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Abstract 

  Oxygenic photosynthesis is a process performed by cyanobacteria, various algae and 

higher plants to harvest energy from sunlight and convert them into chemical energy. 

During this process, the water-splitting and oxygen-evolving reaction is catalyzed by 

photosystem II (PSII), whereas photosystem I (PSI) generates the reducing power for the 

reduction of NADP+ to NADPH. Together with their peripheral light-harvesting 

complexes (LHCs), photosystems are located in the thylakoid membranes of 

cyanobacteria, algae, and higher plants. Recent advances in single-particle cryo-electron 

microscopy (Cryo-EM), X-ray free electron laser (XFEL) and other techniques have 

revealed high-resolution structures of the two supercomplexes. Generally, the PSII forms 

dimer, while PSI forms trimer and monomer in most cyanobacteria, algae and higher 

plants. Recently, a novel tetrameric PSI was found in a N2 fixing cyanobacterium 

Anabaena sp. PCC 7120. However, we have little acknowledge on the structure and 

functions of this species. In this work, I focus on the chemical and structural studies of 

the tetrameric PSI in Anabaena sp. PCC 7120.  

First, we isolated tetrameric, dimeric, monomeric PSI using anion exchange 

chromatography, followed by sucrose density gradient centrifugation. To investigate the 

chemical activity and thermal stability of PSI particles, we compared their O2 uptake 

activities and structural changes under different temperature conditions (0℃, 10℃, 20℃, 

30℃, 40℃, 50℃, 60℃.) The results showed that the PSI tetramer was stable at 

temperatures up to 60℃, whereas that of the dimer was unstable and starts to degrade 

into monomers at temperatures higher than 40oC. This suggests that the PSI tetramer is 

the native form of PSI in vivo, and it has a high resistance to the heat stress.  

Secondly, we analyzed the structure of the PSI tetramer from Anabaena sp. PCC 

7120 by single particle Cryo-EM. A 3D model at ~3.3Å resolution was obtained, and the 

structure of the PSI tetramer was refined and compared with the high-resolution crystal 

structure of PSI from Thermosynechococcus elongatus (T. elongatus) solved at 2.5 Å. 

This comparison reveals interactions in the two different interfaces (type 1 interface 

within a dimer and type 2 interface between dimers) and the existence of characteristic 

pigment orientations and inter-pigment distances within the dimer units, in the tetramer. 

The type 1 interface in the PSI tetramer is similar to the monomer interface in the trimeric 
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PSI from T. elongatus, whereas the type 2 interface is unique for the PSI tetramer and not 

found in the PSI trimer. The results observed in the structure of the tetrameric PSI, 

together with the sequence alignment of PsaL, suggested that large side chains of PsaL at 

the type 1 interface plays a key role for the formation of the tetrameric PSI in 

cyanobacteria. 

Finally, we investigated changes in the ratio and pigments of PSI tetramer under high 

light intensities. The results revealed that expression of the tetrameric PSI is favored 

under high light intensity, with an increased content of myxol 2′-fucoside and 

canthaxanthan and decreased content of echinenone and β-carotene. This study suggested 

that tetrameric PSI is an adaptation form to high light intensity, and myxol 2′-fucoside 

and canthaxanthan may play an important role in photoprotection of PSI against 

photoinhibition. 
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Abbreviations 

Ao: a special chlorophyll a molecule (primary electron acceptor of PSI) 

ATP: adenosine 5’- triphosphate 

ADP: adenosine diphosphate 

β- DDM: β-dodecyl maltoside 

CBB: coomassie brilliant blue 

Chl: chlorophyll 

Cyt: cytochrome 

FX, FA, and FB: three separate iron sulfur centers 

Fd: ferredoxin 

FNR: ferredoxin-NADP+-reductase 

G3P: glyceraldehyde-3-phosphate 

HEPES: 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethanesulfonic acid 

LHC: light harvesting complexes 

NADP: nicotineamide adenine dinucleotide phosphate 

PC: plastocyanin 

PEG: polyethylene glycol, Mr 6000 

3-PGA: 3-phosphoglyceric acid  

Pheo: pheophytin 

PhQ: phylloquinone 

PQ: plastoquinone 

PSII: photosystem II 

PSI: photosystem I 

QA: primary quinone acceptor of PSII 

QB: secondary quinone acceptor of PSII 

RC: reaction center  

RuBP: ribulose-1,5-bisphosphate 
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General introduction 

 

1. Photosynthesis 

Photosynthesis is a process by cyanobacteria, various algae and high plants to 

harvest energy from sunlight and convert it into chemical energy. In photosynthesis, CO2 

and H2O are utilized to synthesize organic compounds, and they are stored in the form of 

sugars. Photosynthesis is indispensable in supplying all of the organic compounds and 

most of the energy resources for life on earth, and also for producing and maintaining the 

oxygen content in the atmosphere.  

The photosynthetic organisms appeared on earth about 3.2 to 3.5 billion years ago 

(De Marais et al. 2000). Later, the first photosynthetic eukaryotes appeared around 1.6 

billion years ago (Bengtson et al. 2017), which eventually evolves into land plants 

approximately 0.5 billion years ago (Rensing et al. 2008). The increase of oxygen in the 

atmosphere produced by prokaryotic cyanobacteria contributed directly to the exchange 

of our earth’s atmosphere from anaerobic into aerobic one, which enabled the appearance 

and evolution of life possible on earth (Bekker et al. 2004; Anbar et al. 2007;, Van 

Kranendonk et al. 2012). The overall reaction of photosynthesis is represented by the 

following equations. 

 

2 H2O + 4 photons → O2 + 4 e- + 4 H+ The light reactions 

4 e- + 4 H+ + CO2 → [CH2O]n + H2O The dark reactions 

 

Here, the light reactions are represented in the former equation and are performed 

by photosystem II (PSII) and photosystem I (PSI), two specialized protein complexes 

located in the thylakoid membrane. The light reactions begin with absorption of the light 

energy by pigments such as chlorophylls (Chls), carotenoids and phycobilisomes, etc, 

associated with various light harvesting complexes (LHC), resulting in the excitation of 

these pigments. Different photosynthetic organisms contain different types of light 

harvesting antennae. In cyanobacteria, water soluble phycobilisomes are used as the light 

harvesting antennae (Mullineaux et al. 2008), whereas in eukaryotic algae and high plants, 

membrane spanning LHCII and LHCI are associated with PSII and PSI reaction centers, 
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respectively (Neilson and Durnford et al. 2010). The excitation energy is transferred to 

the reaction center of PSII and PSI, respectively, to initiate a series of electron transfer 

reactions. In PSII, charge separation in its reaction center P680 results in a series of 

electron transfer reactions, which ultimately abstract electrons from water molecules, 

resulting in the splitting of water and generation of molecular oxygen. The electrons from 

the water splitting reaction are transferred through cytochrome (cyt) b6/f complex and PSI, 

resulting in the reduction of NADP+ to NADPH by a ferredoxin (Fd)-NADP reductase 

(FNR). During these electron transfer reactions, protons are accumulated in the lumenal 

side of the thylakoid membrane, providing a proton concentration gradient that is used to 

drive ATP synthesis by the ATP synthase. The ATP and NADPH thus produced are 

ultimately used in the Calvin-Benson cycle to produce carbohydrates from carbon dioxide. 

 

2. Photosynthetic electron transport system 

The photosynthetic electron transport chain is composed of PSII, cyt b6/f, and PSI 

complexes (Fig. 0-1). The liner electron transfer starts with the simultaneous excitation 

of reaction centers P680 in the PSII and P700 in the PSI. The excitation energy comes 

from absorbed light energy, which is captured by antennas. These "antenna" pigment 

molecules (chlorophylls and carotenoids) absorb light energy and then transmit it from 

one molecule to the next, finally to the reaction centers. In PSII, the excited P680* loses 

an electron to Pheo, producing oxidized P680+ and reduced Pheo-, whereas in PSI, the 

excited P700* loses an electron to Ao, producing oxidized P700+ and reduced Ao
-. The 

electron of Pheo- is subsequently transferred to QA and QB, two bound plastoquinone 

molecules in PSII (Fig. 0-2). On the other side, the oxidized P680+ receives an electron 

from a nearby amino acid residue Tyr (D1-Tyr161), becoming to be re-reduced. The 

oxidized Tyr residue can abstract an electron from a nearby Mn4CaO5-cluster. The 

Mn4CaO5-cluster in turn abstracts electrons from water molecules. After four successful 

removal of electrons from two water molecules, the water molecules are split go generate 

a molecular oxygen. 

The electrons from PSII are transferred to the cyt b6/f complex through the mobile, 

free plastoquinone molecules within the membrane (Fig. 0-1). The electrons are 

transferred through a “Q-cycle” within the cyt b6/f complex, bring a proton concentration 
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gradient across the membrane. This, together with the protons generated through water 

splitting as well as the protonation of QB
- in PSII, provides the driving force for the 

ATPase to synthesize ATP from ADP and phosphate at the outside (stromal) side of the 

membrane (Fig. 0-1). 

 

Fig. 0-1. Photosynthetic electron transport system. 

 

The electrons from the cyt b6/f complex are further transferred through the mobile 

electron carrier plastocyanin (PC) at the lumenal side to P700* of PSI, reducing the P700* 

to its normal state. The electron on Ao is passed through a phylloquinone (PhQ) and Fe4S 

cluster (Fx, FA/FB), and then to FNR. Ultimately, the electrons arrive to NADP+, which is 

used to synthesize NADPH. The whole electron transfer chain of oxygenic photosynthesis 

is showed in Fig. 0-2. 
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Fig. 0-2. Z-scheme for the electron transfer of oxygenic photosynthesis. 

 

3. Kok cycle 

In the photooxidation of water during the light reactions of photosynthesis, four 

electrons and four protons are extracted from two water molecules and finally an O2 

molecule was produced. This process proceeds through the Kok cycle (Fig. 0-3). 

According to the theory of Kok (Kok et al. 1970), the process can be divided into 5 states: 

S0 to S4, and each state is advanced to the next state by one flash (one photon). Among 

these states, the S1-state is stable in the dark conditions. When PSII in the S1-state is 

exposed to light, it is advanced to a higher oxidation state and eventually to S4-state to 

split substrate water molecules. Photons trapped by PSII transfer the S-state from S0 to 

S4, during which, electrons are released one by one. In the end, O2 molecule is formed 

after irradiation of every four flashes, with the first peak of O2 appeared after three flashes. 

The S4-state is instantly transferred to the S0 state without flash illumination. Thus, S4 is 

an unstable and transit state.  

