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Abstract 

Photosystem I (PSI) of photosynthetic organisms is a multi-subunit pigment-protein 

complex and functions in light harvesting and photochemical charge-separation reactions, 

followed by reduction of NADP to NADPH required for CO2 fixation. PSI from different 

photosynthetic organisms has a variety of chlorophylls (Chls), some of which are at lower-

energy levels than its reaction center P700, a special pair of Chls, and are called low-energy 

Chls. However, the site of low-energy Chls is still under debate. Here, we solved a 2.04-Å 

resolution structure of a PSI trimer by cryo-electron microscopy from a primitive 

cyanobacterium Gloeobacter violaceus PCC 7421, which has no low-energy Chls. The 

structure showed absence of some subunits commonly found in other cyanobacteria, 

confirming the primitive nature of this cyanobacterium. Comparison with the known 

structures of PSI from other cyanobacteria and eukaryotic organisms reveals that one 

dimeric and one trimeric Chls are lacking in the Gloeobacter PSI. The dimeric and trimeric 

Chls are named Low1 and Low2, respectively. Low2 does not exist in some cyanobacterial 

and eukaryotic PSIs, whereas Low1 is absent only in Gloeobacter. Since Gloeobacter is 

susceptible to light, this indicates that Low1 serves as a main photoprotection site in most 

oxyphototrophs, whereas Low2 is involved in either energy transfer or energy quenching 

in some of the oxyphototrophs. Thus, these findings provide insights into not only the 

functional significance of low-energy Chls in PSI, but also the evolutionary changes of 

low-energy Chls responsible for the photoprotection machinery from photosynthetic 

prokaryotes to eukaryotes. 
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Introduction 

Oxygenic photosynthetic reactions convert light energy into chemical energy and produce 

molecular oxygen, thereby maintaining the aerobic life on the earth (1). Despite the 

necessity of light energy in photosynthesis, excess-light energy is harmful to the 

photosynthetic reactions (2-4). Therefore, oxyphototrophs have developed various 

photoprotection mechanisms to deal with excess-light energy, and photoprotection is 

essential for oxyphototrophs to survive under changeable light conditions. One of the 

photoprotection mechanisms is excitation-energy quenching by converting excitation 

energy to harmless heat (5-7). Energy quenching occurs mainly by either energy transfer 

or charge transfer between chlorophylls (Chls) and carotenoids (Cars) (4, 8-10).  

The light-induced photosynthetic reactions take place in two multi-subunit 

pigment-protein complexes, photosystem I and photosystem II (PSI and PSII, 

respectively). PSI is a multi-subunit pigment-protein complex and functions in light 

harvesting, charge-separation and electron transfer reactions, and in reduction of 

NADP to NADPH required for CO2 fixation (1, 11, 12). PSI has many cofactors 

including chlorophylls (Chls), carotenoids (Cars), quinones, and iron-sulfur clusters 

functioning in the photochemical reactions (12). These cofactors are well conserved 

in PSI cores among oxyphototrophs, although the molecular organizations of PSI 

differ significantly among different species of organisms (13). 

Among photosynthetic organisms, cyanobacteria are known to be a large group 

of prokaryotes and to have either trimeric (14-19) or tetrameric (20-22) PSI complexes. 

Cyanobacterial PSI complexes also possess unique Chl molecules at energy levels 

lower than the level of P700, a special pair Chl that performs charge separation among 

~95 Chl molecules in the PSI-monomer unit (11). The low-energy Chls are historically 

called Red Chls, which have different energy levels among cyanobacteria (23, 24). 

The major functions of the low-energy Chls in PSI are either uphill energy transfer 

from low-energy Chls to other Chls (23) or excitation-energy quenching under excess 

excitation conditions (25-27). From these observations, low-energy Chls are thought 

to regulate energy balance for energy transfer and energy quenching (23, 24). Despite 

numerous structural and functional analyses of the cyanobacterial PSI, the location of 
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low-energy Chls is still under debate for a long time both experimentally and 

theoretically (23, 24, 28, 29).  

The low-energy Chls in PSI are characterized by their clear spectral components 

using fluorescence spectroscopy at 77 K. There are two types of major fluorescence 

peaks from low-energy Chls which are located at around 723 and 730 nm in PSI 

trimers isolated from the representative cyanobacteria, Synechocystis sp. PCC 6803 

(hereafter referred to as Synechocystis) (30, 31) and Thermosynechococcus elongatus 

(32), respectively. The fluorescence feature of low-energy Chls is conserved even in 

the tetrameric PSI cores of cyanobacteria (20, 33). In this study, we define the 723-

nm and 730-nm low-energy Chls as Low1 and Low2, respectively. Most of 

cyanobacteria have Low1 and/or Low2; however, it is very interesting to note that the 

cyanobacterium Gloeobacter violaceus PCC 7421 (hereafter referred to as 

Gloeobacter) possesses neither Low1 nor Low2 in PSI as revealed by fluorescence 

analyses of in vivo (34) and in vitro (31). Gloeobacter has no thylakoid membranes 

