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 1.1. Photosynthesis 

After 3 billion years of evolution, nature has provided us with a wonderful machinery to 

convert sunlight into storable chemical energy: photosynthesis1,2. In the process of 

photosynthesis the waste product is oxygen, which sustains the life of oxygen-consuming 

organisms. Photosynthesis takes place in many different organisms. In higher plants and 

green algae, photosynthesis occurs in thylakoid membranes, which are present in 

chloroplasts. The stacked membranes are called grana whereas non-stacked membranes 

are known as stromal thylakoids3. 

Photosynthesis involves three consecutive steps. In the first step light energy is 

absorbed by light harvesting antenna complexes and funneled to a reaction center4,5. In the 

second step, the absorbed light energy is converted and stored into chemical forms as 

NADPH and ATP6,7. The third step involves using NADPH and ATP to assimilate the 

carbon or carbon fixation. In this final step the energy is stored in sugars, which are a 

form of cellular biochemical energy8. 

In higher plants, the Photosystem II (PSII) is selectively located in grana thylakoid 

membranes. It is practically possible to separate and isolate thylakoid membranes that 

contain mostly PSII by using a detergent-based method9,10. The PSII particles are capable 

of producing oxygen on illumination in the presence of an external artificial electron 

acceptor. Such PSII particles are used in our experiments in chapter 2. 

1.2. Photosystem II and Water Oxidation Complex  

Photosystem II performs water splitting, oxygen release and protonation of 

plastoquinone to store the electrons extracted from water in a chemical redox carrier. The 

detailed structure of Photosystem II has been studied and resolved by X-ray 

crystallography and it has been estimated that the core of the Photosystem II complex 

contains about 35 Chl molecules, 2 Pheophytins, 11 -carotenes and more than 20 

lipids11–13. It has been estimated that each Photosystem II converts the energy collected by 

approximately 200-300 Chl molecules14–17.  
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The luminal side of Photosystem II contains the water splitting machine, the oxygen 

evolving complex. The structure of the OEC has recently been resolved to a resolution of 

1.9 Å by X-ray crystallography by Umena et al.,13. The catalytic site of the OEC contains 

4 Mn and a Ca2+ ion and Cl- ions, which are required for stabilization of the structure and 

for proper functioning of the OEC18–21. 

1.3. Light Harvesting Complex II 

All oxygen evolving photosynthesizes, like higher plants and green algae, contain 

similar organization of their photosynthetic apparatus which appears to be highly 

conserved across species and taxonomic boundaries during evolution. This functional unit 

should represent an effective and robust machinery that adheres to a restricted set of key 

engineering principles to adopt to different growing conditions on Earth and to 

environmental stresses22–24. Above all, the photosynthetic apparatus must have flexibility 

with respect to continuously changing radiation conditions during the daily solar cycle and 

yearly seasonal cycle. Last but not least, short term variations due to different shading 

conditions must be balanced, for example in light spots on the ground. Understanding the 

underlying mechanism and high flexibility of light adaptation by the peripheral antenna is 

a major challenge in photosynthesis research. 

The LHC II complex is trimeric and each monomer contains 8 chlorophyll a, 6 

chlorophyll b, 2 luteins, 1 neoxanthin and 1 violaxanthin and the structure of LCH II of 

pea is shown in Fig.1. LHC II complexes are involved in regulatory mechanisms to avoid 

photodamage from incoming light energy5,25–28. Under high sunlight conditions, the LHC 

II antenna can rapidly change from the light harvesting state to a photoprotective state. 

The excess energy is dissipated as heat, by mechanism called non-photochemical 

quenching (NPQ)29–32. From the LHC II major light harvesting complexes the excitation 

energy is transferred via the core light-harvesting complexes to the reaction center, where 

water is oxidized by the Mn cluster of the oxygen evolving complex.  
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Figure 1. Structure of LHCII of pea27. Top view (left panel) and side view through the membrane 

(right panel) 

1.4. Rapid Freeze Quenching 

Rapid Freeze Quenching is one of the few methods that are used to study the 

catalytic mechanisms of enzymes through the analysis of transient intermediates33–37. 