 



 

10 

 

 

Fig. 0-3. Schematic representation of the Kok cycle for photosynthetic water splitting. 

 

4. Calvin-Benson cycle 

In plants, CO2 enters the interior of a leaf through stomata and diffuses into the 

chloroplast—where the Calvin-Benson cycle reactions take place. The Calvin-Benson 

cycle includes three basic stages: fixation, reduction, and regeneration. 

In the first stage of Calvin-Benson cycle, a CO2 molecule combines with a five-

carbon acceptor molecule, ribulose-1, 5-bisphosphate (RuBP) (Fig. 0-4). This reaction is 

catalyzed by the enzyme Rubisco, and the result of which is formation of a six-carbon 

compound. This compound subsequently splits into two molecules of a three-carbon 

compound, 3-phosphoglyceric acid (3-PGA). In the second stage, ATP and NADPH are 

used as the energy source to convert the 3-PGA molecules into another three-carbon 

compound, glyceraldehyde-3-phosphate (G3P). The molecules of ADP and NADP+, 

resulting from the reduction reaction, return to the light-dependent reactions to be re-

energized. In the third stage, one G3P molecule goes to contribute to the formation of the 

carbohydrate molecule, which is commonly glucose (C6H12O6), while others are recycled 

to regenerate the RuBP, which enables the system to prepare for the next carbon-fixation 

step.  
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Fig. 0-4. The Calvin-Benson cycle of photosynthetic carbon fixation. 

 

5. The history of PSI structural studies in cyanobacteria and higher plants 

Within the photosystems, PSI is a pigment protein complex catalyzing the light‐

driven electron transport from plastocyanin to ferredoxin in oxygenic photosynthetic 

organisms (Golbeck et al. 1987; Nelson and Yocum et al. 2006). Cyanobacterial PSI 

trimers have been studied in numerous works (Boekema et al. 1987; Tsiotis et al. 1995; 

Garczarek et al. 1998) and the highest resolution of PSI structure of cyanobacteria was 

obtained from Thermosynechococcus elongates at 2.5 Å (Jordan et al. 2001). This 

structure showed that the cyanobacterial PSI is a trimer with its shape resembling a clover 

leaf, and revealed the detailed locations of 12 protein subunits, 96 chlorophylls, 2 

phylloquinones, 3 Fe4S4 clusters, 22 carotenoids, 4 lipids, a putative Ca2+ ion and 201 

water molecules. Most of the antenna Chl a molecules, the carotenoids and the lipids are 

bound to PsaA and PsaB, the two major subunits of the system. In addition to the PsaA/B 

subunits, 10 other subunits were identified. PsaC, PsaD and PsaE are peripheral 

membrane proteins; they bind to the stromal surface of the thylakoid membrane and was 

proposed to form the binding site for ferredoxin. The subunits PsaF, PsaI, PsaJ, PsaK, 

PsaL, PsaM and PsaX are small integral membrane proteins mainly involved in the 

coordination of antenna and other cofactors, and the stabilization of PSI.  
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The monomeric PSI from higher plants have also been studied (Kitmitto et al. 1998; 

Ben-Shem et al. 2003 and 2004; Gardian et al. 2007; Veith and Büchel et al. 2007; Amunts 

et al. 2010; Mazor et al. 2015; Qin et al. 2015; Suga et al. 2016). Recently, monomeric 

PSI-LHCI structure has been solved at 2.6 Å (Mazor et al. 2017) by X-ray crystallography, 

which showed that the supercomplex contains 12 PSI core subunits and 4 LHCI subunits. 

The four LHCI subunits are associated at one side of the PSI core, forming a 

semispherical shape for the whole supercomplex. The improved resolution of PSI-LHCI 

structure gives a further detailed model to allow us to compare the PSI characteristics of 

cyanobacteria and higher plants directly. 

 

6. The differences of PSI structures between cyanobacteria and higher plants  

The most significant difference is that: cyanobacterial PSI is a trimer without directly 

associated antennae, whereas the higher plant PSI is a monomeric one surrounded by 

membrane-intrinsic antenna proteins LHCI, forming a PSI-LHCI supercomplex to 

maximize the light-energy utilization efficiency (Suga et al. 2016). Obviously, PSI 

subunits are largely conserved in cyanobacteria and higher plants, but slight differences 

exist: 10 subunits (PsaA - F and PsaI - L) are found in both cyanobacteria and higher 

plants, whereas PsaM is present in the cyanobacteria PSI only. In addition, the PSI of 

plants contains four unique subunits: PsaG, PsaH, PsaN and PsaO (Nelson and Ben-Shem 

et al. 2005). Gene targeting in Synechocystis revealed that the PsaL subunit is essential 

for trimerization (Chitnis and Chitnis et al. 1993; Xu et al. 1995). On the other hand, the 

reason for the failure of formation of the trimer in higher plant PSI is due to the existence 

of PsaH, which prevents the formation of the trimer on one hand and enables regulation 

of state transition on the other hand (Lunde et al. 2000; Ben-Shem et al. 2004). This 

difference may correspond to the different antenna complexes present between 

cyanobacteria and higher plants (Kouřil et al. 2005; Galka et al. 2012). In addition, the 

PsaF subunit was identified in cyanobacteria and higher plants. Knock out PsaF in 

eukaryotic organisms results in dramatically reduced electron transfer from plastocyanin 

to 700 (Farah et al. 1995; Hippler et al. 1997), whereas removing PsaF from cyanobacteria 

does not show influence on the system, suggesting a different role for PsaF in the two 

organisms (Chitnis et al. 1991; Xu et al. 1994). Moreover, large difference was observed 
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in PsaK, a conserved subunit existing in all known PSI complexes and is important for 

state transitions. For example, in higher plants the PsaK is involved in the stabilization of 

the outer antenna system, especially Lhca2 and Lhca3 (Jensen et al. 2000; Ihalainen et al. 

2002; Varotto et al. 2002). However, the Psak-less mutant of cyanobacteria did not show 

any significant changes on the system (Nakamoto and Hasegawa etal. 1999; Naithani et 

al. 2000; Tang and Chitnis et al. 2000). Although the organization of PSI is different in 

the two organisms, their monomeric units reveal high similarity: the two major subunits 

PsaA/B overlap in the two structures (trimer and monomer), and this also applies to the 

three stromal subunits PsaC-E and the small transmembrane complexes such as PsaI-L. 

 

7. The unique tetrameric PSI structure 

As described above, PSI forms trimeric complexes in most cyanobacteria and 

monomeric complexes in plants/algae. However, a unique form of the PSI complex was 

discovered in a filamentous N2 fixing cyanobacteria Anabaena, which is a tetramer 

(Watanabe et al. 2011). According to the isolated tetrameric PSI from Anabaena, the 

difference in association of the monomers between the trimers and tetramers is their 

different angles (Watanabe et al. 2014). Recently, a PSI tetramer was also isolated from 

another cyanobacterium, Chroococcidiopsis sp.TS-821 (Li et al. 2014). Furthermore, the 

structure of the PSI tetramer of Chroococcidiopsis sp.TS-821 obtained by single particle 

analysis with cryo-EM suggested that the tetramer is a dimer of dimers, and the monomer 

can take two different non-equivalent positions, resulting in two different monomer 

interfaces (Semchonok et al. 2016). However, this resolution was not enough to reveal 

the detailed arrangement of pigments and subunit interactions within the tetrameric PSI, 

and their chemical characterization are still unclear.   

 

8. Research contents in this work 

In this study, we purified monomeric, dimeric and tetrameric PSI core complexes 

from Anabaena sp. PCC7120 by anion-exchange chromatography of detergent-

solubilized thylakoids, followed by a sucrose density gradient centrifugation. As a result, 

we successfully obtained the PSI monomers, dimers and tetramers from Anabaena sp. 

PCC 7120 with high purity. The effect of temperature on PSI activity and thermostability 
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were studied using the PSI samples isolated from Anabaena sp. PCC 7120. The result 

showed that the PSI activity of dimers was lower than those of tetramers and monomers 

at 30oC, and it decreased to a slightly larger extent than those of PSI monomers and 

tetramers as the temperature increases. Furthermore, the PSI dimer was degraded into 

monomers at high temperatures, whereas the oligomeric states of PSI tetramers and 

monomers were not affected at high temperatures. 

With the isolated PSI tetramer, we solved its structure by single particle cryo-EM 

analysis at a resolution of 3.3 Å (Kato et al. 2019). The structure obtained clearly showed 

that it is composed from four PSI monomers in a dimer of dimers form. There are two 

interfaces present in the PSI tetramer, one is common to the monomer-monomer interface 

found in the PSI trimer, whereas the other one is unique to the tetramer. After comparing 

the amino acid sequence of PsaL, we found that some amino acid residues of PsaL is a 

key regulator for the formation of the tetrameric PSI in cyanobacteria, as these residues 

have larger side chains that allows formation of the PSI tetramer but does not allow the 

formation of the PSI trimer. 

We further investigated the effects of light intensity on the PSI oligomeric forms as 

well as pigments from Anabaena sp. PCC 7120. Our results showed that the tetramer 

from cells grown under high light intensity became more resistant to higher β-DDM 

concentration. Furthermore, we found that while echinenone and β-carotene was slightly 

reduced, the content of myxol 2′-fucoside and canthaxanthin were increased significantly 

accompanying increase in the light intensity, indicating that myxol 2′-fucoside and 

canthaxanthin may have important roles in protecting the photosystem from photodamage. 

In conclusion, our work provided important insights into the properties, structure 

and functions of PSI tetramer in cyanobacteria, and also important clues to the 

evolutionary changes from trimer and tetramer PSI in cyanobacteria to monomer PSI in 

green plants.  
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Chapter 1 

Isolation and purification of Photosystem I Core Complex from Anabaena sp. PCC 

7120 

Abstract 

Photosystem I (PSI) is a pigment-protein complex functioning in oxygenic photosynthesis. 