(35) and branches off from the main cyanobacterial tree at an early state (36), thereby 

is classified as a primitive cyanobacterium. An additional feature of Gloeobacter is its 

susceptibility to light (37, 38). Gloeobacter cannot grow under a normal-light 

condition for other cyanobacteria, e.g., 30 µmol photons m−2 s−1, under which, most 

oxyphototrophs including Synechocystis and T. elongatus grow well. This means that 

Gloeobacter does not possess a functional photoprotection mechanism present in 

Synechocystis and T. elongatus. In other words, if this photoprotection mechanism 

disappears, oxyphototrophs will die under normal-light conditions. These 

characteristics, namely, the absence of low-energy Chls in PSI and the ability of 

Gloeobacter to grow only under extremely low light conditions lead to a notion that 

Low1 and/or Low2 are involved in the photoprotection mechanism.  

In order to reveal the locations of Low1 and Low2 in Synechocystis and 

thermophilic cyanobacteria, we solved the structure of the PSI trimer isolated from 

Gloeobacter using cryo-electron microscopy (cryo-EM) at a resolution of 2.04 Å. The 

structure obtained showed the absence of some subunits commonly found in other 

cyanobacteria, confirming the primitive nature of this cyanobacterium. By comparing 

the Gloeobacter PSI structure with the structures of Synechocystis and thermophilic 
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cyanobacteria, we were able to locate the positions of Low1 and Low2 sites; based on 

which we discuss the correlation of Low1 and Low2 with the photoprotection 

machinery required for survival of most oxyphototrophs under normal-light 

conditions. 

 

Results 

 

Overall structure of the PSI trimer 

The PSI trimers were purified from Gloeobacter, and its biochemical characterization was 

summarized in Fig. S1. Cryo-EM images of the PSI trimer were obtained by a JEOL CRYO 

ARM 300 electron microscope operated at 300 kV. After processing of the images with 

RELION (Fig. S2 and Table S1), the final cryo-EM map with a C3 symmetry enforced was 

determined at a resolution of 2.04 Å, based on the “gold standard” Fourier shell correlation 

(FSC) = 0.143 criterion (Fig. 1A and Fig. S2). This resolution is the highest for the structure 

of PSI trimers ever determined by X-ray crystallography and single particle cryo-EM so 

far (14-19). This was realized by imaging with a cold-field emission electron beam that 

produces superior high-resolution signals (39). The atomic model of PSI was built based 

on the 2.04-Å map (Fig. 1B and Table S2), and most of the cofactors and amino acid 

residues were precisely assigned into this high-resolution map.  

The electron-transfer chains of a special pair Chls P700, accessary Chl Acc, 

primary electron acceptor A0, menaquinone-4 A1, and iron-sulfur clusters FX/FA/FB 

are assigned unambiguously (Fig. 2). The densities for the Mg atoms in the Chl 

molecules are clearly visualized at their centers (Figs. 2B–2E). In addition, the 

characteristic structures between Chl a′ and Chl a in P700 are distinguished clearly in 

the high-resolution map (red arrows in Fig 2B and 2C, respectively). The densities of 

individual heavy atoms in the iron-sulfur clusters are also clearly separated, allowing 

their precise assignment possible (Figs. 2G–2I). 

 

Subunit structures of the PSI monomer 

PSI of Gloeobacter is a homo-trimeric complex, and its overall architecture is similar to 

those of the PSI trimer isolated from other cyanobacteria (14-19). Each monomer of the 
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Gloeobacter PSI contains nine subunits (Fig. 1B), and all of the genes for these subunits 

are found in the genome of Gloeobacter (psaA, psaB, psaC, psaD, psaE, psaF, psaL, psaM, 

and psaZ) (40). PsaZ was positioned at a same location of PsaI in the PSI structure of 

Synechocystis (15), although the Gloeobacter PsaZ has low sequence identity (20.0%) with 

the Synechocystis PsaI (Figs. S3A and S3B) (41). The other eight subunits were located at 

similar positions of PSI from other cyanobacteria (14-19). An additional subunit was found 

at the position of PsaJ which was modelled as polyalanines (Fig. S3C), because the psaJ 

gene is absent in the Gloeobacter genome (40) but a subunit is clearly visible in the map 

at the same position as PsaJ (14-19). This subunit is named Unknown in the Gloeobacter 

structure. The cryo-EM map of Gloeobacter PSI indicated the absence of PsaG, PsaH, 

PsaK, and PsaX found in other PSIs, consistent with the absence of their genes in the 

Gloeobacter genome (40). While PsaG and PsaH are also absent in other cyanobacteria 

and appeared in the green lineage PSI, PsaK and PsaX are found in other cyanobacterial 

PSI and binds Chls (see below) and play important roles in stabilizing the PSI structure and 

in energy transfer (13-19). The absence of these subunits in the Gloeobacter PSI is 

consistent with its primitive nature during the evolutionary process.  