Rapid freeze-quenching was developed by Graham, Ballou and Palmer in the nineteen 

sixties and seventies38,39. Initially the method was developed for studying the redox-

enzyme kinetics with EPR spectroscopy, since the continuous and stopped flow methods 

were not suitable for EPR spectroscopy.  

 The rapid freeze-quenching set-up is basically a continuous flow instrument. The 

flow is generated by a drive ram present in HPLC pumps, pushing two syringes, one 

loaded with enzyme and the other one contains the substrate activate the enzyme reaction. 

After mixing the sample is delivered through a nozzle to a cryo-bath, where the reaction is 

rapidly quenched. The sample aging time is varied by changing the length of the nozzle 

tubing. To quench the reaction either cold isopentane or liquid ethane or liquid nitrogen 

were used. 

  The dead-time or minimum total sample aging time a can be formulated as 

follows, 

              a = m + t + q 

In which a is the total aging time of the sample, m is the mixing time, t is the transport 

time and q is the quenching or freezing time. Rapid freeze-quenching methods generally 
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involved 40 s mixing time, 1 to 2 ms sample delivery time and 4 to 6 ms for the 

quenching time, yielding a total dead time of 5 to 7 ms40–43. 

By improving the methods used in rapid freeze-quenching the total dead-time was 

significantly improved to 130 s by Cherepanov and de Vries44. This was achieved by 

using a stainless steel mixer base with micro-channels of 50 m. The mixing time was 

determined at less than 2 s and the cold isopentane is used as quenching medium. 

The RFQ method developed by Cherepanov and Simon de Vries is used in this thesis to 

study the enzyme mechanisms. The two channels in the mixer were altered to one channel 

and the Photosystem II sample was illuminated with a high power red laser on the flow 

path just before quenching. The Photosystem II is quenched most effectively with cold 

isopentane or liquid nitrogen.  

1.5. Solid State NMR 

NMR chemical shifts depend on not only the different type of nucleus but also the 

orientation of nucleus to the static magnetic field Bo. In liquid state, the molecules exhibit 

Brownian motion and tumble rapidly in the order of nanoseconds to picoseconds. So the 

orientation-dependent chemical shift contributions such as chemical shift anisotropy and 

dipolar interactions are not present. In the solid state, the molecules are rigid and dipolar 

interactions are present, resulting in a powder like pattern. The NMR signal consists of 

contributions from molecules in different orientations. This is an important difference 

between two commonly-used NMR spectroscopies; liquid and solid state NMR. 

The powder pattern spectra of Solid State NMR contains a wealth of information, but it 

lacks site specific information, which are used for characterization of molecules and 

structure determination of biological samples. To obtain high resolution Solid State NMR 

spectra we need to remove the anisotropic interactions. This can be achieved by 

mechanical rotation at high speed at an angle of 54.74o also known as magic angle 

spinning as shown in fig. 2. The high speed rotation of the sample, which is packed in a 

rotor oriented at magic angle with respect to the static magnetic field Bo, results in 

disappearance of the anisotropic part and removes the anisotropic line broadening 

resulting in narrow lines45,46. 



                                                                                               General Introduction 

 

15 

                                                                   

Figure 2. Depiction of the MAS technique. The sample is filled in the rotor and rotated at an anlge of 

54.74o (magic angle) with respect to magnetic field B0.  

1.5.1. Cross-Polarization 

Cross-polarization method is another important methodology in solid state NMR. There 

are two types of NMR active nuclei; one type are abundant spin nuclei like 1H, 19F and the 

other type are dilute spin nuclei like 13C and 15N. The former nuclei are highly natural 

abundant and the later ones have low natural abundance. When dealing with dilute spin 

nuclei in Solid State NMR, generally the signal is weak, due to long spin-relaxation time 

T1. So, large number of scans and averaging of the signals is required in direct 

polarization experiments for adequate resolution and good signal to noise ratio. 