Unlike the monomeric PSI complexes found in eukaryotic algae and higher plants, PSI 

forms trimeric complexes in most cyanobacteria. Recently, a tetrameric form of PSI was 

found in a nitrogen fixing cyanobacterium Anabaena sp. PCC 7120. The tetrameric PSI 

of Anabaena sp. PCC 7120 can be isolated by sucrose density gradient centrifugation, 

while the PSI monomers and PSI dimers are always contaminated by PSII due to their 

similar molecular size. This chapter describes the isolation and purification of the PSI 

core complex from Anabaena sp. PCC 7120. PSI monomer, dimer and tetramer were 

isolated from the cyanobacterium by a combination of anion-exchange column 

chromatography and sucrose density centrifugation following detergent solubilization of 

the thylakoid membranes. The purified PSI core monomers, dimers and tetramers were 

analyzed by clear native (CN) and SDS-PAGE. To investigate the activity and 

thermostability of the PSI particles, their heat-tolerances were measured up to 60oC by 

oxygen uptake in the presence of methyl viologen and CN-PAGE. The results showed 

that the PSI activity of PSI dimers was slightly lower than those of monomers and 

tetramers at 30oC, and it was decreased to a larger extent than those of the other two forms 

upon increasing the temperature. Furthermore, while the temperature did not affect the 

organization of PSI monomer and PSI tetramer up to 60oC, the PSI dimers disintegrated 

completely into monomers at 60oC. These results suggest that while PSI tetramer is highly 

resistant to heat stress, PSI dimer is sensitive to higher temperatures. 

.  
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1.1. Introduction 

In oxygenic photosynthesis, photosystem I (PSI) is a pigment protein complex that 

is located in the thylakoid membrane and converts light energy to chemical energy for 

ATP and NADPH production (Golbeck et al. 1987; Nelson et al. 2005 and 2006). 

Generally, photosynthetic reaction centers in oxygenic organisms are found as monomers 

(algae and plant PSI), dimers (all PSII), or trimers (cyanobacterial PSI). PSI trimers have 

been isolated from most known cyanobacteria (Boekema et al. 1987; Tsiotis et al. 1995; 

Garczarek et al. 1998; Jordan et al. 2001), suggesting that cyanobacteria PSI preferentially 

forms a trimer. Furthermore, it is known that the PSI of eukaryotic algae and higher plants 

exists as a monomer (Kitmitto et al. 1998; Gardian et al. 2007; Veith and Büchel et al. 

2007; Amunts et al. 2010; Mazor et al. 2015 and 2017; Qin et al. 2015; Suga et al. 2016). 

However, PSI tetramer was also isolated from a nitrogen fixing cyanobacterium 

Anabaena sp PCC 7120 by using either blue-native PAGE or sucrose density gradient 

centrifugation (SDGC), and no trimer was found to be present in this cyanobacterium, 

although a small amount of the monomeric form of PSI was also found to be present, and 

a dimeric form of PSI appeared upon increasing the concentration of β-dodecyl-n-D-

maltopyranoside (β-DDB) (Watanabe et al. 2011). The structure of the PSI trimer was 

solved by X-ray crystallography from a thermophilic cyanobacterium 

Thermosynechococcus elongatus previously (Jordan et al. 2001). However, the structure 

of the cyanobacterial PSI tetramer was not solved, and there is few studies on the 

functions and stability of the tetrameric PSI from Anabaena sp PCC 7120. This makes it 

difficult to understand why PSI forms a tetramer in the N2-fixing cyanobacteria. In this 

study, PSI tetramers, PSI dimers and PSI monomers were isolated from from Anabaena 

sp PCC 7120, and their properties were examined by UV-Spectra, 77K fluorescence, 

Creative Native-PAGE, SDS-PAGE. The PSI activity and thermostability of the different 

forms of PSI were studied at temperatures ranging from 30℃ to 60℃. The results showed 

that the PSI activity of dimers were slightly lower than those of tetramers and monomers, 

and it was decreased to a slightly larger extent than those of tetramers and monomers 

upon increasing temperatures. Furthermore, the structural stability of the PSI tetramers 

was higher than those of the dimers, suggesting that the PSI tetramer is a native form of 

PSI and plays a central role in this cyanobacterium.  
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1.2. Methods 

1.2.1. Growth of the cyanobacterium Anabaena sp. PCC 7120  

Anabaena sp. PCC 7120 cells were grown in a liquid BG-11 (Table. 1-1) medium at 

30℃. Cultures were bubbled with aeration with 3% CO2-containing air under white light 

illumination at 30 μM Einstein m-1 s-l. After 5 days incubation, cells were harvested by 

centrifugation at 15,300 ×g for 5 min at 30℃ (HITACHI R9A rotor). Precipitants were 

suspended in buffer A containing 200 mM trehalose, 20 mM Mes-NaOH (pH6.5), 5 mM 

CaCl2, 10 mM MgCl2 and stored at −80°C. 

 

Table 1-1. Chemical composition of the BG11 medium. 

 

 

1.2.2. Thylakoid membrane isolation 

Thylakoid membrane was isolated as described in Watanabe et al (2009) (Watanabe 

et al. 2009) with slight modifications. The harvested cells were suspended in buffer A to 

which benzamidine (final concentration of 1 mM), aminocapronic acid (final 

concentration of 1 mM), bovine serum albumin (final concentration of 0.2%), DNaseI 

(final concentration of 5 mM) were added. Cells were disrupted by agitation with glass 

beads on ice in the dark for 20 cycles; with 10 seconds on and 2.5 minutes off for each 

cycle. After washing in buffer A, the thylakoid membranes were precipitated by 

centrifugation at 234,500 ×g for 30 min at 4℃ (HITACHI P45AT rotor), and the 

precipitants were recovered and suspended in buffer A. Chl concentration was determined 

in 100% methanol (Porra et al. 1989). 
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1.2.3. Purification of photosystem I 

The thylakoid membranes obtained was solubilized at a Chl concentration of 0.5 mg 

chl/ml with 1.0% n-dodecyl-β-D-maltoside (β-DDM) by stirring in the dark at 6°C for 

30 min. After centrifugation at 81,500 ×g for 10 min at 4℃, the supernatant was loaded 

onto a Q-sepharose anion-exchange column (2.5 cm of inner diameter and 10 cm of 

length) equilibrated with buffer B containing 200 mM trehalose, 20 mM Mes-NaOH 

(pH6.5), 5 mM CaCl2, 10 mM MgCl2, and 0.01% β-DDM. The column was washed with 

5% buffer C containing 1200 mM trehalose, 20 mM Mes-NaOH (pH6.5), 1 M NaCl until 

the eluate became colorless, followed by elution with a 5% to 25% of buffer C linear 

gradient at a flow rate of 2.0 mL min−1 (total volume 400 mL). Three distinct peaks were 

eluted by the NaCl gradient. Each PSI fraction was collected and concentrated by 13% 

PEG. After centrifugation for 30 min at 234,500 × g (HITACHI P45AT rotor), the 

precipitants were suspended in buffer A and loaded onto a linear sucrose gradient of 10–

40% (w/v) in a medium containing 20 mM MES-NaOH (pH 6.5), 5 mM CaCl2, 10 mM 

MgCl2 and 0.01% β-DDM. After centrifugation at 152,000 × g for 18 h at 4°C (P40ST 

rotor; Hitachi, Japan), fractions of the PSI tetramer, dimer and monomer were obtained 

and then concentrated using a 100 kDa cut-off filter (Amicon Ultra; Millipore, USA) at 

3,000 × g. The concentrated PSI core complexes were stored in liquid nitrogen until use. 

 

1.2.4. UV-spectra and low-temperature fluorescence measurements 

The absorption spectra of PSI solution were recorded at room temperature in a split 

beam model on a UV-2450 (SHIMADZU, JAPAN) with 0.2 nm step size. Low-

temperature (77 K) fluorescence emission spectra were obtained on a fluorescence 

spectrophotometer (SHIMADZU RF-5300PC, Japan) in the range of 600 to 800 nm using 

an excitation wavelength of 435. 

 

1.2.5. Clear native (CN) – PAGE and SDS-PAGE 

Briefly, 2 µg Chl of each PSI sample was subjected to clear native (CN)-PAGE using 

3-8% polyacrylamide gel together with a molecular marker (Native Mark Unstained 
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Protein Standard; Invitrogen). After electrophoresis, the CN-PAGE gel was stained with 

CBB R-250 (Bio-Rad). SDS-PAGE was performed using 16% SDS-polyacrylamide gel 

containing 7.5 M urea. Each PSI sample containing 2 µg Chl was solubilized with a buffer 

containing 3% (w/v) lithium dodecyl sulfate, 75 mM dithiothreitol at 60°C for 10 min 

immediately before electrophoresis. A standard molecular weight marker (Prestained 

Natural SDS-PAGE Protein Standards, Low Range) was used. 

 

1.2.6. Thermostability of PSI 

The effects of heat stress on PSI tetramer, dimer and monomer stability were studied 

by incubating each PSI sample containing 5 μg Chl suspended in a total volume of 100 

μL buffer B at 30, 40, 50 and 60°C for 30 min. Following the heat treatment, the oxygen 

uptake activity of each PSI sample (final content 2 μg Chl) was measured at 30oC, and 

their structural changes were analyzed by CN-PAGE containing a 3%~8% 

polyacrylamide gel. The temperature was controlled automatically using a Peltier device.  

 

1.2.7. PSI activity measurement  

According to the previous method (Haniewicz et al. 2018), the oxygen absorption 

activity of the isolated PSI tetramer (5 μg of Chl), dimer (5 μg of Chl) and monomer (5 

μg of Chl) were measured using a Clark-type oxygen electrode, which is based on the 

consumption of dissolved O2 in the presence of PSI. The analysis was performed in the 

working solution with a total volume of 1.0 mL containing 0.2 M trehalose, 5 mM CaCl2, 

10 mM MgCl2, and 40 mM Mes-NaOH (pH 6.5) in the presence of 0.2 mM 

methylviologen, 10 mM sodium azide, 0.2 mM dichlorophenolindophenol, and 6 mM 

sodium ascorbate. The electrode was standardized before and after each of the 

measurements with distilled water. A fiber optic illuminator with a lamp power of 100 W 

and a light intensity of 1,800 μmol/m−2 s−1 was used as a light source. All measurements 

were performed at 30°C in a liquid-phase electrode chamber under continuous stirring. 

 



 

26 

 

 

1.3. Results and Discussions 

1.3.1. Isolation of PSI core supercomplexes 

Here we applied one step anion exchange chromatography and sucrose density 

gradient centrifugation to obtain pure PSI supercomplex preparations from the 

cyanobacterium Anabaena sp. PCC 7120. In order to obtain purified PSI particles, crude 

thylakoid membrane was first purified by an anion-exchange column following detergent 

solubilization to remove most of the phycobilisome proteins and PSII components. The 

crude extract was separated into three main fractions from the anion exchange column in 

the order of (1) PSI monomer (M), (2) PSI dimer (D), and (3) PSI tetramer (T) (Fig. 1-

1a). After SDGC, main green bands were obtained from each fraction, although some 

weak green bands were also observed which corresponds to free pigments or other 

oligomeric states of PSI and were not collected (Fig. 1-1 b). To separate the monomeric, 

dimeric and tetrameric PSI successfully by the anion exchange column, the elute volume 

and linear salt gradient were crucial.  