The root mean square deviations between the monomer unit of Gloeobacter PSI 

and that of cyanobacterial PSI with the same set of subunits from T. elongatus (PDB: 

1JB0) (14), Synechocystis (PDB: 5OY0) (15), T. vulcanus (PDB: 6K33) (16), 

Halomicronema hongdechloris (PDB: 6KMW) (17), and Acaryochloris marina 

(PDB: 7COY) (18), are 0.85 Å for 2,008 Cα atoms, 0.82 Å for 2,019 Cα atoms, 0.90 

Å for 2,011 Cα atoms, 0.88 Å for 1,785 Cα atoms, and 1.10 Å for 1,896 Cα atoms, 

respectively. This suggests that the overall structures of PSI are largely similar among 

the cyanobacteria, if we do not include some subunits that are absent or different 

between different cyanobacteria. However, some regions of the structure of 

Gloeobacter PSI display large differences compared with other cyanobacterial PSI 

(Fig. 3 and Figs. S4–S6). The Gloeobacter PSI possesses four types of characteristic 

loop structures which are named Loop1 (Tyr515–Gln529) and Loop2 (Asn652–

Ser665) in PsaA, Loop3 (Pro717–Ile727) in PsaB, and Loop4 (Gln31–Asp36) in PsaF 

(Fig. 3A). These four types of loops do not exist in other cyanobacterial PSI trimers 

(14-19). In contrast, the motif of Pro237–Gln248 in the Synechocystis PsaB is absent 
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in the Gloeobacter PSI (Fig. S5). All these insertions and deletions are located at the 

periplasmic side of the PSI monomer (Fig. 3). 

Both Loop1 of PsaA and Loop3 of PsaB do not interact with other subunits, 

whereas Loop2 of PsaA and Loop4 of PsaF are elongated so that they are able to 

interact with PsaB. In Loop2, Leu656 of PsaA is hydrogen-bonded with Pro619 of 

PsaB at a distance of 3.1 Å, and Val655 of PsaA is in hydrophobic interactions with 

PsaB-Pro619 (Fig. 3B). In Loop4, Gln31, Gln33, and Lys35 of PsaF interact with 

Lys455, Glu458, Ala485, Asn486, and Asn487 of PsaB at distances of 2.5–3.1 Å (Fig. 

3C). Since our Gloeobacter structure is solved at a high resolution, these structural 

differences cannot be ascribed to uncertainties due to lower resolutions, and the 

structural features of Gloeobacter PSI appear to contribute to the stability and 

assembly of the PSI complex in the membranes lacking thylakoids. 

 

Cofactors of the PSI monomer 

The cofactors identified in the monomer unit of Gloeobacter PSI are summarized in Table 

S2. There are 89 Chls a, 20 β-carotenes, 3 [4Fe-4S] clusters, 2 menaquinone-4s, and 4 lipid 

molecules in each monomer. The location of these molecules is similar to that in other 

cyanobacterial PSI structures (14-19); however, six Chls are less in the Gloeobacter PSI 

than those in the T. vulcanus PSI (16) and Synechocystis PSI (15). These Chls include one 

Chl in PsaA (Chl1A), one Chl in PsaF (Chl1F), two Chls in PsaJ (Chl1J, 2J), and two Chls 

in PsaK (Chl1K, 2K) (Figs. 4A and 4B). Both Chl1K and Chl2K do not exist in the 

Gloeobacter PSI because of the absence of PsaK in the genome and the structure. Both 

Chl1J and Chl2J are located in the periphery of PsaJ, whose amino-acid residues cannot be 

assigned in the Gloeobacter PSI structure. The map quality around Chl1F in the 

Gloeobacter PSI is very high (Fig. 4C), indicating that Chl1F is potentially lost in the 

Gloeobacter PSI. Chl1A is difficult to bind to the Gloeobacter PSI, because the conserved 

His residue near Chl1A is changed to Phe243 in the Gloeobacter PSI (Figs. S4, S7A, S7B). 

This causes a steric hindrance between Phe243 and Chl1A in the Gloeobacter PSI (Fig. 4D 

and Fig. S7A), making the Chl absent. In addition, it is interesting to note that both of the 

T. vulcanus and H. hongdechloris PSI possess an extra Chl (Chl1B) in PsaB (16, 17), which 
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is absent in both Gloeobacter PSI and Synechocystis PSI (15). This is due to the changes 

occurred in the loop structures (Fig. 4E and Fig. S5), as suggested by Toporik et al. (42). 

 

Identification of the sites of Low1 and Low2 in cyanobacterial PSI  

Upon comparison of the Gloeobacter PSI structure with those of the Synechocystis PSI and 

T. vulcanus PSI, we identified two types of low-energy Chls, Low1 and Low2, responsible 

for the long-wavelength fluorescence peaks as observed in steady-state fluorescence-

emission spectra (30-32). The spectrum of Synechocystis PSI (red line in Fig. 5A) exhibits 

a fluorescence band at around 723 nm corresponding to Low1, whereas that of T. vulcanus 

PSI (blue line in Fig. 5A) displays a fluorescence band at around 731 nm corresponding to 

Low2. In addition, the width of the fluorescence band from the T. vulcanus PSI is broader 

than that from the Synechocystis PSI; therefore, it seems highly probable that the T. 

vulcanus PSI also possesses Low1 in addition to Low2. In contrast, the fluorescence 

spectrum of Gloeobacter PSI (black line in Fig. 5A) showed a maximum band at around 

694 nm, which is much shorter than the wavelengths of Low1 and Low2. No fluorescence 

corresponding to Low1 and Low2 are observed in the Gloeobacter PSI spectrum, 

indicating their absence. The characteristic differences of fluorescence peaks in these 

cyanobacteria can even be observed in absorption spectra measured at 77 K, which showed 

different intensities of relative absorbance over 700 nm (Fig. 5B). 

