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Chapter I. Abstract 

Oxygenic photosynthesis is the most fundamental biochemical process, not only 

because it provides us with food, energy, and a variety of valuable substances, but also 

because it supports almost all life on Earth, either implicitly or explicitly. The complete 

photosynthetic process consist of complex physical and chemical reactions, which start with 

light absorption, followed by excitation energy transfer to the reaction centers, primary 

photochemistry (charge separation), electron and proton transport, NADPH and ATP 

synthesis, and finalized by CO2 fixation to stable carbon products and their export to other 

cells.  

The photon absorption process starts in the thylakoid membrane with two light reactions 

taking place simultaneously at photosystem II and photosystem I (PSI) reaction centers. All 

photoautotrophic species, including cyanobacteria, algae, and higher plants, utilize both 

pigment-protein antenna complexes to capture light energy and convert it to redox chemical 

energy with high efficiency.  

It is commonly assumed that the debut of oxygenic photosynthesis corresponded with 

Cyanobacteria's birth. Cyanobacterial PSI mainly exists in homo-trimeric form and contains 

numerous protein subunits along with plenty of pigments and cofactors. The exploration of 

cyanobacterial photosystems, especially the determination of the structure of these old but 

huge protein-pigments complexes will help our better understanding of the origin of 

photosynthesis of the early Earth and the development of photoautotrophic evolution. 

In this thesis, the purification trials and structural analysis are described with the 

cyanobacterial PSI trimer as the study focus. Chapter 2 is about the purification of PSI trimers 

from the thermophilic cyanobacteria Thermosynechococcus elongatus BP-1. This includes 

experiments on the crystallization and optimization of the crystallization condition for X-ray 

diffraction measurements aimed at obtaining high resolution structure information. Chapter 3 

describes how PSI trimer sample was mixed together with its electron transfer partners: the 

Cytochrome c6 as the electron donor and the Ferredoxin as the electron acceptor. Moreover, 



 - 2 - 

detailed structure determination of the PSI-centered triple electron-transfer complex using 

cryo-EM single-particle analysis and the use of the resulting density map for modeling at high 

resolution were described in this chapter. The topic of chapter 4 is the exploration of 

iron-starved cyanobacteria for the expression of extra antenna proteins (IsiAs) surrounding 

PSI trimers. Comprehensive purification trials were performed to obtain PSI-IsiA 

supercomplex at high purity and homogeneity. At last, the overall evaluation and conclusion of 

all experimental results were included in Chapter 5. 
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potential docking sites of electron transfer partners namely Pc/Cyt c6 and Fd/Fld based 

on the structural features for possible inter-protein interactions. 

In the PSI reaction center, charge separation takes place at a special pair of 

chlorophyll a molecules (termed as P700) using photon energy funneled by surrounding 

antenna pigments48. The activated electron is then transferred through the internal ETC, 

and finally relayed to the downstream soluble electron acceptor (usually Fd served this 

role) at the stromal side49. The reduced electron acceptor Fd is a strong reductant, 

providing electrons in a variety of downstream reactions such as the reduction of 

nicotinamide adenine dinucleotide phosphate (NADP+), nitrogen and sulfur assimilation, 

fatty acid desaturation among others50,51. The excited P700 (termed as P700*) has lost 

an electron and is then subsequently reduced by an electron donor protein (Cyt c6 or Pc) 

bound at the luminal side, sequentially launching the next round of electron transfer52. 

For a more detailed descriptions about the PSI electron transfer process, please refer to 

Chapter 3. 

2.1.4 Progress in the structural exploration of PSI 

The X-ray structure of trimeric cyanobacterial PSI from Thermosynechococcus 

elongatus (formerly named as Synechococcus elongatus) was determined in 2001 at 2.5 

Å resolution (PDB ID: 1JB036), and later that from Synechocystis sp. PCC 6803 at same 

resolution (PDB ID: 5OY053). This resolution of 2.5 Å was the highest record for a long 

time. Recently, several other PSI structures, including green plant-type PSI complexed 

with light-harvesting chlorophyll proteins I (LHCI), were revealed at better resolution by 

X-ray crystallography and later by Cryogenic Electron Microscopy (Cryo-EM): PSI-LHCI 

from pea at 2.393 Å (PDB ID: 7DKZ54), and two PSI-LHCI complexes from diatom at 2.38 

and 2.4 Å (PDB IDs: 6LY555, 6L4U56). Benefiting from the resolution revolution of 