With the procedure described, the yield of PSI monomer, dimer and tetramer were 

3.5%, 5.7% and 2.7%, respectively, from a total of 30 mg Chls of thylakoid membranes. 

In Watanabe et al. (2011) (Watanabe et al. 2011), it was shown that the Anabaena PSI 

were separated into the tetramers and monomers, and essentially no dimers were observed 

under low concentrations of β-DDM. The higher yield of PSI dimer over PSI monomer 

and tetramer observed in our study may be due to a higher detergent concentration used 

to solubilize the membranes and purification. 
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Fig. 1-1. a. Elution profile of a preparative anion exchange chromatography of PSI. The 

chromatogram shows the chromatographic step for separation of monomeric (M), dimeric 

(D) and tetrameric (T) PSI. Blue line: absorption at 280 nm; orange line: gradient of buffer 

B. b. Purification of Anabaena PSI monomer (M), dimer (D) and tetramer (T) eluted from 

the anion column by SDGC. 

 

1.3.2. Analysis of the oligomeric state and protein composition 

To investigate their molecular size, purified PSI fractions from the SDGC were 

analyzed by CN-PAGE, which showed only a single band in each fraction (Fig. 1-2 a). 

According to the apparent molecular mass of each green band, they represent monomeric, 

dimeric, and tetrameric forms of PSI. This was confirmed by subsequent SDS-PAGE (Fig. 

1-2b), which showed that the monomeric, dimeric and tetrameric PSI have the same 

subunit composition. These include the PsaA and PsaB polypeptides with molecular 

weights around 50 kDa, and PsaD, PsaF, PsaE, PsaL polypeptides with molecular weights 

smaller than 21 kDa.  
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Fig. 1-2. Analysis of the oligomeric state and protein composition. a, CN-PAGE. b, SDS-

PAGE. 

 

1.3.2. Spectroscopic characterization 

Room temperature absorption spectra of thylakoids, purified PSI samples are shown 

in Fig. 1-3. The thylakoid membranes absorbed maximally at 676 nm, whereas the 

maximum absorption peaks have been observed at 679 nm in the PSI fractions. In our 

results, monomeric, dimeric and tetrameric PSI fractions show clearly identical peaks 

without any detectable PSII contamination. Fig. 1-4 shows the 77 K fluorescence 

emission spectra from samples illuminated with 435 nm light, which is absorbed 

primarily by Chl a. The thylakoid samples exhibit two peaks at 685 nm originating from 

PSII and a third peak at 726 nm originating from PSI. The purified PSI monomer, dimer 

and tetramer showed only one peak at 730 nm, and no PSII peaks (at 685) were observed. 

It is interesting to note that the fluorescence emission peak of PSI is red shifted by 4 

nm in the purified PSI monomer, dimer and tetramer than that in the thylakoid membranes. 

Although the exact reason for this red shift is not clear, it may be due to re-organization 

of some red Chls in the purified PSI particles by detergent treatments.  
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Fig. 1-3. Room temperature absorption spectra of thylakoids (blue line), PSI monomer 

(black line), dimer (red) and tetramer (green line).  

 

Fig. 1-4. 77 K fluorescence emission spectra of thylakoids (blue line), PSI monomer 

(black line), dimer (red line) and tetramer (green line). Samples were excited with 435 

nm light.  
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1.3.3. PSI activity 

The activity of PSI particles was measured as oxygen uptake activity in the presence 

of methyl viologen at 30°C. It was shown that the O2 uptake activity of dimeric PSI was 

slightly lower than those of tetramers and monomers (Table 1-2). The effect of heat stress 

was examined over the temperature of 30℃ to 60℃ for 30 min. The results indicated that 

the PSI O2 uptake activity of PSI dimers also decreased to a slightly larger extent than 

those of tetramers and monomers (Table 1-2).  

 

Table 1-2. O2 uptake activity of PSI monomer, dimer and tetramer at different 

temperatures (µmol O2 (mg Chl)−1 h−1). 

 

 

1.3.4. Thermostability of PSI 

The stability of the monomeric, dimeric and tetrameric PSI was further examined by 

CN-PAGE as a function of temperature. As Fig. 1-5 shows, the structure of monomeric 

PSI and tetrameric PSI were not affected by increasing the temperature up to 60oC, and 

only a single band was observed at each temperature conditions in CN-PAGE. However, 

the structure of the dimeric PSI became unstable at 40oC, and was disintegrated 

completely into monomer at 60oC (Fig. 1-5). Therefore, the structural stability of the 

dimeric PSI is lower than those of monomeric and tetrameric PSI under heat stress.  
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Fig. 1-5. a, CN-PAGE analysis of prepared PSI samples at different temperature values 

(30℃, 40℃, 50℃, 60℃). b, The same CN-PAGE gel stained with CBB to enhance 

clarity. 

 

1.4. Conclusions 

The methods commonly used to purify PSI from solubilized thylakoid membranes 

include sucrose density gradient centrifugation, gel filtration chromatography, and ion 

exchange chromatography. Comparing with these methods, the procedure of sucrose 

density gradient centrifugation is simple, and easy to operate. The insoluble materials will 

precipitate on the bottom of the centrifuge tube, which can be easily removed. The 

proteins are separated into each band based on their different sizes and not diluted, which 

can be easily collected. However, the disadvantage of sucrose density gradient 

centrifugation is time consuming, low resolution when using materials such as thylakoid 

membranes, and can only deal with small amounts of sample. Gel filtration 

chromatography also separates proteins through their different protein size, and is very 

similar to sucrose density gradient centrifugation. Thus, target proteins that cannot be 

separated by sucrose density gradient centrifugation may not be successfully removed by 

this method. It also has the drawbacks of time consuming and capable of handling small 

sample volumes. In contrast, anion exchange chromatography separation is based on the 

charges of the target proteins using an ion-exchange resin. In anion exchange 

chromatography, the resin contains positively charged groups, and will bind negatively 

charged molecules. As an advantage, the elution speed is high and a large amount of 
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sample can be purified in a short time. According to these reasons, we used an anion-

exchange chromatography combining with the sucrose density gradient centrifugation to 

obtain highly purified PSI particles. We were able to obtain the PSI monomers, dimers 

and tetramers from the cyanobacterium Anabaena sp. PCC 7120 successfully.  

Using the purified PSI particles, we examined the thermostability of PSI under 

different temperatures by O2 uptake activity and CN-PAGE. The results showed that the 

O2 uptake activity of PSI dimers was slightly lower than those of the tetramers and 

monomers at 30oC, and it was decreased to a slightly larger extent than those of tetramers 

and monomers upon increasing the temperatures. The CN-PAGE showed that while the 

PSI tetramers and monomers maintained their organization upon increase in the 

temperature up to 60oC, the dimers start to degrade at temperature of 40oC, and was 

completely disintegrated into monomers at 60oC. However, the reason for the higher 

thermostability observed in the PSI tetramers than that of PSI dimers is still unknown. 
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Chapter 2 

Structure of Anabaena sp. PCC 7120 photosystem I tetramer revealed by cryo-

electron microscopy 

 

Abstract 

Photosystem I (PSI) functions to harvest light energy for conversion into chemical 

energy. Unlike the monomeric forms found in green algae and high plants, PSI forms 

trimeric structure in most cyanobacteria. However, tetrameric PSI was reported in some 

N2 fixing cyanobacteria recently. Here we solved the structure of the tetrameric PSI 

isolated from Anabaena sp. PCC 7120 by single particle cryo-EM analysis at 3.3 Å 

resolution, which reveals unique monomer-monomer interactions and pigment 

arrangement within the tetramer. The tetramer was organized into dimer of dimers, where 

two types of interactions were found. Type 1 interface exists between two monomers, and 

was found to be the same as those found in the monomer-monomer interface in the PSI 

trimer. However, type 2 interface exists between the two dimers, and was found to be 

unique for the tetramer. Some residues in the PsaL subunits in the tetrameric PSI was 

found to be larger than those in the trimeric PSI, which may hinder the formation of trimer 

and therefore make the PSI tetramer. Our results provide more detailed information on 

the structural and functional differences between trimeric and tetrameric PSI. 

 

 

 

 

 

 

 

 

 

 

 

 



 

37 

 

2.1. Introduction 

In oxygenic photosynthesis, the conversation of sunlight into chemical energy is 

accomplished by photosystem I and photosystem II (PSI and PSII), respectively, which 

are embedded in the thylakoid membranes of cyanobacteria, various eukaryotic algae and 

higher plants (Blankenship et al. 2014). It has been widely accepted that PSII mainly 

forms a dimer (Boekema et al. 1995; Nelson and Yocum et al. 2006; Umena et al. 2011; 

Shen et al. 2015), whereas PSI exists in either monomer in eukaryotic algae and higher 

plants (Kitmitto et al. 1998; Ben-Shem et al. 2003 and 2004; Gardian et al. 2007; Veith 

and Büchel et al. 2007; Amunts et al. 2010; Qin et al. 2015; Suga et al. 2016; Mazor et al. 

2015 and 2017) or trimer in most cyanobacteria (Boekema et al. 1987; Tsiotis et al. 1995; 

Garczarek et al. 1998; Jordan et al. 2001).  

The PSI tetramer was first found in a nitrogen fixing cyanobacteria Anabaena sp 

PCC 7210 in 2011 (Watanabe et al. 2011), and its overall structure was solved by cryo-

EM at a resolution of about 17 Å (Watanabe et al. 2014). In addition, PSI tetramer was 

also reported from Chroococcidiopsis sp. TS-821 at ~12 Å resolution by single particle 

analysis with cryo-EM (Semchonok et al. 2016). However, these resolutions were not 

enough to reveal the detailed arrangement of pigments and subunit interactions within the 

tetrameric PSI.  

In this study, we report the structure of a tetrameric PSI core isolated from a 

cyanobacterium, Anabaena sp. PCC 7120 at 3.3 Å resolution. The PSI tetramer displays 

a dimer of dimers form. The interactions between the monomer-monomer interface and 

the existence of characteristic pigment orientations and inter-pigment distances within the 

PSI tetramer indicated their importance for structural stability and formation of tetrameric 

PSI. Particularly, some amino acid residues of PsaL with larger side chains are 

responsible for the prevention of the formation of the trimer, leading to the tetramer. 

