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Introduction 
The water splitting reaction at the inorganic core in photosystem II (PSII) produces the vast majority                
of O2 on earth. The course of this reaction, is however, not completely known, and many questions                 
remain unanswered despite numerous studies and research efforts.  
Some of the unknown related reactions involve the transport of substrates and products to and from                
the inorganic core. But with the help of crystallography, the structure of the protein is available in                 
high-resolution [1-2] and with these high resolution structures, putative transport channels have been             
proposed for different substrates. In one of the putative proton channels leading protons away from               
the inorganic core, a proton loading site (PLS) have been proposed [3]. It acts as a bottleneck in the                   
channel, where one proton is loaded in a specific position before it leaves the bottleneck. To study the                  
effects of disruptions of this putative proton channel, different mutations have been made at the PLS                
to target the Grotthus-mechanism in the proposed channel. The effects of these mutations can then be                
observed for example by measuring the growth activities in different conditions and the oxygen              
evolution with both steady state oxygen evolution and flash-induced oxygen evolution techniques at             
different pH. Then by looking at, and comparing the data and stereochemistry of the mutants, ideas                
about why the mutants exhibit the observed behaviour might be postulated. 

Background 

Photosystem II 
Photosystem II (PSII) is a large transmembrane protein with multiple subunits located in the thylakoid               
membrane. Light that hits PSII triggers an electron transfer chain that contributes to water being               
oxidized and, in the end, converted into molecular oxygen. This is possible due to the water splitting                 
reaction at the manganese cluster located in the protein and the proteins ability to efficiently remove                
electrons and protons from the manganese cluster as it transits through different states on the S-cycle. 
The water splitting reaction at the inorganic core, also called the oxygen-evolving complex (OEC) or               
the manganese cluster, in PSII produces the vast majority of O2 on earth, and the mechanism for the                  
water splitting reaction is called the S-cycle.  
 

Electron transfer 
It is crucial for the water splitting reaction that the transport of electrons and protons in PSII is not 
disrupted. Electron and proton must be able to leave the OEC in order for the complex to convert 
water into oxygen, but for an electron to be able to leave the manganese cluster, a series of electron 
transfers within PSII need to take place in advance. Figure 1 shows this flow of electrons in the local 
area of the OEC in PSII.  
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Figure 1: Overview of the electron transfers in local area of the manganese cluster in PSII, further explanation in the running text below.                       
Reproduced from S. Styring et al [4] 

 
The arrows with corresponding numbers in figure 1 indicates an electron transfer and in which order                
the transfers occurs.  

1) P680 becomes excited as a photon hits an adjacent chlorophyll molecule (not pictured) and              
transfers an electron to the pheophytin (Pheo). Leaving the P680 as an oxidized radical. 

2) Pheo transfer the electron to the QA. 
3) Tyrosine Z (Tyr-Z) transfers an electron to P680 and gets oxidized to ta tyrosine radical. 
4) An electron transfers from QA to QB.  
5) The manganese cluster transfers an electron to the Tyr-Z radical. 

 
Some electron transfers in PSII are proton-coupled electron transfers (PCET) and they occur when a               
proton have to transfer before an electron can transfer. Under some circumstances, e.g under some pH                
conditions, these PCET can be thought of as the much faster electron transfer (ET) reaction. This                
could be because at a certain pH, a proton have already shifted so the electron does not have to wait                    
for the proton to transfer before it can transfer. And as the rate of certain reactions changes, some back                   
reactions that before were too slow to compete with the forward reactions could now disrupt the                
transfer of electrons and protons through PSII. 

The S-cycle 
The catalytic cycle of the manganese cluster is known as the S-cycle, during which the cluster                
transitions between a series of so called S-states with different manganese ions in oxidation states. 
The S-cycle completes a full cycle in five steps, and these steps can be triggered at four different                  
points with light flashes, see figure 2. But sometimes the manganese cluster does not transit to the                 
next S-state as a flash hits, this is called a miss, and this could happen when a flash hits but the                     
manganese cluster is not susceptible for another transition at that moment. The opposite, when a flash                
hits and the S-state advances two steps instead of one, is also possible and is called a double hit. The                    
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transitions in the S-cycle have different chances of occurring, meaning that they have different sized               
miss factors, where the largest misses are between S2-S3 and S3-S0 [5]. This means that, even if a                  
population of PSII centers are initially synchronized to a single S-state (S1 being the dark-stable state)                
after a certain number of flashes, a state will be reached where there is an equal distribution of the                   
S-states.  