The energy levels of Chls are lowered by formation of dimeric or trimeric Chls; 

therefore, we focused on dimeric or trimeric Chl clusters through the structural 

comparisons. Among the six Chl molecules that are absent in the Gloeobacter PSI 

mentioned above, Chl1A forms a dimer with Chl2A in both Synechocystis PSI (Fig. 

5C) and T. vulcanus PSI (Fig. 5D). These findings indicate that the dimeric Chls of 

Chl1A/Chl2A is responsible for Low1 in the Synechocystis and T. vulcanus PSI, which 

is lost in the Gloeobacter PSI due to the loss of Chl1A. 

The Mg atom of Chl1A is coordinated by a water molecule in the PSI structures 

of T. elongatus (14) and H. hongdechloris (17). In T. elongatus, this water molecule 

is hydrogen-bonded to a neighboring His240 (Fig. S7A), indicating that this hydrogen-

bond contributes to the stability of Chl1A. Sequence alignment showed that this 

His240 is conserved among most of cyanobacteria (Fig. S4); however, it is changed 
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to Phe243 in the Gloeobacter PsaA (Figs. S4 and S7A). As mentioned above, this 

change leads to the loss of the water molecule that is able to coordinate the Chl 

molecule (Fig. S7A). Thus, both of the His residue and water molecule are responsible 

for the binding of Chl1A and the formation of Low1. 

Low2 exists in the T. vulcanus PSI but is absent in the Gloeobacter and 

Synechocystis PSI (Figs. 4A and 5A). Structural comparisons of T. vulcanus PSI with 

Gloeobacter PSI and Synechocystis PSI showed that a trimeric Chl cluster of 

Chl1B/Chl2B/Chl3B is present in the T. vulcanus PSI but is absent in Gloeobacter 

and Synechocystis PSI due to the absence of Chl1B in the latter two cyanobacteria 

(Figs. 5E and 5F). This Chl trimer is therefore a most probable candidate for Low2. 

This is in consistent with the lower energy that Low2 has than Low1, and also 

supported by the cryo-EM structure of PSI mutant complexes (43). 

 

Conservation of Low1 and Low2 in PSI-monomer units but not in their interfaces 

Some cyanobacteria have tetrameric PSI complexes whose structures have been solved 

from the cyanobacterium Anabaena sp. PCC 7120 (20, 21). Both Low1 and Low2 exist in 

the monomer units of the Anabaena PSI tetramer (Figs. S7B and S7C). This is in good 

agreement with the result of the fluorescence spectrum of the Anabaena PSI tetramer at 77 

K showing a peak at around 730 nm (20, 33). Thus, Low1 and/or Low2 are provided by 

PSI monomer units from most of the cyanobacteria other than Gloeobacter, irrespective of 

their oligomeric states. 

The positions of Low1 and Low2 are found to be within each monomer unit of 

both PSI trimer and tetramer, but not in the interfaces among the PSI monomers. 

Historically, low-energy Chls in PSI are thought to be located in interfaces among 

monomers in a PSI trimer, as summarized briefly by Çoruh et al. (43). This relies on 

biophysical analyses of various types of PSI monomers isolated from cyanobacteria 

having PSI trimers. Such interface-located types of low-energy Chls seem to also be 

observed in Anabaena PSI tetramer, which showed a slight shift of fluorescence peak 

in the PSI dimer and monomer (33). These observations provide evidence for the 

existence of some low-energy Chls in the interfaces among PSI-monomer units within 

the PSI oligomers. However, the interface-type low-energy Chls are different from the 
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Low1 and Low2 observed here. Of our findings on the positions of Low1 and Low2, 

the location of Low2 is supported by the results of Çoruh et al. showing that the PSI 

monomer, which lacks a Chl molecule B1233 corresponding to Chl1B, has a clear 

fluorescence peak shift to around 720 nm compared with a fluorescence peak at around 

730 nm in the PSI trimer (43).  

 

Functional significance of Low1 in cyanobacterial PSI 

It is known that Gloeobacter is susceptible to high-irradiance stress (37, 38), and hence, 

cannot grow at 30 µmol photons m−2 s−1. Since Low1 is absent only in the Gloeobacter PSI 

compared with the Synechocystis and T. vulcanus PSI (Figs. 5A, 5C, and 5D), it seems 

likely that Low1 is responsible for the light tolerance in Synechocystis and T. vulcanus. 