Cryo-EM57, two more Cryo-EM structures of cyanobacterial PSI at slightly better 

resolution were published: trimeric PSI from Halomicronema hongdechloris C2206 at 

2.35 Å (PDB ID: 6KMW 58), and tetrameric PSI from a heterocyst-forming Anabaena sp. 
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at single data collection job mode using an EIGER16M detector and an Al 0.800mm 

attenuator. The camera position distance was 500 mm, with the exposure time of 0.1 s at 

a wavelength of 0.90000 Å and 0.1° oscillation step.  Diffraction data was collected on 

beamline BL44XU at SPring-8 using CCD detector MX-300HE (Rayonix) at cryogenic 

temperature (100K). The on-the-spot and remote access X-ray diffraction tests were also 

performed at Taiwan Photon Source (TPS, Hsinchu). The spacegroup and unitcell 

determination based on diffraction snaps were performed using iMosflm59. 

 

2.3 Results 

The SDG centrifugation result and SDS-PAGE result are presented in Fig. 2-2. After 

SDG centrifugation, PSI sample separated into bands of green color (B1, B2 and B3). Each 

band was checked by SDS-PAGE after extraction from the SDG tube. In general, there was 

no obvious difference in regard to the protein distribution in the SDS-PAGE gel. In regard to 

sample yield, B2 with the darkest color also had the highest yield and concentration. 

 

Figure 2-2 Sucrose density gradient (SDG) centrifugation result and SDS-PAGE result 

for each band extracted from the SDG. 
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Negative staining grids were prepared for each band with proper sample dilution and 

applied for EM checking. Figure 2-3 presents typical micrographs of negative stained grids. 

Based on SDS-PAGE result as well as molecular size and shape, proteins in B1 were mainly 

identified as PSI monomers. Whereas proteins in B2 and B3, trimeric shape of PSI could 

clearly identified, and the diameter of each trefoil-shaped particles was close to that of the PSI 

trimer. However the characteristics of particle distribution was different between B2 and B3. 

Based on the results of negative stain transmission electron microscopy, PSI trimer particles 

in B2 sample tended to be separated and homogeneous, whereas PSI trimer particles in B3 

stacked to each other and formed aggregates to some degree. For crystallization, protein 

sample with high degree of homogeneity is more suitable and accordingly B2 sample was 

selected for crystallization trials. 

 

 

Figure 2-3 Micrographs of negative stained PSI trimer protein samples.  

From left to right: B1, B2 and B3 marked in Fig. 2-2. 

 

Several crystallization conditions were found possible to crystallize PSI sample buffer 

extracted from the SDG band B2, which are presented in Fig. 2-4 with overall view and 

zoomed-in view of typical crystals and also precipitant buffer conditions. The protein sample 

formed crystals in various shapes and sizes, indicating multi-arrangements. Some conditions 

were highly reproducible, whereas some other conditions were just a flash in the pan and no 

crystals were observed in following optimization trials. 



 - 16 - 

The most promising precipitant buffer condition with best reproducibility and 

regular-shaped crystals contained ammonium sulfate, sodium chloride, sodium citrate (pH 6.0) 

and PEG 2000. The following buffer optimization trials were performed mainly by adjusting 

the concentration and ratio of these chemical components. Meanwhile, various additives and 

detergents were also tried for potential improvements of crystal formation and X-ray diffraction 

as described in the Methods part. In addition, micro-seeding by smashing crystals into pieces 

as potential crystalizing cores, as well as macro-seeding which transits complete crystals into 

mixture of protein buffer and precipitant buffer were also applied for exploring the possible 

optimal crystallization strategy. Figure 2-5 summarized photos of typical results of crystal 

optimization trials. In general, buffer components being optimized to proper concentration and 

ratio made most progress, whereas additives including detergent screening gave only limited 

improvement in crystal formation and diffraction quality. No promising crystals were obtained 

from seeding trials. 