 
Figure 2: The S-cycle, further explanation in the running text below. Reproduced from J. Sjöholm,[6]  

 
Figure 2 shows the transitions of the manganese cluster between the S-states as a sample, following                
the electron transfer chain mentioned in the paragraph above, is hit by photons. The most stable state                 
in the S-cycle is the S1, so as a sample is flashed, the first flash will cause the manganese cluster to                     
transit from S1-S2. Then the second flash will transit S2-S3. Third flash will cause the transition of S3 to                   
S0 through a S4 intermediate that will transit to S0 without a flash. The fourth flash then turns S0 to S1                     
and the cycle repeats. It is between the S4-S0 transition that the water substrate is fully oxidized and                  
oxygen is released. As the manganese cluster goes through the different Sn-states (n=0-4) in the               
S-cycle, a potential is increased for each increasing state due to oxidation, these are marked by +1 in                  
figure 2 with S0 set to 0. For every electron that is removed from the cluster, a proton is removed as                     
well. It is thanks to this redox-leveling that a stronger redox agent is not needed for each oxidation of                   
the OEC, and as a result, is the reason why the water splitting reaction can occur. If this                  
redox-leveling was not present, meaning that only electrons were removed from the cluster. Each              
removed electron would increase the oxidation potential, causing an accumulative increase that would             
hinder the water splitting reaction from occurring. 
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An important observation is that between S1-S2 only one electron leaves, but between S2-S3 and S3-S0                 
(with S4 as an intermediate) a proton has to leave before the electron can leave. This is a                  
proton-coupled electron transfer (PCET). From figure 1-2, it is easy to visualize that if the removal of                 
protons or electrons from the manganese cluster is disrupted, the amount of miss factors will increase. 

Transports in PSII 
The transport of reactants, products and substrates in PSII have been suggested to be carried out in                 
specific channels, evolved to transport specific species. Several channels have been proposed, but in              
reality, only a few seem probable to be able to transfer certain species, due to high activation barriers                  
[3]. Channels have been proposed to transfer inter alia water, protons and O2. Precisely how and                
which channels transport which species is still under debate, but some channels have been suggested               
to be more or less favourable for different species. E.g it is not probable that a channel transports both                   
water and oxygen, since then there would be an energy cost for each hydrogen bond oxygen would                 
have to break to travel through the channel. On the other hand, a channel which is very hydrophobic                  
would not be suitable for water transport, since the water would have a very high activation barrier to                  
enter the channel, but oxygen might traverse through the channel with ease. 
 
Proton transports has been proposed to occur in pure proton channels and in channels that contain                
ordered water molecules. In both putative channels, the protons travel through the channel by the               
Grotthus mechanism, meaning that the protons form hydrogen bonds with the ordered water             
molecules and/or the amino acids that make up the channel walls, causing the protons in the channel                 
to transfer by proton jumping. These channels are interesting for a number of reasons. 
 

1) The water splitting reaction would be stunted if the products couldn’t be transported away              
from the OEC efficiently. 

2) As protons are transferred from the OEC to the lumen side of the protein, a proton gradient is                  
developed over the thylakoid membrane (this is called the proton motive force). This gradient              
is the driving force in the synthesization of ATP. 

3) O2 can be hazardous to PSII and an efficient transport would be desired to minimize the                
damages that could occur from reactions between amino acids and O2. 

4) It has been proposed that if the amount of H2O transported to the OEC isn’t regulated,                
harmful intermediates, such as H2O, could form. 

 
If these channels are disrupted, the transport will be affected, which in turn will affect the water                 
splitting reaction itself. In one of the putative proton channels, a proton loading site (PLS) have been                 
proposed [3], see figure 3. It acts as a bottleneck in the channel, where one proton is loaded at a                    
specific position at a salt bridge between arginine and glutamic acid (D1-E65, D2-312 and R334), see                
figure 3, before it is dispelled from the bottleneck. A way to disrupt the transport channels is to                  
change the amino acids that make up the channel walls. This has been done by F. Ho et al by                    
producing four different mutants (R334K, R334N, N335R, N335L), with mutations selected for            
specific reasons.  
 

1) R334K (lysine instead of arginine at position 334) is very similar to the wild-type (Wt*), it                
has a mutation which conserves much of the stereochemistry and the positive charge of the               
sidechain that protrudes into the putative proton channel.  
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2) R334N (asparagine instead of arginine at position 334) changes the electrochemistry by            
introducing a neutral end group instead of a charged one, and the end group is also smaller                 
than in the Wt*.  

3) N335R (arginine instead of asparagine at position 335) changes the stereochemistry by            
introducing a larger end group as well as introducing a charged end group instead of neutral                
end group. This leads to two positively charged residues being next to each other (R334 and                
N335R). 

4) N335L (leucine instead of asparagine at position 335) the mutation has the same geometry as               
in the Wt* but changes the local environment from hydrophilic to hydrophobic. Leucine is              
also unable to form hydrogen bonds and therefore can not participate in the proton transfer               
reactions. 

 
It is at the putative PLS that these mutations have been made, to disrupt the ability of the protons to                    
travel through the channel efficiently. By altering the amino acids in the channel walls at the PLS,                 
different types and levels of disruptions have been introduced. 
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Figure 3: A suggested proton loading site acting as a bottleneck in a putative proton channel transporting protons from the water oxidizing 
complex. D1-R334 and D1-N335 marks the site where  mutations have been made. Reproduced from K. Linke, F. Ho [3]. 
 