To resolve the problem for dilute spin nuclei in Solid State NMR, cross-polarization 

methods are used. Cross polarization works by transferring the magnetization from 

abundant spin nuclei to dilute spin nuclei via their heteronuclear coupling interactions. 

Cross polarization enhances the magnetization of dilute spin nuclei and increases the 

signal to noise ratio. So less number of scans is required to get a good signal. Additionally 

the recycle delay, the time between the scans is reduced. The recycle delay depends on the 

system to return to equilibrium with Bo, which is governed by the abundant spin nucleus 

spin-lattice relaxation time47,48. 

Now consider the 1H-13C spin pair as an example and they are in a double rotating 

frame, which means that the magnetization of 13C and 1H precess about Bo. The cross 

polarization process starts with preparation of transverse magnetization of 1H and it is 

maintained along the rotating frame x or y axis by using the contact pulse in a given 

period of time. Simultaneously another contact pulse is given to 13C in order to create 
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transverse magnetization along its x or y rotating frame axis. The condition for 

transferring magnetization from 1H to 13C, the rotating frame energy level separation for 

the given two nuclei must be same. This is known as Hartmann-Hann matching 

condition49: 

( 1H) B1
1H  = ( 13C) B1

13C 

1.5.2. Heteronuclear Correlation experiment 

Solid-state cross polarization magic-angle-spinning (CP-MAS) Frequency Switched 

Lee Goldburg (FSLG) Heteronuclear Correlation (HETCOR) spectra were obtained in a 

magnetic field of 750 MHz with the pulse sequence as shown below(see Fig.3). This 

experiment correlates the high-resolution proton spin signals with carbon spin signals. The 

correlation is obtained when 1H and 13C nuclei are dipolar coupled, it is therefore a 

through space correlation. The pulse sequence starts with preparation of a 90o pulse. 

Subsequently frequency switched Lee-Goldburg (LG) pulses were used to remove the 

large homonuclear dipolar couplings50,51. Mixing was achieved by the cross polarization 

pulse during contact time. During this period the magnetization transfers from proton to 

carbon. During the carbon acquisition the protons are decoupled from carbon by using 

TPPM decoupling scheme. 

                

Figure 3. Hetcor 1H-13C LG-CP pulse sequence; this pulse sequence starts with 90o preparation pulse 

followed by the Lee-Goldburg decoupling during t1. After that cross-polarization pulses are applied in 

mixing time on both 1H and 13C. During t2 13C FID is observed. 
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1.6. Electron Paramagnetic Resonance 

Electron paramagnetic resonance is called as electron spin resonance. It is a 

spectroscopic method based on observation of resonance absorption of microwave power 

by unpaired electron spins in an external magnetic field. When an external magnetic field 

B applied, a lower energy level is formed in which the electrons are aligned with external 

magnetic field, and a higher energy level is formed in which the electrons are aligned in 

the opposite direction of the magnetic field. The energy level difference is given by  

    E = g B = h        

 By varying the external magnetic field B, the difference in energy levels also 

changes. Resonance condition emerges when the energy of the microwaves is equal to the 

difference in energy levels. By observing the EPR spectra, three important parameters can 

be obtained: the g-factor, the width of the absorbed line and nuclear-hyperfine interactions 

that give rise to extra lines. 

 This thesis focus on three projects related to natural and artificial photosynthesis. 

Major light harvesting complex antenna photo protection mechanism, construction and 

working of novel flash excitation and rapid freeze quench instrument and structural 

determination of artificial light antenna complexes by using MAS NMR are the scope of 

this thesis.  

 Chapter 2 of this thesis describes the construction of an instrument which 

combined flash excitation and rapid freeze quenching to study the structural changes 

during water oxidation mechanism of Photosystem II . The construction involves novel 

methods in connecting the dark and light parts of flash methodology are explored.    