Furthermore, the close interaction between site 2 and site 5 of chlorophyll clusters at type 

2 interface is considered to facilitate the energy transfer and quenching within the tetramer. 

This study gives more detailed insights into the physiological significance of the PSI 

tetramer and evolutionary changes of the PSI core. 
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2.2. Materials and Methods 

2.2.1. Cryo-EM data collection 

PSI tetramer was isolated from Anabaena sp. PCC 7120 with the procedures 

described in Chapter 1. The isolated PSI tetramers were dissolved in a buffer containing 

20 mM MES-NaOH (pH 6.5), 5 mM MgCl2, 5 mM CaCl2 and 0.04% (w/v) β-DDM (final 

concentration 14 μg Chl mL−1). An aliquot of 3 μL sample was placed on a 300 mesh 

grids covered with 5–10 nm amorphous carbon film (Quantifoil R2/1, Mo). After 30 s 

incubation, the grids were washed with a buffer containing 20 mM HEPES (pH 7.0) and 

0.04% (w/v) β-DDM in a chamber of an FEI Vitrobot Mark IV at 4°C and 100% humidity. 

After washing, the grids were immediately cooled with liquid ethane cooled with liquid 

nitrogen. The frozen grids were then transferred to a state-of-the-art cryo-EM (Titan Krios, 

Thermo Fischer Scientific) equipped with a field emission gun, a Cs corrector (CEOS 

GmbH), a Volta phase plate, and a direct electron detection camera (Falcon 3EC, Thermo 

Fisher Scientific). The microscope was operated at 300 kV with a magnification of 

×59,000, which resulted in a final pixel size of 1.12 Å. Images were recorded on the 

Falcon 3EC direct electron detector in linear mode. Each exposure of 2.0 s was 

fractionated into 26 movie frames, leading to a total electron dose of 40 e– Å–2, with a 

nominal defocus range from −0.6 to −0.8 μm. 

 

2.2.2. Cryo-EM image processing 

As Fig. 2-1 shows, the movie frames (1.12 Å pixel–1) were aligned and summed 

using MotionCor2 software (Zheng et al. 2017) to obtain a final dose-weighted image. 

Estimation of the contrast transfer function (CTF) was performed using the program Cctf   

(Mindell and Grigorieff et al. 2003). The following processes of free 2D and 3D 

classification were performed using RELION (Scheres et al. 2012). For structural 

analyses, a total of 1,853,015 particles was automatically picked from 5,060 micrographs, 

and was then used for reference-free 2D classification. The good 2D classes from 

405,731 particles were found to be in a tetrameric form, and 164,700 particles were found 

to be in a dimeric form. They were subjected to several rounds of 3D classification 

without imposing any symmetry. After the first round of 3D classification, particles in the 

best 3D classes showing high-resolution features were selected and used for further 
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structure analyses. The 3D refinement and post-processing of 111,400 particles yielded a 

3D map of tetramer at 3.3-Å resolution, and 117,137 particles yielded a 3D map of dimer 

at 4.0 -Å resolution. All of the resolution was estimated by the golden FSC curve with a 

cut-off value of 0.143 (Fig. 2-2) (Grigorieff and Harrison et al. 2011). Local resolutions 

were estimated using Resmap (Fig. 2-2) (Kucukelbir et al. 2014).. 

 

 

Fig. 2-1. A schematic flowchart showing the classification scheme for the PSI tetramer 

and dimer complexes. The PSI tetramer structure and dimer structure were reconstructed 

at 3.3 Å resolution from 111,400 particles and 4.0 Å resolution from 117,137 particles, 

respectively (Kato et al. 2019). 
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Fig. 2-2. Evaluation of the cryo-EM map quality (Kato et al. 2019). a, Fourier shell 

correlation curves of the PSI tetramer (red) and dimer (blue) calculated between 

independently refined half maps used for the structure reconstructions. b, Angular 

distribution of the particles used for reconstruction of PSI tetramer complex. Each 

cylinder represents one view and the height of the cylinder is proportional to the number 

of particles for that view. c, Local resolution maps of the PSI tetramer. 

 

2.2.3. Model building and refinement 

For the model building of the Anabaena PSI tetramer, the crystal structure of PSI 

from Thermosynechococcus elongatus in 1JB0 (Jordan et al. 2001) was manually fitted 

to the 3.3-Å cryo-EM map and 4.0-Å cryo-EM map using UCSF Chimera (Pettersen Ef 

Fau - Goddard et al. 2004), then inspected and adjusted individually with Coot (Emsley 

et al. 2010). The amino acid sequences of the T. elongatus PSI structural model were 

mutated to those in Anabaena sp. PCC 7120. Finally, the complete PSI tetramer structure 

was verified by phenix.real_space_refine (Adams et al. 2010) with geometric restraints 

for the protein–cofactor coordination. For structural analysis of the PSI dimer, PSI dimers 

within the tetramer were fitted into the obtained 4.0-Å cryo-EM map using UCSF 

Chimera. The final model was refined with MolProbity (Chen et al. 2010) and EMringer 
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(Barad et al. 2015). The statistics for all data collection and structure refinement are 

summarized in Table 2-1. 

 

2.2.4. Multiple sequence alignment of the cyanobacterial PsaL subunit. 

According to the previous studies, PsaL has been reported to be essential for PSI 

trimerization in most cyanobacteria (Chitnis et al. 1993;Xu et al. 1995), and its absence 

results in the loss of the trimer (Naithani et al. 2000; Schluchter et al. 1996; Aspinwall et 

al. 2004). Here we compared the PsaL proteins associated with this tetramer with those 

PsaL proteins from cyanobacteria that form trimers. The amino acid sequences of psaL 

were acquired from GenBank and aligned with CLUSTALW (Sayers et al. 2019). To 

assess the effects of the amino acids on the oligomeric states of PSI, a monomeric unit of 

the tetrameric PSI cores was superposed on a monomer of the trimeric PSI. 
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Table 2-1. Statistics of data collection, processing and refinement (Kato et al. 2019). 

Complex PSI tetramer PSI dimer 
PDB ID 6JEO - 

EMDB ID EMD-9807 EMD-9877 

Data collection and processing    

Microscope FEI Titan Krios G2 
Detector Falcon 3EC direct electron detector 

Magnification 59000 
Voltage (kV) 300 

Defocus range (m) -0.6 to -0.8 
Pixel size (Å) 1.12 

Total electron dose (e-/Å2) 40 
Exposure time (s) 2.0 

Number of frames per image 26 

Number of micrographs 5159 
Initial particle images (no.) 1853015 
Final particle images (no.) 111400 117137 

Map resolution (Å) 3.3 4.0 
Applied b-factor (Å2) -126 -185 

Applied symmetry C2 C1 
Refinement    

Initial Model used (PDB code) 1JB0 - 

Model resolution (Å) 3.3 - 
FSC threshold 0.143 - 
No. of atoms    

Protein 68908 - 
Ligand 25668 - 

B factors (Å2)    

Protein 31.6 - 
Ligand 24.0 - 

   
R.m.s deviations    

Bond lengths (Å) 0.029 - 
Bond angles () 2.295 - 

Validation    

MolProbity score 1.75 - 
Clashscore 7.49 - 

Poor rotamers (%) 0.24 - 
EMRinger score 4.38 - 

Ramachandran plot    

Favored (%) 95.18 - 
Allowd (%) 4.77 - 

Disallowed (%) 0.05 - 
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2.3. Results 

2.3.1. Transmission electron microscopy and single-particle analysis of Anabaena sp. 

PCC 7120 PSI  

Upon isolation of the resolved tetrameric PSI particles, their organization was 

investigated by transmission electron microscopy (TEM). The image of the tetramer from 

Anabaena sp. PCC 7120 reveals four distinct part, reflecting that each part consists of a 

monomer (Fig. 2-3a) and that the Anabaena sp. PCC 7120 tetrameric PSI is unlikely 

resulted from aggregation of monomeric PSIs. Fig. 2-3b showed the 2D classes of the PSI 

tetramer, which shows the presence of tetrameric PSI particles with different orientations 

on the carbon support film. The 2D maps indicated that the complex is composed from 

four PSI monomers with just 2-fold rotation symmetry, which is compatible to a dimer of 

dimer formation. The averaged image of biochemically isolated Anabaena sp. PCC 7120 

PSI dimers is shown in Fig. 2-3c, which is consistent with the PSI tetramer being 

composed of a dimer of dimers. 

 

 

Fig. 2-3. Image of Anabaena sp. PCC 7120 PSI tetramer and its 2D-classes after single 

particle averaging with classification. a, A representative cryo-EM micrograph of the 

Anabaena PSI tetramer. b, Representative 2D classes of the PSI tetramer particles. c, 

Representative 2D classes of the PSI dimer particles. 
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2.3.2. Overall structure of the PSI tetramer 

To obtain structural insight into the Anabaena sp. PCC 7120 PSI tetramer, we 

visualized the particles of PSI tetramer using a Titan Krios microscope equipped with 

a Volta phase-plate. The resulting 3D structure had an overall resolution of 3.3 Å by the 

“golden standard” Fourier shell correlation (FSC) = 0.143 criterion (Fig. 2-4). The 

obtained 3D volume confirms that the tetrameric PSI from Anabaena sp. PCC 7120 is a 

tetramer with C2 symmetry. It clearly shows that the tetramer is a dimer of dimers and 

the monomers take two different, non-equivalent positions. These two positions are 

designated A and B, and their symmetrically related positions are designated A’ and B’, 

respectively (Fig. 2-4b). Here, we annotate the two different monomer interfaces as type 

1 (between A-monomer and B-monomer) and Type 2 (between A-monomer and B′-

monomer), respectively (Fig. 2-4b). Fig. 2-5 shows that the dimer unit of PSI within the 

tetramer is formed by interactions between the A and B monomers, and the tetramer is 

organized by a A/B-dimer and a A′/B′-dimers (Fig. 2-5).  

 
Fig. 2-4. Overall structure of the PSI tetramer (Kato et al. 2019). a, The 3D cryo-EM 

density map of the PSI tetramer viewed along the membrane normal from the stromal 

side (left) and its side view (right). b, The structure of the PSI tetramer viewed along the 

membrane normal from the stromal side (left) and its side view (right).  
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Fig. 2-5. Overall structure of a PSI dimer (Kato et al. 2019). The 3D cryo-EM density 

map of the PSI dimer superimposed with a cartoon model of the PSI dimer, with a view 

along the membrane normal from the stromal side (left side) and its side view (right side).    