 
 
 
 
 

Flash-induced oxygen evolution 
 
Joliot et al [7] showed that the oxygen evolution of PSII evolves through cycles of four, with oxygen 
evolving between S4-S0. They showed this with an instrument that is now called a Joliot electrode, see 
figure 6. It works by polarizing a platinum cathode with respect to a silver anode and recording the 
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change in current as oxygen released from the sample is reduced as it hits the platinum surface by the 
following reaction, V. P. Long [8]: 
 
Pt-cathode: O2 + 2H2O + 2e- → H2O2+2OH- 

H2O2 + 2e-→ 2OH-  
Total: O2 + 2H2O + 4e-→ 4OH- 

 
An optimal oxygen evolution cycle without misses or double hits would evolve oxygen only at the 
third flash and then at every fourth flash, see figure 4.  But in reality due to misses and double hits, the 
pattern dampens and a flash-induced oxygen evolution cycle looks like figure 5.  
 

 
Figure 4: A flash-induced oxygen evolution cycle without misses or double hits. 

8 



 

  
Figure 5: Flash-induced oxygen evolution in spinach chloroplasts published by Forbush et al. [9]. Reproduced from V. P. Shinkarev [10] 

 
Deviations from the cycle pattern of shown in figure 5 depends on the amount of misses and double 
hits. An increase of misses and double hits will change the cycle pattern and dampen the cycle by 
faster reaching a state where there is an equal distribution of S-states.  
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Purpose 
 
The proposed proton channel appears to contain an amino acid motif forming a proton bottleneck.               
This has been suggested to be a potential PLS where one proton leaves the bottleneck as one proton                  
enters the PLS. To study this bottleneck, four mutants of Chlamydomonas reinhardtii have been              
produced, which disrupts this putative PLS. The disruptions can be studied for example by comparing               
the oxygen evolution and growth activity between the healthy wild-type and mutated forms of the               
algae.  
 
The purpose of this project would be to examine the proton transfer and its effects on the oxygen                  
evolution cycle. The four different mutants have mutations at the PLS and affect the putative proton                
bottleneck by altering the Grotthuss-transfer at this site. By studying and comparing growth activities              
of the mutants and wild-type in both light and dark conditions, something can be said about what                 
effects the mutations have on the light sensitivity and overall health of the algae and if a mutation has                   
a large or small effect. If the putative proton channel really transports protons from the OEC and if the                   
mutations disrupt this transport. Then, effects of both changes in amino acids (mutations) and pH               
condition should be visible on the flash-induced oxygen evolution (FIOE) measurements and some             
interesting questions might be answered. 
 
Questions at issue: 
Will the flash-induced oxygen evolution cycle be affected by the mutations and change in pH? And if, 
how will it be affected? 
Will some pH conditions affect the oxygen evolution cycle more than others?  

 
FIOE measurements could tell if the oxygen evolution cycle is affected, and by comparing FIOE-data               
under different pH conditions and the stereochemistry of the mutants and wild type, ideas about how                
the OEC is affected and why the mutants exhibit the observed behaviour might be postulated. 
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Materials and Methods 

Cultivating Chlamydomonas Reinhardtii 
Chlamydomonas Reinhardtii is facultative photoheterotrophic and was therefore cultivated in          
conditions where the algae could grow from both the composition of the TAP-medium and the light                
exposure. The composition of the TAP-medium needed to cultivate the algae are tabulated below in               
table 1.  
 
Table 1: Amount of different compounds needed for preparation of solutions needed for cultivating Chlamydomonas Reinhardtii. 

Compound TAP-media (1L) 

TRIS 2.42 g 

Hutner’s trace 5 ml 

Glacial acetic acid 1 ml 

MgSO4*7H2O 100 mg 

CaCl2*2H2O 50 mg 

NH4Cl 375 mg 

K2HPO4 108 mg 

KH2PO4 54 mg 

 
Hutner’s trace is a commonly used additive of trace element added to solutions used for growing 
microorganisms. Hutner et al [11]. 
 
When the compounds for the TAP-media had been mixed, it had to be  adjusted to pH 7.0 with HCl 
and autoclaved before it was ready for use.  
 
All work with the autoclaved TAP-media were performed under sterile conditions. Inoculations were             
done by taking colonies of Chlamydomonas reinhardtii grown on agar plates and introducing them to               
a small amount of TAP-media in an eppendorf tube and shaking the tube vigorously. Then the                
dissociated colonies were introduced to flasks containing TAP-media and a spectinomycin           
concentration of 100 mg/ml. The flasks were then covered in one sheet of paper and put in a shaker                   
(New Brunswick Scientific, Model G25, incubator shaker) at 25℃, 100 rpm and ~ 70μE.  
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Species grown in light and light-reduced conditions  
 
Species were grown in both light and heavily light-reduced conditions. 
To be able to grow species under uniformed light-reduced conditions, a box was designed with a slit ~                  
1 cm wide under which the five species fitted. The box was designed to let in ~ 1.5 μE.  
 