To avoid radiation damage of high-energy X-ray from synchrotron radiation source, 

crystals should be shock frozen into liquid nitrogen before diffraction measurements. In order 

to find optimal cryoprotectants type and proper concentration, ice ring test was performed to 

crystals in different chemicals as described in the Method section. The highest resolution for a 

distinguishable diffraction spot was around 6.3 Å. Figure 2-6 presented typical diffraction 

snaps of crystals in different cryoprotectants, detailed condition and unit cell parameters were 

summarized in Table 2-2. 
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Figure 2-4 Initial crystallization screening results 
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Figure 2-5 Summary of crystallizing optimization trials 
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2.4 Discussion 

The cyanobacterial photosynthesis-related protein complex Photosystem I (PSI) 

genetically modified with a 10x his-tag on the N-terminal of subunit PsaF was purified from 

thermophilic cyanobacteria T. elongatus BP-1 cells at high purity and homogeneity. Crystals 

were found during the initial screening of crystallizing conditions and optimized through 

various strategies including seeding, precipitant components, and additive screening. 

Regular-shaped and large (over 1 mm length) crystals were shock frozen and stocked in 

liquid nitrogen after exchanging buffer containing proper cryoprotectants. X-ray diffraction by 

synchrotron radiation source at SPring-8 (Harima) and Taiwan Photon Source (TPS, Hsinchu) 

was performed for crystal quality checking. Even though efforts were spent for optimization, 

limited resolution and high anisotropy hindered the high-quality structure determination. 

Optimization trials gave some hints of how to optimize the crystallization of huge 

membrane protein complexes like PSI. In general, the seeding method did not contribute 

much if the number of crystal cores was reasonable. Sometimes, on the contrary, the seeding 

method could cause improper crystals growing (such as multi-crystals and crystal branches). 

Based on current crystallization results, since improper crystallization will obstruct diffraction, 

the seeding method was only applicable in case of crystal cores were hard to form, and not 

suitable in PSI trimer crystallization in this case. As for additive (including detergent) 

screening, since no crystal was detected with a better resolution during following diffraction 

tests, no obvious beneficial contribution was observed by adding additives into crystallizing 

mixtures. Until now, optimization of precipitant concentration worked best in the aspect of 

crystal appearance, and cryoprotectants screening contributed in the aspect of diffraction 

patterns and protect crystals from shock-frozen by liquid nitrogen. Before precipitant buffer 

and cryoprotectants optimization, crystals with the best resolution were around 10 Å, and 

thick black ice rings were observed around the periphery of diffraction pattern (as Fig. 2-6 a.). 

Whereas after optimization, the ice ring was eliminated, and the resolution was also improved 

to around 6.5 Å (as Fig. 2-6 e.). However, current diffraction result, especially in the aspect of 
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resolution, is still not satisfying for the better atomic model building when compared with 

previous structures (such as the 2.5 Å PSI trimer crystal structure). 

According to the current results of PSI trimer crystallizing trials, some factors could be 

considered to cause a significant effect on crystal quality, such as: 

1). The surface charge of complex, which could be changed in different buffers and 

precipitants. 

2). The ratio of detergent and protein concentration, since empty detergent micelles 

could hinder regular protein arrangement in crystals. 

3). purification methods including thylakoid membrane treatment and concentration 

strategy (PEG precipitation, ultrafiltration etc.), because harsh treatments could cause 

damages to flexible subunits such as PsaK. 

4). Cryoprotectants and cryoprotection strategy, which could have a remarkable influence 

on diffraction quality and resolution. 

On the other hand, since the purified PSI protein sample was with high purity and 

homogeneity from the view of negative staining result, it was promising to be utilized in the 

following Cryo-EM single particle analysis data collection and processing. In the following 

Chapter 3, purified PSI played its potential in exploring binding mechanism of electron 

transfer with its partners, and atomic model of PSI in presence of Fd and Cyt c6 was built 

based on a high resolution Coulomb potential map. 
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Chapter III. Cryo-EM single particle analysis of Cyt c6-PSI-GaFd 

triple complexes 

3.1  Introduction 

3.1.1 The photosynthetic electron transport chain in cyanobacteria 

Oxygenic photosynthesis can be divided into two phases: the light-dependent 

reactions and light-independent reactions, the former of which includes photon 

absorption by PS-internal pigments and drives the photosynthetic electron transport 

originating from water to the final electron carrier protein, Ferredoxin (Fd). In the reaction 

center of Photosystem I (PSI), light-driven charge separation takes place at a special pair 

of one Chlorophyll a (Chl a) and its isomer Chlorophyll a' (Chl a') molecule (termed as 

P700) using the energy of photon funneled to it by antenna pigments. The activated 

electron is then transferred through the Electron Transport Chain (ETC) and finally 

relayed to the downstream soluble electron acceptor proteins at the stromal side. 