 In chapter 3 the role of Arg-Glu ion pair is investigated in conformational switch 

from light harvesting to photo protection mode in high light conditions of major Light 

Harvesting Complex II with MAS NMR and selective labeling of Arg.  

 MAS NMR studies alone can give the self-assembled structure of Zinc amino 

chlorines was investigated in the chapter 4. Finally chapter 5 discuss about the outlook 

and future experiments.  

 

 



Chapter 1 

18 

1.7. References  

1. Barber, J. & Tran, P. D. From natural to artificial photosynthesis. J. R. Soc. 

Interface 10, 20120984 (2013). 

2. Barber, J. Photosystem II: the engine of life. Q. Rev. Biophys. 36, 71–89 (2003). 

3. Nugent, J. H. A. Oxygenic Photosynthesis. Eur. J. Biochem. 237, 519–531 (1996). 

4. Kühlbrandt, W. Structure and function of the plant light-harvesting complex, LHC-

II. Curr. Opin. Struct. Biol. 4, 519–528 (1994). 

5. Barros, T. & Kühlbrandt, W. Crystallisation, structure and function of plant light-

harvesting Complex II. Biochim. Biophys. Acta 1787, 753–72 (2009). 

6. Gao, J., Wang, H., Yuan, Q. & Feng, Y. Structure and Function of the Photosystem 

Supercomplexes   . Frontiers in Plant Science   9, 357 (2018). 

7. Vinyard, D. J., Ananyev, G. M. & Charles Dismukes, G. Photosystem II: The 

Reaction Center of Oxygenic Photosynthesis. Annu. Rev. Biochem. 82, 577–606 

(2013). 

8. Bender, D. A. Tricarboxylic Acid Cycle. in Encyclopedia of Food Sciences and 

Nutrition (ed. Caballero, B. B. T.-E. of F. S. and N. (Second E.) 5851–5856 

(Elsevier, 2003). doi:10.1016/B0-12-227055-X/01363-8 

9. Berthold, D. A., Babcock, G. T. & Yocum, C. F. A highly resolved, oxygen-

evolving photosystem II preparation from spinach thylakoid membranes. FEBS 

Lett. 134, 231–234 (1981). 

10. Ghanotakis, D. F. & Yocum, C. F. Photosystem II and the Oxygen-Evolving 

Complex. Annu. Rev. Plant Physiol. Plant Mol. Biol. 41, 255–276 (1990). 

11. Guskov, A. et al. Cyanobacterial photosystem II at 2.9-Å resolution and the role of 

quinones, lipids, channels and chloride. Nat. Struct. &Amp; Mol. Biol. 16, 334 

(2009). 

12. Ferreira, K. N., Iverson, T. M., Maghlaoui, K., Barber, J. & Iwata, S. Architecture 

of the Photosynthetic Oxygen-Evolving Center. Sci.  303, 1831–1838 (2004). 

13. Umena, Y., Kawakami, K., Shen, J.-R. & Kamiya, N. Crystal structure of oxygen-

evolving photosystem II at a resolution of 1.9 Å A. Nature 473, 55–60 (2011). 

14. Hankamer, B., Barber, J. & Boekema, E. J. Structure And Membrane Organization 



                                                                                               General Introduction 

 

19 

Of Photosystem II In Green Plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 48, 

641–671 (1997). 

15. Melis, A. Photosystem-II damage and repair cycle in chloroplasts: what modulates 

the rate of photodamage in vivo? Trends Plant Sci. 4, 130–135 (1999). 

16. Dekker, J. P. & Boekema, E. J. Supramolecular organization of thylakoid 

membrane proteins in green plants. Biochim. Biophys. Acta 1706, 12–39 (2005). 

17. Lee, C.-I., Lakshmi, K. V & Brudvig, G. W. Probing the Functional Role of Ca2+ 

in the Oxygen-Evolving Complex of Photosystem II by Metal Ion Inhibition†. 