Multiple measurements were made in both regular light and light reduced conditions, with a Li-Core               
(Model Li-185B) light meter. The regular light conditions were measured on the bottom plate of the                
shaker, in which the species grew, and the reduced light was measured in the same place with the light                   
reducing box placed on top of the sensor. Light conditions measured ~ 70-75 μE and the light reduced                  
conditions measured ~ 1.5 μE. Then the sensor was hung in a flask placed in shaker in such a way that                     
the sensor pointed sideways, perpendicular to the light source, the sensor registered ~ 40 μE. Then the                 
flask was covered in a sheet of paper and the sensor registered ~ 20 μE. It was not possible to fit a                      
flask big enough to fit the sensor into the light reducing box so no further measurements were done.  
 
First all five species were inoculated from colonies on agar-plates into separate flasks with 50 ml                
TAP-media and 100 mg/ml spec conc. 
After four days, aliquots of 500 μl from these pre-cultures of WT*, R334K and R334N were each                 
introduced into two separate flasks, with the same content as before, one was placed in regular light                 
conditions and one in darklight reduced conditions. OD700nm was then measured on the six flasks for                
eight consecutive days. After another four days, N335R was inoculated and measured on in the same                
way. N335L was never inoculated a second time due to very slow growth activity. The OD700nm of the                  
species were plotted against time. 
 
Chlorophyll concentrations of the samples were also measured, this was done by adding 200 μl               
sample to an eppendorf tube and centrifuging at 8000 rpm for 1 min. Then the supernatant was                 
discarded and 200 μl of deionized water was added to the tube, the pellet was resuspended by                 
vortexing the tube. Then 800 μl of acetone was added and the sample was kept in the dark for ~ 30                     
min. Finally the sample was centrifuged at 12 000 rpm for 10 min and the chlorophyll concentration                 
was measured in the supernatant with a spectral analysis using a special software (Cary winUV,               
Varian). 

 

Thylakoid membrane preparation 
One mutant, R334N, was grown on a large scale. From a liquid pre-culture of 100 ml, 10 ml was 
inoculated into five separate large baffled flasks containing 1 litre TAP-media and 100 mg/ml 
Spectinomycin concentration.  
 
For the thylakoid membrane preparation three buffers were prepared, see table 2. 
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Table 2: Amount of compounds added to the different buffers needed for the thylakoid membrane preparation. 

Buffer Hepes (g) NaCl (g) MgCl2 (g) Sucrose (g) EDTA (g) CaCl2 (g) 

1    (3 l) 17.88 2.64 1.21 - - - 

2.1 (500ml) 2.99 0.44 0.20 68.43 0.73 - 

2.2 (500 ml) 2.98 0.44 0.20 68.53 0.73 - 

3.1 (500 ml) 2.99 0.45 0.20 68.52 - 0.28 

3.2 (500 ml) 2.98 0.45 0.20 68.53 - 0.28 

 
Six days after the inoculation, a thylakoid membrane preparation was performed on the live algae 
according to the following protocol. 
 
All preparations were done in the dark at 4℃. 
The cells were harvested by centrifugation for 10 min at 3500 g. Then the supernatant was discarded                 
and the remaining pellet was washed with buffer 1. The pellet was resuspended in buffer 1 with a                  
paintbrush and then re-pelleted again by centrifugation for 10 min at 3500 g. The supernatant was                
discarded again and the pellet was carefully resuspended in buffer 2 with a paintbrush so that no                 
clumps were present. 
 
Then the chlorophyll concentration was measured by adding 10 μl of sample and 40 μl of deionized                 
water in an eppendorf tube and mixing it (mixture 1). Then 10 μl of mixture 1 and 990 μl of 80%                     
acetone was added to an eppendorf tube and was left to incubate for ~ 15 min. Then the mixture was                    
centrifuged for a couple of minutes and then measured with a special software (Cary winUV, Varian)                
in the spectrophotometer to calculate the Chlorophyll concentration in mg/ml. 
A chlorophyll concentration of ~ 2.3 mg/ml was registered. An additional 5 ml of buffer 2 was                 
introduced to the solution to give a  chlorophyll concentration of max 2.0 mg/ml. 
 
Then the cells were ruptured by two rounds in an Yeda press at ~ 150 bars. A steady flow of one                     
drop/second was pursued, this was however hard to achieve. The pressure did not decrease linearly as                
the outlet was opened and the flow was difficult to control. Clumps might also have been present,                 
causing fluctuating pressure in the outlet. The procedure was repeated two times immediately after              
one another  to make sure all cells had been subjected to a dramatic pressure difference. 
  
The chlorophyll concentration was checked again and buffer 2 was added to reach a chlorophyll               
concentration of 1 mg/ml. The solution was pelleted by centrifugation for 15 min at 400 g. This time                  
the supernatant was saved and the volume was doubled with buffer 3. Then the membranes were                
pelleted by centrifugation in an ultracentrifuge for 20 min at 40 000 g. 
 