Reduced electron acceptors, as strong natural reductants, provided electrons in a variety 

of downstream reactions such as the production of NADPH, nitrate assimilation, and fatty 

acid desaturation40. In some cases of iron deficiency, Flavodoxin (Fld) could be 

expressed by some cyanobacteria for the replacement of Fd, which will be described 

thoroughly in Chapter 4. The Fig. 3-1 is a spatial picture presenting the arrangement of 

ETC-involved protein complexes and major reaction sequences. 
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Figure 3-1 The spatial picture showing the major protein complexes and how they are 

arranged in the photosynthetic membrane2. 

 

3.1.2 The PSI-related electron transfer partners 

Lipophilic and hydrophilic mobile electron carriers, Plastoquinone (PQ), and 

Plastocyanin (Pc) or Cytochrome c6 (Cyt c6) perform an electron relay between the 

membrane bound complexes of the light reactions39,60,61. Two of those electron 

transferring players in the oxygenic photosynthesis form a transient electron transfer 

complex and immediately dissociate after passing/receiving an electron62,63. These 

electron transfer events should be sequential, and each electron transfer takes place with 

the specificity and kinetic competence, which means how to pass an electron is the key 

in the maximum performance of this electrochemical reaction. The excited P700 (P700*) 

which lost one electron would be reduced by an electron donor protein at the lumenal 

side, sequentially launching the next round of electron transfer. Cytochrome c6 (Cyt c6, 

formerly termed Cytochrome c-55264) and plastocyanin (Pc) function as interchangeable 

upstream electron donor of PSI, widely distributed in diverse phototrophs from 

cyanobacteria to higher plants. Cyt c6 utilizes one iron-contained heme as a redox center, 

whereas copper plays a similar role in Pc. While the inter-molecular interaction of 

lipophilic organic molecules, plastoquinone or quinone analogues, between Photosystem 
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whose 3D structure is identical except that the [2Fe-2S] cluster is replaced to [2Ga-2S], 

was used to fix the redox state of bound Fd to the oxidized state even under the light81.  

After Cryo-EM became common around 2014, several noncovalent electron transfer 

complex structures of PSI started to be reported, such as PSI:Fd (PDB ID: 7S3D46), 

PSI-IsiA additional antenna complex with Flavodoxin (PDB ID: 6KIF87), PSI-LHCI-LHCII 

(PDB ID: 7D0J88) and the triple complex of Pc:PSI-LHCI:Fd (PDB ID: 6YEZ89). In most 

cases, however, low local resolution of bound mobile carrier protein prevented detailed 

discussion at the residue level. This is rather disappointing and thus far the only 

exception to this situation is the analysis of the Pc:PSI-LHCI complex at 2.74 Å (PDB ID: 

6ZOO90) which provides first more detailed structural insights into the interaction of the 

electron donor Pc at the luminal docking side of PSI. 

 

3.1.6 Research motivation and target 

To understand the redox-dependent protein-protein interaction around PSI more 

clearly, higher resolution structure of PSI together with its electron donor and acceptor 

under the determined redox state is required. In this chapter, we describe the Cryo-EM 

single particle analysis results of cyanobacterial PSI from Thermosynechococcus 

elongatus BP-1 at overall 1.97 Å resolution complexed with its electron transfer partner 

proteins GaFd and Cyt c6. Supplemented by the Isothermal Titration Calorimetry (ITC) 

measurement, the structural basis for transient but highly specific molecular interactions 

is described and discussed. In addition, the detailed redox-dependent electron transfer 

mechanism around PSI is proposed.  

 

3.2  Materials and Methods 

3.2.1 Optimized PSI trimer purification 

The PSI purification protocol is similar as described in Chapter 2 with some minor 

modifications. Thermophilic cyanobacteria of the Thermosynechococcus elongatus BP-1 
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performed by implemented MotionCor299 algorithm. For each motion corrected 

micrograph the contrast transfer function (CTF) was estimated using CTFFIND4100. 

For de novo building of an initial model, total 40,483 particles were picked 

automatically from one group of 500 micrographs using the Laplacian of Gaussian. 

Picked particles were subjected to one round of reference-free 2D classification and the 

initial model was calculated using 30,580 particles of the best 2D classes. The Fig. 3-6e 

presented an isosurface visualization of the initial model at thresholds. Auto-picking on 

micrographs of all six groups was performed by using the initial model as a 3D reference. 