The light tolerance may be induced by excitation-energy quenching by interactions of Chls 

with Cars (4, 8-10). At the site of Low1, a β-carotene molecule BCR1A is located at a 

distance of 3.2 or 3.5 Å to Chl2A in the Synechocystis or T. vulcanus PSI structures (Fig. 

5G). However, the Gloeobacter PSI does not possess this β-carotene molecule. This is 

probably due to steric hindrances by side chains of Met165/Met169/Phe215 in the 

Gloeobacter PSI (Fig. 5G). These structural differences imply that the tight association of 

Low1 with the neighboring β-carotene serves as a major contributor for the photoprotection 

machinery of PSI in Synechocystis and T. vulcanus, which is absent in the primitive 

cyanobacterium Gloeobacter. 

Regarding the excitation-energy dynamics in PSI, it is of note that the 

fluorescence decay-associated spectrum of Gloeobacter PSI at 77 K showed no rise 

component at around 720 nm with a time constant of 32 ps, whereas that of 

Synechocystis PSI exhibited a large rise component at around 720 nm with the same 

time constant (31). This suggests that Low1 accepts excitation energy at tens of ps in 

the Synechocystis PSI and then some of the energy trapped by Low1 may be 

transferred to BCR1A. This quenching process may be caused by P700 oxidation as 

has been suggested previously (25-27). 

 

Discussion  
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The overall structures of PSI supercomplexes where the PSI core is associated with their 

light-harvesting complexes (LHCs) have been solved in red algae (44, 45), green algae (46-

49), diatoms (50, 51), moss (52), and higher plants (53, 54). Compared with the structure 

of Gloeobacter PSI (Fig. 6A), Low1 is present in the PSI cores from all organisms whose 

structures have been solved, including a red alga Cyanidioschyzon merolae (PDB: 5ZGB), 

a green alga Chlamydomonas reinhardtii (PDB: 6JO5), a diatom Chaetoceros gracilis 

(PDB: 6L4U), a moss Physcomitrella patens (PDB: 6L35), and a higher plant Pisum 

sativum (PDB: 4XK8). The His residue corresponding to PsaA-His240 in T. elongatus is 

also conserved among the eukaryotes (Fig. 6B), reflecting the presence of Low1 in 

eukaryotes. Since these organisms grow sufficiently under normal-light conditions such as 

30 µmol photons m−2 s−1, Low1 seems to be an important component of either energy 

transfer or quenching for cell growth under even relatively low-light conditions in both 

cyanobacteria and photosynthetic eukaryotes. Thus, Low1 may be responsible for the 

photoprotection mechanism essential for light-harvesting and survival strategies in 

oxyphototrophs even under normal-light conditions. 

Low2 exists only in PSIs of P. patens and P. sativum in addition to T. vulcanus 

(Fig. 7A); however, the triply stacked interactions among three Chls, especially the 

orientation of Chl1B and Chl1G, differ between cyanobacteria and the eukaryotes 

(Fig. 7B). This is likely due to the different loop structures interacting with Chl1B 

between T. vulcanus and the eukaryotes (Figs. 7B and 7C). In the P. sativum PSI, 

Chl1G corresponding to Chl1B is bound to Tyr93 of PsaG via a water molecule (Fig. 

S8A). PsaG is present in C. reinhardtii; however, the characteristic Tyr residue is 

substituted to Gly (Fig. S8B), leading to the loss of this water molecule in C. 

reinhardtii. This suggests that the hydrogen-bond interaction between the water 

molecule and Tyr93 of PsaG is required for formation of Low2 in eukaryotes. In 

contrast, the gene of psaG is lost in the red alga and diatom, resulting in the loss of 

Low2 in these organisms. The different types of Low2 in mosses and higher plants 

might be necessary for their move from ocean to the land in the process of evolution, 

in order to adapt to a stronger sunlight on the land. However, it should be noted that 

Low2 is not needed for cell growth under normal light conditions, because of well 
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growth of Synechocystis without Low2. Thus, it is concluded that Low2 is not 

involved in the universal photoprotection mechanism. 

In conclusion, this study has demonstrated the high-resolution structure of the 

PSI trimer from Gloeobacter at 2.04 Å by cryo-EM. Structural comparisons of 

Gloeobacter PSI with Synechocystis and T. vulcanus PSI provide evidence for the 

location of Low1 and Low2 that are responsible for energy quenching in most 

cyanobacteria but lack in the primitive cyanobacterium Gloeobacter. From the 

physiological behaviors of light susceptibility among the three types of cyanobacteria, 

Low1 may contribute to a mechanism of photoprotection in PSI by excitation-energy 

dissipation through Chl-Car interactions, whereas Low2 may be necessary for some 

organisms, especially land plants, to protect them from higher light intensity. These 

findings may answer the long-standing question as to the location and function of low-

energy Chls in cyanobacterial PSI. Interestingly, the Low1-related photoprotection 

mechanism may have been conserved in most of the oxyphototrophs other than 

Gloeobacter, suggesting that the lack of Low1 is a characteristic of primitive 

cyanobacteria occurring near the origin of oxyphototrophs. Thus, this study provides 

novel insights into not only the mechanism of photoprotection provided by low-energy 

Chls in PSI, but also the evolution of photosynthetic organisms. 