The supernatant was discarded and the pellets were resuspended in buffer 3 with a paintbrush and then                 
homogenized with a special homogenization tool and then pelleted by centrifugation for 20 min at  
20 000 g. The resuspension, homogenization and centrifugation was then repeated. 
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Finally the supernatant was discarded and the pelleted membranes were resuspended in a small              
amount of buffer 3, the chlorophyll concentration was checked and buffer 3 was added to give a                 
chlorophyll concentration ~ 3 mg/ml. The very viscous solution was then pipetted dropwise into              
liquid N2 and stored at -80℃.  
 
To check if the membrane preparation was successful, steady state oxygen evolution and             
flash-induced oxygen evolution measurements were performed on the thylakoid samples.  
 

PCR 
A gene sequencing was done to make sure that the mutants still contained the correct mutations. This                 
sequencing was done by a polymerase chain reaction (PCR). 
 
A master mix for the PCR sequencing was prepared by adding 301.5 μl of ddH2O, 90 μl Phusion                  
buffer, 9 μl dNTPs, 13.5 μl DMSO, 11.25 μl Primer psbA_01_for and 11.25 μl Primer psbA_02_rev                
in an eppendorf tube.The mixture was then divided into 8 PCR tubes and DNA was introduced to                 
seven of the tubes, then 4.5 μl Phusion polymerase was added to each of the 8 PCR tubes. The DNA                    
introduced was from colonies on agar plates and two liquid cultures.  
 
The PCR tubes was then put in a PCR machine and run through a temperature program, see table 3. 
 
Table 3: Temperature program used for PCR screening. 

Temperature  Time  

98℃ 30 s 

98℃ 10 s 

65℃ 20 s 

72℃ 30 s 

72℃ 10 min 

4℃ hold 

 
After the temperature program, the samples were put in storage at - 20℃ for four days. Then 5 μl of                    
each sample were transferred to eight separate eppendorf tubes and 1 μl of DNA Loading Dye                
(Thermo Scientific) was introduced to each tube. Then the 6 μl of each tube was put in premade wells                   
in an agarose gel. GeneRuler 1 kb DNA Ladder (Thermo Scientific) was introduced in a separate well                 
as a marker. The agarose gel was put in a holder and 90 V was applied to the system, after ~ 20 min                       
the measurement was discontinued and the gel was put on a UV-light source to observe the migration                 
of the DNA.  
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Flash-Induced Oxygen Evolution under different pH conditions 
A Joliot electrode was used to record the oxygen evolution of the thylakoid samples under different 
pH  conditions when flashed with white light, see figure 6.

 
Figure 6: Schematic for Joliot Electrode, reproduced from Dmitry Shevela, [12] 

 
 
Two separate buffers, the flow buffer and the sample buffer, were used during the measurements for                
each pH, these are tabulated in table 4 below. The flow buffer was used to rinse and flow through the                    
Joliot electrode. The sample buffer was used to dilute the stock thylakoid samples in order to give as                  
similar final buffer composition concentration in the diluted sample as in the flow buffer. 
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Table 4: Amount of compounds added to the different buffers needed for the flash-induced oxygen evolution measurements. 

Buffer Hepes 
(M) 

Bis 
Tris 
(M) 

Trizma 
(M) 

Glutamic 
acid (M) 

6(H2O) 
*MgCl2 (M) 

CaCl2 
(M) 

NaCl 
(M) 

Flow pH 5.0 - - - 0.025 0.002 0.005 0.015 

Sample pH 5.0 - - - 0.075 0.006 0.015 0.045 

Flow pH 6.0 - 0.025 - - 0.002 0.005 0.015 

Sample pH 6.0 - 0.075 - - 0.006 0.015 0.045 

Flow pH 7.0 0.025 - - - 0.002 0.005 0.015 

Sample pH 7.0 0.075 - - - 0.006 0.015 0.045 

Flow pH 8.0 - - 0.025 - 0.002 0.005 0.015 

Sample pH 8.0 - - 0.075 - 0.006 0.015 0.045 

 
  
Thylakoid samples of the Wt* and R334N were taken, in darkness, from storage at -80℃ and put on                  
ice and kept in darkness in the oxygraph room. Then the Joliot electrode was prepared according to                 
the following protocol.  
 
At least one day before the measurements the dialysis membrane had to be soaked in deionized water.                 
The Joliot electrode preparations started by turning on the water bath thermostat, which controlled the               
temperature of the flow buffer, then the flow buffer was added to the buffer reservoir with a magnetic                  
stirrer and deaerated with N2. Meanwhile the silver - and platinum reservoir were cleaned and the                
silver electrode was polished. Then the dialysis membrane was put on the electrode with the o-ring                
placed firmly on top before assembling the electrode and flushing the system with flow buffer. The                
first ~ 10 ml of flow buffer which had passed through the system was discarded due to possible                  
contaminations from the polishing agent. If no leaks or bubbles in the electrode were observed the                
electrode was put in the holder and the plastic cylinder was put in the electrode with the light source                   
centered on top. The light polarization device, DAQ-box and netgear for the light source were turned                
on and connected to a computer. Then the sample was applied to the platinum electrode by first                 
adding 100 μl of thylakoid sample to 50 μl sample buffer in an eppendorf tube and then taking 20 μl                    
of the sample solution and applying it to the electrode with an automatic pipette. Finally the platinum                 
electrode was inserted in the correct manner into the electrode in the holder and the cable from the                  
polarization device was connected to the electric contact. 
 