 

2.3.2. Structure of a PSI monomer 

To get further insight into the monomers within the PSI tetrameric complex from 

Anabaena sp. PCC 7120, the crystal structure of the T. elongates monomer (PDB entry: 

1JB0) (Jordan et al. 2001) was fitted into the 3D density initially as a rigid body. Then, 

the sequences of T. elongatus were changed to those of Anabaena sp. PCC 7120, and the 

structure were refined. The results showed that each monomer contains 9 transmembrane 

subunits (PsaA, PsaB, PsaF, PsaI, PsaJ, PsaK, PsaL, PsaM and PsaX) and three extrinsic 

subunits (PsaC, PsaD and PsaE) on the stromal side (Figs. 2-6 and 2-7). In addition to the 

protein subunits, there are 95 chlorophylls (Chl) a, 22 β-carotenes, 3 [4Fe-4S] clusters, 2 

phylloquinones and 5 lipid molecules in a PSI monomer (Table 2-2). Furthermore, there 

is no major rearrangement of these molecules comprising of the monomer, suggesting 

that the PSI monomer unit within the tetramer is similar to those in the cyanobacterial 

trimer as well as in the higher plant PSI-LHCI supercomplex. 
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Fig. 2-6. Structure of a PSI monomer (Kato et al. 2019). a, 3D map of a PSI monomer 

viewed along the membrane normal from the stromal (left) and lumenal sides (right). b, 

Superposition of an Anabaena PSI monomer (cyan) with a T. elongatus PSI monomer 

(gray) viewed along the membrane normal from the stromal side. c, Superposition of an 

Anabaena sp. PCC 7120 PSI monomer (cyan) with a P. sativum PSI monomer (gray) 

viewed along the membrane normal from the stromal side. The subunits specific to each 

organism are labeled. 
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Fig. 2-7. Cryo-EM density maps and structures of the PSI core subunits. The densities for 

each subunit of PSI are shown as blue meshes and the corresponding models are shown 

as gray sticks. Red boxes indicate the enlarged views for a part of the individual PsaA and 

PsaB subunits (Kato et al. 2019). 
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Table 2-2. Cofactors in each monomer unit of the PSI tetramer (Kato et al. 2019). 
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Table 2-3. Correspondence of numbering of pigments for each monomers in the PSI 

tetramer (Kato et al. 2019). 
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2.3.4. Interactions at the Type 1 and Type 2 interfaces 

Type 1 interface exists between monomer A and monomer B within a dimer, and its 

contacts were formed among the subunits PsaB (A), PsaL (A) and PsaL (B) (Fig. 2-8a). 

At the stromal side, four hydrophobic interactions are present between PsaL (A) and PsaL 

(B), connecting F60/L64/A145/I148 from PsaL (A) and F60/L64/A145/I148 from PsaL 

(B) (Fig. 2-8b). PsaB (A) also interacts with PsaL (B) at the stromal side through 

hydrophobic interactions between F151/L155/F161 of PsaB (A) and L11/P12/P15 of 

PsaL (B), whereas Q158 of PsaB (A) is hydrogen-bonded to S13 of PsaL (B) (2.7 Å) 

(Fig. 2-8e). At the lumenal side, PsaL (A) is also connected with PsaL (B) through 

hydrophobic interactions between L84/L92/A93/L96 from PsaL (A) and 

F159/L166/I167/L170 from PsaL (B) (Fig. 2-8c). In addition, the distances between 

N140/N141/S144 of PsaL (A) and T58/R61 of PsaL (B) ranges from 2.7 to 2.9Å, 

indicating that these hydrogen bond interactions may further stabilize the dimer unit 

(Fig. 2-8d). Furthermore, pigment–protein interactions are also involved in the dimer 

formation, such as S110 of PsaL (A) and Chl a (hereafter “CLA”) 201 of PsaL (B) (2.7 Å), 

I148/I151 of PsaL (A) and β-carotene (BCR)-205 (3.9 Å) of PsaL (B) (Fig. 2-8f). 

In contrast to the hydrophobic interactions among the type 1 interface, the type 2 

interface is connected mainly through hydrophilic interactions between PsaA (A)-PsaB 

(B′) and PsaL (A)-PsaB (B′) (Fig. 2-9a). Two hydrogen bonds connect W486 of PsaA 

(A)/main-chain oxygen of G172 of PsaL (A) to the main-chain oxygen of F226 and the 

main-chain nitrogen of W209 of PsaB (B′) (Fig. 2-9b, d). In addition to a hydrogen bond 

between an oxygen atom from the tail of CLA846 bound to PsaA (A) and the backbone 

carbonyl of F295 of PsaB (B′) (Fig. 2-9c), a close contact is also found between the side 

chain nitrogen of W45 from PsaL (A) and C13 group carbonyl of CLA811 from PsaB 

(B′) at the stromal side (Fig. 2-9e). 
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Fig. 2-8. Interactions at the Type 1 interface (Kato et al. 2019). a, Structure of a dimer 

unit (dimer A-B) from a PSI tetramer viewed along the membrane normal from the 

stromal side. b–d, Interactions between PsaL (A) and PsaL (B) at the stromal (b, d) and 

lumenal (c) sides. e, Interactions between PsaB (A) and PsaL (B). f, Pigment interactions 

between PsaL (A) and PsaL (B) 
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Fig. 2-9. Interactions at the Type 2 interface (Kato et al. 2019). a, Structure of a dimer 

unit (dimer A-B′) from a PSI tetramer viewed along the membrane normal from the 

stromal side. b, c, Interactions between PsaA (A) and PsaB (B′). d, e, Interactions between 

PsaL (A) and PsaB (B′) 

 

2.3.5. Arrangement of pigments in the PSI tetramer 

  In the structure of the PSI tetramer, we found a number of chlorophyll clusters in a 

PSI monomer (Fig. 2-10), and they are considered to contribute to the energy transfer 

within each monomer. Close interactions were found between cluster Site 2 in the B′ (B)-

monomer and cluster Site 5 in the A (A′)-monomer at type 2 interface, which may 

facilitate inter-monomer energy transfer within the tetramer. Two β- carotene molecules 

were found near the Site 2 and Site 5 with distances of 5.3–6.7 Å (Fig. 2-10 g), imply that 

part of the energy transfer may be mediated through these positions. 



 

53 

 

 
Fig. 2-10. Arrangement of pigments in the PSI tetramer and their interactions (Kato et al. 

2019). a Arrangement of the pigments in the PSI tetramer viewed along the membrane 

normal from the stromal side. Pigments of the A-monomer, B-monomer, A′-monomer and 

B′-monomer are colored in blue, cyan, magenta and pink, respectively. Triply stacked 

Chls in the A-monomer, and a triple Chl cluster in the B′-monomer that is interacting 

with a triple Chl cluster in the A-monomer, are colored in green and yellow, respectively. 

b–f, Arrangement of the triply stacked Chls of the Site 1 (b), Site 2 (c), Site 3 (d), Site 4 

(e) and Site 5 (f), in conjunction with their nearby carotenoids. Asterisks indicate the 

carbon atoms that are connected with a phytol tail. g The interfacial pigments between A-

monomer (green) and B′-monomer (yellow) 

 



 

54 

 

2.3.6. Side chains of the PsaL subunit 

It has been reported that PsaL plays an important role in the trimer formation (Chitnis 

et al. 1993;Xu et al. 1995). We examined the differences in the sequences of PsbL between 

PSI that forms the trimer and tetramer. As Fig. 2-11 shows, the residues L11-P15, R61, 

N140 and S144 of PsaL are replaced by relatively small residues in the species with 

trimeric PSI. Furthermore, the amino acids (T58, F60, R61, N140 and S144 of PsaL) are 

conserved only in the species with tetrameric PSI. Thus, these conserved amino acid 

residues of PsaL with larger side chains may inhibit formation of the trimeric PSI core.  

 

 

Fig. 2-11. Multiple sequence alignment (CLUSTALW) of the cyanobacterial PsaL subunit 

(Kato et al. 2019). The amino acid residues for the contact regions in Type 1 interface, 

the steric hindrance regions for the trimer and the regions possessing both of these 
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properties are highlighted in blue, red and yellow, respectively. The red boxes show the 

bulky side chains in the steric hindrance region. The cyanobacterial species shown are 

Anabaena sp. PCC 7120, Chroococcidiopsi sp. TS-821, Nostoc sp. PCC 7524, Calothrix 

sp. PCC 7507, Anabaena variabilis ATCC 29413, Synechocystis sp. PCC 6803, 

Thermosynechococcus elongatus BP-1, Arthrospira platensis NIES-39, Cyanothece sp. 

ATCC 51142, and Prochlorococcus marinus SS120.  

 

To get more insight into the role of these residues of the PsaL subunit in the 

formation of the tetramer and trimer, we used the monomeric PSI structure of Anabaena 

to construct the trimer of T. elongatus (Fig. 2-12). The results showed a number of steric 

hindrances within the trimeric PSI core by using the monomeric PSI structure from the 

Anabaena, which are mainly located in the PsaL subunit. These residues include L11-R16 

in the N terminal region of PsaL (B) and PsaL-F151, Q158-F161 of PsaB (A), P55-R61 

in the middle region of PsaL (B) and F60, T106-S110, K136-S144 of PsaL (A), and L170-

V171 in the C terminal region of PsaL (B) and W92, P94 from PsaB (A) (Fig.2-12). These 

N-terminal, middle and C terminal regions of PsaL are supposed to contribute the 

formation of steric hindrances in forming the trimer, and thus contribute to the formation 

of the tetramer in Anabaena. 
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Fig. 2-12. Modelling of the Anabaena PSI trimer (Kato et al. 2019). a, Superposition of 

an Anabaena PSI monomer with the trimeric structure of PSI from T. elongatus. The 

regions having steric hindrances are colored in red. PsaB in A-monomer, PsaL in A-

monomer and in B-monomer are depicted in green, purple and cyan, respectively. b-d, 

Close-up views of the steric hindrance in the N terminal (b), middle (c) and C terminal 

(d) regions of PsaL.    

 

2.4. Conclusions 

We solved the structure of PSI tetramer from Anabaena sp. PCC 7120 at 3.3 Å 

resolution by cryo-EM, which showed the organization of the PSI tetramer comprising 

four monomers to form a dimer of dimers. Two type interfaces were found among the 

monomers, showing different number of protein-protein and pigment-protein interactions 

between the monomers. Noticeably, the type 1 interface in tetramer is largely similar to 

the monomer interface in the trimeric PSI from T. elongates. In contrast, the type 2 interface 

between monomers A and B′ is unique for the PSI tetramer and not found in the PSI trimer. 