 

Materials and Methods 

 

Purification and characterization of the PSI trimer from Gloeobacter. The 

cyanobacterium Gloeobacter violaceus PCC 7421 was grown in BG11 medium (55) 

supplemented with 10 mM Hepes-KOH (pH 8.0) and 1/1000 volume of KW21 (Daiichi 

Seimo) at a photosynthetic photon flux density (PPFD) of 5 µmol photons m−2 s−1 at 20°C 

with bubbling of air containing 3% (v/v) CO2. KW21 is helpful for enhancing the growth 

of photosynthetic organisms (56, 57). Membrane fragments were prepared after disruption 

of the cells with glass beads with a method similar to the preparation of thylakoid 

membranes as described previously (58), and suspended in a buffer containing 0.2 M 

trehalose, 20 mM Mes-NaOH (pH 6.5), 5 mM CaCl2, and 10 mM MgCl2 (buffer A). The 

membranes were solubilized with 1% (w/v) n-dodecyl-β-D-maltoside (β-DDM) at a Chl 
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concentration of 0.25 mg mL−1 for 30 min on ice in the dark with gentle stirring. After 

centrifugation at 50,000  g for 30 min at 4°C, the resultant supernatant was loaded onto a 

Q-Sepharose anion-exchange column (2.5 cm of inner diameter and 6 cm of length) 

equilibrated with buffer A containing 0.03% β-DDM (buffer B). The column was washed 

with buffer B containing 100 mM NaCl (buffer C) until the eluate became colourless, and 

further washed with 60 mL of buffer B containing 150 mM NaCl. The PSI fraction was 

eluted with buffer B containing 200 mM NaCl, and subsequently loaded onto a linear 

trehalose gradient of 10–40% (w/v) in a medium containing 20 mM Mes-NaOH (pH 6.5), 

5 mM CaCl2, 10 mM MgCl2, 100 mM NaCl, and 0.03% β-DDM. After centrifugation at 

154,000  g for 18 h at 4°C (P40ST rotor; Hitachi), a band containing the PSI trimers was 

collected and then concentrated using a 150 kDa cut-off filter (Apollo; Orbital Biosciences) 

at 4,000  g. The concentrated PSI core trimer complexes were stored in liquid nitrogen 

until use. 

Subunit composition of the PSI was analyzed by SDS-polyacrylamide gel 

electrophoresis (PAGE) containing 16% acrylamide and 7.5 M urea according to a 

method by Ikeuchi and Inoue (59) (Fig. 1A). The samples (5 µg of Chl) were 

solubilized by 3% lithium lauryl sulfate and 75 mM dithiothreitol for 10 min at 60°C, 

and loaded onto the gel. A standard molecular weight marker (SP-0110; APRO 

Science) was used. The subunit bands were assigned by mass spectrometry according 

to a previous method (60). Pigment compositions were analysed as described in Nagao 

et al. (61), and the elution profile was monitored at 440 nm (Fig. S1B).  

 

Purification of the PSI trimer from Synechocystis. The cyanobacterium Synechocystis 

sp. PCC 6803 47-H strain was grown in the BG11 medium supplemented with both 10 mM 

Hepes-KOH (pH 8.0) at the PPFD of 30 µmol photons m−2 s−1 at 30°C with bubbling of air 

containing 3% (v/v) CO2. The 47-H strain has a six-histidine tag at the C-terminus of the 

CP47 subunit (62). Thylakoid membranes were prepared (58) and suspended in buffer A. 

The thylakoids were solubilized with 1% β-DDM at a Chl concentration of 0.50 mg mL−1 

for 30 min on ice in the dark with gentle stirring. After centrifugation at 50,000  g for 10 

min at 4°C, the resultant supernatant was loaded onto a Ni2+ affinity column (2.5 cm of 

inner diameter and 10 cm of length) equilibrated with buffer C. The PSI-enriched fraction 
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was collected by washing the column with buffer C, and subsequently diluted with an equal 

volume of buffer B. The diluted sample was applied onto a Q-Sepharose anion-exchange 

column (2.5 cm of inner diameter and 10 cm of length) equilibrated with buffer B. The 

column was washed with buffer B containing 150 mM NaCl until the eluate became 

colourless, and further washed with 50 mL of buffer B containing 200 mM NaCl and 

subsequently with 100 mL of buffer B containing 250 mM NaCl. The PSI fraction was 

eluted with buffer B containing 300 mM NaCl, and subsequently loaded onto a linear 

trehalose gradient of 10–40% (w/v) in a medium containing 20 mM Mes-NaOH (pH 6.5), 

5 mM CaCl2, 10 mM MgCl2, 100 mM NaCl, and 0.03% β-DDM. After centrifugation at 

154,000  g for 18 h at 4°C (P40ST rotor; Hitachi), a band containing the PSI trimers was 

collected and then concentrated using a 150 kDa cut-off filter (Apollo; Orbital Biosciences) 

at 4,000  g. The concentrated PSI core trimer complexes were stored in liquid nitrogen 

until use. 