A total of 511,737 particles were picked from all micrographs and 2D classification was 

performed on the particles picked from each group of micrograph. The 2D classes with 

clear background and clear protein appearance (as shown in Fig. 3-6d) containing a total 

of 366,174 particles were selected and used for the 3D classification. Particles of the best 

3D class, indicated by a red caption in Fig. 3-6f representing 56.6% (207,142 particles) 

of all particles were selected for an initial reconstruction using standard auto-refinement. 

Subsequently, several rounds of CTF refinement and Bayesian polishing were performed 

until the overall map resolution did not improve further.  
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Figure 3-6 Cryo-EM single particle analysis and data processing results. a. The workflow of 

data processing was performed in RELION 3.1. b. A representative micrograph and c. its 

Fourier transform with Thon rings extending to 2.0 Å resolution. d. 2D classes selected for 

further 3D classification. e. Initial de novo model based on auto-picked particles rendered at 

four different thresholds. f. The results of 3D classification. Particles in the best class (colored 

in red) were used for 3D refinement. 
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Figure 3-7 Local resolution distribution of post-processed density map in C3 symmetry. 

 

3.2.9 Movie artificial screening 

After initial trials of data processing, the movies with low auto-picking hits (<30 

particles) and problematic Thong ring as well as low estimated resolution (>5 Å) were 

omitted (as shown in Fig. 3-9, 3-10 and 3-11). The remaining 1,959 movies were applied 

for the following processing, which resulted in a better overall resolution statistics in 

post-processing step. 

Following standard post-processing procedures, the final map gave an estimated 

resolution of 2.06 Å without symmetry applied (C1) and 1.97 Å with symmetry applied 

(C3). No obvious difference could be observed between the C1 and C3 maps in terms of 

structural features. The C3 symmetrized map was used for the following model building 

with the reason of better Euler angle distribution and reduced level of noise. Local 

resolution distribution was calculated using RELION, and results were shown in Fig. 3-7. 

The FSC curves and Euler angle distribution (both C1 and C3 map) of post-processed 

density map were presented in Fig. 3-8. In the map in C3 symmetry presented density 

bias of each protein, the density of PSI was with highest level, following with GaFd, and 

the density of Cyt c6 was most invisible and in lowest resolution as shown in Fig. 3-12. 

 



 - 41 - 
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Figure 3-9 Typical movies which were omitted after CTF estimation for the reason of 

limited auto-picking hits (<30 particles). 
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Figure 3-10 Typical movies which were omitted after CTF estimation characterized by 

problematic Thon rings, which may be caused by the carbon film of cryo-grids, i.e. the image 

was accidentally taken off the hole. 
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Figure 3-11 Typical movies which were omitted after CTF estimation for the reason of 

improper data collection (Type a.) and losing focus caused by impurities (Type b.). The 

estimated resolution of these movies were also limited (>5 Å). 
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Figure 3-12 Density map after 3D auto-refinement with different threshold applied, which 

presented the density level difference of each protein. 
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Figure 3-13 The masks for local 3D classification and auto-refinements in density maps 

applying C3 and C1 symmetry, respectively.  

 

3.2.11  Atomic model building and refinement 

Coot101, Phenix102, MolProbity and UCSF Chimera were used for model building and 

real space refinement. The X-ray crystal structures of the Synechococcus elongatus PSI 

trimer determined at 2.5 Å resolution (PDB ID: 1JB036) and of the T. elongatus BP-1 

ferredoxin X-ray crystal structure determined at 1.5 Å (PDB ID: 5AUI80) were used as a 

starting model for real space refinement in Phenix 1.19.2 after manual fitting in UCSF 

Chimera 1.13.1. Coot 0.9.5 was used for manual correction and minimization of rotamer, 

geometry, and Ramachandran outliers in the real space refined model. Accurate 
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chromatography and sucrose density gradient ultracentrifugation. This yielded PSI trimer 

preparations of high purity, homogeneity and concentration which were further optimized 

for single particle cryo-EM by detergent exchange to GDN and removal of excess free 

detergent by GraDeR94. The soluble electron donor Cyt c6 was purified from the same T. 

elongatus cultures employed for PSI isolation using the water soluble fraction, whereas 

the water soluble electron acceptor Fd was expressed and isolated using E. coli cultures. 