The main components of interactions at the type 2 interface are hydrogen bond 



 

57 

 

interactions among the main-chain atoms, and between main chain atoms and the Trp 

residues, which are common features within the PSI tetramer and trimer. The close 

interactions between site 2 and site 5 of triple chlorophylls clusters found in the tetramer 

are considered to contribute to enhance the energy transfer, and may provide an advantage 

for larger energy-harvesting and transfer capacities upon formation of the tetramer over 

trimer. The multiple sequence alignment of different PsaL subunits showed that the bulky 

amino acids (T58, F60, R61, N140 and S144 of PsaL) are conserved only in the species 

with tetrameric PSI. Based on these observations, we conclude that PsaL with bulky 

amino acid residues is a key determination for the formation of the PSI tetramer in 

cyanobacteria. 
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Chapter 3  

Characterization of photosystem I from Anabaena sp. PCC 7120: effect of light 

intensity 

 

Abstract 

Photosystem I (PSI) functions to harvest light energy and convert them into chemical 

energy. Unlike the monomeric forms in green algae and high plants, PSI forms trimeric 

structure in most cyanobacteria. Recently, a tetrameric form of PSI was observed in 

several cyanobacteria, challenging the notion of PSI existing only as a trimer in 

cyanobacteria. Here, a physiological study was performed on Anabaena sp. PCC 7210 

under two light conditions low light (LL) and higher light (HL). We isolated the PSI 

tetramers from cells grown under these light conditions using sucrose density 

centrifugation, and investigated these two tetramers by CN-PAGE, SDS-PAGE, UV-

spectra and pigments analysis. The results indicated that tetrameric PSI is favored under 

high light, with an increased content of carotenoids, in particular in the contents of myxol 

2′-fucoside and canthaxanthin. These results suggest that tetrameric PSI is an adaptation 

form to high light intensity, in agreement with the previous results and further suggests 

that the carotenoids myxol 2′-fucoside and canthaxanthin may play an important role in 

photoprotection. 
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3.1. Introduction 

Oxygenic photosynthesis is a process of conversation of sunlight into chemical 

energy by synthesizing carbohydrates from CO2 and water, concomitant with the 

evolution of molecular oxygen. The light-energy absorption and transfer is accomplished 

by photosystem I and photosystem II (PSI and PSII, respectively), two photosystems 

embedded in the thylakoid membranes of cyanobacteria, various eukaryotic alage and 

higher plants (Blankenship et al. 2014). PSI exists in monomer in eukaryotic algae and 

higher plants (Kitmitto et al. 1998; Ben-Shem et al. 2003 and 2004; Veith and Büchel et 

al. 2007; Amunts et al. 2010; Qin et al. 2015; Suga et al. 2016; Mazor et al. 2015 and 

2017), whereas the PSI structure of cyanobacteria exists in trimer and tetramer (Boekema 

et al. 1987; Tsiotis et al. 1995; Garczarek et al. 1998; Jordan et al. 2001; Watanabe et al. 

2011 and 2014; Li et al. 2014 and 2019; Semchonok et al. 2016; Kato et al. 2019). 

Recent studies have reported that the light intensity during growth affects the ratio 

of the PSI oligomeric forms (Semchonok et al. 2016; Li et al. 2019). The study on 

Chroococcidiopsis sp TS-821 showed an increased content of PSI tetramer from low light 

(LL) to high light (HT) (Semchonok et al. 2016; Li et al. 2019). Also, PSI tetramer became 

more resistant to β-DDM concentration and harbored more myxol 2′-fucoside, 

canthaxanthin, echinenone, and less β-carotene (per Chl) from cells grown under HL 

(Semchonok et al. 2016; Li et al. 2019). To confirm whether the light intensity is a 

common factor determining the ratio of the PSI tetramer, we investigated the high light 

response of PSI from Anabaena sp. PCC 7120 strain. Our results showed an increased 

resistance to higher β-DDM concentration of the tetramer obtained from cells grown 

under HL, and the content of carotenoids, especially that of myxol 2′-fucoside and 

canthaxanthin, were increased in the PSI tetramers from cells grown under the HL 

condition, suggesting that these carotenoids may play an important role in the 

photoprotection and stabilization of the PSI tetramer. However, there was no significant 

changes in the amount and activity of PSI tetramer from LL to HL. 
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3.2. Materials and Methods 

 

3.2.1. High light stress response to analyses 

To examine how Anabaena sp. PCC 7120 cells respond to different levels of light 

intensity, cells were first grown in a liquid cultured (2L) under continuous low light (LL, 

30 μE/m2/s), and then were divided into two cultures supplemented with fresh BG-11 

media and were grown under different light intensities (LL: 30 μE /m2/s; high light (HL): 

200 μE/m2/s) for an additional two days. Both cultures were maintained at 30°C with 

aeration at 3% CO2. To analyze the changes in the PSI oligomers, isolated thylakoids 

(described in chapter 1) were solubilized in varying concentrations of n-dodecyl-β-D-

maltoside (β-DDM) with a final chlorophyll (Chl) concentration of 0.2 mg/ml and 

analyzed by CN-PAGE using a 3–16% polyacrylamide gel. For control, the trimeric PSI 

of Thermosynechococcus elongates, tetrameric, dimeric and monomeric PSIs isolated 

from Anabaena sp. PCC 7120 were performed together (Fig. 3-1). To investigate the 

changes in PSI activity of the tetramers from LL to HL, the PSI tetramers (LL and HL) 

were incubated at 30°C for 30 min, then their activities were measured using a Clark-type 

oxygen electrode as described in Chapter 1. 

 

3.2.2. Identification and quantification of pigments by reversed-phase high-

performance liquid chromatography  

To analyze the changes in the PSI tetramers under different light conditions, isolated 

thylakoids (described in chapter 1) was solubilized at a Chl concentration of 0.2 mg 

chl/ml with 0.5% β-DDM by stirring in the dark at 6°C for 30 min. After centrifugation 

at 81,500 ×g for 10 min at 4℃ (HITACHI S55A2 rotor), the solubilized material was 

loaded on a 10–30% linear sucrose density gradient (w/v) in a medium containing 20 mM 

MES-NaOH (pH 6.5), 5 mM CaCl2, 10 mM MgCl2 and 0.01% β-DDM, and centrifuged 

at 217,500 ×g for 18 hours at 4℃ (HITACHI P40ST rotor). The fractions of the PSI 

tetramers (Fig. 3-2a) were obtained and then concentrated using a 100 kDa cut-off filter 

(Amicon Ultra; Millipore, USA) at 3,000 × g. The concentrated PSI tetramers were 

subjected to clear native (CN)-PAGE and SDS-PAGE (described in chapter 1) with a final 

chlorophyll (Chl) content of 4 µg. The trimeric PSI of Thermosynechococcus elongates 
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was performed together for control (Fig. 3-2b). 

Pigments were extracted from tetramer samples (final Chl 1 mg) by 80% acetone at 

room temperature under dim laboratory light. After centrifugation (81,500 ×g, 30 min, 

4℃, rotor S55A2) the resulting supernatant was collected. Pigment determination was 

carried out by using a Shimadzu HPLC system comprising LC-20AD pumps and an SPD-

M20A detector. Pigments were separated on a Cosmosil 3cholester, column (3 μm; 150 × 

4.6 mm i.d., Nacalai Tesque) protected with a Cosmosil 3cholester guard cartridge (3 μm; 

10 × 4.6 mm i.d., Nacalai Tesque). The mobile phase consisted of acetonitrile and 

methanol with solvent ratios (v/v) of 50:50, and the injection volume and flow rate were 

50 μL and 1.5 mL/min, respectively. The column temperature was maintained at 30°C. 

The elution profile was monitored at 440 nm, and absorption spectra of carotenoids and 

Chls were recorded between 250 and 800 nm. All targeted peaks were isolated for 

identification. Spectral properties were then compared with those of reference spectra 

from the standard phytoplankton pigments and previous studies (Mantoura et al. 1997; 

Hegazi et al. 1998; Takaichi et al. 2005; Mochimaru et al. 2008).  

 

3.3. Results and Discussions 

 

3.3.1. PSI tetramer ratio in response to light intensity  

To explore the physiological role of the PSI tetramer, the oligomeric states of PSI 

was investigated under two different growth conditions: low light (LL, 30 μE/m2/s) and 

high light (HL, 200 μE/m2/s). The oligomeric profiles under different light intensities 

were examined by clear native (CN)-PAGE analysis after solubilization of the thylakoid 

membrane (Chl 0.2 mg/mL) with variable β-DDM concentrations (Fig. 3-1). Under both 

conditions, PSI monomer, dimer, and tetramer were observed at low β-DDM 

concentrations, whereas at higher β-DDM concentrations, the PSI tetramer was 

disappeared and only the PSI dimer and monomer were observed. This suggests that the 

PSI tetramer was susceptible to disintegration by β-DDM solubilization. However, the 

green band of PSI tetramer was still observed at higher concentrations of β-DDM from 

cells grown under HL (Fig. 3-1). This is more easily observed after staining with CBB 

(Fig. 3-1b), and suggests that the PSI tetramer became more resistant to β-DDM 



 

67 

 

concentration from cells grown under HL. It seems that the light intensity did not affect 

the PSI oligomeric forms in Anabaena but affected its resistance to β-DDM treatment, 

which is contradict with the previous studies on Chroococcidiopsis sp TS-821. 

 

 

Fig. 3-1. Comparison of Anabaena sp. PCC 7210 PSI oligomeric states under different 

light intensities. a, The unstained CN-PAGE analysis of Anabaena sp. PCC 7210 

thylakoid membranes solubilized with the indicated concentration of β-DDM. The left 

lanes are thylakoids from the low light (30 μE/m2/s) and the right lanes are thylakoids 

from the high light (200 μE/m2/s) grown cells. b, The same CN-PAGE gel stained with 

CBB. For control, the trimeric PSI of Thermosynechococcus elongates, tetrameric, 

dimeric and monomeric PSIs isolated from Anabaena sp. PCC 7120 were performed 

together. 
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Fig. 3-2. Isolation of Anabaena PCC 7210 PSI tetramer from low light (LL) and high 

light (HL) conditions and proof of tetramer presence. a, Sucrose density gradient 

centrifugation of solubilized Anabaena PCC 7210 thylakoid membrane isolated from 

cells grown under different light conditions. Main bands corresponding to carotenoids 

(Car), PSI monomer (Mon), dimer (Dim), and tetramer (Tet) are labeled. b, CN-PAGE 

and SDS-PAGE analysis of PSI tetramers isolated from sucrose density gradient 

centrifugation. Green bands corresponding to tetramer isolated from LL and HL are 

labeled. The trimeric PSI of Thermosynechococcus elongates was performed together for 

control (Fig. 3-2b). 