 

Purification of the PSI trimer from T. vulcanus. The cyanobacterium 

Thermosynechococcus vulcanus NIES-2134 was grown and its thylakoid membranes were 

prepared as described previously (63). The PSI-enriched fraction was obtained as 

precipitation by centrifugation at 100,000  g for 60 min at 4°C after second-round 

treatments of the thylakoids with N, N-dimethyldodecylamine-N-oxide (63), and 

suspended with a 30 mM Mes-NaOH (pH 6.0) buffer containing 5% (w/v) glycerol, 3 mM 

CaCl2, and 0.03% β-DDM. The PSI fraction was loaded onto a linear trehalose gradient of 

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

MgCl2, 100 mM NaCl, and 0.03% β-DDM. After centrifugation at 154,000  g for 18 h at 

4°C (P40ST rotor; Hitachi), a band containing the PSI trimers was collected and then 

concentrated using a 150 kDa cut-off filter (Apollo; Orbital Biosciences) at 4,000  g. The 

concentrated PSI core trimer complexes were stored in liquid nitrogen until use. 

 

Absorption and fluorescence-emission spectra at 77 K. Absorption spectra of the three 

types of PSI cores were measured at 77 K using a spectrometer equipped with an 

integrating sphere unit (V-650/ISVC-747, JASCO) (64), and their steady-state 
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fluorescence-emission spectra were recorded at 77 K using a spectrofluorometer (FP-

8300/PMU-183, JASCO). Excitation wavelength was set to 440 nm.  

 

Cryo-EM data collection. For cryo-EM experiments, 3-μL aliquots of the Gloeobacter 

PSI trimers (1.68 mg Chl mL−1) were applied to Quantifoil R1.2/1.3, Cu 200 mesh grids 

pre-treated by gold sputtering. Without waiting for incubation, the excess amount of the 

solution was blotted off for 5 sec with a filter paper in an FEI Vitrobot Mark IV at 4°C 

under 100% humidity. The grids were plunged into liquid ethane cooled by liquid nitrogen 

and then transferred into a CRYO ARM 300 electron microscope (JEOL) equipped with a 

cold-field emission gun operated at 300 kV. Zero-energy loss images were recorded at a 

nominal magnification of  60,000 on a direct electron detection camera (Gatan K3, 

AMETEK) with a nominal defocus range of −1.8 to −0.6 μm. One-pixel size corresponded 

to 0.823 Å. Each image stack was exposed at a dose rate of 17.555 e−Å−2sec−1 for 4.0 sec, 

and consisted of dose-fractionated 50 movie frames. In total 7,282 image stacks were 

collected. 

 

Cryo-EM image processing. The movie frames thus obtained were aligned and summed 

using MotionCor2 (65) to yield dose weighted images. Estimation of the contrast transfer 

function (CTF) was performed using CTFFIND4 (66). All of the following processes were 

performed using RELION3.1 (67). In total 961,960 particles were automatically picked up 

and used for reference-free 2D classification. Then, 946,827 particles were selected from 

good 2D classes and subsequently subjected to 3D classification without imposing any 

symmetry. An initial model for the first 3D classification was generated de novo from 2D 

classifications. As shown in Fig. S2, the final PSI trimer structure was reconstructed from 

261,743 particles. The overall resolution of the cryo-EM map was estimated to be 2.04 Å 

by the gold-standard FSC curve with a cut-off value of 0.143 (Fig. S2D) (68). Local 

resolutions were calculated using RELION (Fig. S2F). 

 

Model building and refinement. The cryo-EM map thus obtained was used for model 

building of the PSI trimer. Each subunit of the homology models constructed using the 

Phyre2 server (69) was first manually fitted into the map by using UCSF Chimera (70), 
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and then inspected and manually adjusted with Coot (71). The complete PSI-trimer 

structure was refined with phenix.real_space_refine (72) and REFMAC5 (73) with 

geometric restraints for the protein–cofactor coordination. The final model was validated 

with MolProbity (74), EMringer (75), and Q-score (76). The statistics for all data collection 

and structure refinement are summarized in Tables S1 and S2. All structural figures are 

made by Pymol (77) or UCSF ChimeraX (78). 