The latter enabled us to prepare Gallium substituted Fd that cannot be reduced, ensuring 

strong binding to PSI at redox state homogeneity. Fd and Cyt c6 were mixed with PSI and 

used for cryo-grid screening in a 200 kV cryo-TEM (Talos Arctica, TFS).  

A cryo-grid exhibiting large areas of suitable vitreous ice thickness with high particle 

density in hole centers was then transferred to a high end 300 kV cryo-TEM equipped 

with a cold-FEG, energy filter and a K3 direct electron detector (CRYO ARM 300, JEOL; 

Gatan) for automatic acquisition of 3,018 movies by SerialEM. Image processing in 

Relion 3.1 yielded a final map calculated from 207,142 particles at an overall resolution of 

1.97 Å and of sufficient quality at the Fd-PSI binding interface to visualize side chain 

density and water molecules.  

 

3.3.2 Overall structure 

Viewed along the membrane plane the Ferredoxin bound PSI trimer resembles the 

shape of a clover leaf with a diameter of ~200 Å and a total weight of 1,110 kDa. Since no 

significant differences between the non-symmetrized (C1) Coulomb density map at 2.07 

Å and the symmetrized (C3) map at 1.97 Å resolution were observed, the latter one was 

used for atomic model building. As starting models we employed the T. elongatus PSI 

crystal structure solved to 2.5 Å resolution (PDB ID 1JB0) and the Gallium substituted T. 

elongatus Ferredoxin crystal structure solved to 1.5 Å resolution (PDB ID 5AUI).  

In our model (Fig. 3-14) all 12 subunits of each T. elongatus PSI monomer, that is 

PsaA, PsaB, PsaC, PsaD, PsaE, PsaF, PsaI, PsaJ, PsaK, PsaL, PsaM and PsaX, were 
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Figure 3-15 All newly added/ modified residues and ligands. Fd was also presented as 

cartoon with transparent surface overlapped. Amino acid residues were colored by subunits. 

Ligands were colored by elements. Lipids are colored in red. 
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PSI-Fd X-ray crystal structure. Interestingly, all these edge-to-edge co-factor distances 

are shorter than those reported for the higher plant PSI-Fd-Pc triple complex. 

 

 

Figure 3-17 Core electron transfer chain (ETC) molecules in PSI-GaFd complex overlapped 

with Cryo-EM densities. Distances between molecules were measured in 2 ways: distance 

between Mg-Mg / Mg-phylloquinone center (dashed lines), and edge-to-edge distance 

between two molecules (solid lines). 

 

3.3.4 The Cyt c6-like density 

The Fig. 3-18 presented local resolution of density map in both top-view and 

side-view. In raw density map without any modification and masking, low density features 

were found when downscale the threshold of map density level from 0.007 to 0.002 (Fig. 

3-18b). Densities presented almost identical features in maps with/without symmetry 
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applied, and not obtained distinguishable improvement after masked 3D 

classification/refinement were performed (Results not shown). The densities surrounding 

PSI trimer were inferred as detergent micelle with local average resolution of around 3 Å. 

Extra densities were also found at lumenal side of PSI trimer in C3 symmetry, which were 

inferred as potential Cyt c6 binding site correspondingly.  

The local resolution of this area approached 3 Å at PSI-proximal side, and over 4 Å at 

PSI-distal side. The Fig. 3-18c presented zoomed-in view of this area, and Cyt c6 atomic 

model (PDB ID: 6TR1) determined by X-ray diffraction was docked for simulation. 

Although docked Cyt c6 model was with similar size and volume as density feature, the 

limited resolution and high noisiness blocked reliable orientation determination. Docked 

Cyt c6 was not included in the final model of complex, which was only presented in 

docking diagram since the unauthentic interactions with PsaB, PsaF and PsaX. 