Measurements were then made by letting the sample incubate in the dark at a controlled temperature                
of 19.8℃ ±0.2℃ for 300 s, the sample was then exposed to twenty consecutive flashes from a xenon                  
lamp (Perkin Elmer, LS-1130-4) at 2 Hz, with the polarization triggered, at -0.75 V, 40 s before the                  
first flash. 
 
The recorded data were then imported and processed in OriginLab and Excel to get the oxygen cycle                 
graphs. 
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Results and Discussion 

Thylakoid membrane preparation 
The thylakoid membrane preparation done on R334N was measured on with both steady state oxygen               
evolution and flash induced oxygen evolution, but no oxygen evolution could be observed. So new               
large scale cultures of R334N and WT*, 3 litres each, were prepared and the procedure repeated. 
The large scale culture of the Wt* got a fungal infection and had to be destroyed. The large scale                   
culture of R334N were ready for the thylakoid preparation too late to be reasonable, so thylakoid                
samples prepared in 2013 by Katrin Linke that had been stored at - 80℃ were used instead. 

PCR 
The protocol used for the PCR experiment has been used on these species in the past with satisfactory 
results, and the relevant sequence of the species have been confirmed. But this time no migration 
could be observed. The markers were clearly visible but the samples showed no signal. The reason 
might be that to little DNA was introduced to the sample solutions. The experiment was not repeated 
this time due to a lack of time, and it was assumed that the mutations confirmed in the past were still 
present. 

Species grown in light and light reduced conditions 
The actual light conditions of the samples grown in light and light reduced conditions are probably a                 
combination of the values registered and mentioned earlier. But with the equipment available it can               
only be determined that the light conditions were ~ 40-50 μE and the light reduced conditions were <                  
1.5 μE.  
 
The final growth optical density (OD) can be coupled to the amount of cells present. By looking at                  
figure 7 a), the species have a final OD of R334K>Wt>R334N>N335R. The experiment would have               
to be repeated with multiple samples to see if this series is repeatable. The OD of R334K and Wt* are                    
quite similar followed by a large decrease to R334N and N335R. With respect to the Wt* the most                  
radical mutation is N335R>R334N>R334K, with regard to conservation of charge and           
stereochemistry of the amino acids replaced. Compared to the species grown in light conditions the               
species grown in light reduced conditions, figure 7 b), have smaller final OD and reaches their                
exponential growth phase at a later point. They also converge to about the same final OD. By                 
comparing the species grown in light and light reduced conditions one by one, it is easier to compare                  
the growth activities, figures 8 a)-d). E.g there is only a small difference in growth activity between                 
N335R grown in the light and in the dark, see figure 8 d).  
 
The small difference in growth activities seen in N335R could be because the mutations are causing a                 
photodamage in the species grown in the light. But more likely is that the light does not contribute a                   
lot to the growth of the mutant. Meaning that the mutant mostly grow of the TAP-media.  
If the growth contributed by the photosynthesis is limited by growing the mutants in light reduced                
conditions, the mutations should have less effect on the final OD, which can be observed as the                 

17 



 

species grown in the dark converge to roughly the same OD. So there seems to be a trend were the                    
more radical the mutation, the larger effect it has on the final growth optical density (OD).  

 

 
a) b) 
Figure 7:  Comparison of OD700nm between species grown in light (a) and light reduced conditions (b) where the yellow lines are R334K, 
orange lines are Wt*, green lines are R334N and blue lines are N335R.  

 

 
a) b) 

 
c) d) 
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Figure 8: Comparison of OD700nm between separate species ( a) is Wt*, b) is R334K, c) is R334N and d) is N335R) grown in light and dark 
conditions, where the orange line indicates species grown in light conditions and the blue line indicate species grown in dark conditions. 

 
The behaviour of  N335L is not surprisingly, difficult to explain. Since even though the mutation is 
both isosteric and conserves the neutral end group protruding into the channel, leucine instead of 
asparagine, the growth activity of N335L was so low that the species could not be included in the 
experiment. The low growth activity could be because leucine changes the local environment from 
hydrophilic to hydrophobic and  can not form hydrogen bonds, and therefore disrupts the water cluster 
in the PLS so that the grotthus-effect becomes so small that a competing backwards-reaction is 
favoured instead.  
 

Flash-Induced Oxygen Evolution under different pH conditions 
The sample solutions prepared for the FIOE-measurements were calculated to have a chlorophyll             
concentration of ~1.5 mg/ml. These calculations were based on that the thylakoid sampled used had a                
chlorophyll concentration of 3 mg/ml as stated as the proper concentration for storage after a               
thylakoid membrane preparation. However when the chlorophyll concentrations of the thylakoid           
samples used were measured, the actual concentrations deviated a bit from the assumed values, see               
table 5. 
 
Table 5: Chlorophyll concentrations of the thylakoid samples used for flash-induced oxygen evolution measurements. 

