the preparation, EDTA was used in buffer 1, together with MgCl2. Probably, the Mg
concentration will be decreased a bit because of the affinity of EDTA to doubly positively
charged cations, but its affinity to transition metals is much higher. The lgKa for Mg2+ is 8.64
and the lgKa for Cu2+ = 18.7, lgKa for Cd2+=16.4 and Zn2+ is the same, lgKa for Mn2+=13.8 and
for Fe2+=14.33 (Internet source 1). So even though EDTA can bind some Mg2+ it is more
likely that it will bind the transition metals from other organelles inside the plant cell. The
EDTA is added to remove these ions thus the Fe2+ give very large EPR signal that masks the
EPR signal from PSII. Free Mn2+ ions are also removed from the destroyed WOC.
Large concentration differences in salt concentrations and sheer forces are used in the
preparation to open the chloroplast membranes. This can also affect the intactness of the
thylakoid membranes. In addition, the freezing of the sample may cause the thylakoid
membranes to become leaky for protons. Sucrose is added to the freezing medium (buffer 4)
to reduce this latter effect. The result of the oxygen activity for thylakoids (table 4) show that
the addition of the uncoupler still has a positive effect on the OA. This implies that there are
still some thylakoid membranes that are intact.
If possible, the preparation of PSII samples should not be divided in two days as was done
in this study. To avoid the last additional centrifugation step and get a higher concentration of
chlorophyll directly, a lower buffer volume could have been used from the beginning.

5.2 pH dependence of oxygen evolution for BBY and Thylakoid membrane
From the result in table 4 it is shown that the optimal EA for BBY are FeCy and DCBQ or
PPBQ, all in pH 5.5. This combination is also mentioned in the literature as the EA one
should use (Regner 2009). Whereas no obvious pH dependence could be found for most of
the EAs, FeCy + DCBQ showed different results depending on the pH used. However,
Schiller and Dau (2000) showed that there is a pH dependency for oxygen evolution in BBY
samples with a maximum OA pH 6.3. Since, according to their pH dependency curve, the
activity measured between pH 5.5 and 7.6 is very similar, this pH dependency could not be
seen in this study due to the use of the two pH values at 5.5 and 7.6.
The overall activity of the BBY samples in this study was not very high compared with D.
Shevela et. al. (2008) and Krieger et. al. (1993). Both Shevela and colleagues and Krieger
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and colleagues measured a maximum of around 500 µmol O2 per mg Chl and hour. But as
seen in Schiller and Dau (2000) the maximum activity is at pH 6.3 and Shevela et al. (2008)
conducted their measurements at pH 6. Therefore, the lack of activity in BBY samples seen
in this study could be explained by either mistakes during the preparation or simply by the
fact that the experiment was not conducted at optimal pH conditions around pH 6 but at pH
5.5 and 7.6. More experiments would confirm this but unfortunately due to the lack of time
these could it not be performed.
For the Thylakoid membrane samples, a pH dependence was found in this study. Table 4
shows that only PPBQ as EA gives the highest result for both PSII samples with and OA of
around 400 µmole O2 per mg Chl and hour. The uncoupler had a big effect on FeCy at pH
7.6, but it also made a difference for PPBQ, FeCy + DCBQ and FeCy + PPBQ at pH 5.5. In
more acidic conditions it is more important to use an uncoupler to remove protons from the
lumen, which explains the high difference in OA found in this study (Rumberg and Siggel,
1969). In a more basic pH this acidification does not seem to affect the activity. The activity
was also decreased when an uncoupler was present at pH 7.6. But this can also be due to
the mixture of EA at that pH because the activity was reduced with and without uncoupler.
Concerning all results for both sample types, it has to be mentioned that experiments were
made on different days and with varying sensitivity of the machine. This might negatively
influence their significance of the results and so also the conclusions drawn from them. The
high standard deviation in some results for BBY can be that when injecting the BBY sample
that some air also was injected. Also was not all the measuring made on the same day, and
from the preparation can it be that some sample beads are higher in chlorophyll than the
others bead used the other day.