Biochemistry 46, 3211–3223 (2007). 

18. Kelley, P. M. & Izawa, S. The role of chloride ion in Photosystem II I. Effects of 

chloride ion on Photosystem II electron transport and on hydroxylamine inhibition. 

Biochim. Biophys. Acta - Bioenerg. 502, 198–210 (1978). 

19. Rivalta, I. et al. Structural-functional role of chloride in photosystem II. 

Biochemistry 50, 6312–6315 (2011). 

20. Pérez-Navarro, M., Neese, F., Lubitz, W., Pantazis, D. A. & Cox, N. Recent 

developments in biological water oxidation. Curr. Opin. Chem. Biol. 31, 113–119 

(2016). 

21. Najafpour, M. M. et al. Manganese Compounds as Water-Oxidizing Catalysts: 

From the Natural Water-Oxidizing Complex to Nanosized Manganese Oxide 

Structures. Chem. Rev. 116, 2886–2936 (2016). 

22. Caffarri, S., Croce, R., Breton, J. & Bassi, R. The Major Antenna Complex of 

Photosystem II Has a Xanthophyll Binding Site Not Involved in Light Harvesting. 

J. Biol. Chem.  276, 35924–35933 (2001). 

23. Bassi, R. & Dainese, P. A supramolecular light-harvesting complex from 

chloroplast photosystem-II membranes. Eur. J. Biochem. 204, 317–326 (1992). 

24. Armond, P. A., Staehelin, L. A. & Arntzen, C. J. Spatial relationship of 

photosystem I, photosystem II, and the light-harvesting complex in chloroplast 

membranes. J. Cell Biol. 73, 400 LP – 418 (1977). 

25. Croce, R. & van Amerongen, H. Natural strategies for photosynthetic light 

harvesting. Nat. Chem. Biol. 10, 492 (2014). 



Chapter 1 

20 

26. Johnson, M. P. et al. Photoprotective Energy Dissipation Involves the 

Reorganization of Photosystem II Light-Harvesting Complexes in the Grana 

Membranes of Spinach Chloroplasts. Plant Cell 23, 1468 LP – 1479 (2011). 

27. Standfuss, J., Terwisscha van Scheltinga, A. C., Lamborghini, M. & Kühlbrandt, 

W. Mechanisms of photoprotection and nonphotochemical quenching in pea light-

harvesting complex at 2.5 A resolution. EMBO J. 24, 919–28 (2005). 

28. Horton, P. Optimization of light harvesting and photoprotection: molecular 

mechanisms and physiological consequences. Philos. Trans. R. Soc. B Biol. Sci. 

367, 3455–3465 (2012). 

29. Ruban, A. V & Horton, P. Regulation of Non-Photochemical Quenching of 

Chlorophyll Fluorescence in Plants. Funct. Plant Biol. 22, 221–230 (1995). 

30. Ballottari, M., Girardon, J., Dall’Osto, L. & Bassi, R. Evolution and functional 

properties of Photosystem II light harvesting complexes in eukaryotes. Biochim. 

Biophys. Acta - Bioenerg. 1817, 143–157 (2012). 

31. Niyogi, K. K. & Truong, T. B. Evolution of flexible non-photochemical quenching 

mechanisms that regulate light harvesting in oxygenic photosynthesis. Curr. Opin. 

Plant Biol. 16, 307–314 (2013). 

32. Bode, S., Quentmeier, C. C., Liao, P.-N., Barros, T. & Walla, P. J. Xanthophyll-

cycle dependence of the energy transfer between carotenoid dark states and 

chlorophylls in NPQ mutants of living plants and in LHC II. Chem. Phys. Lett. 450, 

379–385 (2008). 

33. Wasser, I. M., de Vries, S., Moënne-Loccoz, P., Schröder, I. & Karlin, K. D. Nitric 

Oxide in Biological Denitrification:  Fe/Cu Metalloenzyme and Metal Complex 

NOx Redox Chemistry. Chem. Rev. 102, 1201–1234 (2002). 