Species Chlorophyll concentration mg/ml 

Wt* 4.3 

R334N 3.8 

 
 
By comparing the flash-induced oxygen evolution measurements under different pH conditions, see            
figures 9-11, some trends can be observed.  
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Figure 9: Average flash-induced oxygen evolution of two samples for each line for Wt* under different pH conditions where each color                     
represents a different pH where blue is pH 8.0, green is pH 7.0, orange is pH 6.0 and  yellow is pH 5.0. 

 
Figure 10: Average flash-induced oxygen evolution of two samples for each line for R334N under different pH conditions where each color                     
represents a different pH where blue is pH 8.0, green is pH 7.0, orange is pH 6.0 and  yellow is pH 5.0. 

 
By looking at figure 9-10 it is clear that the pH has an effect on both the amount of oxygen evolved                     
and the oxygen cycle patterns. The cycle pattern of the Wt* seem to be stable at pH 6 and pH 7, but                      
dampens faster at pH 5 and pH 8. The amount of oxygen evolved compared to pH 7 is less at pH 5,                      
which is expected since this is far from the optimum of PSII, but higher for pH 8. The cycle patterns                    
for R334N also worsens as the pH is changed from pH 7. But also here the oxygen evolved at pH 8 is                      
larger compared to pH 7. The increase of oxygen evolved at pH 8 in both species is surprising, but                   
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could be because the pH gradient that is built up as more and more protons are being pushed to the                    
lumen side of the protein is decreased at pH 8. 
 
By comparing figure 9-10 it is clear that R334N has a much lower oxygen evolution than the Wt*,                  
and the oxygen cycles dampens faster for R334N. The reason for the faster dampening is that the                 
mutant, due to its larger miss factors and double hits, faster reaches a state where there is an even                   
distribution of the S-states. While the lower oxygen evolution could also in part be due to the larger                  
miss factors, it could also be because the cells with the mutations are more damaged, the smaller                 
chlorophyll concentration, the grotthus mechanism in the putative proton channel could be slower or              
some back reactions could be more favoured in the mutant. The smaller chlorophyll concentration is               
by itself however not small enough to explain the ~5 times smaller amount oxygen evolved. 
 
Another interesting observation is that the oxygen evolution of R334N, under all measured pH              
conditions, peaks at flash number four. This indicates that there are large miss factors between the                
S2-S3 states in the mutant. Meaning that only some goes from the S2 state to the S3 state at the third                     
flash, leaving a majority of the manganese clusters in the S2 state, ready to transition to the S3 state at                    
the fourth flash. The increase in miss factors in the mutant could be because the proton transfer in the                   
putative proton channel is disrupted in such a way that the removal of protons from the cluster is so                   
slow that when the next flash hits the sample, the proton has not been successfully removed from the                  
cluster and therefore an electron can not be removed either, causing an inhibition in the S2-S3 and                 
S3-S0 transitions. Or the increase in misses could come from a competing recombination reaction that               
is favoured over the removal of a proton from the WOC at certain conditions in R334N. 
 
To be able to see if a sample degraded when measured on, some samples were measured on three                  
times in a row with ~ 5 min between measurements, some samples degraded so much that only one or                   
two consecutive measurements were possible. The degradation showed up as a decrease in the amount               
of oxygen evolved. By comparing the different oxygen evolution patterns of a sample measured on               
three times in a row, see figure 11, some observations can be made. For each measurement, the                 
oxygen evolution decreases and the cycle gets dampened more and faster. This could be due to the                 
lack of present oxidant in form of depleted Q-pools. When the manganese cluster goes through the                
S-cycle, it releases electron between specific states. As one electron leaves the manganese cluster it               
transfers to an YZ molecule and then reduces an already oxidized P680. The P680 in turn transfers an                  
electron to QA which in turn reduces QB. When QB has been doubly reduced to a hydroquinone it is                   
replaced with a new oxidized quinone molecule from what is called the Q-pool in the thylakoid                
membrane. But these pools are depleted faster after the thylakoid membrane preparation step and the               
depletion of the Q-pool leads to the fully reduced QB not being able to be replaced by an oxidised                   
quinone, which can cause a block in the electron transport chain. Therefore as the redox reaction at                 
the manganese cluster continues, less and less oxidants will be available. This will hinder the oxygen                
evolution, hence the lower oxygen evolution recorded after each measurement on the same sample. 
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Figure 11: Multiple consecutive measurements made on the same sample of Wt* at pH 7.0. Where the blue line is the first measurement, the                        
yellow line is the second measurement and the orange line is the third measurement. 

 
By looking at figure 9 an interesting observation can be made. At pH 8 the oxygen evolution of the                   
Wt* peaks a flash four instead of the expected flash three. If the pH did not have an impact on the                     
S-cycle this should not be observed, so clearly the pH has an effect. Two possible reasons that would                  
fit with the observation is that the Wt* at pH 8 is dark stable in the S0 state instead of the S1 state, or                        
the manganese cluster is being reduced by a molecule nearby, causing a reduction of a Sn state so a                   
Sn-1 state. According to some literature [5] 25% of S0 could be stable in dark adapted samples, but                  
other studies [13] say that close to zero S0 could be present in dark adapted samples. But if 25% of the                     
sample was in S0 before the first flash, a larger oxygen evolution should be seen at flash three due to                    
the 75% of manganese cluster in the S1 state before the first flash. 
 