 



 - 57 - 

 





 - 59 - 

results looks more separated when 5 class number was set. In Fig. 3-22, all classes 

were occupied with particles, where as in the 5-class classification result of Fd (table in 

Fig. 3-20), only 2 or 3 classes were occupied with particles. Such difference of cluster 

distribution indicated the binding features of the two electron transfer proteins. For Fd, 

the binding characterization should be relatively sample and clear, whereas the binding 

of Cyt c6 should be more flexible and unspecific, which maybe the reason of low local 

resolution. 
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Figure 3-19 Typical GaFd masked auto-refinement results (parameters in red box) of each 

class overlapped with density map in C1 symmetry. The form below listed the masked 3D 

classification distribution with different T value applied. 
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Figure 3-20 Typical GaFd masked auto-refinement results (parameters in red box) of each 

class overlapped with density map in C3 symmetry. The form below listed the masked 3D 

classification distribution with different T value applied. 
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Figure 3-21 Typical Cyt c6 masked auto-refinement results (parameters in red box) of each 

class overlapped with density map in C1 symmetry. The form below listed the masked 3D 

classification distribution with different T value applied. 
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Figure 3-22 Typical Cyt c6 masked auto-refinement results (parameters in red box) of each 

class overlapped with density map in C3 symmetry. The form below listed the masked 3D 

classification distribution with different T value applied. 
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Figure 3-23 Density bias of each GaFd overlapped with structure of PSI:Fd complex model 

(PDB ID: 5aui, all three Fds were colored in red) at same threshold. The form below showed 

the results of single GaFd masked 3D classification results with different parameters (lowpass 

filter, class number and T values). Particles in the class in red box were applied for the density 

map construction. 
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As for the single Fd-masked classification and refinement result presented in Fig. 

3-23, with more parameters (Lowpass filters and other class numbers) tested, one class 

with acceptable resolution and particle number was selected and extracted for the 

following polishing and map construction. The local resolution of Fd was not improved 

much when compared with previous map, however, the density level difference of 

masked Fd (GaFd1) to other two Fds (GaFd2 and GaFd3) became detectable as shown 

in Fig. 3-23. Such difference may be caused by the lower occupancy of other Fds in the 

particles, which might mean that not all PSI trimers are bound with three Fd. The 

characterization of Fd binding with PSI should be measured by other methods such as 

ITC measurements. 

 

3.3.6 Interactions between PSI and Fd 

Three PSI subunits (PsaA, PsaC, PsaE) take directly part in the binding of Fd. Figure 

3-25 presents the relative location of each interactive subunit in the PSI trimer complex. 

Zoomed in views of interaction between Fd with each subunit are presented in detail from 

the visual angle of dashed square. The interaction-involved amino acid residues and 

water molecules were determined by DIMPLOT program in LigPlot+ suite30. Based on 

the DIMPLOT analysis result, total 18 residues within PSI subunits(Arg36, Arg40, Thr60 

in PsaA; Ile11, Gly12, Gln15, Arg18, Lys34, Ala35, Ala56, Pro58 in PsaC; Arg3, Ile37, 

Arg39, Ser53, Asn56, Thr57, Asn59 in PsaE) and 20 residues within Fd (Ser60, Asp61, 

Asp67, Ile70 with PsaA; Phe38, Ser39, Cys40, Ala44, Cys45, Thr47, Phe64, Tyr97 with 

PsaC; Glu23, Tyr24, Asp27, Glu31, Cys40, Arg41, Ala42, Ser63 with PsaE) were 

involved in the binding by electrostatic or hydrophobic interactions. In general, 4 residues 

(Glu23, Asp27, Phe38 and Thr47) in Fd were newly found related to the binding 

interaction, whereas 4 Fd interactive residues (Gln62, Asp66, Glu71 and Tyr81) 

described in previous co-crystallization structure20 were not found in model described 

here. Moreover, total 6 water molecules (HOH109 to Fd:PsaA, HOH103, HOH105, 
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Figure 3-24. Key sites of Fd-PSI interaction. a Nexus of interactions that contribute to the 

binding affinity of PSI with Fd. Crucial PSI residues Lys34 of PsaC and Arg39 of PsaE and 

their respective Fd binding partners are highlighted. PsaC in purple ribbon, PsaE in green 

ribbon, Fd in cyan ribbon and their interacting residue side chain atoms in ball and stick with 

their corresponding density in silhouette. b Hub of interactions around Gln15 of PsaC and 

with Cys45, Phe64 and Tyr97 of Fd. These residues undergo a conformational change upon 

Fd reduction. PsaC in purple ribbon, Fd in cyan ribbon and interacting residues side chain 

atoms in ball and stick with their corresponding density in silhouette. Interfacial water 205 is 

shown as a red ball. Iron-sulfur cluster FB of PSI and the gallium-sulfur cluster of Fd is 

depicted in ball and stick format. 
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