 

Data availability 

Atomic coordinates and cryo-EM maps for the reported structure of the PSI trimer have 

been deposited in the Protein Data Bank under an accession code 7F4V and in the Electron 

Microscopy Data Bank under an accession code EMD-31455. 
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Figures and legends 

 

 

 

Fig. 1 Overall structure of the Gloeobacter PSI trimer. (A) The cryo-EM density of PSI 

at 2.04 Å resolution. (B) Structural model of the PSI trimer. Views are from the top of the 

cytosolic side (left) and side of the membrane (right) for both panels A and B. 
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Fig. 2 Cofactors involved in electron-transfer reaction in the Gloeobacter PSI. (A) 

Arrangement of cofactors involved in the electron-transfer reaction. P700, special pair 

Chls; Acc, accessary Chl; A0, primary electron acceptor; A1, menaquinone-4; and FX, FA, 

and FB, iron-sulfur clusters. (B–I) The cryo-EM density maps of cofactors and their refined 

models. (B) Chl a′ in P700; (C) Chl a in P700; (D) Acc; (E) A0; (F) A1; and (G–I), FX, FA, 

and FB. Red arrows indicate structural differences between Chl a and Chl a′. (B, C). The 

densities for Chls, quinone, and iron-sulfur clusters were depicted at 5 σ, 3 σ, and 15 σ, 

respectively. 
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Fig. 3 Characteristic structure of the Gloeobacter PSI. (A) Superposition of the 

Gloeobacter PSI (colored) with the Synechocystis PSI (gray) viewed along the membrane 

normal from the periplasmic side. The structural differences of loop insertions are colored 

in red. The RMSD is 0.82 Å for 2,019 Cα atoms from subunits observed commonly 

between Gloeobacter and Synechocystis PSI. (B, C) Close-up views of the loop insertions 

in the regions of Asn652–Ser665 (Loop2) of PsaA in the Gloeobacter PSI (B) and of 

Gln31–Asp36 (Loop4) of PsaF in the Gloeobacter PSI (C).   
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Fig. 4 Comparison of pigments among the three types of PSI. (A, B) Superposition of 

the PSI monomer viewed along the membrane normal from the periplasmic side, with 

protein subunits depicted in a surface model. (A) Gloeobacter (green) vs. T. vulcanus 

(purple); (B) Gloeobacter (green) vs. Synechocystis (magenta). Red circles stand for the 

sites of Low1 and Low2. (C–E) Close-up views of nearby pigments of Chl1F (C), Chl1A 

with its densities depicted at 1.5 σ (D), and Chl1B (E).  
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Fig. 5 Identification of Low1 and Low2 by spectroscopic properties and structural 

comparisons. (A) Fluorescence spectra of the Gloeobacter PSI (black), Synechocystis PSI 

(red), and T. vulcanus PSI (blue) measured at 77 K. (B) Absorbance spectra of the 

Gloeobacter PSI (black), Synechocystis PSI (red), and T. vulcanus PSI (blue) measured at 

77 K. (C) Superposition of the Low1 site in the Gloeobacter PSI (green) and Synechocystis 

PSI (magenta). (D) Superposition of the Low1 site in the Gloeobacter PSI (green) and T. 

vulcanus PSI (purple). (E) Superposition of the Low2 site in the Gloeobacter PSI (green) 

and Synechocystis PSI (magenta). (F) Superposition of the Low2 site in the Gloeobacter 

PSI (green) and T. vulcanus PSI (purple). (G) Comparison of Low1 with a neighboring β-

carotene among the three types of cyanobacteria. Green, Gloeobacter; magenta, 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 1, 2021. ; https://doi.org/10.1101/2021.09.29.462462doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.29.462462


 

 

30 

 

Synechocystis; and purple, T. vulcanus. Interactions are indicated by dashed lines with 

distances labeled in Å. 
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Fig. 6 Structural comparisons of the Low1 site among oxyphototrophs. (A) 

Superposition of the Low1 site in the Gloeobacter PSI (green) with PSI complexes of 

photosynthetic eukaryotes (gray) such as Cyanidioschyzon merolae (PDB: 5ZGB), 

Chaetoceros gracilis (PDB: 6L4U), Chlamydomonas reinhardtii (PDB: 6JO5), 

Physcomitrella patens (PDB: 6L35), and Pisum sativum (PDB: 4XK8). (B) Multiple 

sequence alignment of PsaA among oxyphototrophs using ClustalW and ESPript. The 

species shown are Gloeobacter violaceus PCC 7421, Thermosynechococcus elongatus BP-

1, Thermosynechococcus vulcanus NIES-2134, Synechocystis sp. PCC 6803, 

Halomicronema hongdechloris C2206, Acaryochloris marina, Cyanidioschyzon merolae, 

Chaetoceros gracilis, Chlamydomonas reinhardtii, Physcomitrella patens, and Pisum 

sativum. The pink box displays the Histidine residue involved in the binding of Chl1A.  
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Fig. 7 Structural comparisons of the Low2 site among oxyphototrophs. (A) 

Superposition of the Low2 site in the Gloeobacter PSI (green) with PSI complexes of 

photosynthetic eukaryotes (gray) such as Cyanidioschyzon merolae (PDB: 5ZGB), 

Chaetoceros gracilis (PDB: 6L4U), Chlamydomonas reinhardtii (PDB: 6JO5), 

Physcomitrella patens (PDB: 6L35), and Pisum sativum (PDB: 4XK8). (B) Superposition 

of the Low2 site in T. vulcanus PSI (purple) with PSI complexes of P. patens and P. sativum 

PSI (gray). (C) Multiple sequence alignment of PsaB using ClustalW and ESPript. The 

pink box indicates the loop involved in the binding of Chl1B in T. vulcanus. 
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