 
So a more likely explanation why the Wt* peaks at flash four at pH 8.0 is because at pH 8, another                     
tyrosine residue known as Tyrosine D (YD) can donate an electron to P680 faster than Tyrosine Z (Yz)                  
[14]. When YD have donated one electron to P680 it cannot be oxidized further and after one flash the                   
regular electron transfer chain , as seen in figure 1, continues. This would explain the extra flash                 
needed to get the oxygen evolution maximum as seen in figure 9. 
The reason why YD can donate an electron faster than YZ at pH 8.0 could be because an OH group on                     
the YD is deprotonated, turning a proton coupled electron transfer (PCET), between YD and histidine               
(His), into a much faster electron transfer (ET) reaction, because the proton have already been               
transferred from YD to His [14]. This ET is fast enough that YD is now able to donate an electron to                     
P680 faster than YZ and therefore inhibiting the transitions by reducing S2 back to S1. 
 
By normalizing the oxygen evolution cycles of the Wt* at pH 7.0 and pH 5.0 to the signal at the 20th                     
flash, see figure 12, comparison of the cycle patterns are facilitated. Compared to pH 7.0, at pH 5.0                  
there is a significant increase in oxygen evolved at flash two, which indicated an increase of double                 
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hits, fewer cycles are clearly visible and the cycle dampens more and earlier indicating an increase of                 
misses and double hits.  
 

 
Figure 12: Normalized average flash-induced oxygen evolution for Wt* under different pH conditions where each color represents a                  
different pH where green is pH 7.0 and  yellow is pH 5.0. 

 
 
 
One of the most interesting observations is however the oxygen cycle pattern of R334N at pH 5.0, see                  
figure 13. Three samples were measured on, with one of the measurements being destroyed due to                
some interference with the equipment, possibly air in the flow buffer. The raw data for the blue line in                   
figure 13, was harder to process and interpret, therefore the blue line is more uneven than the orange                  
line. So the orange line is probably the best representation of the mutant at pH 5. The classical pattern                   
of oxygen evolving in cycles of four have disappeared, and instead the mutant seems to go from no                  
oxygen evolved at the first flash to a state with even distributed s-states already after four flashes.                 
This cycle pattern differentiates from all other measurements made and the reason is unknown. By               
comparing R334N with the Wt* at pH 5 some similarities and differences can be observed, see figure                 
14. Both species converges to evolve around the same amount of oxygen, but the Wt* still shows a                  
more distinct cycle pattern compared to R334N. The comparably low amount of oxygen evolved by               
both of these species could be due to the abundance of protons at this pH hindering the transport of                   
protons away from the manganese cluster. The protons could cause disruptions either by protonating              
amino acids in the transport channels or by causing some back reaction, thus disturbing the               
Grotthus-effect and the efficiency of the proton transfer. But in R334N another defect has been               
introduced in the form of the mutation. This specific mutation, as described before, introduces an               
uncharged end group instead of a charged one, asparagine instead of arginine. This breaks a salt                
bridge in the PLS between arginine and glutamic acid (R334 and D1-E65, D2-E312), see figure 3, and                 
this could disrupt the ability of the proton loading site to load and properly dispel a proton. Therefore                  
the combined effect of both the unfavourable pH and the mutation leads to a oxygen evolution pattern                 
far from the optimum. 
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Figure 13: Flash-induced oxygen evolution for R334N at pH 5.0 where the blue line is one sample, the orange line is a different sample and                         
the grey line is the average of the two. 

 

 
Figure 14: Average flash-induced oxygen evolution of two samples for each line at pH 5. Where the blue line represents the Wt* and the                        
yellow line R334N. 
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Conclusion 
It is clear that both pH variations and crucial mutation, has a large impact on the oxygen evolved and                   
cycle patterns during flash-induced oxygen measurements. But to be able to with confident say how               
large of an impact pH or a mutation has, more measurements would have to be made.  
 
The measurements made during this project would have to be repeated under optimum conditions,              
preferably during the same day to eliminate any possible day to day variations. FIOE measurements               
under different pH conditions would have be made on all mutants to see if there are more trends. It is                    
especially important to investigate if the strange cycle pattern of R334N at pH 5 is recurring in other                  
species. To be able to compare different species and batches of thylakoid samples, the              
FIOE-measurements would preferably be done at the same chlorophyll concentration, and the ratio of              
PSII to chlorophyll calculated. To calculate the PSII to Chl. ratio the well established method of using                 
EPR instrumentation would have been used.  
 
The experiments where samples were grown in light and light reduced conditions would have to be                
repeated with multiple samples of the same species. And the exact light conditions would have to be                 
measured with better equipment. Then the trends observed in this experiments could be confirmed or               
dismissed. 
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