5.3 Flash induced oxygen pattern with Joliot-type electrode
The difference in FIOP between Thylakoid membrane and BBY samples can be explained by
the different levels of lack of electron acceptor during the experiment. By presence of
electrons, the WOC gets blocked on the acceptor side of the PSII. This will happen for both
BBY and Thylakoid membrane samples, but as in the Thylakoid sample there is the whole
membrane with all the proteins intact, including the quinone pool, there is more quinone that
can transfer the electron further in the Thylakoid membrane so the WOC do not get blocked
so fast as in the BBY samples that consists only of the Thylakoid membrane that does not
have all the parts of Cytochrome b6f and thereby lacks electron acceptors (Berthold et. al,
1981).
The miss parameter in table 5 comes mostly from the transition between S2 and S3 and in
negligible amount from S0 to S1 (Renger and Hanssum, 2009). That is believed to come from
the failure from tyrosine Z to reduce P680 before the charge separation is lost by
recombination (Shinkarev, 2005). The decrease in temperature also decrease the miss
parameter (Isgandarova et al. 2003). The double hit parameter is very much the same for all
experiments (table 5). This comes from the Xenon lamp used for the flashes, since this lamp
does not give short enough light bursts. When the light is on for a longer time, the chance for
double hit is higher. To avoid this, a laser can be used.
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The initial conditions for the samples are not always 100% S1 as seen in table 5 even though
that is the most stable and dark adapted state. The pH can inflict some S1 is reduced to S0 in
the acidic conditions. But taking the temperature into account it is more likely with a dynamic
reaction under the flash sequence, that S2 and S3 is reduced by YD. In the higher chlorophyll
concentration is the S0 increased, can be good seen for Thy in both pH at 20°C. This
implying that the sample is not completely light saturated. The response of the program is to
increase the S0 state instead of the miss parameter.

5.4 Presence of hydrogen carbonate in PSII
It has been long known that CO2 is very important for photosynthesis thus without it there is
no photosynthesis. But CO2 is not just important because it is turned into carbohydrate during
photosynthesis, but also for the activity of PSII. This was first seen on the acceptor side of
PSII in 1948 and it concluded in that hydrogen carbonate have an important role in the
electron transfer between QA and QB as a ligand to the Non Hem Iron (NHI) that lies in the
middle between D1 and D2 (Shevela et. al 2012).
On the donor side of the PSII, it is not equally well known, but some thoughts from the 1970s
give rise to result that hydrogen carbonate plays an important role but there is proof that
there is no hydrogen carbonate tightly bound to the WOC (Shevela et. al 2008, Aoyama et.
al, 2008; Ulas et al., Biochemistry 2008).
When adding the PSII sample into the formate solution, the formate ion takes the place of the
hydrogen carbonate. And with hydrogen carbonate in acidic solution the hydrogen carbonate
will take up one more proton to become carbonic acid and then degrade to carbon dioxide
and water.
In Shevela et.al 2008, they injected the formate buffer in the cell where the sample was
already. Inside the cell it was degassing so prior to the formate injection some bound
hydrogen carbonate had already been lost during the degassing process. The formate
injected had also been purged with Argon to remove all CO2 from the buffer. Therefore the
result obtained in this work have higher amount of the released CO2 due to the
measurements under ambient level of CO2. However, further careful studies with the
described approach are needed to be performed. Thus, for instance, the buffer containing the
BBY had 10% glycerol which were not in the buffer used as blank. Also, there was only one
point calibration of the Ci dissolved from air and the number of chlorophyll per PSII should be
also examined for further studies. Even though the number estimated in Shevela et.al was
0.34 HCO3-/PSII the in the present study we estimated about bound 2.1 HCO3-/PSII. This is
in a good agreement with 1 bound HCO3- in the acceptor side of PSII seen in the recent Xray crystallography studies (Umena et.al, 2011, Loll et.al, 2005). And also this result support
that there is a CO2/HCO3- on the donor side of PSII as well. The conclusion of two
CO2/HCO3- per PSII is old. It was mentioned in the literature already in 1997 (Govindjee et al.
1997). In that study they did not however see two CO2 molecules released from the PSII.
One reason was that they used more neutral conditions (pH 6.4) so not all HCO3- were
transformed into CO2. The acidic pH of 3.1 used in this study completely turned all HCO3- into
CO2. The IRGA used was perhaps not as exact as the MIMS, thus the handling that they first
injected the formate into the PSII suspension and later take a sample of the gas phase above
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the PSII to inject into the IRGA. The method used in this study did not have that second step
thus when the PSII sample was injected into this low pH formate buffer to release all Ci in the
sample suspension the CO2 release was simultaneous monitored by the MS. Even though
this result cannot say anything about the role of CO2/HCO3- on the donor side. In Shevela et
al. 2012, do they present three possible suggestions of the role of HCO3(i)

(ii)

(iii)

Acting as a transient ligand to Mn ions, HCO3- is a native cofactor in the
photo-assembly (photo-activation) process of the Mn4CaO5 cluster that
assembles in the OEC-depleted PSII centers that are of free of
inorganic cofactors, but HCO3- is not a part of the assembled cluster.
HCO3- indirectly stabilizes the OEC by binding to extrinsic proteins or
some other protein components of PSII in the vicinity of the Mn4CaO5
cluster.
Mobile, exchangeable HCO3- is involved in proton removal during
photosynthetic water oxidation; it may work coupled with PSII-donorside-associated carbonic anhydrase.

The results presented in this study also confirm and extend the previous MIMS and
differential infrared gas analyzer measurements (Govindjee et al., 1991; Govindjee et al.,
1997; Shevela et. al 2008).
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