 

To investigate whether tetrameric PSI in Anabaena PCC 7210 changes its pigment 

composition under different light intensities, we compared absorption spectra of different 

PSI tetramers isolated from cells grown under different light conditions. The absorption 

spectra of tetrameric PSI obtained from cells grown under HL exhibited additional 

absorption in the range around 440–600 nm compared with tetrameric PSI from cells 

grown under LL (Figs. 3-3 and 3-4). The difference spectrum between these two samples 

showed at least three discernable absorption peaks (450, 485 and 520 nm) (Fig. 3-4), 

resembling the absorption spectrum of released carotenoids stayed in the top layer of the 

sucrose gradient after separation by centrifugation (Figs. 3-2 and 3-5). These results 

suggested that the content of carotenoids is increased in the PSI tetramer from cells grown 

under high light intensity. 
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Fig.3-3. Absorption spectra of PSI tetramers isolated from Anabaena PCC 7210 grown 

under LL and HL conditions. 

 

Fig. 3-4. Difference spectrum between HL and LL absorption spectra for PSI tetramers 

calculated from spectra in Fig. 3-3. 
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Fig. 3-5. Absorption spectrum of carotenoids isolated from HL treated Anabaena PCC 

7210 after sucrose density gradient centrifugation in the upper band of Fig. 3-2 a. 

 

In order to examine the changes of the species of carotenoids in the PSI tetramer 

obtained from different light conditions, we analyzed the pigment composition by 

reversed phase HPLC. Fig. 3-6 and Table 3-1 show the reversed phase HPLC elution 

profiles of pigments in tetramers under different light conditions. We identified the known 

pigments myxol 2′-fucoside, canthaxanthin, echinenone, Chl and β-carotene by the 

absorption spectrum and the retention sequence compared with previous reports 

(Mochimaru et al. 2008; Takaichi et al. 2005). However, the 4-ketomyxol 2′-fucoside was 

not detected in this study; it may be washed away during thylakoid membrane isolation. 

The pigment eluted at 18.48 min was identified as Chl a by the absorption spectrum which 

showed peaks at 433, 617, and 661 nm. The absorption maxima of the peak 5 pigment in 

eluent were 421, 446, and 474 nm, and was appeared in the end of eluent, thus, the 

pigment 5 was identified as β-carotene. The pigment of peak 4 was identified as 

echinenone, since it showed a broad absorption at around 461 nm, and was adjacent to 

Chl a. The pigment of peak 3 was identified as canthaxanthin based on a broad absorption 

maximum at around 473 nm and appeared before Chl a. The absorption maximum of the 

peak 1 pigment was 446, 473 and 507 nm in eluent, which correspond to myxol 2′-

fucoside. 
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Fig. 3-6. Reversed phase HPLC elution profiles of pigments extracted from tetramer 

under LL condition (a), and HL condition (b) of Anabaena sp. PCC 7120. The eluent used 

was methanol/ acetonitrile (50:50, v/v) at a flow rate of 1.5 ml/min. Absorbance at 475 nm 

(blue line) and 664 nm (yellow line) are shown. M, myxol 2′-fucoside; C, canthaxanthin; 

E, echinenone; Chl, chlorophyll a; β, β-carotene. 
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Comparison of the elution profiles of HL PSI tetramer and LL PSI tetramer revealed 

that the tetrameric PSI contained more myxol 2′-fucoside and canthaxanthin, and less 

echinenone and β-carotene, under HL. The ratios of carotenoids to Chl a were shown in 

Fig. 3-7. The carotenoid composition (mol%) in PSI tetramer of Anabaena PCC 7210 

cultured under LT was 39% β-carotene, 50% echinenone, 7% canthaxanthin and 4% 

myxol 2′-fucoside (Table 3-1). In the HL-grown tetramer, the content of β-carotene and 

echinenone were decreased to 22% and 41%, whereas the content of myxol 2′-fucoside 

and canthaxanthin were increased to 18% and 19% (Table 3-1). These indicates that the 

myxol 2′-fucoside and canthaxnthin may have either a photoprotective role or a role to 

stabilize the PSI tetramer structure under higher light conditions.  

 

 

 

 

Fig. 3-7. Quantitative comparison of carotenoids in PSI tetramer isolated under HL and 

LL conditions, presented as the ratio of carotenoids to Chl. The detected carotenoids 

include M, myxol 2′-fucoside; C, canthaxanthin; E, echinenone; β, β-carotene. 
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Table 3-1. Identification of the pigments extracted from LT and HT of Anabaena 

PCC 7210. 

 

 

The activity of the PSI tetramer from cells grown under HL showed a slight decrease 

than those grown under LL (Fig. 3-8). This result suggests that the excessive light influx 

may be dissipated by the increased content of pigments to avoid further photoinhibition, 

which occurred in tetramer under high light intensity because of the reactive oxygen 

species (ROS) produced within PSI (Tikkanen et al. 2010 and 2012;. Alter et al. 2012; 

Suorsa et al. 2012; Kono et al. 2014).  

 

 

Fig. 3-8. Effect of high light intensity on the PSI activity of the tetramer. 

 



 

74 

 

3.3. Conclusions 

Our results showed that the PSI tetramer is increased relative to PSI dimer and 

monomer upon increasing the light intensity, which suggests that PSI tetramer is more 

resistant to the high light condition, a result in agreement with previous reports(Li et al. 

2014 and 2019; Semchonok et al. 2016). This suggests that light intensity is an important 

factor determining PSI tetramer ratio in thylakoid membrane. The tetrameric PSI 

produced under HL exhibited more content of carotenoids compared with tetrameric PSI 

produced under LL, suggesting that these additional carotenoids may protect PSI from 

photo-damage under HL. Several previous studies reported that even under LL condition 

the PSI tetramer had more carotenoids than the PSI trimer(Li et al. 2019). Thus, the 

evolutionary change from PSI trimer to PSI tetramer in cyanobacteria may be explained 

as a selection pressure associated with higher light intensity that cyanobacteria experience.  

The reversed phase HPLC elution profiles of the pigments of Anabaena sp. PCC 7120 

PSI tetramer had characteristic carotenoid and Chl a peaks. The major carotenoids have 

been identified as β-carotene, echinenone, canthaxanthin and myxol 2′-fucoside. In our 

result, the HL PSI tetramer harbored more myxol 2′-fucoside, canthaxanthin, and less β-

carotene and echinenone (per Chl). Exposure to HL may be the driving force for a change 

in the PSI pigments. The shift of PSI pigments from β-carotene and echinenone to myxol 

2′-fucoside and canthaxanthin under HL intensities suggests that myxol 2′-fucoside and 

canthaxanthin may be advantageous over β-carotene and echinenone for avoiding 

photoinhibition under increased light intensity.  
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General conclusions 

 

In this work, we isolated different oligomeric PSI from the N2-fixing 

cyanobacterium Anabaena sp. PCC 7120 by anion exchange chromatography combined 

with sucrose density gradient centrifugation. This procedure is much more convenient, 

rapid, and easy to scale up than any other methods published to date, and produced large 

amount of PSI particles with high purity. Analysis of PSI activity and thermostability of 

the isolated PSI particles indicated that PSI activity of dimer is slightly lower than those 

of tetramer and monomer at 30oC, and it also decreased to a slightly larger extent than 

those of tetramer and monomer upon increases in the temperatures. In addition, the 

tetrameric PSI remains stable even when temperature increase to 60℃, whereas PSI 

dimer disintegrated into monomers at high temperatures. This suggests that the tetramer 

is unlikely an aggregation artifact from the dimer. The reason of the higher thermostability 

observed in the PSI tetramer than PSI dimer is not clear. 

The structure of the PSI tetramer from Anabaena sp. PCC 7120 was solved at 3.3 Å 

resolution by cryo-EM, which allowed us to examine the arrangements of proteins and 

pigments, and protein-protein, protein-pigment interactions within the tetramer in much 

more details. Two types of interfaces were found to be required for the formation of the 

PSI tetramer. The type 1 interface is similar to the monomer interface in the trimeric PSI 

from T. elongatus, whereas the type 2 interface is unique and only present in the tetrameric 

PSI core. In preparations of Anabaena sp. PCC 7120 PSI, we found that a part of the 

particles was in a dimeric form, and its structure was reconstructed at 4.0 Å resolution. 

These dimers were exclusively built from monomers connected by a type 1 interface. This 

suggests that the type 1 interaction is stronger than the type 2, and that the tetramer can 

be considered a dimer of dimers. Inside the PSI tetramer, the site 2 and site 5 chlorophyll 

clusters from two monomers located at the type 2 interface interact closely, which may 

contribute to facilitate monomer–monomer energy transfer within the tetramer. 

Furthermore, two β-carotene molecules near site 2 and site 5 may participate in the energy 

transfer and/or quenching. In addition, we found that PsaL plays an important role in 

determining PSI tetramer or trimer. Here we discovered several residues of the PsaL 

subunit that have larger side chains; these residues were conserved in cyanobacteria with 
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PSI tetramer but changed to residues with smaller side chains in cyanobacteria with PSI 

trimer. We found that these residues with larger side chains hinder the formation of the 

PSI trimer. Therefore, the presence of these specific residues in PsaL is a key 

determination for the formation of the PSI tetramer.  

Currently, it is not clearly understood why the Anabaena sp. PCC 7120 prefer to 

form tetrameric PSI rather than trimeric PSI as in T. elongatus. One explanation is that 

there is a dynamic equilibrium between monomers, dimers and tetramers, which allow 

for a respond to changes in light intensities. Cells grown under high light intensity showed 

an increasing amount of tetrameric PSI than those grown under low light intensity. 

Furthermore, the high light-grown PSI tetramers showed an increased total amount of 

carotenoids, with particular increases in the contents of myxol 2′-fucoside and 

canthaxanthin, and slight decrease in the amount of β-carotene and echinenone. These 

results suggests that the tetrameric PSI is an adaptation form to high light intensity, and 

the changes in the carotenoid compositions may help avoiding photoinhibition under high 

light. At this moment, it is not clear if other factors are also involved in stabilizing the 

tetramer.  

The results obtained above provided novel information on the structure and 

functions of the tetrameric PSI in Anabaena sp. PCC 7120. Our studies support that 

tetrameric PSI is more favored under high light intensity, imply its adaptation to the 

environment during the evolutionary process of PSI. 
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