34. Jung, C., Vries, S. de & Schünemann, V. Spectroscopic characterization of 

cytochrome P450 Compound I. Arch. Biochem. Biophys. 507, 44–55 (2011). 

35. de Vries, S. Freeze-Quench Kinetics. in Encyclopedia of Inorganic Chemistry (John 

Wiley & Sons, Ltd, 2006). doi:10.1002/0470862106.ia340 

36. Kim, S. H., Perera, R., Hager, L. P., Dawson, J. H. & Hoffman, B. M. Rapid 

Freeze-Quench ENDOR Study of Chloroperoxidase Compound I:  The Site of the 



                                                                                               General Introduction 

 

21 

Radical. J. Am. Chem. Soc. 128, 5598–5599 (2006). 

37. Jung, C., Schünemann, V. & Lendzian, F. Freeze-quenched iron-oxo intermediates 

in cytochromes P450. Biochem. Biophys. Res. Commun. 338, 355–364 (2005). 

38. Wålinder, O., Zetterqvist, Ö. & Engström, L. Intermediary Phosphorylation of 

Bovine Liver Nucleoside Diphosphate Kinase: Studies With A Rapid Mixing 

Technique . J. Biol. Chem.  244, 1060–1064 (1969). 

39. Ballou, D. P. & Palmer, G. A. Practical rapid quenching instrument for the study of 

reaction mechanisms by electron paramagnetic resonance spectroscopy. Anal. 

Chem. 46, 1248–1253 (1974). 

40. Palmer, G. & Beinert, H. Rapid Mixing and Sampling Techniques in Biochemistry. 

Rapid Mixing and Sampling Techniques in Biochemistry (Elsevier, 1964). 

doi:10.1016/B978-1-4832-3260-7.50030-5 

41. Lymn, R. W., Gibson, G. H. & Hanacek, J. A Chemical‐Stop Rapid Flow 

Apparatus. Rev. Sci. Instrum. 42, (1971). 

42. Bray, R. C. Sudden freezing as a technique for the study of rapid reactions. 

Biochem. J. 81, 189–195 (1961). 

43. Hansen, R. E. & Beinert, H. Syringe Ram for a Rapid-Freeze Sampling Instrument. 

Anal. Chem. 38, 484–487 (1966). 

44. Cherepanov, A. V & De Vries, S. Microsecond freeze-hyperquenching: 

development of a new ultrafast micro-mixing and sampling technology and 

application to enzyme catalysis. Biochim. Biophys. Acta 1656, 1–31 (2004). 

45. Andrew, E. R., Bradbury, A. & Eades, R. G. Nuclear Magnetic Resonance Spectra 

from a Crystal rotated at High Speed. Nature 182, 1659–1659 (1958). 

46. Lowe, I. J. Free Induction Decays of Rotating Solids. Phys. Rev. Lett. 2, 285–287 

(1959). 

47. Schaefer, J. & Stejskal, E. O. Carbon-13 nuclear magnetic resonance of polymers 

spinning at the magic angle. J. Am. Chem. Soc. 98, 1031–1032 (1976). 

48. Pines, A. Proton-enhanced NMR of dilute spins in solids. J. Chem. Phys. 59, 569 

(1973). 

49. Hartmann, S. R. & Hahn, E. L. Nuclear Double Resonance in the Rotating Frame. 



Chapter 1 

22 

Phys. Rev. 128, 2042–2053 (1962). 

50. Lee, M. & Goldburg, W. I. Nuclear-Magnetic-Resonance Line Narrowing by a 

Rotating rf Field. Phys. Rev. 140, A1261–A1271 (1965). 

51. van Rossum, B.-J. et al. Multidimensional CP-MAS 13C NMR of uniformly 

enriched chlorophyll. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 54, 1167–

1176 (1998). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


